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Preface

The domestic microwave oven was a serendipitous invention. Percy Spencer was

working for Raytheon, a company very involved with radar during World War II,

when he noticed the heat generated by a radar antenna. In 1947 an appliance

called a Radarange appeared on the market for food processing. The first kitchen

microwave oven was introduced by Tappan in 1955. Sales of inexpensive domestic

ovens now total many billions of dollars (euros) annually.

Numerous other uses of microwaves have been discovered in the recent years –

essentially drying of different types of material (paper, rubber, tobacco, leather . . .),

treatment of elastomers and vulcanization, extraction, polymerization, and many

applications in the food-processing industry.

The field of microwave-assisted organic chemistry is therefore quite young. The

first pioneering publication was in 1981, the not very well known patent of Bhar-

gava Naresh, from BASF Canada Inc., dealing with the use of microwave energy

for production of plasticizer esters. Next, two famous papers from the groups of

R. Gedye and R.J. Giguere appeared in 1986. These authors described several reac-

tions completed within a few minutes when conducted in sealed vessels (glass or

Teflon) in domestic microwave ovens. Although the feasibility of the procedure was

thus apparent, a few explosions caused by the rapid development of high pressure

in closed systems were also reported. To prevent such drawbacks, safer techniques

were developed – reactions in open beakers or flasks, or solvent-free reactions, as

developed since 1987 in France – in Orsay (G. Bram and A. Loupy), Caen (D. Ville-

min), and Rennes (J. Hamelin and F. Texier-Boullet). Combination of solvent-free

procedures with microwave irradiation is an interesting and well-accepted

approach within the concepts of green chemistry. This combination takes advan-

tage both of the absence of solvent and of microwave technology under econom-

ical, efficient, and safe conditions with minimization of waste and pollution.

Approximately 2500 publications on microwave activation in organic synthesis

have appeared in the literature. The spectacular growth of this technique is un-

doubtedly connected with the development of new, adapted, reactors enabling ac-

curate control and reproducibility of the microwave-assisted procedures but also to

the increasing involvement of industrial and pharmaceutical laboratories. This in-

terest has been also been manifested by several reviews and books in the field in-

cluding, very recently, the Wiley–VCH book by Oliver Kappe and Alexander Stadler
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on Methods and Principles in Medicinal Chemistry. Many international con-

gresses, all over the world, have been devoted to microwaves.

The objective of this book is to focus on the different fields of application of this

technology in several aspects of organic synthesis. This second edition is a revised

and enlarged version of the first. Eight new fields of application have been in-

cluded. The chapters, which complement each other, are written by the most emi-

nent scientists, all well-recognized in their fields.

After essential revision, and description of wave–material interactions, micro-

wave technology, and equipment (Chapter 1), the development and design of reac-

tors including scaling-up (Chapter 2) and the concepts of microwave-assisted

organic chemistry in pressurized reactors (Chapter 3) are described. Special em-

phasis on the possible intervention of specific (not purely thermal) microwave ef-

fects is discussed in Chapter 4 and this is followed by up-to-date reviews of their

effects on selectivity (Chapter 5). The next topics to be treated are coupling of mi-

crowave activation with phase-transfer catalysis (Chapter 6), ionic liquids (Chapter

7), mineral solid supports under ‘‘dry media’’ conditions (Chapter 8) and, more

specifically, on graphite (Chapter 9). Applications in which microwave-assisted

techniques have afforded spectacular results and applications are discussed exten-

sively Chapters 10, 11, and 12 for heterocyclic chemistry, cycloadditions, and carbo-

hydrate chemistry, respectively. Finally, the techniques have led to fruitful advances

in microwave catalysis (Chapter 13) and have been applied to polymer chemistry

(Chapter 14) and to organometallic chemistry using transition metal complexes

(Chapter 15). Very promising techniques are now under intense development as a

result of application of microwave irradiation to combinatorial chemistry (Chapter

16), multi-component reactions (Chapter 17), radiochemistry (Chapter 18), and

photochemistry (Chapter 19). Other promising fields are solid-phase peptide syn-

thesis (Chapter 20), fullerene and carbon nanotube chemistry (Chapter 21), and ex-

traction of essential oils (Chapter 22).

I wish to thank sincerely all my colleagues and, nevertheless, (essentially),

friends involved in the realization of this book. I hope to express to them, all emi-

nent specialists, my friendly and scientific gratitude for agreeing to devote their

competence and time to submitting and reviewing papers to ensure the success of

this book.

Gif sur Yvette, February 22nd, 2006 André Loupy
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About European Cooperation in COST

Chemistry Programs

Microwave irradiation is a means of rapidly introducing energy into a chemical sys-

tem in a manner different from the traditional methods of thermal heating. Other

techniques can also be used to introduce energy into a system and, in this way, by

accelerating reactions and also causing other more specific individual effects, both

microwaves and ultrasonic irradiation provide means to achieve ‘‘Chemistry in

High-Energy Microenvironments’’. Comparison of microwaves with ultrasound is

the subject of COST Chemistry Action D32, which seeks to explore further uses

of these methods individually, and also in combination. COST is the acronym for,

in French ‘‘Co-opération Européenne dans le domaine de la Recherche Scientifique

et Technique’’ or, in English, ‘‘European Co-operation in the Field of Scientific and

Technical Research’’. COST started in 1992 and earlier initiatives D6 ‘‘Chemistry

under Extreme and Non-Classical Conditions’’, and D10 ‘‘Innovative Transforma-

tions in Chemistry’’ involved pioneering studies of aspects of ultrasound and,

more recently, microwaves in chemistry. Now D32, which started in 2004, has, as

one of its objectives to take these techniques further.

Cost Actions are interdisciplinary and the objectives encourage the collaboration

of chemists, biochemists and material scientists, and enable the transfer of experi-

ence between fundamentally orientated and applied research in these areas. COST

Actions are split into working groups which have a cohesive theme within the over-

all objectives of the action. In D32 there are four microwave-based working groups

involving collaboration between scientists with different expertise in modern tech-

nology:

– ‘‘Diversity oriented synthesis under (highly efficient) microwave conditions’’. The

objectives of this working group are:
� to apply solvent-less reaction systems and alternative reagents (those which are

optimum for microwave activation) to already known reactions;
� to perform organic reactions in aqueous media, and in this way substitute

VOCs by water as the reaction media;
� to evaluate multicomponent reactions under microwave and/or microreactor

conditions to minimize waste and optimize atom-efficiency in comparison

with conventional stepwise reactions under traditional heating conditions; and
� to establish, in a combinatorial approach, novel atom economic multi-
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component reactions assisted by microwave and/or microreactor technology to

efficiently access pharmaceutically relevant N-heterocyclic compounds.

In such ways, microwaves can play an important role in the development of

green chemistry. The use of microwaves for ‘‘green’’ reactions for industrial pur-

poses can be accomplished by minimization of waste, replacement of hazardous

and polluting materials, recycling of materials, and energy saving.

– ‘‘Microwave and High-intensity Ultrasound in the Synthesis of Fine Chemicals’’

The concern of this group is the application of high-intensity ultrasound (HIU)

and microwave (MW), in combination, to the synthesis of fine chemicals, be-

cause these forms of energy can induce reactions that would be otherwise very

laborious and bring about peculiar chemoselectivity. The synergic effect of these

techniques can be exploited in such diverse fields as organic synthesis and sam-

ple preparation for analytical procedures. This results in challenging practical-

ities and technical hurdles, however, and the potential of this promising combi-

nation has yet to be investigated systematically. One objective of COST D32 is to

bring experts in microwave-promoted reactions and in sonochemistry together

for a joint effort. This is offering new opportunities of growth for both tech-

niques, opening up new applications. Another important objective is to have, in

each working group, as many scientists active in both fundamental and indus-

trial research as possible, with collaboration that will lead to stimulating ex-

changes and innovative projects. Many important reactions shall be studied in

unusual reaction media (water, ionic liquids, supercritical fluids) and under un-

usual conditions (sonication under pressure and HIU/MW combined).

– Finally, a significant issue that COST D32 intends to address is the challenge of

scaling up results obtained in the laboratory. This is the theme of the third work-

ing group ‘‘Development and design of reactors for microwave-assisted chem-

istry in the laboratory and on the pilot scale’’. The aim of this working group is

interdisciplinary comparative study of different fields of chemical technology

and reactor design, to demonstrate the real advantages of microwave technology

as a method for activation of chemical reactions and processes with a high radi-

ation flow density (or high power density). The different concepts of technical

microwave systems (monomode and/or multimode), different methods of tem-

perature measurement (IR, fiber optics, metal sensors), and of energy entry

(pulsed or unpulsed) will be compared and the advantages of the different op-

tions determined for some typical reactions. Safety issues (dielectric properties,

temperature and power measurement, materials) will be addressed as also will

risk management for the new technology. Scale-up for technical usefulness will

be tested for different reactors and different types of reaction (heterogeneous ca-

talysis, two liquid phases) and combination of microwaves with other forms of

energy (UV–visible, ultrasound, plasma) will be examined, together with transfer

from batch to continuous process, which is important for the economic use of

microwave-assisted reactions. The energy efficiency of microwave-assisted reac-

tions and processes will be compared with that of conventional reactions and

processes.

– ‘‘Ultrasonic and Microwave-assisted Synthesis of Nanometric Particles’’. The ob-
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jectives of this fourth working group are to use the techniques singly or in tan-

dem to produce technologically-useful ceramics, metals, alloys, and other nano-

particulate systems for the wide range of applications for which these materials

are being studied.

In summary, one set of objectives of COST D32 is to establish a firm EU base in

microwave chemistry and to exploit the new opportunities provided by microwave

techniques, singly or in appropriate combination, for the widest range of applica-

tions in modern chemistry.

Coventry (UK), February 22nd, 2006 David Walton
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Faculté des Sciences

Laboratoire de Chimie des Plantes et de
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Université de Rennes 1

Sciences Chimiques de Rennes

UMR CNRS 6226

Bât. 10A

Campus de Beaulieu

Avenue du Général Leclerc
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Université Paris-Sud

ICMMO

Laboratoire des Réactions Sélectives sur
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Université de La Rochelle

UFR Sciences Fondamentales et Sciences

pour l’Ingénieur, LBCB, FRE CNRS 2766

Avenue Marillac, Bâtiment Marie Curie

17042 La Rochelle cedex 1

France

Hanna M. Torenius

King’s College London

Strand

London WC2R 2LS

UK

Rajender S. Varma

US Environmental Protection Agency

National Risk Management Research

Laboratory

Clean Processes Branch

26 West Martin Luther King Drive

MS 443

Cincinnati, OH 45268

USA

XXVI List of Authors



Microwaves in Organic Synthesis, Second edition. Edited by A. Loupy
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31452-0

1

Microwave–Material Interactions and Dielectric

Properties, Key Ingredients for Mastery of

Chemical Microwave Processes

Didier Stuerga

1.1

Fundamentals of Microwave–Matter Interactions

The main focus of the revised edition of this first chapter is essentially the same as

the original – to explain in a chemically intelligible fashion the physical origin of

microwave–matter interactions and, especially, the theory of dielectric relaxation

of polar molecules. This revised version contains approximately 60% new material

to scan a large range of reaction media able to be heated by microwave heating.

The accounts presented are intended to be illustrative rather than exhaustive.

They are planned to serve as introductions to the different aspects of interest in

comprehensive microwave heating. In this sense the treatment is selective and to

some extent arbitrary. Hence the bibliography contains historical papers and valu-

able reviews to which the reader anxious to pursue particular aspects should cer-

tainly turn.

It is the author’s conviction, confirmed over many years of teaching experience,

that it is much safer – at least for those who rate not trained physicists – to deal

intelligently with an oversimplified model than to use sophisticated methods

which require experience before becoming productive. Because of comments about

the first edition, however, the author has included more technical material to en-

able better understanding of the concepts and ideas. These paragraphs could be

omitted, depending on the level of comprehension of the reader. They are preceded

by two different symbols – k for TOOLS and j for CONCEPTS.

After consideration of the history and position of microwaves in the electromag-

netic spectrum, notions of polarization and dielectric loss will be examined. The

orienting effects of electric fields and the physical origin of dielectric loss will be

analyzed, as also will transfers between rotational states and vibrational states

within condensed phases.

Dielectric relaxation and dielectric losses of pure liquids, ionic solutions, solids,

polymers and colloids will be discussed. Effect of electrolytes, relaxation of defects

within crystals lattices, adsorbed phases, interfacial relaxation, space charge polar-

ization, and the Maxwell–Wagner effect will be analyzed. Next, a brief overview of
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thermal conversion properties, thermodynamic aspects, and athermal effects will

be given.

1.1.1

Introduction

According to the famous chemistry dictionary of N. Macquer edited in 1775, ‘‘All

the chemistry operations could be reduced to decomposition and combination;

hence, the fire appears as an universal agent in chemistry as in nature’’ [1]. Heat-

ing remains the primary means of stimulating chemical reactions which proceed

slowly under ambient conditions, but several other stimulating techniques –

photochemical, ultrasonic, high pressure and plasma – can be used. In this book,

we describe results obtained by use of microwave heating. Microwave heating or

dielectric heating is an alternative to conventional conductive heating. This heating

technique uses the ability of some materials (liquids and solids) to transform elec-

tromagnetic energy into heat. This ‘‘in situ’’ mode of energy conversion is very at-

tractive for chemistry applications and material processing.

If the effect of the temperature on reaction rates is well known, and very easy to

express, the problem is very different for effects of electromagnetic waves. What

can be expected from the orienting action of electromagnetic fields at molecular

levels? Are electromagnetic fields able to enhance or to modify collisions between

reagents? All these questions are raised by the use of microwave energy in chemis-

try.

1.1.1.1 History

How it all began There is some controversy about the origins of the microwave

power cavity called the magnetron – the high-power generator of microwave power.

The British were particularly forward-looking in deploying radar for air defense

with a system called Chain Home which began operation in 1937. Originally oper-

ating at 22 MHz, frequencies increased to 55 MHz. The superiority of still higher

frequencies for radar was appreciated theoretically but a lack of suitable detectors

and of high-power sources stymied the development of microwaves. Magnetrons

provide staggering amounts of output power (e.g. 100 kW on a pulse basis) for

radar transmitters. The earliest description of the magnetron, a diode with a cylin-

drical anode, was published by A.W. Hull in 1921 [2, 3]. It was developed practi-

cally by Randall and Booth at the University of Birmingham in England ca 1940

[4]. On 21 February 1940, they verified their first microwave transmissions: 500 W

at 3 GHz. A prototype was brought to the United States in September of that year

to define an agreement whereby United States industrial capability would under-

take the development of microwave radar. In November 1940 the Radiation Labora-

tory was established at the Massachusetts Institute of Technology to exploit micro-

wave radar. More than 40 types of tube would be produced, particularly in the

S-band (i.e. 300 MHz). The growth of microwave radar is linked with Raytheon

Company and P.L. Spencer who found the key to mass production. Microwave
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techniques were developed during and just before World War II when most effort

was concentrated on the design and manufacture of microwave navigation and

communications equipment for military use. Originally, microwaves played a lead-

ing role during the World War II, especially during the Battle of Britain when En-

glish planes could fight one against three thanks to radar. It hardly seems surpris-

ing that with all this magnetron manufacturing expertise that microwave cooking

would be invented at Raytheon and that the first microwave oven would be built

there.

Since these beginnings the heating capability of microwave power has been rec-

ognized by scientists and engineers but radar development had top priority. A new

step began with the publication of microwave heating patents by Raytheon on 9

October 1945. Others patents followed as problems were encountered and solu-

tions found. Probably the first announcement of a microwave oven was a magazine

article describing a newly developed Radarange for airline use [5, 6]. This device, it

was claimed, could bake biscuits in 29 s, cook hamburgers in 35 s, and grill frank-

furters in 10 s. This name Radarange almost became generic name for microwave

ovens. An early prototype picture is shown in the book of Decareau and Peterson

[7]. This first commercial microwave oven was developed by P.L. Spencer from

Raytheon in 1952 [8]. The legend says that P.L. Spencer, who studied high-power

microwave sources for radar applications, noticed the melting of a chocolate bar

put in his pocket. Another story says that P.L. Spencer had some popping corn in

his pocket that began to pop as he was standing alongside a live microwave source

[7].

These first oven prototypes were placed in laboratories and kitchens throughout

the United States to develop microwave cooking technology. The transition from

crude aircraft heater to domestic oven took almost eight years. The turning point

in the story of the microwave oven was 1965, which saw the beginning of a flurry

of manufacturing activity and the issue of hundreds of patents on different aspects

of oven design, processes, packaging, food products, appliance and techniques.

The widespread domestic use of microwave ovens occurred during the 1970s and

1980s as a result of the generation of the mass market and also of Japanese tech-

nology transfer and global marketing.

From cooking to microwave processing The first studies of the effects of micro-

wave heating were carried out at the Massachusetts Institute of Technology’s De-

partment of Food Technology on blanching of vegetables, coffee roasting, effect of

cooking, with the hope of vitamin retention [9]. Microwave and conventional

freeze-drying of foods were compared by Jackson et al. [10]. The Food Research

Laboratory of Raytheon have made extensive studies that led to the first microwave

freeze-drying pilot plant unit [11–16].

Microwave processing began on a commercial scale in the early 1960s when

Cryodry Corporation of San Ramon, California, introduced the first conveyor sys-

tem for sale. The first market was the potato chip finish drying process with several

systems operating in United States and Europe [17, 18]. These systems operated at

915 MHz. Several 5 to 10 kW pilot plant conveyor systems were sold during this
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time to food manufacturers by Raytheon and Litton Industries Atherton Division.

These systems all operated at 2450 MHz. One poultry-processing system [19] had a

total output of 130 kW, split between two conveyor units. This system combined

microwave power and saturated steam to precook poultry parts for the institutional

and restaurant food service market. This system also operated at 2450 MHz.

Food applications included microwave tempering of frozen foods, pasta drying,

precooking of bacon, poultry processing, meat pie cooking, frankfurter manufac-

turing, drying egg yolk paste, baking, sterilization, potato processing, cocoa bean

roasting, and vacuum drying [7, 20]. Curiously, microwave heating of industrial ap-

plications was initiated by the domestic oven.

Pre-historical foundations Many histories of electromagnetic waves and especially

microwaves begin with publication of the Treatise on Electricity and Magnetism by

James Clerk Maxwell in 1873. These equations were initially expressed by J.C. Max-

well in terms of quaternions. Heaviside and Gibbs would later reject quaternions

in favor of a classical vector formulation to frame Maxwell’s equations in the well

known form. Students and users of microwave heating, perhaps benumbed by di-

vergence, gradient, and curl, often fail to appreciate just how revolutionary this in-

sight was. The existence of electromagnetic waves that travel at the speed of light

were predicted by arbitrarily adding an extra term (the displacement current) to the

equations that described all previously known electromagnetic behavior. According

to Lee [21], and contrary to the standard story presented in many textbooks, Max-

well did not introduce the displacement current to resolve any outstanding conun-

drums but he was apparently inspired more by an aesthetic sense that nature sim-

ply should provide for the existence of electromagnetic waves. Maxwell’s work was

magical and arguably ranks as the most important intellectual achievement of the

19th century. According to the Nobel physicist R. Feynman, future historians

would still marvel at this work, long after another event of that time – the Amer-

ican Civil War – has faded into merely parochial significance [21].

Maxwell died in 1879 (48 years old), and H. Von Helmholtz sponsored a prize for

the first experimental evidence of Maxwell’s forecasting. H. Hertz verified that

Maxwell’s forecasting was correct in 1888 at the Technische Hochschule in Karls-

ruhe. According to Lee [21] another contestant in the race, was O. Lodge, a pro-

fessor at University College in Liverpool, who published his own experimental evi-

dence one month before H. Hertz. Hertz is the German word for heart and human

heart beats approximately once per second, it is perhaps all for the best that Lodge

didn’t win the race and that lodgian waves with frequencies measured in giga-

lodges never appeared.

How was it possible to produce and detect electromagnetic waves in the 1880’s?

The first experiment of H. Hertz produced microwaves (frequency close to GHz).

His basic transmitter-receiver is shown in Fig. 1.1. The generator is a Ruhmkorff

coil or a transformer able to produce very high potential (1). This device is very

similar to starter of car. The high voltage in the secondary causes spark discharge

within straight wire connections to produce the desired resonant frequency (2).

The detector is a ring antenna with a spark gap (3). Detection is based on induction
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of sufficient voltage in the ring antenna to produce a visible spark. Hertz demon-

strated the essential physics of wave phenomena, for example polarization and re-

flection. He died of blood poisoning from an infected tooth in 1894 at the age of

36. The commercial applications of wireless would be developed by G. Marconi.

Many details about the whole history of microwave technology can be found else-

where [21].

1.1.1.2 The Electromagnetic Spectrum

In the electromagnetic spectrum, microwaves occur in a transitional region be-

tween infrared and radiofrequency radiation, as shown in by Fig. 1.2. The wave-

lengths are between 1 cm and 1 m and frequencies between 300 GHz and 300

MHz.

The term ‘‘microwave’’ denotes the techniques and concepts used and a range of

frequencies. Microwaves may be transmitted through hollow metallic tubes and

Fig. 1.2. The electromagnetic spectrum.

Fig. 1.1. Spark transmitter and receiver of Hertz’s original experiment.
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may be focused into beams by the use of high-gain antennas. Microwaves also

change direction when traveling from one dielectric material into another, similar

to the way light rays are bent (refracted) when they passed from air into water. Mi-

crowaves travel in the same manner as light waves; they are reflected by metallic

objects, absorbed by some dielectric materials and transmitted without significant

absorption through other dielectric materials. Water, carbon, and foods with a high

water content are good microwave absorbers whereas ceramics and most thermo-

plastic materials absorb microwaves only slightly.

The fundamental connection between energy E, frequency, n, wavelength, l, and
angular frequency, o, is given by Eq. (1):

E ¼ �ho ¼ hn ¼ hc

l
ð1Þ

To avoid interference with telecommunications and cellular ’phone frequencies,

heating applications must use ISM bands (Industrial Scientific and Medical

frequencies) which are 27.12 and 915 MHz and 2.45 GHz (i.e. wavelengths of

11.05 m and 37.24 and 12.24 cm, respectively). Domestic ovens and laboratory sys-

tems usually work at 2.45 GHz. At frequencies below 100 MHz, when conven-

tional open wire circuits are used, the technique will be referred to as radio-

frequency heating. The object to be heated is placed between the two electrodes of

a capacitor. At frequencies above 500 MHz, however, wired circuits cannot be used

and the power is transferred to the applicator containing the material to be pro-

cessed. Hence, the microwave applicator is a metallic box in which the object to

be heated is placed. These operating conditions will be referred as microwave-

heating processes. In the microwave band the wavelength is of the order of the

size of production and transmission elements. The elements cannot, therefore, be

regarded as points in comparison with the wavelength, in contrast with circuit

theory. In the same way, it is impossible to consider them far larger than the wave-

length, as in geometrical optics. Hence, because of the position of microwaves in

the electromagnetic spectrum, both quantum mechanics (corpuscular aspects)

and the Maxwell equations (wavelike aspects) will be used. Detailed analysis of

these phenomena is beyond the scope of this work.

1.1.1.3 What About Chemistry? Energetic Comments

It is well known that g or X photons have energies suitable for excitation of inner

or core electrons. We can use ultraviolet and visible radiation to initiate chemical

reactions (photochemistry, valence electron). Infrared radiation excites bond vibra-

tions only, whereas microwaves excite molecular rotation.

Energy associated with chemical bonds and Brownian motion are compared in

Table 1.1. The microwave photon corresponding to the frequency used in micro-

wave heating systems, for example domestic and industrial ovens, has energy close

to 0.00001 eV (2.45 GHz, 12.22 cm). According to these values, the microwave pho-

ton is not sufficiently energetic to break hydrogen bonds; it is also much smaller

than that of Brownian motion and obviously cannot induce chemical reactions. If
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no bond breaking can occur by direct absorption of electromagnetic energy, what,

then, can be expected from the orienting effects of electromagnetic fields at molec-

ular levels? Are electromagnetic fields able to enhance or to modify collisions be-

tween reagents? Do reactions proceed with the same reaction rate with and without

electromagnetic irradiation at the same bulk temperature? In the following discus-

sion the orienting effects of the electric field, the physical origin of the dielectric

loss, transfers between rotational and vibrational states in condensed phases, and

thermodynamic effects of electric fields on chemical equilibrium will be analyzed.

k TOOLS More about energy partition of molecular systems Rotational motion of

molecular systems are much slower than the vibrational motion of the relatively

heavy nuclei forming chemical bonds, and even slower than the electronic motion

around nuclei. These vastly differing time scales of the different types of motion

lead to a natural partitioning of the discrete energy spectrum of matter into pro-

gressively smaller subsets associated with electronic, vibrational, and rotational de-

grees of freedom.

The Born–Oppenheimer approximation is based on this assumption and en-

ables reduction of the mathematically intractable spectral eigenvalue problem to a

set of separable spectral problems for each type of motion. According to this ap-

proximation, energy levels associated with each type of motion are proportional to

the ratio of electronic mass (me) to the nuclear mass (MN). This ratio, x, quite

smaller than unity, is given by Eq. (2):

zz
me

MN

� �1=4
ð2Þ

The electronic energy ðDEelecÞ is of the order of x, the vibrational energy ðDEVibÞ of
the nuclei is of the order of x2, and the rotational energy ðDERotÞ of the molecule is

of the order of x4. In quantum mechanics, states are described by wave functions

or Hamiltonian operators, whose discrete eigenvalues define the set of energy

levels and whose corresponding eigenfunctions are the basis states. Hence, the

total quantum wave function C for a molecule can be written in separable form

as described by Eq. (3):

C ¼ CElecðr; R0ÞCVibðRÞCRotðjiÞ ð3Þ

Tab. 1.1. Brownian motion and bond energies.

Brownian

motion

Hydrogen

bonds

Covalent bonds Ionic

bonds

Energy (eV) @0.017 (200 K) @0.04 to 0.44 @4.51 (CaH);@3.82 (CaC) @7.6

Energy (kJ mol�1) 1.64 @3.8 to 42 @435 (CaH);@368 (CaC) @730
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where r is the electron coordinate, R the displacement of the nucleus from its equi-

librium position, R0, and ji is the Euler angle determining the orientation of the

molecule in space. Figure 1.3 shows the energy spectrum of matter as it is probed

on a progressively finer energy scale clearly revealing the different partition states.

The fundamental and the first excited states are shown.

A resonance of a system can be produced by excitation that oscillates at a fre-

quency close to the natural frequency of the system, unlike a relaxation, which is

the restoring action of a diffusive force of thermodynamic origin. Direct resonance

or a one-photon process can occur within isolated intervals of the electromagnetic

spectrum from ultraviolet to visible frequencies close to 1015 Hz (electronic oscilla-

tor), in infrared with frequencies close to 1013 Hz (vibrational modes), and in the

far infrared and microwave range with frequencies close to 1011 Hz (rotational

modes).

Fig. 1.3. The energy spectrum of matter.
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1.1.2

The Complex Dielectric Permittivity

Insulating materials can be heated by applying high-frequency electromagnetic en-

ergy. The physical origin of this heating conversion lies with the ability of the elec-

tric field to induce polarization of charges within the heated product. This polariza-

tion cannot follow the extremely rapid reversals of the electric field and induce

heating of the irradiated media.

The interaction between electromagnetic waves and matter is quantified by the

two complex physical quantities – the dielectric permittivity, ~ee, and the magnetic

susceptibility, ~mm. The electric components of electromagnetic waves can induce cur-

rents of free charges (electric conduction that can be of electronic or ionic origin).

It can, however, also induce local reorganization of linked charges (dipolar mo-

ments) while the magnetic component can induce structure in magnetic mo-

ments. The local reorganization of linked and free charges is the physical origin

of polarization phenomena. The storage of electromagnetic energy within the irra-

diated medium and the thermal conversion in relation to the frequency of the elec-

tromagnetic stimulation appear as the two main points of polarization phenomena

induced by the interaction between electromagnetic waves and dielectric media.

These two main points of wave–matter interactions are expressed by the complex

formulation of the dielectric permittivity as described by Eq. (4):

~ee ¼ e 0 � je 00 ¼ e0e
0
r � je0e

00
r ð4Þ

where e0 is the dielectric permittivity of a vacuum, e 0 and e 00 are the real and imag-

inary parts of the complex dielectric permittivity and e 0r and e 00r are the real and

imaginary parts of the relative complex dielectric permittivity. The storage of elec-

tromagnetic energy is expressed by the real part whereas the thermal conversion is

proportional to the imaginary part.

k TOOLS More about polar molecules A polar molecule has a permanent electric

dipole moment. The total amounts of positive and negative charges on the mole-

cule are equal, so the molecule is electrically neutral. Distributions of the two kinds

of charge are different, however, so that the positive and negative charges are cen-

tered at points separated by a distance of molecular dimensions forming an electric

dipole. A dipole made up of charges þq and �q, separated by a distance d, of mag-

nitude qd. The dipole moment usually represented by the symbol m is approxi-

mately 10�18 Coulomb (the electronic charge is of the order of 10�10 SI units

whereas d will be of order of molecular dimensions – 10�10 m). The unit 10�18

Cb m is called the Debye (abbreviation D).

The magnitude of the dipole moment depends on the size and symmetry of the

molecule. Molecules with a center of symmetry, for example methane, carbon tet-

rachloride, and benzene are apolar (zero dipole moment) whereas molecules with

no center of symmetry are polar. Table 1.2 gives relative static dielectric permittivity
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or dielectric constants (very low frequency or frequency close to zero), refractive in-

dices, and dipole moments for few simple polar and apolar molecules.

From Maxwell’s theory of electromagnetic waves it follows that the relative per-

mittivity of a material is equal to the square of its refractive index measured at the

same frequency. Refractive index given by Table 1.2 is measured at the frequency

of the D line of sodium. Thus it gives the proportion of (electronic) polarizability

still effective at very high frequencies (optical frequencies) compared with polariz-

ability at very low frequencies given by the dielectric constant. It can be seen from

Table 1.2 that the dielectric constant is equal to the square of the refractive index

for apolar molecules whereas for polar molecules the difference is mainly because

of the permanent dipole. In the following discussion the Clausius–Mossoti equa-

tion will be used to define supplementary terms justifying the difference between

the dielectric constant and the square of the refractive index (Eq. (29); The Debye

model).

The temperature dependence of the dielectric constant of polar molecules also

differs from that of nonpolar molecules. Change of temperature has a small effect

only for nonpolar molecules (change of density). For polar molecules, the orienta-

tion polarization falls off rapidly with increasing temperature, because thermal mo-

tion reduces the alignment of the permanent dipoles by the electric field. In the

following discussion we will see that it is possible to have increasing values of di-

electric permittivity with increasing temperature.

As discussed above, a molecule with a zero total charge may still have a dipole

moment because molecules without a center of symmetry are polar. Similarly, a

molecule may have a distribution of charge which can be regarded as two equal

and opposite dipoles centered at different places. Such a distribution will have

zero total charge and zero total moment but will have a quadrupole moment. Car-

Tab. 1.2. Relative static dielectric constant, refractive index

(measured at the frequency of sodium D lines) and dipole

moment for a few molecules.

Molecules eSr n2
D m

Apolar

n-Hexane, C6H14 1.89 1.89 –

Carbon tetrachloride, CCl4 2.23 2.13 –

Benzene, C6H6 2.28 2.25 –

Polar

Methanol, CH3OH 33.64 1.76 1.68

Ethanol, CH3CH2OH 25.07 1.85 1.70

Acetone, CH3COCH3 21.20 1.84 2.95

Chlorobenzene, C6H5Cl 5.64 2.32 1.69

Water, H2O 80.37 1.78 1.94
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bon disulfide, which is linear, has a quadrupole moment. Two equal and opposite

quadrupole moments centered at difference places form an octupole moment. The

potential arising as a result of the total charge falls off as 1=r, that because of the

dipole moment as 1=r 2, and that because of the quadrupole moment as 1=r 3. At
large distances from the origin, the higher moments have negligible effects. The

intermolecular distances in liquids and solids are not large compared with molec-

ular dimensions, however, so quite strong interactions may arise because of higher

moments.

k TOOLS More about dielectrics and insulators An insulator is a material through

which no steady conduction current can flow when it is submitted to an electric

field. Consequently, an insulator can accumulate electric charge, hence electrostatic

energy. The word dielectric, especially if it is used as adjective, covers a wide range

of materials including electrolytes and even metals.

If we consider a capacitor comprising two planes parallel with S and d, the sur-

face area of the plates and the distance between the plates, respectively (S is large

compared with d so that edge effects are negligible), the vacuum capacitance is

given by Eq. (5):

C ¼ e0
S

d
ð5Þ

If an alternating voltage V ¼ V0 expð jotÞ is applied to this capacitor, a charge

Q ¼ CV appears on the electrode, in phase with the applied voltage. The current

in the external circuit is the time-derivative of the charge Q is given by Eq. (6):

I ¼ _QQ ¼ joCV ð6Þ

This current is 90� out of phase with the applied voltage. It is a nondissipative

displacement or induction current. If the volume between the electrodes is filled

with a nonpolar, perfectly insulating material, the capacitor has a new capacitance,

and the ratio between the vacuum and filled capacitance is the relative permittivity

of the material used. The new current is larger than that above but it is still out of

phase with the current. Now, if the material is either slightly conducting or polar,

or both, the capacitor is not longer perfect and the current is not exactly out of

phase with the voltage. Hence, there is a component of conduction in phase with

the applied voltage. The origin of this current is the motion of charges. The current

is composed of a displacement current and a conduction current. The loss angle is

given by Eq. (7):

tan d ¼ Dissipative term

Capacitive term
ð7Þ

The current is composed of two quantities, real and imaginary, so the dielectric

permittivity will also have a complex form which will depend on the types of inter-
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action between the electromagnetic field and matter. This discussion refers to iso-

tropic dielectrics. Many products falls into this class but the situation is different

for crystalline solids, for which the permittivity becomes a tensor quantity (values

different according to crystallographic axis).

j CONCEPTS The dielectric properties are group properties The physical origin of

polarization phenomena is the local reorganization of linked and free charges. The

interaction between a dipole and an electric or magnetic field is clearly interpreted

by quantum theory. For electric fields the coupling is weaker and there is such de-

multiplication of quantum levels that they are very close to each other. The Lan-

gevin and Boltzman theories must be used because interaction energy is contin-

uous. Because of the weak coupling between dipole and electric field there are no

quantified orientations and study of the interaction between a dipole in an electric

field gives more information about the surroundings of the dipole than about the

dipole itself. Dipoles are, moreover, associated with chemical bonds, and any mo-

tion of the dipole induces a correlative motion of molecular bonds whereas motion

of a magnetic moment is totally independent of any molecular motion. In contrast

with magnetic properties, dielectric properties are group properties and cannot be

modeled by an interaction between a single dipole and electric field. A group of di-

poles interacting among themselves could be considered.

The origin of confusion between the behavior of a single species and a collection,

or the difference between dilute and condensed phases, is the most important

problem and the source of illusions within microwave athermal effects.

1.1.2.1 Effect of the Real Part: Polarization and Storage of Electromagnetic Energy

The physical origin of polarization Polarization phenomena are expressed by the

quantity ~PP which gives contribution of matter compared with that of a vacuum.

The electric field and the polarization are linked through Maxwell’s equations.

The constitutive equation for vacuum is Eq. (8):

~DD ¼ e0~EE ð8Þ

where ~DD is the electric displacement, ~EE the electric field. According to Eq. (8), di-

electric permittivity is the ratio of the electric displacement to the electric field. For

a dielectric medium characterized by ~ee, the constitutive equation is Eq. (9):

~DD ¼ ~ee~EE ¼ e0~EE þ~PP ð9Þ

In the global formulation of Eq. (9), we can express the term corresponding to

vacuum and given by Eq. (8). Then the second and complementary term defines

the contribution of matter to polarization processes or polarization ~PP. For any ma-

terial, the higher the dielectric permittivity, the greater are Brownian ion processes.

The polarization process described by ~PP has its physical origin in the response of

dipoles and charges to the applied field. Depending on the frequency, electromag-
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netic fields induce oscillation of one or more types of charge association. In any

material there are a variety of types of charge association:

� inner or core electrons tightly bound to the nuclei,
� valence electrons,
� free or conduction electrons,
� bound ions in crystals,
� free ions as in electrolytes and non stoichiometric ionic crystals (for example,

ionic dipoles such as OH� have both ionic and dipolar characteristics),
� finally the multipole (mainly the quadrupole or an antiparallel association of two

dipoles).

k TOOLS More about photon–matter interaction Depending on the frequency, the

electromagnetic field can induce oscillation of one or more types of charges associ-

ation. For each configuration with its own critical frequency above which interac-

tion with the field becomes vanishingly small, the lower the frequency the more

configurations are excited. Electrons of the inner atomic shells have a critical fre-

quency approximately that of X-rays. Consequently an electromagnetic field of

wavelength more than 10�10 m cannot excite any vibrations, but rather induces

ionization of these atoms. There is no polarizing effect on the material which has,

for this frequency, the same dielectric permittivity as in vacuum. For ultraviolet ra-

diation the energy of photons is sufficient to induce transitions of valence elec-

trons. In the optical range an electromagnetic field can induce distortions of inner

and valence electronic shells. Polarization processes, called electronic polarizability,

result from a dipolar moment induced by distortion of electron shells. Electromag-

netic fields in the infrared range induce atomic vibrations in molecules and crys-

tals, and polarization processes result from the dipolar moment induced by distor-

tion of the positions of nuclei. These polarization processes are called atomic

polarization. In all these processes the charges affected by the field can be regarded

as being attracted towards their central position by forces proportional to their dis-

placement by linear elastic forces. This mechanical approach of electronic reso-

nance is only an approximation, because electrons cannot be properly treated by

classical mechanics. Quantitative treatment of these processes requires the formal-

ism of quantum mechanics. The two types of polarization process described above

can be connected together in distortion polarization.

The characteristic material response times for molecular reorientation are 10�12

s. Electromagnetic fields in the microwave band thus lead to rotation of polar mol-

ecules or charge redistribution; the corresponding polarization processes are called

orientation polarization.

Orienting effect of a static electric field The general problem of the orienting effect

of a static electric field (orientation of polar molecules) was first considered by De-

bye [22, 23], Frölich [24], and more recently by Böttcher [25, 26].

A collection of molecular dipoles in thermal equilibrium is considered. It is as-

sumed that all the molecules are identical and they can take on any orientation.
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Because of thermal energy each molecule undergoes successive collisions with the

surrounding molecules. In the absence of an applied electric field, the collisions

tend to maintain a perfectly isotropic statistical orientation of the molecules. This

means that for each dipole pointing in one direction there is, statistically, a corre-

sponding dipole pointing in the opposite direction as shown in Fig. 1.4.

In the presence of an applied electric field ~EE, the dipolar moment ~mm of the mole-

cule undergoes a torque ~GG. This torque tends to orientate the dipolar moment ~mm

parallel to the electric field. The corresponding potential energy (for a permanent

or induced dipole) is minimum when the angle, y, between the dipole and the elec-

tric field is zero. Consequently, the dipolar moment takes the same direction as the

electric field. It is the same phenomena as the orientation of the compass needle in

the earth’s magnetic field. For molecular dipoles, however, the thermal energy

counteracts this tendency and the system finally reaches a new statistical equilib-

rium which is depicted schematically in Fig. 1.4. In this configuration more di-

poles are pointing along the field than before and the medium becomes slightly

anisotropic.

The suitability of the medium to be frozen by the electric field is given by Lange-

vin’s function resulting from statistical theories which quantify competition be-

tween the orienting effect of electric field, and disorienting effects resulting from

thermal agitation. The ratio of effective to maximum polarization versus the ratio

of the potential interaction energy to the thermal agitation is shown in Fig. 1.5.

We can see that the Langevin function increases from 0 to 1 on increasing the

strength of the electric field and/or reducing the temperature. The molecules tend

to align with the field direction. For high values of the field, the orientation action

dominates over the disorienting action of temperature, so that all the dipoles tend

to become parallel to the applied field. Complete alignment corresponds to satura-

tion of the induced polarization. Saturation effects only become detectable in fields

of the order of 107 V m�1. Because intermolecular distances are small in liquids

and solids, however, the local field acting on molecule because of its neighbors

may be very large, especially in strongly polar liquids (i.e. electric field close to

Fig. 1.4. Distribution of dipoles subjected to the effect of a static electric field.
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106 V m�1 at a distance of 5� 10�10 m from a dipole of 1 Debye). The conse-

quence of this should, however, be reduced, even for strongly polar liquids, be-

cause the intermolecular distance is of the same order as the molecular dimen-

sions and it is not justified to describe the molecule as a point dipole. The

situation is totally different for solids and, especially, solid surfaces for which the

magnitude of the static electric field is close to saturation value. These strong static

electric fields occur independently of all external electric excitation and are the

physical origin of adsorption phenomena. In these circumstances adsorption can

lead to freezing of molecular motion and can also induce polarization because of

distortion of electronic shells. Apolar molecule can obtain polar character because

of adsorption. Free molecules without dielectric losses at the operating frequency

(2.45 GHz) have the capacity to be heated by microwave irradiation after adsorp-

tion on solids such as clays or alumina catalysts.

In many practical situations field strengths are well below their saturation values.

The arrow on Fig. 1.5 corresponds to the usual conditions of microwave heating

(no adsorption phenomena, temperature close to room temperature, 25 �C, and

electric field strength close to 105 V m�1). According to these results, the electric

field strength commonly used in microwave heating is not sufficient to induce con-

sequent freezing of media.

Calculation of the dielectric permittivity of an isotropic polar material involves

the problem of the permanent dipole contribution to polarizability and the prob-

lem of calculation of the local field acting at the molecular level in terms of the

macroscopic field applied. Debye’s model for static permittivity considers the local

field equal to the external field. This assumption is valid only for gases at low den-

sity or dilute solutions of polar molecules in nonpolar solvents. Several workers

Fig. 1.5. Langevin’s Function.

1.1 Fundamentals of Microwave–Matter Interactions 15



have proposed theories containing assumptions about relationships between local

and external electric fields. Detailed analysis of these phenomena is beyond the

scope of this section. More information can be found elsewhere [27].

1.1.2.2 Effect of Imaginary Part: Dielectric Losses

Physical origin of dielectric loss The foregoing conclusions correspond to a static

description or cases for which the polarization can perfectly follow the oscillation

of the electric field. Indeed, the electric field orientation depends on time with a

frequency equal to 2.45 GHz (the electric field vector switches its orientation ap-

proximately every 10�12 s). The torque exercised by the electric field induces rota-

tion of polar molecules, but they cannot always orient at this rate. The motion of

the particles will not be sufficiently rapid to build up a time-dependent polarization
~PPðtÞ that is in equilibrium with the electric field at any moment. This delay be-

tween electromagnetic stimulation and molecular response is the physical origin

of the dielectric loss.

The polarization given by Eq. (9) becomes a complex quantity with the real part

in phase with the excitation whereas the imaginary part has a phase lag with the

excitation. This last part is the origin of the thermal conversion of electromagnetic

energy within the irradiated dielectric.

j CONCEPTS More about delay and phase lag Matter does not respond instanta-

neously to stimulation induced by electromagnetic waves. In an isotropic medium

this delay can be expressed by the specific formulation of polarization given by Eq.

(10):

~PP ¼ e0

ðþy

�y
wðt� tÞ~EEðtÞ dt ð10Þ

Because of the causality principle, Eq. (11), in which w is the electric susceptibil-

ity, t the time, and t the delay must be verified:

wðt� tÞ ¼ 0; t� t < 0 ð11Þ

The electric susceptibility can comprise any combination of dipolar, ionic, or

electronic polarization processes. This formulation leads to relationships between

the real and imaginary parts of the complex electric susceptibility, known as the

Kramers–Kronig relationships [28–31] which are very similar to the frequency re-

lations between resistance and reactance in circuit theory [30].

Consequently, after this short section on electric susceptibility, we shall always

use classical elementary models which yield good results, as can be expected from

correspondence principle.

Macroscopic theory of dielectric loss The main interest in dielectric theories is the

frequency region at which the dispersion and absorption processes occur (the dipo-
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lar polarization can no longer change fast enough to reach equilibrium with the

polarization field). When a steady electric field is applied to a dielectric, the distor-

tion polarization (electronic and vibrational modes) will be established very quickly,

essentially instantaneously compared with characteristic time of electric field. The

remaining dipolar part or orientation polarization takes time to reach equilibrium

state. Relaxation processes are probably the most important of the interactions be-

tween electric fields and matter. Debye [22, 23] has extended the Langevin theory

of dipole orientation in a constant field to the case of a varying field. It shows that

the Boltzmann factor of the Langevin theory becomes a time-dependent weighting

factor. A macroscopic description, more usable, can use an exponential law with a

macroscopic relaxation time, t, or the delay in the response of the medium to the

electric stimulation given by Eq. (12):

~PPOrientation ¼ ð~PPTotal �~PPDistorsionÞ 1� exp � t

t

� �� �
ð12Þ

Similarly, when the electric stimulation is removed, the distortion polarization

falls immediately to zero whereas the distortion polarization falls exponentially. If

the electric stimulation oscillates with time (angular frequency, o; electric field

strength, ~EE0) as described by Eq. (13):

~EE ¼ ~EE0 expð jwtÞ ð13Þ

The static permittivity, eS, (frequency close to zero) and very high-frequency per-

mittivity ey could be defined in term of total polarization and distortion polariza-

tion as described by Eqs (14) and (15):

~PPTotal ¼ ~PPDistorsion þ~PPOrientation ¼ ðeS � e0Þ~EE ð14Þ
~PPDistorsion ¼ ðey � e0Þ~EE ð15Þ

According to the exponential law defined for orientation polarization (Eq. 9), the

following differential equation could be defined:

d~PPOrientation

dt
¼ ð~PPTotal �~PPOrientationÞ

t
¼ ðeS � eyÞ~EE0 expð jotÞ �~PPOrientation

t
ð16Þ

The ratio of orientation polarization to electric field becomes a complex quantity.

This means that the dipolar part of the polarization is out of phase with the field,

as depicted by Eq. (17):

~PPTotal ¼ ~PPOrientation þ~PPDistorsion

¼ ðey � e0Þ~EE0 expð jotÞ þ
ðeS � e0Þ~EE0 expð jotÞ

1þ jot
ð17Þ
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Debye’s model The Debye model could be built with these assumptions, and po-

larization and permittivity become complex as described by Eq. (18) where n is the

refractive index and t the relaxation time:

~ee ¼ e 0 � je 00 ¼ n2 þ es � n2

1þ jot
ð18Þ

All polar substances have a characteristic time t called the relaxation time (the

characteristic time of reorientation of the dipolar moments in the electric field di-

rection). The refractive index corresponding to optical frequencies or very high fre-

quencies is given by Eq. (19):

ey ¼ n2 ð19Þ

whereas eS is the static permittivity or permittivity for static fields.

The real and imaginary parts of the dielectric permittivity of Debye’s model are

given by Eqs. (20) and (21):

e 0 ¼ n2 þ es � n2

1þ o2t2
ð20Þ

e 00 ¼ es � n2

1þ o2t2
ot ð21Þ

Changes of e 0 and e 00 with frequency are shown in Fig. 1.6. The frequency is dis-

played on a logarithmic scale. The dielectric dispersion covers a wide range of fre-

quencies. The dielectric loss reaches its maximum given by Eq. (22):

e 00max ¼
es � n2

2
ð22Þ

at a frequency given by Eq. (23):

omax ¼
1

t
ð23Þ

This macroscopic theory justifies the complex nature of the dielectric permittiv-

ity for media with dielectric loss. The real part of the dielectric permittivity ex-

presses the orienting effect of electric field, with the component of polarization

which follows the electric field, whereas the other component of the polarization

undergoes chaotic motion leading to thermal dissipation of the electromagnetic en-

ergy. This description is well adapted to gases (low density of particles). For a liq-

uid, however, we must take into account the effect of collisions with the surround-

ings, and the equilibrium distribution function is no longer applicable.
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j CONCEPTS More about the effect of collisions on distribution functions: micro-

scopic theory of dielectric loss The Debye theory can define a distribution function

which obeys a rotational diffusion equation. Debye [22, 23] has based his theory of

dispersion on Einstein’s theory of Brownian motion. He supposed that rotation of

a molecule because of an applied field is constantly interrupted by collisions with

neighbors, and the effect of these collisions can be described by a resistive couple

proportional to the angular velocity of the molecule. This description is well

adapted to liquids, but not to gases.

Molecular orientations can be specified by f and y. The fraction of molecules

whose dipole moments lie in an element of solid angle dW is f ðf; yÞ dy. The num-

ber of representative points which pass across unit length of y in unit time is de-

scribed by Eq. (24):

qq

qy
¼ �K

qf ðyÞ
qy

þ f ðh _yyiÞ ð24Þ

where the first term describes a diffusive process with a specific constant K and the

second term describes the effect of the electric field which sets the molecules in

rotation with an average terminal angular velocity depending of the orientating

couple and on resistive constant or damping constant of inner friction given by

Eq. (25):

zðh _yyiÞ ¼ �qp~EE cos y

qy
ð25Þ

Fig. 1.6. Dependence of the complex dielectric permittivity on

frequency (e 0 and e 00 are, respectively, the real and imaginary

parts of the dielectric loss at 25 �C; dielectric properties are:
eSr ¼ 78:2, ey ¼ 5:5, and t ¼ 6:8� 10�12 s).
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At equilibrium, molecular energies will be distributed according to Boltzman’s

law and, finally, the general formulation which defines the factor f is given by Eq.

(26):

qf

qy
¼ 1

z sin y

q

qy
kT sin y

qf

qy
þ f pE sin2 y

� �
ð26Þ

The distribution function of the f factor is given by Eq. (27):

f ¼ 1þ pE cos y

kTð1þ jotÞ ð27Þ

So the average moment in the direction of the field is given by Eq. (28) which

can define the microscopic relaxation time that depends on the resistive force expe-

rienced by the individual molecules (for more details, see MacConnell [32]).

hp cos yi ¼

ð p
0

cos y 1þ pE cos y

kTð1þ jotÞ

� �
2p sin y dyð p

0

1þ pE cos y

kTð1þ jotÞ

� �
2p sin y dy

ð28Þ

The general equation for the complex dielectric permittivity is, then, given by Eq.

(29):

~eer � 1

~eer þ 2
¼ rN

3e0M
aþ m2

3kTð1þ jotÞ

� �
ð29Þ

where N is the Avogadro number, M is the molar mass, r the specific mass, and a

the atomic polarizability. The relaxation time t is a microscopic relaxation time that

depends on the average resistive force experienced by the individual molecules. In

the limit of low frequency the Debye expression is obtained for the static permittiv-

ity whereas in the high frequency limit the permittivity will fall to a value which

may be written as the square of the optical index (see Table 1.2, Section 1.1.2).

The first term of the left side corresponds to distortion polarization whereas the

other term corresponds to orientation polarization. For apolar molecules, we obtain

the famous Clausius–Mosotti–Lorentz equation.

Relaxation times Debye [22, 23] suggested that a spherical or nearly spherical

molecule could be treated as a sphere (radius r) rotating in a continuous viscous

medium of bulk viscosity h. The relaxation time is given by Eq. (30):

t ¼ 8phr 3

2kT
ð30Þ

The relaxation time evaluated from experimental measurements is the effective

time constant for the process observed in the medium studied, even for solutions.
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Because of the incidence of the internal field factor, this is not the value of the mo-

lecular dipole relaxation. Depending upon the internal field assumption a variety of

relationships between theoretical and effective relaxation times have been defined.

Relaxation times for dipole orientation at room temperature are between 10�10 s

for small dipoles diluted in a solvent of low viscosity and more than 10�4 s for

large dipoles in a viscous medium such as polymers (polyethylene) or dipole relax-

ations in crystals (the relaxation associated with pairs of lattice vacancies).

The relaxation times of ordinary organic molecules are close to a few picosec-

onds. Figure 1.7 gives relaxation frequency range for classical organic functions:

alkanes [33, 34], alcohols [35–39], alcohol ether [40], acid chlorides [41, 42], esters

[43, 44], aliphatic [45–54] and aromatic halogens [55, 56], aliphatic [57, 58], aro-

matic ketones [59], nitriles [60], and aliphatic [61, 62] and aromatic amines [63].

Thus, for a frequency of 2.45 GHz these molecules can follow electric field oscil-

lations, unlike substances which are strongly associated, for example water and al-

cohols, and therefore have dielectric loss at 2.45 GHz. Consequently the solvents

which have dielectric loss are water, MeOH, EtOH, DMF, DMSO, and CH2Cl2. Di-

electric loss is negligible for nonpolar solvents such as C6H6, CCl4, and ethers, al-

though addition of small amounts of alcohols can strongly increase the dielectric

loss and microwave coupling of these solvents.

Effect of temperature Relaxation data for pure water play an important role in dis-

cussion of the dielectric behavior of aqueous solutions. Another practical interest is

Fig. 1.7. Relaxation time range for classical organic functions.
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the demand for dielectric reference materials suitable for calibrating and checking

the performance of equipment for measurement of dipolar liquids. The design of

microwave moisture measurement systems for food and other materials is another

interest. The thermal and pressure dependency of the relaxation time of pure water

is shown by Fig. 1.8 [64].

The critical temperature and pressure are Tc ¼ 647 K and Pc ¼ 22:1 MPa. In the

liquid state (continuous curve) the relaxation time decreases rapidly with increas-

ing temperature irrespective of pressure. In the gaseous state, the relaxation time

is strongly pressure-dependent (positive temperature-dependence at constant pres-

sure). The relaxation time jumps to a larger value at the boiling temperature when

the pressure is lower than the critical pressure. More generally, the most relevant

property at lower temperatures or higher densities is the temperature whereas den-

sity is more important at higher temperatures or lower densities. The relaxation

time increases with decreasing density. The microwave field can hardly change

the thermal motion of water molecules as far as they are rotating. This situation

can be easily understood by considering our common experience that rapidly rotat-

ing top remains standing against gravity. The orientation of the dipolar moment

may be changed when the molecule lose angular momentum, owing to collisions

with other molecules. In gaseous phase, the dielectric relaxation is governed by

binary collisions. Recently molecular dynamics simulations have been performed

to study the dielectric properties of supercritical water. These results show that

Fig. 1.8. Effect of temperature and pressure on the dielectric

relaxation time of pure water. The arrow indicates the critical

temperature.
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Debye’s model assumptions are not valid for supercritical water, because the

dilute limit is doubted. Microscopically there are many degrees of freedom and all

these motions are not totally decoupled from the others, because the eigenstate of

motions are not well known the structurally disordered matter. Dielectric mea-

surements can only probe slow dynamics which can be described by stochastic

processes and classical Debye’s model could be rationalized [65, 66].

The temperature and pressure dependence for methanol is quite similar to that

for water. Although alcohol molecules also form hydrogen bonds, the maximum

coordination is two, unlike water. The methanol molecule can form both chain

and ring structures, in the same way as liquid selenium [67]. Breaking of the

hydrogen-bond network occurs because of librational motion for water and stretch-

ing for methanol and most other alcohols.

At high densities, for example supercritical conditions, experimental relaxation

time deviates strongly from Debye’s values, owing to hydrogen bonding. In the

gaseous phase free molecules are responsible for the classical dielectric relaxation

and molecules incorporated within the hydrogen-bond network should be added;

the general relaxation function for supercritical fluids with hydrogen bonds is

given by Eq. (31):

~ee ¼ ey þ ðeS � eyÞ 1� a

1þ jotfree
þ a

1þ jotbound

� �
ð31Þ

where a is the fraction of bound molecules and tfree and tbound and the relaxation

times for free and bound molecules, respectively. The average relaxation time is

given by Eq. (32):

t ¼ ð1� aÞtfree þ atboundAtfree þ atbound if af 1 ð32Þ

tfree can be assumed to be the binary collision time given by Eq. (33):

tfree ¼
1

4npr 2eff

ffiffiffiffiffiffiffiffi
mp

kBT

r
ð33Þ

where m is the mass of the molecule, n the number density, and reff is the effective

radius hard sphere diameter of molecule, equal to intramolecular distance from

Raman scattering data. In the gaseous state a becomes small and eventually van-

ishes in the dilute limit whereas at low temperatures in the liquid state it is re-

placed by an enhancement factor, because of the highly correlated nature of molec-

ular motion. Hydrogen-bonding enthalpy (vibration or stretching energy) can be

obtained from Eq. (34):

tbound ¼ t exp
DH

kBT

� �
ð34Þ

For water, a liquid characterized by a discrete relaxation process in the temperature
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range of interest, this activation enthalpy is 4.9 kcal mol�1, or the hydrogen-bond

energy of water.

Dynamic consequences of dielectric losses It is clear that for a substance with di-

electric loss, for example water and the alcohols, the molecules do not perfectly fol-

low the oscillations of the electric field. For media without dielectric loss, and for

the same reasons as under static conditions, the strength of the electric field can-

not induce rotation for all polar molecules, but statistically only for a small part

(less than 1%). This means that all the molecules oscillate round an average direc-

tion (precession motion), as shown in Fig. 1.9.

The principal axis of the cone represents the component of the dipole under the

influence of thermal agitation. The component of the dipole in the cone is because

of the field that oscillates in its polarization plane. In this way, the dipole follows a

conical orbit if Brownian movement is prevented. In reality the cone changes its

direction continuously because of Brownian movement faster than the oscillation

of the electric field which leads to chaotic motion. Hence the structuring effect of

electric field is always negligible because of the value of the electric field strength,

even more so for lossy media.

In condensed phases it is well known there are energy transfers between rota-

tional and vibrational states. Indeed, molecular rotation does not actually occur in

liquids – rotational states turn into vibrational states because of an increase in col-

lisions. For liquids, the collision rate is close to 1030 collisions per second. Micro-

wave spectroscopic studies of molecular rotation only use dilute gases to obtain

pure rotational states with a sufficient lifetime. Broadening of rotational transitions

induced by molecular collisions occurs because pressures are close to a few tenths

of a Bar as described for Fig. 1.10.

In conclusion, for condensed phases molecular rotations have quite a short life-

time because of collisions. The oscillations eventually induced by the electric field

are dissipated in liquid state leading to vibration. At densities of the collisions cor-

responding to those in liquids, the frequency of the collisions become comparable

Fig. 1.9. Precession motion of the dipole of a distribution of

molecules undergoing irradiation by a time dependent electric

field.
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with the frequency of a single rotation and, because the probability of a change in

rotational state on collision is high, the time a molecule exists in a given state is

small. From these remarks it is obvious that the electric field cannot induce orga-

nization in condensed phases such as the liquid state.

1.1.2.3 Thermal Dependency of Dielectric Permittivity

In contrast with Eq. (18), Eq. (29) gives the frequency behavior in relation to the

microscopic characteristics of the studied medium (polarizability, dipolar moment,

temperature, frequency of the field, etc). Then, for a given change of the relaxation

time with temperature, we can obtain the change with frequency and temperature

of the dielectric properties – the real and imaginary parts of the dielectric permit-

tivity. In fact, for a given molecular system, it is better to use a formula containing

tInterðTÞ, a part which depends on the temperature, and a part totally independent

of the temperature, tSteric, as in Eq. (35):

tðTÞ ¼ tSteric þ tInterðTÞ ð35Þ

Depending on the frequency of the field and the relaxation time band in relation

to the temperature considered, one can observe three general changes of dielectric

properties with temperature. Figure 1.11 gives the three-dimensional curves depict-

ing the dependence dielectric properties on frequency and temperature [70].

Fig. 1.10. Absorption spectrum for water (gaseous, solution,

and liquid). Above the vapor band is the Mecke rotational

analysis [68, 69].
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Depending on the values of the working frequency and the relaxation frequency,

three general cases can be observed:

� case 1, where the real and imaginary parts of the dielectric permittivity decrease

with temperature (working frequency lower than relaxation frequency);
� case 2, where the real and imaginary parts of the dielectric permittivity in-

crease with temperature (working frequency higher than relaxation frequency);

and
� case 3, where the real and/or imaginary part of the dielectric have a maximum

(working frequency very close to relaxation frequency).

Fig. 1.11. Change of the complex dielectric permittivity with

frequency and temperature (e 0 is the real part and e 00 is the
imaginary part of the dielectric loss) [70].
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The two solvents most commonly used in microwave heating are ethanol and

water. Values for water are given by Kaatze [71, 72] and values for ethanol by Cha-

hine et al. [73]. Water fits most closely with case 1 because both values decrease

with temperature. In contrast, for ethanol the real part increases and the dielectric

loss reaches a maximum at 45 �C (case 2). For ethanol, in fact, the working fre-

quency is higher than the relaxation frequency at room temperature. Ethanol has

a single relaxation frequency close to 1 GHz at 25 �C and, furthermore, its relax-

ation frequency rises fairly rapidly with temperature (3 GHz at 65 �C). For water

the working frequency is smaller than the relaxation frequency at all temperature

(17 GHz at 20 �C and 53 GHz at 80 �C).

The pioneering work of Von Hippel [74] and his coworkers, who obtained dielec-

tric data for organic and inorganic materials, still remains a solid basis. Study of

dielectric permittivity as a function of temperature is less well developed, however,

particularly for solids.

1.1.2.4 Conduction Losses

For highly conductive liquids and solids the loss term not only results from a sin-

gle relaxation term as given by Eq. (21) but also from a term containing ionic con-

ductivity, s, as shown by Eq. (36):

e 00 ¼ es � n2

1þ o2t2
otþ s

o
ð36Þ

A conducting material can be regarded as a nonconducting dielectric with resis-

tance in parallel. The alternative graphical representation as a plot of the logarithm

of dielectric losses against the logarithm of the frequency enables the a.c. conduc-

tivity associated with the relaxation dipoles to be distinguished easily from the d.c.

conductivity arising from the free charges. From Eq. (36) two different ranges

could be defined as shown in Fig. 1.12:

for otf 1 e 00 ¼ s

o
range I ð37Þ

for otg 1 e 00 ¼ eS � ey

ot
range II ð38Þ

The second term of Eq. (36) is usually small compared with the first (typical val-

ues: s ¼ 10�8 S, t ¼ 10�10 s, st ¼ 10�18 Ss). This is quite small compared with

first term, which is of the order of 10�11; it can therefore be neglected.

The hydroxide ion is a typical example of an ionic species with both ionic and

dipolar characteristics. For solutions containing large amount of ionic salts this

conductive loss effect can become larger than the dipolar relaxation.

For solids, conduction losses are usually very slight at room temperature but can

strongly change with temperature. A typical example is alumina with very slight
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dielectric losses at room temperature (close to 10�3) and can reach fusion temper-

atures in several minutes in a microwave cavity [75]. This effect is a consequence

of a strong increase of conduction losses associated with thermal activation of the

electrons which pass from the oxygen 2p valence band to the 3s3p conduction

band. In solids, moreover, conduction losses are usually enhanced by material de-

fects which sharply reduce the energy gap between the valence and conduction

bands. Because conduction losses are high for carbon black powder, the material

can be used as lossy impurities or additives to induce losses within solids for which

dielectric losses are too small. This trick has long been used by people using micro-

waves for heating applications and explains problems encountered with chocolate

in microwave cookers. Chocolate contains lipid polymers with strong microwave

losses. On microwave heating, chocolate degraded very quickly leading to carbon

black. This increases local microwave heating. As a result microwave heating of

chocolate can quickly induce a strong burning taste.

Although conductivity is usually a thermally activated process, as given by Eq.

(39):

sðTÞ ¼ s0 exp � U

kðT � T0Þ

� �
ð39Þ

where U is the activation energy and s0 the conductivity at T0, Joule heating within

the sample cannot be removed quickly enough by conduction and/or convection,

so the temperature of the sample increases to the fusion temperature. The temper-

Fig. 1.12. Dependence on conductivity of change of dielectric losses.
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ature dependence of solid static permittivity can lead to a large increase of dielec-

tric permittivity just below the melting point for most of crystalline or amorphous

(glass) materials.

1.1.2.5 Magnetic Losses

Chemical reagents are primarily dielectric liquids or solids. Magnetic losses are,

however, observed for microwave-irradiated metal oxides, for example ferrites. As

for dielectrics, a complex magnetic permeability is defined as given by Eq. (40):

~mm ¼ m 0 � jm 00 ð40Þ

The real part is the magnetic permeability whereas the imaginary part is the

magnetic loss. These losses are quite different from hysteresis or eddy current

losses because they are induced by domain walls and electron spin resonance.

These materials should be placed at the position of magnetic field maxima for op-

timum absorption of microwave energy. For transition metal oxides, for example

those of iron, nickel, and cobalt, magnetic losses are high. These powders can

thus be used as lossy impurities or additives to induce losses within solids for

which dielectric losses are too small.

1.1.3

Dielectric Properties and Molecular Behavior

1.1.3.1 Dielectric Properties Within a Complex Plane

The Argand diagram Another graphical representation of substantial interest is

obtained by plotting the imaginary part against the real part – the Argand diagram.

The function can be obtained by elimination of o between Eqs (20) and (21). For

simple dipole relaxation, a circle is obtained:

e 0 � eS � ey

2

� �2
þ ðe 00Þ2 ¼ eS � ey

2

� �2
ð41Þ

The dielectric permittivity is represented by the semicircle of radius:

r ¼ eS � ey

2
ð42Þ

centered at:

e 0 ¼ eS þ ey

2
ð43Þ

The top of this semicircle corresponds to to ¼ 1.
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This plot of experimental values is a convenient graphical test of the applicability

of Debye’s model. The effect of the last term on the shape of the diagram can be

seen in Fig. 1.13. The larger the conductivity, the further the actual diagram de-

parts from Debye’s semicircle.

The Cole–Cole model Argand’s diagram for many polar molecules in the liquid

phase is actually a semicircle as predicted by Debye’s model. Typical examples are

pure alcohols or symmetrical molecules such as chlorobenzene in a nonpolar sol-

vent (alkane). Many plots deviate from Argand’s plot. This deviation is usually ex-

plained by assuming there is not just one relaxation time but a continuous distri-

bution. Long molecules for which the permanent dipole moment is not aligned

with the long molecular axis and polymers have broader dispersion curves and

lower maximum loss than would be expected from Debye relationships. If the mol-

ecule is aligned with the field, only the longitudinal component of the dipole mo-

ment is active during the relaxation process. The molecule tends to rotate about a

short molecular axis with a long relaxation time because of inertial and viscous

forces. In contrast, if the molecule is perpendicular to the field the transverse com-

ponent of the dipole is active and the molecule relaxes by rotating rather quickly

about its long axis, because inertial and viscous forces are smaller in this configu-

ration. If the molecules are randomly oriented relative to the field, the correspond-

ing relaxation time is distributed between these two extreme cases. If f ðtÞ is the

distribution function of the relaxation time between t and dt, the corresponding

Eq. (44) for dielectric loss is:

Fig. 1.13. Argand’s diagram for different values of conductivity (Sm�1).
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e 00 ¼ ey þ ðeS � eyÞ
ðy
0

f ðtÞ dt
1þ jot

ð44Þ

Because this leads to circular arc centered below the axis, Cole and Cole have

proposed a modified form of Debye’s formula with a term h characterizing the flat-

tening of the diagram (Eq. 45) (h ¼ 0 corresponds to the classical Debye model):

e 00 ¼ ey þ eS � ey

1þ ð jotÞ1�h
with 0a ha 1 ð45Þ

The value of h found experimentally has a tendency to increase with increasing

number of internal degrees of freedom in the molecules and with decreasing tem-

perature [76]. The high relaxation is associated with group rotation and molecular

tumbling. Normalized skewed arc plots give evidence of asymmetric distribution of

relaxation time. The value of h increases with decreasing chain length, i.e. the dis-

tribution of relaxation time tends toward symmetric distribution with decreasing

chain length. Skewed arc behavior in liquids has been reported by many workers

and has been explained in terms of cooperative phenomenon and multiple relax-

ation processes. The molecule becomes less rigid with increasing chain length

and can relax in more than one way. The different groups may rotate, as also may

the whole molecule. The relaxation time for the former process is smaller than that

for the latter. The intramolecular process has similar effects to the intermolecular

cooperative phenomenon observed in pure polar liquids.

The Cole–Davidson model These kinds of diagram are also symmetrical or non-

symmetrical and may be fairly described by an analytical relationship proposed by

Davidson and Cole [77] (Eq. 46):

e 00 ¼ ey þ eS � ey

ð1þ jotÞa with 0a aa 1 ð46Þ

When a is close to unity this again reduces to Debye’s model and for a smaller

than unity an asymmetric diagram is obtained. The Cole–Cole diagram arise from

symmetrical distribution of relaxation times whereas the Cole–Davidson diagram

is obtained from a series of relaxation mechanisms of decreasing importance ex-

tending to the high-frequency side of the main dispersion.

Glarum’s generalization Glarum [78] has suggested a mechanism which leads to a

dispersion curve barely distinguishable from the empirical skewed-arc of Davidson

and Cole. Glarum suggests that dipole relaxation occurs by two coexistent mecha-

nisms. Because of lattice defects in the liquid or solid, a dipole can adapt its orien-

tation almost instantaneously to an electric field. The presence of a hole might

drastically reduce the resistance to rotation. At the same time, dipole relaxation

can occur without the help of defects. Glarum believes these two processes are in-
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dependent and the general correlation function is the product of the correlation

function of the two mechanisms, assuming that the motion of defects is governed

by a diffusion equation. If the relaxation because of arrival of a defect is rare, clas-

sical Debye relaxation is obtained ða ¼ 1Þ. If defect diffusion is the dominant

process, a circular arc is obtained with a ¼ 0. If the two processes coexist, a Cole–

Davidson term a ¼ 0:5 is obtained. Glarum’s theories have been extended by An-

derson and Ulman [79]. They assumed that the orientation process is function of

an environmental property called the free volume. These theories raise the possi-

bility of deducing the rate of fluctuation of environmental conditions from dielec-

tric measurements.

Molecules with two or more polar groups Molecules comprising of skeleton with

two polar groups give two adsorptions overlapping significantly on the frequency

scale. If we use subscripts 1 and 2 for the lower and higher-frequency relaxation,

six quantities must be evaluated. If the processes are quite independent these

can be unequivocally established from the experimental data. Coexistence of two

classical Debye relaxations is described by Eqs (47) and (48):

e 0 ¼ ey þ eS � ey1

1þ o2t21
þ eS � ey2

1þ o2t22
ð47Þ

e 00 ¼ eS � ey1

1þ o2t21
ot1 þ

eS � ey2

1þ o2t22
ot2 ð48Þ

Within the complex plane, two circles are obtained. The overlapping of these two

circles depends on the vicinity of the relaxation time or relaxation frequency of the

two polar groups. This assumption could be applied to more than two polar

groups. Are there two isolated Debye’s relaxations or a distribution of relaxation

times for a single relaxation process? If the latter, it is better to use the Cole and

Cole or Davidson and Cole models. Results from permittivity measurements are

often displayed in this type of diagram. The disadvantage of these methods is that

the frequency is not explicitly shown.

1.1.3.2 Dielectric Properties of Condensed Phases

In this section dipole moment values and complex dielectric permittivity are sur-

veyed more particularly in terms of their frequency dependency for a variety of liq-

uid and solid state systems. The varieties of dielectric phenomena encountered are

described briefly. They are selected to illustrate relationships between dielectric

data and the structure and behavior of molecular units.

In contrast with condensed phases, intermolecular interactions in gases are neg-

ligibly small. The dipole moment found in the gas phase at low pressure is usually

accepted as the correct value for a particular isolated molecule. The molecular di-

pole moment calculated for pure liquid using Debye’s model gives values which

are usually very different from those obtained from gas measurements. Inter-

molecular interactions in liquids produce deviations from Debye’s assumptions.
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Short-range interactions lead to a strong correlation between the individual mole-

cules and enhance the polarization. Hydrogen bonding aligns the molecules either

in chain-like structures (e.g. water or alcohols) or in antiparallel arrangements (e.g.

carboxylic acids). The atomic polarization increases and in the second example the

orientation polarization decreases as a result of mutual cancellation of the indi-

vidual molecular dipoles, leading to liquid permittivity smaller than values calcu-

lated for nonassociated liquids. If intermolecular interactions in gases are negligi-

bly small, the Debye model enables adequate representation of the relationship

between polarization and molecular dipole moment. The dipole found in the gas

phase is usually accepted as the correct value [80]. The dipole moment of chloro-

benzene is 1.75 D measured in the gas phase whereas it is 1.58 D in benzene,

1.68 D in dioxane and 1.51 D in carbon disulfide. In dilute solution the solution’s

molar polarization could be expressed as the weighted sum of the molar polariza-

tion of the individual components. Significant solute–solute effects are still present

even at high dilutions.

Pure liquids – water and alcohols Water and peroxides (HOaOH) represent a lim-

iting state of such interactions. In the liquids state, water molecules associate by

hydrogen-bond formation. Despite its apparently complex molecular structure, be-

cause of its strong association, water closely followed simple Debye relaxation (at

25 �C: eSr ¼ 78:2, eyr ¼ 5:5, t ¼ 6:8� 10�12 s, and h ¼ 0:02, the Cole–Cole term).

In such systems the molecules have usually been rigid dipoles without interaction

with neighbors. The situation significantly changes when hydroxyl groups are con-

sidered. Such molecules have a dipolar group with appreciable mobility. For alco-

hols or phenols the hydroxyl group can rotate about the axis of the oxygen–carbon

bond and can relax intramolecularly. In the liquid phase, however, hydroxyl groups

of different molecules can interact forming hydrogen bonds which link molecules.

The alcohols 1- and 2-propanol give almost ideal semicircles in Argand’s plot.

Skewed-arc is found for halogenated alkane derivatives. The skewed-arc pattern is

characteristic for higher alcohols. For solutions of electrolytes in methanol and

ethanol the decrease of permittivity is even more marked than that observed for

water. Calculations suggest that the ionic field is probably not effective beyond the

first solvation layer. Maybe for the alcohols ion solvation and its local geometrical

requirements lead to proportionally greater disruption of the hydrogen-bond

chains than in aqueous solutions.

Effects of electrolytes Relaxation processes are represented by several types of Ar-

gand diagram, for example the Debye diagram (I), the Cole–Cole diagram (II), the

Davidson–Cole diagram (III) or a diagram with a few separated Debye regions.

Original studies of aqueous salt solutions by Hasteed afforded diagrams I and II

only [81, 82]. Since this pioneering work, experimental evidence suggests the oc-

currence of four types of diagram for ionic solutions. Unfortunately, experimental

data are meager and dielectric measurements for these kinds of solution are quite

limited.
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Recent work has led to precise measurement of complex dielectric permittivity

over a wide frequency range which covers the decimeter, centimeter, and millime-

ter spectral regions (7–120 GHz [83–91]). Knowledge of these data is even more

crucial when moving to study of concentrated solutions and solutions at elevated

temperature. In these, ion–water, water–water, and ion–ion interactions are more

diverse and the corresponding relaxation processes become more complicated. The

contribution to ionic losses of electric conductivity also increases, specially in the

centimeter wavelength range. Increasing the temperature and concentration of

the electrolytes induce an increase in relaxation frequency or a decrease in relax-

ation time, adding noticeable error to the determination. Experimental evidence

from measurements in a wide frequency range makes it possible to describe the

whole dispersion region. At high frequencies the contribution from electrical con-

ductivity is smaller.

Figure 1.14 shows the change with frequency of the real and imaginary parts of

dielectric permittivity for aqueous solutions of NaCl of high concentration. The d.c.

conductivity has been avoided by the authors, who made measurements at 1 kHz

using conventional methods. Addition of electrolytes usually increases conductiv-

ity, as shown in Fig. 1.15 (arrows indicate values of dielectric losses at 2.45 GHz).

No resonance or relaxation processes other than the Debye rotational diffusion of

water molecule occur in the high-frequency part of the millimeter wavelength

range. This gives evidence that ionic losses are described by Eq. (36). The structural

model of an electrolyte solution that reflects different water molecule dynamics at

Fig. 1.14. Change of the real and imaginary parts of the dielectric permittivity.
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different concentrations can be represented by the following description. In the di-

lute regions, water molecules can be divided into those whose state is modified by

the presence of ions (hydration shell of cations and anions) and those that retain

all the properties of pure water (bulk water). In highly concentrated solutions, in

which bulk water is absent, the model implies the occurrence of two states of water

molecules – water molecules bound by one ion, a fragment of the hydration shell,

and molecules shared by cations to form ion–water clusters [92–102]. These differ-

ent structural subsystems should be found within the dispersion region. LiCl and

MgCl2 solutions lead to two simple Debye dispersions (free and hydration-shell

molecules).

First, depending on concentration ions may associate producing ion-pairs or

similar solute species with an appreciable dipole moment. Such species will make

their own contribution to dielectric relaxation processes. Because of their strong lo-

calized electric field, ions affect the solvent’s molecular interactions. Addition of so-

dium chloride to water leads to a strong decrease of the real part of the dielectric

permittivity equivalent to a temperature increase (e.g. 0.5 m sodium chloride at 0 �C

has the same value as pure water at 30 �C). The value of relaxation time is shifted

in the same sense but to a far smaller extent. The sodium chloride ions markedly

change the geometric pattern of molecular interactions. According to X-ray and

neutron diffraction studies, the electrostatic field neighborhood of a sodium or

chloride ion is such that the interaction energy with the water molecule dipole

greatly exceeds that of typical hydrogen bond between the solvent species. This

means that an appreciable number of water molecules will be frozen around each

ion – a change in molecular pattern from the liquid. The freezing of these water

Fig. 1.15. Effect of ionic conductivity on dielectric losses.
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molecules forming a hydrating sheath around the ions means their dipoles are not

free to re-orientate in the applied electric field. This causes the permittivity de-

crease. This effect has been quantitatively defined by Hasted et al. [81, 82] – for 3

m sodium chloride solution the value is one-half that for the pure solvent (e.g. nine

water molecules immobilized per pair of sodium chloride ions). Neutral solute

molecules such as ethyl alcohol noticeably increase the dielectric relaxation time

of water [103–105]. This is frequently expressed by saying that the water tends to

freeze to an ice-like configuration in the immediate neighborhood of the solute

molecule. Many physicochemical data (entropies, partial vapor pressures, viscos-

ities) agree in this respect. The situation is not simple, however, because ionized

salts, for example alkyl ammonium lead to breaking down of the structure but

nevertheless cause an increase in relaxation time. It is possibly contrary effects are

occurring: these salts are known to form crystalline hydrate structures of the clath-

rate type.

Foodstuffs contain much water. Many people believe the water content is respon-

sible for the microwave heating of food. According to Fig. 1.15, dielectric relaxation

of water and corresponding dielectric losses are quite negligible for ionic solutions.

Conduction losses are preponderant. Ionic species such salts (sodium chloride) in-

duce dielectric losses in soup and microwave heating results from ionic conduc-

tion.

Intermolecular interactions and complexes Dielectric measurements on interacting

solutes in inert solvents provide information about molecule complex formation.

Some such dipoles induced by intermolecular interactions and molecular com-

plexes in benzene solution are listed in Table 1.3. The dipole moment of the com-

plex is a function of the relative strengths of the acid and base and the intramolec-

ular equilibrium is described by Eq. (49):

X-H . . .Y , X� . . .H-Yþ ð49Þ

Stronger acid–base complexes with proton transfer induce formation of ion-pair

systems leading to high dipole moments. The OHaN interactions of pyridine in

Tab. 1.3. Dipole moments of molecular complexes in benzene

solution (from Ref. [27]).

Components m(XxH) m(Y) m(HxY)

CH3COOH C5H5N 1.75 2.22 2.93

ClCH2COOH C5H5N 2.31 2.22 4.67

Cl2CHCOOH C5H5N 2.22 5.24

Cl3CCOOH C5H5N 2.22 7.78

CH3COOH (C2H5)3N 1.75 0.66 3.96

s-C6H2(NO3)3OH (n-Bu)3N 1.75 0.78 11.4
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acetic and chloroacetic acids lead to a polarity increase. Thus at least 70% ionic

character is expected in the trichloroacetic acid–pyridine complex. The very high

dipole moment of the picric acid–base complex is indicative the predominantly

ionic form.

Solutions of two nonpolar compounds often have polar properties. For iodine

solutions in benzene polarization is greater than expected for nonpolar com-

pounds. Interactions usually involve partial electron transfer from one component

to another. One component has a positive charge (donor) and the other has nega-

tive charge (acceptor). In the benzene–iodine complex partial electron transfer can

be envisaged between electrons of benzene p orbitals and the lowest unfilled or-

bital of iodine. The extent of electron transfer determines the dipole moment ob-

served. Such systems, called charge-transfer complexes, lead to changes of other

physical properties, for example magnetic properties.

The relaxation times of trihalogenated esters in solution in benzene, dioxane,

and carbon tetrachloride reveal another typical type of anomalous behavior which

can be explained by solute–solvent interactions. It is well known that the ester mol-

ecule is a resonance hybrid in which the carbonyl group assumes positive charac-

ter. This character is further accentuated by the three electron attracting halogen

group. This positive carbonyl carbon interacts strongly with the oxygen lone-pair

electrons in dioxane and the p electrons of the benzene ring forming complexes

with these solvents and resulting in large value of relaxation time [54].

Intermolecular interactions and hydrogen bonding Hydrogen bonding is a form of

molecular orientation involving an AaH group and an electron-donor component

Y. A is usually oxygen sometimes nitrogen, and less frequently carbon. Hydrogen-

bond formation alters the electron distribution within the molecules, changes the

polarization, and could induce a dipole moment. The polarization of N-substituted

amides in solution increases with increasing concentration. Association into polar

chains occurs with a dipole moment greater than that of the monomer unit. Inter-

molecular hydrogen bonding occurs if the NH group is at a position trans to the

CO group. The two group dipole moments reinforce each other, producing an en-

hanced dipole. Solute–solvent interactions caused by hydrogen bonding can also

increase the dipole moment. The increase is much larger than expected from the

inductive effect alone – HBr has dipole moment equal of 1.08 in benzene solution

compared with 2.85 in dioxane solution.

Macromolecules and polymers Because of their partial use in the electrical indus-

try and because of the partial relevance of dielectric studies to questions of molec-

ular mobility and relaxation time, extensive studies of polymer behavior have been

performed by dielectric methods. Only the salient features can be outlined here.

Nonpolar polymers such as polyethylene, polytetrafluoroethylene, and polysty-

rene are especially significant because of their low loss values over the widest fre-

quency range. For polar polymers such as poly(vinyl chloride)s, poly(vinyl acetate)s

and polyacrylates dispersion is observed at lower frequencies than for the mono-

mers, as expected. Two or more dispersion regions are commonly observed. They
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are referred to as a, b, and g bands beginning with the lowest-frequency dispersion.

The a dispersion is broader than a Debye process. Dielectric losses have a lower

maximum and persist over a wide range of frequency. Fusoos and Kirwood [106]

have successfully described this behavior. It is widely believed that a dispersion

caused by Brownian motion of the polymer chain whereas the b dispersion is be-

cause of oscillatory motion or intramolecular rotation of side groups.

Small molecules adopt reasonably well defined geometric configurations and cal-

culation of dipole moment is possible. For polymers mobile configurations with

rotations about single bonds in the chain skeleton and may occur for many side

groups. The measured dipole moment is the statistical average of the mobile con-

figurations and is proportional to the square root of the number of polar groups

present in the polymer. The dipole moment, m, of a polymer is usually expressed

as given by Eq. (50):

hm2i ¼ ngm2
0 ð50Þ

where n is the number of polar groups in the chain, m0 the group dipole moment

of the polar unit, and g a factor depending on nature and degree of flexibility of the

chain. Theoretical calculations of g have been extensively studied by Birshtein and

Ptitsyn [107] for polymers with a polar group in rigid side chains and Marchal and

Benoit [108] for polymers with polar groups within the chain backbone. In both

polymers g is a function of the energy barrier restricting rotation within the chain

backbone.

The very large dipole moment of polymers results in strong intermolecular

forces in solution. Atactic and isotatic polymers have different dipole moments.

The dipole moment of the atactic poly(vinyl isobutyl ether) is 10% lower than that

of the isotactic form, showing that the isotactic polymer adopts a more ordered

structure with group dipoles tending to align parallel to each other.

Rigid polymers have dipole moments which are proportional to the degree of

polymerization. The alpha-helical form of polypeptides (e.g. gamma-benzyl gluta-

mate) leads to a very high dipole moment, because the group dipole moments are

aligned parallel. In the alpha-helix the carbonyl and amino groups are nearly paral-

lel to the axis of the helix, which is stabilized by hydrogen bonding between these

two groups. The calculated moment for this arrangement is 3.6 D for the peptide

unit (2.3 D and 1.3 D, respectively, for carbonyl and amino groups) in agreement

with the experimental value.

Solids and dipole relaxation of defects in crystals lattices Molecules which become

locked in a solid or rigid lattice cannot contribute to orientational polarization. For

polar liquids such as water, an abrupt fall in dielectric permittivity and dielectric

loss occur on freezing. Ice is quite transparent at 2.45 GHz. At 273 �K, although

the permittivity is very similar (water, 87.9; ice, 91.5) the relaxation times differ by

a factor of 106 (water, 18:7� 10�12 s; ice, 18:7� 10�6 s). Molecular behavior in or-

dinary ice and a feature which may be relevant to a wide variety of solids has been

further illuminated by the systematic study of the dielectric properties of the nu-
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merous phases (ice I to VIII) formed under increasing pressure. Davidson was the

first to publish an exhaustive study [109]. A molecule may have equilibrium posi-

tions in a solid which correspond to potential energy minima separated by poten-

tial barrier, because of interactions with neighbors. Such molecules change their

orientation either by means of small elastic displacements or by acquiring suffi-

cient energy to jump the potential barrier. When an electric field is applied to a

crystalline dipolar solid, polarization could occur by three mechanisms. The first

is the distortion polarization, the second is the elastic displacement of dipoles

from their equilibrium positions, and the third is a change in the relative orienta-

tions of the dipoles.

Typical lattice defects include cation vacancies; substitutional or interstitial ions

are other types of more complicated structural defects. A cation vacancy behaves

like a negative charge. If the temperature is high, ions are sufficiently mobile that

an anion could be expelled from the lattice by the Coulomb potential of the cation

vacancy. Cation and anion vacancies could form a dipole oriented along one of the

six crystallographic axes. This vacancy coupling is then able to induce a crystalline

dipole. Similar dipoles can also appear when an ion is substituted for the host ion.

A divalent atom such as calcium substituted for a monovalent cation in alkali ha-

lides releases two electrons and becomes a doubly charged ion. The new atom of

calcium has excess positive charge which can couple with a negative defect, for ex-

ample an alkali metal vacancy or an interstitial halide, to create a dipole.

In the following discussion an LiF lattice with a lattice parameter containing N
substitutional Mg ions per unit volume is considered. According to Langevin’s

model and Maxwell–Boltzmann statistics polarization arising from the dipole de-

fects is given by Eq. (51):

Pdd ¼
Na2e2

6kTð1þ jotÞE ð51Þ

An Li ion has been replaced by an Mg ion. This ion with its positive charge

forms a dipole with a negative lithium vacancy sitting on one of the twelve

nearest-neighbor sites normally filled with Li ions. In the absence of an electric

field, these twelve positions are strictly equivalent and the lithium vacancy hops be-

tween them giving a zero average dipole moment for the defect. In the presence of

an electric field the twelve sites are no longer equivalent. The twelve sites usually

split into three categories in relation to the interaction energy with electric field.

Hence, the value of the dipole moment is given by Eq. (52):

m ¼ aeffiffiffi
2

p ð52Þ

Finally, the complex permittivity of the substituted lattice takes the familiar form

given by Eq. (53):

e 00 ¼ ey þ Nm2

3kTð1þ jotÞ ð53Þ
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Equation (53) describes Debye relaxation. Magnesium and calcium-doped lith-

ium fluorides have a characteristic Debye relaxation diagram from which the dop-

ant concentration and the relaxation time can be deduced. Many others crystals

containing mobile lattice defects have similar Debye’s relaxation processes. Major

understanding of the structure of color centers results from dielectric relaxation

spectra. Nuclear magnetic resonance, optical and Raman spectroscopy can be

used efficiently in conjunction with dielectric spectroscopy.

Solids and adsorbed phases Solid surfaces almost invariably have absorbed mole-

cules derived from the gas or liquid medium to which the surface is exposed. The

amount of such absorbed material depends upon the chemical nature of the solid

surface. The absorbed layer can greatly affect the properties of the solid surface.

The absorbed molecules may reorient by libratory oscillation between defined ori-

entational positions (see Orienting effect of a static electric field in Section 1.1.2.1).

Such a restricted process could account for the reduced effective permittivity. The

extensive use of silicates (clays and soils) as catalysts in chemistry adds interest to

their study.

j CONCEPTS More about relaxation process within solids Typical loss peaks are

broader and asymmetric in solids, and frequency is often too low compared with

Debye peaks. A model using hypotheses based on nearest-neighbor interactions

predicts a loss peak with broader width, asymmetric shape, and lower frequency

[27]. This behavior is well suited to polymeric, glassy materials and ferroelectrics.

Low temperature loss peaks typically observed for polymers need many-body inter-

actions to be obtained. Although current understanding of these processes is not

yet sufficient to enable quantitative forecasting the dielectric properties of solids

may offer insight into the mechanisms of many-body interactions.

Interfacial relaxation and the Maxwell–Wagner effect Dielectric absorption quanti-

fies energy dissipation and for most systems lose energy from processes other

than dielectric relaxation. These processes usually are related to the d.c. conductiv-

ity of the medium. The corresponding loss factor for higher conductivity persists at

high frequencies and even in the microwave heating range. The incidence of d.c.

conductivity appears for fused ionic salts as a distorting feature. In addition to d.c.

conductance loss, energy dissipation can occur by scattering of the radiation at in-

terfacial boundaries in inhomogeneous materials. In the visible region, distribu-

tion of small particles of a second material (e.g. air bubbles) in an otherwise trans-

parent medium can render it opaque. The same feature arises in dielectric media

when particles are dispersed within a matrix. The general aspect of this absorption

is referred as the Maxwell–Wagner process.

If the dielectric material is not homogeneous but could be regarded as an associ-

ation of several phases with different dielectric characteristic, new relaxation

processes could be observed. This relaxation processes called Maxwell–Wagner pro-

cesses occur within heterogeneous dielectric materials. An arrangement compris-

ing a perfect dielectric without loss (organic solvent) and a lossy dielectric (aqueous
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solution) will behave exactly like a polar dielectric with a relaxation time which be-

comes greater as the conductivity becomes smaller. Such an arrangement, leading

to a macroscopic interface between two immiscible solvents, could be extended to

dispersion of slightly conducting spherical particles (radius a, permittivity and con-

ductivity) in a non conducting medium (dielectric permittivity equal to eM). To cal-

culate the effective permittivity of the dispersion, consider a sphere of radius R
containing n uniformly distributed particles. These particles coalesce to form a

concentric sphere of radius
ffiffiffiffiffiffiffiffi
na33

p
. The effective dielectric permittivity of this heter-

ogeneous medium is given by Eq. (54):

~ee ¼ ey þ eS � ey

1þ jot
ð54Þ

where the static dielectric permittivity eS is given by Eq. (55):

eS ¼ eM 1þ 3na3

R3

� �
ð55Þ

The system relaxes with a relaxation time given by Eq. (56):

t ¼ eP þ 2eM
s

ð56Þ

These interfacial polarization effects can explain strong enhancement of micro-

wave heating rate observed by some workers with phase-transfer processes which

associate organic solvents with high lossy aqueous solutions or with a dispersion of

solids within liquids which are essentially nonpolar. The Maxwell–Wagner loss will

not occur in homogeneous liquid systems. For supercooled liquids in particular,

for example glasses or amorphous solids, the three loss processes d.c. conductivity,

Maxwell–Wagner effect, and dipolar absorption occur simultaneously. Conse-

quently, even if dielectric loss for these media is low at room temperature, slight

heating will lead to a increase of dielectric loss resulting in fusion. For example,

an empty drinking glass placed within a domestic microwave oven can melt easily,

depending on oven power. Obviously, if a wave-guide or cavity is used, fusion can

result for an empty test tube, for a test tube partially filled with lossy products, for

or a test tube filled with products without dielectric loss. For products with slight

dielectric loss it is better to avoid glass and use a test tube made from quartz or

silica without dielectric loss at 2.45 GHz.

Colloids Colloidal solutions are the most difficult systems to measure and analyze

dielectrically. If the solute particles have dipole moments, the solution should show

anomalous dispersion and loss at low frequencies if orientation of the dipole in-

volves orientation of the whole particle. If there are substantial differences among

the dielectric constants or conductivity of the particles and the matrix, interfacial
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polarization can cause dielectric loss and frequency belongs to the low frequency

range. In aqueous colloidal solutions the presence of electrolytes even in small

amounts in the water should commonly cause sufficient conductivity difference to

result in interfacial polarization. Another effect is that of the electric double layer at

the particle surface, even in the absence of the electric field. The effect of these fac-

tors must be taken into account. Errera [110] reported the first results of large

apparent permittivity for vanadium pentoxide, and Schwan [111] was the first to

provide experimental evidence of the large increase of static permittivity for a sus-

pension of polystyrene spheres in water. Values of 10 000 for diameters close to a

micron have been reached for static permittivity. The dynamics of charge distribu-

tion within these systems lead to interesting dielectric properties with occur over a

timescale determined by different characteristics of the system. The properties of

colloids have been studied at radiofrequency but very little attention has been de-

voted to their properties at microwave frequencies. This is probably because the

charge dynamics for particles several micrometers in diameter are too slow to re-

sult in significant losses at microwave frequencies.

Charged colloids typically consist of charged particles suspended in an electro-

lyte. Surface charges attract counterions leading to a double layer charge. When a

microwave field is applied to a charged particle, the tangential component of the

electric field around the particle surface causes azimuthal transport of the double

layer ions across the particle. This results in asymmetric charge distribution within

the double layer around the particle. This charge redistribution induces a change

in the dipole strength, leading to a resultant electric field around the particle which

opposes the applied field [112–114]. O’Brien [114] showed that flow of counterions

result in a high frequency, low-amplitude relaxation with a relaxation time t1 given

by Eq. (57):

t1A
1

k2D
ð57Þ

where k is the reciprocal of the double layer thickness and D the ion diffusivity

[112]. After this charge redistribution of the double layer, a slower relaxation pro-

cess occurs within the electrolyte. The low-frequency relaxation time t2 is given by

Eq. (58):

t2 ¼
R2

D
ð58Þ

where R is the radius of the particle. The size dependence of this dissipative pro-

cess is of particular interest for microwave heating. Hussain et al. [115] have re-

cently shown that polystyrene particles with surface charge resulting from sulfate

groups suspended in pure distilled water (diameter between 20 and 200 nm) had

relaxation beyond 10 GHz associated with the dipolar relaxation of water. The di-

electric permittivity and dielectric loss induced by colloids over this region are

slightly lower than those produced by water. Dielectric losses are in agreement
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with additional dc. static conductivity of the colloid given by Eq. (36). More re-

cently, Bonincontro and Cametti [116] and Buchner et al. [117] have described

how dielectric measurements can be used to obtain information about electric po-

larization mechanisms occurring on different time scales for ionic and nonionic

micellar solutions, liposomes, and suspensions of biological cells. Jönsson et al.

have [118] discussed the effect of interparticle dipolar interaction on magnetic re-

laxation for magnetic nanoparticles. It seems that superparamagnetic behavior

could be replaced by spin-glass-like dynamics for those systems.

Space charge polarization and relaxation Accumulation of charges in the vicinity of

electrodes unable to discharge the ions arriving on them can induce relaxing space-

charge. The ion behavior balances the effect of the field to accumulate charge on

interfaces whereas thermal diffusion tends to avoid them (i.e. interfaces between

two liquids with dielectric and conductivity differences). The layer can contain

charge density and is therefore equivalent to a large dipole. Dipole reversal is a

sluggish relaxation process. Unlike the classical Debye’s model, it is impossible to

separate dielectric permittivity into real and imaginary parts. Argand’s diagram can

be calculated and are found to be exactly semicircular and slightly flattened.

1.2

Key Ingredients for Mastery of Chemical Microwave Processes

After a brief overview of the thermal conversion data (thermal dependence of di-

electric properties, electric field focusing effects, hydrodynamics) thermodynamic

aspects and athermal effects of electric fields will be examined. Next, the effects of

thermal path and hot spots induced by microwave heating will be analyzed in term

of kinetic effects.

1.2.1

Systemic Approach

The tasks of chemical engineers are the design and operation of chemical reactors

for converting specific feed material or reactants into marketable products. They

must have knowledge of the rates of chemical reactions involved, the nature of

the physical processes interacting with the chemical reactions, and conditions

which affect the process. The rates of the physical processes (mass and heat trans-

fer) involved in commonly used chemical reactors can often be estimated ade-

quately from the properties of the reactants, the flow characteristics, and the con-

figuration of the reaction vessel. Chemical process rate data for most industrially

important reactions cannot, however, be estimated reliably from theory and must

be determined experimentally.

In contrast, design of chemical microwave processes, especially scale-up of oper-

ating conditions, involves knowledge and control of several nonlinear feedback
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loops. Figure 1.16 depicts chemical microwave processes in accordance with con-

cepts of systemic theory, or the theory of systems, in cybernetic modeling. This

theory studies systems in relation to feedback and coupling loops.

The microwave process includes the microwave oven, the reactors and the reac-

tants. The inputs of the system are microwave energy (E, H) and reactants whereas

the outputs are heat (T), products (C), and convection motions of fluid solutions

(V). A processor is associated with each process. They are represented schemati-

cally by triangles in Fig. 1.16. In systemic theory, the meaning of a processor is a

function linking input and output. These processors can be expressed by partial

differential equations. The two first processors to be considered are electromag-

netic (E) and the thermal (T) processors, leading to heating. The heating processor

can supply the chemical (C) and hydrodynamic (H) processors. The chemistry can

modify hydrodynamic conditions (viscosity, superficial tension, etc) whereas con-

vective motion affects yield of reactions. Convective motion and chemical reactions

can also modify thermal and dielectric properties. Hence, four coupling loops can

be defined. Most of these coupling loops have highly nonlinear character. Since

1990, the author has studied all these couplings and separately now the general

problem of a chemical microwave process can be solved with optimized devices

and plants.

The importance of these phenomena cannot be overemphasized, because they

have significant effects on the yields and the quality of the products. The character-

istics and limitations of these systems which affect the reactor performance should

be well understood to ensure successful design and operation of the plant. Conse-

quently, a microwave plant could be optimized for several given compositions (i.e.

dielectric properties and thermal dependency). An optimized microwave plant

cannot be a versatile device in terms of dielectric properties or, in other words,

chemical composition.

Fig. 1.16. Schematic diagram of the chemical microwave process [119].
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1.2.2

The Thermal Dependence of Dielectric Loss

According to Poynting’s formulation, the time averaged dissipated power density

PDissðrÞ at any position r within lossy liquids or solids is given by Eq. (59):

PDissðrÞ ¼
o

2
e0e

00~EEðrÞ2 þ m0m
00~HHðrÞ2 þ s

o
~EEðrÞ2

� �
ð59Þ

where o is the angular frequency, e0 the dielectric permittivity of a vacuum, e 00ðrÞ
the dielectric loss, ~EEðrÞ the electric field amplitude, m0 the magnetic permeability of

a vacuum, m 00 the magnetic losses, ~HHðrÞ the magnetic field amplitude, and s the

ionic conductivity.

According to dielectric and/or magnetic losses and electric and magnetic field

strength, the dissipation of electromagnetic energy leads to heating of the irradi-

ated medium. Hence estimation of dissipated power density within the heated ob-

ject depends directly on the electric and magnetic fields, and dielectric and mag-

netic loss distributions. Maxwell’s equations can be used to describe the

electromagnetic fields in the lossy medium and an energy balance can be solved

to provide the temperature profiles within the heated reactor.

The specificity of microwave heating results from the thermal dependence of di-

electric properties. The complex dielectric permittivity is very dependent on tem-

perature and the dynamic behavior of microwave heating is governed by this ther-

mal change. The electric field amplitude depends on the real and imaginary parts

of the dielectric permittivity, which themselves depend on temperature as de-

scribed by Eq. (60):

PDissðr;TÞ ¼
oe0e

00
r ðTÞ
2

~EEðr; e 000r ðTÞ; e 00r ðTÞÞ
2 ð60Þ

Figure 1.17 shows the thermal feedback induced by the thermal dependence of

dielectric properties. The microwave applied energy results in dissipated micro-

wave energy depending on dielectric properties. The heating rate depends on ther-

mal properties (thermal diffusivity, specific heat). The thermal dependence of the

thermal properties is, however, very slight compared with the thermal dependence

of the dielectric properties. In contrast with conventional heating techniques, the

heated medium acts as an energy converter. Consequently, thermal change of di-

electric properties causes changes in the dissipated energy during heating. De-

pending on the nature on the thermal changes, this may result in thermal runaway

or, occasionally, reduced material heating. Thermal runaway is a catastrophic phe-

nomenon in which a slight change of microwave power causes the temperature to

increase rapidly. The electric field depends on spatial location in relation to the

wavelength within the heated material and thus inhomogeneous heating results

in the deleterious effect of inhomogeneous material properties (e.g. densification
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and sintering in ceramics, or polymer curing and reticulation). A precise knowl-

edge of the dielectric properties is therefore essential for any study of microwave

heating or design of a microwave applicator. The thermal behavior of the heated

material is, however, usually dependent not only on the dependence of dielectric

losses but on the strength of the electric field applied. Both of these factors have

to be known to optimize the operating conditions and microwave thermal pro-

cesses. Consequently, basic understanding of microwave heating processes re-

mains somewhat empirical and speculative, because of its highly nonlinear char-

acter.

1.2.3

The Electric Field Effects

The electric field is a crucial condition in microwave heating and the design of mi-

crowave ovens. If electric field distributions within empty microwave ovens are

well known, the problem is totally different if loaded microwave ovens are consid-

ered. Perturbation theory can be used if the sample is very small. In fact, the mag-

nitude of the perturbation is proportional to reactor-to-applicator volume ratio. The

perturbation could be negligible if this ratio is close to 10�4 and most laboratory

and industrial devices have higher ratios [120].

Fig. 1.17. Schematic diagram of dielectric thermal feedback [119].
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1.2.3.1 Penetration and Skin Depths

The wave equation of electromagnetic fields in the z direction is given by Maxwell’s

equations. The electric field takes the form given by Eq. (61):

E ¼ E0 expð jot� gzÞ ð61Þ

where g is the propagation constant. Dielectric media without loss lead to a pure

imaginary propagation constant given by Eq. (62):

g ¼ joðe0erm0mrÞ1=2 ð62Þ

The problem is totally different for dielectric loss. The wave is attenuated as it

traverses the medium and, therefore, the power dissipated is reduced to an even

larger extent. Consequently, the propagation constant becomes complex as de-

scribed by Eq. (63):

g ¼ aþ jb ð63Þ

The real and imaginary parts of the complex propagation constant are called at-

tenuation factor (Np m�1) and the phase factor (Rad m�1), respectively. They are

given by Eqs (64) and (65):

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2e0m0e

0
r

2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e 00r

e 0r

� �2s
� 1

vuut ð64Þ

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2e0m0e

0
r

2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e 00r

e 0r

� �2s
þ 1

vuut ð65Þ

The simplified version of the attenuation factor a for highly lossy media, for ex-

ample metallic or ionic conductors, is given by Eq. (66):

aA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2e0m0e

00
r

2

r
ð66Þ

Hence, the attenuation factor a could be defined by a distance d which is the skin

depth as described by Eq. (67):

d ¼ 1

a
ð67Þ

The attenuation factor leads to attenuation of electric field and power during

propagation along the z coordinate as described by Eqs. (68) and (69):

E ¼ E0 expð�azÞ exp jðwt� bzÞ ð68Þ

P ¼ P0 expð�2azÞ ð69Þ
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The penetration depth Pd is defined as the distance from the surface of a lossy

dielectric material at which the incident power drops to 37% (1/e). Skin depth is,

in fact, equal to twice the penetration depth.

The field or power penetration increases with decreasing frequency. Penetration

depths at frequencies below 100 MHz are close to meters. Penetration depths

within pure water at 2.45 GHz are close to centimeters (7 mm at 3 �C and 2 cm

at 40 �C). Consequently, the penetration depth within a microwave reactor filled

with lossy media is obviously smaller. Microwave heating could results in unac-

ceptable hot spots and vigorous stirring is often necessary.

Field penetration within metals is substantially smaller. Skin depth within the

metallic enclosure of a microwave oven is close to several microns, depending on

the nature of the metal. Although losses are larger for stainless steel than for most

metals it is widely used as the internal wall of industrial microwave ovens because

of its surface hardness and resistance to corrosion. Stainless steel should not be

used in high-level devices, however. Skin depth within metals explains why sparks

observe during microwave heating of plates with plating. The thickness of the plat-

ing is close to the skin depth and microwave heating induces plating vaporization

leading to a plasma with colored sparks. This is a test enabling verification of

whether the plating is made with aluminum, copper, gold, or silver!

1.2.3.2 Dimensional Resonances

According to the conclusions of the previous paragraph, microwave heating of high

lossy media could be difficult in terms of thermal uniformity. Obviously, strong

stirring could settle this problem. The aspect of energy profiles within lossy media

is more complicated. Resonant devices and, especially, dimensional resonance ac-

cording to the author’s terminology can induce electric field-focusing effects. The

Fig. 1.18 shows the dependence of temperature on electric field radial distribution

within a water pipe of diameter 4 cm. Different radial distributions within air and

water are observed and the focusing effect is observed at 10 �C, at which tempera-

ture dielectric losses are greater.

Electromagnetic field distributions within spherical and cylindrical bodies irradi-

ated by a plane wave have been examined by several workers in relation to safety

problems of radar and for medical purposes [122–126]. For spherical shapes it

was found that the heating potential was higher than the value calculated by use

of the average cross section model by a factor approximately ten under resonance

conditions. Many common food items for example potatoes and tomatoes have di-

ameters and dielectric properties that fall within the range for maximum core heat-

ing. Strong focusing effects are exhibited by geometrical shape of mushroom hat.

Ohlsson and Risman [127] have shown that core heating releases steam which in-

duces an energy impulse of sufficient power to cause mechanical stress within the

heated material. This deleterious phenomenon is optimum for an egg of diameter

close to 40 mm. This fact has been used as the well known effect that microwaves

cook from inside. Accordingly, spheres and cylinders behave as dielectric resona-

tors with strong focusing effects of electromagnetic energy. These effects are very

dependent on temperature in relation to the balance between electric field distribu-
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tions and dielectric properties. The same reagents placed within flasks of different

shape can lead to different heating rate for the samemicrowave operating conditions.

In classical descriptions, thermal runaway is attributed to a strong increase of di-

electric losses because of heating. So, the energy provided by microwave irradiation

increases with temperature. The authors have shown it is possible to achieve ther-

mal runaway with dielectric losses decreasing with temperature as a result of

dimensional resonance or focusing effects of an electromagnetic field within the

dielectric sample [128, 129].

1.2.4

Hydrodynamic Aspects

In many instances of heat transfer involving liquids, convection is an important

factor. In most circumstances of heat-transfer within a conventional reactor, heat

is being transferred from one fluid through a solid wall to another fluid and natu-

ral convection occurs. Density differences provide the body force required to move

the fluid. As a result of thermal gradients induced by heating, vaporization and

boiling can occur. Fluid motion results from different hydrodynamic instability.

The author has exhaustively studied the microwave hydrodynamic behavior of

water and ethanol which are two classical solvents in chemistry [130–133]. A brief

overview of hydrodynamic instability (convective patterns for Rayleigh–Benard,

Marangoni, and Hickman instabilities) and the design of experimental devices for

heating of very polar liquids, for example water, can be found elsewhere [130],

as can experimental results relating to the hydrodynamic behavior of water and

Fig. 1.18. Dependence of temperature on the radial electric

field profile within a water pipe [121].
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ethanol under microwave heating at reduced pressure [131]. Coupling of hydro-

dynamic instability with linear stability analysis of experimental results is dis-

cussed in Ref. [132]. Microwave heating seems to be a tool which enables control

of the spatial thermal profile in relation to the intrinsic properties of the liquid.

Finally, modeling of microwave heating is described in Refs. [120] and [133].

The heating rates expected for water and ethanol as a result of conventional and

microwave heating are compared in Fig. 1.19. For identical energy density and con-

ventional heating, the ratio of the induced heating rates in water and ethanol does

not change during heating. If no significant changes are observed for the tempera-

ture range, a significant difference appears when the dielectric loss effect is taken

into account. In a third step, with the electric field correction, the difference is sig-

nificantly amplified. Hence, we observe for temperatures below 50 �C that micro-

wave heating is preponderant in water and for temperatures above 50 �C micro-

wave heating is preponderant in ethanol. Thus this figure obviously proves the

selectivity of classical heating and microwave heating in relation to the thermal de-

pendence of the real and imaginary parts of the dielectric permittivity. For water or

other liquids with dielectric losses decreasing with temperature, thermal conver-

sion of electromagnetic energy is preponderant in cold areas. Thus, temperature

fluctuations are eliminated by microwave heating. The intrinsic ability of micro-

wave heating is to eliminate the thermal gradient between bulk and surface for an

evaporating column. For ethanol or other liquids with dielectric losses increasing

Fig. 1.19. Comparison of the effect of temperature on the

heating expected with conventional and microwave heating

(with and without the electric field effect) for water and ethanol

[133].
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with temperature, in contrast with water, and for the same reasons, the thermal

conversion of the electromagnetic energy is preponderant in hot areas. Microwave

heating amplifies temperature fluctuations. Thus, we can understand why inter-

facial instabilities are preponderant in microwave evaporation of ethanol whereas

bulk instabilities are preponderant in microwave evaporation of water.

The geometrical shape of the temperature profiles can be controlled in relation

to the thermal dependence of the dielectric properties, and moreover, the absence

of warming walls, as in classical heating, gives new dimensions to microwave heat-

ing. These two characteristics can make it possible to obtain specific and promis-

ing hydrodynamic effects as a result of thermal treatment of liquids.

1.2.5

Thermodynamic and Other Effects of Electric Fields

The thermodynamic effects of electric fields exist and are well known. The applica-

tion of an electric field to a solution can induce an effect on chemical equilibrium.

For example, the equilibrium of Eq. (18) where C has a large dipolar moment

while B has a small dipole is shifted toward C under the action of an electric field:

Aþ B Ð C ð70Þ

Typical examples are the conversion of the neutral form of an amino acid into its

zwitterionic form, the helix–coil transitions in polypeptides and polynucleotides, or

other conformational changes in biopolymers. Reactions of higher molecularity

where reactants and products have different dipole moments are subject to the

same effect (association of carboxylic acids to form hydrogen-bonded dimers).

Equilibrium involving ions are often more sensitive to the application of an electric

field; the field induces a shift toward producing more ions. This is known as the

dissociation field effect (DFE) or the ‘‘second Wien’s effect’’ [134].

In principle the effect of an electric field on chemical equilibria can be described

by the thermodynamic relationship described by Eq. (71):

q ln KEq:

qj~EEj

 !
P;T

¼ Dm

RT
ð71Þ

where Keq is the equilibrium constant, j~EEj the field strength (V m�1), and Dm the

molar change of the macroscopic electric moment or the molar polarization for

nonionic systems. For ionic equilibria it must be pointed out that one can never

reach a true thermodynamic equilibrium because of the field-induced flow of the

ions. DFE theory has been developed by Onsager [135]. The most notable result is

that Dm is proportional to the field strength E. Hence, according to Eq. (72):

ð E
0

d ln KEq: ¼
1

RT

ð E
0

Dm dEzE2 ð72Þ

1.2 Key Ingredients for Mastery of Chemical Microwave Processes 51



which results from integration of Eq. (71), the change in equilibrium constant is

proportional to the square of the electric field strength and the effect on the equi-

librium constant is noticeable only at high field strengths. In practice electric field

strengths up to 107 V m�1 are required to produce a measurable effect on normal

chemical reactions. For water at 25 �C, Keq changes by approximately 14% if a field

of 100 kV m�1 is applied. Smaller fields are required to achieve a comparable shift

in less polar solvents. Nonionic equilibria can also be perturbed by the DFE if they

are coupled to a rapid ionic equilibrium. A possible example is depicted by Eq. (73):

A� þHþ Ð AH Ð BH ð73Þ

in which the slow equilibrium is coupled to an acid–base equilibrium. This is the

same principle as coupling a temperature-independent equilibrium to a strongly

dependent one. Such a scheme has been studied for the helix–coil transition of

the poly-alpha,l-glutamic acid by Yasunaga et al. [136], in which dissociation of

protons from the side chains increases the electric charge of the polypeptide which

in turn induces a transition from the helix to the coil form, for the dissociation of

acetic acids by Eigen and DeMayer [137], and for dissociation of water by Eigen

and Demayer [138].

Hence, if thermodynamic effects of an electric effect exist, the electric field

strengths necessary are too high compared with the ordinary operating conditions

of microwave heating.

1.2.6

The Athermal and Specific Effects of Electric Fields

A chemical reaction is characterized by a change of free energy between the re-

agents and the products. According to thermodynamics, the reaction is feasible

only if the change of free energy is negative. The more negative the change of

free energy, the more feasible the reaction. This change of the free energy for the

reaction is the balance between broken and created chemical bonds. This thermo-

dynamic condition is not sufficient to achieve chemical reaction in a short time (or

with a significant reaction rate), however. Kinetic conditions must also be satisfied

to achieve the reaction. The free energy of activation depends on the enthalpy of

activation which expresses the height of the energy barrier to surmount. This en-

ergy condition is only a necessary condition and is not sufficient to ensure transfor-

mation of the reagents. The relative orientation of the molecules which react is cru-

cial, and this condition is expressed by the entropy of activation. This entropic term

expresses the need for a geometrical approach to ensure effective collisions be-

tween reagents.

Thus the essential question raised by the assumption of ‘‘athermal’’ or ‘‘specific’’

effects of microwaves is the change of these characteristic terms (free energy of re-

action and of activation) for the reaction studied [139]. Hence, in relation to the

previous conclusions, five criteria or arguments (in a mathematical sense) relating

to the existence of microwave athermal effects have been formulated by the author
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[140]. More details can be found in this comprehensive paper which analyses and

quantifies the likelihood of nonthermal effects of microwaves. This paper provides

some guidelines for clear definition what should characterize nonthermal effects.

Hence, according to these five criteria there is no doubt an electric field cannot

have any molecular effect for solutions. First, the orienting effect of the electric

field is small compared with thermal agitation, because of the weakness of the elec-

tric field amplitude. Even if the electric field amplitude were sufficient, the pres-

ence of dielectric loss results in a delay of dipole moment oscillations in compari-

son with electric field oscillations. Heating the medium expresses the stochastic

character of molecular motion induced by dissipation of the electromagnetic

wave. The third limitation is the annihilation of molecular rotation in condensed

phases, for example the liquid state. According to our demonstration, under usual

operating conditions it will be proved that the frequently propounded idea that mi-

crowaves rotates dipolar groups is, mildly speaking, misleading.

If molecular effects of the electric field are irrelevant in microwave heating of

solutions, this assumption could be envisaged for operating conditions very far

from current conditions. On one hand, it will be necessary to use a stronger elec-

tric field amplitude, or to reduce the temperature according to the Langevin func-

tion. This last solution is obviously antinomic with conventional chemical kinetics,

and the first solution is, currently, technologically impossible. On the other hand, it

will be necessary to avoid reaction media with dielectric loss. Molecular effects of

the microwave electric field could be observed paradoxically for a medium which

does not heat under microwave irradiation.

In conclusion, the interaction between a dipole and an electric field is clearly in-

terpreted by quantum theory. The coupling is weaker than with magnetic fields,

and when a dipole population is subjected to an electric field there is a such demul-

tiplication of quantum levels that they are very close to each other. The interaction

energy is continuous, and we have to use Boltzmann or Langevin theories. Because

of the weak coupling between dipole and electric field, and the lack of quantified

orientations, the study of electric dipole behavior gives less information about the

dipole itself than about its surroundings. Indeed electric dipoles are associated

with molecular bonds (the electric dipole moment results from the distribution of

positive and negative charges on the molecule studied; if they are centered at dif-

ferent points the molecule has a permanent dipole and the molecule is polar). Any

motion of electric dipoles, induced for example by interaction with an electric field,

leads to correlative motion of molecular bonds, whereas motions of the magnetic

moment are totally independent of any molecular motion. Consequently, studies

of dielectric properties must be studies of ‘‘group properties’’. Those properties

cannot be modeled by a single dipole; a group of dipoles interacting among them-

selves would be a key aspect of these models. The origin of the confusion between

the behavior of a single dipole and a collection of dipoles (in other words differ-

ences between dilute and condensed phases) is the most important problem, and

the source of illusions for people claiming microwave effects resulting from the

orientating effect of the electric field.

In conclusion, is it necessary to obtain a microwave athermal effect to justify mi-
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crowave chemistry? Obviously no, it is not necessary to present microwaves effects

in a scientific disguise. There are many examples where microwave heating gives

particular time–temperature histories and gradients which cannot be achieved by

other means especially with solid materials. Hence, rather than claiming nonther-

mal effects it is better to claim a means or a tool to induce a specific thermal his-

tory.

1.2.7

The Thermal Path Effect: Anisothermal Conditions

According to the author, before claiming microwave heating effects in preference

to collisional or mechanistic terms, it is necessary to estimate the effect of strong

heating rates induced by microwave heating. The energy density used in a domes-

tic oven is sufficient to raise temperature from ambient to 200 �C in less than 1

min, and so cause the total reaction time to be reduced by a factor close to 103.

This natural tendency for thermal racing is accentuated by these implicated en-

ergy densities which are usually different from those used with a water or oil bath,

particularly for sealed vessels and autoclaves as used by organic chemists. The tem-

perature and, especially, the thermal path TðtÞ seems to be a crucial variable. The

authors have shown theoretically and experimentally that strong heating rates (up

to 5� s�1) can induce selectivity or inversion between two competitive reactions

[141].

The first case, depicted by Fig. 1.20, is called ‘‘induced selectivity’’. Numerical

results correspond to a values of kinetic terms which give an optimum selectivity

effect; exact values could be found elsewhere [141]. Under classical heating condi-

tions, or a very slow heating rate, a mixture of the two products P1 and P2 is ob-

tained. The ratio of the concentrations of P1 and P2 could be controlled by adjust-

ing the rate of heating. Hence, under microwave heating conditions, pure P1 or P1

Fig. 1.20. Dependence of the amount (%) of P1 and P2 on heating rate. From Ref. [141].
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slightly contaminated by P2 can be obtained. Chemical operating conditions (reac-

tant concentrations) which are not selective conditions, because of side reaction

leading to P2, can become very selective when the rate of heating is very fast.

The second case, called ‘‘Isomeric inversion’’, is illustrated by Fig. 1.21. Under

classical conditions P1 alone is obtained whereas rapid heating or microwave heat-

ing leads to P2. This situation is more interesting than the first because it forecasts

reactivity changes induced by heating rate despite the same chemical operating

conditions (reagent concentrations).

The author has illustrated these selectivity effects experimentally with a very

classical reaction of much industrial interest – sulfonation of naphthalene. 2-

Naphthalene sulfonic acid is a raw material used in the manufacture of pharma-

ceuticals, dyestuffs, and polymers. Sulfonation of naphthalene results in a mixture

of 1- and 2-naphthalene sulfonic, di, tri, and tetrasulfonic acids and sulfones, de-

pending on operating conditions. The reaction is first order with respect to naph-

thalene in concentrated aqueous sulfuric acid and the ratio of 1- to 2-sulfonic acid

decreases slightly with increasing sulfuric acid concentration and temperature –

the isomer ratio is 6 for 75% sulfuric acid and 4 for 95% sulfuric acid at 25 �C.

The detailed operating conditions (concentrations, microwave applicator, heating

rates, and analysis) can be found elsewhere [141]. Figure 1.22 shows the depen-

dence of the percentage 1- and 2-sulfonic acids after reaction on the microwave

power used. The isomer ratio can be controlled independently of the chemical op-

erating conditions. This change of selectivity results from heating rate induced. At

high temperature (close to 130 �C) 2-sulfonic acid is the major product rather than

1-sulfonic acid. The higher the heating rate, the more the ratio of 1- to 2-sulfonic

acid changes.

To observe such kinetic effects of microwave heating, however, it is necessary to

have reactions with reaction times close to heating time. Under most operating

conditions reactions times are close to several tenths of minutes and anisothermal

Fig. 1.21. Dependence of the amount (%) of P1 and P2 on heating rate from [141].
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effects can be neglected. The use of sealed vessels and autoclaves should enable

synthetic chemists to take advantage of the strong heating rate induced by micro-

wave heating (heating times close to reaction times). Thus microwave heating

seems to be an easy way of imposing very rapid heating rates for kinetic control

of reactions.

1.2.8

Hot Spots and Heterogeneous Kinetics

Effects of temperature upon reaction rate and the heterogeneous character of mi-

crowave heating are well known. The wavelength of microwaves used is 12.2 cm

(2.45 GHz). Within a dielectric medium, the wavelength is, to a first approxima-

tion, equal to the wavelength in air divided by the square root of real part of relative

dielectric permittivity. Therefore, for very polar solvents, for example alcoholic or

aqueous solutions, several local electric field maxima could be obtained within the

heated sample [120, 142]. Baghurst and Mingos [143] have shown that boiling tem-

perature of solvents under the action of microwave heating could be higher than

under classical heating conditions. This temperature is referred to the nucleation-

limited boiling temperature (NLBT). For most organic solvents the NLBT is within

the range of a few degrees to thirty degrees above the conventional boiling point.

Vigorous stirring or addition of nucleating materials (e.g. antibumping granules)

can easily reduce this localized superheating. For solid reagents or materials, mi-

crowave heating can rapidly lead to fusion, depending on the thermal dependence

of dielectric properties and, especially, on increase of conductivity with temperature

(Section 1.1.2.4 and Ref. [75]). Consequently, most local thermal fluctuations can

be amplified and temperatures close to 1000 �C can easily be reached in a few sec-

onds. The association of organic reagents with inorganic solids as alumina, silica,

and clays strongly enhances the capacity to absorb microwaves. Loupy et al. [144]

Fig. 1.22. Dependence of the percentage of P1 and P2 on heating rate from [141].
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have shown that association of potassium acetate with alumina or silica leads to a

reactive medium which strongly absorbs microwaves – the temperature is close to

600 �C after heating for 1 min. The author has made real-time infrared videos

of powders (alumina, oxides, zeolites, water gels, etc.) under the action of micro-

wave heating. Evidence of strong thermal gradients has been obtained (for ferrites,

50� mm�1). The author has shown that these hot spots or areas could induce local-

ized reaction rate enhancement [145]. These results have shown that a very small

density of superheating areas is sufficient to induce a consequent rate enhance-

ment (2% of hot spots are sufficient to increase yield by 60%), even if their effects

on averaged temperatures are not detectable.

In conclusion, microwave heating offers the possibility of realizing high power

densities because of core thermal conversion of electromagnetic energy. There is,

therefore, increasing industrial application of microwave energy for heating, dry-

ing, curing, and sintering of materials. Microwave applicators (traveling wave, mul-

timode, and single-mode cavities) are designed by a trial and error procedure, how-

ever. Industrial in-line processing calls for the design of specific applicators which

enable high-power densities and hence rapid rates of heating to be achieved. The

development of electromagnetic models for such applicators would improve our

understanding of microwave processing and heating and enable the rapid design

of optimized microwave devices.
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2

Development and Design of Laboratory and

Pilot Scale Reactors for Microwave-assisted

Chemistry

Bernd Ondruschka, Werner Bonrath, and Didier Stuerga

2.1

Introduction

The chemical industry is concerned with production of chemicals with very simple

to very complex structures [1]. When dealing with relatively simple structures,

there does not usually seem to be any need for deeper understanding of chemistry

than that to which an engineer is normally exposed. Most reaction engineer-

ing textbooks are designed with this basic assumption [2]. Catalysis, which is

invariably an integral part of the reaction engineer’s basic knowledge, has been

connected to the production of large-volume chemicals which are often relatively

simple in structure. During the last years, new catalytic processes have been estab-

lished in the fine chemical and pharmaceutical industries, which deal with more

complex structures [3]. Increasing attempts by chemists to extend the use of catal-

ysis to the production of medium and small-volume chemicals has resulted in a

change in perspective requiring closer liaison and better mutual understanding

between chemists and engineers. Another change is the increasing role of process

intensification. This is nowhere more evident than in the production of organic

chemicals. Process intensification consist of the development of novel apparatus

and techniques which, compared with those commonly used today, are expected

to bring dramatic improvements in manufacturing and processing, substantially

reducing equipment-size/production capacity ratio, energy consumption and waste

production, and ultimately resulting in cheaper, sustainable techniques [4]. A com-

mon approach is reaction-rate enhancement by extending known or emerging lab-

oratory techniques to industrial production. This technology can be chemistry and

engineering-intensive, or both. Nowadays, attractive examples are the use of high

frequencies (microwave-assisted chemistry [5, 6]), ultrasound (sonochemistry) [7],

photons (photochemistry) [8], enzymes (biotechnology) [9], immiscible phases

(phase-transfer catalysis) [10], microparticles (microphase engineering) [11], mem-

branes (membrane reactor engineering) [12], combinations of reactions with differ-

ent separation technology (multifunctional or combinatorial reactor engineering or

reactive separations) and mixing [13]. Their use in the production of medium and

small-volume chemicals such as pesticides, drugs, pharmaceuticals, perfumery
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chemicals, and other consumer products is being increasingly explored both by

academia and industry [14]. Some of this technology has developed little beyond

the laboratory stage, although it has been a part of the synthetic organic methods

for several years. This overview explores microwave technology for the reaction rate

and/or yield and/or selectivity enhancement. The application of microwave tech-

nology demonstrates the generalization of known reaction engineering principles

for homogeneous and heterogeneous reaction systems.

2.2

Basic Concepts for Reactions and Reactors in Organic Synthesis

Two essential questions about chemical syntheses are important to chemists and

engineers engaged in research, reaction design, or operation involving chemical

reactions [2]:

� What are the reaction equilibrium conditions?
� How rapidly is it possible to attain a desirable approach to equilibrium condi-

tions?

Proper answers are rather complex, because different properties and conditions

of a chemical system affect both equilibrium and reaction rate. Although the ques-

tions are related, no unified quantitative treatment yet exists, and to a large extent

they are handled separately by the sciences of thermodynamics and reaction kinet-

ics. Fortunately, with the help of thermodynamic and kinetics, the questions can be

answered for many reactions with the aid of data and generalizations obtained by

thermal, spectroscopic, and chromatographic measurements, and/or experimental

computer chemistry, and the estimation methods of Benson [15].

Chemical reaction rate may be particularly affected by factors such as flow con-

ditions, phase boundaries, and the presence of foreign substances; well-known

factors such as temperature, pressure, and relative amounts of the reactants also

strongly affect the equilibrium. The ultimate objective of the engineer working in

this field is to design processes and equipments for conducting reactions on a

larger scale or to modify, as needed, existing equipment or designs. Rate data may

be obtained with either batch or continuous equipment. With the former, the reac-

tants are charged in bulk to a stirred vessel and observations are made during the

course of the reaction. With the latter, reactants are charged continuously at mea-

sured rates through a tube reactor. The tubular-flow reactor is either the differential

type or integral. The former is so short only a small, though necessarily measur-

able, amount of conversion occurs. This affords direct evaluation of the instanta-

neous reaction rate. In the latter comparatively large conversion may occur. Both

types have their utility, also for microwave-assisted reactions.

Reactions can be classified as reversible, irreversible, parallel, and consecutive.

With regard to operating conditions they are isothermal at constant volume, iso-

thermal at constant pressure, nonisothermal, adiabatic, and polytropic. Reactions

are also classified according to the phases involved:
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1. homogeneous (gaseous, liquid, or solid) phase and

2. heterogeneous (controlled by diffusive mass transfer or by chemical resistance).

It is, furthermore, often very important to distinguish between:

3. noncatalyzed, and

4. catalyzed reactions.

Ideal and real equipment types are just as much a basis for a further differentia-

tion:

5. stirred tank or tank battery,

6. single or multiple-tubular reactor, and

7. reactor filled with solid particles, inert or catalytic (fixed/moving/fluidized bed).

There are these well-known types of reaction:

8. batch,

9. semi-batch, and

10. continuous.

Clearly, these classifications are also useful for reactions under the action of mi-

crowave irradiation [6]. From the engineering perspective, the principal distinc-

tions are drawn between homogeneous and heterogeneous liquid and/or gas-phase

reactions, solvent-free reaction conditions, and between batch, semi-batch and con-

tinuous reactions. The highest influence has the necessary equipment and operat-

ing conditions on the one side and the design, synthetic, and analytical methods

on the other side.

2.3

Methods for Enhancing the Rates of Organic Reactions

According to Scheme 2.1 the principles of green chemistry can be condensed to

the word ‘‘productively’’ [16]. Two main goals are to eliminate or minimize the

use of volatile organic solvents in modern syntheses and to reduce energy inputs.

Development of new synthetic solvent-free methods with microwave assistance is

an important topic of research with growing popularity, because solvent-free reac-

tions reduce solvents usage, simplify synthesis and separation procedures, prevent

waste, and avoid the hazards and toxicity associated with the use of solvents [135].

Green chemistry must be combined with more environmentally friendly technol-

ogy if step-change improvements are necessary in chemical manufacturing pro-

cesses. Synthetic chemists have traditionally not been adventurous in their choice

of reactor type: the familiar round-bottomed flask with (mechanical, magnetic) stir-

rer remains the automatic choice for most, even when the chemistry they plan

64 2 Development and Design of Laboratory and Pilot Scale Reactors for Microwave-assisted Chemistry



to use is innovative, e.g. the use of a nonvolatile solvent (ionic liquids) or a hetero-

geneous catalyst as an alternative to a soluble reagent. An increasing number of

research articles describing green chemical (engineering) reactions are based on

alternative reactors, however.

Energy questions have often been (somewhat) neglected in the calculations of re-

source utilization for a chemical process. Batch processes based on large reaction

vessels can run for many hours or even days to maximize yield and often suffer

from poor mixing and heat-transfer characteristics. As the cost of energy increases

and greater efforts are made to control emissions associated with generating en-

ergy, the use of energy will become one of the most important parts green chemis-

try calculations. Future trends will be not only better-designed reactors such as

those described below but alternative energy sources. Table 2.1 compares general

and specific methods for the stimulation of reactions, and system requirements.

Microwave-assisted chemistry is based on the use of intensive directed irradia-

tion and its purposeful application can have several advantages:

Scheme 2.1. Condensed principles of green chemistry.

Table 2.1. Methods for chemical activation.

General energy methods System requires

Piezo chemistry High pressure

Thermo chemistry Heating

Sono chemistry Sound source and liquid

Specific energy methods System requires

Electro chemistry Conducting media

Photo chemistry Chromophore(s)

Microwave chemistry Polar media or species/ions
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� short heating times,
� wide usable ranges of temperature and pressure,
� accumulation of energy added to the system,
� inversion of heating flux in the reactor,
� high(er) energy efficiency,
� sophisticated measurement and safety technology, and
� modular systems which enable changing from mg to kg scale.

Toward development of microwave-initiated reactions and processes the flow-

chart in Fig. 2.1 was designed in Jena and its versatility successfully tested, Fig.

2.2 [17–20].

2.4

Microwave-assisted Organic Syntheses (MAOS)

During the last two decades there has been interest in the potential of microwave

energy as a means of rate enhancement in synthesis. Since pioneering reports in

Tetrahedron Letters – both in 1986 (Gedye et al. and Giguere et al., but see also the

‘‘pre’’ pioneering report of N. Bhargava, Can. Pat. 353929, 1980) – a plethora of

reactions have been conducted using microwave irradiation. Many reviews, over-

views, and some books or monographs have been published [5, 6, 21–29].

Nowadays it is accepted that under the action of microwave irradiation chemical

reactions are affected by:

Fig. 2.1. Development concepts for microwave-assisted reactions and processes.
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� overheating,
� hot-spot formation,
� polarization,
� dielectric properties,
� solvent sensitivity to microwaves,
� spin alignment, and (partly)
� nuclear spin rotation.

This framework represents the major effects of microwaves, which are not al-

ways equally important.

The microwave region of the electromagnetic spectrum corresponds to wave-

lengths from 1 cm to 1 m. The most used wavelength is 12.24 cm (2.45 GHz).

The heating effect produced by microwaves is especially affected by the dielectric

constant, e 0r, of the medium, which is a measure of the ability of the molecules

to be polarized by an external electrical field. Another important factor is the dielec-

tric loss, e 00r, which is a measure of the efficiency with which electromagnetic en-

ergy can be converted into heat. The dielectric loss for a molecule goes through a

maximum as the dielectric constant is reduced. The ratio of dielectric loss to dielec-

tric constant is defined as the dielectric loss tangent, tan d, which is an important

number for characterizing microwave heating.

2.4.1

Microwave Ovens and Reactors – Background

This part is written as a practical tool for people interested in laboratory or in-

dustrial equipment. Exhaustive coverage of microwave oven design would require

Fig. 2.2. Microwave-assisted investigations at the Institute of

Technical Chemistry and Environmental Chemistry, Friedrich

Schiller University of Jena.
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more space than is available in this chapter. Excellent coverage of applicator theory

[30–32] and the basis of electromagnetic waveguides and cavities [33] can be found

elsewhere.

2.4.1.1 Applicators, Waveguides, and Cavities

The microwave applicator is the component of a processing system in which en-

ergy is applied to the product to be heated. The equipment designer’s objective is

to ensure that this is accomplished in the most efficient manner possible. The

packaging of the reagents (powder, liquids, pellets) coupled with dielectric charac-

teristics enable the designer to literally mold a process in terms of applying the

required quantity of energy where it is needed. A wide variety of applicators are

available or have been patented to cover almost any conceivable applications of mi-

crowave power [30, 31]. In chemistry applications the goal is to achieve the desir-

able reaction or products.

High-power microwaves are generated by vacuum tubes. The magnetron and

klystron are the most commonly used tubes for generation of continuous waves

of power suitable for microwave processing. Power is normally launched from the

microwave tube into a transmission line or waveguide, where it travels to a load or

termination such as an antenna or a microwave heating applicator.

Lumped circuits with capacitors and inductors used at lower radio frequencies

are not usable at microwave frequencies. Open transmission lines are not used at

microwave frequencies because the radiation would be excessive. This has led to

the use of waveguides as transmission media and to the use of resonant cavities

as applicators. Waveguides are metallic tubes of circular or rectangular cross-

section. Resonant cavities are metallic boxes (parallelepipedic or circular). Voltage

and currents are not the fundamental concerns. In fact, power is considered to

travel in the transmission line by means of electromagnetic waves which consist

of alternating electric and magnetic fields. When energy is launched into wave-

guide, many modes may be excited. For a waveguide, an infinite number of modes

or wave configurations can exist. Only those modes above cutoff will attenuate in

a short distance. Cutoff conditions are defined by the dimensions of the wave-

guide cross-section. Discontinuities within the waveguide may excite higher-order

modes, resulting in higher energy storage at the discontinuity. In the same way as

for waveguides, an infinite number of modes or wave configurations can exist

for microwave cavities. According to the geometry and dimensions of the boxes,

single-mode or multimode cavities can be obtained. Domestic ovens belong to

this last category. Empty domestic ovens have approximately two-hundred modes

[34].

When microwaves travel along a waveguide terminated by the microwave heat-

ing application (for example a resonant cavity loaded by the object to be heated) a

reflected wave travels back toward the source. The wave traveling towards the ter-

mination is called the incident wave and the wave traveling back to the magnetron

is the reflected wave. The goal of microwave oven design is to ensure that all the

incident power is absorbed by the load. In other words, the resonant frequency of

the loaded oven (and not the empty oven) should be close to frequency of the mag-
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netron (i.e. 2.45 GHz). If too much energy is reflected back to the source, the mag-

netron may be damaged. This is why it is not advisable to run empty domestic

ovens. Most commercial ovens are protected by an automatic thermal cut-off in

the event of poor matching between magnetron and oven.

2.4.1.2 Single-mode or Multi-mode?

The electric field pattern produced by the standing waves within the cavity may be

extremely complex. Some areas may receive large amounts of energy whereas

others may receive little energy [35–37]. To minimize this, domestic ovens use

mode stirrers or fan-shaped paddles and turntables. These devices are designed

for typical domestic loads. Consequently, the use of domestic ovens for labora-

tory purposes with small loads and poorly lossy media can lead to bad operating

conditions, specially difficult to reproduce. The use of single-mode or ‘‘quasi’’-

single-mode cavities enables definition of precise positions within the cavities

where the electric field strength is maximum. The electric field strength is, more-

over, much higher than in multi-mode devices. The effective cavity power is three

orders of magnitude higher.

Use of single-mode cavities is more complex, however, because insertion of the

lossy sample changes the frequency resonance of the device. A multi-mode cavity

is more versatile than a single-mode device, because of the number of modes. A

movable plunger can enable a tuning of the cavity to ensure good matching with

the source. Because the dielectric properties of materials are very dependent on

temperature, real-time tuning is necessary during the heating process. This is usu-

ally achieved by use of a computer. Use of a circulator which directs the reflected

energy into a dummy water load is needed to avoid damage of the magnetron in

the event of poor matching. Another reason for irreproducible operating conditions

in the domestic oven is the variable power. The variable power of domestic ovens is

the consequence of periodic switching of the magnetron power. Large switching

periods are undesirable in chemistry because of the cooling period between switch-

ing steps.

In conclusion, use of multi-mode systems for laboratory purposes requiring re-

producible operating conditions implies the same geometry, volume and position

for the samples to be heated and switching cycles smaller than the characteristic

time of the chemical kinetics of the reaction studied. The use of single-mode

cavities seems to be of particular importance for enabling efficient application of

microwave energy. One mistake is to believe that single-mode cavities imply small

operating volume close to several cubic centimeters. An efficient temperature-

control system enabling feedback control during heating would be an asset in the

event of thermal runaway and/or exothermic reactions. Thermal runaway is a con-

sequence of the thermal dependence of dielectric losses. Above a threshold value of

temperature, the rate of heating becomes very high.

2.4.1.3 Limits of Domestic Ovens

Most microwave-promoted organic synthesis has been performed in multi-mode

domestic ovens. In these ovens, despite the power level which commonly fluctu-
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ates as a result of the on–off cycles and heterogeneous energy, there are other prob-

lems, relating to safety. Heating organic solvents in open vessels can lead to violent

explosion induced by electric arcs inside the cavity or sparking as a result of

switching of the magnetron. Conventional chemical reflux can be used if the water

condenser is outside the microwave cavity. To do this it is necessary to connect the

reaction vessel to the condenser through a port that ensures microwave leakage is

within safe limits. Mingos et al. [38] described this kind of domestic oven modifi-

cation for atmospheric pressure operation.

Another efficient way of using microwaves safely in organic synthesis is the use

of solvent-free procedures (Ref. [81] and Chapter 8 in this book).

High pressure operating conditions induced by microwave heating are very at-

tractive for chemists. Microwave irradiation leads to core heating, so microwave

heating of autoclaves has advantages compared with conventional heating modes.

The closed vessel must be transparent to electromagnetic waves and must sustain

the pressures induced by vaporization of solvents. The vessel material should have

very low dielectric losses. This material must also be chemically inert and able

to accommodate the rate of pressure increase induced by microwave heating. This

depends on microwave power level and also on the media heated. The Paar instru-

ment company [39] has designed this kind of vessel. They are made from Teflon

and polyetherimide and they can support pressures up to 80 atm and temperatures

up to 300 �C (Fig. 2.3) [40, 41]. The reagent volume is approximately 20 cm3. Ob-

viously, for safe use of this system, a pressure-release system enables avoidance of

violent explosion of the vessels. For safety and reproducible operating conditions,

however, we recommend use of systems with real time monitoring of pressure.

Fig. 2.3. Microwave setup ‘‘Synthos 3000’’ (Paar).
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2.4.1.4 Temperature Measurement Limits

Another problem with domestic ovens is that of temperature measurement. Classi-

cal temperature sensors should be avoided because of the power levels – tempera-

ture measurements would be distorted by strong electric currents induced inside

metal wires used to connect the temperature sensor. The technological solution is

optical fiber thermometers [42–45], although measurements are limited to below

250 �C. For higher values, surface temperature can be estimated by use of an infra-

red camera or a pyrometer [46, 47]. Because of the volumic nature of microwave

heating, however, surface temperatures are often less than core temperatures.

2.4.1.5 Design Principles of Microwave Applicators

The classical industrial design of microwave applicators and, specifically, the choice

of geometrical shape are based on a simple similarity principle between wave

propagation and spatial distribution within the empty and the loaded microwave

applicators. The dielectric load of the reactor defined by chemical vessels and the

reactants to be transformed. This theoretical approach is approximate. The spatial

distribution of electromagnetic fields within applicators strongly depends on geo-

metrical shape and the dielectric properties of the load [48–52]. Hence, this design

method will be valid only if the dielectric perturbation induced by the reactor is

negligible. In fact, the magnitude of the perturbation is proportional to reactor-to-

applicator volume ratio. The perturbation would be negligible if this ratio were

close to 10�4 but for most laboratory and industrial devices the ratio is higher [53].

It is, therefore, more efficient but also more complicated to be guided by a geo-

metrical matching principle. According to this principle the microwave applicator

designer wishes to ensure a good match between electric field spatial distribution

and the geometrical shape of the chemical vessel used. This geometrical matching

principle is easier to apply for mono-mode applicators because of knowledge of

wave-propagation directions and spatial distribution. The limit of this design

method is that it requires a knowledge of both empty applicator modes and loaded

applicator modes. A general schematic diagram of this design principle is given in

Fig. 2.4.

In the following text the different laboratory, experimental and industrial devices

will be described according to the geometric shape of microwave applicators and

reactors. Two fundamental transverse cross-sections of microwave applicators will

be distinguished – rectangular and circular – whereas reactor geometrical shape

can be cylindrical or egg-shaped. The geometrical shapes of microwave applicators

and chemical reactors and the physical nature of the reactant phases (solid, liquid,

or gas) are the most important aspects of the following description of laboratory,

experimental, and industrial microwave reactors.

First, laboratory and experimental reactors will be described. The vessel contain-

ing the reactants or their supports are made of convenient dielectric materials

(cylindrical or egg-shaped reactor). Original microwave reactors will be described.

The first is a metallic cylindrical reactor which is also the microwave applicator. It

enables high pressures to be achieved. The other microwave reactor is egg-shaped,

leading to high focusing of the microwave power.
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Second, industrial microwave reactors will be described. Most industrial applica-

tors are made of rectangular wave guides [54]. Reactants are contained within a

pipe or placed on a simple conveyer belt.

2.4.2

Scale-up of Microwave Cavities

As often within reactor design, reaction field homogeneity within the microwave

applicator is an essential criterion (cf. the phenomenon of field distributions under

Fig. 2.4. Design principles of microwave applicators.
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sonochemical or photochemical conditions). The irradiation field obtained in do-

mestic microwave reactors is clearly not homogeneous [136, 137]. For this reason

the most important problems in scale-up from microwave cavities are:

� energy efficiency,
� uniformity of heating in the irradiated zone, and
� safe monitoring and control of the reaction.

2.4.3

Efficiency of Energy and Power

The power transferred to a reaction mixture by microwaves is given by:

Pd ¼ ðlþ 2pne 0rÞjEj2

where Pd is the power transferred in an unit volume of material with conductivity l

and dielectric constant e 0r. E is the local electric field intensity of the microwaves of

frequency n. Typical applications for which microwaves have been used so far are

dielectric materials for which conductive heat transfer is negligible. In reactions in-

volving catalysts, however, conductive heat transfer may be significant [55, 56]. In

general, the power transferred in a microwave oven is used to heat many materials

besides providing the heat of reaction; the total power supplied, Pt, can be divided

into two components:

Pt ¼ Pd þ SðDT=DtÞcpr

The summation in the second term indicates that many materials are heated by

microwaves. The main focus of microwave engineers is to minimize the second

term. This can be done, for example, by appropriate choice of insulation and other

materials. Materials with lower heat capacity and density have lower absorption of

microwave energy [57].

2.4.4

Field Homogeneity and Penetration Depth

The spatial nonuniformities are a major concern in the scale-up of microwave re-

actions. Traditionally, turntables and (mono- or multi-)mode mixers in domestic

microwave ovens have been used to reduce spatial nonuniformity [58]. There are

two types of nonuniformity in the microwave irradiation process. The first is

known as the ‘‘standing wave effect’’, which is the repeating field intensity varia-

tion within the microwave applicator. This intensity typically follows a half sine-

wave pattern. Because of this ‘‘standing wave effect’’, the field intensity can change

from the maximum to zero in a distance of one-quarter of the operating wave-

length (12.24 cm). The second type of inhomogeneity is related to the penetration
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depth of microwaves. An approximate relationship for the penetration depth Dp for

small dielectric heat loss is:

DpAlmwðe 0r=e 00rÞ1=2

where lmw is the wavelength of the microwave irradiation. From this expression

one can expect that the depth to which microwaves can penetrate depends largely

on the material properties and the wavelength used. Hence a reaction conducted in

a (for example, Erlenmeyer) flask in, for example, a modified domestic or commer-

cial microwave oven may not proceed to any appreciable extent when performed in

a larger microwave reactor. The classical problem of reaction scale-up has yet to be

seriously addressed for microwave reactions. The problem of the spatial nonuni-

formity of microwave irradiation can be partly overcome by using mechanical (or

magnetic) stirrers to mix its contents. Another and/or additional way of overcom-

ing this limitation is to use microwaves of different wavelengths (cf. pioneering

work by Linn. [59] or by using radio-wave systems). The preferred method of over-

coming this problem is use of continuous reaction mode combined with suitable

reactor diameter.

2.4.5

Continuous Tube Reactors

The objective of this section is to give a comprehensive and critical overview on the

concept of continuous-flow processes including microwave-assistance. The first

continuous microwave system was described by Strauss et al. [24]. Only a small

volume of the reaction solution was exposed to microwave irradiation and the

power needed for heating was low. The design overcomes the penetration depth

problem. Liquids flowing through a small tube are likely to be heated uniformly

in the radical direction while passing through the microwave field. The main factor

in the design of such reactors is the length of the reaction section, which depends

on the necessary average hydrodynamic residence time for attractive yields and

selectivity. A variety of continuous flow systems have been proposed and tested

[60–74].

2.4.6

MAOS – An Interdisciplinary Field

It is well known that a wide variety of organic reactions are accelerated substan-

tially by microwave irradiation in sealed tubes. These rate enhancements can be

attributed to superheating of the solvent, because of the increased pressure gener-

ated when the reactions are performed in the a.m. manner. Furthermore several

reports have described increased reaction rates for reactions conducted under the

action of microwave irradiation at atmospheric pressure, suggesting specific or

nonthermal activation by microwaves. Some of these re-studied reactions occur at
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similar rates under the action of microwave and conventional heating under iden-

tical conditions, e.g. temperature.

There is, nevertheless, experimental evidence that some reactions occur faster

than conventionally heated reactions at the same temperature. Although this sug-

gests that nonthermal effects are involved, these rate enhancements could also

be attributable to localized superheating or hot spots. In fact, most reports of

substantial rate enhancements under the action of microwaves seem to be in het-

erogeneous reactions, for example under dry media conditions or when solid cata-

lysts are used [75, 76]. In these circumstances localized heating of a microwave-

absorbing solid support or catalyst could lead to an increased reaction rate [136,

137].

For many reactions with efficient mechanical stirring and strictly similar condi-

tions, important specific not purely thermal microwave effects were observed when

compared with conventional heating (Ref. [138] and Chapter 4 in this book). They

can be attributed to polarity increases during the progress of a reaction depending

strongly on medium (avoiding polar solvents) and mechanisms (transition states

more polar than ground states).

The question of reproducibility and scale-up will always imply the question

about reaction conditions. In addition, the reaction medium (phase) plays a much

more important role for this kind of power input compared with classical reac-

tions. Besides the molecular mass, reaction mixture polarity is essential for absorp-

tion of microwave power. Because dielectric constants are known for a few

compounds only and, moreover, at near room temperature, more problems are

predictable and require close contact with neighboring disciplines, for example

with electrical engineering. The primary literature reflects the incomplete nature

of results from microwave-assisted reactions and processes, as it does for conven-

tional syntheses. The dependence of reaction engineering on technical considera-

tions is, however, greater for microwave-assisted reactions, so improved description

of reaction conditions is crucial.

Here we would like to remark that correct and/or complete description of the

setup used, the method of temperature measurement, the reaction size, and the

energy input are especially important in a microwave procedure [20, 76].

2.5

Commercial Microwave Reactors – Market Overview

In the 1990s, with use of microwaves in synthetic chemistry, the market for suit-

able equipment grew. At the beginning of the 21st century it is expected that the

relevant market for equipment for chemical synthesis will overtake the market for

chemical analysis. The three leading players (CEM Corporation, Biotage, and Mile-

stone (MLS)) manufacture equipment which is suitable for laboratory use. The

target customers are academic working groups and laboratories in the chemical,

pharmaceutical and biochemical industries. The intention of all producers and

users is to extend the dimensions of product capacity.
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The market for installations used in microwave chemistry can be estimated to

about 90 million dollars (2003), cf. Fig. 2.4 and Ref. [28].

By contacting the homepages of these enterprises [41, 58, 77, 78], one can follow

recent developments and the availability of microwave equipment. A recent state-

of-the-art-overview of this subject has been written by Kappe and Stadler [6b].

On September 22, 2005, the CEM Corporation gave notice of the formation of a

new division within the company that will focus on developing systems for scaling

up reactions performed using microwaves. Investment of at least $10 million over

the next five years will be devoted to developing systems for synthesis of multikilo-

gram to manufacturing-scale quantities of materials. ‘‘The formation of this new

division will enable CEM to offer a complete microwave synthesis solution from

discovery phase to full production scale and will have a major impact on compa-

nies specializing in pharmaceutical sciences, biosciences, specialty chemicals and

polymer synthesis’’ (M.J. Collins [77] and Chapter 20 in this book).

The relatively low cost of domestic microwave ovens was, and remains, an attrac-

tive option for performing reactions on a laboratory scale. A common modification

is addition of a port to enable insertion of reaction tubes or (open or closed) flasks

into the cavity. Some published papers describe microwave ovens for safer opera-

tion [6, 18].

Reactions performed under atmospheric conditions at the boiling point of the re-

action mixture are the mainstay of traditional synthetic methods. Traditional reflux

is easily adapted to a wide range of reaction volumes, glass components are easy to

configure, and reaction homogeneity is achieved by constant of the boiling solution

or by stirring.

Reflux conditions under the action of microwaves gives chemists the opportunity

to study the unique effects of microwaves on reaction rates and mechanisms. Mi-

crowave enhancement of reflux reactions depends entirely on relative absorption of

microwaves and differential and localized heating of the different components of

the reaction mixture.

Fig. 2.5. Microwave market in 2003.
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2.5.1

Prolabo’s Products

This first laboratory equipment is no longer commercially available since the clo-

sure of the French Prolabo company. The products are now supported by CEM

[77]. Prolabo’s systems are described here, however, because many laboratories

use these devices [79]. The SynthewaveTM 402 and 1000 are systems devoted to

laboratory synthesis [80, 81, 127]. They have a closed rectangular waveguide sec-

tion as the cavity. The magnitude of microwave power available is 300 W. They

can be used with cylindrical tubes of several different diameters. A condenser can

be connected to the tube. The originality of this arrangement is to enable measure-

ment of temperature by use of an infrared pyrometer. SynthewaveTM systems en-

able measurements at the bottom of the heated tube and are very suitable for

laboratory experiments. Users should be aware of the problem of temperature

measurement. It is possible to calibrate the IR emissivity factor for each medium

to be tested. This setup could be combined with a computer for regulation of the

temperature of the reagents. The SynthewaveTM 402 and 1000 are illustrated in

Fig. 2.6.

The SoxwaveTM 100 is a variant which has been designed for extractions, for

example Soxhlet, which are laborious. The extraction tube is capped with a

cooling column. Optional temperature control during extraction was available.

MaxidigestTM (one microwave unit, 15 to 250 W) and MicrodigestTM (3 to 6 inde-

pendent digestions at one time with integrated magnetic stirrers) are other variants

for digestion.

Fig. 2.6. General view of the SynthewaveTM 402 (left) and the SynthewaveTM 1000 (right).
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2.5.2

CEM’s products [82–85]

The MARSTM (Fig. 2.7) has a multimode cavity very similar to that of a domestic

oven but with safety precautions (15-mL vessels up to 0.5-L round-bottomed flasks,

magnetic stirring, temperature control). The microwave power available is 300 W.

The optical temperature sensor is immersed in the reaction vessel for rapid re-

sponse up to 250 �C. Ceiling mounting is available to enable connection with a

conventional reflux system located outside the cavity or to facilitate addition of

reactants. These ports are provided with a ground choke to prevent microwave

leakage. It is also possible to use a turntable for small vessels with volumes from

0.1 mL to 15 mL (120 positions for 15 mL vessels). Pressure vessels are available

(33 bar monitored, 20 bar controlled).

The DiscoverTM system is a new device designed for synthesis. CEM claims a

single-mode applicator and focused microwaves. According to technical data the

applicator comprises two concentric cavities with an aperture ensuring coupling

(Fig. 2.8).

DiscoverTM enables microwave syntheses to be performed both in pressurized

reaction vials (with volumes up to 80 mL) and at atmospheric pressure in standard

glassware (with volumes up to 125 mL) with reflux condensers, addition funnels,

or inert atmosphere work. It has a patented circular waveguide capable of self-

tuning. This applicator features multiple points for the microwave energy to enter

the cavity, compensating for variations in the coupling characteristics and physical

size of the sample and the geometrical placement of the sample in the cavity. It

ensures that reactions, irrespective of volume, always receive the optimum amount

of energy. One can work at temperatures up to 300 �C with standard IR thermom-

etry or optional fiber-optic temperature measurement.

Fig. 2.7. General view of the MARSTM.
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For pressure feedback control, the patented IntelliVent Pressure System is de-

signed to vent automatically should the pressure from the reaction rise above the

normal operating limit; the IntelliVent sensor system will maintain a completely

contained system while it safely releases the excess pressure. In-situ variable speed

stirring and cooling are available.

Finally, integrated software enables editing of reaction conditions in real-time

and simplifies data management. DiscoverTM can accommodate modules for auto-

mation, HTS (Fig. 2.9), low-temperature reactions (Fig. 2.10), scale up (Fig. 2.11),

Fig. 2.8. General view of DiscoverTM.

Fig. 2.9. The Explorer PLSTM system.
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peptide synthesis (Chapter 20 in this book), and in situ spectroscopic analysis (Fig.

2.12).

2.5.3

Milestone’s Products

Milestone (MLS) has developed new setups under multi-mode conditions for both

scale-down and scale-up [86, 87]. All apparatus developments are based on the

Fig. 2.10. The Coolmate system.

Fig. 2.11. The VoyagerTM system.
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Ethos philosophy [58]. The newest device is the ‘‘multiSYNTH’’ batch system, Fig.

2.13, which is a ‘‘hybrid’’ microwave platform for synthesis under GMP (good

management practice) conditions. The unique feature of this installation is its ca-

pability to utilize both a mono or multi-modal microwave input in one and the

same cavity. Further characteristics are pulsed and unpulsed power supply (800

W), stirring by oscillating/rotating the sample(s) and the vessel(s), automatic tem-

perature (IR, fiber optic) and pressure control, rapid cooling of vessels, suitability

for a single test vessel or a 12-position carousel, high flexibility of sample size (1.5

to 10 mL, 0.25 to 5 mL, single reactor up to 1 000 mL (1 bar) and pressure vessels

up to 70 mL (20 bar). Automatic, real-time monitoring and feedback control of

many data for permanent process control is another advantage of themultiSYNTH

system.

Other microwave batch apparatus, for example ‘‘rotaPREP’’ or ‘‘microCLAVE’’

Fig. 2.13. The Ethos multiSYNTH.

Fig. 2.12. The InvestigatorT System.
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(‘‘mCLAVE’’) (Figs. 2.14 and 2.15), has been successfully used in a variety of re-

search projects. Additional background information is given elsewhere [17–20].

Another attractive microwave device for numerous batch applications is the

Milestone/MLS component ‘‘ultraCLAVE’’, Fig. 2.16.

Fig. 2.14. The Ethos rotaPREP.

Fig. 2.15. The Ethos microCLAVE.
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This Milestone-patented ultraCLAVE combines microwave irradiation with high-

pressure vessel technology, enabling researchers to conduct batch reactions at

pressures and temperatures up to 200 bar and 280 �C. The ultraCLAVE was de-

signed specifically for semi-automated batch processing of samples, ideal for

high-throughput or large-volume applications. Loading and unloading of sample

containers is the only manual operation required. All other functions (raising/

lowering the vessel cover, inert gas pressurization and venting, etc.) is performed

automatically under computer control.

The 3.5-L reaction chamber of the ultraCLAVE enables processing of several

samples (rotors with as many as 50 positions are available) or a single large reac-

tion mixture. Reactions can be scaled from microliters to 3 L under identical con-

ditions using the same reaction system. Continuous, unpulsed delivery of micro-

wave power enables the most precise possible control over reaction conditions at

millisecond frequencies.

The ultraCLAVE is designed for safe processing of hazardous samples, for exam-

ple waste, toxic chemicals, drugs, explosive, and pyrophoric materials. Semi-

automated operation and complete computer control enable the nitrogen pressure

compensation within the ultraCLAVE.

The Ethos MRTM contains a multimode cavity very similar to that of a domestic

oven but with safety precautions. It can use standard glass (420 mL up to 2.5 bar)

or polymer reactors (375 mL up to 200 �C and 30 bar) with magnetic stirring. The

microwave power available is 1 kW. The optical temperature sensor is immersed

in the reaction vessel for rapid response up to 250 �C. An infrared sensor is also

available. A ceiling mounting is available to enable connection with a conventional

reflux system located outside the cavity or for addition of reactants. The Ethos

CFRTM is illustrated in Fig. 2.17. It is a continuous-flow variant of the Ethos

MRTM.

Fig. 2.16. The ultraCLAVE.
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2.5.4

Biotage’s Products

The product portfolio of Biotage (formerly ‘‘Personal Chemistry’’) consists of

mono-mode cavity microwave synthesizers. EmrysTM, the logo for a series of mi-

crowave synthesizers, is Biotage’s flagship product [5, 6, 78]. The EmrysTM Creator

is a microwave system for rapid testing of synthesis research proposals; the

EmrysTM Optimizer is an automated microwave synthesizer for (medicinal) work-

ing groups; and the EmrysTM Advancer is a microwave synthesizer for preparing

compounds on a multigram scale safely and rapidly (minutes), Fig. 2.18 (cf. Ref.

[5]).

The former SmithSynthesizerTM and SmithCreatorTM are systems devoted to

laboratory synthesis. They contain a closed rectangular waveguide section as the

cavity. They can use specific cylindrical tubes. Pressure and temperature sensors

enable real-time monitoring and control of operating conditions. This system was

a good solution for laboratory experiments. The SmithSynthesizerTM is shown in

Fig. 2.19.

Chemspeed (August, Switzerland) has recently developed an innovative micro-

wave synthesizer, using a state-of-the-art Biotage microwave synthesizer, Fig. 2.20.

The powerful hardware and software is organized in the pathway reaction prepara-

tion – capping and crimpling – transfer to microwave synthesizer – microwave

irradiation – addition of reagents for further steps (from case to case recovery to

the MW reactor) – work-up (SPE, filtration, online analysis . . .). The advantage is

the robotic solid/liquid and MW gravimetric solid handling (in other words, accel-

erator technology).

Fig. 2.17. Ethos CFRTM.
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2.6

Selected Equipment and Applications

Based on the practical experience of the working group in Jena in recent years, this

chapter is mainly devoted to a selection of our own results. Figure 2.21 illus-

trates step-by-step scale-up for synthesis of the innovative compound family ‘‘ionic

liquids’’ [88, 89].

Fig. 2.19. The SmithSynthesizerTM.

Fig. 2.18. Biotage’s scale-up synthesizer ‘‘Adventure’’.
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Today’s organic chemists are discovering the advantages of controlled micro-

waves for heating synthetic reactions. There is, as a result, a growing demand for

the ability to scale up synthetic reactions using microwaves from gram to kilogram

scale. To address these needs some producers have developed a new flow-through

system. This continuous-flow microwave reactor is the link between laboratory-

scale reactions and industrial-scale synthetic production. Milestone/MLS and the

working group in Jena have together developed a microwave-based miniplant setup

named ‘‘Ethos Pilot’’, Figs. 2.22 and 2.23. The system ‘‘Pilot 4000’’ is characterized

by [90, 91]:

� on-line coupling with a rapid HPLC system (Bischoff, Leonberg),
� temperatures up to 240�,
� pressures up to 60 bar,
� reactor length (for example 70 cm),
� feed flow ca. 25 L h�1, by use of different pumping systems, and
� 4000 W microwave energy.

The Pilot miniplant system consists of a microwave labstation fitted with a verti-

cal reactor. Reagents are pumped from the bottom of the reactor and the reaction

products flow from the top (scale-up from grams to kilograms) into a water-cooled

heat exchanger. In-line sensors enable continuous monitoring of reaction tempera-

ture. Homogeneity of temperature along the entire length of the reactor is ensured

by use of a unique rotating microwave diffuser. The microwave system is con-

trolled by an external touch screen control terminal. Intuitive software enables the

Fig. 2.20. The Microwave Synthesizer ‘‘SWAVE’’.
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user to control everything from process conditions (temperature, pressure, etc.) to

hardware operating conditions (pump speed, back pressure valve, and safety oper-

ating limits). The user simply defines the desired temperature–time profile, and

the Pilot will automatically carry out the programmed cycle, monitoring the pro-

Fig. 2.23. The Ethos Pilot 4000.

Fig. 2.22. The Miniplant ‘‘Pilot 4000’’.
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cess conditions to ensure precise, repeatable adherence to the given method. A

high-performance polymer shield and a computer-controlled pressure-control valve

help to ensure safe conditions in the flow-through vessel at all times. Practical ex-

perience and conclusions are given elsewhere [91]. The Pilot system was success-

fully tested in research projects sponsored by industry or academia. Esterification

and transesterification reactions (biodiesel production), Fischer glycosidations and

sugar derivatization, hydrolyses of starch and proteins, and Maillard reactions were

investigated in the fullest detail [92, 93].

2.6.1

Heterogeneous Catalysis

This section briefly reviews microwave-assisted heterogeneous gas-phase catalysis

[94]. This special means of nonclassical energy input by use of microwave radia-

tion is still a fringe area of catalysis research and alternative reaction engineering

in chemistry and chemical engineering. Microwave-assisted heterogeneous gas-

phase catalysis is, however, expected to gain significant popularity in academia

and industry in the near future.

Since 1995 the number of research groups and publications (approx. 20) on this

subject has significantly increased. Although metal catalysts were often investi-

gated originally, the focus today is almost entirely on perovskite-type mixed oxides,

because of to their catalytic and microwave-absorbing properties. With few excep-

tions, so-called monomode microwave applicators operating at 2.45 GHz were

used to activate the catalysts. In those applicators a standing wave (mode) is gener-

ated. Multimode microwave applicators have so far been used in catalyst testing to

a very limited extent only.

Oxidative coupling of methane with the formation of new CaC bonds is by far

the most investigated reaction in recent years. Almost the same interest is devoted

to the partial oxidation of short-chain hydrocarbons to give syngas. Catalysis of au-

tomobile exhaust fumes is expected to be a prosperous research and development

field in the future. High heating rates and quick power control using microwave

technology enables to rapid adaption to changing pollutant concentrations.

The work of Perry [121] on the exothermic CO oxidation on Pt/Al2O3 and Pd/

Al2O3 catalysts proved there are only minimal measurable differences between

catalysis under the action of microwaves and under classical conditions. Because

of imprecise temperature measurement, these differences diminish even further

if experimental conditions are improved. For exothermic reactions, formation of

hot spots can therefore be excluded for metal-containing supported catalysts in

continuous microwave fields at low frequencies [139]. Mingos et al. [140] found

hot spots of diameter 0.09–1 mm on a 20% MoS2/gaAl2O3 catalyst used for endo-

thermic decomposition of H2S. Resulting differences between catalyst bed temper-

atures was approx. 100–200 K.

The appropriate catalyst to choose for heterogeneous (or immobilized homoge-

neous) gas-phase catalysis under the action of microwaves unclear. The choice is

difficult because catalysts must have appropriate catalytic properties and suitable
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microwave properties (dielectric/magnetic properties, conductivity). One possibility

for creation of such catalysts is to add microwave-active components (e.g. graphite,

cf. Chapter 9 in this book) to a thermally-optimized catalyst and test it in screening

experiments. The advantages of microwave technology can be better exploited if

the catalytically-active component and the microwave active component are depos-

ited on a microwave-transparent support. The goal is the formation of hot spots

inside or on the surface of the catalyst only and, consequently, reduction of the

temperatures of the catalyst bed and the gas phase, which inhibits undesired sec-

ondary reactions.

An apparatus suitable for gas phase catalysis has been developed and success-

fully tested in Jena (Figs. 2.24 and 2.25). A Panasonic NE-1846-type microwave

oven was modified by Fricke and Mallah Microwave Technology (Hannover) [95,

96].

2.6.2

Hyphenated Techniques in Combination with Microwaves

2.6.2.1 Microwave Oven Cascade

Bodgal et al. developed and tested a continuous reactor (consisting of six domestic

microwave ovens) with a rotating quartz tube (Fig. 2.26). This installation was de-

signed for study of microwave irradiation for chemical recycling of some polymeric

materials, especially polyurethane [97].

Fig. 2.24. Schematic diagram of the microwave-assisted gas-phase (oxidation) apparatus.
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2.6.2.2 Photoconversions by Use of Microwave–UV

In recent years, some working groups have demonstrated experimentally that

stimulation of selected reactions by microwave assistance in combination with

photochemistry is (partly) advantageous. Special investigations with combined

microwave–photochemistry experiments in Brno (Klan), Prague (Hajek), and Jena

(Ondruschka) should be mentioned here. One setup of the working group in Jena

is shown in Fig. 2.27, cf. Refs [98–101].

The detailed background of this impressive application of microwaves is given

elsewhere [102].

Conscious choice of the lamp filling (element combination, pressure), envelope

Figure 2.26. Continuous microwave reactor with rotating quartz tube (Politechnika Krakowska).

Fig. 2.25. Microwave setup for gas-phase reactions.
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material, and optimum temperature can lead, under microwave conditions, to a

dramatic effect of the spin dynamics of radicals formed. This can be regarded as

an archetype of a nonthermal microwave effect. Activities are planned within the

European COST D 32 project. Also worthy of mention in this connection is that

the (constructive and destructive) photoconversions observed clearly demonstrated

the power of this alternative form of energy. Electrodeless lamp devices neverthe-

less certainly require rapid and innovative further development.

2.6.2.3 Microwaves–Ultrasound

Patent and other literature shows that some working groups concentrate their in-

terest on interactions between these two alternative forms of energy. Examples in-

clude the investigations of Chemat et al. [103], Song et al. [104, 105], and Cravotto

et al. [106, 107]. Figures 2.28 and 2.29 are from the working group in Torino

(Turin). Results obtained from use of high-intensity ultrasound and microwaves,

alone or combined, to promote Pd/C-catalyzed aryl–aryl coupling give the hope

that further studies will lead to better yields and selectivity in these synthetic

challenges.

2.6.3

Combination of Microwave Irradiation with Pressure Setup

Milestone/MLS has developed special arrangements for microwave irradiation

(2.45 GHz) which can work under high pressure and, if necessary, also under

flow conditions. One example is a research project on remediation of organic-

Figure 2.27. Microwave–UV studies based on the DiscoverTM system.
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polluted waste water, Fig. 2.30 [108]. The apparatus used, the Ethos Pilot CFR HP,

consists of a high-pressure (up to 600 bar and 400 �C) ceramic tube reactor.

Another important application is microwave-assisted extraction of natural prod-

ucts in combination with subcritical and supercritical-fluid (carbon dioxide) extrac-

tion. This complex installation (Fig. 2.31) was designed, built, and tested at the

Figure 2.28. Rearrangement of microwave oven with ultrasound device.

Figure 2.29. Schematic diagram of the combination of different alternative energies.
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Figure 2.30. Combination of microwave irradiation and a high-pressure device.

Figure 2.31. Modified ultraCLAVE II (Milestone/MLS) in

combination with an SCF apparatus (XO1-500 AF, SITEC,

Zurich).
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Institute of Nonclassical Chemistry of the University of Leipzig [109–111]. Similar

extractions [112] and apparatus [113] have been reported by Paré et al.

2.6.3.1 The RAMO System

Some years ago D. Stuerga designed a microwave reactor, called the RAMO (reac-
teur autoclave microonde), which is not a commercial device. The microwave appli-

cator and the reactor are original. The resonant frequency of the cavity can be

controlled by varying the position of a plunger. The effective cavity power can be

increased by three orders of magnitude. The autoclave is made of polymeric mate-

rials, which are microwave transparent, chemically inert, and sufficiently strong to

accommodate the pressures induced. The reactants are placed in a Teflon flask in-

serted within a polyetherimide flask. A fiber-optic thermometry system, a pressure

transducer, and a manometer enable simultaneous measurement of temperature

and pressure within the reactor. The system is controlled by pressure. The reactor

is shown in Fig. 2.32.

The microwave power can be adjusted to enable constant pressure within the

vessel. A incorporated pressure-release valve enables use of this experimental de-

vice routinely and safely. An inert gas, for example argon, can be introduced into

the reactor to avoid sparking risk with flammable solvents. This experimental de-

vice can raise the temperature from ambient to 200 �C in less than 20 s (pressure

approx. 1.2 MPa and heating rate approx. 7� s�1). The RAMO system has been

designed for nanoparticle growth and characterization [114–117]. The RAMO sys-

tem is a batch system which could be easily converted to a continuous process on

an industrial scale (several hundred kilograms per second).

Figure 2.32. General view of the RAMO system.
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2.6.3.2 Supercritical Microwave Reactor

Several years ago Delmotte et al. have designed a microwave reactor for high pres-

sure chemistry (Fig. 2.33) [118].

The microwave applicator and reactor are identical to accommodate the mechan-

ical constraints induced by high pressure within liquids. This is the main interest

of this device. The metallic cylindrical pipe is simultaneously a waveguide and the

reactor. The cylindrical reactor–applicator has a steel wall approximately 30 mm

thick. This thickness enables use of internal pressures above 30 MPa, which are

above the critical point of water. The internal diameter of the reactor is 50 mm

and its length is 500 mm. The system is powered simultaneously by two 6-kW gen-

erators placed at the ends of the reactor. This simultaneous supply is necessary

to overcome the penetration depth for water, defined as the distance from the sur-

face of the material at which the power drops to 1/e of its value at the surface. The

penetration depth of microwaves is 15 mm for water at 20 �C. Electromagnetic en-

ergy transfer is ensured by use of matched alumina windows. The mode of propa-

gation within the reactor is theoretically the TE11 mode. The system is of interest

for performing very specific chemical reactions, for example oxidation in aqueous

media under critical conditions.

2.6.3.3 Coconut Reactor

Stuerga and Pribetich have designed an egg-shaped microwave reactor. Its name

has been chosen because of its appearance (a black egg which reveals, after open-

ing, a white core). The coconut reactor is illustrated in Fig. 2.34.

The origin of this project is the classical observation of egg explosion during

microwave cooking. Spheroidal objects act as dielectric lenses focusing electromag-

netic energy. The difference between a sphere and an egg is the amount of focus-

Figure 2.33. Supercritical microwave reactor applicator.

(The two cones are cylindrical waveguides for the microwave

power supply.)
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ing. The authors do not wish to focus all the microwave power within a small area.

The most important point is to control the shape and volume of the focusing spot.

This focusing spot is called a caustic curve in geometrical optic. The focusing effect

obtained enables heating rates five times higher than those obtained with the

RAMO system (close to 35� s�1).

2.6.4

Synthesis of Laurydone3

The target of this ADEME (agency for environment and energy control)-supported

project was the development of a new microwave-assisted pilot method for synthe-

sis of laurydone1 (the lauric ester of the pyroglutamic acid) [119], a product of par-

ticular interest in the production of lipsticks. This synthesis is usually conducted in

toluene in the presence of p-toluenesulfonic acid as catalyst. The relatively long

processing time, particularly removal of toluene from the reaction mixture, has

been overcome. The objectives achieved by use of the microwave-assisted reaction

were reaction without toluene and catalyst and significant shortening of the reac-

tion time. The enterprises Sairem, Bioeurope, and de Dietrich together developed

an attractive industrial process after obtaining successful laboratory results. Be-

cause the product was highly microwave-absorbing and flammable, direct treat-

ment in a tank was not considered. An external continuous reactor (recirculation

loop, Fig. 2.35) was tested and later preferred. The power used is 6 kW (2.45

GHz). Temperature control (150 �C) is based on a sensor, with a regulator to adjust

the microwave power. The energy balance shows that energy consumption is as

low as 1 kW kg�1 ester.

This example shows microwave-assisted reaction control is suitable for produc-

tion of special compounds.

Figure 2.34. General view of the coconut reactor.
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2.6.5

Industrial Equipment: Batch or Continuous Flow?

As already mentioned, industrial equipment is classically divided into batch reac-

tors and continuous flow systems. Typical batch reactors for industrial hetero-

geneous or homogeneous reactions accommodate, approximately, several cubic

meters of liquid reagents. The design of microwave applicators capable of heating

these volumes meets scientific and technological limits of microwave penetration

within high lossy media. Because the penetration depth of microwaves is less

than decimeters for classical solvents such as water, alcohols, etc., microwave treat-

ment of a cubic meter of solvent is usually technologically impossible. Heating sev-

eral cubic meters of liquid reagents inside batch reactors would, moreover, require

microwave power close to one megawatt. This microwave power is out of range of

the classical devices of microwave technology, typically approximately one-hundred

kilowatts at 915 MHz or 2.45 GHz frequencies.

We therefore believe that industrial scale technological management of

microwave-assisted chemical reactions is not compatible with batch reactors cou-

pled with multimode applicators. Typical processes with systematic reduction of the

dielectric losses of reactant under consideration, for example filtration and drying of

mineral or pharmaceutical powders are compatible with multimode applicators.

2.6.5.1 Turbosphere

As far as we are aware, the only industrial batch microwave device is the micro-

wave variant of the Turbosphere (‘‘all in one solution’’ mixer/granulator/dryer

Figure 2.35. Installation for microwave-initiated synthesis of laurydone3.

98 2 Development and Design of Laboratory and Pilot Scale Reactors for Microwave-assisted Chemistry



designed by Moritz), shown in Fig. 2.36. This industrial equipment is sold by

P. Guérin, a company well known in the pharmaceutical industry [120].

In contrast, several industrial continuous-flow systems are commercially avail-

able. These systems enable spatial positioning of a small quantity of matter (from

grams to one kilogram) in front of a microwave source of several kilowatts power

(typically close to 2 or 6 kW). According to the flow and heating rates expected, sev-

eral modular power units should be associated and microwave power magnitude

could be typically approximately 10 kW. The industrial continuous flows systems

described below have been designed for the food industry and for drying, and not

specially for the chemical industry. These devices could be used for chemical pro-

cesses, however.

2.6.5.2 Pulsar System

This first industrial device was designed by MES [122] for drying. It could be used

for solid-state reactions with powder reactants. The reactor cannot, therefore, be a

classical chemical vessel or a classical chemical reactor with stirrer and other asso-

ciated technical devices but a container able to enclose a reactant powder layer. The

geometric shape of the microwave applicator is parallelepipedical box and the reac-

tants are supported by a dielectric conveyor belt with edges, as shown by Fig. 2.37.

Each applicator is connected to one or two microwave generators on both sides

of the equipment (courtesy of M. Delmotte and MES company). The conveyor belt

passes through several large open parallelepiped applicators. The geometric struc-

ture of the waveguides is derived from a standard waveguide adjusted to the TE01

mode at a frequency of 2450 MHz [122]. After interface matching of the layer of

Figure 2.36. General view of the microwave variant of the Turbosphere.
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material, each open parallelepiped applicator transfers the electromagnetic power

supplied by the generators to the reactive bed. The power is dissipated as heat and

the temperature of reactant gradually increases.

This equipment could be used for chemical reactions based on strong solid–gas

interaction with gas adsorbed on powder, for example limited air oxidation, or with

gas release (water, ammonia), for example esterification. The oversized applicator

structure enables design of a dielectric pipe to manage such matter transfer. This

equipment can be also used for many reactions on solid supports. A typical unit is

powered by microwave generators units of 2 or 6 kW for a total microwave power

close to 20 or 60 kW.

2.6.5.3 The Thermostar System

This industrial equipment has been designed by MES [122–124]. The Thermostar

system comprises a cylindrical vessel associated with a parallelepipedic applicator.

Circular pipes are very classical geometrical shapes for industrial reactors. The

Thermostar device contains parallelepipedic microwave applicators crossing a di-

electric pipe. Two variants of this device have been designed, for reactants in the

liquid or solid states.

The first variant is designed for liquid phases. Figure 2.38 shows the microwave

applicator; the vertical or horizontal pipes are arranged according to nature of the

product to be treated.

Six successive units are visible and are set to achieve heating of the reactants in

the glass pipe. Each applicator is a parallelepiped metallic box (200� 200� 300

mm3). The reactor is a dielectric pipe with diameter between 70 and 100 mm.

Figure 2.37. General view of the Pulsar system.
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This pipe passes through the box following the electric field direction within the

excitation waveguide. This waveguide can be seen in Fig. 2.38. This equipment is

specified for heating liquid phases. The liquid moves from the bottom to top, with

the higher temperature in the upper part of the pipe. The reactants can only be

liquid phases or gas and liquid phases with a gas release system in the bottom

part of the pipe (for example a bubble-blowing system).

The second variant is designed for solid state reactants with the exclusion of

liquid or gas. This powder variant of Thermostar is illustrated in Fig. 2.38. The mi-

crowave applicator is the same as for the device for heating liquids but reactant

transport is ensured by a metal screw set within the dielectric pipe. This specific

traveling metallic screw crosses all the microwave applicators. The collinearity of

this metal screw with the electric field is ensured because the major electric field

direction is parallel to the major direction and perpendicular to the local curving

of the screw. A typical industrial unit for solid or liquid reactants is powered with

microwave generator units of 2 or 6 kW for total microwave power close to 20 or

60 kW.

2.7

Qualification and Validation of Reactors and Results

Qualification of technical devices and validation of reactions and processes are fun-

damental aspects of the introduction of new techniques, technology, and methods

Figure 2.38. General view of the Thermostar system.
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in the laboratory and in industry. In the pharmaceutical industry, product develop-

ment and production is unimaginable without qualification and validation. The

definition and reproducibility of system and reaction conditions are pivotal ele-

ments in addition to the ability to keep exact records of reactions and processes.

Unfortunately, quality management is often neglected in basic chemistry research

and process development in academia. Often it is also completely omitted from

chemistry education. Consideration of both a.m. criteria is, in our opinion, the

best guarantor of emotion-free discussions on the existence of microwave effects

(cf. Refs 76 and 138 and Chapter 4 of this book).

The recent literature on microwave-assisted chemistry has reported a multitude

of different effects in chemical reactions and processes and attributed them to mi-

crowave radiation. Some of these published results cannot be reproduced, however,

because the household microwave ovens employed often have serious technical

shortcomings. Published experimental procedures are often insufficient and do

not enable reproduction of the results obtained. Important factors required for

qualification and validation, for example exact records, reproducibility, and trans-

parency of reactions/processes, are commonly not reported, which poses a serious

drawback in the industrial development of microwave-assisted reactions and pro-

cesses for synthesis of fine chemicals, intermediates, and pharmaceuticals. Techni-

cal microwave devices for synthetic chemistry have been on the market for a while

(cf. a.m. explanations) and should enable comparative investigations to be con-

ducted under set conditions. These investigations would enable better assessment

of the observed effects. It is, furthermore, possible to obtain a better insight into

the often discussed (nonthermal) microwave effects from these experiments (Ref.

[138] and Chapter 4 of this book). Technical microwave systems are an important

first step toward the use of microwave energy for technical synthesis. The actual

scale-up of chemical reactions in the microwave is, however, still to be undertaken.

Comparisons between microwave systems with different technical specifications

should provide a measure for qualification of the systems employed, which in

turn is important for validation of reactions and processes performed in such com-

mercial systems.

2.8

Conclusion and Future

The permanent development of chemical methods available at the beginning of the

21st century creates the impression that molecules can be prepared irrespective of

their structural complexity [125–128]. It seems to be only a question of sufficient

manpower and budget to achieve this synthetic aim in a reasonable time. This

impression, however, denies the fact that many synthetic routes and chemical

methods are far from being highly efficient, particularly when multistep sequences

are envisaged. Despite tremendous efforts in automation and in the development

of new chemical methods in the past decade there is still an overall deficiency

in new chemical technology [129]. Flow microwave-assisted processes can be re-
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garded as a significant breakthrough towards more efficient syntheses, including

multistep, parallel, and/or combinatorial sequences [130–132].

Indeed, flow processes are already combined with functionalized solid phases,

with ionic liquids, supercritical fluids such as carbon dioxide, and microwave

irradiation. Nevertheless, numerous examples of above mentioned processes with

standard and more and less innovative laboratory equipment take advantage of this

new approach. Whatever chemists and chemical engineers require – synthesis of

few milligrams of compounds in drug chemistry, synthesis of building blocks on

a multigram scale for parallel synthesis, or even the kilogram production of fine

chemicals – flow processes are a helpful tool and a crucial link between differently

scaled reactions.

The potential of microwave methods will be very dependent on the development

of instrumentation, on more efficient control of process conditions, and on reduc-

tion of the cost of equipment. Flow microwave equipment seems to be optimum

devices for the design of classical and automated systems. Undoubtedly, with the

advent of new technology and materials, novel engineering solutions for imple-

mentation of microwave heating will also arise (new ways to supply the radiation,

new design of vessels and their materials, new flow systems, automated injection

units and types of coupling with instrumental (spectroscopic and/or chromato-

graphic real-time) determination) and new ways of controlling the reaction condi-

tions (temperature, pressure, safety) and ‘‘good management practice’’ feedback

will appear.

Furthermore, consolidation of the theoretical basis of microwave pretreatment

is a topical goal [133]. New studies on this subject should probably include in-

depth investigation of the interaction of microwaves with substances of different

chemical nature (solvents, analytical, structural components of microwave systems),

research into the effect of physical properties of microwaves (frequency and inten-

sity) on the pathway of physicochemical processes in solution and in heteroge-

neous systems (cf. Ref. [134]).
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20 M. Nüchter, B. Ondruschka, W.

Bonrath, A. Gum, Green Chem. 2004,
6, 128–141.

21 A. Loupy (ed.), Microwaves in Organic
Synthesis, Wiley–VCH, Weinheim

2002.

22 B. L. Hayes, Microwave Synthesis:
Chemistry at the Speed of Light, CEM
Publ. Matthews (NC) 2002.

23 C. R. Strauss, Aust. J. Chem. 1999, 52,
83–96.

24 B. A. Roberts, C. R. Strauss, Acc.
Chem. Res. 2005, 38, 653–661.

25 B. L. Hayes, Aldrichim. Acta 2004, 37,
66–77.

26 C. O. Kappe, Angew. Chem., Int. Ed.
2004, 43, 6250–6284.

27 A. de la Hoz, A. Diaz-Ortiz, A.

Moreno, Chem. Soc. Rev. 2005, 34,
164–178.

28 www.evaluserve.com (Developments in

Microwave Chemistry, 2005).

29 www.uni-graz.at/~kappeco

30 R. V. Decareau, R. A. Peterson,

Microwave processing and engineering,
VCH Weinheim 1986.

31 R. V. Decareau, Microwaves in the food
processing industry, Academic Press,

New York 1985.

32 A. C. Metaxas, R. J. Meredith,

Industrial microwave heating,
Peregrinus Ltd, London 1983.

33 C. A. Balanis, Advanced engineering
electromagnetics, Wiley & sons, New

York 1989.

34 J. E. Gerling, J. Microwave Power
Electromag. Ener. 1987, 22, 199–207.

35 M. Watanabe, M. Suzuki, S.

Ohkawa, J. Microwave Power 1978, 13,
173–181.

36 S. Washisu, I. Fukai, J. Microwave
Power 1980, 15, 59–61.

37 S. Z. Chu and H. K. Chen,

J. Microwave Power Electromag. Ener.
1988, 23, 139–143.

38 D. Michael, P. Mingos, D. R.

Baghurst, Chem. Soc. Rev. 1991, 20,
1–47.

39 Paar instrument company, Moline,

Illinois 61265-9984 (USA),

www.paarinst.com

40 US Pat. 4882128 (1989).

41 (a) www.anton-paar.com; (b) J. M.

Kremser, C. O. Kappe, Eur. J. Org.
Chem. 2005, 3672–3679.

42 Luxtron corporation, Santa Clara (CA),

www.luxtron.com

43 Fiso technologies Inc., Sainte-Foy
(Quebec), www.fiso.com

44 Ircon, Inc Corporate, Illinois (USA),

www.ircon.com

45 Land Infrared, Newtown (PA),

www.landinst.com

46 Mikron Instruments Company, Hancock

(Michigan), www.mikroninst.com

104 2 Development and Design of Laboratory and Pilot Scale Reactors for Microwave-assisted Chemistry



47 Raytek corporation, Santa Cruz (CA),

www.raytek.com

48 A. Calmels, D. Stuerga, P. Lepage,

P. Pribetich, Microwave Opt. Techn.
Lett. 1999, 21, 477–482.

49 D. Stuerga, A. Calmels, P.

Pribetich, Microwave Opt. Techn. Lett.
2001, 30, 193–195.

50 P. O. Risman, T. Ohlsson, J. Micro-
wave Power Electromag. Ener. 1991, 22,
193–198.

51 C. Lohr, P. Pribetich, D. Stuerga,

Microwave Opt. Techn. Lett. 2004, 42,
46–50.

52 C. Lohr, P. Pribetich, D. Stuerga,

Microwave Opt. Techn. Lett. 2004, 42,
365–369.

53 D. Stuerga and M. Lallemant,

J. Microwave Power Electromag. Ener.
1993, 28(2), 73–83.

54 J. M. Osepchuk, IEEE Trans. MTT
2002, 50, 975–985.

55 H. Will, P. Scholz, B. Ondruschka,

Chem. Eng. Tech. 2004, 27, 1–10.
56 H. Will, Mikrowellenassisterte

heterogene Gasphasenkatalyse:
Konzeption, Aufbau und Austestung
eines multimoden Mikrowellenreaktor
neuen Typs, PhD thesis, Jena 2002.

57 H. Will, P. Scholz, B. Ondruschka,

W. Burckhardt, Chem. Eng. Tech.
2003, 26, 1146–1149.

58 www.milestonesrl.com and www.mls-

mikrowellen.de

59 www.linn.de

60 N. S. Wilson, C. R. Sarko, G. P.

Roth, Org. Proc. Res. Dev. 2004, 8,
535–538.

61 M. C. Bagley, R. L. Jenkins, M. C.

Lubinu, C. Mason, R. Wood, J. Org.
Chem. 2005, 70, 7003–7006.

62 G. Jas, A. Kirschning, Chem. Eur. J.
2003, 9, 5708–5723.

63 B. M. Khadilkar, V. R. Madyar,

Org. Proc. Res. Dev. 2001, 5, 452–
455.

64 S. Saaby, K. R. Knudsen, M. Ladlow,

S. V. Ley, Chem Commun. 2005, 2909–
2911.

65 P. Watts, S. J. Haswell, Chem. Soc.
Rev. 2005, 34, 235–246.

66 E. Comer. M. G. Organ, J. Am. Chem.
Soc. 2005, 127, 8160–8167.

67 Ping He, S. J. Haswell, P. D. I.

Fletcher, Appl. Catal. A: General
2004, 274, 111–114.

68 Ping He, S. J. Haswell, P. D. I.

Fletcher, Sens. Actuators B 2005, 105,
516–520.

69 Ping He, S. J. Haswell, P. D. I.

Fletcher, Lab on a chip 2004, 4,
38–41.

70 E. Esveld, F. Chemat, J. Van

Haveren, Chem. Eng. Tech. 2000, 23,
279–283.

71 E. Esveld, F. Chemat, J. Van

Haveren, Chem. Eng. Tech. 2000, 23,
429–435.

72 S. Saaby, I. R. Baxendale, S. V. Ley,

Org. Biomol. Chem. 2005, 3, 3365–
3368

73 U. R. Pillai, E. Shale-Demssie, R. S.

Varma, Green Chem. 2004, 6, 295–298.
74 R. J. J. Jachuck, D. K. Selvaraj, R. S.

Varma, Green Chem. 2006, 8, 29–33.
75 H. Will, P. Scholz, B. Ondruschka,

Top. Catal. 2004, 29, 175–162.
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3

Roles of Pressurized Microwave Reactors

in the Development of Microwave-assisted

Organic Chemistry

Thach Le Ngoc, Brett A. Roberts, and Christopher R. Strauss

3.1

Introduction

It is generally accepted that the field of microwave-assisted organic synthesis began

with the 1986 disclosures of the groups of Gedye [1] and Giguere [2]. Those

researchers reported the use of domestic microwave ovens and simple sealed

microwave-transparent vessels for relatively routine organic transformations. Al-

though their reaction times were impressively short, vessel deformation and explo-

sions created risks and safety hazards [1–3]. Both groups recognized that the devel-

opment of high pressure was the underlying cause of the problems they had

encountered. Individually, they described different procedures for trying to manage

the technique more safely, but not for controlling it. Although the workers did not

say so themselves, others interpreted their reports to suggest that heating of sol-

vents in domestic microwave ovens was inherently dangerous and that organic sol-

vents were incompatible with microwave energy. Although the latter interpretation

was subsequently shown to be overly simplistic, early investigators recognized that

eliminating, or at least minimizing, the risks would be necessary before tangible

practical benefits of microwave chemistry could be realized.

For more than ten years, the most common and popular strategy was to employ

domestic microwave ovens under solvent-free conditions [4–6]. The use of organic

reactants adsorbed on to a solid support such as silica gel or alumina, typically con-

taining inorganic reagents such as CsF, CrO3 or MnO2, reduced the possibility of

uncontrolled exothermal processes [4–6]. ‘‘Dry media’’ reactions, as they came to

be known, could also be performed in open vessels at atmospheric pressure. The

pioneers of that approach introduced new techniques and ways of thinking about

organic synthesis. They also produced many results several of these, although be-

yond the scope of this chapter, have been discussed by leading exponents in other

chapters of this book.

Significantly, advocates of solvent-free approaches promoted as major advantages

that unmodified domestic microwave ovens could be used and that sample mixing

and temperature measurement were unnecessary during reactions. Our group,

however, began with two main alternative suppositions:
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1. that temperature measurement would be essential to enable other organic

chemists to reproduce reaction conditions; and

2. because solvents had fundamental, long-established roles in synthesis, chemists

would prefer to perform microwave-assisted organic chemistry in the presence

of organic solvents if it were possible and advantageous to do so.

We also considered that if reactions could be performed routinely with lower-

boiling point solvents under moderate pressure, at temperatures of approximately

200 �C, such processes could, perhaps, proceed more rapidly and conveniently

than by conventional means.

3.2

Toward Dedicated Microwave Reactors

Investigation of these propositions required dedicated microwave reactors. It was

essential that such systems operated reliably, safely, and routinely with volatile

compounds, including organic solvents at high temperatures and at moderate pres-

sures. To attract the attention and maintain the interest of chemists, microwave

technology would need to have advantages that were unavailable with the conven-

tional chemical process equipment of the day.

Since the mid-1970s, microwave heating with pressure vessels had been used in

analytical laboratories to speed the rate of digestion and dissolution of solid sam-

ples, for example ores, hair, and foodstuffs. Digestion is a degradative process, typ-

ically involving treatment of a small sample with excess of a strong oxidizing acid

such as nitric, perchloric, or sulfuric. The objective of digestion is to obtain a clear

solution usually for quantitative analysis of mineral components, without charring

and physical loss of material. Although it is essential that digestion is standardized

for high precision, conditions such as temperature, reaction time, sample stirring,

and cooling rate are not essential to the outcome and so are not actively monitored.

Conversely, synthesis is a constructive process. Reactants that are not particularly

stable to strong acids and bases may be required and in much larger amounts than

those used for digestion. They may be expensive and highly reactive, even on the

laboratory-scale. The ability to define and control conditions, including tempera-

ture, time, sample stirring, addition or withdrawal of materials, and post-reaction

cooling, is almost always vital for satisfactory outcomes and for reproducibility.

Existing techniques and equipment for microwave digestion were deemed unsat-

isfactory for synthetic applications. Fabrication of appropriate reactors for synthesis

with solvents involved overcoming several technical problems that had not been

recognized previously. Not surprisingly, proof of principle took longer to achieve

than for solvent-free microwave processes. With safety as the highest priority,

means of measuring and controlling temperature (difficult and/or costly to imple-

ment in a microwave environment in the late 1980s and early 1990s) were neces-

sary. Precise control of pressure and microwave power input was also required.

Technology for rapid cooling of reactions were needed, as were effective, automatic
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fail-safe emergency procedures in the event of unexpected difficulties. Additional

major issues included scale, vessel design and construction, including materials,

means for stirring reaction mixtures, computer control, uniform heating, and sam-

ple withdrawal. To emphasize the breadth of these technical challenges, it seems

that emergency shut-down procedures, stirring, withdrawal of samples during

reactions, and rapid cooling, either concurrently or post-reaction, had not been

described (or perhaps even contemplated) before our reactors were developed.

3.2.1

The Continuous Microwave Reactor (CMR)

The continuous microwave reactor (CMR), built in 1988, but not reported in peer-

reviewed open literature until 1994, was the first microwave system designed for

chemical processing with organic solvents [7]. Commercial systems, developed

subsequently under license, typically comprised a microwave cavity fitted with a

vessel of microwave-transparent, inert material (Fig. 3.1). Plumbing in the micro-

wave zone was connected to a metering pump and pressure gauge at the inlet end

and to a heat exchanger and a pressure-regulating valve at the outlet. The heat ex-

changer enabled rapid cooling of the effluent, under pressure, immediately after it

left the irradiation zone. Temperature was monitored immediately before and after

cooling. Variables such as internal volume of the plumbing within the microwave

zone, flow rate and control of the applied microwave power enabled flexible opera-

tion. To withstand corrosive acids and bases within the plumbing, contact was

avoided between metal surfaces and reaction mixtures. Feed-back microprocessor

control enabled setting of pump rates and temperatures for heating and cooling

Fig. 3.1. Schematic diagram of the CMR: 1, reactants for

processing; 2, metering pump; 3, pressure transducer;

4, microwave cavity; 5, reaction coil; 6, temperature sensor;

7, heat exchanger; 8, pressure regulator; 9, microprocessor

controller; 10, product vessel.

110 3 Roles of Pressurized Microwave Reactors



of reactions. Fail-safe measures were instituted to shut down the system if the tem-

perature exceeded the maximum allowable by 10 �C, or in the event of blockage,

leakage, or rupture.

Commercial units (Fig. 3.2) had volumes up to 120 mL within the microwave

zone, 80 mL within the cooling zone, and could be operated at flow rates up to

100 mL min�1. Under such arrangements, residence times in the microwave

zone were typically 2–10 min.

3.2.2

Microwave Batch Reactors

Complementary laboratory-scale microwave batch reactors (MBRs) were built for

synthesis and for kinetics studies [8]. The embodiment shown in Fig. 3.3 had a ca-

pacity of up to 200 mL. Reactions could be heated to 260 �C and although the sys-

tem could accommodate internal pressures up to 10 MPa (100 atmospheres) it was

found pressures exceeding 5 MPa were rarely required. The main features in-

cluded: rapid heating capability (1.2 kW microwave output); infinitely variable con-

trol of microwave power; measurement of absorbed and reflected microwave en-

ergy; a load-matching device to maximize heating efficiency; direct measurement

of the reaction temperature and pressure; a stirrer for mixing and to ensure uni-

form temperature within the sample; valving and plumbing to facilitate sample in-

troduction and withdrawal during the heating period; chemically inert wettable

surfaces and fittings; rapid cooling post-reaction, and a facility for conducting reac-

tions under an atmosphere of inert gas. Microwave power input was computer-

controlled. Heating could be performed at high or low rates as required and desig-

nated temperatures could be maintained for hours, if desired.

Fig. 3.2. Early example (ca 1997) of a CMR manufactured by Milestone mls.
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3.3

Applications of the New Reactors

3.3.1

With Low-boiling Solvents

Immediately after their development, both microwave reactor systems were applied

to common synthetic processes, for example rearrangement, addition, substitution,

condensation, and elimination. Examples included esterification, amidation, trans-

esterification, acetalization, hydrolysis of esters and amides, isomerization, decarbox-

ylation, oxidation, etherification, and formation of aminoreductones [7, 8]. Many

organic solvents were employed without mishap, including acetone, chloroform,

methanol, ethyl acetate, ethanol, butanone, acetonitrile, isopropanol, toluene,

tetrahydrofuran, pyridine, acetic acid, chlorobenzene, propionic acid, dimethyl-

formamide, and dimethyl sulfoxide. Excellent yields were often obtained with short

reaction times and at temperatures more than 150 �C higher than the boiling point

of the solvent under atmospheric pressure. Volatile reactants or gases such as am-

monia, dimethylamine, formaldehyde, and carbon dioxide were processed without

difficulty. When gases were formed during reactions, over-pressure situations

rarely occurred. With the MBR, heating could be maintained within a narrow tem-

perature range for hours if necessary.

Typically, reaction times were up to three orders of magnitude shorter than for

literature preparations performed conventionally at lower temperatures under at-

mospheric pressure. Thus, procedures requiring hours or days at reflux or ambient

temperature and pressure often were complete within minutes and with high se-

lectivity on use of microwave heating. Other technologies or methods compatible

with these systems, included solvent-free conditions with ‘‘neat’’ starting material,

Fig. 3.3. Dr Ulf Kreher at work with the MBR.
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tandem or cascade, catalyzed or uncatalyzed reactions, use of aqueous media at

high temperature, and non-extractive techniques for product isolation.

The use of low-boiling solvents for moderately high temperature reactions is par-

ticularly strongly appealing when such solvents are acceptable environmentally.

Ethanol, for example, is industrially produced by fermentation. It is readily recycla-

ble and is both a renewable and biodegradable resource [9]. In many societies it is

used in cooking and consumed in beverages. Although ethanol had been widely

used as an organic solvent at low to reflux temperatures, reports of its applications

in synthesis at higher temperature were limited. The supercritical temperature is

243 �C, so in working with ethanol an upper temperature limit of 230 �C was em-

ployed to avoid problems and risks associated with excessive pressure, diffusion of

supercritical fluids through polymeric materials, and poor microwave absorption.

We have previously reported the intramolecular aldol reaction of hexane-2,5-

dione to afford 3-methylcyclopent-2-en-1-one in highly dilute aqueous base [10].

We now reveal that the reaction also can be conducted with excellent conversion

in ethanol containing 0.01–0.07% by weight NaOH. Under the latter conditions,

when the dione was treated at 200 �C for 15 min, with 0.02% w/w ethanolic

NaOH, all the starting material was consumed and the yield was greater than

90% (Scheme 3.1). This result is indicative of the opportunities still available

for structured research into the use of low-boiling solvents for synthesis at high

temperatures.

3.3.2

Kinetics Measurements

Development of the field of microwave-assisted organic chemistry, be it with ‘‘dry

media’’ or with solvents in open or sealed vessels, was accompanied by claims of

reactions proceeding faster in a microwave environment than under conventional

conditions at the same temperature. In such reports, which were common in the

1990s, yields were usually quoted after a given time under apparently comparable

conditions. Reaction kinetics, which are essential to meaningful discussions about

reaction rates were not determined. A major reason for that appeared to be the lack

of appropriate equipment for conducting kinetics studies. For the first time, MBRs,

through their capacity for temperature measurement and for stirring of samples,

enabled complete histories of thermally homogeneous reactions to be obtained.

Accordingly, the reactors were used for comparative kinetics measurements for

Scheme 3.1. Intramolecular aldol reaction of hexane-2,5-dione

to afford 3-methylcyclopent-2-en-1-one in ethanol containing

highly dilute base.
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microwave-heated and for conventionally heated reactions, which were performed

in oil baths. Examples we examined all involved thermally homogeneous reaction

mixtures and the rates of microwave and conventionally heated reactions were

found to be the same within experimental error. This applied also to reactions for

which other workers had previously reported the occurrence of non-thermal micro-

wave effects [11]. Our work was not the last word in this subject, however, and dis-

cussion continues about the effects of microwave energy on reaction rates.

3.3.3

Core Enabling Technology

The CMR and MBR were enabling technology that could stand alone or be inte-

grated with other technologies and methods [12]. In our laboratories they became

core technologies toward the development of new tools for preparative organic

chemistry. The objective was to be able to select appropriate combinations to solve

specific problems in environmentally acceptable ways. The strategy was employed

to establish several improved or new environmentally benign chemical processes.

Now, by out-scaling with multi-vessel carousels, others have broadened the scope

to include reactions conducted in parallel, an approach that has proven effective

in teaching laboratories and for scaling-up syntheses [13, 14].

3.4

Commercial Release of MBRs and CMRs

By mid-1995, only 220 papers had been published on microwave-assisted organic

chemistry [15]. Until then the vast majority of the papers had covered ‘‘dry media’’

reactions and for approximately the next five years this trend continued. By the

turn of the 21st Century, however, the applicability of dedicated microwave reactors

and associated chemistry had stimulated other researchers and encouraged com-

mercial manufacturers to construct systems for laboratory and pilot-scale studies

[13, 14].

There followed a phase of rapid development coinciding with the commercial re-

lease of batch and continuous microwave reactors employing the essential design

criteria and operational principles underpinning the MBR and CMR. Now, micro-

wave reactions may be performed in commercially available systems, with or with-

out magnetic stirring, in vessels of glass, quartz, ceramic, or polymeric materials.

Reactions may be cooled externally or more directly by contact with a cold-finger.

Microwave units may have the capability for ‘‘simultaneous heating and cooling’’

as promoted by one manufacturer or for concurrent heating and cooling as we

originally termed it [15]. Measurement of temperature may be conducted remotely

by means of an infrared pyrometer or directly by use of an optical fiber, gas expan-

sion thermometer, or grounded thermocouple. Notwithstanding relatively minor

variations in methodology and terminology, manufacture of microwave reactors de-

signed for synthesis with organic solvents under pressure is performed in several

114 3 Roles of Pressurized Microwave Reactors



countries in Europe and Asia and in the United States. Distribution is global. Re-

actors include robotically operated units with capacities low enough to accommo-

date post-reaction cooling by blowing of air across the outside surface of the vessel

(Fig. 3.4).

Batch reactors can process mixtures ranging in scale from multigram or milli-

gram to one or two kilogram and the microwave energy may be applied through

monomodal (for low-scale reactions) or multi-modal cavities [13, 14]. Although

substantial emphasis is sometimes placed upon it, the modality of microwave

applicators usually does not greatly impinge upon the outcome of reactions

conducted above the multi-milligram scale in appropriately designed systems.

One reason for this is that dielectric properties of materials change with tempera-

ture and chemical composition. Consequently, as reactions progress, regular and

frequent tuning of either multi-modal or monomodal cavities will be necessary to

ensure maximum absorption of the input energy, a procedure that is usually

automated in computer-managed units.

Researchers in synthetic chemistry, particularly those engaged in bioactive com-

pound discovery, tend to work with reaction volumes in the range 0.1–10 mL.

Commercial CMR may be used for process optimization, small scale manufacture

for pilot-scale studies, or to produce high-value and low-volume chemical com-

pounds. Typical throughputs are up to 100 mL min�1.

Temperature and pressure limits vary according to manufacturers’ specifications

and usually depend on the physical and chemical properties of materials employed

in the construction of reaction vessels. In batch systems the recommended upper

temperature is usually between 200 �C (vessels fabricated from polymeric mate-

rials such as PTFE, for example) and 300 �C (quartz vessels). Most commercial

Fig. 3.4. Dr Brett Roberts with the Biotage reactor.
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systems operate at pressures up to 2 MPa, but two manufacturers have recently

developed equipment capable of working in the 8 MPa to 20 MPa range. Another

manufacturer has estimated that 500 000 reactions are conducted annually with

its systems.

From the foregoing discussion, the technology for microwave-assisted organic

synthesis with organic solvents (under pressure if necessary) is now employed ex-

tensively and routinely in chemical discovery, organic synthesis, and medicinal

chemistry [16, 17]. Microwave reactors have found niche applications in the pro-

duction of intermediates, flavors and fragrances, specialty chemicals, and pilot-

scale manufacture. Units capable of parallel or sequential operation, some of

which may be operated robotically and remotely, are employed around the clock

in industrial chemical discovery.

So, not only these microwave systems can generate reaction times that are orders

of magnitude shorter than those obtained by traditional methods, but through

automation they can considerably extend the working day for synthetic chemists

on the basis of time alone.

3.5

Advantages of Pressurized Microwave Reactors

Significant advantages of microwave reactors designed for operating with low-

boiling solvents at elevated temperature and pressure are summarized below:

1. Rapid response compared with conventional heating.

2. Input microwave energy is adsorbed directly by the sample, not by the vessel.

3. When power is turned on or off, energy input starts or ceases immediately; an

important safety consideration.

4. The power can be controlled to match that required.

5. Reactor systems can be automated and operated remotely.

6. Thermally unstable products can be cooled rapidly, after the heating step.

7. Stirring of the sample limits thermal gradients: the temperature of the mate-

rial on the inner walls of the reaction vessel is not significantly different from

that in the body of the mixture, hence unwanted pyrolysis can be minimized

or avoided.

8. Heating rates can be varied as desired and designated temperatures can be

maintained for lengthy periods.

9. Reactions known to require high temperatures and higher boiling solvents can

be performed under pressure at these temperatures, but in lower-boiling sol-

vents, facilitating work-up.

10. The available temperature range for many solvents is increased dramatically, in

many cases by more than 100 �C.

11. Low boiling reactants can be heated to high temperatures and rapidly cooled

under pressure. Losses of volatiles are minimal.

12. Reactions can be sampled for analysis while material is being processed. With
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the CMR, reaction mixtures can be subjected to multiple passes if required, or

the conditions can be altered during a run.

13. Reaction conditions can be measured and reproduced.

14. Reactions performed on a laboratory scale are amenable to scale up, because

the conditions are defined.

15. Moderate to high temperature reactions can be conducted in vessels fabricated

from inert materials such as PFA Teflon, PTFE, or quartz. This is beneficial

where strongly acidic or basic reactants or products are incompatible with

metals or borosilicate glass.

16. In multi-phase systems, selective heating is possible.

3.6

Applications

3.6.1

General Synthesis

Microwave systems have promoted thermal preparation of heat-labile compounds,

reactions that require high temperature, and they have aided optimization of estab-

lished reactions known to require elevated temperature. Improved conditions ob-

tained in comparison with literature methods have typically involved a combina-

tion of increased convenience, time savings, greater yields, greater selectivity, the

need for less catalyst, or use of a more environmentally benign solvent or reaction

medium [7, 8, 15].

The use of pressurized microwave systems to conduct Heck, Suzuki, and Stille

reactions in solution was first reported by Hallberg and Larhed in 1996 [18]. This

topic has been the subject of active investigation ever since [13, 16, 17, 19, 20]. It

seems that most metal-catalyzed reactions can be performed within minutes by mi-

crowave ‘‘flash heating’’ in pressurized systems, sometimes with high regio and

enantioselectivity [19]. Hallberg and Larhed, in collaboration with Curran and co-

workers also introduced fluorous tin reagents for Stille reactions under microwave

conditions [21]. They not only improved the synthetic procedure, but integrated it

with isolation and purification of the products. Reactions that usually required

about 24 h at 80 �C under reflux conditions, were completed within minutes under

the action of microwave heating at higher temperature Problems associated with

the separation of residual tin salts (which are toxic and normally difficult to re-

move) were precluded. Some other recent examples of microwave-assisted organic

chemistry, summarized below, reveal the convenience, capability, and versatility of

microwave reactors.

In a continuation of their extensive work on microwave-assisted Heck coupling

[18, 19], the Larhed group performed regioselective, chelation-controlled double

b-arylations of terminal alkenes, employing vinyl ethers as chelating alkenes and

aryl bromides as coupling partners, with Herrmann’s palladacycle as the palladium

source (Scheme 3.2) [22].

3.6 Applications 117



In work by Romera et al. [23], the selective monoalkylation of functionalized ani-

lines with alkyl halides and tosylates was achieved in good yields (Scheme 3.3).

Only minor quantities of the over-alkylated products were formed.

Steven Ley and his group at Cambridge performed a microwave-assisted Claisen

rearrangement of an allylaryl ether, to give the corresponding 2-allylphenolic deriv-

Scheme 3.2. Microwave-assisted double-Heck arylations of vinyl ethers.

Scheme 3.3. N-alkylation of anilines.

Scheme 3.4. Claisen rearrangement of an allylaryl ether.
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ative in 97% yield by serially heating the starting material to 220 �C [24]. With tol-

uene employed as solvent, its microwave susceptibility was increased by doping

with a small quantity of an ionic liquid (Scheme 3.4).

A similar approach employing an ionic liquid as a susceptor was adopted by

Leadbeater and Torenius for base-catalyzed Michael addition of imidazole to

methyl acrylate [25]. At 200 �C after 5 min and with triethylamine (TEA) in equi-

molar quantities, a 75% yield was obtained (Scheme 3.5).

Tye and Whittaker pursued Ugi-type three-component condensations to prepare

a range of pyrrole derivatives [26]. Levulinic acid was reacted with two isonitriles

and four amines to afford eight different examples. Under conventional conditions,

the reactions required 48 h to return moderate yields, but microwave heating in

methanol at 100 �C afforded improved yields in only 30 min (i.e. in two orders of

magnitude less time; Scheme 3.6).

Reaction mixtures involving one of six different derivatives of 2-aminophenol

and eight separate derivatives of benzoyl chloride were heated in dioxane or xylene

at temperatures between 210 �C and 250 �C to give a library of 48 benzoxazoles in

good to excellent yields (Scheme 3.7) [27]. This simple method precluded require-

ments for Lewis acid or base catalysts.

Scheme 3.5. Microwave-assisted Michael addition.

Scheme 3.6. Ugi-type three-component condensation.

Scheme 3.7. Microwave-assisted benzoxazole synthesis.
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Kappe and Stadler in extensive studies of the Biginelli reaction, used microwave

conditions to develop members of a library of compounds within 20 min [28].

Their process was superior to that involving conventional reflux conditions with re-

gard to both yield and time (Scheme 3.8).

Lehmann and co-workers performed Mannich reactions with paraformaldehyde,

secondary amines as their hydrochloride salts, and substituted acetophenones as

the starting constituents [29]. With dioxane as solvent they performed reactions

for 10 min at 180 �C to give the desired b-amino ketones in moderate to good

yields (Scheme 3.9). The syntheses were scaled-up twentyfold. A monomodal reac-

tor was used for small-scale preparations and a multimodal system for scale-up.

Wu et al. developed a rapid, efficient synthesis of 4-chloro-5-bromopyraxolo-

pyrimidine by microwave-assisted electrophilic aromatic substitution [30]. With

N-bromosuccinimide in acetonitrile for 10 min at 100 �C the starting chloro de-

rivative was converted to the desired product in excellent yield and regioselectivity

(Scheme 3.10).

Scheme 3.8. Microwave-assisted Biginelli reaction.

Scheme 3.9. Microwave-assisted Mannich reaction.

Scheme 3.10. Microwave-assisted electrophilic aromatic substitution.
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3.6.2

Kinetic Products

In complex reactions, kinetic products may be formed first but may not necessarily

be the most stable. Depending upon the particular pathway, the thermodynami-

cally most stable products may or may not arise by further reaction of kinetic inter-

mediates. Because of their potentially transient nature, some kinetic products may

prove difficult to prepare and can therefore present interesting and significant syn-

thetic challenges.

Because MBR and CMR enable rapid heating and cooling of reactions, in princi-

ple they could be usefully applied to the preparation of kinetic products. A success-

ful example with important industrial applicability is the acid-catalyzed hydrolysis

of cellulose to afford practical conversions to glucose and oligosaccharides [12, 15].

Also, treatment of (S)-(þ)-carvone in water for 10 min at temperatures between

180 and 250 �C, afforded 8-hydroxy-p-6-menthen-2-one as an intermediate on the

pathway to carvacrol [31]. Addition of water to the 8,9 olefinic bond of carvone

was regioselective and proceeded at a lower temperature than did isoaromatization

(Scheme 3.11). The kinetic product was readily isolated by differential extraction

from the recyclable starting ketone, affording a preparative route despite the low

conversion.

3.6.3

Selective Synthesis of O-Glycofuranosides and Pyranosides from Unprotected Sugars

The Fischer–Helferich synthesis of alkyl-O-glycosides involves acid catalyzed con-

densation of a sugar with an alcohol [32]. More than forty years ago, Bishop and

co-workers showed that for a range of sugars, a and b O-glycofuranosides were

formed kinetically and a and b O-glycopyranosides were thermodynamic products

[33–35]. These findings were of interest to us owing to the high significance now

attached to carbohydrates in bio-organic chemistry. Because equilibria affecting

Scheme 3.11. Kinetic and thermodynamic products from carvone in water.
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ring size and anomeric ratios are difficult to control, preparation of individual iso-

mers often involves exhaustive chromatography with or without protection and

subsequent deprotection of the hydroxyl groups of the sugar and activation of the

glycosyl donor.

For methyl glycosides of d-allose, Evans and Angyal found that addition of CaCl2
and SrCl2 affected the isomer ratio, enabling the furanosides to accumulate [36].

They required an order of magnitude more acid, however, to compensate for a sig-

nificantly slower reaction rate. In an extension of that approach, Lubineau and

Fischer obtained a mixture of methyl a and b O-glucofuranosides in the ratio

32:68 and in 75% yield by leaving glucose and MeOH to stand in the presence of

FeCl3 at room temperature for 7 days [37]. The analogous reaction with galactose

required heating to 60 �C for 24 h followed by heating under reflux for 4 h. Fer-

rieres et al. [38] adapted Lubineau’s method to include solvents such as THF and

1,4-dioxane. In some instances reaction times were reduced from days to several

hours by sonication.

Nuchter et al. [39] recently studied the direct glycosylation of glucose, mannose,

and galactose by microwave heating with alcohols in the presence catalytic

amounts of HCl. Furanoside derivatives were unstable under these conditions and

with glucose, the workers obtained the methyl O-a-glucopyranoside exclusively and

quantitatively after heating at 140 �C for 20 min. Independently, in unpublished

work, we also applied the microwave systems to the glycosidation of glucose, galac-

tose, and mannose with low-molecular-weight alcohols including methanol, etha-

nol, and isopropanol, but with the objective of obtaining the kinetic products that

had eluded Nuchter and co-workers. For reactions of glucose with methanol re-

ported herein, acidic mixtures of the sugar and the alcohol were heated in the

MBR at temperatures between 70 �C and 150 �C, for 1–15 min, then cooled rapidly

and neutralized with NaHCO3. At 80
�C after 2 min (with Amberlyst 15 as cata-

lyst), the methyl b and a-O-glucofuranosides were the only glycosidic products,

formed in 19 and 14% yield, respectively. After 15 min at 70 �C, these glucosides

comprised 34 and 20%, respectively, of the product mixture, but smaller amounts

of the methyl b- and a-O-glucopyranosides (7 and 5% respectively) were also pres-

ent, with unreacted glucose. At 150 �C after 2 min the thermodynamically most

stable products, methyl b- and a-O-glucopyranosides were obtained in 39 and 61%

yield, respectively. These results indicated that the rate of conversion of glucose to

the methyl O-glucofuranosides was comparable with that for the equilibration of

the glucofuranosides to the pyranosides. They also confirmed that although vig-

orous conditions can readily afford pyranosides (as reported by Nuchter et al. [39]),

the furanosides can be produced selectively and directly.

Finally, by employing the CMR, with sulfuric acid as catalyst (2.5% w/v relative

to MeOH), at 80 �C and with a residence time of 6 min in the microwave zone, the

methyl b and a-O-glucofuranosides comprised nearly 80% of the product mixture

(52 and 27% respectively). These conditions were suitable for large-scale prepara-

tion of the furanosides. When the residence time was extended to 12 min, the

selectivity was reversed, with the methyl b and a-O-glucopyranosides being ob-

tained in 23 and 54% yield, respectively (Scheme 3.12).
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3.6.4

Synthesis in High-temperature Water

In studies, with microwave reactors, with the objective of discovering environmen-

tally benign media for organic synthesis, high-temperature water was found to be

useful within the range 100 to 260 �C [31]. Until that work, exploration of this tem-

perature range had usually been neglected for synthesis. The rationale for employ-

ing water under those conditions now is widely understood [15]. The ionic product

increases one-thousandfold between 25 �C and 240 �C, making water a stronger

acid and base at high temperature. In addition, as shown in Fig. 3.5, the dielectric

Scheme 3.12. Microwave-assisted glycosylation.
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constant decreases, indicating that the polarity is reduced as the temperature is in-

creased. Owing to these apparently contradictory properties, the roles of water can

vary among those of solvent, reactant, catalyst, and medium, or a combination of

all four, in organic reactions.

When addition of acid or base was found to be necessary, typically, less agent was

needed for high-temperature processes than for those at and below 100 �C, and re-

actions often proceeded more selectively [10, 31]. Often the requirement was

orders of magnitude lower. Neutralization of such reaction mixtures afforded

small amounts of salt, thereby avoiding production of excessive waste [12]. Apart

from polluting soil and ground water, salts can lower the pH of atmospheric mois-

ture and contribute to acid dew or acid rain. Also, hydrophobic resins or adsorb-

ents were employed for concentration and isolation of reaction products from

water. Advantages accruing from avoidance of extraction with organic solvents in-

clude ease of use, potential for high throughput, and low waste generation owing

to ready recyclability of the resin and the solvent used for desorption [10].

A diverse range of reactions were studied and high selectivity was obtained with

seemingly minor variations in the conditions [31]. Scale-up was also demonstrated,

including to continuous operation with the CMR [15]. This indicated the potential

of aqueous high-temperature media for future development of clean processes. Ob-

Fig. 3.5. Decreases in the dielectric constants of water and

organic solvents with increasing temperature (reproduced from

Ref. [15] with permission).
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vious advantages of water include low cost, negligible toxicity and safe handling

and disposal. Some examples of organic reactions in water from our laboratories

are summarized below.

3.6.5

Biomimetic Reactions

Naturally occurring monoterpene alcohols were heated in water without prior deri-

vatization with typical biological water-solubilizing groups, for example phosphates

or glycosidic units. Biomimetic reactions that normally would be acid-catalyzed,

proceeded on the underivatized compounds in the absence of added acidulant.

Cooling of the mixtures rendered the products insoluble and readily isolable, and

the aqueous phase did not require neutralization before work-up.

Geraniol, nerol, and linalool are almost insoluble in water at ambient tempera-

ture. Although acid-labile, they do not readily react in water at moderate tempera-

ture and neutral pH. In unacidified water at 220 �C in the MBR, they reacted

within minutes. Geraniol rearranged to a-terpineol (18%) and linalool (16%), pre-

dominantly. Smaller amounts of the monoterpene hydrocarbons were also ob-

tained, including myrcene, a-terpinene (10%), limonene (11%), g-terpinene, the

ocimenes, a-terpinolene, and alloocimenes (Scheme 3.13) [31].

Nerol and linalool underwent considerably more elimination than did geraniol,

to give the same hydrocarbons. The major products and their relative proportions

were consistent with those for carbocationic rearrangement of derivatives of lina-

lool, nerol, and geraniol under acidic conditions.

a-Ionones and b-ionones can be converted to ionene, catalyzed by HI with small

amounts of phosphorus. A cleaner cyclization occurred on heating b-ionone in

water at 250 �C in the MBR. In the work-up the usual exhaustive washing proce-

dures were unnecessary. Similarly, as mentioned above, carvacrol was prepared al-

most quantitatively, by isoaromatization of carvone in water at 250 �C for 10 min.

A conventional, literature method under acidic conditions took longer and pro-

ceeded with lower conversion. The above examples show that elevated tempera-

tures under neutral pH conditions can have advantages over acidic (or basic) re-

agents at lower temperatures.

Scheme 3.13. Reaction of geraniol in water at 220 �C in the MBR.
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3.6.6

Indoles

In the first example of water as the reaction medium for Fischer indole synthesis,

2,3-dimethylindole was obtained in 67% yield from phenylhydrazine and butan-2-

one, at 220 �C for 30 min (Scheme 3.14). Neither a preformed hydrazone nor addi-

tion of acid was required [31].

Interestingly, the Fischer indole synthesis does not readily proceed from acetal-

dehyde to afford indole. Usually, indole-2-carboxylic acid is prepared from phenyl-

hydrazine with pyruvic acid or with a pyruvate ester, followed by hydrolysis. Tradi-

tional methods for decarboxylation of indole-2-carboxylic acid to form indole are

not environmentally benign. They include pyrolysis or heating with copper-bronze

powder, copper(I) chloride, ‘‘copper’’ chromite, ‘‘copper’’ acetate, or copper(II) oxide

in, for example, heat-transfer oils, glycerol, quinoline, or 2-benzylpyridine. Decom-

position of the product during lengthy thermolysis or purification affects the

yields.

In water at 255 �C, decarboxylation of indole-2-carboxylic acid was quantitative

within 20 min in the MBR (Scheme 3.15) [31].

A semi-systematic study of the hydrolysis of ethyl indole-2-carboxylate in aqueous

media at high temperature indicated that decarboxylation of indole-2-carboxylic

acid proceeded by an arenium ion mechanism and was inhibited by base. Because

base facilitated hydrolysis of the ester, it was possible to obtain either the acid or

indole from the ester merely by manipulating the number of equivalents of base

present.

Recently, through the agency of a microwave reactor housing thick quartz vessels

that could withstand pressures of 8 MPa and heat water to 300 �C, Kremsner and

Kappe have conducted more interesting research into several aspects of the topics

described above [40].

Scheme 3.14. Fischer indole synthesis in water.

Scheme 3.15. Decarboxylation in water.

126 3 Roles of Pressurized Microwave Reactors



3.7

Effect of the Properties of Microwave Heating on the Scale-up of Methods

in Pressurized Reactors

After approximately two decades of microwave-assisted organic synthesis, the field

can no longer be regarded as in its infancy. Hence, at first glance it may seem sur-

prising that despite various and significant advantages, few laboratory-scale micro-

wave procedures have been further developed into larger-scale industrial processes.

Considerations of scale-up, however, require an appreciation of crucial factors in-

cluding mechanisms of heat transfer by microwaves, effects and potential effects

of microwaves on materials, and cost of plant. This understanding may well be re-

quired on a case by case basis and cannot be superficial.

First, to avoid potential interference to communications and radar bands, the en-

tire microwave spectrum is not readily available for chemistry. By international

convention the frequencies 915G 25 MHz, 2450G 13 MHz, 5800G 75 MHz,

and 22125G 125 MHz have been assigned for industrial and scientific microwave

heating and drying applications. For synthetic chemistry, equipment operating at

2450 MHz, corresponding to a wavelength of 12.2 cm, is used almost exclusively.

Also, the depth of penetration of electromagnetic radiation increases with in-

creasing wavelength (or decreasing frequency) and can vary with temperature.

With pure water the depth of penetration at 2450 MHz, increases from 6 mm at

3 �C to approximately 40 mm at 60 �C. Thus the capacity for absorption of micro-

wave energy by water varies inversely with temperature. This trend is observed for

a range of organic solvents also. Variations in susceptibility to microwaves can be

attenuated (in either direction, however) if, as reactions proceed, the dielectric

properties of the product mixtures differ substantially from those of the starting

materials [15].

Briefly, the primary mechanism of microwave heating is dielectric loss. The di-

electric loss factor (loss factor; e 00) and the dielectric constant ðe 0Þ of a material de-

termine the efficiency of heat transfer to the sample. Their quotient ðe 00=e 0Þ is the

dissipation factor (tan d). High values indicate ready susceptibility to microwave

energy. Materials dissipate microwave energy mainly by dipole rotation and ionic

conduction. Dipole rotation affects the alignment of molecules with permanent or

induced dipoles, with the electric field component of the radiation.

At 2450 MHz, the field oscillates 4:9� 109 times per second and sympathetic ag-

itation of the molecules generates heat. The quantity of heat produced by dipole

rotation is dictated by the dielectric relaxation time of the sample, which in turn,

is affected by temperature and viscosity. Ionic conduction on the other hand, oc-

curs by migration of dissolved ions with the oscillating electric field. Heat is gener-

ated by frictional losses that depend on the size, charge and conductivity of the

ions and on their interactions with the solvent.

If mixing is adequate, temperature gradients within the sample will be mini-

mized by microwave bulk heating and the extent of conduction and convection

will be low. Thus differences between the means of energy transfer in conventional
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and microwave heating have significant implications for the performance of ther-

mochemical reactions. They are reflected in the methods, monitoring, types of

equipment, and vessels employed. Also, as mentioned above, the samples them-

selves have a substantial effect. Dimensions, volume, shape, composition, and

physical and chemical properties are important considerations, as are the reactions

in question, the media used, and other safety issues. Obviously, these factors be-

come increasingly important with scale [14, 15].

Although high rates of microwave heating are usually regarded as desirable, dif-

ficulties can arise if the dielectric loss of a material increases with temperature.

The material then will absorb microwave energy with increasing efficiency as tem-

peratures rise, and thermal runaway could result. This characteristic of microwave

heating can occasionally be beneficial, particularly for selective heating of catalysts.

Usually, however, microwave-driven thermal runaways should be avoided by care-

ful monitoring and control of temperature and power input. In contrast, as already

mentioned, the dielectric constants of solvents usually decrease with increasing

temperature. Their efficiency at absorbing microwave energy will diminish with in-

creasing temperature, which can lead to poor matching of the input and absorbed

microwave energy. This phenomenon becomes pronounced as liquids approach

the supercritical fluid state. Solvents and reaction temperatures should be chosen

with these considerations in mind, particularly as excess input microwave energy

can lead to the build up of electric charge within the sample, followed by discharge

by arcing.

Composition can affect heating rates, particularly when ionic conduction be-

comes possible as a result of addition or formation of salts. For compounds of low

molecular weight, the dielectric loss contributed by dipole rotation decreases with

increasing temperature, but that resulting from ionic conduction increases. When

an ionic sample is microwave-irradiated, heat is initially produced predominantly

as a result of dielectric loss by dipole rotation, and the contribution from ionic con-

duction becomes more significant with temperature rise.

As a mixture gains complexity, owing to the conversion of starting materials dur-

ing a reaction, an increasing tendency for microwave absorption would be ex-

pected, unless polar components (e.g. ethanol and formic acid) were undergoing

condensation to form a considerably less polar product (ethyl formate). In that cir-

cumstance the reaction temperature may not be sustainable without increasing the

power, and arcing could occur within the sample unless the microwave load is

matched.

From the foregoing discussion, the propensity of a sample to undergo micro-

wave heating is related to its dielectric and physical properties. Compounds with

high dielectric constants (e.g. ethanol and dimethylformamide) tend to absorb mi-

crowave irradiation readily whereas less polar substances (for example aromatic

and aliphatic hydrocarbons) or compounds with no net dipole moment (e.g. carbon

dioxide, dioxane, and tetrachloromethane) and highly ordered crystalline materials,

are poorly absorbing.

As mentioned above, monomodal cavities have been used for microwave chem-

istry on the sub-gram scale. Occasionally special benefits have been claimed for so-
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called ‘‘focused’’ microwaves. From the foregoing discussion, however, the dielec-

tric properties of a sample can alter substantially with temperature and/or with

changing chemical composition. Hence, irrespective of whether multi-modal and

unimodal cavities are employed, frequent tuning may be necessary if heating effi-

ciency is to be retained. When tuning is performed frequently, transfer of micro-

wave conditions between monomodal and multi-modal cavities is usually facile.

With the MBR (which had a tunable multi-modal cavity), Cablewski et al. per-

formed five reactions that had been conducted earlier on the gram scale or below

with ‘‘focused’’ microwaves [41]. These were scaled-up between 40 and 60 fold and

reaction conditions and yields were comparable with those on the smaller scale.

The reactions studied were diverse. They comprised Suzuki coupling, a Hantzsch

reaction, benzoylation of diacetone glucose catalyzed by polymer-bound dimethyla-

minopyridine, synthesis of hydantoin from phenylisothiocyanate, and the Pd-

catalysed asymmetric alkylation of 4-methoxyphenol with cyclohex-2-enyl carbonate

in the presence of Trost’s catalyst [41].

Results of Kappe et al. for scale-up of the hydrolysis of benzamide, from 50 mg

to 5 g were consistent with these findings (Scheme 3.16) [42].

Other examples of scale-up involved a triphenylphosphine-free one-pot Wittig

olefination, a one-step three-component synthesis of imidazo annulated pyridine

and a metal-catalyzed Suzuki coupling. Kappe and co-workers also recently trans-

ferred conditions for reactions originally performed on a small scale with a mono-

modal system, to scale-up by parallel synthesis in a multimodal batch reactor [13].

Typically, the scale-up was 100-fold, from 1 mmol; examples included Biginelli con-

densations, Heck and Negishi couplings, and Diels–Alder cycloadditions with gas-

eous reactants.

3.8

Software Technology for Translation of Reaction Conditions

Traditional methods for organic synthesis mostly involve glass reaction vessels op-

erated at atmospheric pressure or below. Routine use of such equipment has

meant that for the past one and a half centuries, modest temperatures and lengthy

times have become the normal reaction conditions for established processes. Sta-

tistics obtained by literature searching for reaction conditions support that conten-

tion [43]. Work with the microwave reactors, however, has demonstrated clearly

Scheme 3.16. Hydrolysis of benzamide.
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that if reactions can be performed at significantly higher temperatures than

normal, considerable savings in time and energy can be realized. These and other

advances in hardware for synthesis are in the process of revolutionizing ap-

proaches to organic chemistry, if they have not done so already.

Yet despite having undergone rapid growth, particularly since 2000, microwave

technology is not yet employed routinely in all synthetic laboratories. To those

familiar with the microwave technique, this may appear somewhat surprising

in view of significant potential advantages with regard to yields and time. The cost

of commercial dedicated microwave equipment, although a substantive issue for

some, does not seem to be the only mitigating factor. It seemed to us that a major

impediment to uptake was associated with a lack of experience regarding where to

start. Seemingly, many synthetic chemists had perceived that considerable em-

pirical work could be required before they could adapt established conditions into

appropriate alternatives employing higher temperatures.

If that interpretation were correct, to utilize the microwave technology conven-

iently, those accustomed to traditional methods would require answers to ques-

tions such as ‘‘In what time could I expect to perform, with comparable results,

the same reaction at 180 �C instead of in 7 h at 78 �C?’’ or ‘‘If I wanted to complete

the reaction in twice the yield and in 8 min instead of in 10 h at 100 �C, what tem-

perature would I need?’’ In any event, it was clear that chemists need to be able to

transpose established conditions from ambient to ca 120 �C, predictably into alter-

natives employing higher temperatures, without first conducting extensive em-

pirical investigations. In a significant departure from the use of the Arrhenius

equation, along with reaction temperature and time, the new conditions also

needed to take yields or conversions into account. The last aspect, to the best of

our knowledge, had not previously been rigorously considered in that context.

We have now developed software-based technology for estimating optimum reac-

tion conditions [43, 44]. The program employs a strategy that enables the chemist

to focus on the desired conditions rather than using more painstaking mapping of

the contours on the reaction surface. For a wide range of reactions and conditions

examined we have found the number of required confirmatory experiments to be,

typically, only one or two, irrespective of the process under consideration. A first

estimate produces a set of conditions that, when tested experimentally (the first it-
eration), usually affords a yield or conversion close to that desired. Experimental re-

sults from the first iteration may be used to obtain a second estimate that could

also be tested by experiment (the second iteration). Although rarely required, further

iterations can be performed in a similar manner.

To elaborate, by starting with data from only a single experiment (reference data)
for the reaction in question (e.g. 43% yield in 3 h at 78 �C), the developed software

could estimate the time expected to give any specified yield, between 5 and 95%,

for that reaction at the same temperature. Alternatively, different conditions of

time (between 0.1 and 105 min) and temperature (between 0 and 270 �C) that

would be expected to return any nominated yield or conversion between 5 and

95% could be calculated. Starting with the aforementioned set of reference data

for the subject reaction (43% yield in 3 h at 78 �C), it could be estimated, for exam-
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ple, that the reaction could proceed to 79% yield in 34 min at 150 �C or in 87%

yield after 5 min at 204 �C. For both estimates, all of the variables of time, tem-

perature, and yield or conversion differ from those in the reference data set. Such

estimates are not produced at random, but are based on data for the conditions

requested and sought by the investigator.

For any specific reaction, a calculation requires one set of experimentally deter-

mined reference data with regard to temperature, time, yield or conversion, along

with the desired reaction temperature or time and yield or conversion: a total of

three experimentally established and two requested items of data [43]. The soft-

ware can then estimate the one remaining unknown, from time, temperature,

yield, or conversion.

3.9

Conclusion

Microwave-assisted organic chemistry has developed into a significant field and

continues to experience exponential growth and to command its own dedicated, in-

ternational conferences. The number of papers in peer-reviewed journals began

with two in 1986, grew to 220 by mid-1995, was well over 1000 by 2002 and

probably has trebled since then. Commercial microwave reactors based upon the

principles of the CMR and MBR have found applications in the research and

manufacture of high-value low-volume chemicals. They satisfy criteria concerning

measurement and control of reaction conditions, failsafe procedures, advantages

unavailable with conventional equipment, and capabilities for scaling-up and

scaling-down chemical processes.

Pressurized microwave reactors, through a capability of accommodating organic

solvents safely, have significantly extended the useful operating temperature range

for low-boiling organic solvents. They have enabled new chemical processes that

require moderate temperatures.

Economic and safety considerations encourage minimum stockpiling of chem-

icals and avoidance of transport of hazardous substances. These increasing de-

mands present opportunities for microwave chemistry in the development of envi-

ronmentally benign methods for preparation of intermediates, specialty, chemicals

and pharmaceutical products. Within the next few years individual chemical reac-

tors may be required to perform diverse tasks and to be easily relocated as commu-

nity pressure mounts to restrict movement of chemicals by road, rail, air, and sea.

Future requirements could include quick start up and shut down, capability to pro-

duce high yields with minimum development, low holding capacity, almost com-

plete elimination of waste, with the potential for accidents during transportation

and storage being avoided by just-in-time, point-of-use production.

The MBR and CMR are portable, multi-purpose and self-contained, features that

could become increasingly important in this regard. Their rapid throughput capa-

bilities and the materials of construction enable easy cleaning for re-use and pro-

mote short turnaround times. Safety advantages include control and method of
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energy input, low volumes undergoing reaction at one time and opportunities for

remote, programmable operation.
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4

Nonthermal Effects of Microwaves

in Organic Synthesis

Laurence Perreux and André Loupy

4.1

Introduction

Microwave (MW) activation has become widely accepted and very popular uncon-

ventional technology in organic chemistry as an alternative to, and often improve-

ment on, conventional heating. This statement is clearly evident from the annual

number of publications on MW-assisted organic chemistry as growing rapidly with

more than 2500 publications up to the end of 2005 since the pioneering work of

Gedye [1] and Giguere [2] in 1986 (Fig. 4.1).

The main results are compiled in exhaustive reviews [3–7] and books [8–11].

Most of these publications describe important acceleration for a wide range of or-

ganic reactions, especially when conducted under solvent-free conditions. The

combination of solvent-free reaction conditions and microwave irradiation leads to

large reductions in reaction times, enhancements in conversions, and, sometimes

[4, 12], in selectivity with several advantages of the eco-friendly approach, termed

‘‘Green Chemistry’’.

A substantial number of these reports are however based on inaccurate or un-

founded comparisons with classical conditions which do not enable unequivocal

conclusions to be made about microwave effects. Very often, for this reason, some

apparent contradictions and controversies have appeared in the literature [13–17].

To try to rationalize all these results, it is necessary to propose a plausible interpre-

tation of the effects based on accurate and reliable data resulting from strict com-

parisons between reactions conducted with microwave irradiation or conventional

heating and, otherwise, similar conditions (reaction medium, temperature, time,

pressure) [4, 18–20]. A monomode microwave reactor which gives wave focusing

should preferably be used (for reliable homogeneity in the electric field) and accu-

rate control of the temperature (using an optical fiber or by infrared detection)

throughout the reaction [4, 21]. This gives the possibility of operating with rather

similar profiles of temperature increases in both kinds of activation. Based on such

strict comparisons, it then becomes possible to make an educated judgment about

the suitability, or otherwise, of using microwave irradiation according to reaction

type and experimental conditions.
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4.2

Origin of Microwave Effects

Microwave (MW) irradiation consists in electromagnetic waves in the range 0.3 to

300 GHz (i.e. wavelengths from 1 cm to 1 m). All standard equipment (domestic

ovens or more specifically dedicated reactors for chemical synthesis, cf. Chapters 1

and 2) operate at a frequency of n ¼ 2:45 GHz (corresponding to l ¼ 12:2 cm) to

avoid interferences with radio and radar frequencies. When applying Planck’s law

(E ¼ hc=l), the energy involved in material–MW interactions is much to low

(approx. 1 J mol�1) to induce chemical activation. It is even much lower than the

energy of Brownian motion. Thus, absorption of MW by materials is mainly con-

nected with electromagnetic interactions which are specific to polar molecules

(dipoles) and increasingly important when the polarity of materials is increased.

MW-enhanced chemistry is based on the efficiency of interactions of molecules

with waves by ‘‘microwave dielectric heating’’ effects. This phenomenon depends

on the ability of materials to absorb MW radiation and convert it into heat. The

electric component of the electromagnetic field has been shown to be the most im-

portant [22–24]. It results in two main mechanisms – dipolar polarization and ionic

conduction. Irradiation of polar molecules at MW frequencies results in orienta-

tion of the dipoles or ions in the applied electric field (Scheme 4.1) [25].

One can, consequently, thus distinguish two main effects:

� electrostatic polar effects which lead to dipole–dipole-type interactions between the

dipolar molecules and the charges of the electric field (Scheme 4.1, b). These re-

Fig. 4.1. Number of publications dealing with microwave

irradiation in organic synthesis for the period 1986–2005.
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sult in energy stabilization which is electrostatic in nature. This phenomenon

could be the origin of specific nonthermal effects and is expected to be rather simi-

lar to dipole–dipole interactions induced by a polar solvent [26] (ex: DMSO).

� thermal effects (dielectric heating) result from the tendency of the dipoles to follow

the inversion of the alternating electric field and induce energy dissipation in the

form of heat through molecular friction and dielectric loss (Scheme 4.1, c). This

energy dissipation in the core of materials enables much more regular tempera-

ture distribution compared with conventional heating. Classical thermal phe-

nomena (conduction, convection, radiation, etc.) only play a secondary role in

the a posteriori equilibration of temperature.

In this range of frequency, the charge space polarization [22, 23, 27] can also inter-

vene and can be of prime importance with semiconductors, because it concerns

materials which contain free conduction electrons. This phenomenon is essential

in the heating of more or less magnetic solid particles, for example a variety of

mineral oxides or metallic species.

The acceleration of reactions by microwave exposure results from material–wave

interactions leading to thermal effects (which may be easily estimated by tempera-

ture measurement) and specific (not purely thermal) effects. Clearly, a combination

of these two contributions can be responsible for the observed effect, discussed in

Scheme 4.1. Effects of the surrounding electric field on the

mutual orientation of dipoles (a) without any constraint,

(b) submitted to a continuous electric field, and (c) submitted

to an alternating electric field of high frequency.
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terms of thermal and nonthermal specific effects [5, 28], which are clearly shown

to be dependent on medium and reaction mechanisms (see below).

For liquid products (example solvents), only polar molecules selectively absorb

microwaves – nonpolar molecules are inert to microwave dielectric loss. In this

context of efficient microwave absorption, it has also been shown that higher boil-

ing points could be observed when solvents are submitted to microwave irradiation

conditions compared with conventional heating. This effect, called the ‘‘superheat-

ing effect’’ [29, 30] has been attributed to retardation of nucleation in microwave

heating (Table 4.1).

It is clearly connected to the effect of stirring and the presence of a nucleation

regulator [31]. It is also related to the microwave power. This effect has been

shown to be eliminated when the experiments are performed with well-stirred mix-

tures [32–35] using low microwave power. It could, however, be connected with the

absence of stirring, i.e. in closed vessels inside a domestic microwave oven.

4.3

Specific Nonthermal Microwave Effects

The effect of microwave irradiation in chemical reactions can be attributed to a

combination of the thermal and nonthermal effects, i.e. overheating, hot spots,

and selective heating, and nonthermal effects of the highly polarizing field, in ad-

dition to effects on the mobility and diffusion that may increase the probabilities of

effective collisions. These effects can be rationalized considering the Arrhenius law

[36, 37] and result from modification of each of the terms of the equation

k ¼ A expð�DGz=RTÞ

1. Increase in the pre-exponential factor, A, which is representative of the probability

of molecular impacts. The collision efficiency can be effectively influenced by

Tab. 4.1. Boiling points (�C) of some polar solvents under MW

irradiation in the absence or presence of a nucleation regulator.

Solvent Boiling point Microwave exposure

Multimode [11, 12] Monomode (100 W) MonomodeB

boiling chips

Water 100 105 100 100

1-Heptanol 176 208 180 173

Ethyl acetate 77 102 92 77

Chloroform 61 89 85 62

Cyclohexanone 155 186 168 155
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mutual orientation of polar molecules involved in the reaction. Because this fac-

tor depends on the vibration frequency of the atoms at the reaction interface, it

could be postulated that the microwave field might affect this one. Binner et al.

[38] explained the increased reaction rates observed during the microwave syn-

thesis of titanium carbide in this way:

Calculations have shown that the faster diffusion rates might be explained by an

increase in the factor A with no change in activation energy. Miklavc [39], by

analyzing the rotational dependence of the reaction OþHCl ! OHþ Cl, con-

cluded that marked acceleration may occur as a result of the effects of rotational

excitation on collision geometry.

2. Intervention of localized high temperatures:
– either at a microscopic level [20, 40] as postulated in sonochemistry to justify

the sonochemical effect [36]. There is an unavoidable lack of experimental ev-

idence as we can, necessarily, only have access to macroscopic temperature. It

was suggested that, in some examples, MW activation could originate from

hot spots generated by dielectric relaxation on a molecular scale;

– or at a macroscopic level, because it is essential when strong MW-absorbing

solid catalysts, for example graphite [41] or Magtrieve (an oxidant) [42], are

involved, where the (high) temperatures are not homogeneously distributed.

Some controversy also exists about the effects of MW irradiation in heteroge-

neous catalysis, however, because modification of the catalyst’s electronic

properties, and even structure, has also been proposed [43].

3. Decrease in the activation energy DGz is certainly the main effect. When consider-

ing the contribution of enthalpy and entropy to the value of DGz ½DGz ¼
DHz � TDSz�, it may be predicted that the magnitude of the �TDSz term would

decrease in a microwave-induced reaction, this being more organized when

compared with classical heating as a consequence of dipolar polarization.

Lewis et al. [44] presented experimental evidence for such an assumption after

measurement of the dependence of rate constants on temperature for the unimo-

lecular imidization of a polyamic acid (Eq. (1), Fig. 4.2, Table 4.2).

ð1Þ

where NMP ¼ N-methylpyrrolidinone.

The apparent activation energy is substantially reduced. The same evidence, i.e.

a decrease in DGz, was also observed for the decomposition of sodium hydrogen
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carbonate in aqueous solution [45]:

2NaHCO3 ! Na2CO3 þH2Oþ CO2

To justify this reduction in the energy of activation one can assume greater stabi-

lization by the MW of the transition state (TS) of the reaction when compared with

its ground state (GS) (Fig. 4.3).

This is presumably true when the polarity increases during the course of the re-

action, i.e. if the TS is more polar than the GS. It will be true for a reaction in

which the dipole moment is enhanced from GS to TS [5].

The effects of the electric field, E, have been determined, by ab initio calcula-

tions, by evaluating the saving in the standard enthalpy of formation ðDHf Þ of dif-
ferent ion-pairs MþX� on application of electric fields (regarded as dipolar, uni-

form, and continuous) of different types [46]. Calculations were based on the

effect of the electric field E (with optimum effects when considering E to be collin-

ear with the dipole moment) according to ion-pair dissociation by considering the

stabilization (decreases in DHf ) as a function of the interatomic distance, d, be-
tween Liþ and F� and the nature of ions at their equilibrium distance for several

Tab. 4.2. Results from the Arrhenius plots in Fig. 4.2.

Activation mode DG‡ (kJ molC1) log A

MW 57G 5 13G 1

D 105G 14 24G 4

Fig. 4.2. First-order kinetic plots for microwave (MW) and

thermal (D) activation of the imidization reaction.
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Fig. 4.4. Dependence of the energy of stabilization by E

(norm ¼ 5� 108 V m�1) on the interionic distance d (Li � � � F).

Fig. 4.3. Relative stabilization of TS and GS and the effect on DGz.

Tab. 4.3. Effect of the electric field E (norm ¼ 5� 108 V m�1)

on the equilibrium distance of ion-pairs.

Salt dequil: (Å) DEstab: (kJ molC1)[a] m (Debye)

LiCl 2.07 �7.93 7.6

NaCl 2.40 �9.88 9.5

KCl 2.80 �11.99 11.5

aDecrease in the enthalpy of formation
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Mþ (Li, Na, K) and X� (F, Br, Cl). The main results are illustrated in Fig. 4.4 and

Table 4.3.

It is obvious from this theoretical approach that the energetic stabilization of ion-

pairs induced by interaction with the electric field E becomes increasingly impor-

tant as the size of the ions and their dipole moments ðmÞ increase. The more polar

ion-pairs are more stabilized by E, clearly increasing from tight to loose ion-pairs,

i.e. with their dissociation and polarity.

4.4

Effects of the Medium

Microwave effects can be treated according to the reaction medium. Solvent effects

are of particular importance [47, 48].

4.4.1

Polar Solvents

If polar solvents are used, either protic (e.g. alcohols) or aprotic (e.g. DMF,

CH3CN, DMSO, etc.), the main interaction might occur between MW and polar

molecules of the solvent. Energy transfer is from the solvent molecules (present

in large excess) to the reaction mixtures and the reactants, and it would be expected

that any specific effects of MW on the reactants would be masked by solvent ab-

sorption of the field. The reaction rates should therefore be nearly the same as

those observed under conventional heating ðDÞ.
This is essentially true, as evidenced by the rates of esterification in alcoholic

media of propan-1-ol with ethanoic acid [49] (Fig. 4.5) or of propan-2-ol with mesi-

Fig. 4.5. Comparative conversions under the action of MW

and D during esterification of propanol with ethanoic acid.

(a) H2SO4 catalyst, D; (b) H2SO4 catalyst, MW; (c) silica

catalyst, D; (d) silica catalyst, MW.
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toic acid [50]. The absence of a specific MW effect became apparent from several

experiments carefully conducted in alcohols or in DMF with similar conditions

under MW or classical heating [15].

More recently [51], the MW-mediated Biginelli dihydropyrimidine synthesis (Eq.

2) was reinvestigated using a purpose-built commercial microwave reactor with on-

line temperature, pressure, and microwave power control. When transformations

were performed with MW heating at atmospheric pressure in ethanol solution

there was no increase in either rate or yield when the temperature was identical

with that used for conventional heating. The only significant rate and yield en-

hancements were obtained when the reaction was performed under solvent-free

conditions in an open system.

ð2Þ

A rapid and efficient procedure for flash heating by microwave irradiation has

been described for attachment of aromatic and aliphatic carboxylic acids to chloro-

methylated polystyrene resins via their cesium salts (Eq. 3) [35]:

ð3Þ

Significant rate accelerations and higher loadings are observed when the

microwave-assisted procedure was compared with the conventional thermal proce-

dure. Reactions times were reduced from 12 to 48 h with conventional heating at

80 �C to 5–15 min with MW flash heating in NMP at temperatures up to 200 �C.

Finally, careful kinetic comparison studies have shown that the observed rate en-

hancements can be attributed to the rapid direct heating of the solvent (NMP)

rather than to a specific nonthermal microwave effect [35].

The synthesis of b-lactams from diazoketones and imines can be realized not

only by using photochemical reaction conditions but also under the action of mi-

crowave irradiation. When the reaction was performed in o-dichlorobenzene at

180 �C, however, the rates of the thermal and microwave-assisted formation of b-

lactams were shown to be identical within the limits of experimental error (80–

85% conversion after 5 min) [52].

As described above, however, some rather small differences could appear, taking

into account the superheating effect of the solvent under the action of microwaves

in the absence of any stirring. This probably occurs in the isomerization of safrole

and eugenol in ethanol under reflux (MW 1 h compared with D 5 h to obtain equiv-

alent yields) [53].
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It was suggested superheating of the solvent was responsible for the observed

rate enhancement under the action of microwave irradiation of the synthesis of

3,5-disubstituted 4-amino-1,2,4-triazoles in 1,2-ethyleneglycol as (polar) solvent

(Eq. 4) [54]:

ð4Þ

The yields obtained by use of MW and D were clearly different for very short re-

action times and became similar after 15 min at 130 �C (Fig. 4.6).

4.4.2

Nonpolar Solvents

More striking is the use of nonpolar solvents (e.g. xylene, toluene, carbon tetra-

chloride, hydrocarbons), because these are transparent to, and only weakly absorb

microwaves. They can, therefore, be used to enable specific absorption by the reac-

tants. If these reactants are polar, energy transfer from the reactants to the solvent

occurs and the results may be different under the action of MW and D. This effect

seems to be clearly dependent on the reaction and was therefore the subject of con-

troversy. In xylene under reflux, for example, no MW-specific effect was observed

Fig. 4.6. Dependence of on time for 3,5-diphenyl-4-amino-triazole synthesis at 130 �C.
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for the Diels–Alder [13] reaction depicted by Eq. (5), whereas important specific

effects were described for aryldiazepinone synthesis [55, 56] (Eq. 6):

ð5Þ

ð6Þ

These examples will be discussed and explained later during discussion of the

dependence of MW effects on reaction mechanism.

The effect of solvent clearly seems to be very important with regard to the possi-

bility of MW-specific effects. These decrease when the polarity of the solvent is in-

creased. This effect was shown in at least two studies by Berlan et al. [33] and,

later, by Bogdal [57]. In the first study, the acceleration under the action of MW

was much more apparent in xylene (m ¼ 1 Debye) than in the more polar dibutyl

ether (m ¼ 4 Debye) for the Diels–Alder reaction of 2,3-dimethylbutadiene with

methylvinylketone (Fig. 4.7).

In the second investigation [57], involving synthesis of a coumarin by Knoevena-

gel condensation, supported by rate constant measurements and activation energy

calculations, it was found that the effect of MW was more important when the re-

action was conducted in xylene whereas it was noticeably reduced in ethanol (Eq.

(7), Table 4.4).

Tab. 4.4. Rate constants (�103) for the reaction depicted in Eq. (7).

T (̊ C) Xylene k1 (mol L sC1) Ethanol k1 (mol L sC1)

MW D MW D

60 5.7 2.2 6.9 4.9

80 12.2 3.7 12.9 8.6
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ð7Þ

Fig. 4.7. Dependence of yields on time for the Diels–Alder reaction at 95 �C.
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4.4.3

Solvent-free Reactions

Microwave effects are mostly likely to be observed in solvent-free reactions [4]. In

addition to the preparative interest of these methods in terms of use, separation,

and economical, safe, and clean procedures (green chemistry), absorption of micro-

wave radiation should now be limited to the reactive species only. The possible spe-

cific effects will therefore be optimum, because they are not moderated or impeded

by solvents. They can be accomplished by to following three methods [4, 58]:

1. reactions between the neat reagents, in quasi-equivalent amounts, requiring at

least one liquid phase in heterogeneous media and leading to interfacial reac-

tions [58–61];

2. solid–liquid phase-transfer catalysis (PTC) conditions, in anionic reactions us-

ing the liquid electrophile as both reactant and organic phase and a catalytic

amount of tetraalkylammonium salts as the transfer agent [62]; and

3. reactions using impregnated reagents on solid mineral supports (aluminas, sili-

cas, clays) in dry media [4, 12, 63].

Some other specific effects with different origins could, however, arise from the

supports. The mineral supports are usually poor heat conductors, i.e. significant

temperature gradients can develop inside the vessels under the action of conven-

tional heating. In contrast, they behave as efficient absorbers of microwave energy

with consequently good homogeneity in temperature (Scheme 4.2).

Finally, because the interpretation proposed for specific MW nonthermal effects

is rather similar to that for solvent effects (Hughes-Ingold theory), one can expect

that aprotic polar solvents can be removed and replaced by MW activation requir-

ing operation with a nonpolar solvent or, much better, under solvent-free condi-

tions. In this situation we add also advantages of green chemistry conditions. In

Scheme 4.2. Temperature gradients in materials submitted

either to traditional heating (a) or to microwave irradiation (b).
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important work this analogy has been verified in an example involving regioselec-

tivity [106]. The phenacylation of 1,2,4-triazole (Eq. (8), Table 4.5) was shown to be

solvent-dependent under the action of conventional heating. When using MW irra-

diation in either xylene or solvent-free conditions, the same selectivity is obtained

as is observed classically in DMF. A very important specific MW effect is apparent

from the regioselectivity which is similar to that when polar solvents are used. This

finding is good support of our hypothesis and tentative of rationalization of polar

MW effects.

ð8Þ

4.5

Effects Depending on Reaction Mechanisms

The effects of MW result from material–wave interactions and, because of the di-

polar polarization phenomenon, the greater the polarity of a molecule (for example

the solvent) the more pronounced the MW effect when temperature is increased

Tab. 4.5. Results from the phenacylation of 1,2,4-triazole.

Conditions Mode N1 N4 N1‚ 4

DMF D or MW 95 5 0

o-xylene D 32 28 40

MW 100 0 0

No solvent D 33 29 38

MW 100 0 0
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[64]. In terms of reactivity and kinetics, a specific effect has therefore been consid-

ered; this is related to the reaction mechanism and, in particular, how the polarity

of the system is altered during the progress of the reaction. These assumptions are

evidently connected with the Hughes–Ingold model [65], universally adopted to ex-

plain solvent effects [26] and, especially, the intervention of aprotic dipolar solvents.

Specific microwave effects can be expected for polar mechanisms, when the polarity is
increased during the reaction from the ground state to the transition state (as more or

less implied by Abramovich in the conclusion of his review in 1991 [66]). The out-

come essentially depends on the medium and the reaction mechanism. If stabiliza-

tion of the transition state (TS) is more effective than stabilization of the ground

state (GS), the result is enhancement of reactivity by reduction of the activation en-

ergy (Fig. 4.3), because of dipole–dipole type electrostatic interactions of polar mol-

ecules with the electric field.

4.5.1

Isopolar Transition-state Reactions

Isopolar activated complexes differ very little or not at all in charge separation or

charge distribution from the corresponding initial reactants. These complexes are

implied in pericyclic reactions such as Diels–Alder cycloadditions and the Cope

rearrangement.

Ground and transition states have a priori identical polarity, because no charges

are developed during the reaction path. Following this rule, specific microwave ef-

fects would not be expected in these reactions (Fig. 4.8), as has been verified when

the reactions were performed in a nonpolar solvent [13, 14]. Solvent effects in

these reactions are also small, or negligible, for the same reasons [67].

Such a conclusion is, nevertheless, connected with the synchronous character of

the mechanism. If a stepwise process is involved (non-simultaneous formation of

the two new bonds), as is the situation when dienes and (or) dienophiles are un-

symmetrical or in hetero Diels–Alder reactions, a specific microwave effect could

intervene as charges are developed in the transition state. This could certainly be

true of several cycloadditions [68, 69] and, particularly, for 1,3-dipolar cycloaddi-

Fig. 4.8. Similar stabilization of isopolar TS and GS (concerted synchronous mechanism).
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tions [70]. Such an assumption was verified experimentally and justified by consid-

ering theoretical calculations predicting an asynchronous mechanism in the cyclo-

addition of N-methylazomethine ylide to C70 fullerene [48] (Eq. 9).

ð9Þ

During the course of a study of the ½3þ2�cycloaddition of azidomethyldiethyl-

phosphonate to acetylenes and enamines leading to alkyltriazoles under solvent-

free conditions, we observed that specific effects can be involved, depending on

the nature of the substituents on the dipolarophiles [71] (Eq. 10, Table 4.6). They

were explained by considering the nonsynchronous character of the mechanism.

ð10Þ

The synthesis of biologically significant fluorinated heterocyclic compounds was

accomplished by 1,3-dipolar cycloaddition of nitrones to fluorinated dipolarophiles

Tab. 4.6. Thermal or microwave activation for the cycloaddition depicted in Eq. (10).

R1 R2 Activation Conditions Yield (%)[a]

t (min) T (̊ C)

CH3 P(O)(OEt)2 D 20 90 5

MW 20 90 78

H CO2Et D 5 100 70

MW 5 100 92

C6H5 CO2Et D 10 160 >98

MW 10 160 >98

H C6H5 D 30 120 40

MW 30 120 >98

H CH2OH D 30 100 40

MW 30 100 >98

aThe ratio of the two isomers formed remained identical under

both conditions of activation

4.5 Effects Depending on Reaction Mechanisms 149



[72]. This reaction was noticeably improved under solvent-free conditions and us-

ing microwave irradiation (Eq. (11), Table 4.7).

ð11Þ

It is apparent there is a definite advantage to operating under solvent-free condi-

tions. The specific microwave effect here is of rather low magnitude but evident,

because after 3 min the yield increases from 64 to 98%. Prolongation of the reac-

tion time with classical heating led to an equivalent result. The microwave effect is

rather limited here, because of a near-synchronous mechanism.

Loupy et al. [73] described the reaction of 1-ethoxycarbonylcyclohexadiene (I) and

3-ethoxycarbonyl-a-pyrone (II) under solvent-free conditions – an irreversible

Diels–Alder cycloadditions with an acetylenic compound. Because a specific micro-

wave effect was apparent for compound II only (Fig. 4.9), it was concluded that

higher yields are related to variation of the dipole moment from the ground state

GS to the transition state TS. These conclusions are supported by results from ab
initio calculations (Table 4.8).

From these calculations, it is obvious to conclude that the first reaction is syn-

chronous with similar bond lengths formed whereas the second one is asynchro-

nous with quite different bond lengths formed. Furthermore, the dipole moments

remained the same for GS and TS in the first reaction whereas they are noticeably

increased in the TS for the second. All these conclusions strongly support the evi-

dence and interpretation of important specific not purely thermal MW effects

when asynchronous mechanisms are involved.

Tab. 4.7. Thermal or microwave activation for the cycloaddition depicted in Eq. (11).

Activation Conditions Yield (%)

Solvent Time Temp. (̊ C)

D toluene 24 h 110 65

MW none 3 min 119 98

D none 3 min 119 64

D none 30 min 119 98
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MW effects can therefore act as a useful tool enabling appreciation of the asyn-

chronicity of TS. This is especially true of 1,3-dipolar cycloadditions (cf. Chapter

11) [76]. Because these reactions are well-known to proceed via asynchronous

mechanisms, MW-specific effects are expected, and were often apparent when

MW and D were seriously checked under similar sets of conditions [77, 78]. A spe-

cific case is illustrated here (Fig. 4.10) [79].

4.5.2

Bimolecular Reactions Between Neutral Reactants Leading to Charged Products

Typical reactions are amine and phosphine alkylations or additions to a carbonyl

group (Scheme 4.3). In these examples, because of the development of dipoles in

Tab. 4.8. Lengths of the bonds formed and dipole moments of

the reagents (GS ¼ ground state and TS ¼ transition state)

performed at the HF/6.31G(d) level.

Reaction Dipole moments (Debye) Bond lengths in TS (Å)

GS TS 1–8 4–7

I 2.2 and 2.4 1.9 2.16 2.16

II 2.2 and 2.3 4.8 2.38 2.03

Fig. 4.10. Synthesis of pyrrolidines by condensation of the

O-allylic compounds with ethyl sarcosinate.
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the TS, we are concerned with a polarity increase during the course of the reaction

starting from the GS toward the TS. Favorable microwave effects are consequently

expected.

The magnitude of these effects might be related to the nature of substituents a to

N or P and to the structure of the leaving group, as exemplified by several observa-

tions that will be described and discussed below.

4.5.3

Anionic Bimolecular Reactions Involving Neutral Electrophiles

These reactions comprise nucleophilic SN2 substitutions, b-eliminations, and nu-

cleophilic additions to carbonyl compounds or activated double bonds, etc. They in-

volve the reactivity of anionic species Nu� associated with counter-ions Mþ to form

ion-pairs with several possible structures [80] (Scheme 4.4).

Scheme 4.3

Scheme 4.4
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The transition states loose ion-pairs in so far as they involve charge-delocalized

anions, thereby enhancing polarity compared with the ground states (in which the

ion-pairs are tighter), because of an increase in anionic dissociation as the more

bulky product anion is formed. As a consequence, specific microwave effects, directly
connected to polarity enhancement, should depend on the structure of reactive ion-pairs
in the GS:

� If tight ion-pairs (between two hard ions) are involved in the reaction, the micro-

wave accelerating effect then becomes more important, because of enhancement

of ionic dissociation during the course of the reaction as tight-ion-pairs (GS) are

transformed into more polar loose ion-pairs (TS).
� If, on the other hand, loose ion-pairs (between soft ions) are involved, microwave

acceleration is limited, because ionic interactions are only slightly modified from

GS to TS.

This duality in the behavior of some SN2 reactions can be foreseen and observed

(vide infra) by comparing reactions involving hard or soft nucleophilic anionic re-

agents according to the cation and the leaving group.

4.5.4

Unimolecular Reactions

Entropic contributions to the acceleration of first-order reactions by microwaves

should be negligible ðDSz ¼ 0Þ. When ionization (SN1 or E1) or intramolecular ad-

dition (cyclization) processes are involved a microwave effect could be viewed as

resulting from a polarity increase from the GS to the TS, because of the develop-

ment of dipolar intermediates (Scheme 4.5).

Scheme 4.5
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4.6

Effects Depending on the Position of the Transition State Along the Reaction

Coordinates

The position of the transition state along the reaction coordinates in relation to the

well-known Hammond postulate [81] will be considered as it is of important influ-

ence to interpret any medium and structural effects.

If the activation energy DGz of a reaction is only small, the TS looks like the GS

(it is depicted as a ‘‘reactant-like transition state’’). Consequently, the polarity is

only slightly modified between the GS and TS during the course of the reaction

and only weak specific microwave effects can be foreseen under these conditions

(exothermic reactions).

By way of contrast, a more difficult reaction implies a higher activation energy.

The TS therefore occurs later along the reaction path (endothermic reactions)

and, consequently, the effect of polarity effects might be significantly larger. It
might be assumed that a microwave effect should be more pronounced when the TS oc-
curs later along the reaction coordinates (depicted more as a ‘‘product-like transition

state’’) and is, therefore, more prone to develop increased polarity (Scheme 4.6).

This conclusion is in agreement with a remark of Lewis who stated that ‘‘slower

reacting systems tend to show a greater effect under microwave radiation than

faster reacting ones’’ [82]. In this way, during solvent-free Wittig olefination with

phosphoranes, it was shown that the benefit of MW irradiation increases with less

reactive systems. The best stabilized phosphoranes do not react at all in the solid

state with aldehydes or ketones under conventional heating but necessitate MW ir-

radiation [83].

Consequently, a microwave effect can be important when steric effects are in-

volved in a reaction, as exemplified by the increased magnitude of the effect for

saponifications of hindered mesitoic esters relative to benzoic esters [84] (vide
supra).

Scheme 4.6. (a) small DGz ! early TS ! little change in

polarity TS/GS ! weak microwave effect; (b) large DGz ! late

TS ! important change in polarity TS/GS ! large microwave

effect.
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4.7

Effects on Selectivity

A few examples of increased selectivity can be found in the literature [85–90]

where the steric course, and the chemo- or regioselectivity of reactions can be al-

tered under the action of microwave irradiation compared with conventional heat-

ing. They have been listed and discussed in a recent review by De la Hoz et al. [91]

and are discussed in Chapter 5 of this book. The main problem when trying to at-

tribute accurately any MW effect lies in the fact that the kinetic control of reactions
is not ensured. Of course, the only serious conclusions need to eliminate the ther-

modynamic control of reactions which is, unfortunately, highly probable when

high temperatures are concerned.

Related to this issue, which could be extremely interesting, is that simultaneous

external cooling of reaction mixture while heating with MW leads to enhancement

of the overall process. This is now possible using a Coolmate system from CEM. It

enables greater MW power to be applied directly to the reaction mixture and pre-

vents overheating. Some results appeared [92, 93] but are limited to savings of re-

action time whereas promising results could be expected for selectivity, particularly

in asymmetric induction which usually needs low temperatures.

As another consequence of the assumptions above, it might be foreseen that spe-

cific nonthermal MW effects could be important in determining the selectivity of

some reactions. When competitive reactions are involved, the GS is common for

both processes. The mechanism occurring via the more polar TS could, therefore,

be favored by use of microwave radiation (Scheme 4.7).

Langa et al. [48, 94, 95], while performing cycloaddition of N-methylazomethine

ylide with C70 fullerene, proposed a rather similar approach. Theoretical calcula-

tions predict an asynchronous mechanism, suggesting that this phenomenon can

be explained by considering that, under kinetic control, ‘‘microwave irradiation will

favor the more polar path corresponding to the hardest transition state’’.

Two representative examples from our laboratory will be described below. The

first concerns the aromatic nucleophilic substitution (SNAr) of potassium methox-

ide with either activated (p-nitrophenyl) or nonactivated (a-naphthyl) aromatic

Scheme 4.7. The more polar TS1 is more stabilized by dipole–

dipole interactions with the electric field and, therefore, is more

prone to microwave effects.
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chlorides under solid–liquid solvent-free phase-transfer catalysis [96]. Under simi-

lar sets of conditions and identical profiles of increasing temperature, yields were

largely improved under the action of MW irradiation compared with conventional

heating ðDÞ, because of the disappearance of many by-products resulting from rad-

ical reactions (Fig. 4.11).

This observation is a striking example of the effect of MW on selectivity, because

the less polar mechanism involving radical reactions is now disappearing in com-

parison with the more polar SNAr mechanism.

A second example is the competition between Diels–Alder cycloaddition and Mi-

chael addition during the reaction of 2-methoxythiophene III with DMAD under

solvent-free conditions [73] (Fig. 4.12).

Microwaves were shown to affect both reactivity and selectivity. The effect on

yield is rather limited in the Diels–Alder reaction and found to be higher in the

Michael addition. This process was even more favored by use of acetic acid as the

solvent. These results can be explained by the natural assumption that the transi-

tion state leading to Michael addition (M) much more polar than that leading to

Diels–Alder cycloaddition (DA).

These assumptions were confirmed by calculations performed on the common

GS and each TS, and consideration of the dipole moments. When one considers

the relative dipole moments of the TS, the polarity is higher for that leading to Mi-

chael addition. Consequently, under MW activation, one can expect enhancement

in M compared with DA. The most important factor affecting the selectivity is the

solvent; a protic solvent stabilizes the more polar TS, thus strengthening the ten-

dency revealed in its absence.

4.8

Some Illustrative Examples

To illustrate these trends, we now present some typical illustrative examples. These

were selected because strict comparisons of microwave and classical heating activa-

tion were made under similar conditions (time, temperature, pressure, etc . . .) for

the same reaction medium and using, preferably, a single mode system equipped

with stirring. They mostly involve reactions performed under solvent-free condi-

tions or, occasionally, in a nonpolar solvent, because these conditions also favor ob-

servation of microwave effects.

4.8.1

Bimolecular Reactions Between Neutral Reactants

These reactions are among the most propitious for revealing specific microwave

effects because the polarity is evidently increased during the course of the reaction

from a neutral ground state to a dipolar transition state.
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4.8.1.1 Nucleophilic Additions to Carbonyl Compounds

The most typical situation is addition of an amine to a carbonyl group (Eq. 12):

ð12Þ

This example covers very classical processes such as the syntheses of a wide va-

riety of compounds including imines, enamines, amides, oxazolines, hydrazones

etc . . .

Amines

Imine or enamine synthesis It has been shown by Varma et al. [97] that reaction of

primary and secondary amines with aldehydes and ketones is substantially acceler-

ated by microwaves under solvent-free conditions in the presence of montmorillon-

ite K10 clay, affording high yields of imines and enamines (Eq. 13):

Fig. 4.12. Reaction of thiophene III with dimethylacetylenedicarboxylate (DMAD) E ¼ CO2Me.
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ð13Þ

A more elaborate example is the Niementowski reaction to give access to quina-

zolinones and quinolines [98]. The determining step is the reaction of anthranilic

acid with some amides or ketones (Eq. 14):

ð14Þ

It has been shown that a mixture of indoloquinazoline and anthranilic acid,

when adsorbed on graphite, leads to cyclization in good yields after 30 min at

140 �C in noticeably less time than for the purely thermal procedure under similar

conditions, in which a very poor yield was obtained even after 24 h [99].

Comparative results have been obtained in the synthesis of 3H-quinazolin-4-one

[100]. The fusion of anthranilic acid with formamide led to the formation of an o-
amidine intermediate and usually proceeded by intramolecular cyclization (Eq. 15):

ð15Þ

A large specific MW effect was observed in the solvent-free synthesis of N-

sulfonylimines, a similar type of reaction [101] (Eq. 16):

ð16Þ
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Intermolecular hydroacylation of 1-alkenes with aldehydes catalyzed by Wilkin-

son complex [Rh(PPh3)3Cl] was performed classically in toluene at 150 �C for 24

h to give access to a variety of ketones in good yields (70–90%). It was then shown

by Jun, Loupy et al. [102] that this reaction (under the action of homogeneous ca-

talysis) can be achieved better under solvent-free conditions with microwave activa-

tion and taking advantage of large specific MW effects. The authors attributed

these effects to formation of an aldimine by the in situ previous condensation of

aldehyde and aminopicoline giving an intermediate aldimine (Eq. 17):

ð17Þ

With the same type of molecule, nonthermal specific microwave effects were ap-

parent in the Wilkinson complex-catalyzed orthoalkylation of ketimines [103],

which occurred via initial transimination (Eq. 18):

ð18Þ

To explain this result, it may be assumed that the transimination by reaction of

the starting imine, 1, with 2-amino-3-picoline, 2, might be the rate-determining

step. In such a situation, the transition state is expected to be more polar and,

therefore, sensitive to MW dipole–dipole stabilization. The qualitative polarities be-

tween ground and transition states have been determined by PM3 computations,

and clearly showed the enhancement of the polarity during the process (Eq. 19):
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ð19Þ

Hydrazone synthesis In a typical example, a mixture of benzophenone and hydra-

zine hydrate in toluene resulted in 95% yield of the hydrazone within 20 min [104]

(Eq. 20):

ð20Þ

The hydrazone was subsequently treated with KOH under the action of MW ir-

radiation to undergo Wolff–Kishner reduction (leading to PhCH2Ph) within 25–30

min in excellent yield (95%). As an extension, the reaction of neat 5- or 8-oxoben-

zopyran-2(1H)-ones with a variety of aromatic and heteroaromatic hydrazines is re-

markably accelerated by irradiation in the absence of any catalyst, solid support, or

solvent [105] (Eq. 21). Kinetic considerations for the reaction between two solids

below their melting points have been explained by the formation of a eutectic

melt during the reaction:

ð21Þ

Amidation of carboxylic acids Uncatalyzed amidations of acids have been realized

under solvent-free conditions and a very important microwave effect was observed

[106, 107]. The best results were obtained by use of a slight excess of either amine
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or acid (1.5 equiv.). The reaction involves thermolysis of the previously formed am-

monium salt (acid–base equilibrium), and is promoted by nucleophilic attack of

the amine on the carbonyl moiety of the acid and removal of water at high temper-

ature. The large difference between yields (MWgD) might be a consequence of

interaction of the polar TS with the electric field (Eq. (22), Table 4.9):

ð22Þ

Considering that water can be removed at 150 �C equally for both types of activa-

tion, the noticeable difference in yields is clearly indicative of improved nucleo-

philic addition of the amine to the carbonyl group when performed under the

action of microwave irradiation.

During an extended study of the synthesis and polymerization of chiral metha-

crylamide, Iannelli and co-workers [108] conducted careful comparisons when per-

Tab. 4.9. Reaction of benzylamine with carboxylic acids at 150 �C for 30 min.

R Amine/acid Yield (%)

MW D

Ph 1:1 10 10

1.5:1 75 17

1:1.5 80 8

PhCH2 1:1 80 63

1.5:1 93 40

1:1.5 92 72

CH3(CH2)8 1:1 85 49
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forming the reaction of methacrylic acid and (R)-1-phenylethylamine. Kinetic com-

parisons of reactions performed under the action of MW or classical heating re-

vealed the greater selectivity of the MW-accelerated reaction. The use of differential

scanning calorimetry (DSC) enabled reproduction of almost the same heating pro-

file as observed under the action of microwaves (Eq. 23). Yields obtained under the

action of MW were by far better than those from simple thermal activation (Fig.

4.13).

ð23Þ

Under the MW conditions applied, important accelerations were observed to-

gether with better selectivity as the desired amidation was clearly preferred to the

Michael side-reactions observed under the action of conventional heating. Al-

though the debate about the existence of a so-called ‘‘specific microwave effect’’ re-

mains open, it is the authors’ opinion that their results cannot be attributed solely

to the exceptionally strong heating effects of MW. They therefore strongly under-

stand (as we do) that highly polar intermediates (zwitterions and salts) interact di-

rectly on a molecular level with the electromagnetic field associated with the micro-

wave.

Fig. 4.13. Comparative kinetic plots under the action of MW irradiation and in oil bath.
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The preparation of aliphatic, aromatic, or functionalized tartramides directly

from tartaric acid and amines under solvent-free conditions with MW irradiation

was also described (Eq. 24) [109]. Under identical profiles of temperature increase

(Fig. 4.14), the yields under the action of MW irradiation were far greater than with

conventional heating.

ð24Þ

Synthesis of 2-oxazolines Oxazolines can be readily synthesized by means of a

noncatalyzed solvent-free procedure by two successive nucleophilic additions on

a carbonyl group with the formation of an amide as an intermediate [110, 111]

(Eq. 25):

Fig. 4.14. Power and temperature evolutions during MW

irradiation in the amidation of tartaric acid.
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ð25Þ

When considering the overall mechanism, two consecutive steps leading to the

development of more polar TS than the GS can both be accelerated by specific

MW effects. The first is nucleophilic attack of the amine on the carbonyl moiety

(leading to an intermediate amide); the second is nucleophilic attack of the hy-

droxyl function on the carbonyl to achieve cyclization.

Facile syntheses of a variety of 2-substituted 2-oxazolines were obtained with N-

acylbenzotriazoles under mild conditions and short reaction times under MW irra-

diation (Eq. 26) [112]:

ð26Þ

With the same kind of molecule and the same method of synthesis, 4-arylidene-

2-phenyl-5(4H)-oxazolones were synthesized by the Erlenmeyer reaction from aro-

matic aldehydes and hippuric acid using calcium acetate under solvent-free condi-

tions (Eq. 27) [113]:
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ð27Þ

Finally, in a similar procedure, synthesis of long chain 2-imidazolines was real-

ized by condensation of aminoethylethanolamine with several fatty acids under

solvent-free MW conditions using CaO as support (Eq. 28) [114]:

ð28Þ

Synthesis of aminotoluenesulfonamides These compounds were prepared by reac-

tion of aromatic aldehydes with sulfonamides under the action of microwaves

in the presence of a few drops of DMF to enable better energy transfer [115]

(Eq. (29), Table 4.10):

Tab. 4.10. Reaction of 5-amino-2-toluenesulfonamide with aromatic aldehydes.

Ar Time (min) Yield (%)

MW (no DMF) MW (e DMF) D (e DMF)

p-NO2C6H4 1 40 98 5

o-ClC6H4 2 22 90 6

5-NO2 2-furyl 2 20 96 5
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ð29Þ

Thionation of carbonyl compounds A series of 1,4-dithiocarbonyl piperazines has

been synthesized from aldehydes, piperazine and elemental sulfur under the

action of microwave irradiation and solvent-free conditions. An important non-

thermal effect of the radiation was revealed (Eq. 30) [116]:

ð30Þ

This is consistent with nucleophilic attack of a neutral molecule (amine or sul-

fur) on the carbonyl compound, leading to a dipolar TS.

A series of g-thionolactones has been synthesized, with good yields, using a new

combination of Lawesson’s reagent (LR) and hexamethyldisiloxane (HMDO) in

solvent-free conditions under the action of MW irradiation (Eq. 31). An important

MW-specific effect was observed when the reaction yield was carefully compared

with that from traditional heating under similar conditions [189]:
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ð31Þ

Similarly, from the same laboratory, a new and practical procedure for synthesis

of isothiocyanates was described. They were readily obtained from the correspond-

ing isocyanates using Lawesson’s reagent under the action of MW irradiation and

solvent-free conditions [190] (Eq. 32). Important specific not purely thermal MW

effects were measured accurately here. Because thionation has been described to

occur via a polar transition state reaction [191], it is expected to be accelerated

under the action of MW irradiation; this could explain the significant rate enhance-

ment.

ð32Þ

Condensation of urea with carbonyl compounds A rapid and efficient MW-assisted

synthesis of hydantoins and thiohydantoins was described by Muccioli et al. [117].

The most straightforward conditions for synthesis of phenytoin are the base-

catalyzed condensation using benzil and urea, known as the Biltz synthesis (Eq.

33). MW activation of the Biltz synthesis of phenytoin improved both yield and re-

action time. The first step consists in MW activation of the reaction of benzil with

(thio)urea; the second includes the conversion of the resulting 2-(thio)hydantoin to

hydantoin using hydrogen peroxide. When reactions were performed at the same

temperature under both reaction conditions, yields were by far better under the

action of MW and emphasized the evident specific MW effects. These are perfectly

expected when one considers the polar TS involved in the first step (nucleophilic

addition of neutral NH2 group on carbonyl moiety).
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ð33Þ

The synthesis of metallophthalocyanines [118] from phthalic anhydride and urea

is another interesting example of a mechanism with charge development in

the transition state (Eq. 34) and in which a large specific microwave effect was

apparent.

ð34Þ
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Base-free ester aminolysis An efficient method of amide synthesis by solvent-free

ester aminolysis under the action of microwave activation has been described by

Toma et al. [119] (Eq. 35):

ð35Þ

The extraordinary specific microwave effects can be explained by important

enhancement of the polarity during the process, because of the involvement of a

dipolar transition state (Scheme 4.8).

Scheme 4.8
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Alcohols

Solvent-free esterification of fusel oil Fusel oil basically comprises a mixture of al-

cohols such as isopentanol and isobutanol. Synthesis of isopentyl stearate has been

performed using both MW irradiation and conventional heating under solvent-free

conditions (Eq. 36) [120]:

ð36Þ

The very important specific microwave effect is consistent with a mechanism

which involves the formation of a dipolar TS from neutral molecules (Scheme 4.9).

Synthesis of alkyl p-toluenesulfinates The reactions of aliphatic alcohols with p-
toluenesulfinic acid are accelerated by microwave irradiation under solvent-free

conditions in the presence of silica gel, affording a high-yielding synthesis of p-
toluenesulfinate esters [121] (Eq. 37):

Scheme 4.9
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ð37Þ

Synthesis of aminocoumarins by the Pechmann reaction Efficient synthesis of 7-

aminocoumarins has been performed by the Pechmann reaction between m-

aminophenols and b-ketonic esters. A comparative study of this procedure showed

that use of microwave irradiation reduced the reaction time from several hours, if

conventional heating was used, to a few minutes only (Eq. 38) [122]:

ð38Þ

Synthesis of cyclic acetals Cyclic ketals (potential cosmetics ingredients) have been

obtained in excellent yields from a cineole ketone under the action of microwave in

solvent-free conditions or in toluene. The results reported compared very favorably

with those obtained by use of conventional heating (Eq. (39), Table 4.11) [123].
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ð39Þ

Similarly, some cyclic ketals derived from 2-adamantanone were obtained in ex-

cellent yields thanks to microwave activation under solvent-free conditions [124]

(Eq. 40). The important specific MW effect observed is consistent with mechanism

considerations; the dipolar transition state is more polar, and therefore more stabi-

lized by the field than the ground state.

ð40Þ

4.8.1.2 Michael Additions

Imidazole has been condensed via a 1,4 Michael addition with ethyl acrylate by use

of basic clays (Liþ and Csþ montmorillonites) under solvent-free conditions with

microwave irradiation [125] (Eq. 41):

ð41Þ

Tab. 4.11. Synthesis of ketal from cineole ketone and

propylene glycol (R1 ¼ CH3, R2 ¼ H).

Method Activation Time (min) Yield (%)

Alumina MW 30 78

D 300 27

Toluene MW 15 90

D 360 30
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It was shown that MW irradiation accelerated the 1,4 Michael addition of pri-

mary and cyclic secondary amines to acrylic esters leading to several b-amino acid

derivatives in good yields within short reaction times [126] (Eq. 42):

ð42Þ

1,2 Asymmetric induction with up to 76% diastereoisomeric excess was observed

in reactions of several amines with b-substituted acrylic acid esters from d-(þ)-

mannitol, in the absence of solvent, after exposure to microwaves for 12 min [127].

Microwave activation coupled with dry media technique as a green chemistry

procedure has been applied to the synthesis of a series of 1,5-benzothiazepines

[128–130]. These compounds are well known cardiovascular drugs acting as

calcium-channel blockers. The reaction using montmorillonite KSF as an inorganic

solid was noticeably accelerated under the action of MW activation when results

were compared with those obtained by classical heating under similar conditions

(Eq. 43):

ð43Þ

The rate-determining step is assumed to be Michael addition of the benzenethiol

moiety to the carbon–carbon double bond of a,b-unsaturated carbonyl compound.

Specific MW effects can be thus expected when considering evolution of the polar-

ity during the reaction progress. The transition state is more polar than the ground
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state and consequently more stabilized by the electromagnetic field (Scheme 4.10)

resulting in a decrease in the activation energy.

The same explanation of the microwave effect can be advanced for the solvent-

free synthesis of 4-aryl substituted 5-alkoxycarbonyl-6-methyl-3,4-dihydropyridones

[131] by condensation of Meldrum’s acid, methyl acetoacetate, and benzaldehyde

derivatives (Eq. 44):

ð44Þ

Nitrocyclohexanols were synthesized by a double and diastereoselective Michael

addition followed by ring closure (Eq. 45). When performed in the presence of KF-

alumina under solvent-free conditions, an important microwave effect was ob-

served:

ð45Þ

4.8.1.3 SN2 Reactions

Reaction of pyrazole with phenethyl bromide In the absence of base, the phenethy-

lation of pyrazole under solvent-free conditions is more rapid by far under the

action of microwaves (8 min at 145 �C) compared with D, which requires 48 h

Scheme 4.10
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[132] (Eq. 46):

ð46Þ

Ring opening of epoxides by amines Microwave-assisted ring opening of (R)-
styrene oxide by pyrazole and imidazole leads to corresponding (R)-1-phenyl-2-
azolylethanols. With pyrazole, use of microwave irradiation increases both chemo-

and regioselectivity compared with conventional heating [133] (Eq. 47):

ð47Þ

The synthesis of anti amino alcohols by aminolysis of vinyl epoxides is greatly

improved by MW activation (using a focused MW reactor at 20–30 W) because of

simplified handling, short reaction times, and high yielding reactions also with

sterically hindered substrates (Eq. 48) [134]:

ð48Þ
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N-alkylation of 2-halopyridines A microwave-assisted procedure (focused waves)

for N-alkylation of 2-halopyridines has been described; the noticeable microwave

effect was indicative of a polar TS [135] (Eq. 49):

ð49Þ

Synthesis of phosphonium salts Using a domestic oven it was shown that the re-

action of triphenylphosphine and an organic halide is very rapid under the action

of microwave irradiation. The reaction times were reduced to only few minutes in

contrast with conventional heating, which requires from 30 min to 14 days [136].

Temperatures were not measured, however, so conclusions cannot be certain.

Nucleophilic substitutions of benzyl halides as electrophiles with Ph3P or Bu3P

as nucleophiles have been conducted under solvent-free conditions with accurate

control of the power and temperature using a monomode reactor (Synthewave

S402). The results were carefully compared under similar conditions with either

MW or D activation [137] (Eq. (50), Table 4.12):

Tab. 4.12. Solvent-free benzylation of triphenyl(butyl)phosphine.

R X Temp. (̊ C) Time (min) Yield (%)

MW D

Ph Br 100 2 99 98

Cl 100 10 78 24

Cl 150 10 94 91

n-Bu Br 100 0.75 94 92

Cl 100 0.75 91 64

Cl 100 10 92 87
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ð50Þ

Whereas no effect was observed with benzyl bromide, important specific not

purely thermal effects were observed when benzyl chloride was used, evidence,

therefore, that MW effects are very dependent on the leaving group. This result

can be justified when one considers that the TS involving CaCl bond-breaking

will occur later along the reaction coordinates than that involving CaBr, because

of the poorer electrophilicity of the first bond (for instance, the bond energies are

66 and 79 kcal mol�1 respectively for CaBr and CaCl). With a similar interpreta-

tion, the increased MW effect in the reaction of benzyl chloride with PPh3 com-

pared with PBu3 can be justified because the first phosphine is less reactive, i.e.

with a TS later along the reaction coordinates.

Although the MW effect is not appreciable at 150 �C, in the reaction of PPh3

with PhCH2Cl, it becomes clearly apparent when the temperature is reduced to

100 �C. When delineating MW effects, careful attention must be paid to the tem-

perature. If it is too high, the MW effect will be masked and the temperature must

be minimized to start from a low yield under D and therefore make it possible to

observe MW enhancements.

This conclusion is in agreement with kinetic results obtained by Radoiu et al.

[138] for the transformation of 2- and 4-tbutyl phenols in the liquid phase in the

presence of montmorillonite KSF as catalyst under the action of either MW or D

(Eq. (51), Table 4.13):

ð51Þ

Tab. 4.13. Dependence on temperature of rate constants (r�)
for transformation of 2-tbutyl phenols under the action of MW

or D.

Temp (̊ C) r˚MW (103 sC1) r˚D (103 sC1) r˚MW/D

22 1.5 0.07 21.6

75 3.2 1.2 2.7

105 10.3 7.1 1.5

198 21.0 20.0 1.1
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Alkylation of amines The N-alkylation is the first step for the synthesis of ionic

liquids (cf. Chapter 7). The mechanism is especially suitable for observation of spe-

cific not purely thermal effects occurring as a result of a dipolar TS. In our labora-

tory, we have checked the dependence of MW effects on the leaving group (Cl or

Br) and on the nature of the amine (Eq. 52) [139]. The main results are given in

Table 4.14.

ð52Þ

From this table, it is clearly apparent that specific not purely thermal MW effects

occur for all compounds and are more pronounced with chlorides than bro-

mides and with pyridine II than with N-methylimidazole I. These observations

are once more explained by considering that MW effects increase as the TS lies

later along the reaction coordinates (more difficult reactions). These are well sup-

ported by theoretical approaches giving access to the dipole moments of both start-

ing materials and transition states. It was shown that the experimental magnitude

Tab. 4.14. Solvent-free N-alkylation of amines I and II by n-alkyl halides.

Amine Alkyl halide Conditions Yield (%)

Temp. (̊ C) Time (min) MW D

I n-Butyl Br 90 8 89 73

n-Butyl Cl 150 15 95 38

n-Octyl Br 120 8 91 67

n-Octyl Cl 160 15 98 41

n-Hexadecyl Br 140 15 98 51

n-Hexadecyl Cl 160 30 98 29

II n-Butyl Br 130 10 94 54

n-Butyl Cl 180 40 62 27

n-Octyl Br 130 10 92 40

n-Octyl Cl 180 60 82 56

180 4 Nonthermal Effects of Microwaves in Organic Synthesis



of MW effect is strictly related to enhancement in dipole moments from the GS to

the TS (Table 4.15) and to the increase of the energy of activation.

Similar results and conclusions were drawn during the solvent-free preparation

of chiral ionic liquids from (�)-N-ephedrine (Eq. 53) [140]:

ð53Þ

An efficient and clean synthesis of N-aryl azacycloalkanes from dihalides and an-

iline derivatives has recently been achieved using MW irradiation in an aqueous

potassium carbonate medium (added to trap the HX formed) [192]. When com-

pared with conventional heating under similar conditions, large specific MW ef-

fects were apparent. The observations are evidently consistent with mechanistic

considerations as the polar transition state is favored by MW irradiation (Eq. 54):

ð54Þ

4.8.1.4 Vinylic and Aromatic Nucleophilic Substitutions

Aromatic nucleophilic substitution An expeditious microwave-assisted SNAr reac-

tion with cyclic amines has been reported for activated aromatic substrates [141]

(Eq. 55):

Tab. 4.15. Semi-empirical calculations for amine alkylations:

enhancements of dipole moments from GS to TS, energy of

activation evaluated in the gas phase.

Reaction Yields MW/D Dm (Debye) TS/GS DG‡ (kcal molC1)

Iþ n-BuBr 89/73 8.77 28.8

Iþ n-BuCl 95/38 9.76 43.5

IIþ n-BuBr 94/54 9.15 32.5

IIþ n-BuCl 62/27 10.01 47.7
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ð55Þ

The reactions were performed in a heterogeneous medium using K2CO3 in etha-

nol (MW or D) or basic alumina in dry media to trap the hydrochloric acid formed.

Because of the formation of a dipole in the TS, the microwave effect depicted in

Table 4.16 was observed.

Synthesis of aromatic ethers has been performed under solvent-free phase-

transfer catalysis conditions by reaction of several aryl halides with potassium

methoxide or phenoxide in the presence of a catalytic amount of 18-crown-6. The

specific MW effects were shown to be very dependent on the nucleophile and on

the structure of the aromatic compound (activated or nonactivated, chloride or flu-

oride) (Eq. (56), Table 4.17) [96, 142].

ð56Þ

It is clearly apparent that in the first series the specific MW effect is clearly in-

creasing as the conditions become more harsh, i.e. with later TS along the reaction

coordinates. The same conclusions can also be drawn from comparative experi-

ments with 3-halopyridines and the sequence of the MW effect was shown to be

related to the energy of activation as evaluated by ab initio calculations (Table 4.17).

Tab. 4.16. SNAr reaction between p-chlorotoluene and piperidine (X ¼ CH2, R ¼ CH3).

Activation mode Conditions Yield (%)

K2CO3/EtOH D 16 h Reflux 60

MW 6 min Reflux 70

Basic alumina MW 75 s –[a] 92

aNot determined, but certainly very high, because the vessel was

placed inside an alumina bath (prone to microwave absorption)
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The coupling of microwave activation and the basic system potassium fluoride/

potassium carbonate was shown to be an efficient method for preparing 2-

nitrophenylamines [142] by nucleophilic aromatic substitution. Within few min-

utes, excellent results were obtained compared with classical heating (Eq. 57):

ð57Þ

The nucleophilic substitution reaction installing a benzylic amine on mono-

chlorotriazine derivatives [143] was performed under the action of MW irradiation,

enabling aminotriazine compounds to be obtained very quickly with good yields in

very short reaction times compared with conventional heating (15 min instead of 2

days) (Eq. 58):

ð58Þ

Tab. 4.17. Etherification of aromatic halides under solvent-free PTC conditions.

R Ar X Time (min) Temp. (̊ C) %MW %D DG‡ (kcal molC1)

CH3O [96] p-NO2C6H4 F 3.5 80 100 81

b-Naphthyl F 60 80 94 52

Cl 60 100 71 27

CH3O [142] 3-Pyridyl F 20 130 98 95 69.3

F 20 180 57 15 150.7

Cl 45 200 55 1 176.7
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Vinylic nucleophilic substitutions Cherng and co-workers [145] have shown that

microwave irradiation can greatly facilitate the synthesis of a variety of substituted

uracils by vinylic substitution (Eq. 59):

ð59Þ

A similar result was obtained in the synthesis of 6-benzylaminouracil (15 min,

130 �C, MW ¼ 94%/D ¼ 41%).

Microwave-assisted solvent-free reactions have been used by Jenekhe [146] to

synthesize quinoline derivatives. An important specific nonthermal microwave ef-

fect has been observed compared with conventional heating (Eq. 60). This MW ef-

fect is consistent with mechanistic considerations, because the rate-determining

step is the internal cyclization depicted in Eq. (60) resulting from nucleophilic at-

tack of the enamine on the carbonyl moiety occurring via a dipolar transition state.

ð60Þ

4.8.2

Bimolecular Reactions with One Charged Reactant

The TS for anionic SN2 reactions involves loose ion-pairs as in a charge-delocalized

(soft) anion. On the another hand, the GS could involve a neutral electrophile and
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either tight or loose ion-pairs, depending on the anion structure (hard or soft)

(Scheme 4.11).

4.8.2.1 Anionic SN2 Reactions Involving Charge-localized Anions

In this case, the anion being hard and with a high charge density, the reactions are

concerned with tight-ion-pairs. During the course of the reaction, ionic dissociation

is increased and, hence, polarity is enhanced from the GS towards the TS. Specific

microwave effects should be expected.

Selective dealkylation of aromatic alkoxylated compounds Selective de-ethylation of

2-ethoxyanisole is achieved by use of KOtBu as the reagent in the presence of 18-

crown-6 as the phase-transfer agent (PTA). With addition of ethylene glycol (E.G.),

the selectivity is reversed and demethylation occurs (Eq. (61), Table 4.18). Although

involvement of microwaves is favorable in both examples, the second reaction was

shown to be more strongly accelerated than the first [147].

ð61Þ

Demethylation results from the SN2 reaction whereas de-ethylation occurred via

the E2 mechanism (Scheme 4.12).

The microwave-specific effect is more apparent in the demethylation (SN2). Mi-

crowave acceleration clearly is more pronounced with the difficulty of the reaction,

Tab. 4.18. Reaction of KOtBu with 2-ethoxyanisole in the

presence of 18-crown-6 and, optionally, ethylene glycol.

Additive Time Activation Temp (̊ C) 1 (%) 2 (%) 3 (%)

– 20 min MW 120 7 0 90

– 20 min D 120 48 0 50

E.G. 1 h MW 180 0 72 23

E.G. 1 h D 180 98 0 0

Scheme 4.11
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thus constituting a clear example of an increased microwave effect with a more dif-

ficult reaction, indicative of a later TS position along the reaction coordinates. The

microwave effect may also be connected to the more localized charge in the SN2

transition state (three centers) when compared with that of b-E2 (charge developed

over five centers).

Alkylation of dianhydrohexitols under the action of Phase-transfer Catalysis (PTC) con-

ditions Dianhydrohexitols, important by-products of biomass (Scheme 4.13) de-

rived from corn starch, were dialkylated under PTC conditions in the presence of

a small amount of xylene.

Attempts were made to use dialkylations as model reactions before subsequent

polymerizations and revealed very important specific microwave effects [148] (Eq.

(62), Table 4.19):

ð62Þ

Scheme 4.12. Mechanisms for demethylation and de-ethylation of ethoxyanisole.

Scheme 4.13. Structure of 1,4:3,6-dianhydrohexitols

(A ¼ isosorbide, B ¼ isomannide, C ¼ isoidide).
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These observations are consistent with the reactive species being formed from

tight ion-pairs between cations and the alkoxide anions resulting from abstraction

of hydrogen atoms in A, B, and C (Scheme 4.14).

The reaction of monobenzylated isosorbide D with ditosylates (Eq. 63) is more

subtle; the microwave-specific effect (Table 4.20) appeared when the temperature

was reduced to 80 �C (modulated by the presence of cyclohexane) whereas it was

Scheme 4.14

Tab. 4.20. Yields from reaction of monobenzylated isosorbide D with ditosylates for 15 min.

R Yield (% E)

T 110 ˚C (xylene) T 80 ˚C (cyclohexane)

MW D MW D

(CH2)8 95 91 96 39

(CH2)6 91 90 96 45

CH2CH2OCH2CH2 92 92 91 36

Tab. 4.19. Dialkylation of dianhydrohexitols under PTC conditions.

RX t (min) T ˚C Yield (%)

A B C

MW D MW D MW D

PhCH2Cl 5 125 98 13 98 15 97 20

nC8H17Br 5 140 96 10 74 10 95 10
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masked at the higher temperature of 110 �C (maintained by use of toluene) [149].

ð63Þ

The Krapcho reaction Dealkoxycarbonylation of activated esters occurs classically

under drastic thermal conditions [150]. It constitutes a typical example of a very

slow-reacting system (with a late TS along the reaction coordinates) and is, there-

fore, prone to a microwave effect. The rate-determining step involves a nucleophilic

attack by a halide anion and requires anionic activation, which can be provided by

solvent-free PTC conditions under the action of microwave irradiation [151, 155].

These results illustrate the difficult example of cyclic b-ketoesters with a quaternary

carbon atom in the a position relative to each carbonyl group (Eq. 64), which clas-

sically gave only 20% yield using CaCl2 in DMSO under reflux for 3 h. Some typi-

cal results are summarized in Table 4.21.

ð64Þ

Tab. 4.21. Krapcho reaction under solvent-free PTC conditions.

R Reaction conditions Yield (%)

t (min) Temp. (̊ C) MW D

H 8 138 96 <2

C2H5 15 160 94 <2

n-C4H9 20 167 89 <2

n-C6H13 20

60

180

186

186

186

87 <2

22

60
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A definite microwave effect is involved when strict comparisons of MW and D

activations are considered and is compatible with the mechanistic assumption

that a very polar TS is developed (Scheme 4.15).

Anionic b-elimination Ketene acetal synthesis by b-elimination of haloacids from

halogenated acetals under solvent-free PTC conditions under well controlled condi-

tions using thermal activation (D), ultrasound (US), or microwave irradiation [152]

(MW) has been described. Mechanistically, as the TS is more charge delocalized

than the GS and the polarity is enhanced during the course of the reaction, a favor-

able microwave effect is expected, and is actually observed (Eqs. (65) and (66),

Scheme 4.16).

ð65Þ

ð66Þ

Scheme 4.15. Transition state for the Krapcho reaction.

Scheme 4.16. Evolution of the polarity in b-elimination.
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4.8.2.2 Anionic SN2 Reactions Involving Charge-delocalized Anions

Weak or nonexistent microwave effects are expected for these reactions, because

the GS and TS have rather similar polarities and both involve loose ion-pairs.

Alkylation of potassium benzoate Alkylation of several substituted benzoic acid

salts with n-octyl bromide was performed under solvent-free PTC conditions with

excellent yields (b 95%) with a very short reaction time (2–7 min) [153]. Oil bath

heating (D) led to yields equivalent to those produced under microwave irradiation,

which thus revealed only thermal effects were important in the temperature range

used, 145–202 �C (Eq. 67).

ð67Þ

In contrast, when n-octyl bromide was used with the less reactive terephthalate

species, which constitutes a ‘‘slow-reacting system’’, the yield was improved from

20 to 84% when microwaves were used instead of D; this can be attributed to a

later TS along the reaction coordinates (Eq. 68):

ð68Þ

Pyrazole alkylation in basic media [122] A very important microwave-specific effect

was apparent in the absence of a base in the reaction of pyrazole with phenethyl

bromide (reaction times: MW ¼ 8 min, D ¼ 48 h, Eq. 69). When the same reaction

was performed in the presence of KOH, the microwave effect disappeared (vide
supra Eq. 46).

ð69Þ
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This effect could be predicted when considering the weak evolution of polarity

between the GS and TS, because the reactive species consist of loose ion-pairs (in-

volving a soft anion).

Selective alkylation of b-naphthol in basic media Alkylations in dry media of the

ambident 2-naphthoxide anion were performed under focused microwave activa-

tion. Whereas the yields were identical to those obtained with classical heating for

benzylation, they were significantly improved under microwave irradiation condi-

tions for the more difficult n-octylation (less reactive electrophilic reagent). No

change in selectivity was observed, however, indicating the lack of effect of ionic

polarization [154]. The absence or weakness of the microwave effect was assumed

to be related to loose ion-pairs involving the soft naphthoxide anion in the GS and

a small change in polarity in an early TS. When the TS occurred later along the

reaction coordinates (e.g. for n-octylation requiring a higher temperature), more

polarity is developed and, consequently, the microwave effect could appear (Eq.

(70), Table 4.22; limited here to the lithiated base).

ð70Þ

Alkylation of malonate anion Hernandez et al. [155, 156] have developed a rapid

and easy procedure for the synthesis of 14C-labeled esters using a combination of

solvent-free phase-transfer catalysis conditions and microwave technology. A de-

tailed study of the first step, which consists in malonic alkylation, did not reveal

any advantages of microwave activation compared with conventional heating (Eq.

71):

Tab. 4.22. C-alkylation of b-naphthol in the presence of

lithiated base under solvent-free conditions.

RX LiB BC t (min) Temp (̊ C) Yield (%)

MW Mono C MW Di C D Mono C D Di C

PhCH2Br LiOH 4 190 98 2 97 2

LiOtBu 4 137 9 91 8 88

nC8H17Br LiOH 9 240 92 1 62 –

LiOtBu 10 200 27 56 7 20
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R ¼ nC10H21 MW ¼ 69% D ¼ 60% ð71Þ

R ¼ nC18H37 MW ¼ 65% D ¼ 62%

The specific microwave effect was absent because the difference between the po-

larity of the GS and TS is very small. The reactive species in GS comprise very

loose ion-pairs, because of delocalization of the negative charge in the malonate

ion (Eq. 72):

ð72Þ

4.8.2.3 Nucleophilic Additions to Carbonyl Compounds

Saponification of hindered aromatic esters This is a typical example of an enhanced

microwave-specific effect related to the difficulty of the reaction, which presumably

proceeds via later and later TS. Whereas essentially thermal effects are observed

(approx. 200 �C) with methyl and octyl benzoate, a microwave-specific effect is in-

creasingly apparent with hindered esters and becomes optimum with mesitoyl oc-

tanoate (Eq. (73), Table 4.23) [157].

ð73Þ

Tab. 4.23. Solvent-free PTC saponifications of aromatic esters.

R RO Yield (%)

MW D

Ph Me 92 73

Ph nOct 98 86

Me 90 48

nOct 97 39
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PTC transesterification in basic medium The microwave-assisted PTC transesterifi-

cation of several carbohydrates in basic medium with methyl benzoate or laurate

has been studied [158]. Small amounts of DMF were necessary to provide good

yields within 15 min at 160 �C. Rate enhancements were compared with conven-

tional heating (D) under the same conditions and specific microwave activation

was mostly seen when the less reactive fatty compounds were involved (Eq. (74),

Table 4.24).

ð74Þ

The reactive species under these conditions consist of tight-ion-pairs involving

the alkoxide anion from the carbohydrate (charge localized anion). The less reactive

long-chain methyl laurate leads to a later TS along the reaction coordinates and the

magnitude of the microwave effect is therefore increased.

Ester aminolysis in basic medium Ester aminolysis usually occurs under harsh

conditions – high temperatures and extended reaction periods or use of strong al-

kali metal catalysts. An efficient solid-state synthesis of amides from nonenolizable

esters and amines using KOtBu under microwave irradiation [159] has been de-

scribed. The reaction of esters with octylamine was extensively studied to identify

possible microwave effects [160] (Eq. (75), Table 4.25):

ð75Þ

Tab. 4.24. Transesterification in 15 min at 160 �C in basic

medium with methyl benzoate and laurate (monomode reactor,

relative amounts 1:2:2).

R Yield (%)

MW D

Ph 96 21

CH3(CH2)10 88 0
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The microwave-specific effect is increased when the reaction is performed in the

absence of a phase-transfer catalyst, showing that the nature of the reactive species

is of great importance in ionic dissociation (Eq. 76):

ð76Þ

As expected, larger microwave effect is observed for the tighter ion-pair (RNH�,

Kþ). As an extension of this work, and in order to gain further insight, the effect

of amine substituents was studied [161] in the reaction with ethyl benzoate

(Eq. (77), Table 4.26):

ð77Þ

The microwave effects are clearly substituent-dependent and, as in the former

example, disappear on adding a phase-transfer agent. When the substituent R can

delocalize the negative charge on the amide anion (R ¼ Ph), the ion-pairs RNH�,

Mþ exist in a looser association. Consequently, a decrease in microwave effect is

expected as the evolution from the GS towards the TS occurs with only a slight

modification of polarity in the ion-pairs. Conversely, the microwave effect is opti-

mum with the tighter ion-pair (nC8H17N
�, Kþ).

Tab. 4.25. Ester aminolysis with n-octylamine at 150 �C for 10 min.

R Base Yield (%)

MW D

Ph –

KOtBu

KOtBuþ Aliquat 336

0

80

87

0

22

70

PhCH2 –

KOtBuþ Aliquat 336

63

63

6

36
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Tighter ion-pair effects were also claimed for the same reaction by other authors

[185]. Unfortunately, unadapted comparisons were conducted, for example solvent-

free MW reactions and conventional heating in DMSO as a solvent, making accu-

rate conclusions difficult to obtain.

In a parallel study [162] it was shown that formamide and primary and second-

ary amines react with esters in the presence of potassium tert-butoxide under mi-

crowave irradiation. Substituted amides are formed in yields (generally more than

70%) much higher than under the action of conventional heating (Eq. (78), Table

4.27):

ð78Þ

Tab. 4.26. Ethyl benzoate aminolysis with different amines at

150 �C for 10 min (relative amounts PhCO2Et:RNH2:

KOtBu ¼ 1.5:1:2).

R Yield (%) Yield (%) with NR4Cl

MW D MW D

Ph 88 73 90 83

PhCH2 84 42 98 85

nC8H17 80 22 87 70

Tab. 4.27. Aminolysis of esters with different amines under the

action of microwave irradiation for 3 min and with conventional

heating.

Ester Amine T (̊ C) Yield (%)

MW D

CH3CO2Et BuNH2 95 70 25 (2d)

Et2NH 129 74 30 (1d)

PhCH2CO2Me BuNH2 105 97 36 (1d)

Et2NH 204 70 25 (6 h)

d ¼ days; h ¼ hours
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4.8.2.4 Reactions Involving Positively Charged Reactants

Relatively few comparative MW/D studies are currently available on this topic.

Friedel-Crafts acylation of aromatic ethers Solvent-free benzoylation of aromatic

ethers has been performed under the action of microwave irradiation in the pres-

ence of a metallic catalyst, FeCl3 being one of the most efficient [163]. With careful

control of the temperature and other conditions, nonthermal microwave effects

have not been observed either in terms of yield or isomeric ratios of the obtained

products (Eq. 79):

ð79Þ

The reactive species is the acylium ion resulting from abstraction of a chloride

anion from benzoyl chloride (Scheme 4.17). This reagent comprises an ion-pair

formed between two large (soft) ions which are therefore associated as loose ion-

pairs. According to these assumptions, the absence of a microwave effect should

be expected as the polarity evolution is very weak between the GS and TS (two

loose ion-pairs of similar polarities).

A much more environmentally sound procedure was advocated by Paul et al.

[164], who used Zn powder as a catalyst for Friedel–Crafts acylation of aromatic

compounds. Zinc is a nontoxic, safe, and inexpensive metal which can be used in

solvent-free conditions. It was shown to have a remarkably high activity in the acy-

lation of a series of aromatic compounds with acetyl and benzoyl chlorides when

performed under microwave irradiation. Yields were much more better than when

using conventional thermal heating (Eq. (80), Table 4.28). The Zn powder could

also be re-used up to six times after simple washing with diethyl ether and dilute

HCl.

ð80Þ

Scheme 4.17
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In contrast, MW effects were absent in the sulfonylation of mesitylene in the

presence of metallic catalysts such as FeCl3 (5%) (Eq. 81) [165]. A plausible expla-

nation could be that the reactive species [PhSO2]
þ, [FeCl4]

� are a very loose ion-

pair in the GS and therefore susceptible to a significant MW effect.

ð81Þ

Formylation using the Vilsmeier reagent [166] Substituted acetophenones were

irradiated in a domestic microwave oven with POCl3–DMF/SiO2 to give b-

chlorovinylaldehydes in 2 min with yields of 75–88%. Under the same conditions,

the use of conventional heating led to only 30–40% (Eq. 82):

ð82Þ

The specific microwave effect can be attributed to two different facts:

� improvement in the formation of chloroiminium species (so-called Vilsmeier

reagent)

Tab. 4.28. Friedel–Crafts acylation of aromatic compounds by the use of Zn powder.

R Conditions Yields (%)

H

CH3

NO2

62 �C

53 �C

84 �C

30 s

40 s

3 min

MW ¼ 95%

MW ¼ 70%

MW ¼ 79%

D ¼ 20%

D ¼ 8%

D ¼ 10%
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� enhancement of subsequent electrophilic aromatic substitution

SN2 reactions with tetralkylammonium salts The SN2 reaction of triphenylphos-

phine with triethylbenzylammonium chloride (the tertiary amine is thus the leav-

ing group) has been studied under solvent-free microwave conditions. The reaction

occurred only under MW [137] irradiation (Eq. 83):

ð83Þ

This effect is readily attributable to the very loose structure of the ion-pairs in the

TS (also involving delocalization in the phenyl groups of the phosphine) and which

are therefore far more polar than the initial ion-pairs in the GS. Furthermore, be-

cause tetraalkylammonium is a poor leaving group reacting under rather harsh

conditions (high energy of activation), we are certainly concerned with a late TS

very prone to MW effects.

4.8.3

Unimolecular Reactions

4.8.3.1 Imidization Reaction of a Polyamic Acid [44]

The polyamic acid (EQ) precursor (Fig. 4.15) was prepared by adding stoichiomet-

ric amounts of 3,3,4,4-benzophenonetetracarboxylic acid dianhydride (BTDA) and

diaminodiphenylsulfone (DDS). The solution highly concentrated in NMP was

then submitted to either thermal or MW activation with accurate monitoring of

the temperature (Scheme 4.18).

Fig. 4.15. Polyamic acid structure.
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Analysis of kinetic data showed that the apparent activation energy for the reac-

tion was reduced from 105 to 57 kJ mol�1. This observation was consistent with

the polar mechanism of this reaction, implying the development of a dipole in the

transition state (Scheme 4.19).

4.8.3.2 Cyclization Reactions

Cyclocondensation of N-(trifluoroacetamido)-o-arylenediamines led to a series of 2-

trifluoromethylarylimidazoles in good yield on montmorillonite K10 in dry media

under the action of microwave irradiation within 2 min. Using conventional heat-

ing under the same conditions, no reaction was observed [167] (Eq. (84), Table

4.29).

Scheme 4.18

Scheme 4.19. Mechanism for the imidization reaction.

Tab. 4.29. Cyclization of monotrifluoroacetylated o-arylenediamines.

R1 R2 Temp (̊ C) Yield (%)

MW (2 min) D (20 h)

H H 125 87 23

H CH3 127 84 19

NO2 H 134 95 28
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ð84Þ

This observation is consistent with the assumptions of the authors, who pre-

dicted microwave effects when the polarity is enhanced in a dipolar TS. The kinetic

rate-determining step consists in intramolecular attack of the nitrogen lone pair on

the carbon atom of the carbonyl moiety (Scheme 4.20).

A similar conclusion can be drawn in the Paal–Knorr cyclization [168] between

an amido-1,4-diketone and a large variety of primary amines, performed under mi-

crowave activation (Eq. 85), the rate-determining step being the nucleophilic attack

of the amine on the carbonyl moiety via a dipolar TS.

ð85Þ

The synthesis of phthalocyanines [118] under the action of microwave irradia-

tion can be performed easily in less time by using phthalonitrile as the substrate.

Solvent-free conditions led to by far the best results and an important specific mi-

crowave effect was apparent (Eq. 86):

Scheme 4.20. Mechanism of cyclocondensation.
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ð86Þ

This effect can be explained when one considers the enhancement in the polarity

of the system when the reaction is in progress, because of a well-fitting mechanism.

4.8.3.3 Intramolecular Nucleophilic Aromatic Substitution

Pyrazolo[3,4b]quinolines and pyrazolo[3,4b]pyrazoles have been synthesized by re-

acting b-chlorovinylaldehydes with hydrazine or phenylhydrazine using a catalytic

amount of p-toluenesulfonic acid (PTSA) under the action of microwave irradia-

tion. The yields are much better than under the action of D using the same condi-

tions [169] (Eq. 87):

ð87Þ

The noticeable enhancement of reaction rate because of an MW-specific effect is

consistent with a reaction mechanism in which the kinetic rate-determining step is

nucleophilic attack of an amino group on the chloroquinoline ring (Scheme 4.21).

Scheme 4.21. Mechanism of internal SNAr.

4.8 Some Illustrative Examples 201



4.8.3.4 Intramolecular Michael Additions

ortho-Aminochalcones have been cyclized to tetrahydroquinolones in dry media us-

ing K10 clay as the support under the action of MW irradiation. The role of micro-

waves in accelerating the process was apparent because a relatively extended reac-

tion time was required under the action of conventional heating to obtain similar

yields [170] (Eq. (88), Scheme 4.22).

ð88Þ

A similar study of ortho-hydroxychalcones in dry media using silica gel has been

reported [171]. Conventional thermal cyclization, under the same conditions as for

microwave irradiation, required a much longer reaction time (Eq. (89), Table 4.30,

Scheme 4.23).

ð89Þ

Scheme 4.22. Mechanism of intramolecular Michael addition of an amino group.

Tab. 4.30. Intramolecular Michael addition of o-hydroxychalcones for 20 min at 140 �C.

R1 R2 Mode Yield (%)

H H MW

D

82

44

CH3O H MW

D

61

22
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4.8.3.5 Deprotection of Allyl Esters

Carboxylic acids are regenerated from their corresponding substituted allyl esters

on montmorillonite K10 by use of microwave irradiation under solvent-free condi-

tions to afford enhanced yields and reduced reaction times compared with thermal

conditions [172] (Eq. 90):

ð90Þ

This effect can also get again be rationalized by a mechanism with intervention

of a polar TS (Scheme 4.24).

4.8.3.6 Synthesis of Pyrido-fused Ring Systems

Significant improvements in the synthesis of pyrido-fused heterocycles were

achieved when the reaction was performed under solvent-free conditions and ap-

plying the tert-amino effect as the key ring-closure method [183]. It was shown, as

depicted in Eq. (91), that MW can improve the reaction yield under similar sets of

conditions compared with D heating. When extending the reaction time, as often

quoted, nearly quantitative yields were obtained, irrespective of the mode of activa-

tion. The specific MW effect observed here is consistent with the proposed polar

mechanism for the cyclization [184].

Scheme 4.23. Mechanism of intramolecular Michael addition of an hydroxyl group.

Scheme 4.24. Mechanism of deprotection of allyl esters.
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ð91Þ

4.8.3.7 Ring-closing Olefin Metathesis

An efficient method for ring-closing metathesis [186] was established between

solvent-free conditions under the action of MW in a monomode reactor (Eq. 92):

ð92Þ

Nonthermal MW-specific effects were revealed and shown to be more important

with the less reactive systems. They can be related to the polarity increases as the

reaction progresses involving polar metallacyclobutanes with polar carbon–metal

bonds.

4.8.4

Some Illustrative Examples of Effects on Selectivity

Very few results are available on selectivity effects, and in which kinetic details of

reactions have been described, because of a lack of strict comparisons between MW

and D activation. Reports of the effect of MW on selectivity have been reviewed by

De la Hoz et al. [89, 91] and a discussed in Chapter 5 of this book.
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4.8.4.1 Benzylation of 2-Pyridone

Regiospecific N- or C-benzylations of 2-pyridone have been conducted under

solvent-free conditions in the absence of base. The regioselectivity was controlled

by the activation method (MW or D) or, when using microwaves, by the emitted

power level or the leaving group of the benzyl halides [90] (Eq. 93):

ð93Þ

To explain these results it can be assumed that the TS leading to C-alkylation is

more polar than that responsible for N-alkylation. This assumption, however, as-

sumes the occurrence of kinetic control (which is not known for certain in this

example).

4.8.4.2 Addition of Vinylpyrazoles to Imine Systems

On microwave irradiation, vinylpyrazoles react with N-trichloroethylidene carba-

mate, undergoing addition to the imine system through the conjugated vinyl group

[173] (Eq. 94):

ð94Þ
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Use of microwave irradiation as an energy source is crucial to performing the re-

action and avoiding decomposition or dimerization of the starting pyrazole, which

are observed in the absence of MW irradiation.

A similar conclusion was drawn during an examination of the Diels–Alder reac-

tion of 6-demethoxy-b-dihydrothebaine with methyl vinyl ketone under the action

of microwave irradiation [174]. When performed under conventional heating con-

ditions, extensive polymerization of the dienophile was observed whereas reaction

is much cleaner under MW activation (Eq. 95):

ð95Þ

4.8.4.3 Stereo Control of b-Lactam Formation [175, 176]

Formation of b-lactams by reaction of an acid chloride, a Schiff base, and a tertiary

amine (Eq. 96) seems to involve many pathways, some of which are very fast at

higher temperatures. When conducted in open vessels in unmodified microwave

ovens, high-level irradiation led to preferential formation of the trans-b-lactams

(55%) whereas at low power, the cis isomer was obtained as the only product

(84%). The failure of the cis isomers to isomerize to the trans compounds is an ex-

ample of induced selectivity. It can therefore be stated that the transition state lead-

ing to the trans isomer seems more polar than that giving the cis compound.

ð96Þ

4.8.4.4 Cycloaddition to C70 Fullerene

It has been claimed that the regioselectivity of cycloaddition of N-

methylazomethine ylide to C70 is slightly affected by using microwave irradiation

as the source. By choosing an appropriate solvent (o-dichlorobenzene, ODCB) and
emitted microwave power, the ratio 1a:1b is modified from 50:50 to 45:55 [48, 94]

(Eq. (97), Table 4.31).
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ð97Þ

Theoretical calculations predict an asynchronous mechanism and suggest that

modification of the regiochemical outcome is related to the energies and hardness

of the TS involved. Perhaps, in other words, the more polar TS are favored under

the action of MW.

4.8.4.5 Selective Alkylation of 1,2,4-Triazole

Bu using MW irradiation under solvent-free conditions it was possible to achieve

regiospecific benzylation in position 1 of 1,2,4-triazole whereas only the 1,4-

dialkylated product was obtained in poor yield under the action of conventional

heating [177] (Eq. 98):

ð98Þ

Tab. 4.31. Yields of monoadducts and isomer distribution for

cycloaddition (Eq. 97) in ODCB at 180 �C.

Mode Time (min) Yield (%) % 1a % 1b % 1c

MW 120 W 30 39 50 50 –

180 W 30 37 45 55 –

300 W 15 37 47 53 –

D 120 32 46 46 8
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This observation may be explained by the increased efficiency of the first benzy-

lation (SN2 reaction between two neutral reagents proceeding via a dipolar TS)

under microwave conditions.

For extension to the preparation of azolic fungicides, phenacylation was next ex-

amined. Under the action of microwave irradiation, exclusive reaction in position 1

(or equivalent 2) occurred whereas mixtures of N1, N4, and N1; 4 products were ob-

tained by use of D under the same conditions [106, 178] (Eq. (99), Table 4.32).

ð99Þ

Because kinetic control was certain, this clear microwave effect could possibly be

because of a difference in polarity of the transition state, with a more polar TS ap-

parently being formed on p attack by the nitrogen atom in position 2. Theoretical

calculations are currently in progress to try to confirm this assumption.

This example is decisive proof of the analogy between polar solvent and solvent-

free MW-assisted procedures. This behavior undeniably confirms the effect of polar

dipole–dipole type interactions with the electric field (Section 4.4).

Tab. 4.32. Phenacylations of 1,2,4-triazole.

Ar X Time (min) Temp. (̊ C) Mode Global yield (%) N1 N4 N1‚ 4

Cl 20 140 MW

D

90

98

100

33

–

29

–

38

Cl 25 140 MW

D

95

98

100

38

–

27

–

35

Br 25 170 MW

D

90

98

100

38

–

28

–

34
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4.8.4.6 Rearrangement of Ammonium Ylides

Ammonium ylides can isomerize to (1,2) rearrangement products (Stevens re-

arrangement) or to (2,3) shift products (Sommelet–Hauser sigmatropic rearrange-

ment) when allyl or benzyl are located on the nitrogen atom. A strong microwave

effect has been noticed (Eq. 100) [179]:

ð100Þ

Under similar profiles of temperature increase it has been shown that selectivity

favoring (1,2) Stevens rearrangement occurs under the action of microwaves. A

tentative explanation can be to consider that, under the action of MW, the more

polar mechanism (1,2 ionic shift) is favored compared with the less polar mecha-

nism (2,3 radical shift). This result may be indicative of competition between ionic

and radical pathways.

4.9

Concerning the Absence of Microwave Effects

The absence of microwave effects can have at least three different origins:

1. A transition state of polarity similar to that of the ground state. This is the situation
for synchronous mechanisms in some pericyclic reactions when performed in

nonpolar solvents [13, 14] or in neat liquids (Eqs 101 and 102):

ð101Þ

ð102Þ

2. A very early transition state along the reaction coordinates (cf Hammond postulate)

which cannot enable development of polarity between the GS and TS (reactant-
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like). This will occur when the reactions are rather easy and do not require clas-

sically harsh conditions (exothermic reactions). This origin has been shown for

phthalimide syntheses by reaction of phthalic anhydride with amino compounds

[180] and for chalcone syntheses by reaction of aromatic aldehydes and aceto-

phenones [181], etc . . . Slight differences can appear when performing the reac-

tion in the presence of a solvent, because of a superheating effect if no stirring

is used.

3. Temperature which is too high, which may produce good yields in short reaction

times under the action of conventional heating. To find evidence of microwave

effects, it is necessary to reduce the temperature under conventional conditions

to start from a rather poor yield (<30–40%) to discover possible microwave acti-

vation. Example of this have been revealed in studies in which a microwave ef-

fect occurred at relatively low temperatures but was masked at higher tempera-

tures and in which elevated yields were obtained from conventionally heated

reactions [137, 138, 149, 182].

4.10

Conclusions: Suitable Conditions for Observation of Specific MW Effects

We have proposed in this review a rationalization of microwave effects in organic

synthesis based on the effect of the medium and on mechanistic considerations.

The most suitable conditions in which there is any chance of checking specific

not purely thermal effects are:

1. Polar mechanisms via polar transition states. If the polarity of a system is en-

hanced from the ground state to the transition state, acceleration can result

from an increase in material–wave interactions during the course of the reac-

tion. The most frequently encountered examples are unimolecular or bimolecu-

lar reactions between neutral molecules (because dipoles are developed in the

TS) and anionic reactions of tight ion-pairs, i.e. involving charge-localized

anions (leading to ionic dissociation in the TS).

2. Slower reacting systems, necessitating a high energy of activation and conse-

quently with late product-like transition states along the reaction coordinates,

in agreement with the Hammond postulate.

3. Nonpolar solvents or, even better, solvent-free conditions (green chemistry) to avoid

that microwave effects will be masked or limited by solvent effects.

4. Appropriate temperatures. D and MW yields (generally more than 90%) can be

almost the same and any MW effects masked if temperatures which are too

high (or reaction times which are too long) are used. Use of less harsh condi-

tions can enable the discovery of specific MW effects, which can lead to smaller

amounts of by-products, because product decomposition occurs at higher tem-

peratures. A characteristic example, from the many available, is given in

Eq. (103) [149], in which MW specific effects were apparent at 80 �C but were

masked at 110 �C.
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ð103Þ

A striking example in which all these conditions are fulfilled may be the Leuck-

art reductive amination of carbonyl compounds. This reaction is well known but,

unfortunately, using classical procedures, is only possible under very harsh condi-

tions (240 �C, sealed containers, and extended reaction times) and gives modest

yields (a 30%) [187]. These difficulties are a good challenge to check the effective-

ness of microwave irradiation, because the mechanism develops a dipolar transi-

tion state (Eq. (104), Table 4.33) [188], and this should also favor involvement of a

microwave effect because the TS certainly occurs very late along the reaction co-

ordinates when one considers the harsh usual thermal conditions:

ð104Þ
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This is a distinctive example of a pronounced microwave effect for a reaction oc-

curring with a very late dipolar transition state. It could happen as a miraculous

MW effect which can be, finally, easily justified.

Many types of carefully controlled experiment must be performed, however, to

evaluate the reality and limitations of these approaches, if valid comparisons are

to be made.
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Dubac, Microwaves in Organic
Synthesis (Ed.: A. Loupy), Wiley–VCH,

Weinheim, 2002, chapter 7, 219–252.

42 (a) D. Bogdal, M. Lukasiewicz, J.

Pielichowski, A. Miciak and S.

Bednarz, Tetrahedron, 2003, 59, 649–
653; (b) M. Lukasiewicz, D. Bogdal

and J. Pielichowski, Adv. Synth.
Catal., 2003, 345, 1–4.

43 H. Will, P. Scholz and B.

Ondruschka, Chem. Ing. Tech., 2002,
74, 1057–1067.

44 D. A. Lewis, J. D. Summers, T. C.

Ward and J. E. McGrath, J. Polym.
Sci., 1992, 30A, 1647–1653.

45 C. Shibata, T. Hashima and K.

Ohuchi, Jpn J. Appl. Phys., 1995, 35,
316–319.

46 S. Marque, F. Maurel and A. Loupy,

International Symposium on Microwave
Science, Takamatsu (Japan), July 27th

2004.

47 A. Loupy, International Conference of
Microwave Chemistry, Prague (Czech

Republic), 6–11 Sept, 1998, plenary

lecture PL2.

48 F. Langa, P. de la Cruz, A. de la

Hoz, E. Espildora, F. P. Cossio and

B. Lecea, J. Org. Chem., 2000, 65,
2499–2507.

References 213



49 S. D. Pollington, G. Bond, R. B.

Moyes, D. A. Whan, J. P. Candlin

and J. R. Jennings, J. Org. Chem.,
1991, 56, 1313–1314.

50 K. D. Raner and C. R. Strauss,

J. Org. Chem., 1992, 57, 6231–6234.
51 A. Stadler and C. O. Kappe, J. Chem.

Soc., Perkin Trans. 2, 2000, 1363–1368.
52 M. R. Linder and J. Podlech, Org.

Lett., 2001, 3, 1849–1851.
53 G. V. Salmoria, E. L. Dall’oglio and

C. Zucco, Synthetic Commun., 1997,
27, 4335–4340.

54 F. Bentiss, M. Lagrenée and D.

Barbry, Tetrahedron Lett., 2000, 41,
1539–1542.

55 K. Bougrin, A. K. Bennani, S. Fkih-

Tetouani and M. Soufiaoui,

Tetrahedron Lett., 1994, 35, 8373–8376.
56 A. Chandra Sheker Reddy, P.

Shantan Rao and R. V.

Venkataratnam, Tetrahedron Lett.,
1996, 37, 2845–2848.

57 D. Bogdal, Monogr. Politech. Krakow,
1999, 248, 1–134; Chem. Abstr., 2000,
133, 58369.

58 A. Loupy, Modern Solvents in Organic
Synthesis, Topics Curr. Chem., 1999,
206, 155–207.

59 K. Tanaka and F. Toda, Chem. Rev.,
2000, 100, 1025–1074.

60 G. W. V. Cave, C. L. Raston and J. L.

Scott, J. Chem. Soc., Chem. Commun.,
2001, 2159–2169.

61 K. Tanaka, Solvent-Free Organic
Synthesis, Wiley–VCH, Weinheim,

2003.

62 S. Deshayes, M. Liagre, A. Loupy,

J. L. Luche and A. Petit, Tetrahedron,
1999, 55, 10851–10870.

63 G. Bram, A. Loupy and D. Villemin,

Solid Supports and Catalysts in Organic
Synthesis (Ed.: K. Smith) Ellis

Horwood, PTR Prentice Hall, Organic
Chemistry Series, Chichester (U.K.),

1992, chapter 12, 302–326.

64 R. N. Gedye, F. E. Smith and K. C.

Westaway, Can. J. Chem., 1998, 66,
17–26.

65 E. D. Hughes and C. K. Ingold,

J. Chem. Soc., 1935, 23, 244.
66 R. Abramovich, Org. Prep. Proc. Int.,

1991, 23, 683–711.
67 G. Majetich and K. Wheless,

Microwave Enhanced Chemistry (Ed.:
H. M. Kingston and S. J. Haswell),

Amer. Chem. Soc., Washington, 1997,

455–505.

68 J. R. Carrillo, P. de la Cruz,

A. Diaz-Ortiz, M. J. Gomez-

Escalonilla, A. de la Hoz, F. Langa,

A. Moreno and P. Prieto, Recent Res.
Dev. Org. and Bioorg. Chem, 1997, 1,
68–84 and references cited therein.

69 J. R. Carrillo, A. Diaz-Ortiz, F. P.

Cossio, M. J. Gomez-Escalonilla, A.

de la Hoz, A. Moreno and P. Prieto,

Tetrahedron, 2000, 56, 1569–1577.
70 S. Rigolet, P. Goncalo, J. M. Melot

and J. Vebrel, J. Chem. Res. (S), 1998,
686–687 and (M), 1998, 2813–2833.

71 F. Louerat, K. Bougrin, A. Loupy,

A. M. Ochoa de Retana, J. Pagalday

and F. Palacios, Heterocycles, 1998, 48,
161–169.

72 A. Loupy, A. Petit and D. Bonnet-

Delpon, J. Fluorine Chem., 1995, 75,
215–217.

73 A. Loupy, F. Maurel and A. Sabatié-
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Selectivity Under the Action of Microwave

Irradiation

Antonio de la Hoz, Angel Dı́az-Ortiz, and Andrés Moreno

5.1

Introduction

Microwave radiation is an alternative to conventional heating as a method of intro-

ducing energy into reactions. Microwave heating exploits the ability of some com-

pounds (liquids or solids) to transform electromagnetic energy into heat. The use

of microwaves as a mode of heating in situ has many attractions in chemistry be-

cause, in contrast to conventional heating, its magnitude depends on the dielectric

properties of the molecules. As a guide, liquid compounds with high dielectric con-

stants tend to absorb microwave radiation whereas less polar substances and

highly ordered crystalline materials are poor absorbers. In this way absorption of

the radiation and heating may be performed selectively. The use of microwave irra-

diation has led to the introduction of new concepts in chemistry because the ab-

sorption and transmission of the energy is completely different from that in the

conventional mode of heating. The shape and size of the sample can also have an

effect and these factors can affect the scale-up of some reactions.

Transfer of energy with microwaves is not by conduction or convection but by

dielectric loss. The propensity of a sample to undergo microwave heating depends

on its dielectric properties, the dielectric loss factor ðe 00Þ and the dielectric constant

ðe 0Þ. The dielectric constant represents the ability of a substance to absorb micro-

waves while the dielectric loss factor represents the ability of a substance to trans-

form this energy into heat. A high dissipation factor ðtan d ¼ e 00=e 0Þ results in a

high susceptibility to microwave energy. Dielectric factors relevant to microwave

heating have been reviewed [1].

The wavelength of radiation in the microwave region enables entire bulk quanti-

ties of a given material to be heated simultaneously without any major temperature

gradient and, moreover, heating depends on the dielectric properties of the mate-

rial and the specific heat capacity, the emissivity, the geometry, the volume (or

mass), and the strength of the applied field. This type of heating mechanism can

only be achieved by using electromagnetic waves in the microwave and RF region;

the penetration depth of other forms of electromagnetic radiation (e.g. infrared) is

too small and thermal conductivity is the limiting factor.
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Instrumentation can also have a significant effect on heating pattern and power

densities and, consequently, on the absorption of the energy. A comprehensive sur-

vey of microwave instrumentation can be found elsewhere [1, 2; see also Chapters

1 and 2].

Microwave irradiation has been successfully applied in chemistry since 1975 and

many examples in organic synthesis have been described [3, 4]. Several reviews

have been published on the application of this technique to solvent-free reactions

[5], cycloaddition reactions [6], synthesis of radioisotopes [7], fullerene chemistry

[8] and advanced materials [9], polymers [10], heterocyclic chemistry [11], carbohy-

drates [12], homogeneous [13] and heterogeneous catalysis [14], medicinal and

combinatorial chemistry [15], and green chemistry [16]. All these applications are

described elsewhere in this book.

Control of selectivity (chemo, regio, stereo, and enantioselectivity) is among the

most important objective in organic synthesis. The efficient use of reaction condi-

tions (temperature, time, solvent, etc.), kinetic or thermodynamic control, protect-

ing or activating groups (for example chiral auxiliaries), and catalysts (including

chiral catalysts) have all been used to obtain the desired isomer.

The objective of this review is not to compile examples of the synthetic applica-

tions of microwave irradiation in which only better yields and reduced reaction

times have been achieved, but to summarize examples in which microwave radia-

tion has resulted in chemo, regio, or stereoselectivity that differ from those ob-

tained by use of conventional heating. Possible explanations for this behavior will

be given throughout the text. Some examples will be discussed separately in Chap-

ter 4 (Section 4.8.4) as an extension of previous original considerations in terms of

specific electrostatic effects and of the relative stabilization of the more polar tran-

sition states [17a].

5.2

Selective Heating

5.2.1

Solvents

The most notable characteristic of microwave-assisted reactions is the spectacular

acceleration often obtained. This effect is particularly important in the synthesis

of short-lived radioisotopes [7], combinatorial chemistry [15], and catalysis [13,

14]. The effect has been used to avoid the decomposition of products and reagents

and, in this way, to dramatically improve yields and to perform reactions that do

not occur when conventional heating is used [18].

Several authors have postulated the existence of a so-called ‘‘microwave effect’’

to explain results that cannot be explained solely by the effect of rapid heating.

Hence, rate acceleration or changes in reactivity and selectivity could be explained

in terms of a specific radiation effect and not merely by a thermal effect [17]. The

existence of such a ‘‘microwave effect’’ is still a controversial issue [17, 19] and is
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beyond the scope of this chapter (see Chapter 4). It is clear, however, that micro-

wave irradiation is a selective mode of heating. Characteristically, microwaves gen-

erate rapid and intense heating of polar substances whereas apolar substances do

not absorb the radiation and are not heated. This selective effect was elegantly

exploited by Strauss [20] in a Hofmann elimination reaction using a two-phase

water–chloroform system (Fig. 5.1). The temperatures of the aqueous and organic

phases were 110 and 50 �C, respectively, because of differences between the dielec-

tric properties of the solvents. As a result of this difference decomposition of the

final product is avoided. Comparable conditions would be difficult to obtain using

traditional heating methods.

A similar effect was observed by Hallberg in the preparation of b,b-diarylated al-

dehydes by hydrolysis of enol ethers in a two-phase (toluene–HClðaqÞ) system [21].

Overheating of polar liquids is another effect that can be exploited to advantage.

Mingos [22] detected this effect on applying microwaves to polar liquids and found

that overheating to between 13–26 �C above the normal boiling point may occur

(Fig. 5.2). This effect can be explained by the ‘‘inverted heat transfer’’ effect (from

the irradiated medium toward the exterior), because boiling nuclei are formed at

the surface of the liquid.

This effect could account for the enhancement in reaction rates observed in or-

ganic and organometallic chemistry, and modification of the selectivity. It is, never-

theless, limited to reactions conducted in closed vessels without any stirring or

nucleation regulator, and disappears in the presence of boiling chips [23]. Chemat

[23] studied the origin, effect, and application of superheating of organic liquids.

The factors considered included the effect on the super-heating of adding boiling

nuclei, and of microwave power, volume, pressure, and chemical composition. It

was shown how the induced superheating phenomenon could be exploited to ac-

celerate homogeneous reactions, because under microwave conditions as chemical

processes occur at temperatures tens of degrees higher than when classical heating

Fig. 5.1. Selective heating of water–chloroform mixtures.
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is used (Fig. 5.3). This approach also enables reactions to be performed at atmo-

spheric pressure with the same yields and reaction times as when conducted in

closed reactors with classical heating.

Marken et al. [24] showed that the effect of 2.45 GHz microwave radiation on

electroorganic processes in microwave-absorbing (organic) media can be dramatic

but was predominantly thermal in nature. The process studied was the oxidation of

2 mm ferrocene in acetonitrile (0.1 m NBu4PF6) with a Pt electrode. Sigmoidal

steady-state responses were detected and, as expected, an increase in microwave

power led to an increase in the limiting current. This effect was qualitatively attrib-

uted to the formation of a ‘‘hot spot’’ in close proximity to the electrode surface.

Focusing of microwaves at the end of the metal electrode is responsible for this

highly localized thermal effect. When the microwave power was switched off, the

voltammetric characteristics observed at room temperature returned immediately.

Fig. 5.2. Heating profile of ethanol under microwave irradiation.

Fig. 5.3. Kinetics of esterification reaction: (b) microwave heating; (f) classical heating.
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The temperature was seen to increase away from the electrode surface with a ‘‘hot

spot’’ region at a distance of approximately 40 mm. The ‘‘hot spot’’ temperature

(Fig. 5.4) was 118 �C and thus substantially higher than the boiling point of aceto-

nitrile (81.6 �C) and also much higher than the temperature of the electrode

(47 �C). Under these conditions the velocity of acetonitrile convection through the

‘‘hot spot’’ region is 0.1 cm s�1 and, therefore, the solvent typically passes through

the high-temperature region in less than 100 ms.

5.2.2

Catalysts

The characteristics of microwave heating have been exploited efficiently in cataly-

sis. In homogeneous catalysis [13] several advantages have been observed:

� the combination of metal catalysts under air and with water as the solvent;
� the use of milder and less toxic reagents at high temperatures; and
� the possibility of integrating efficient synthesis with non-chromatographic

purifications.

In heterogeneous catalysis [14b] benefits arise from the possibility that heating can

be concentrated on the catalyst’s mass while the surroundings remain relatively

cool, a situation that can enhance selectivity. Bogdal [25], for example, described

the oxidation of alcohols using Magtrieve (DuPont’s trademark for the oxidant

based on tetravalent chromium dioxide CrO2) (Scheme 5.1). Irradiation of Mag-

trieve led to rapid heating of the material up to 360 �C within 2 min. When toluene

was introduced into the reaction vessel, the temperature of Magtrieve reached ca.

140 �C within 2 min and was more uniformly distributed (Fig. 5.5). This experi-

Fig. 5.4. Thermography of an electroorganic process in

acetonitrile under microwave irradiation.

Scheme 5.1
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ment shows that the temperature of the catalyst can be higher than the tempera-

ture of the bulk solvent, which implies that such a process might be more energy-

efficient than conventional processes.

The same effect in Zeolite–guest systems was demonstrated by Auerbach [26] by

equilibrium molecular dynamics and non-equilibrium molecular dynamics after

experimental work by Conner [27]. The energy distributions obtained in Zeolite

and Zeolite-Na are shown in Fig. 5.6A. At equilibrium, all the atoms in the system

are at the same temperature. When Na-Y Zeolite is exposed to microwave energy,

however, the effective steady-state temperature of Na atoms is substantially higher

than that of the rest of the framework; this is indicative of athermal energy distri-

bution. The steady-state temperatures for binary methanol/benzene mixtures in

Fig. 5.5. Temperature profile for Magtrieve (2 min): (A) without solvent; (B) in toluene solution.

Fig. 5.6. (A) Energy distributions in NaY at (a) thermal

equilibrium and (b) nonequilibrium, with the external field.

(B) Steady-state energy distributions for binary mixtures in

siliceous-Y (a) 1:1, (b) 2:2, (c) 4:4, and (d) 8:8 methanol–

benzene per unit.
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both siliceous Zeolites are shown in Fig. 5.6B. Statistically different temperatures

for each component were found and Tmethanol gTbenzene > Tzeolite. These results

suggest that methanol dissipates energy to benzene, although this process is

much too slow to lead to thermal equilibrium under steady-state conditions.

Several authors have detected or postulated the presence of ‘‘hot spots’’ in sam-

ples irradiated with microwaves. This effect arises as a consequence of the inhomo-

geneity of the applied field, meaning that the temperature in certain zones within

the sample is much greater than the macroscopic temperature and is, therefore,

not representative of the reaction conditions as a whole. This overheating effect

has been demonstrated by Mingos in the decomposition of H2S over g-Al2O3 and

MoS2ag-Al2O3 (Scheme 5.2) [28]. The conversion efficiency under microwave and

conventional thermal conditions is compared in Fig. 5.7. The higher conversion

under microwave irradiation was attributed to the presence of hot spots. The tem-

perature in the hot spots was estimated to be approximately 100–200 �C above the

bulk temperature on the evidence of calculations and several transformations that

occurred. These transformations included the transition from g- to a-alumina and

the melting of MoS2, which occurs at temperatures much higher than the mea-

sured bulk temperature. The size of the hot spots was estimated to be as large as

100 mm.

Hot spots may be created by the difference between the dielectric properties of

Scheme 5.2

Fig. 5.7. Dependence of H2S conversion on temperature with

mechanically mixed catalyst A and impregnated catalyst B.
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materials, by the uneven distribution of electromagnetic field strength, or by volu-

metric dielectric heating under microwave conditions [29]. These effects have also

been explained in terms of temperature gradients within a solid, meaning that the

hot spots could not be directly measured [25].

Cheng [30] emphasized the importance of the magnetic field component in mi-

crowave heating. In his experiments a single-mode cavity with a cross-section of 86

mm by 43 mm was used; this works in TE103 single mode (Fig. 5.8). The maxi-

mum electric field (E) is in the center of the cross section, where the magnetic field

(H) is at its minimum. The maximum magnetic field is near the wall, where the

electric field is at its minimum. In this way a sample can be placed within the cav-

ity with a maximum electric or magnetic field as desired; as an example, the behav-

ior of powder-compact samples of FeO, Fe2O3, and Fe3O4 is shown in Fig. 5.9.

Conductive samples, for example metal powders and carbide samples, can be

heated much more efficiently in the magnetic field. In contrast, for pure ceramic

samples, which are insulators with little conductivity, much higher heating rates

were obtained in the pure electric field. It was concluded that it is not possible to

Fig. 5.8. Schematic view of microwave field distribution within

the TE103 single-mode microwave cavity.
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Fig. 5.9. Heating rate in microwave H and E field. (A) FeO

powder-compact sample, (B) Fe2O3 powder-compact sample,

(C) Fe3O4 powder-compact sample.
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ignore the effect of the magnetic component, especially for conductor and semi-

conductor materials. The contribution of the magnetic loss mechanisms could be

hysteresis, eddy currents, magnetic resonance, and domain wall oscillations.

Selective heating has been used in the synthesis and purification of carbon nano-

tubes (CNT). For example, Lee [31a] described the preparation of carbon nanotubes

in a microwave oven (Fig. 5.10). The support material (carbon black, a microwave

absorber, or SiO2, a microwave insulator) was placed in a quartz reactor with a flow

of acetylene (C2H2) gas without a catalyst and was irradiated by microwaves. Iden-

tical experiments were repeated with carbon black loaded with Co, Ni, and Fe

catalysts.

The catalyst particles only are heated to the temperature necessary for CNT syn-

thesis, without raising the temperature of the substrate on which the catalyst lies.

Co is believed to be the most effective catalyst, although Ni and Fe are almost as

good. The decomposition of acetylene is initiated on the heated catalyst. When the

reaction occurs, formation of carbon species continues, because of the continuous

supply of energy from the exothermic reaction and from the synthesized carbon

forms, which can absorb additional microwave energy. The nature of the support

also has a strong effect on the reaction; SiO2, a microwave insulator, does not ab-

sorb microwave energy and dissipates the energy absorbed by the catalyst particles,

meaning that CNT cannot be synthesized with CoaSiO2 (Fig. 5.11a). In contrast,

carbon is a microwave absorber and can be heated up to 1000 �C. The catalyst par-

ticles are, therefore, easily heated with carbon supports (Fig. 5.11b).

The same strategy has been used to prepare flexible carbon nanotubes on a poly-

mer support in a monomode reactor within 2 s [31b]. This technique enables the

preparation to be performed without preheating of the catalyst film, under atmo-

spheric operating conditions, with rapid synthesis and the ability to synthesize

CNT on polymer substrates.

Fig. 5.10. Schematic view of the experiments.
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Purification of carbon nanotubes has been performed in multimode [31] and

monomode [32] systems. Prato purified HIPCO carbon nanotubes in a multimode

oven. Common impurities are amorphous carbon and iron particles. The raw ma-

terial was soaked in diethyl ether to obtain a more compact material. After evapo-

ration of the solvent the flask was subjected to microwave heating (80 W) and an

immediate weight loss occurred (5 s). This process was then repeated. Results

from iron analysis were 16% (w/w) for the first run and 9% (w/w) after the second

heating cycle. It is clear in this instance that the microwave heating is selectively

directed to the iron particles. It can be seen from Fig. 5.12 that, although the qual-

ity of the tubes remained similar to the original material, most of the iron spots

had disappeared.

Similar selective heating of the catalyst particles was observed by Harutyunyan

[33] in the first step of a general purification procedure for single-wall CNT pro-

duced by the arc-discharge technique with an NiaY catalyst added to the electrodes.

Microwave heating as an initial step for metal removal was compared with ‘‘selec-

tive oxidation’’, which refers to selective oxidation of undesirable minority phases

(Figs. 5.13 and 5.14).

Fig. 5.11. Mechanism of CNT synthesis using microwave

heating. (a) microwave-insulating substrate, (b) microwave-

absorbing substrate.
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5.2.3

Reagents; Molecular Radiators

Larhed [34] described the molybdenum-catalyzed allylic alkylation of (E)-3-phenyl-
2-propenyl acetate. The reaction occurs with good reproducibility, complete con-

version, high yields, and excellent enantiomer excess (ee) in only a few minutes

(Scheme 5.3). In the standard solvent (THF), and with an irradiation power of

250 W, a yield of 87% was obtained and high regioselectivity and ee (98%) were

achieved. Regioselectivity was somewhat lower (17–19:1) than in the previously re-

Fig. 5.12. TEM image of (A) raw HIPCO tubes, (B) after MW and acid washing treatment.

Fig. 5.13. A schematic diagram of the microwave system.
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ported two-step method (32–49:1). Alkylation also worked on polymer-supported

reagents and, consequently, can be applied in combinatorial chemistry.

The high temperatures obtained (220 �C) are not only because of increased

boiling points at elevated pressure but also because of a significant contribu-

tion from sustained overheating. The yields from the oil-bath experiments were

lower than those for the corresponding microwave-heated reactions. In pure,

microwave-transparent (non polar) solvents, the added substances, whether ionic

or non-ionic, must therefore contribute to the overall temperature profile when

the reaction is performed. It seems reasonable that when the substrates act as

Fig. 5.14. TEM and HRTEM micrographs of (A) as-prepared

SWNTmaterial; (B) SWNTmaterial after microwave heating at

500 �C.

Scheme 5.3
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‘‘molecular radiators’’ in channeling energy from microwave radiation to bulk heat,

their reactivity might be enhanced. The concept and advantages of ‘‘molecular ra-

diators’’ have also been described by other authors [35].

5.2.4

Susceptors

A susceptor can be used when the reagents and solvents do not absorb microwave

radiation. Susceptors are inert compounds that efficiently absorb microwave radia-

tion and transfer the thermal energy to another compound that is a poor radiation

absorber. This method has an interesting advantage – if the susceptor is a catalyst

the energy can be focused on the surface of the susceptor where the reaction oc-

curs. In this way, thermal decomposition of sensitive compounds can be avoided.

In contrast, transmission of the energy occurs through conventional mechanisms.

In solvent-free or heterogeneous conditions graphite has been used as a sus-

ceptor (Chapter 9 in this book). For example, Garrigues [36] described the cycli-

zation of (þ)-citronellal to (�)-isopulegol and (þ)-neoisopulegol on graphite. The

stereoselectivity of the cyclization can be altered under the action of microwave

irradiation.

Ionic liquids have been used both in solution and under homogeneous condi-

tions. For example, Ley [37] described the preparation of thioamides from amides.

Although the reaction under classical conditions occurs in excellent yield, the reac-

tion time can be shortened by using MW irradiation (Scheme 5.4). The reaction

was performed in toluene and, because this is not an optimum solvent for absorp-

tion and dissipation of MW energy, a small amount of polar solvent was added to

the reaction mixture to ensure efficient heat distribution.

In this regard, Leadbeater (Ref. [38] and Chapter 7 in this book) studied the use

of ionic liquids as aids for microwave heating of a nonpolar solvent (Table 5.1). It

was shown that apolar solvents can, in a very short time, be heated to temperatures

way above their boiling points in sealed vessels using a small quantity of an ionic

Scheme 5.4
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liquid. It was found that 0.2 mmol ionic liquid was the optimum amount to heat 2

mL solvent. These solvent mixtures were tested with model reactions, for example

as Diels–Alder cycloadditions, Michael additions, and alkylation reactions.

5.3

Modification of Chemoselectivity and Regioselectivity

5.3.1

Protection and Deprotection of Alcohols

Protection and deprotection of alcohols are important steps in organic synthesis

and can be used to obtain selectivity – particularly in the chemistry of carbohy-

drates (for extended considerations, see Chapter 12), where the presence of several

hydroxyl groups makes it difficult to obtain the desired selectivity. Microwave irra-

diation has been used for selective protection and deprotection of alcohols in sev-

eral systems.

Herradón [39] conducted a study on the selective benzoylation of polyols by mi-

crowave irradiation and excellent results were obtained. In the example shown, the

reaction conducted under the action of radiation and in the presence of dibutyltin

oxide led exclusively to product 10, which is benzoylated in the 2-position. This

product is formed via a dibutyltin acetal, which catalyzes and controls the direction

Tab. 5.1. The microwave heating effects of adding a small

quantity of ionic liquids, 8 and 9, to hexane, toluene, THF, and

dioxane.

Solvent IL[a] T IL (̊ C) t (s) T (̊ C)[b] b.p. (̊ C)

Hexane 8 217 10 46 69

9 228 15

Toluene 8 195 150 109 111

9 130 150

THF 8 268 70 112 66

9 242 60

Dioxane 8 264 90 76 101

9 248 90

a Ionic liquid 1 mmol mL�1 solvent
bTemperature reached without ionic liquid
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of the reaction (Scheme 5.5). Under classical conditions, the non-catalyzed acyla-

tion is as fast as the tin-catalyzed reaction, so there is no advantage in using the

tin species.

A similar strategy was used by Ballel [40] in the tin-mediated regioselective 3-O-

alkylation of lactose and galabiose derivatives. The corresponding reactions under

conventional heating did not yield any product.

Herradón also described the acylation of polyols [41] and amino alcohols

(Scheme 5.6) [42] catalyzed by dibutyltin oxide. The chemoselectivity of the reac-

tion depends on the power applied during irradiation.

More recently, Caddick et al. [43] studied the selective benzoylation of primary

hydroxyl groups using dibutyltin oxide as a catalyst and triethylamine as the base.

These experiments again show that the stoichiometry and the mode of heating

have a significant effect on the selectivity of the reaction.

Ley [44] performed deprotection of pivalic esters on alumina under the action of

microwave activation in the absence of solvent. It was found that selective deprotec-

tion of the 6-position could be achieved without migration of groups or isomeriza-

tion of the anomeric center (Scheme 5.7). Yields of the order of 90% were ob-

tained; such levels cannot be achieved by classical heating.

Lardy [45] studied the selective acetylation of sterols in the semi-solid state. It

was found that the reaction is both chemoselective and regioselective under the

action of microwave irradiation. For example, thermal heating of progesterone

(16) led to enolization at the 3 and 20-carbonyls to give a 2:1 mixture of mono-

and dienolacetates. Under the action of microwave irradiation, the 3-enol acetate

was the major product (95% conversion) (Scheme 5.8) and the 3,5-diene-3-acetate

(17) was also isolated with excellent selectivity.

Varma [46] studied the selective deprotection of diacetate 18 in the absence

Scheme 5.6

Scheme 5.5
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of solvent. Mono or di-deprotection could be controlled by adjusting the reaction

time, as outlined in Scheme 5.9. Mono-deprotection of this system is not possible

by use of conventional heating.

Similarly, Das [47] used ammonium formate on silica gel to achieve selective

and eco-friendly deprotection of aryl acetates under microwave irradiation.

Dealkylation of 2-ethoxyanisole has been described by Loupy [48]. Deethylation

was the dominant reaction with potassium tert-butoxide without any change in

selectivity under the action of microwave irradiation. Demethylation became the

dominant reaction when ethylene glycol was added, however; under these condi-

tions no reaction was observed when conventional heating was used.

Sarma [49] studied the monotetrahydropyranylation of symmetrical diols cata-

lyzed by iodine. Monoprotected diols were obtained in 75% yield within 3 min on

irradiation in a microwave oven. When the same reaction was performed under re-

flux, however, the conversion was quantitative within 30 min now the selectivity

was very poor (mono:diether yield 43%:51%) (Fig. 5.15). Even at room tempera-

ture, the reaction proceeded slowly with no selectivity (mono:diether ratio 1:1) [49].

Scheme 5.9

Scheme 5.8

Scheme 5.7
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5.3.2

Electrophilic Aromatic Substitution

Electrophilic aromatic substitution is the most traditional method for introducing

functional groups into an aromatic ring. Lack of complete regioselectivity produces

mixtures of compounds, however. Microwave irradiation has been used to modify

and invert the selectivity of these reactions. In the sulfonation of naphthalene

(24) under microwave irradiation, Stuerga [50] showed that the ratio of 1- and 2-

naphthalenesulfonic acids (1- and 2-NSA, 25 and 26) obtained is a function of the

applied power (Fig. 5.16).

It is believed that when competing reactions occur, one reaction can be favored

over another by controlling the rate of heating. If we consider a kinetic model for

two competitive reactions based on Arrhenius’ Law, reduction of the reaction time

enables two special situations to be envisaged:

� The first situation is so-called induced selectivity. This is represented in Fig.

5.17(A), which shows the concentrations of product 1 (P1) and product 2 (P2) as

a function of heating rate. Under the action of classical heating (slow heating) a

mixture of P1 and P2 is obtained. By modifying the heating rate it is possible to

obtain P1 as the principal product.
� The second situation is represented in Fig. 5.17(B) and is described as inversion.
Under classical conditions P2 is the major product, whereas the use of micro-

waves or very rapid heating gives P1 as essentially the only product. This situa-

Fig. 5.15. Reaction of ethane-1,2-diols with DHP. Curve Adcdef

is for diether 23 and ABCDEF is for monoether 22.

(A) Dependence of yield on reaction time under reflux in THF.

(B) Dependence of yield on microwave power for 120 s.
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tion is particularly interesting, because changes in the reactivity induced by heat-

ing rate can be envisaged.

This possibility led to new ways of accessing kinetically controlled products and

demonstrates that microwave heating can have very important applications in the

control of chemo, regio, and stereoselectivity.

In the same context, Claramunt [51] reported complete inversion of selectivity

in the reaction between 1-bromoadamantane (28) and pyrazole (27). When the

reaction is performed in an autoclave at 230 �C the exclusive product is 4-(1-

adamantyl)pyrazole (29), but when the reaction is conducted in a microwave reac-

tor the corresponding 3-substituted isomer 30 (44%) is obtained in high purity

(Scheme 5.10).

Similarly, in the reaction of 2-pyridone (31) with benzyl halides 32 in the absence

of solvent [52], the classical route gives N-alkylation whereas microwave irradiation

Fig. 5.16. Dependence of the amount (%) of 1- and 2-NSA 25 and 26 on microwave power.

Fig. 5.17. Dependence of the amount (%) of P1 and P2 on heating rate.
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leads to C-alkylation. Use of microwaves enables the selectivity to be controlled by

altering the irradiation power and the nature of the leaving group, meaning that

the aforementioned phenomenon of induced selectivity can be observed. At low

power, alkylation occurs mainly at C-5 whereas higher irradiation power leads to a

slight excess of the C-3 product. C-alkylation is, moreover, observed when benzyl

bromide is used whereas use of benzyl chloride results in N-alkylation (Scheme

5.11, Table 5.2).

The Fries rearrangement has been studied by several groups, who have described

the reaction on solid supports and under the action of microwave irradiation. Paul

and Gupta [53] indicated that in the reaction catalyzed by zinc powder, the ortho/
para selectivity can occasionally be modified by using microwave heating. For in-

stance, o-hydroxyacetophenone (38) was obtained exclusively from phenylacetate

(37) under the action of MW irradiation whereas p-hydroxyacetophenone (39) was

obtained exclusively by conventional heating (Scheme 5.12). A similar result was

obtained by Khadilkar [54] in the reaction catalyzed by aluminum trichloride, al-

though in this reaction the change was less dramatic. Kad [55] reported that mod-

Scheme 5.10

Scheme 5.11
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ification of the selectivity was not achieved in the same rearrangement catalyzed by

Montmorillonite K-10.

Klán [56] described the photo-Fries rearrangement of phenyl acetate (37) under

the action of microwaves and when irradiated with an electrodeless discharge lamp

(EDL) (Chapter 19 of this book). The reaction provides two main products, 2- and

4-hydroxyacetophenone (Scheme 5.13; 38 and 39, respectively). Product distribu-

tions are given in Table 5.3.

ortho/para selectivity in microwave experiments was slightly different from that

obtained by use of conventional heating (CH). These differences can be attributed

to superheating effects in the microwave field for all solvents and were measured

directly with a fiber-optic thermometer or estimated on the assumption that the

temperature-dependence of the product ratio is linear.

Scheme 5.12

Tab. 5.2. Benzylation of 2-pyridone (31). Product distribution.

X Reaction conditions T (min) T (̊ C) N/C (33/34B 35B 36)

Cl (32a) MW, 780 W 5 198 100/0

CH 5 176 100/0

Br (32b) MW, 150 W 5 81 100/0

MW, 450 W 2,5 180 0/100

CH 5 196 100/0

I (32c) MW, 150 W 5 146 0/100

CH 5 180 traces/0
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Hájek [57] studied the transformation of tert-butylphenols catalyzed by KSF and

observed differences in reaction rate and product distributions when comparing

microwave irradiation and conventional heating (Fig. 5.18). Several conditions

were studied in the isomerization and transalkylation, including temperature and

solvent effects, and it was concluded that different reaction rates and selectivity are

a consequence of ‘‘microwave-induced polarization’’. In this way, the absorbed 2-

tert-butylphenol molecules are affected to a greater extent by microwave irradiation

Scheme 5.13

Tab. 5.3. Photo-Fries reaction under the action of MW and

when irradiated at >254 nm.

Solvent Reaction conditions 40/38B 39 ortho/para T (̊ C) Superheating effect (̊ C)

Methanol CH 0.21 1.18 20 –

CH 0.32 0.95 65 –

MW 0.35 0.98 71 12

Acetonitrile CH 0.25 1.65 20 –

CH 0.38 1.08 81 –

MW 0.41 0.96 90 14
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than by conventional heating alone. This interaction can result in marked changes

in both reaction rates and selectivity.

5.3.3

Synthesis and Reactivity of Heterocyclic Compounds

Heterocyclic compounds have a wide range of applications and are also extensively

distributed in nature. These compounds are also important intermediates in or-

ganic synthesis. Several examples involving modification of selectivity in the prep-

aration and reactivity of heterocyclic compounds have been reported. The degrada-

tion of ethyl indole-2-carboxylate (44) with 0.2 m NaOH has been reported by

Strauss [20]. This reaction leads to the formation of indole (46) if the power input

enables a temperature of 255 �C to be achieved or to indol-2-carboxylic acid (45) if

the temperature is limited to 200 �C (Scheme 5.14).

In the alkylation of 1,2,4-triazole (47) [58] with benzyl chloride in the absence of

base and solvent, the use of microwaves enables the pure N-1 alkylated product 48

to be obtained whereas the classical route leads exclusively to either quaternization

or decomposition (Scheme 5.15).

Similarly, Loupy [59] undertook the preparation of 2,4-dichlorophenacylazoles by

Fig. 5.18. Transformation of 2-tert-butylphenol

(41) (2-TBP, n) catalyzed by Montmorillonite

KSF catalyst under the action of conventional

heating (CH) (A) and microwave (MW)

conditions (B); C, total conversion

(42þ 43þ 40); f selectivity for phenol (40);

j selectivity for 4-TBP (42); s selectivity for

2,4-DTBP (43) at 75 �C.
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reaction of the appropriate azole with 2,2 0,4 0-trichloroacetophenone in the absence

of base and solvent. It was found that significantly increased regioselectivity was

obtained on use of microwave irradiation. The not purely thermal specific micro-

wave effects were shown to be very important in this reaction when solvent-free

conditions or a non-polar solvent is used whereas they are masked when the reac-

tions were performed in a polar solvent (DMF) [59b]. This point is extensively dis-

cussed in Chapter 4.

Cardillo [60] described the regioselective rearrangement of aziridine 51 in tol-

uene, a good solvent to observe the effect of microwave irradiation (Scheme 5.16);

under these conditions temperatures were 54–56 �C. Several Lewis acids were

tested as catalysts and the best results were obtained with BF3.Et2O. Under the

action of microwave irradiation, the yield and regioselectivity were greater than

99%, whereas with conventional heating only 65% yield was obtained and a poorer

selectivity (85:15) was observed together with the presence of different by-products.

Echevarrı́a [61] conducted reactions between 5-amino-1,3-dimethylpyrazole

(55) and benzaldehydes 56 (Scheme 5.17). The reaction with benzaldehyde (56a)

in the absence of solvent at room temperature produced the desired imine 57a in

low yield (10%). Reaction in the solid state with silica gel as catalyst at room tem-

Scheme 5.14

Scheme 5.15
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perature for 120 min furnished compound 60a in 12% yield. When the reaction

was performed in a microwave oven yields were greatly improved and selectivity

depended on the nature of the substituent on the benzaldehyde. Reaction with

benzaldehyde (56a) produced 60a in 85% yield, but with tolualdehyde (56b) the tri-

cyclic compound 61b was obtained in 62% yield and, finally, with p-nitrobenzalde-
hyde (56c) compound 59c was obtained in 99% yield.

The temperature obtained when using microwaves depends on the dielectric

constant of the reagents and, therefore, the relative permittivity of the three ben-

zaldehydes should be different. Microwave irradiation not only affords better yields

and cleaner reactions than conventional heating, but even leads to different

compounds – evidence of a change not only of reactivity but also of selectivity.

The desulfonylation of N-sulfonyl tetrahydroisoquinolines 63 with potassium flu-

oride on alumina under the action of microwave irradiation enables the selective

synthesis of 3,4-dihydroisoquinolines 64 and isoquinolines 65 (Scheme 5.18) [62].

Microwave irradiation (490 W, microwave oven) of the N-sulfonyl heterocycles

resulted in good yields of the corresponding 3,4-dihydroisoquinolines 64 in

10–20 s. Interestingly, increasing the irradiation time completely transformed

the starting materials into the corresponding isoquinolines 65, providing a highly

selective and convenient strategy enabling access both classes of compound. Con-

ventional heating, on the other hand, led to complete consumption of the starting

material only after 48 h under reflux in toluene. Under these conditions, the 3,4-

dihydroisoquinoline 63 was the only reaction product.

Hamelin [63] reported that pyridazinone 68 and heterobicyclic 69 compounds

were formed in a ratio of 7:93 in the reaction of glyoxal monophenylhydrazones

66 with b-ketoesters 67 in the absence of solvent under the action of classical heat-

ing. Use of microwaves in the same reaction led to inversion of the reactivity and

resulted in a product ratio of 85:15 (Scheme 5.19).

In the same way, reaction of glyoxal mono-1,1-dimethylhydrazone (70) with b-

ketoesters 67 in the absence of solvent [64] gave 1-aminopyrroles 73 and other ni-

trogen heterocycles 71 and 72. The selectivity was found to depend on a variety of

conditions, for example temperature, time, and mode of heating (Scheme 5.20).

Uchida et al. [65] reported the preparation of cis and trans-2,4,5-
triarylimidazolines from aromatic aldehydes. Microwave irradiation of a mixture

of benzaldehyde (56a) and hexamethyldisilazane on silica gel in the absence of sol-

Scheme 5.16
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Scheme 5.17
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vent for 5 min gave the bis imine 74 in 79% yield. In contrast, the cis imidazoline

75 was obtained directly by conventional heating. The methano diimines were cy-

clized to a mixture of cis and trans imidazolines by irradiation with one equivalent

of a base for 5 min [65].

Scheme 5.18

Scheme 5.19

Scheme 5.20
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The condensation of 2,5,6-triaminopyrimidin-4-one (76) with unsymmetrical a,b-

dicarbonyl compounds 77 led to the substituted pterins, with preferential for-

mation of the unwanted 7-isomer rather than the 6-isomer. A one-pot synthesis of

6-methylpterin 78 involved condensation with methylglyoxal (77) at a controlled

temperature (0–5 �C). Sodium bisulfate was used to mask the more reactive alde-

hyde function. Under the action of microwave irradiation, however, the 6-isomer

can be obtained with total regioselectivity without addition of sodium bisulfate or

hydrazine hydrate (Scheme 5.22) [66].

The intramolecular cyclization of d-iminoacetylenes to pyrazino[1,2-a]indoles
described by Abbiati [67] is a new example of modification of selectivity. When

1-propargyl indoles 79 were treated in a sealed tube at 100 �C with 2 m ammonia in

methanol, the corresponding pyrazino indoles 80 and 81 were obtained in good

yields. Differences between the relative ratio of 80 and 81 were related to:

1. the relative stability of pyrazinoindoles and dihydropyrazinoindoles; and

2. the different reaction times required by the different substituted substrates.

Formation of dihydropyrazinoindoles is a kinetically controlled process whereas

pyrazinoindoles are the thermodynamically controlled products – it is well known

Scheme 5.21

Scheme 5.22
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that prolonged reaction times promote the formation of the latter. The microwave-

assisted reaction was performed in a multimode oven at 150 �C in 2 m ammonia in

methanol. The reaction was quicker than that with conventional heating and over-

all yields were increased by 11–36%. The ratio of dihydropyrazinoindoles to pyrazi-

noindoles was shifted toward the fully conjugated system.

5.3.4

Cycloaddition Reactions

Cycloaddition reactions have been performed with great success with the aid of mi-

crowave irradiation (Chapter 11). All the problems associated with these reactions

have been conveniently solved by the rapid heating achieved with microwave irra-

diation, a situation not accessible by classical methods [4a, 6]. In some examples

the selectivity of the reaction has also been modified. Langa described the cycload-

dition of N-methylazomethine ylides to C70 to give three regioisomers (83a–c) by

attack at the 1–2, 5–6, and 7–21 bonds (Scheme 5.24) [68]. Under the action of

conventional heating the 7–21 83c isomer was formed in only a low proportion

Scheme 5.23

Scheme 5.24
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and the 1–2 83a isomer was found to predominate. Use of microwave irradiation

in conjunction with o-DCB (o-dichlorobenzene), which absorbs microwaves effi-

ciently, gave rise to significant changes in reactivity. In contrast with classical con-

ditions, the isomer 83c was not formed under the action of microwave irradiation,

irrespective of the irradiation power, and isomer 83b was predominant at higher

power (Scheme 5.24 and Fig. 5.19).

A computational study on the mode of cycloaddition showed that reaction is

stepwise, with the first step consisting of a nucleophilic attack on the azomethine

ylide. The most negative charge on the fullerene moiety in transition states 83a and

83b is located on the carbon adjacent to the carbon–carbon bond being formed. In

transition state c, however, the negative charge is delocalized throughout the C70

subunit. The relative ratio of isomers 83a–c is related to the degree of hardness,

and the formation of 83b should be favored under the action of microwave irradia-

tion. It is noticeable that purely thermal arguments predict the predominance of

83a under the action of microwave irradiation, which is in marked contrast with

the result found experimentally. This system can be used as a predictive model in

competitive reactions with a non-concerted mechanism in which at least one polar

transition state is involved and in which the transition with the harder transition

state will be favored by use of microwave irradiation.

This model was used by Dı́az-Ortiz [69] in the preparation of nitroproline esters

86 by 1,3-dipolar cycloaddition of imines 84, derived from a-aminoesters, with b-

nitrostyrenes 85, in the absence of solvent (Scheme 5.25). Conventional heating

produced the expected isomers 86a and 86b by the endo and exo approaches.

Under the action of microwave irradiation, however, a new compound, isomer

86c, was obtained. The authors showed that this isomer arises by thermal isomer-

ization of the imine by rotation in the carboxyl part of the ylide. Isomer 86c is then

produced by an endo approach. The exclusive formation of the second dipole

Fig. 5.19. 1H NMR spectra (methyl groups) of adducts 83a,

83b, and 83c (Scheme 5.24). From left to right: (A) classical

heating in toluene; (B) classical heating in o-DCB;

(C) microwave irradiation at 180 W in o-DCB.
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under the action of microwave irradiation is most probably related to the higher

polarity, hardness, and lower polarizability in comparison with the first dipole.

Hong [70] described the cycloaddition reactions of fulvenes 87 with quinones 88

and several activated alkenes and alkynes in an attempt to provide new examples of

the microwave effect. Two examples warrant particular attention. Reaction of 6,6-

dimethylfulvene (87) with p-benzoquinone (88) produced the [4þ2] cycloaddition

when the reaction was performed with conventional heating. Use of microwave

heating, however, gave rise to the [6þ4] cycloaddition product (Scheme 5.26).

Unfortunately, no control experiments in DMSO with conventional heating

and in C6H6 with microwave activation were performed to enable unambiguous

conclusions.

In contrast, reaction with dimethyl maleate (91) gave only the [4þ2] product

both by conventional heating and with microwave irradiation. Under the action of

Scheme 5.25

Scheme 5.26
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microwaves, however, addition of a second equivalent of 6,6-dimethylfulvene (87)

was observed. Formation of this new product can be explained by a [4þ2] cycload-

dition with a first equivalent of 6,6-dimethylfulvene (87) then protonation, a 1,2-

alkyl shift, and [4þ3] cycloaddition with a second equivalent of 6,6-dimethylfulvene

(87). Alternatively, this product can be obtained by dimerization of 6,6-dimethylful-

vene (87) via [4þ2] or a [6þ4] cycloaddition then [4þ2] cycloaddition with dimethyl

maleate (91) (Scheme 5.27) [70].

Wagner [71] performed 1,3-dipolar cycloaddition of nitrones 95 with trans-
[PtCl2(PhCN)2] (94) and showed that microwave irradiation enhances the rate

of the cycloaddition substantially and also favors selectivity towards the mono-

cycloadduct 96, compared with thermal conditions (Scheme 5.28). Both cycloaddi-

tions can be performed at room temperature overnight, indicating that the differ-

ence between reactivity is not dramatic, although it is sufficient to achieve high se-

lectivity. The progress of the reaction with time is shown in Fig. 5.20. The nitrone

Scheme 5.27

Scheme 5.28
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is consumed at the same rate the mono-cycloaddition product is formed. The sam-

ple can be used to study the rate of the second cycloaddition – when the nitrone

was almost consumed another equivalent was added and the reaction was again

followed by 1H NMR spectroscopy. The thermal reaction is highly selective, the

Fig. 5.20. Reaction of trans-[PtCl2(PCN)2] 94 and nitrone 95
under (A) thermal conditions (B) the action of microwave

irradiation (þ95; �96; V97).
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second reaction is slower than the first cycloaddition and the half-lives differ by a

factor of approximately 6. Under the action of microwave irradiation, both cycload-

dition steps were significantly accelerated compared with under thermal condi-

tions. Whereas the first cycloaddition is accelerated by a factor of 25, however, the

second is accelerated by a factor of 7 only.

5.3.5

Polymerization

Microwave irradiation has been successfully applied in polymer chemistry (Ref.

[10] and Chapter 14 of this book) – for the synthesis and processing of polymers,

e.g. for modification of the surface and cross-linking, and also in the degradation

of polymers. Microwave plasmas also have been used in the polymerization and

surface modification of materials. The enhanced reaction rates have been attrib-

uted to thermal effects – although for some reactions it seems the advantages arise

from the selective excitation of one of the educts involved. Shifts in selectivity have

also been observed.

Loupy [72] described the synthesis of polyethers derived from isoidide and

isosorbide by phase-transfer catalysis under the action of conventional heating

and microwave irradiation (Scheme 5.29). Although similar temperature profiles

were observed in these reactions (Fig. 5.21), noticeably different results were ob-

tained under the action of microwave irradiation:

1. reaction times were markedly reduced;

2. higher molecular weight polymers were obtained with better homogeneity; and

3. the structures of polymers were quite different, with significant differences in

chain termination.

Fig. 5.21. Profile of the increase in temperature under the

action of microwave irradiation and conventional heating for

the reaction of 98 with 99.
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Under the action of microwave irradiation, terminal ethylenic groups were formed

rather rapidly (structures A1, A2, A3, B1 and B2). With conventional heating, how-

ever, the terminal units essentially consisted of hydroxyl functions (Structures A1,

C, D, and E). The authors believe the formation of ethylenic units can be foreseen

as an example of a specific microwave effect on selectivity on the basis of an en-

hanced stabilization of the more polar transition state (E2 rather than SN2) under

the action of microwave irradiation [17a].

Ritter [73] described the synthesis and polymerization of methacrylic acid (101)

[73a] and acrylic acid [73b] with (R)-1-phenylethylamine (102) (Scheme 5.30). Reac-

tions under the action of conventional heating were performed in a differential

scanning calorimeter (DSC); this enabled the heating profile observed under mi-

crowave conditions to be reproduced. After 15 min of microwave irradiation, con-

version to the amide was 93% whereas with thermal heating it was only 12% after

the same period of time. A detailed study of both reactions led to the identification

of two side-products, 2-methyl-3-(1-phenylethylamino)propionic acid (104) and 2-

methyl-N-(1-phenylethyl)-3-(1-phenylethylamino)propionamide (105), as a result of

a Michael addition reaction between the starting acid and the amide product. In

the reaction performed by thermal heating, it was possible to identify the presence

of (1-phenylethyl)propylamine (106), which was not detected after the reaction un-

der the action of microwave irradiation. From kinetic data (Fig. 5.22) obtained by

GC–MS it was possible to observe that both sets of reaction conditions led to 104

as the main Michael addition compound formed during the first 5 min. After this

Scheme 5.30
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time, the reversible nature of the reaction led to a decrease in the amount of this

compound and, when microwave irradiation was used, the desired amide 103 be-

came the main product. In contrast, classical thermal conditions give rise to com-

petition between the appearance of compounds 103 and 105. The authors believe

Fig. 5.22. Kinetic plots of the reactions shown in Scheme 5.30:

(A) under the action of microwave irradiation at 180 �C (IR

pyrometer); (B) conventional thermal heating at 200 �C (DSC).
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that the high stability of amide 103 is the force driving rapid decomposition of

product 104 by a retro-Michael reaction and this can be related to the use of MW

irradiation, because when competitive reactions are involved, the mechanism oc-

curring via the hardest, more polar transition state should be favored [18].

Zhang [74] performed cationic chain polymerization of 107 to produce a bisali-

phatic epoxy resin and discovered some modification in the selectivity under the

action of microwave irradiation. The extent of polymerization was followed by

DSC (Fig. 5.23). Two exothermic peaks (peaks 1 and 2) were related to the exother-

mic polymerization of the epoxide 107 (Fig. 5.23A). Under thermal conditions the

polymerization at peak 1 occurred first as the temperature gradually increased. As

the temperature continued to increase, polymerization at peak 2 occurred. In the

microwave field (Fig. 5.23B), however, the order was reversed and it was peak 2

that disappeared first and peak 1 second. The authors believe microwave energy

will affect the internal energy of a chemical with a permanent dipole moment.

This effect is too small to be significant, however. Microwave energy will also sub-

stantially affect the Gibbs free energy of a chemical with a permanent dipole mo-

ment. As a consequence, if two reactions are possible for the same system, one re-

action could occur to a greater extent than the other in microwave fields.

Fig. 5.23. DSC curves for the epoxide 107: (A) under the
action of conventional heating at 150 �C (1), 160 �C (2),

164 �C (3), 179 �C (4) and 199 �C (5); (B) under the action of

microwave irradiation for 24 s (1), 28 s (2), 32 s (3), 38 s (4),
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Zhu [75] described the atom-transfer radical polymerization of methyl methacry-

late using a,a 0-dichloroxylene/CuCl/N,N,N 0,N 00,N 00-pentamethyldiethylenetriamine

as initiation system. The apparent kp under the action of microwave irradiation

(7:6� 10�4 s�1) is much higher than that with conventional heating (5:3�
10�5 s�1), which indicates that application of microwave irradiation enhances the

rate of polymerization (Fig. 5.24).

The authors determined the concentration of Cu in solution for this heteroge-

neous system and showed that under the action of microwave irradiation it is

higher than that with conventional heating within the same period of time (Fig.

5.25). As a consequence, microwave irradiation increases the dissolution of CuCl

in the system and increases the efficiency of the initiator. Molecular weight distri-

butions in the microwave process range from 1.2 to 1.5, whereas for conventional

heating they are in the range 1.2 to 1.6. This is an example of selective heating that

enhances both the rate of polymerization and initiator efficiency.

5.3.6

Miscellaneous

Microwave irradiation has been used to modify selectivity in rearrangement and

coupling reactions. Indeed, the photo-Fries rearrangement described above could

also be classified in this section [56]. Sudrik described the Wolff rearrangement of

a-diazoketones under conventional heating and microwave irradiation [76]. The

Fig. 5.24. Kinetics of atom-transfer radical polymerization of

methyl methacrylate (MMA) under the action of microwave

irradiation (MI) and conventional heating (CH). Conditions:

T ¼ 72 �C, [MMA]0 ¼ 9.46 m; [MMA]0/[DClX]0/[CuCl]0/

[DETA]0 ¼ 400:1:1:3.
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results obtained show the superiority of the microwave-promoted rearrangement

over the conventional heating method. Conformationally restricted substrates such

as 3-diazocamphor (108) were used to prove the existence of a non-thermal micro-

wave effect. Compound 108, on thermolysis or transition metal catalysis, is known

to undergo intramolecular CaH insertion to give the tricyclic ketone 110 (Scheme

5.31). Photolysis in methanol yields the methyl ester of the Wolff rearrangement

product. Microwave irradiation in benzylamine (109) gave exclusively a diastereo-

meric mixture of the ring-contracted bicyclic amide 111 in 73% yield. Microwave

irradiation of 3-diazocamphor (108) in the presence of water also produced the tri-

cyclic ketone 110 as the principal product along with several side-products. The au-

thor attributes this microwave-specific behavior to the effective dielectric coupling

of the 3-diazocamphor with microwaves.

Klán et al. described the Norrish type-II reaction of valerophenones in micro-

wave photochemistry (Scheme 5.32) [56]. Equimolecular mixtures of both ketones

were irradiated atb280 nm in a variety of solvents; such an experimental arrange-

ment guaranteed identical photochemical conditions for the two compounds. The

fragmentation to cyclization ratio varied from 5 to 8 and was characteristic for given

reaction conditions (Table 5.4). The photochemical efficiency R (R ¼ [112a]þ
[114a]/[113b]þ [114b]) was found to be temperature-dependent and the magni-

tude is most probably related to the solvent basicity. The authors consider that

superheating by microwave irradiation is probably responsible for the observed

changes in selectivity. A linear dependence of R with temperature was observed

by considering the estimated overheating (Table 5.4 and Fig. 5.26).

Fig. 5.25. Dependence of [Cu] on time in solution. Conditions:

[MMA]0 ¼ 0.047 m; [MMA]0/[CuCl]0/[PMDETA]0 ¼ 1200:1:1:3.
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The authors consider these systems to be a photochemical thermometer for esti-

mating superheating effects in microwave-assisted reactions.

Larhed reported a MW-assisted enantioselective Heck reaction between cyclopen-

tene 116 and phenyltriflate 115 using Pd2dba3 as a catalyst in conjunction with

Scheme 5.31

Scheme 5.32
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proton sponge (Scheme 5.33) [77]. Under the action of classical heating (70 �C,

5 days), this reaction in THF furnished compound 117 in 80% yield and with

86% ee. A mixture of compounds 118 and 119 was also obtained (20%). Microwave

arylation for only 4 h at 140 �C resulted exclusively in the formation of 117 in 78%

yield and only traces (1–2%) of isomers 118 and 119. Only moderate stereoselectiv-

ity was achieved in this reaction, however.

NiCl2-catalyzed hydrophosphinylation of triple bonds in acetonitrile gave excel-

lent yields and an impressive reduction in the reaction time from 1–38 h to 1–10

min [78]. Stereoselective cis addition to the triple bond was always observed but on

using compounds with an asymmetrically substituted triple bond, for example

phenylacetylene (120), two regioisomers were obtained 122 and 123. In this reac-

tion the selectivity was enhanced by use of microwave irradiation (Scheme 5.34).

It is remarkable that under the action of microwave irradiation the regioselectiv-

Fig. 5.26. Linear temperature dependence of Norrish type-II

photochemistry system in acetonitrile (R ¼ [112a]þ [114a]/

[113b]þ [114b]).

Tab. 5.4. Norrish type-II reaction in the MW field irradiated at >280 nm.

Solvent Reaction conditions R T (̊ C) Superheating effect (̊ C)

Methanol CH 2.25 20 –

CH 1.52 65 –

MW 1.34 75 11

Acetonitrile CH 2.12 20 –

CH 1.12 81 –

MW 0.98 90 9

R ¼ [112a]þ [114a]/[113b]þ [114b]
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ity increased at lower temperature but decreased when conventional heating was

used, when the reaction was performed in acetonitrile under reflux.

Hegedus [79] described the complexation of 1,8-pyrazine-capped 5,12-

dioxocyclams with the aim of obtaining coordination oligomers containing multi-

ple communicating metal centers with potentially useful electronic, optical, or cat-

alytic properties. Treatment of 124 with copper(II) tetrafluoroborate in methanol

under reflux gave the desired pyrazine-capped dioxocyclam copper(II) 125 complex

in good yield as a green crystalline solid (Scheme 5.35). In an attempt to reduce the

reaction time required for complexation the ligand was irradiated for 2 min in a

domestic microwave oven in the presence of a fivefold excess of copper(II) tetra-

fluoroborate and sodium carbonate in methanol in a pressure tube. The resulting

solution was filtered through Celite and left to stand for 2 days. Dark blue crystals

of 126 were deposited (Scheme 5.35). This complex was only formed under the

action of microwave irradiation. Prolonged heating of the starting materials only

produced the complex 125.

Romanova [80] studied the effect of microwave irradiation on the direction and

stereochemistry of the Rodionov reaction. Microwave irradiation of a mixture of

equimolecular amounts of benzylammonium acetate 128, monoethyl malonate

130, and 2-phenylpropanal 127 resulted in the formation of b-amino ester 132 in

38% yield and ethyl-4-phenyl-2-pentenoate 133 in 60% yield, exclusively as the

trans isomer (Scheme 5.36). By contrast, thermal activation does not lead to forma-

Scheme 5.34

Scheme 5.33
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tion of b-amino ester 132. In this reaction, the product is 133, which was obtained

in 20% yield and with a trans/cis ratio of 11:1. In addition, partial transformation

of benzylammonium acetate into N-benzylacetamide 134 (22%) also occurred

(Scheme 5.36). The author concluded that the main factors determining the course

of the Rodionov reaction are the mode of activation and the acidity of the medium.

Kad [81] described the selective oxidation of methylallyl groups with SeO2 over

silica gel under solvent-free conditions. Selective oxidation to the aldehyde (138)

was easily achieved under the action of microwaves whereas a mixture of the alco-

hol (137) and aldehyde (138) was observed on conventional heating (Scheme 5.37).

The direct transformation of amines to ketones, catalyzed by Pd/C in water

under the action of microwave irradiation, was performed by Miyazawa [82]. The

reaction strongly depended on the structure of the diol, particularly the number of

hydrogen atoms on the carbon adjacent to the nitrogen. sec-Butylamine (139) was

completely converted to 2-butanone (140) within 1 h on irradiation at 50 W in a

glass ampoule (Scheme 5.38). The reaction using a preheated oil bath at 170 �C

for 1 h gave the desired 2-butanone in 29% yield without by-products but a longer

reaction time increased the amount of di-sec-butylamine (142), presumably formed

Scheme 5.35
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by the reductive amination of 2-butanone with sec-butylamine. Thus, microwave

irradiation in a sealed vessel effectively enhances selectivity and accelerates the

reaction.

5.4

Modification of Stereo and Enantioselectivity

The most important aspect of the synthesis of organic molecules that contain one

or more stereogenic elements is usually that of stereochemical control. Indeed,

such control is an essential aspect of the design of a good synthesis and, in addi-

tion, affects selection of the most appropriate method – including the choice of a

particular route [83]. Several reports have described how microwave irradiation

can be used to modify stereoselectivity in some reactions. The possibility of stereo-

chemical modification by simply changing the mode of activation is a very attrac-

tive prospect. Slight modification of the stereoselectivity in the Rodionov reaction

has been reported by Romanova [80].

Kuang [84] described the stereoselective synthesis of (Z) and (E)-1-bromoalkenes

by elimination from 1,2-dibromoalkanes 143 under the action of microwave irradi-

ation (Scheme 5.39). (Z)-1-Bromoalkenes 144a were obtained in 0.2–1 min, in the

presence of triethylamine, in excellent yields (@90%) and with high Z/E stereose-

lectivity (>99:1) [84a]. The corresponding (E)-1-bromoalkenes 144b were obtained

in 0.5–3 min by using silver acetate in acetic acid, again in excellent yields (@90%)

Scheme 5.37

Scheme 5.38
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and with high Z/E stereoselectivity (>3:97) [84b]. The authors indicated that yields

and stereoselectivity obtained with these methods are substantially higher than

those from previous procedures.

(Z)-1-Bromoalkenes 144a can be prepared in situ as intermediates for the synthe-

sis of terminal alkynes 145 by elimination in the presence of DBU or for the prep-

aration of (Z)-enines 146 by palladium-catalyzed coupling with alkynes (Scheme

5.40) [84c]. Both reactions were performed with microwave irradiation and gave

good to excellent yields.

A variety of substrates were examined by Chanda [85] for aziridination with

chloramine-T 150 and Bromamine-T 148 in the presence of a copper catalyst. It is

interesting to note that aziridination did not occur with the less reactive cinna-

mates 147 in the presence of CuCl2 and CuBr2 (Scheme 5.41). The reaction did,

however, proceed under the action of microwave irradiation with CuBr2 to yield

the aziridine 149, albeit in poor yield.

Aziridination under the action of ultrasound irradiation with bromamine-T 148

resulted in the selective formation of the trans aziridine 149b (Scheme 5.41). This

is in contrast with results from the same reaction under microwave irradiation – a

Scheme 5.39

Scheme 5.40
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mixture of cis and trans isomers of the aziridine was obtained. Such results were

attributed by the authors to the difference between the activation mechanisms of

the two processes.

Bose has described reactions between acid chlorides 151 and Schiff bases 152

in which the stereoselectivity depends on the order of addition of the reagents

(Scheme 5.42) [86]. When the condensation was conducted by a ‘‘normal addition’’

sequence (i.e. acid chloride last), only the cis b-lactam 153a was formed. If, how-

ever, the ‘‘inverse addition’’ technique (triethylamine last) was used, 30% cis 153a
and 70% trans 153b b-lactams were obtained under the same conditions. When the

reaction was conducted in a microwave oven with chlorobenzene as the solvent,

the ratio of trans 153b to cis 153a b-lactams was 90:10, irrespective of the order of

addition, and isomerization to the thermodynamically more stable trans b-lactam
153b did not occur.

This effect was explained by Cossı́o, who postulated that under the action of

microwave irradiation the route involving direct reaction between the acyl chloride

Scheme 5.41

Scheme 5.42
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and the imine competes efficiently with the ketene-imine reaction pathway

(Scheme 5.43) [87].

The Diels–Alder reaction between cycloalkanones (155) and cyclic dienes (154)

in toluene and catalyzed by AlCl3 under the action of microwave irradiation was

reported by Reddy [88]. Reactions were performed in a domestic microwave oven

and gave adducts in good yields within 2 min (Scheme 5.44). Interestingly, it was

also observed that microwave irradiation increased selectivity for the endo product.

This result is in contrast with that reported by Gedye [89] in the cycloaddition of

cyclopentadiene with methyl acrylate in methanol. In this reaction, significant

modification of endo/exo selectivity, in comparison with previously reported results,

was not observed.

A study of the mutarotation of a-d-glucose 157a to b-d-glucose 157b (Fig. 5.27)

has been described by Pagnota [90]. It was found that in EtOHaH2O, 1:1, apart

from more rapid equilibration with microwaves in comparison with conventional

heating, microwaves led to a modification of the equilibrium position such that a

greater amount of the a-d-glucose (157a) was obtained than was obtained by classi-

cal heating. This extraordinary effect cannot be explained by a classical heating ef-

fect and is the clearest example of a possible specific reaction induced by a micro-

wave radiation field.

Scheme 5.44

Scheme 5.43
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The stereoselectivity in the cyclization of citronellal 158 to isopulegol 159 and

neoiso-pulegol 160 on graphite can be altered by using microwave irradiation

(Scheme 5.45) [36]. Isopulegol 159 is always the main diastereoisomer, irrespective

of the method of heating, but use of microwaves increases the amount of neoiso-

pulegol to 30%.

Jacob [91] described the same reaction using silica-supported ZnCl2 (SiO2/

ZnCl2, 10%). This catalyst promotes the selective cyclization of citronellal within

1.5 min under MW irradiation and gives quantitative yield (100%) with a good ratio

of (þ)-neoisopulegol (160) to isopulegol (159) (76:24). In contrast, the cyclization

products were obtained in only 72% yield, together with by-products and loss of se-

lectivity, when the reaction was heated at 58 �C using an oil bath until all of the

citronellal (158) was consumed (1 h).

Fig. 5.27. Dependence of the ratio of a-d-Glucose 157a to

b-d-Glucose 157b on time for (n) the conventionally heated

and (j) the microwave-irradiated reaction.

Scheme 5.45
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Guibé-Jampel and Loupy [92] showed that yield and stereoselectivity in the acyla-

tion of racemic 1-phenylethanol (161) catalyzed by supported enzymes can be en-

hanced by use of microwave irradiation (Scheme 5.46). The authors suggest that

the specificity of the reaction can be attributed to an improvement in the reversibil-

ity of the reaction, because of better elimination of water and/or reduction in DHz

and DSz.
Synergism between microwave irradiation and enzyme catalysis has been as-

cribed to reduction of the Michaelis constants by use of microwaves, without any

associated change in the form of the rate equation [93].

The preparation of ruthenium bis(diimine)sulfoxide complexes by reaction of cis-
[Ru(bipyridine)2(Cl)2] (165) with enantiomerically pure chiral sulfoxides 166 was

described by Aı̈t-Haddou [94] as a new concept in the preparation of optically active

octahedral ruthenium complexes (Scheme 5.47). The reaction produces two dia-

stereomeric complexes 167 and 168 and the microwave-irradiated reactions re-

sulted in excellent yields and high reaction rates with a notable increase in the ob-

served diastereomeric excess.

Moberg [95] described the Mo(0)-catalyzed allylic alkylation of dimethyl malo-

nate with 3-arylprop-2-enyl carbonates 169 using the enantiomerically pure chiral

diamine 172 as ligand (Scheme 5.48). The reaction produced two regioisomers

Scheme 5.46

Scheme 5.47
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(branched 170 and linear 171) and in the first compound a new chiral center was

created. Microwave-activated reactions occurred in 6 min with high regioselectivity

(10:1 to 69:1); the branched isomer 170 was the predominant product. A high

enantiomer excess was also observed in the branched isomer 170 (74–98 ee). The

use of a solid-supported ligand led to a branched-to-linear ratio of 35:1 and an

enantiomer excess of 97% [95b]. The resin could be recovered and used at least

seven times without a significant change in the outcome of the reaction.

Tanaka [96] described the preparation of helical aromatic compounds by electro-

philic aromatic substitution of p-phenylenediamines with carboxylic acids, cata-

lyzed by ZnCl2 (Scheme 5.49). Microwave irradiation led to a reduction in the reac-

tion time from 9 h to 5 min, and a small increase in yield (10%) – except when

low-boiling carboxylic acids such as acetic and propionic acid were used. On start-

ing with optically pure (S)-174, the conventional heating reaction gave a racemic

Scheme 5.48

Scheme 5.49
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mixture of 175 as did use of racemic 174. Racemization of the sp3 chiral carbon

adjacent to the carbonyl group or in the reaction intermediates seemed to occur

through an enol form at elevated temperature. In contrast, 50.3% ee was achieved

on using microwave irradiation. The rapid increase in temperature led the reactive

starting materials and intermediates to give the final products without racemiza-

tion of the sp3 carbon, thus resulting in higher stereoselectivity.

The microwave-assisted group-transfer cyclization of organotellurium com-

pounds was reported by Engman [97a]. Microwave irradiation led to reduction

of the reaction time from a few hours to minutes (Scheme 5.50). Group-transfer

cyclization of primary and secondary alkyl aryltellurides could be induced to occur

without additives in an environmentally benign solvent such as water. Group-

transfer cyclization products were always formed as mixtures of exo/endo or cis/
trans isomers. In comparison with tin-promoted, light-induced group transfer, the

selectivity was significantly reduced [97b]. The predominant formation of exo and

trans isomers is consistent with the Beckwith–Houk model for ring-closure of 5-

hexenyl radicals assuming a chair-like transition state.

Ruthenium-catalyzed asymmetric reductions of aromatic ketones 180 can be

performed under microwave irradiation. Moberg [98] described this reaction

using a monomode microwave reactor and ruthenium complexes 182 with enan-

tiomerically pure chiral diamines 181 (Scheme 5.51). The reaction is very fast and

efficient; even sterically hindered tert-butylphenylketone, which is normally quite

unreactive, was reduced in almost quantitative yield in 3 minutes. The enantio-

selectivity was, however, lower than that obtained under standard conditions simi-

larly to that described by Larhed [77] in the enantioselective Heck reaction between

cyclopentene 115 and phenyl triflate 116 (Scheme 5.33).

A similar reduction in stereoselectivity in ethyl alcohol was observed by Touko-

niitty [99] in the hydrogenation of ethyl pyruvate to ethyl lactate, while similar ster-

eoselectivity was observed in toluene. The authors consider that this result is a con-

Scheme 5.50
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sequence of local superheating or polar ethyl alcohol in the cavity, which is not pos-

sible in non-polar toluene.

Chen [100] reported the selective oxidation of glycosyl sulfides 183 to sulfoxides

184 by use of magnesium monoperoxyphthalate under the action of microwave ir-

radiation (Scheme 5.52). Sulfoxides 184 were obtained as a mixture of R and S iso-

mers and microwave irradiation reduced the reaction time from 10 to 0.7 h. Inter-

estingly, the R and S isomer ratios are not similar to those reported previously by

the same authors [101] and they concluded that these modifications of the selectiv-

ity may have been associated with a ‘‘microwave effect’’ or the oxidant used.

5.5

Conclusions

In conclusion, it has been extensively shown that microwave irradiation is a selec-

tive mode of activation. Radiation is selectively absorbed by polar molecules in the

presence of apolar molecules, a property that leads to selective thermal gradients.

Scheme 5.51

Scheme 5.52
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Overheating of polar substances and the presence of hot spots has also been dem-

onstrated; the latter is particularly important in heterogeneous systems. All of

these effects can be used to significantly improve reactions and even to perform

reactions that do not occur under the action of conventional heating.

More importantly, these effects can be used to modify the chemo, regio, and ster-

eoselectivity of a given reaction, sometimes leading to complete inversion of the se-

lectivity simply by changing the mode of heating between conventional heating

(conductive heating) and microwave heating (dielectric heating).

Several authors also postulate the occurrence of a non-thermal effect that origi-

nates from the polarizing electromagnetic field. In this way the most polar transi-

tion state, i.e. the harder transition state, will be favored under the action of micro-

wave irradiation (Chapter 4). These results have been supported by computational

calculations. The experimental and theoretical results described here now need to

be supported with further examples. If these results are confirmed, however, such

systems could be used as a predictive tool to show which reactions can be im-

proved or have modified selectivity under the action of microwave irradiation and

even to predict the result of the reaction.

Some other characteristic examples are described in Chapter 4, essentially in

connection with medium and mechanistic effects and understood in terms of spe-

cific effects derived from enhancement of polarity during the course of the reac-

tions (i.e. between the ground and the transition state) [102].
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6

Microwaves and Phase-transfer Catalysis

André Loupy, Alain Petit, and Dariusz Bogdal

6.1

Phase-transfer Catalysis

In the last three decades there have been many reports of organic reactions per-

formed under phase-transfer catalytic (PTC) conditions [1–4]. This technique has

found numerous applications in essentially all fields of organic synthesis, indus-

trial chemistry, biotechnology, and material science. It is encountered in the manu-

facture of advanced pharmaceuticals, fragrances, crop-protection chemicals,

highly advanced engineering plastics, materials for semiconductors, and electro-

optical and data storage devices [5]. It is worth remarking that in the 1990s sales

of products made by use of phase-transfer catalysis exceeded 10 USD billion

year�1.

The concept of PTC was developed mainly because of the work of independent

research groups led by Makosza [1] and, later, Starks [2], Brandström [3], and

Dehmlow [4]. They introduced techniques in which the reactants were situated in

two separate phases, i.e. liquid–liquid or solid–liquid. Because the phases were

non-miscible, ionic reagents (i.e. salts, bases, or acids) were dissolved in the

aqueous phase while the substrate remained in the organic phase (liquid–liquid

PTC). In solid–liquid PTC, on the other hand, ionic reagents can be used in their

solid state as a suspension in the organic medium. Transport of the anions from

the aqueous or solid phase to the organic phase, where the reaction occurred, was

ensured by use of catalytic amounts of lipophilic agents, usually quaternary onium

salts or cation-complexing agents (e.g., crown ethers or cryptates). Because the

reactions proceeded very slowly, or not at all, in the absence of a catalyst, phase-

transfer catalysts were found to be of utmost importance in the extraction of reac-

tion species between phases so that the reaction could proceed, thus increasing

yields and rates of reactions substantially.

In general, under PTC conditions, three types of catalytic procedure can be con-

sidered (Scheme 6.1):

1. Liquid–liquid PTC in which the inorganic anions or anionic species generated

from relatively strong organic acids are located in the aqueous phase and react
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with organic compounds in a liquid–liquid two-phase system. They are trans-

ferred the organic phase as loose lipophilic ion pairs, because of the interven-

tion of the phase-transfer catalyst which continuously transfers the anionic spe-

cies from the aqueous phase to the organic phase, in which the reaction occurs

(Scheme 6.1, path a).

2. Liquid–liquid PTC conditions in which weak organic acids react in the presence

of concentrated aqueous sodium or potassium hydroxide, which is in contact

with the organic phase containing an anion precursor and organic reactants.

The anions are created on the phase boundary and continuously introduced, as-

sociated with the cations of the catalyst, into the organic phase, in which further

reactions occur (Scheme 6.1, path b).

3. Solid–liquid PTC conditions in which the nucleophilic salts (organic or mine-

ral) are transferred from the solid state (as they are insoluble) to the organic

phase by means of a phase-transfer agent. Most often, the organic nucleophilic

species can be formed by reaction of their conjugated acids with solid bases (so-

dium or potassium hydroxides, or potassium carbonate) (Scheme 6.1, path b).

Another proposed mechanism suggests that interfacial reactions occur as a re-

sult of absorption of the liquid phase on the surface of the solid.

The organic phase can be a non-polar organic solvent (benzene, toluene, hexane,

dichloromethane, chloroform, etc.) or a neat liquid substrate, usually the electro-

philic reagent, which acts both as a reactive substrate and the liquid phase.

In chemical syntheses under the action of microwave (MW) irradiation, the most

successful applications are necessarily found to be use of solvent-free systems [6].

In these systems, microwaves interact directly with the reagents and can, therefore,

drive chemical reactions more efficiently. The possible acceleration of such reac-

tions might be optimum, because they are not moderated or impeded by solvents.

Reactions on solid mineral supports and, in turn, the interaction of microwaves

with the reagents on the solid-phase boundary, which can substantially increase

the rate of the reactions, are of particular interest [7]. PTC reactions are perfectly

tailored for microwave activation, and the combination of solid–liquid PTC and mi-

crowave irradiation gives the best results [8]:

Scheme 6.1

6.1 Phase-transfer Catalysis 279



1. after ion-pair exchange with the catalyst, the nucleophilic ion pair [QþNu�] is a

highly polar species especially prone to interaction with microwaves;

2. the extraction processes, during the reaction, in which a PTC mechanism is

mainly involved, can be accelerated at the phase boundary, and an increase of

reaction rate might be expected; and

3. reactions under solid–liquid PTC-like reactions on solid mineral supports under

‘‘dry media’’, solvent-free conditions often suffer from difficulties with heat

transfer through the reaction medium and homogenous heating under conven-

tional conditions. Because microwave irradiation is a means of volumetric heat-

ing of materials, temperature is more uniform under microwave conditions.

Improvement of temperature homogeneity and heating rates implies faster re-

actions and less degradation of the final products.

Similarly to classical PTC reaction conditions, under solid–liquid PTC conditions

with use of microwaves, the role of catalyst is very important. It has usually been

found that in the absence of a catalyst the reactions proceed very slowly or not at

all. The need to use a phase-transfer catalyst implies also the application of at least

one liquid component (i.e. the electrophilic reagent or the solvent). It has been

shown [9] that ion-pair exchange between the catalyst and nucleophilic anions pro-

ceeds efficiently only in the presence of a liquid phase.

During investigation of the formation of tetrabutylammonium benzoate from

potassium benzoate and tetrabutylammonium bromide, and thermal effects re-

lated to this under the action of MW irradiation, it was shown that potassium ben-

zoate did not absorb MW significantly (Fig. 6.1, curves a and b). Even in the pres-

Fig. 6.1. Thermal behavior induced by microwave irradiation of

PhCO2K under different conditions (monomode reactor, 180 W).
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ence of tetrabutylammonium bromide (TBAB), the temperature increase for solid

potassium benzoate was very modest (Fig. 6.1, curve c). In the presence of small

amounts of xylene (Fig. 6.1, curve d), a non-polar solvent (i.e. inert to MW irradia-

tion), a large temperature increase provides evidence of the formation of tetrabutyl-

ammonium benzoate in the liquid phase, from which the positive thermal effect

results (Fig. 6.1, curve d).

It must be stressed that a liquid component can be substituted with an efficient

absorber of MW irradiation together with a low-melting component. The use of

most typical PTC solvents (non-polar aromatic or aliphatic hydrocarbons, or highly

chlorinated hydrocarbons) is most interesting for microwave activation, because

such solvents are transparent or absorb microwaves only weakly. They can, there-

fore, enable specific absorption of MW irradiation by the reagents, and the results

or product distributions might be different under microwave and conventional con-

ditions [7]. Hence, by coupling microwave technology and solid–liquid phase-transfer
conditions, we create a clean, selective and efficient method for performing organic re-

actions, with substantial improvements in terms of conditions and simplicity of op-

erating procedures. This is essentially useful for poorly reactive systems involving,

for instance, hindered electrophiles or long-chain halides.

Numerous reactions in organic synthesis can be achieved under solid–liquid

PTC and with microwave irradiation in the absence of solvent, usually under

normal pressure in open vessels. Increased amounts of reactants can be used to

ensure better compatibility between the in-depth penetrability of materials and

the radiation wavelength.

Because microwave activation is still a new technique, the number of examples

of its combination with PTC might seem to be limited; it has, however, increased

substantially from the first edition of the book in 2002. As a close recent develop-

ment (largely described in Chapter 7 of this book), the use of ionic liquids can

often be regarded as equivalent to use of PTC. They consist of salts comprising

loose ion pairs between large cations (most often imidazolium or pyridinium)

and large charge-delocalized anions. They behave as a very polar solvent or as spe-

cies able to absorb strongly MW irradiation and therefore able to enhance reaction

temperature.

6.2

Synthetic Applications of Phase-transfer Processes

6.2.1

O-Alkylations

In conventional methods, PTC has provided interesting procedures for O-

alkylation, and coupling PTC conditions with MW activation has proved quite fruit-

ful for such reactions.
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6.2.1.1 Synthesis of Esters

Alkyl acetates Potassium acetate can be readily alkylated in a domestic microwave

oven by use of equivalent amounts of salt and alkylating agent in the presence of

Aliquat 336 (10 mol%). Some important results, exemplified in Eq. (1), are given in

Table 6.1 [10, 11].

ð1Þ

Yields are always almost quantitative within 1–2 min, irrespective of chain

length and the nature of the halide leaving groups. This procedure was scaled up

from 50 mmol to the 2 mol scale (i.e. from 15.6 to 622.4 g total starting materials)

in a larger batch reactor (Synthewave 1000 from Prolabo) [12]. Yields were equiva-

lent to those obtained under similar conditions (5 min, 160 �C) in laboratory-scale

experiment (Synthewave 402) with nearly equivalent set of conditions of reaction

time, temperature, and emitted electric power (Table 6.2).

Xu et al. have obtained similar results with n-butyl bromide using TBAB (10

mol%) and alumina (4:1 w=w) as the catalyst [13]. Benzyl acetate was also conven-

iently prepared from sodium acetate and benzyl halide by use of MW irradiation

and PTC in synergy [14].

Tab. 6.1. Alkylation of CH3COO�Kþ under MWþ PTC conditions (domestic oven, 600 W).

RX t (min) Final temperature (̊ C) Yield (%)

n-C8H17Br 1 187 98

n-C8H17Cl 1 162 98

n-C8H17I 2 165 92

n-C16H33Br 1 169 98

Tab. 6.2. Synthesis of n-octyl acetate under MWþ PTC conditions (Synthewave, 5 min, 160 �C).

Reactor Amounts of material [g (mol)] Total amount (g) Yield (%)

CH3COOK n-OctBr Aliquat

MW S402 4.9 (0.05) 9.7 (0.05) 1 (0.0025) 15.6 98

MW S1000 196 (2) 386 (2) 40.4 (0.1) 622.4 98
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Long-chain esters As a generalization of the above method, stearyl stearate was

synthesized within 1 min in quantitative yield (Eq. 2) [11].

ð2Þ

It has been shown that reaction of carboxylic acids with benzyl halides, which

does not occur when heated conventionally, could be performed efficiently under

the action of MW irradiation in the presence of a quaternary ammonium salt as a

catalyst (Eq. 3) [15]. Typical results are given in Table 6.3.

ð3Þ

Aromatic esters It is possible to alkylate benzoic acids directly, without the need to

prepare reactive potassium salts in a separate step, because they can be generated

in situ by reacting the acid with a base (potassium carbonate or hydroxide) in the

presence of a phase-transfer catalyst. As an illustration of this principle, a volatile

polar molecule is a by-product, eliminated as a result of exposure to MW (Eq. 4),

and the equilibrium is shifted to completion. The second effect of irradiation is

activation of the alkylation step itself (Eq. 5). All the reagents can be used in the

theoretical stoichiometry. Some indicative results are given in Table 6.4 [9].

ð4Þ

ð5Þ

A striking example in this series is the alkylation of terephthalic acid (Eq. 6). The

specific effect of microwaves is clearly apparent in this example, because, other fac-

Tab. 6.3. Reaction of benzyl halides with hexanoic acid under

MWþ PTC conditions (10 min, 560 W, 10% PhCH2N
þMe3Cl

�).

ArCH2X Yield (%)

Benzyl bromide 72

Benzyl iodide 90

a-Bromo-p-xylene 76

a-Iodo-p-xylene 92

a-Bromomesitylene 81
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tors being equal, the yields are unambiguously much higher. It is noteworthy that

the specific not purely thermal MW effects are important in the more difficult re-

action and this point is discussed in Chapter 4 of this book, on effects depending

on the position of the transition state along the reaction coordinates.

ð6Þ

Solid–liquid solvent-free PTC was applied, with noticeable improvement and

simplification compared with classical procedures, in a green chemistry context,

for synthesis of some aromatic esters useful as cosmetic ingredients – 3-

methylbutyl 4-methoxycinnamate, 2-ethylhexyl 4-methoxycinnamate, 2-ethylhexyl

4-(dimethylamino)benzoate, and 2-ethylhexyl salicylate, all well-known ultraviolet

B sunscreen filters, 4-isopropylbenzyl salicylate, a UV absorber and cutaneous anti-

lipoperoxidant, the parabens propyl 4-hydroxybenzoate and butyl 4-hydroxyben-

zoate (Eq. 7), and antimicrobial agents [16].

ð7Þ

O-Alkylation reactions of carboxylic acids such as aryloxyacetic acids

(unsubstituted furoic acids and benzofuroic acids) with (un)substituted o-

haloacetophenones in dry media under the action of MW with PTC have been de-

scribed [17].

Tab. 6.4. Alkylation of potassium 4-Z-benzoate under

MWþ PTC conditions (domestic oven, 600 W, 10% Aliquat).

Z t (min) Yield (%)

Preformed salt Salt in situ

H 2.5 99 99

NMe2 3 97 100

OMe 2 82 98

CN 3 80 95

NO2 2 81 95
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6.2.1.2 Ether Synthesis

Aliphatic ethers Yuan et al. studied two types of conditions for this reaction, using

either the alcohols or the corresponding halides as starting materials [18, 19]. In

the presence of quaternary ammonium salts, the reactions shown in (Eq. 8) were

complete within a few minutes. Typical results are given in Table 6.5.

ð8Þ

More recently, this method has been extensively applied to a wide range of Wil-

liamson syntheses in dry media with K2CO3 and KOH as bases, TBAB as phase-

transfer agent, and a variety of aliphatic alcohols (e.g. n-octanol and n-decanol,
yields 75–92%) [20].

The direct O-alkylation of 2-bromo-3-pyridinol, via the standard Williamson reac-

tion (Eq. 9) leads to competitive reactions owing to the drastic experimental condi-

tions required (basic medium, high temperatures, long reaction times). Very short

reactions times of 45 to 60 s proved to be sufficient to achieve O-alkylation almost

quantitatively (Table 6.6) under MWþ PTC conditions. Attempts to perform the re-

action in the absence of catalyst (TBAB) failed [21].

Tab. 6.5. Synthesis of ethers under MWþ PTC conditions (domestic oven, 560 W).

R ROX t (min) Yield (%)

Et PhCH2Cl 5 85

n-Bu PhCH2Cl 10 78

n-Oct PhCH2Cl 10 88

n-Oct n-BuBr 10 78

PhCH2 n-BuBr 10 92

Tab. 6.6. Synthesis of 3-alkoxy-2-bromopyridine under

MWþ PTC conditions (domestic oven, 300 W).

R t (s) Yield (%)

CH3(CH2)5 45 86

CH3(CH2)7 50 84

CH3(CH2)9 60 85

CH3(CH2)11 60 82
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ð9Þ

Furanic diethers [22] A new family of furanic diethers has been obtained by alky-

lation of 2,5-furandimethanol (Eq. 10) under the action of microwaves under PTC

solvent-free conditions.

ð10Þ

The diethers were synthesized in high yields with short reaction times. When

compared with classical heating, under otherwise comparable conditions, reaction

times were substantially improved by use of microwave activation.

Diethers from dianhydrohexitols A series of new ethers has been obtained by alky-

lation of dianhydrohexitols (isosorbide, isoidide, isomannide) under the action of

MW irradiation and PTC conditions. Yields exceeded 90%, a dramatic improve-

ment compared with those from conventional heating with similar temperature

profiles. The best yields, for example from isosorbide, were obtained in the pres-

ence of a small amount of xylene and TBAB as catalyst at 140 �C (Eq. (11), Table

6.7) [23].

Tab. 6.7. Reaction of isosorbide with several alkylating agents

in the presence of KOH and TBAB (relative amounts 1:3:3:0.1)

under the action of MW irradiation in xylene solution.

R-X t (min) T (̊ C) Yield (%)

MW D

n-C8H17Br 5 140 96 10

C6H5CH2Cl 5 125 98 13

3-Cl-C6H4CH2Cl 5 125 95 15

4-Cl-C6H4CH2Cl 5 125 96 14

3-F-C6H4CH2Cl 5 125 95 15

CH3CH2OCH2CH2Br 30 100 78 45
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ð11Þ

Later, several polyethers were synthesized from isosorbide and isoidide by means

of a MW-assisted PTC method (Eq. 12). In addition to increasing the rate of the re-

action, the MW affected the structure of the polymers (determined by MALDI–

TOF mass spectrometry) (Table 6.8).

ð12Þ

MW-assisted synthesis proceeded more rapidly than with conventional heating,

and reaction time was reduced to 30 min with the yield of approximately 67–71%

of the high-molecular-weight fraction (FP MeOH), which is more important here.

Under conventional conditions this fraction was afforded in ca 10–12% yield

within 30 min. Under conventional conditions similar yields of the polyethers

Tab. 6.8. Polyethers from isoidide and 1,8-dimesyloctane.

Effect of reaction time on the yields of high-molecular-weight

fraction (FP MeOH), low molecular weight fraction (FP Hex),

and molecular weight distribution. Mn and Mw are,

respectively, the number average and weight average molecular

weights of the FP MeOH fraction and the ratio Mw/Mn is the

polydispersity index (monomode microwave reactor, 300 W).

t Activation

mode[a]
FP MeOH

(%)

FP hex

(%)

Total yield

(%)

Mn

(g molC1)

Mw

(g molC1)

Mw/Mn

30 min MW 67 18 85 3500 4700 1.34

60 min MW 71 19 90 5100 6900 1.35

30 min D 12 81 93 2600 3400 1.31

1 day D 64 25 89 3200 4100 1.28

1 week D 83 5 88 3900 5100 1.31

1 month D 91 0 91 4100 5000 1.22

aMW, microwave irradiation; D, conventional thermal heating
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were obtained when the reaction time was extended to 24 h. These yields remained

practically unchanged even though the synthesis was performed for another 7 days

(Table 6.8). It was also found that the mechanism of chain termination is different

under microwave and conventional conditions. The polyethers prepared with con-

ventional heating have shorter chains with terminal hydroxyl groups whereas

under MW irradiation the polymer chains were longer with terminal ethylenic

ends. In fact, under the action of microwaves, terminal ethylenic ends were formed

rapidly and set up a hindrance to further polymer growth. In contrast, under con-

ventional conditions, terminations essentially consisted of hydroxyl functions [24].

Phenolic ethers Gram quantities of aryl-2-(N,N-diethylamino)ethyl ethers, com-

pounds of biological interest, have been prepared in a household microwave oven,

with potassium hydroxide, and glyme as the transfer agent, according to Eq. (13)]

[25]:

ð13Þ

Under the action of MW irradiation several phenols react remarkably fast in dry

media with primary alkyl halides to give aromatic ethers (Eqs. 14 and 15) [26, 27].

ð14Þ

ð15Þ

2 0-Benzyloxyacetophenone is an important intermediate in the manufacture of

drugs used as diuretics, antihypertensives, platelet anti-aggregants, lipoxygenase

analgesics, and prostaglandins, and for treatment of metabolic disorders. It was

elegantly formed by synergistic combination of solid–liquid PTC and MW irradia-

tion (Eq. 16) [28]. The rates of reaction are increased by orders of magnitude and

the reaction is selective at 80 �C, in comparison with liquid–liquid PTC which is

slow and produces by-products. The same system has been used with a series of

phenolic compounds (Eq. 17) [29, 30].
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ð16Þ

ð17Þ

Catechol has been reacted with b-methallyl chloride under the action of MW and

PTC conditions. Yields of 2-methallyloxyphenols varied from 59 to 68% under

liquid–liquid conditions (Table 6.9), whereas no reaction was observed in a solid–

liquid PTC procedure (Eq. 18) [31].

ð18Þ

A similar reaction is the methylenation of 3,4-dihydroxybenzaldehyde in the

presence of a phase-transfer catalyst on a benign calcium carbonate surface [32].

Presumably, bonding of the vicinal hydroxyl groups is low, thereby enhancing the

reaction with the alkylating agent under the action of solvent-free MW irradiation

(Eq. 19).

Tab. 6.9. Reaction of catechol with b-methallyl chloride

(8 mmol) in the presence of a base (2 mmol) and phase-

transfer catalyst (0.2 mmol) under the action of microwave

irradiation.

Base PTC Yield (%) Mono/di ratio

NaOH PEG-400 64 6.1

KOH TBAB 59 5.1

K2CO3 TBAB 68 6.4
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ð19Þ

With the aim of improvement and simplification of the synthesis of potential

cosmetic compounds, alkylations of mono- and di-hydroxybenzaldehydes with

long-chain halides were efficiently realized under solvent-free MWþ PTC condi-

tions (Eqs. (20) and (21), Table 6.10) [33, 34].

ð20Þ

ð21Þ

The synthesis of 8-quinolinyl ethers from 8-hydroxyquinolines and organic ha-

lides under PTC conditions and microwave irradiation has also recently been re-

ported (Eq. 22) [35].

ð22Þ

Desyl ethers are key intermediates in the synthesis of biologically active furano-

pyrones. MW-assisted synthesis of these compounds has been performed in an

open vessel under PTC solvent-free conditions (Eq. 23) by alkylation of 7-hydroxy-

4-methyl coumarin with desyl chloride [36].

Tab. 6.10. Alkylation of 3,4-dihydroxybenzaldehyde with long-

chain alkyl bromide under the action of MWþ PTC conditions.

R C12H25 C14H29 C16H33 C18H37

Yield (%) 86 (D18) 80 81 80
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ð23Þ

Alkylations of phenols with epichlorhydrin under PTC conditions and MW irra-

diation were described twice in 1998. Subsequently, ring-opening reactions of the

epoxide group were also performed using microwaves (Eqs. 24 and 25) [37, 38].

In the first publication, catalytic synthesis of chiral glycerol sulfide ethers was de-

scribed [37]. The second reported the preparation of biologically active amino

ethers [38].

ð24Þ

ð25Þ

Condensation of salicylaldehyde and its derivatives with a variety of esters of

chloroacetic acids in the presence of TBAB led to the synthesis of benzo[b]furans
by means of a solid–liquid PTC reaction under the action of microwave irradiation

[39]. This was a modification of one of the most popular routes to substituted

benzo[b]furans, i.e. O-alkylation of O-hydroxylated aromatic carbonyl compounds

with a-halogenated carbonyl compounds then intramolecular condensation. The

mixture of aldehydes and chloroacetic acid esters were absorbed on potassium car-

bonate then irradiated in an open vessel in a domestic MW oven for 8–10 min

(Eq. 26).

ð26Þ

It was found that the first step was rate-determining. When, moreover, the reac-

tion was performed with the same reaction temperature profiles under both con-

ventional heating (oil bath) and MW (monomode cavity) conditions, different dis-
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tributions of the intermediate (1) and final (2) products were obtained (Table 6.11).

Indeed, the product distribution was strongly affected by microwaves when the re-

action was run at 85 �C rather than 110 �C, and addition of a small amount of a

polar or a non-polar solvent also affected the distribution of the products. In this

work two solvents capable of extensive coupling (i.e. ethanol) and not coupling

(i.e. cyclohexane) with microwaves were used. Addition of ethanol strongly shifted

the product distribution towards the final product (2), whereas addition of cyclo-

hexane resulted in much lower yield of 2 [40].

Phenolic polyethers Polycondensations of 3,3-bis(chloromethyl)oxetane and a

variety of bisphenols have been studied using the MW–PTC technique (Eq. 27)

[41]. The results obtained showed the advantages of microwaves in terms of the

molecular weights of the crystalline polymer, which were reflected in higher values

of the transition temperatures (Tg) and melting points (Tm); reaction times were

also reduced for all types of structure.

ð27Þ

Tab. 6.11. Distribution of the intermediate (1) and final

product (2) in the synthesis of benzo[b]furans under both

conventional and MW conditions.

T (̊ C) t (min) Solvent/amount (mL) Yield (%)

1 2

110 10/MW – 12 66

110 20/MW – – 100

110 20/D – 4 96

85 20/MW – 15 85

85 20/D – 90 10

85 30/MW Cyclohexane/1.5 62 38

85 30/MW EtOH(100%)/1.5 0 100

85 30/MW EtOH(96%)/1.5 0 100

85 30/D EtOH(100%)/1.5 47 53
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6.2.2

N-Alkylations

6.2.2.1 Saccharin [42]

Rapid N-alkylation of saccharin sodium salt (Eq. 28) by a series of halides has been

performed on silica gel in a domestic MW oven. TEBA was shown to provide a

useful co-catalytic effect (Table 6.12).

ð28Þ

6.2.2.2 Benzoxazinones and Benzothiazinones

Rapid N-alkylation of these compounds was performed under the action of PTC

with MW irradiation (Eq. 29) [43].

ð29Þ

Michael reaction of the same compounds with acrylonitrile and methyl acrylate

was promoted under the same conditions within 9–10 min [44].

Tab. 6.12. N-Alkylation of saccharin with bromides under MWþ PTC conditions (750 W).

R Catalyst t (min) Yield (%)

PhCH2 None 4 8

SiO2 4 75

SiO2 þ TEBA 4 92

n-C16H33 SiO2 6 82

SiO2 þ TEBA 6 97
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6.2.2.3 Barbitone [45]

Under solid–liquid PTC conditions, 5,5-diethylbarbituric acid was N,N-dialkylated

in a good yield in the presence of a lipophilic ammonium salt and potassium car-

bonate when reaction mixtures were irradiated in a household MW oven (Eq. 30).

ð30Þ

6.2.2.4 Amides and Lactams

The N-alkylation of acetanilide under the action of MW irradiation in the presence

of a phase-transfer catalyst has been reported (Eq. 31) [46].

ð31Þ

N-Substituted amides and lactams can be rapidly N-alkylated under solid–liquid

PTC conditions with MW irradiation. The reactions were performed simply by

mixing an amide with a 50% excess of an alkyl halide and a catalytic amount of

TBAB. These mixtures were absorbed on a mixture of potassium carbonate and po-

tassium hydroxide [47] and then irradiated in an open vessel in a domestic MW

oven for 55–150 s (Eq. 32).

ð32Þ

The starting reagents in the Gabriel amine synthesis, N-alkylphthalimides, have

been obtained under the action of MW irradiation in a solid–liquid PTC system.

The reactions were conducted with high yields (50–90%) simply by mixing phtha-

limide with 50% excess alkyl halide and catalytic TBAB, which were later absorbed

on potassium carbonate. Irradiation of the reaction mixtures in a domestic oven

led to the desired phthalimide derivatives (Eq. 33) within short reaction times (4–

10 min) [48].
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ð33Þ

The same reaction (R–X ¼ n-OctBr) was studied using TBAB and several basic

supports. Na2SO4 and CaCO3 (yields 93 and 95%, respectively, within 3 min of

MW irradiation) were shown to be more efficient than K2CO3 (71%) [49].

Syntheses of N-alkyl phthalimides and N-alkyl succinimides by alkylation of po-

tassium salts have been performed on silica gel in dry media under MWþ PTC

conditions with fairly high yields [50].

Melatonin has been prepared from phthalimide by successive N and C-

alkylation, cyclization, hydrolysis, decarboxylation, and acetylation. The four one-

pot reactions were performed under MW irradiation in good yields with short reac-

tion times (Eq. 34) [51].

ð34Þ

6.2.2.5 Aromatic Amines

N-Ethylaniline has been alkylated by reaction with benzyl chloride under liquid–

liquid PTC conditions in the presence of 30% sodium hydroxide solution and

CTAB as catalyst (Eq. 35). Microwave irradiation (25 min) of the reaction mixture

in a sealed vessel afforded N-benzyl-N-ethylaniline in 90% yield, compared with

16 h of conventional heating (oil bath) [27].

ð35Þ

6.2.2.6 N-Phenylpyrrolidino[60]fullerene [52]

A facile synthesis of a series of N-alkylpyrrolidino[60]fullerenes by solvent-free

PTC under the action of microwaves has been described (Eq. 36).
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ð36Þ

The synergy between the dry media and the MW irradiation was convincingly

demonstrated in this work. For example, with the allylic compound the yield

is only 16% after 24 h in toluene under reflux whereas no reaction occurs after

10 min at 100 �C by classical heating, thus revealing an important specific micro-

wave effect.

6.2.2.7 Five-membered Nitrogen Heterocycles

Under the action of MW irradiation, several azaheterocycles (pyrrole, imidazole, in-

dole, and carbazole) can react remarkably quickly with alkyl halides to give N-alkyl

derivatives (Eqs. 37 and 38) [53, 54]. Such reactions have been performed simply by

mixing the azaheterocyclic compound with 50% excess alkyl halide and a catalytic

amount of TBAB. The reactants were absorbed either on a mixture of potassium

carbonate and potassium hydroxide or on potassium carbonate alone and then irra-

diated in a domestic MW oven for 30 s–10 min.

ð37Þ

ð38Þ

6.2.2.8 Pyrimidine and Purine Derivatives [55]

Selective N-alkylation of 6-amino-2-thiouracil with different halides has been per-

formed efficiently by use of MW-assisted methods in the presence of small
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amounts of DMF to improve energy transfer (Eq. (39a), Table 6.13) [55a]. No reac-

tion was observed under the same conditions in a thermoregulated oil bath.

ð39aÞ

Microwave-assisted ring opening of epoxides with pyrimidine nucleobases pro-

vided rapid entry into C-nucleoside synthesis. The use of microwaves led to differ-

ent selectivity from that resulting from conventional heating (Eq. 39b) [55b].

ð39bÞ

6.2.3

C-Alkylations of Active Methylene Groups [56–65]

Several monoalkylations of functionalized acetates (Eq. 40) have been described in

a series of papers. The reactions were performed on potassium carbonate, either

pure or mixed with potassium hydroxide. Some significant results are given in

Table 6.14.

Tab. 6.13. Alkylation of 6-amino-2-thiouracil under PTCþMW conditions.

RX t (min) T (̊ C) Yield (%)

p-NO2C6H4CH2Cl 6 70–75 91

p-BrC6H4COCH2Br 6 70–75 95

Br-(CH2)5-Br 10 80–85 87

n-C16H33Br 9 105–110 91
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ð40Þ

Rapid monoalkylations are achieved in good yields compared with classical

methods. Of particular interest is the synthesis of a-amino acids by alkylation of

aldimines under the action of MW activation. Subsequent acidic hydrolysis of the

alkylated imine provided leucine, serine, or phenylalanine in preparatively useful

yields within 1–5 min [58].

A rapid and novel one-pot radiochemical synthesis of 14C-labeled esters has been

developed by use a combination of solvent-free conditions and MW irradiation (Eq.

41) [64].

ð41Þ

Tab. 6.14. Monoalkylation of functionalized acetates in a microwave oven (650 W).

R ROX t (min) Yield (%) Refs.

PhSO2 PhCH2Cl 3 76 57

n-BuBr 3 83

n-OctBr 3 79

PhCHbN PhCH2Cl 1 63 58

n-BuBr 2 55

PhS PhCH2Cl 4.5 83 59, 60

n-BuBr 4.5 59

CH3CO PhCH2Cl 3 81 61

n-BuBr 4.5 61

COOEt PhCH2Cl 2 72 62

n-BuBr 2 86

AllylBr 2 75

p-NO2-C6H4 Ph-(CH2)3-I 3.5 55 63

Ph-(CH2)8-I 7 79

p-NO2-C6H4 Ph-S-(CH2)6-Br 7 50 63

Ph-S-(CH2)8-Br 7 59
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Cyclopropane derivatives can be obtained by reacting active methylene com-

pounds and 1,2-dibromoethane using a solvent-free PTCþMW technique (Eq.

42) [65].

ð42Þ

Alkylation of phenylacetonitrile has been performed by solid–liquid PTC in 1–3

min under the action of MW irradiation (Eq. (43), Table 6.15). The nitriles so ob-

tained can subsequently be quickly hydrolyzed in a MW oven to yield the corre-

sponding amides or acids [66].

ð43Þ

The condensation of phenylacetonitrile with benzaldehydes has been performed

using K2CO3 in the presence of TBAB for 3 min with MW activation. By extending

the reaction time to 10%, four different products were obtained from phenyl or ni-

trile group migration (Eq. 44) [67a]. These results have been extended to a series of

arylacetonitriles with several aliphatic and aromatic aldehydes [67b].

ð44Þ

Functional groups were selectively introduced at the C-2 position of isophorone

via epoxide ring-opening with several nucleophiles obtained from active methylene

groups. Different behavior was observed depending on the reaction conditions and

the nature of nucleophilic agents [68]. The best experimental systems involved
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PTC or KF-alumina under solvent-free conditions and MW irradiation (Eq. (45),

Table 6.16).

ð45Þ

6.2.4

Alkylations with Dihalogenoalkanes

6.2.4.1 O-Alkylations

Ethers from alkylation of furfuryl alcohol with dihalides have been obtained under

solvent PTCþMW conditions with quasi-quantitative yields (Eq. 46) [22].

ð46Þ

Tab. 6.15. Alkylation of phenylacetonitrile under MWþ PTC

conditions (NaOH 6 equiv., TEBA 15%).

R PhCH2CN/RX t (min) Power (W) Yield (%)

PhCH2Br 1.5 1 350 62/32

1.5 3 160 58/35

n-HexBr 1.5 1 350 70/0

AllylBr 1.5 3 160 48/10

0.5 2 160 96/2

Tab. 6.16. Epoxyisophorone-ring opening by reaction with

several active methylene compounds under MWþ PTC

conditions.

X Y T (̊ C) t Yield (%)

MW D

COOEt COOEt 95 2 min 83 40

CN Ph 70 40 s 91 51

CN CN 58 20 s 94 64

COMe COOEt 85 2 min 78 40

CN CONH2 90 1 min 91 54

300 6 Microwaves and Phase-transfer Catalysis



In an analogous manner, the selectively obtained exo mono-benzylated isosor-

bide [69] was alkylated by use of alkyl dibromides to afford new ethers from

dianhydrohexitols moieties separated by ether functions (Eq. (47), Table 6.17) [70].

Tosylates seemed to be a better leaving group for minimizing competitive b-

elimination [71].

ð47Þ

6.2.4.2 S-Alkylations

6-Mercaptobenzimidazo[1,2-c]quinazoline reacts with dibromo derivatives under

PTC conditions (K2CO3/TBAB). Microwave irradiation enabled a striking reduction

in reaction times (12 h compared with 15 min) with rather similar yields (86 and

81% respectively) when compared with conventional heating (Eq. 48) [72].

ð48Þ

Tab. 6.17. Reaction of monobenzyloxy isosorbide with X-R-X under the action of MW irradiation.

X R Solvent T (̊ C) Yield (%)

MW D

Br (CH2)8 Toluene 110 63

(CH2)6 Toluene 110 68

(CH2)4 Toluene 110 60

OTs (CH2)8 Cyclohexane 80 96 39

(CH2)6 Cyclohexane 80 96 40

(CH2)4 Cyclohexane 80 96 45

CH2CH2OCH2CH2 Cyclohexane 80 91 36
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6.2.5

Nucleophilic Addition to Carbonyl Compounds

6.2.5.1 Aldol Condensation

Jasminaldehyde can be obtained classically from heptanal and benzaldehyde in

70% yield within 3 days at room temperature (Eq. 49). By use of a 600-W domestic

MW oven, however, an enhanced yield of 82% was achieved in only 1 min. The

amount of side-products (self condensation of n-heptanal) decreased from 30 to

18% when this technique was used [73]. a-Hexylcinnamic aldehyde and chalcone

have been synthesized, by the same method, from octanal and acetophenone, re-

spectively [74].

ð49Þ

A second example of aldolization (Eq. 50) is the ‘‘dry’’ reaction of ferrocene car-

baldehyde with carbonyl compounds in the presence of potassium hydroxide, and

Aliquat as a catalyst [75]. Reactions which are too slow at room temperature are

efficiently accelerated by use of microwaves, giving very good yields within a few

minutes.

ð50Þ

Microwave activation and solvent-free PTC has been shown to be of prime effi-

ciency for the synthesis of new benzylidene cineole derivatives (UV sunscreens)

by the Knoevenagel reaction. When performed classically by use of KOH in ethanol

at room temperature for 12 h (Eqs. 51 and 52) the yield was 30%. This was im-

proved to 90–94% within 2–6 min under PTCþMW conditions (Tables 6.18 and

6.19) [33, 34].

ð51Þ

ð52Þ
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6.2.5.2 Ester Saponification

Esters are easily saponified in a few minutes by use of powdered potassium hy-

droxide (2 mol equiv.) and Aliquat (10 mol%) in the absence of solvent (Eq. (53),

Table 6.20) [76].

ð53Þ

From the few examples summarized in Table 6.20, three important conclusions

can be drawn:

� rapid and easy reactions occur, even with the most hindered mesitoic esters,

which are otherwise practically nonsaponifiable under classical conditions [77];
� the advantage of using a monomode MW reactor rather than a domestic oven is

evident; and

Tab. 6.18. Benzylidene derivatives of 2-cineolylol from p-substituted benzaldehydes [33].

R t (min) T (̊ C) Yield (%)

MW D

CH3 2 180 90 20

N(CH3)2 2 180 94 40

OC16H33 6 200 94 12

Tab. 6.19. Benzylidene derivatives of 2-cineolylol from 3,4-dialkoxybenzaldehydes [34].

R t (min) T (̊ C) Yield (%)

MW D

C12H25 60 140 80 13

C14H29 60 140 78

C16H33 60 140 81

C18H37 60 140 87
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� more interesting fundamentally is the very strong specific non-thermal MW ef-

fect, as is apparent from comparison with classical heating. This effect grows as

ester reactivity falls.

In a more detailed study, it was shown that MW effects are very dependent on

the temperature and the nature of the cation associated with hydroxyl anion [78]

(for example, Eq. (54) and Table 6.21).

ð54Þ

With NaOH, the MW effect is more important than when the reaction is per-

formed with KOH. This is consistent with tighter ion pairs in the previous case

Tab. 6.20. Ester saponifications under MWþ PTC conditions.

R RO Multimode oven

(250 W)

Monomode reactor

(90 W)

Classical heating

t (min) Yield (%) t (min) T (̊ C) Yield (%) t (min) T (̊ C) Yield (%)

Ph Me 0.5 87 1 205 96 1 205 90

n-Oct 1 83 2 210 94 2 210 72

2,4,6-

Me3C6H2

Me 2 75 2 140 84 2 140 38

n-Oct 2 57 4 223 82 4 223 0

Tab. 6.21. Saponification of methyl benzoate under MWþ PTC conditions.

MB Base (equiv.) T (̊ C) t (min) Yield (%)

Without aliquat With aliquat

MW D MW D

Kþ 2 200 5 94 90 98 98

1 70 60 77 42 67 65

Naþ 2 200 5 92 77 90 73
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(cation hardness: Naþ > Kþ), thus leading to less polar species. The importance of

these effects is very dependent upon the reactivity of the systems and becomes

more critical when the temperature is reduced (see extended discussion in Chapter

4 of this book).

6.2.5.3 Ester Aminolysis

Solvent-free ester aminolysis has been studied under the action of MW irradiation

in the presence of KOtBu with or without a phase-transfer agent (Eq. 55) [79].

ð55Þ

Within 10 min at 150 �C, excellent yields were obtained under the action of MW

(80–98%) whereas they were limited when conventional heating was used under

similar conditions (Table 6.22).

6.2.5.4 Base-catalyzed Transesterifications

Transesterifications of methyl esters with high boiling alcohols, as shown in

(Eq. 56), occurred readily under MW irradiation because of the displacement by

evaporation of the polar volatile methanol (Table 6.23) [11].

ð56Þ

This study was next extended to the synthesis of benzoyl and dodecanoyl deriva-

tives from protected carbohydrates [80]. MW-assisted PTC transesterifications with

Tab. 6.22. Ester aminolysis under MWþ PTC conditions (KOtBu, 10 min, 150 �C).

R RO Aliquat Yield (%)

MW D

C6H5 nC8H17 � 80 22

þ 87 70

C6H5CH2 � 84 42

þ 98 85

C6H5CH2 C6H5 þ 98 33
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methyl benzoate or dodecanoate were studied for several carbohydrates. Small

amounts of dimethylformamide (DMF) were shown to be necessary to provide

good yields (76–96%) within 15 min. Rate enhancements compared to conven-

tional heating ðDÞ and specific MW activation were especially noticeable when less

reactive fatty compounds were involved (Eq. 57).

ð57Þ

6.2.5.5 Synthesis of Acyl Isothiocyanates

The reaction of acyl chloride with potassium thiocyanate under PTC conditions

(with PEG 400 as catalyst) is a good method for preparation of acyl isothiocyanate

(Eq. 58). It has been conducted efficiently under solvent-free conditions and MW

activation [81, 82].

ð58Þ

Subsequently, by reaction with amine (Eq. 59), N-aryl and N 0-aroyl thioureas

were prepared in excellent yields (86–98%) using this two-step procedure.

ð59Þ

Tab. 6.23. Base-catalyzed transesterifications under MWþ PTC conditions (600 W).

Ar Base t (min) Yield (%)

C6H5 KOH 3 40

KOt-Bu 3 42

K2CO3 2.5 90

2,4,6-Me3C6H2 KOH 10 64

KOt-Bu 10 68

K2CO3 10 89
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In other work [83, 84], thiosemicarbazides were obtained in a two-step proce-

dure, the second being the reaction of acyl isothiocyanates with aryloxyacetic acid

hydrazide (Eq. 60).

ð60Þ

Phenylacetyl (and benzoyl) phenyl thioureas were prepared by similar proce-

dures [85, 86] by reacting a series of acyl chlorides with ammonium thiocyanate

in the first step (Eq. 61).

ð61Þ

6.2.6

Deprotonations

6.2.6.1 Base-catalyzed Isomerization of Allylic Aromatic Compounds [87]

Eugenol is a natural product available from a variety of essential oils (cinnamon-

tree or pimentos leaves). Its isomerization (Eq. 62) into isoeugenol, the starting

material for synthetic vanillin, is rather difficult and proceeds in modest yields

under relatively harsh conditions. It can, however, be very efficiently prepared by

use of 2.2 molar equivalents of base and catalytic (5%) amounts of Aliquat in the

absence of solvent.

ð62Þ
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Isomerization of safrole to isosafrole was realized in the same way by use of

KOtBu/Aliquat under solvent-free conditions and exposure to MW (Eq. 63) [88].

ð63Þ

6.2.6.2 Carbene Generation (a-Elimination) [89]

Dichlorocarbene has been generated under solid–liquid conditions by use of mi-

crowaves. Heating a mixture of CHCl3, powdered NaOH, and trace amounts of

CTAB under reflux in cyclohexene under the action of MW irradiation afforded

90% dichloronorcarane (Eq. 64) within 20 min, compared with 81% in 60 min

without MW or only 12% in 90 min without the catalyst [89a].

ð64Þ

Generation of dichlorocarbene was also reported when ammonium salts were

supported on a non-cross-linked polystyrene matrix [89b]. Then the reaction in-

volved mixing of chloroform, polymer-supported PTC catalyst, and styrene in

the presence of a sodium hydroxide solution. The product, 1,1-dichloro-2-

phenylcyclopropane was afforded in a very good yield (94%) after 10 min of MW

irradiation at 65 W.

6.2.6.3 b-Elimination

Bromoacetals in basic media can be converted to cyclic ketene acetals (Eq. 65).

These b-eliminations, previously performed under solid–liquid PTC without sol-

vent and with sonication [90], were further improved by MW irradiation (Table

6.24) [91].

ð65Þ

With potassium t-butoxide and TBAB, higher yields were obtained more rapidly

than under sonication conditions or with conventional heating.
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6.2.7

Miscellaneous Reactions

6.2.7.1 Aromatic Nucleophilic Substitution (SNAr)

Irradiation of a mixture of ortho or para-nitrochlorobenzene and ethanol in the

presence of sodium hydroxide and a phase-transfer agent yields the corresponding

ethoxy aromatic compounds within a few minutes (Eq. 66) [92]. The same proce-

dure was subsequently applied to 2-chlorophenol [93]. In both reactions, PEG 400

was shown to be the most efficient catalyst (Table 6.25).

ð66Þ

Tab. 6.25. Aromatic nucleophilic substitution under MWþ PTC conditions (420–700 W).

Z Catalyst t (min) Yield (%) Ref.

4-NO2 None 2 14 92

PhCH2N
þMe3Cl

� 2 51

PEG 400 2 99

2-NO2 PEG 400 2 99 92

2-OH None 2 63 93

PhCH2N
þMe3Cl

� 2 70

PEG 400 2 82

Tab. 6.24. b-Elimination from bromoacetals in a monomode

reactor (75 W). Comparison with sonochemical conditions and

classical heating.

Compound Base Ultrasound conditions Microwave conditions Classical heating

t (h) T (̊ C) Yield (%) t (min) T (̊ C) Yield (%) t (min) T (̊ C) Yield (%)

KOH,

TBAB

1 75 81 10 130 81

KOt-Bu,
TBAB

1 35 70 5 75 87 5 75 36

KOH,

TBAB

1 75 81 10 28

KOt-Bu,
TBAB

1 45 70 5 60 95 5 64 41
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Solvent-free SNAr reactions under solid–liquid PTC conditions were realized by

use of methoxide or phenoxide as nucleophiles. The main results and comparison

with those from classical heating are indicated in Table 6.26 for activated (e.g.

4-nitrohalobenzenes) or nonactivated (e.g. b-naphthyl halides) substrates [94].

Diaryl ethers were easily obtained from reactions of phenols with nitroarylfluor-

ides under solvent-freeþMW conditions by use of a KF/aluminaþ Aliquat system

(Eq. 67) [95].

ð67Þ

Etherifications of heterocyclic compounds have been performed with good effi-

ciency by solid–liquid PTC coupled with MW irradiation (Eq. (68), Table 6.27)

[96]. Yields and conditions involved here are a noticeable improvement over

classical methods from the standpoint of green chemistry.

ð68Þ

Tab. 6.26. Solvent-free PTC SNAr reactions under MWþ PTC conditions (potassium salts).

Catalyst t (min) T (̊ C) Yield (%)

MW D

18-Crown-6 5 150 93 86

– 30 150 98 73

18-Crown-6 20 170 90 37

18-Crown-6 3.5 80 100 81

18-Crown-6 60 100 71 27

18-Crown-6 60 80 94 57
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Selective and efficient fluorinations of chlorodiazines were obtained under

solvent-free MW-assisted PTC conditions (Eq. 69) [97].

ð69Þ

6.2.7.2 Dealkoxycarbonylations of Activated Esters (Krapcho Reaction)

This type of reaction is usually best performed in DMSO solution under reflux. A

simpler procedure has been proposed which uses anionic activation and MW irra-

diation, with a metallic salt as the reagent and a PTC in the absence of solvent [98].

This procedure was applied to the striking example of cyclic b-ketoesters with sub-

stantial improvements (Eq. (70) and Table 6.28) which are readily apparent when

the maximum yields obtained under classical Krapcho conditions (<20% when

R ¼ H) [99].

ð70Þ

To assess the specific not purely thermal MW effects, the second experiment

(R ¼ Et) was performed using conventional oil bath heating under the same set of

conditions of time and temperature (15 min, 160 �C). No reaction was observed.

Further heating for 3 h led to total conversion but the yield (60%) was limited by

Tab. 6.27. Solvent-free PTC SNAr of pyridine halides.

X ROC Conditions Yield (%)

3-F PhO� 30 min 180 �C 85

3-Cl PhO� 45 min 180 �C 55

2-Cl PhO� 20 min 150 �C 95

3-F MeO� 20 min 100 �C 100

3-Cl MeO� 20 min 130 �C 92
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product degradation. Clearly, compared with conventional heating, MW activation

results in a large reduction in time, simplified experimental conditions, and pre-

vention of product degradation at high temperature.

6.2.7.3 [1,3]-Dipolar Cycloaddition of Diphenylnitrilimine [100]

Diphenylnitrilimine (DNPI) can be subjected to 1,3-dipolar cycloaddition with acti-

vated double bonds as dipolarophiles (Eq. 71). It can be generated in situ by reac-

tion of hydrazonoyl chloride with a base.

ð71Þ

The cycloaddition has been performed almost quantitatively within 6 min under

the action of microwaves, using KF as base and Aliquat as the phase-transfer agent.

For illustration, results obtained for substituted chalcones are listed in Table 6.29.

When the same reactions are performed all other factors being equal (time, tem-

perature), no reaction occurs under classical thermal conditions. This behavior

once again confirms a specific radiation effect.

6.2.7.4 Synthesis of b-Lactams [101]

With KF in the presence of a phase-transfer agent (18-crown-6), silyl ketene acetals

react with aldimines to give b-lactams within a few minutes under the action of

microwave irradiation in closed Teflon vessels (Eq. 72).

Tab. 6.28. Dealkoxycarbonylation of cyclic b-ketoesters in a monomode reactor.

R Microwave Conditions T (̊ C) Yield (%)

t (min) Power (W)

H 8 30 138 96

Et 15 30 160 94

n-Bu 20 45 167 89

n-Hex 20 90 186 87
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ð72Þ

6.2.7.5 Selective Dealkylations of Aromatic Ethers

Ethylisoeugenol and ethoxyanisole have been selectively demethylated or deethy-

lated using potassium t-butoxide in the presence of 18-crown-6 (Eq. 73) [102].

ð73Þ

Under solvent-free conditions, only deethylation is observed whereas in the pres-

ence of ethylene glycol (EG) the selectivity is totally reversed and demethylation

becomes the major process. In both, considerable increases in reaction rate were

observed under the action of MW irradiation when compared with classical heating

ðDÞ (Table 6.30).

Tab. 6.29. 1,3-Dipolar cycloaddition of DNPI to chalcones in a monomode reactor (30 W).

Z t (min) T (̊ C) Yield (%)

H 6 170 90

Br 5 170 93

Cl 6 174 95

Me 6 168 87

OMe 6 175 89

Tab. 6.30. Selective dealkylations of 2-ethoxyanisole under MWþ PTC conditions (R ¼ H).

Conditions t (min) T (̊ C) Starting

material (%)

1 (%) 2 (%)

– MW 20 120 7 – 90

– D 20 120 48 – 50

EG MW 75 180 – 72 23

EG D 75 180 98 – –
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This procedure was extended to the hundred-gram scale with success because,

under rather similar conditions, yields remained excellent (82%) requiring only a

slight modification in temperature (140 instead of 120 �C) (Table 6.31) [12].

6.2.7.6 Synthesis of Dibenzyl Diselenides

A simple, rapid and efficient method has been reported for synthesis of dibenzyl

diselenides under the action of MW irradiation. Benzyl halides were reacted with

selenium powder in the presence of a base and a phase-transfer agent (Eq. (74),

Table 6.32) [103]. The reactions were performed either in THF or in C6H6–H2O.

ð74Þ

The same authors have more recently described the synthesis of dibenzoyl dise-

lenides by reaction of selenium with sodium hydroxide under the action of PTC

and MW irradiation conditions to afford sodium diselenides which reacted further

with benzoyl chloride at 0 �C [104].

Tab. 6.31. Deethylation of 2-ethoxyanisole within 20 min under

MWþ PTC conditions (KOtBu 2 equiv.; TDA-1 10%).

Reactor T (̊ C) Amounts of materials [g (mmol)] Total amount (g) Yield (%)

Ethoxyanisole KOtBu TDA-1

MW S402 120 0.76 (5) 1.12 (10) 0.324 (1) 2.206 90

MW S1000 140 37.24 (245) 54.98 (490) 15.9 (49) 108.12 82

Tab. 6.32. Synthesis of dibenzyl diselenides under MWþ PTC

conditions (15 min, 750 W; NaOH 15 equiv.; PEG-400 5%).

R X Yield (%)

H Cl 75

H Br 95

4-Br Br 85

4-CH3 Br 91

4-NO2 Br 72
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6.2.7.7 Selective Hydrolysis of Nitriles to Amides [105]

As already mentioned (Section 6.3), nitriles can be hydrolyzed to amides or acids

[67]. Nitriles have been efficiently converted into the corresponding amides in the

presence of PEG-400 and aqueous NaOH system under the action of MW irradia-

tion (Eq. (75), Table 6.33).

ð75Þ

6.2.7.8 Synthesis of Diaryl-a-tetralones [106]

One-pot synthesis of diaryl-a-tetralones via Michael condensation and subsequent

Robinson annulation reactions of isophorone with chalcones was performed effi-

ciently in a solvent-free PTC system under the action of MW irradiation. Compared

with conventional heating, substantial rate enhancements were observed, within

very short reaction times, by use of microwaves (Eq. (76), Table 6.34). They were

far better than those achieved by the classical method (NaOEt in EtOH under re-

flux for 24 h; 40–56%).

Tab. 6.33. MW-promoted hydrolysis of nitriles by use of the NaOH–PEG system.

R t (s) Yield (%)

Ph2CH 90 94

Ph 45 83

PhCH2 90 71

C17H35 60 78

2-Pyridyl 40 52

Tab. 6.34. Synthesis of diaryl-a-tetralones from isophorone and

chalcone under MWþ PTC conditions.

Ar t (min) T (̊ C) Yield (%)

MW D

C6H5 5 110 86 51

p-CH3O-C6H4 5 108 86 51

p-CH3-C6H4 6 120 89 52

o-Cl-C6H4 5 110 88 54

p-Cl-C6H4 6 110 86 56
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ð76Þ

6.2.7.9 Intramolecular Cyclization

Malonic acid allylic esters undergo intramolecular cyclization under solid–liquid

PTC conditions in the presence of Aliquat 336, potassium carbonate, and iodine

(Eq. 77) [107]. Application of MW irradiation to this procedure enabled 2–3 fold re-

duction in reaction time compared with conventional conditions. It was found that

use of MW affected the exo/endo diastereoisomer ratio (a linear correlation be-

tween MW power and exo isomer concentration was observed [108]).

ð77Þ

6.2.7.10 Heck, Suzuki and Sonogashira Cross-coupling Reactions

Reaction of organic halides with alkenes catalyzed by palladium compounds (Heck

type reaction) is known to be a useful method for carbon–carbon bond formation

at unsubstituted vinylic positions. The first reports of the application of MW meth-

odology to this type of reaction were published by Hallberg et al. in 1996 [109] and

by Diaz-Ortiz et al. in 1997 [110]; both used in triethylamine solutions. Later, Ville-

min et al. studied the possibility of Heck coupling of iodoarenes with methyl acry-

late in aqueous solution under pressurized conditions [111]. The reactions were

conducted in a Teflon autoclave under the action of MW irradiation in the presence

of palladium acetate, different phosphine ligands, and tetrabutylammonium hydro-

gen sulfate (TBAHS) as PTC catalyst, to afford the desired coupling products in 40

to 90% yield.

The palladium catalyzed Heck coupling reaction induced by MW irradiation

under solvent-free liquid–liquid PTC conditions, in the presence of potassium car-

bonate and a small amount of [Pd(PPh3)2Cl2]-TBAB as catalyst, has recently been

reported [112]. The arylation of alkenes with aryl iodides proceeded smoothly to af-

ford exclusively trans products in high yields (86–93%) (Eq. 78).

ð78Þ
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More recently, Najera et al. performed a number of Heck reactions of deactivated

aryl halides and styrenes under phosphane-free conditions using oxime-derived

palladacycles or palladium acetate as catalyst [113]. Coupling can be performed ei-

ther with dicyclohexylmethylamine as base and TBAB as PTC catalyst or in neat

water with triethylamine in N,N-dimethylacetamide (DMA) solutions under the

action of MW irradiation.

A series of Pd-catalyzed intramolecular Heck reactions of N-(2-halophenyl)-

substituted enaminones was performed by Pombo-Villar et al. [114]. The reactions

were performed in the presence of palladium acetate with a phosphonium ligand

as catalyst, sodium acetate, and tetrabutylammonium chloride (TBACl) as the PTC

catalyst in DMF solution to afford desired coupling product in 25 to 99% yields

(Eq. 79).

ð79Þ

Reaction of aryl halides with boronic acids catalyzed by palladium compounds

(Suzuki reaction) is one of the most versatile reactions for selective formation of

carbon–carbon bonds. One of the first reports of the application of microwaves to

this type of reaction was published by Larhed et al. in 1996 [115]. Subsequently,

Varma et al. described the Suzuki-type coupling of boronic acids and aryl halides

(Eq. 80) in the presence of palladium chloride and poly(ethylene glycol) (PEG-400)

under the action of MW irradiation [116]. The reactions were performed at 100 �C

to give the desired coupling products in 50 to 90% yield within 50 s. The coupling

reaction can be also conducted under conventional conditions (oil bath, 100 �C),

but to achieve similar yields a longer reaction time was needed (15 min). It was

found that addition of KF affords better yields.

ð80Þ

Leadbeater et al. recently showed that the PTC procedure with MW irradiation

can be used to prepare of biaryls using water, palladium acetate, and TBAB as sol-

vent, catalyst, and phase-transfer agent, respectively [117]. The desired coupling

products were obtained in good yield (60 to 90%). The reaction can, however, be

performed equally well using MW and conventional heating methods. Although it
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was later reported that Suzuki-type coupling of boronic acids and aryl halides was

possible without the need for a transition-metal catalyst, further reassessment

of the reaction showed that ultralow palladium contaminants (ca. 50 ppb) either

in the commercially available bases used [118] or in reaction vessels [119] pro-

moted the reaction.

Application of immobilized palladium catalyst under the action of MW, with

phase-transfer agents, has also been reported to promote the Suzuki reactions of a

range of aryl halides and triflates in solvents such as water and ethanol under MW

conditions [120, 121]. Similar results were obtained when aryl halides were at-

tached to a PEG matrix as para-substituted benzoates [122]. It was found that con-

ventional thermal conditions induced up to 45% cleavage of the benzoates whereas

this side reaction was suppressed when MW conditions were employed.

Related to Suzuki coupling reaction involving organoboron reagents is the so-

called Hiyama coupling of organosilanes with halides and triflates to form unsym-

metrical biaryl compounds. DeShong et al. described rapid, MW-promoted Hiyama

coupling of bis(catechol)silicates and aryl bromides (Eq. 81) [123]. Suitable reaction

conditions were use of 5% palladium catalyst, a phosphonium ligand, and tetrabu-

tylammonium fluoride (TBAF) as PTC catalyst in THF solution. Exposure of the

reaction mixture to MW irradiation at 110 �C for 10–15 min provided the desired

coupling products in very good yields of 80 to 100% (Eq. 81).

ð81Þ

Reaction of terminal acetylenes with aryl and vinyl halides catalyzed by

palladium/copper compounds (the Sonogashira reaction) is known to be a useful

method for the preparation of unsymmetrical alkynes. The first procedure for ap-

plication of microwave methodology in the Sonogashira reaction was reported by

Erdelyi et al. [124], and reports of Sonagashira coupling induced by MW irradiation

under PTC conditions were recently published by Leadbeater et al. [125] and Van

der Eycken [126]. In the same way as for Suzuki reaction [118], both reports

claimed it was possible to perform transition-metal free Sonogashira coupling in

the presence of TBAB and NaOH [125] or PEG and Na2CO3 [126] as PTC catalyst

and base, respectively. The typical reaction conditions involved irradiation of the re-

action mixture in aqueous solution to ca 170–175 �C for 5 to 25 min in a sealed

vessel (Eq. 82).
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ð82Þ

More recently, Pombo-Villar et al. demonstrated the palladium-catalyzed syn-

thesis of diaryl acetylenes by a one-pot direct coupling of 1-aryl-2-trimethyl-

silylacetylenes and aryl halides in the presence of palladium acetate, sodium

acetate, and TBACl as PTC catalyst [127]. This method was used to couple a

range of aryl halides and arylsilylacetylenes and does not involve use of a copper

catalyst. It was possible to introduce an aldehyde moiety and an amino group to

the phenylacetylene substrate and obtain the desired coupling products in 15 min

with 60 and 81% yield, respectively. Thus, neither of these electron-withdrawing

and electron-donating functional groups seems to significantly affect the reactivity

of the substrate (Eq. 83) [127]. The reaction yields for experiments run under the

same set of conditions were similar.

ð83Þ

The Sonogashira coupling reaction of aryl halides were attached to a PEG matrix

as para-substituted benzoates was also reported [128]. It was shown that MW irra-

diation can reduce the reaction time from 3 h under conventional conditions to

1.5 min, and that yields of the products were approximately the same. Similarly,

the cleavage proceeded faster under MW conditions (1 min compared with 5 h at

50 �C under conventional conditions).

6.2.7.11 Oxidation Reactions

By a modification of Noyori’s procedure of alcohol oxidation by hydrogen peroxide

[129], primary and secondary alcohols have been oxidized to the equivalent car-

boxylic acids and ketones within 20–30 min under the action of MW irradiation

[130]. The reactions were performed under liquid–liquid PTC conditions using

30% aqueous H2O2 in the presence of sodium tungstate and tetrabutylammonium

hydrogen sulfate (TBAHS) as catalyst. The experimental procedure involves simple

mixing of an alcohol, Na2WO4.H2O and TBAHS then addition of 30% aqueous

H2O2 in 25:1:1:125 molar ratios for primary alcohols and 25:1:1:40 molar ratios

for secondary alcohols, in an open vessel. The best results were obtained when

the temperatures of reaction mixtures were 90 �C and 100 �C for primary and sec-

ondary alcohols, respectively (Eq. 84).
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ð84Þ

The oxidation of secondary alcohols under the action of MW irradiation can be

performed when hydrogen peroxide is substituted by hydrogen peroxide urea ad-

duct (UHP) [131]. The microwave-assisted reaction results in appropriate carbonyl

compounds, higher yield, and shortening of the reaction time compared with con-

ventional conditions. Typical results are given in Table 6.35 [131].

Hydrogen peroxide has also been used under the action of MW irradiation for

epoxidation of simple or cyclic alkenes. The reactions were accomplished under

liquid–liquid PTC conditions in ethylene chloride solution in the presence of

Na2WO4 and Aliquat 336 as catalysts. The best results were obtained at 70 �C

Tab. 6.35. Oxidation of secondary alcohols by means of

hydrogen peroxide urea adduct (UHP) under MWþ PTC

conditions (multimode reactor, 600 W).

Alcohol Yield (%) ProductReaction

time

(min) Microwave Conventional

Octan-2-ol 120 88 66 Octan-2-one

Cyclohexanol 60 98 62 Cyclohexanone

1-Phenyl-ethanol 60 98 56 1-Phenylethanone

2-Ethylhexane-

1,3-diol

120 77 65 3-Hydroxymethylheptan-

4-one

1-Octen-3-ol 120 85 66 1-Octen-3-one
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when the concentration of hydrogen peroxide was set to 8% and the pH of aqueous

phase was kept below 2 (Eq. 85) [132].

ð85Þ

6.2.7.12 S-Alkylation of n-Octyl bromide [49]

The synthesis of octylthiocyanate, by reaction of n-octyl bromide with KSCN, and

its subsequent isomerization to isothiocyanate, has been realized by use of TBAB

under the action of MW irradiation. The effect of inorganic solid supports (SiO2,

K10, graphite, NaCl) has been studied (Eq. 86).

ð86Þ

6.2.7.13 Reductive Decyanation of Alkyldiphenylmethanes [133]

The reaction was performed in aqueous NaOH with PEG-400 as phase-transfer

agent (Eq. 87).

ð87Þ

6.2.7.14 Synthesis of Symmetrical Disulfides

A rapid and general method for the synthesis of symmetrical disulfides involves

reaction of sulfur with NaOH under PTCþMW irradiation conditions to give so-

dium disulfide, which reacts with alkyl halides to afford the disulfides in good to

excellent yields (Eq. 88) [134].

ð88Þ

6.2.7.15 The Hantzsch Reaction [135]

The synthesis of a variety of substituted 1,4-dihydropyridines has been achieved by

reaction of aldehydes, ethyl/methyl acetoacetates, and ammonium acetate in water

using a phase-transfer catalyst under the action of MW irradiation. Compared with

classical Hantzsch’s reaction conditions, this new method consistently has the ad-
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vantage of good yields and short reaction times. Bifunctional compounds contain-

ing two units have been synthesized in good yields using dialdehyde as precursor

(Eq. 89).

ð89Þ

6.3

Conclusion

The use of MW irradiation to provide the energy for the activation of chemical

species certainly leads to faster and cleaner reactions compared with conventional

heating. The coupling of microwave technology with solvent-free solid–liquid PTC

conditions is one of a group of particularly efficient, powerful, and attractive

methods.

Significant improvements of yields and/or reaction conditions can be achieved,

with substantial simplification in operating procedures. The powerful synergistic

combination of PTC and MW techniques has certainly enabled an ever increasing

number of reactions to be conducted under cleaner and milder conditions. The in-

herent simplicity of the method can, furthermore, be allied with all the advantages

of green chemistry procedures in terms of reactivity, selectivity, atom economy,

safety, and ease of manipulation.
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Microwaves and Ionic Liquids

Nicholas E. Leadbeater and Hanna M. Torenius

7.1

Introduction

There is a growing demand for faster, cleaner and more efficient methods for or-

ganic synthesis because of increasing environmental awareness, and health and

safety issues. In this regard, microwave activation has became an increasingly pop-

ular tool as evidenced by the number of recent reviews and books on the topic [1,

2]. The disadvantage of traditional heat sources, for example oil baths and electrical

heaters, is that they are rather slow, and long reflux at high temperatures may lead

to byproduct formation and product decomposition. Microwave irradiation is a

rapid and direct heating technique which often dramatically reduces reaction times

from hours to minutes, increases product yields, and enhances product purity [3].

In drug discovery, in which small quantities of many compounds are needed

quickly, use of microwaves has proved to be a valuable tool for rapid synthesis of

large libraries of compounds [4–6].

There are two mechanisms by which microwaves interact with reaction mixtures

[7]. Polarization of dielectric material arises when the distribution of an electron

cloud is distorted or physical rotation of molecular dipoles occurs. For generation

of heat on irradiation with microwaves, at least one component of a reaction mix-

ture must have a dipole moment. Compounds with high dipole moments also have

large dielectric constants, e. The selectivity of microwave irradiation is clear when

comparing the heating of water and hexane. Water, a polar solvent, has a high di-

electric constant and therefore heats rapidly on microwave irradiation whereas hex-

ane, a nonpolar solvent, heats very slowly.

Microwave activation also occurs via a conduction mechanism. In a solution that

contains ionic material, the ions start to move under the influence of the electric

field of the microwave irradiation. This results in expenditure of energy because

of an increased collision rate, thus converting kinetic energy into heat. This effect

is particularly important at higher temperatures.

Issues arise when chemists want to use nonpolar reagents in conjunction with

less polar solvents such as hexane (e ¼ 1:88), toluene (e ¼ 2:38), tetrahydrofuran

(e ¼ 7:58), and dioxane (e ¼ 2:21). Because of their lower dielectric constants, these
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solvents are not usually suitable for microwave chemistry except when highly polar

reagents are used. In other cases, a highly polar reaction medium is desirable. Use

of ionic liquids in conjunction with microwave heating can help address both these

situations.

Ionic liquids are interesting materials which have found new functions in chem-

istry [8]. Their unique properties and ionic structure has made them useful in

synthesis and catalysis [9]. Because of their low toxicity, low vapor pressure and

recyclability these compounds have a ‘‘green’’ reputation.

The study of ionic liquids started with the attempt to develop more efficient

electrolytes for batteries. High melting-point molten salts were already widely

used, but the high melting points of these substances caused problems inside

the batteries. To find better electrolytes, first inorganic NaClaAlCl3 molten salt,

melting point 107 �C, was studied. This was followed by study of mixtures of 1-

ethylpyridinium halides and AlCl3. The alkylpyridinium cations were relatively

easy to reduce, so more resistant ionic liquids were synthesized. Alkylimidazolium

salts afforded the most promising ionic liquids [10].

Ionic liquids differ from classical molten salts by being liquids at room tempera-

ture, or their melting points are below 100 �C. They have an ionic structure and

usually consist of an organic cation and an inorganic or organic anion. The most

common cations found in ionic liquids are the tetraalkylammonium, tetraalkyl-

phosphonium, N-alkylpyridinium, 1,3-dialkylimidazolium, and trialkylsulfonium

moieties [11]. Some common ionic liquid cations and anions are presented in

Fig. 7.1.

The nature of both the cation and the anion determine the melting point of the

ionic liquid. For example, if 1,3-dialkylimidazolium-based ionic liquids are to be

liquids at room temperature the cation should be unsymmetrical [11]. Of all the

ionic liquids, 1,3-dialkylimidazolium-based ionic liquids are most widely used in

synthesis and catalysis.

Halide-based ionic liquids are simple to prepare. Conventionally, they are synthe-

sized by reacting heterocyclic starting materials, for example N-methylimidazole,

pyridine, or thiazole, with an appropriate alkyl halide in a nonpolar solvent, for ex-

ample toluene (Scheme 7.1). The reactions can be also performed using a large ex-

cess of the alkyl halide as reagent and solvent. The reactions usually take between 3

and 72 h to reach completion. Symmetrical N,N 0-disubstituted imidazolium halide

Fig. 7.1. Structure of ionic liquids.
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ionic liquids can be synthesized from N-trimethylsilylimidazole and 2 or 3 equiv.

alkyl and benzyl halides [12]. This reaction is also typically performed in toluene,

under reflux, for up to 24 h.

Halide-based ionic liquids can function as starting materials for the preparation

of other ionic liquids. For example, the common hexafluorophosphate PF6 and

tetrafluoroborate BF4 ionic liquids can be prepared by simple anion exchange

(Scheme 7.2).

Ionic liquids have several interesting and beneficial properties, because of their

ionic structure and low melting points. They have negligible vapor pressure so do

not evaporate. They are stable at high temperatures, are extremely good at dissolv-

ing diverse organic compounds and catalysts, but in many cases are relatively inert

toward reactions. They are poorly miscible in common nonpolar solvents, so can be

used for extraction. Their properties can also be tuned. Their solubility in water de-

pends on the anion, the temperature, and the substituents. Although imidazolium-

based halide ionic liquids are usually water-soluble, their PF6 derivatives are insol-

uble in water. The presence of impurities can alter the physical and chemical prop-

erties of ionic liquids. They are usually hydroscopic. Water is difficult to remove,

because of intermolecular hydrogen bonding. To a general approximation, they

are more polar than acetonitrile, but less polar than methanol. Changing the

counter anion does not change the polarity of the medium significantly and nei-

ther does the presence of a small amount of water.

Ionic liquids usually have good thermal stability, although decomposition can

occur at high temperatures. Vacuum pyrolysis studies of 1,3-dialkylimidazolium

halide-based ionic liquids showed that the primary decomposition pathway was

dealkylation (Scheme 7.3) [13]. This can be prevented by using non-nucleophilic

Scheme 7.1. Synthes is of 1,3-dialkylimidazolium halide ionic liquids.

Scheme 7.2. Preparation of fluorophosphate-based ionic liquids.

Scheme 7.3. Decomposition of 1,3-dialkylimidazolium halide-based ionic liquids.
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anions. For BF4 and PF6-based ionic liquids the primary decomposition pathway is

attack by traces of HF generated by reaction of the anion with any residual water

present in the ionic liquid.

The thermal properties and decomposition of imidazolium, tetraethylammo-

nium, and tetrabutylammonium-based ionic liquids have been studied in detail by

use of calorimetry [14]. The freezing points of samples were much lower than their

melting points. The greatest supercooling was observed for ionic liquids bearing

the 1-propyl-3-methylimidazolium cation. Thermal decomposition was dependent

on the structure of the liquid. For imidazole-based ionic liquids, increasing the

substitution of the ring increased the thermal stability, because of removal of the

ring hydrogen atoms. Removal of the hydrogen in the 2 position had the largest

effect. Attachment of an isopropyl group to the nitrogen reduced the thermal sta-

bility. Imidazolium cations were usually more stable than the tetraalkylammonium

cations. The order of anion stability was:

PF6 > bisperfluoro(ethylsulfonyl)imide > bis(trifluoromethylsulfonyl)imide

ABF4 > tris(trifluoromethylsulfonyl)methideAAsF6 g I, Br, Cl.

7.2

Ionic Liquids in Conjunction with Microwave Activation

Use of ionic liquids in conjunction with microwave irradiation in synthetic chem-

istry can be classified into three topics:

� use of microwave heating in the preparation of ionic liquids;
� use of ionic liquids as solvents and reactants for microwave-promoted synthesis,

and
� use of ionic liquids as aids for heating nonpolar reaction mixtures using micro-

wave irradiation.

7.2.1

Synthesis of Ionic Liquids Using Microwave Heating

As mentioned in the introduction, ionic liquids are conventionally prepared by

heating heterocyclic starting materials, for example N-methylimidazole, pyridine,

or thiazole with an appropriate alkyl halide under reflux in a nonpolar solvent, for

example toluene or in a large excess of the alkyl halide. Conventional synthesis of

ionic liquids has several disadvantages. First, long reflux times are often needed to

obtain reasonable yields. Second, purification of the ionic liquid is often problem-

atic and large quantities of organic solvents are required to extract impurities. This

is especially true with halide-based ionic liquids – excess halide is difficult to re-

move completely. This has prompted the use of microwave-mediated approaches

for the preparation ionic liquids. The first report was by Varma and coworkers

who, using a domestic microwave oven, prepared a range of ionic liquids from
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1-methylimidazole and n-butyl halides [15]. After irradiating N-methylimidazole

and n-butyl bromide for 2 min in the domestic oven, 1-butyl-3-methylimidazolium

bromide [BMIM]Br was obtained in 78% yield. When the ionic liquid starts to

form, the polarity of the reaction medium increases and, therefore, microwave ab-

sorption increases. The observed reactivity order was I > Br > Cl. The yields of

ionic liquid improved when sequential irradiation was used. For example, irradia-

tion for 30 s then 3� 15 s irradiation intervals is better than one period of 75 s.

This method is not only limited to halide-based ionic liquids. Synthesis of ionic

liquids containing a tetrafluoroborate anion and imidazolium cation has been per-

formed successfully [16] by use of a modified domestic microwave oven with pulsed

irradiation (5� 30 s). Approximately 90% yields of the desired ionic liquids were

usually obtained compared with 36% after the same reaction time using conven-

tional heating. Microwave irradiation has been used in the synthesis of 1-ethyl-3-

methylimidazolium benzoate and dialkyl imidazolium tetrachloroaluminate ionic

liquids [17, 18]. These reactions were again performed in a domestic microwave

oven using pulsed irradiation.

Although reports of ionic liquid synthesis in domestic microwave ovens are

promising, synthesis in these systems has several disadvantages. For chloroalumi-

nates there were problems with the reproducibility of the synthesis. In domestic

microwave ovens, control of the reaction conditions is difficult and overheating of

the reaction mixtures can easily occur. A modified procedure was published, again

using a domestic oven, but placing the reaction vessel in a beaker of water [19].

This water moderation reduced the amount of irradiation reaching the sample and

thus reduced the effects of overheating. It also functioned as a heat sink. Other

problems with domestic ovens in the synthesis of ionic liquids are that volatile al-

kyl halides are released inside microwave cavity, which can be hazardous, and

large-scale synthesis is difficult because of poor control, possible contamination,

and product decomposition.

Safe and clean large-scale synthesis of ionic liquids can be achieved by using

modern accurate microwave equipment. Khaldilkar and Rebeiro studied the syn-

thesis of imidazolium, pyridine, and 2,6-lutidine-based ionic liquids using alkyl

halides as reagents [20]. Excellent yields were reported after irradiation for 20–55

min, the length of the alkyl chain having an effect on the reaction time required.

Different reaction temperatures were required, depending on the substrates used.

At 100 �C no product was ever observed. At 150 �C the imidazolium-based ionic

liquids could be prepared. For ionic liquids bearing pyridinium cations a reaction

temperature of 200 �C was required. The reactions could be scaled up to 50 g and

no large excess of alkyl halide was needed. Deetlefs and Seddon studied the synthe-

sis of pyrazolium, thiazolium, imidazolium, and pyridine-based ionic liquids [21].

Selected results are summarized in Table 7.1. The authors reported that the reac-

tions are up to 72 times faster than when using conventional heating. They also

found that if the microwave irradiation is prolonged, decomposition of the ionic

liquid occurs. Imidazolium halide based ionic liquids could be prepared in 150,

200, 250, and 300 mmol quantities using the same reaction conditions. Synthesis

of pyrazolium and thiazolium chloride ionic liquids was not successful.
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Chiral ionic liquids have been prepared by Loupy and coworkers using controlled

microwave irradiation (Scheme 7.4) [22]. They developed a solvent-free direct alky-

lation technique using a range of alkyl bromides and (1R,2S)-N-methylephedrine

as reagents, the latter being obtained by reductive amination of (1R,2S)-ephedrine.
They prepared a series of halide-based ionic liquids bearing alkyl chains of differ-

ent lengths. Depending on the boiling point of the alkyl halide the reactions were

either performed in 10 mL sealed vessels or in open 100 mL flasks. The tempera-

ture was accurately measured and monitored during the course of microwave irra-

diation. Product yields were carefully compared with those obtained using an oil

Tab. 7.1. Preparation of ionic liquids using microwave irradiation.

Ionic liquid Reaction temp. (̊ C) Irradiation time (min) Yield (%)

165 4 92

80 6 93

150 20 96

165 10 95

130 30 95

120 40 90

135 35 96

130 65 94
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bath, running the reactions for the same time at the same temperature with simi-

lar profiles of temperature increase. Using conventional heating, yields were

noticeably lower than when using microwave assistance and the authors suggest

the existence of a nonthermal microwave specific effect. The halide-based ionic

liquids were then converted into �PF6,
�BF4, and

�OTf analogs, again using mi-

crowave irradiation. The quaternization and anion metathesis steps could be per-

formed in a two-step, one-pot method, all crude products from reaction of alkyl

bromides and (1R,2S)-N-methylephedrine being directly submitted to the anion-

exchange step. Ionic liquids prepared this way were then used successfully in

asymmetric Baylis–Hillman reactions [23].

7.2.2

Reactions Using Microwave Irradiation and Ionic Liquids as Solvents and Reagents

The widest application of ionic liquids in microwave chemistry has been as polar

solvents. They heat very rapidly under the action of microwave irradiation and

have excellent solvating properties. Many chemical reactions benefit from this

combination of rapid heating and an ionic reaction medium.

7.2.2.1 Hydrogenation

Catalytic hydrogenation reactions are very important in organic synthesis [24].

Two-phase hydrogenation reactions using ionic liquids and rhodium catalysts have

been reported [25, 26]. The most common ionic liquids used in hydrogenations are

[BMIM]PF6, [BMIM]SbF6, and [BMIM]BF4. Although methods using hydrogen

gas in conjunction with microwave heating have not been reported, hydrogenation

reactions are possible under microwave conditions by use of catalytic transfer

hydrogenation [27]. Transfer hydrogenation of alkenes, alkynes, and nitro com-

pounds have been reported using 10% PdaC as a catalyst, formic acid salts

as a source of hydrogen and [BMIM]PF6 as the solvent (Scheme 7.5) [28]. When

Scheme 7.4. Preparation of chiral ionic liquids using microwave activation.
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4-nitrobenzoic acid methyl ester was used as starting material, 4-aminobenzoic

acid methyl ester was formed in 70% yield after 7 min irradiation. After optimiza-

tion, heating for 70 min at 150 �C was found to lead to complete conversion. The

authors reported that monitoring the pressure of the reaction gave a clear indica-

tion of its progress. When the reaction reached constant pressure the hydrogena-

tion was complete. The catalyst could be recycled but, after five cycles, 40% loss of

activity was observed. This could be restored by adding a corresponding amount of

fresh catalyst.

7.2.2.2 Ruthenium-catalyzed Olefin Metathesis

Ring-closing metathesis (RCM) is one of the most important methods of synthesis

of versatile heterocyclic compounds important in both medicinal chemistry and

natural product synthesis and was the topic of the 2005 Nobel Prize in Chemistry

[29]. Ruthenium-based ‘‘Grubbs’’ catalysts are commonly used in these reactions,

because of their stability and high reactivity (Fig. 7.2) [30]. Removal of the catalysts

from the product is not simple, however, and recycling of the catalysts is not possi-

ble using conventional methods. Ionic liquids such as [BMIM]PF6 have been used

as solvents in an attempt to avoid some of these issues [31]. Using 5 mol% of the

Grubbs type 1 catalyst, a range of RCM reactions could be performed by heating at

50 �C for 20 h. Product isolation was simple but the recyclability of the catalyst was

poor, because of decomposition in the ionic liquid. N-heterocyclic carbene-based

ruthenium complexes have also been used for RCM reactions in conjunction with

ionic liquids as solvents [32, 33]. When RCM reactions are performed using micro-

wave irradiation and ionic liquids as solvents, excellent yields and very fast reac-

tions have been reported [34]. When [BMIM]PF6 was used as solvent and Grubbs

type II as catalyst, for many substrates conversion to product was complete after

Scheme 7.5. Ionic liquids and microwave heating in transfer hydrogenation reactions.

Fig. 7.2. Grubbs catalysts types I and II.
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microwave irradiation for only 15 s. Representative results of the study are col-

lected in Table 7.2. Conventional heating using the same temperature and time

did not lead to significant product formation. For allyl ether, no product was

formed when using ionic liquids as solvents. The authors believe this is because

of the relatively low boiling point of the ether. Using microwave irradiation and

running the reactions for 120 s, similar yields could be obtained using dichlorome-

thane as a solvent. The authors suggest a potential non-thermal microwave effect

to explain the enhanced reaction rates they observe both in ionic liquids and in

dichloromethane.

The reactions have also been performed under solvent-free conditions with con-

siderable success and almost quantitative yields of the products [35a]. For example,

the last entry in Table 7.2 was improved to 100% when irradiation was performed

for 3 min. at 50 �C. Under solvent-free conditions, the existence of nonthermal

specific microwave effects has been proposed on the basis of comparison with con-

trol reactions performed using conventional heating.

Kappe and coworkers studied the same RCM reactions, and dichloromethane

was used as a solvent to probe more thoroughly the existence, or not, of a specific

Tab. 7.2. Microwave ring-closing metathesis using ionic liquids as solvents.

Substrate Product [BMIM]PF6 CH2Cl2

mw yield

(%)

D yield

(%)

mw yield

(%)

D yield

(%)

100 3 100 21

100 0 79 9

100 0 91 45

0 2 85 4
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nonthermal microwave effect [35b]. Quartz reaction vessels were used in the study

to minimize microwave absorption and hence indirect heating from normal boro-

silicate glass. It was found that when the power was 100 W the dienes used in the

reactions absorbed significantly whereas absorption by the Grubbs catalyst was

negligible. Comparisons of microwave irradiation and conventional heating were

performed using a preheated oil bath. A solution of the diene was equilibrated

before the catalyst was added. Under these conditions complete conversion was ob-

served in the same time as when using microwave irradiation and thus the idea of

a nonthermal microwave effect as the cause of the rapid reactions was considered

improbable when a polar solvent is used.

7.2.2.3 Synthesis of Nitriles from Aryl Halides

Nitriles are versatile and important components of a range of dyes, natural prod-

ucts, and pharmaceuticals. Aryl nitriles can be synthesized from aryl halides by di-

rect reaction between aryl halides and copper cyanide, known as the Rosemund

von Braun reaction [36]. These cyanation reactions can have several disadvantages,

in particular the long reaction times required. Ren and coworkers showed that 1,3-

dialkylimidazolium halide-based ionic liquids can be used as solvents in the Rose-

mund von Braun reaction [37]. Complete conversion, based on GC–MS analysis,

was achieved after 24 h at 90 �C. When using microwave irradiation and ionic liq-

uid as a solvent, Leadbeater and coworkers showed the reaction times could be re-

duced to between 3 and 10 min [38]. Under the optimized reaction conditions, 2

equiv. CuCN and 1 equiv. aryl halide were rapidly heated to 200 �C in [i-PrMIM]Br

as solvent. Representative results are collected in Table 7.3. The microwave method

works as well as the conventional method for a range of aryl iodide and aryl bro-

Tab. 7.3. Rosemund von Braun reaction using ionic liquids and microwave heating.

Entry Aryl halide Time (min) Isolated yield (%)

1 4-Iodotoluene 3 75

2 4-Bromotoluene 10 63

3 4-Chlorotoluene 10 0

4 4-Iodoanisole 3 65

5 4-Bromoanisole 10 40

6 4-Bromoacetophenone 10 64

7 4-Iodonitrobenzene 3 55

8 4-bromonitrobenzene 10 16

9 4,4 0-Dibromobiphenyl 10 19
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mide starting materials. Whereas 3 min irradiation was sufficient for aryl iodide

substrates, bromides required longer (10 min) and aryl chlorides failed to react.

Extraction of product from the ionic liquid proved problematic after both conven-

tional and microwave heating, and although GC–MS results showed product

formation to be quantitative, actual isolated yields were substantially lower. An

alternative microwave method is to use Ni(CN)2 as a cyanating agent and NMP as

a solvent; higher product recoveries are possible with this method [39]. This high-

lights a limitation of ionic liquids as solvents.

7.2.2.4 Palladium-catalyzed Heck Reactions

The Heck reaction is an important tool in organic synthesis and drug discovery

[40]. Typically, Heck reactions are performed in polar solvents, for example DMF

or NMP, and a variety of palladium catalysts are used. Addition of an ionic salt to

the reaction mixture can stabilize the palladium catalyst and Heck reactions have

been performed, for example, using molten tetrabutylammonium bromide as sol-

vent and a palladacycle as catalyst [41, 42]. Using these conditions, aryl chlorides

could be coupled with styrene using 0.5 mol% of the palladacycle. Microwave-

assisted Heck reactions of chloroarene substrates have been reported with tetrabu-

tylammonium bromide as nonaqueous ionic liquid and an MgaAl layered double

hydroxide-supported palladium catalyst (Fig. 7.3) [43]. The yields of the Heck reac-

tion using microwave irradiation were similar to those obtained using conventional

methods, but the reaction time could be reduced from 15–40 h to 30–60 min

(Scheme 7.6). The double hydroxide-supported catalyst was a better choice than ho-

mogenous PdCl2, especially for electron-neutral and electron-rich substrates.

Heck couplings of aryl halides with alkenes in room temperature ionic liquids

have been reported [44]. Dialkylimidazolium and n-hexylpyridinium hexafluoro-

phosphate and tetrafluoroborate ionic liquids were used as solvents, Pd(OAc)2
and PdCl2 as catalysts, and an amine as base. Addition of ligands such as triphe-

nylphosphine, tri-o-tolylphosphine, and triphenylarsine usually had a negative

affect on product yield. Addition of cosolvents such as DMF was not necessary.

Palladium-catalyzed Heck reactions involving aryl bromides have been performed

Fig. 7.3. MgaAl layered double hydroxide-supported palladium catalyst.
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in [BMIM]PF6 as solvent using microwave heating (Scheme 7.7) [45]. Different

catalysts and ligands were screened using bromoanisole and butyl acrylate as

substrates. In [BMIM]PF6 as solvent PdCl2 gave better results than Pd(OAc)2 and,

in this study, addition of P(o-tol)3 as ligand proved beneficial for the reaction. The

catalyst remained in the ionic liquid at the end of the reaction and could be re-

cycled up to five times. Reaction of butyl vinyl ether with 1-bromonaphthalene

in [BMIM]PF6 was also studied and different conditions were required. It was

necessary to use Pd(OAc)2 as the catalyst and DPPP (1,3-bis(diphenylphosphino)-

propane) as ligand. The optimum yield was obtained after heating at 130 �C for

120 min. If the reaction temperature was increased, PdCl2 was used, or no DPPP

was added, the regioselectivity of the reaction suffered.

Heck reactions catalyzed by palladium on carbon have been performed using

microwave heating in open vessels with 1-octanyl-3-methylimidazolium tetra-

fluoroborate [OMIM]BF4 as the solvent (Scheme 7.8) [46]. Short reaction times

were needed and for aryl iodides the yields varied from 35% for o-iodobenzoic
acid methyl ester to 86% for iodobenzene. With aryl bromides yields varied from

89% for p-bromonitrobenzene to 33% for p-bromotoluene. When aryl chlorides

Scheme 7.7. Heck reactions using ionic liquids and microwave heating.

Scheme 7.6. Layered palladium-catalyzed microwave and TBAB-assisted Heck reaction.

Scheme 7.8. Heck reactions in an open vessel using ionic liquids and microwave heating.
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were used, poor yields were obtained. The catalyst was reported to remain in the

ionic liquid at the end of the reaction and could therefore be reused.

7.2.2.5 Benzylation in Ionic Liquids Using Thermal and Microwave Conditions

The DABCO (1,4-diazabicyclo[2.2.2]octane)-catalyzed N-benzylation of heterocycles

using dibenzyl carbonate as an alkylating agent benefits from the use of ionic

liquids either as additives or as solvents [47]. They have effects on both the yield

and the rate of the reaction. Several imidazolium and ammonium-based ionic

liquids have been screened. Best results were achieved when tetraoctylammonium

chloride and tetrabutylammonium chloride (TBAC) were used in stoichiometric

quantities. Using 10–30 mol% DABCO, 1 equiv. TBAC as additive, and dimethyl-

acetamide (DMA) or acetonitrile as solvent, a range of substrates were screened

using both conventional and microwave heating. Representative examples are

shown in Table 7.4 with results from conventional and microwave activation. Con-

ventional heating reactions were performed at 135 �C for between 30 min and 2 h.

For the microwave reactions a continuous-flow reactor was employed and the reac-

tions were run at 160 �C with residence times of between 6 and 18 min. Yields

were slightly lower than with conventional heating. Of the imidazolium-based ion-

ic liquids screened, [HMIM]Cl gave similar yields to TBAC but only when used as

solvent rather than stoichiometric additive.

7.2.2.6 Phosgenation

Phosgenation is used widely in industry for preparation of carbonates and isocya-

nates [48, 49]. Phosgene is highly toxic making it difficult to handle. Ionic liquids

have been used in alcohol phosgenation using triphosgene as a phosgene equiva-

lent. The reaction has been performed using microwave irradiation in a specially

designed apparatus [50]. A glass reactor consisting of two chambers (a developing

chamber for decomposition of triphosgene and a reaction chamber) was placed

in a microwave oven. Benzyltriethylammonium chloride, phenanthroline mono-

hydrate, and 1-ethyl-2,3-dimethylimidazolium-bis-trifluoromethanesulfonoimide

were employed in the decomposition of the triphosgene. When an ionic liquid

was used as a solvent a 94% yield of dibutyl carbonate was obtained from n-butanol
after a reaction time of 30 min. The catalyst and ionic liquid could be recycled.

7.2.2.7 Microwave and Ionic Liquid-assisted Beckmann Rearrangement

The Beckmann rearrangement is an efficient way of obtaining substituted amides

from oximes using phosphorus reagents such as PCl5 and P2O5–methanesulfonic

acid, or Br nsted acids such as sulfuric acid, phosphoric acid, formic acid, or silica

gel. Under solvent-free conditions, adsorption of reagents on acidic supports, for

example HCOOHaSiO2 or montmorillonite clays, microwave and conventional

heating methods have been compared (Scheme 7.9) [51, 52]. Good yields of amides

were be obtained after 7–10 min microwave irradiation at between 112–152 �C

in open vessels. In a preheated sand bath using the same reaction times yields

were sometimes substantially lower. Classical heating led to large differences

between reaction yields whereas microwave heating was more consistent. The
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Tab. 7.4. DABCO catalyzed N-benzylation using thermal and microwave irradiation.

Starting material Product Conventional heating Microwave heating

Time (min) Yield (%) Time (min) Yield (%)

30 83 6 76

120 80 12 70

180 89 18 82

60 87 6 84

120 71 12 41

Scheme 7.9. Solvent-free Beckmann rearrangements.
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authors discussed the possibility of nonthermal microwave effects to explain the

different yields. ZnCl2 was found to be the best acidic support for microwave-

promoted Beckmann rearrangement of aldoximes [53] whereas for oximes, BiCl3
was best [54].

The Beckmann rearrangement can be performed under mild conditions using

ionic liquids as solvents and PCl5, P2O5, and POCl3 as catalysts [55]. The best

ionic liquid was found to be [N-BuPy]BF4, which led to high product yields and se-

lectivity. The Beckmann rearrangement of cyclohexanone oxime in [BMIM]PF6

and [BMIM]BF4 has also been reported [56]. In these reactions P2O5 and P2O5–

methanesulfonic acid were used as catalysts. Reaction times varied from 16–24 h

and excellent yields were usually obtained when [BMIM]PF6 was used. No product

was formed if [BMIM]BF4 was used; this was attributed to the higher water con-

tent. Lee and coworkers have studied the ionic liquid-mediated Beckmann rear-

rangement using microwave heating [57]. They screened several ionic liquids and

the amount of sulfuric acid needed as catalyst. Representative results are collected

in Table 7.5. The microwave method was found to be superior to analogous con-

ventional heating. All the ionic liquids tested worked well under the action of mi-

crowaves and only 5 mol% sulfuric acid was needed. The stability of the ionic

liquids used was assayed by use of thermogravimetric analysis. It was found that

all the ionic liquids tested ([BMIM]PF6, BF4, SbF6, and OTf ) were thermally stable

and decomposition only occurred between 380–400 �C. In the Beckmann rear-

rangement reactions sequential irradiation cycles of 20 s were used. The total reac-

tion time varied between 40 s and 120 s.

7.2.2.8 Conversion of Alkyl Alcohols to Halides

Ren and Wu showed that alcohols can be converted to alkyl halides by using 1,3-

dialkylimidazolium halide-based ionic liquids as both solvent and nucleophile in

Tab. 7.5. Microwave-assisted Beckmann rearrangement using ionic liquids.

R1 R2 Ionic liquid Time (s) H2SO4 (mol%) Yield (%)

C6H5 C2H5 [BMIM]PF6 40 25 99

C6H5 C2H5 [BMIM]PF6 60 5 99

C6H5 C2H5 [BMIM]BF4 60 25 99

C6H5 C2H5 [BMIM]SbF6 60 25 99

4-Cl-C6H4 C2H5 [BMIM]PF6 60 5 81

4-Me-C6H4 C2H5 [BMIM]PF6 40 5 91

C6H5 C6H5 [BMIM]PF6 60 5 99

4-MeO-C6H4 C6H5 [BMIM]PF6 60 5 99
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the presence of either an organic or inorganic acid [58]. The reactions generally

take between 24–48 h to reach completion at room temperature. The reaction can

be greatly accelerated by use of microwave irradiation, the mixture being held at

200 �C for between 30 s and 10 min (Scheme 7.10) [58]. The effect of toluene as

cosolvent was also studied and found to be beneficial when using allylic or benzylic

alcohols as substrates. By use of [PMIM]I, primary alcohols were successfully con-

verted to the corresponding iodides, very rapidly and with good yields. In contrast

with the conventional method, use of an organic acid instead of H2SO4 was bene-

ficial in the microwave method. The reaction time was found to be very important.

When using [PMIM]I, if the reaction mixture is heated for longer than 30 s, signif-

icant decomposition is observed. Attempts to use secondary and tertiary alcohols

were not successful. Long-alkyl chain ionic liquids, for example [OMIM]Br or

[OMIM]I, can be used in the conversion of fatty alcohols to the corresponding alkyl

halides by use of the same method [59].

7.2.2.9 Synthesis of Triazines

The combination of [BMIM]PF6 as solvent and microwave irradiation can be used

for synthesis of 6-aryl-2,4-diaminotriazines [60]. The KOH-catalyzed condensation

between benzonitrile and dicyandiamide in [BMIM]PF6 was studied to optimize

the reaction conditions. The conditions were then applied to a range of substrates.

Reaction times of 10–15 min were required, compared with 15–24 h when conven-

tional heating was used (Scheme 7.11). Product yields were high.

7.2.2.10 1,3-Dipolar Cycloaddition Reactions

Several ionic liquids have been screened for use in 1,3-dipolar cycloaddition reac-

tions [61]. Reaction times and product yields can be enhanced using [EMIM]BF4,

Scheme 7.10. Conversion of alcohols into halides by use of

microwaves with ionic liquids as reagents and solvents.

Scheme 7.11. Synthesis of 6-aryl-2,4-diaminotriazines using

ionic liquids and microwave heating.
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PF6, or ONf as solvents. When reaction of 2-methoxybenzaldehyde with an imidate

derived from diethylaminomalonate was used as a test, reaction times and product

yields could be enhanced by use of [EMIM]BF4, PF6, or ONf as solvents rather

than conventional organic media. When reactions in [EMIM]BF4 and [EMIM]PF6

were performed with microwave irradiation excellent conversion to product was

achieved after 1–3 min. Addition of 5% glacial acetic acid further increases the re-

action rate (Scheme 7.12).

The same authors have also reported 1,3-dipolar cycloadditions using 2-

hydroxy and 3-hydroxybenzaldehydes grafted on a soluble ionic liquid support

[62]. New benzaldehyde-supported ionic liquids were prepared via two different

routes. In the first approach the synthesis started from an N-alkylimidazole and 2-

chloroethanol, thermolysis of which, followed by anion exchange to form the BF4

or PF6 ionic liquid, gave the desired supports. After esterification with an acid-

functionalized 2-hydroxybenzaldehyde, excellent yields of the benzaldehyde-

supported ionic liquids were obtained. The synthetic approach is shown in Scheme

7.13.

The second synthetic approach involved the reaction of 1-imidazole, chloroetha-

nol, and sodium ethoxide to form (2-hydroxyethyl)imidazole. Treatment of this with

dicyclohexylcarbodiimide (DCC) to form the N,N 0-dicyclohexyl isourea followed by

reaction with hydroxybenzaldehyde and quaternization with an alkyl iodide gave

the iodide-based supported benzaldehyde. Anion exchange then was performed to

generate the desired supported ionic liquids (Scheme 7.14).

For application in 1,3-dipolar cycloaddition reactions, diversity could be intro-

duced by first reacting the benzaldehyde-grafted ionic liquid with different alkyl

amines using microwave heating. This was followed by conventional heating with

an imidate to give the desired supported product. Treatment of the bound cycload-

duct with NaOMe in methanol resulted in cleavage from the ionic liquid phase

(Scheme 7.15).

7.2.2.11 Knoevenagel Reactions

The ionic liquid grafted benzaldehydes prepared for the 1,3-dipolar cycloaddition

reactions have also been used successfully as substrates for Knoevenagel reactions

using microwave irradiation (Scheme 7.16). One equivalent of different malonate

derivatives with a variety of electron-withdrawing groups was added to the ionic

liquid phase and piperidine was used as catalyst. Reaction times varied from 15–

60 min. The product was cleaved from the ionic liquid phase by using the NaOMe

Scheme 7.12 1,3-dipolar cycloaddition reactions using ionic liquids and microwave activation.
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in methanol procedure. The final products were obtained without the need for

further purification.

7.2.2.12 Ionic Liquids as Soluble Supports for the Suzuki Coupling Reaction

Soluble ionic liquid supports have been developed for use in Suzuki coupling

reactions (Scheme 7.17) [63]. The basic support was prepared by reaction of N-

methylimidazole and 2-bromoethanol using microwave irradiation followed by

anion exchange. Suitably functionalized aryl iodides were then attached to the

support using standard coupling procedures. The resulting soluble ionic liquid-

supported iodide was coupled to a range of boronic acids using palladium acetate

as a catalyst, cesium fluoride as base, and water as solvent. The biaryl product was

then cleaved from the support by use of ammonia in methanol. Yields varying

from 55 to 83% were reported.

7.2.3

Use of Ionic Liquids and Microwaves in Multicomponent Reactions

7.2.3.1 The Kabachnik–Fields Reaction in Ionic Liquids Using Microwave Heating

The Kabachnik–Fields reaction is an effective means of preparing biologically

active a-amino phosphonates [64]. It involves the three component reaction of an

aromatic aldehyde, an aniline, and diethylphosphite. The reaction has recently

been performed using microwave irradiation with [BMIM]PF6, [BMIM]SbF6,

[BMIM]BF4, and DMF as solvents and lanthanide triflates as catalysts (Scheme

7.18) [65]. The reactions were performed using a domestic microwave oven and

pulsed irradiation. Catalyst activity in the ionic liquids was found to be higher

than or comparable with that in DMF. It was also found that catalyst activity varied

depending on the ionic liquid used. For example, Yb(OTf )3 was very active in

[BMIM]BF4 but Sc(OTf )3 was more active in [BMIM]PF6. Excellent product yields

were obtained.

7.2.3.2 Multicomponent Synthesis of Propargylamines

A variety of propargylamines can be prepared by three-component Mannich con-

densation of acetylenes, aldehydes, and secondary amines (Scheme 7.19) [66, 67].

These reactions were performed using CuCl to activate the acetylene component.

Reaction times varied from 3–36 h. Silver iodide has recently been used to catalyze

the reaction [68].

Scheme 7.18. The Kabachnik–Fields reaction using ionic liquids and microwave heating.
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Mannich-type multicomponent reactions have been performed using ionic

liquids with microwave irradiation [69]. Optimum reaction conditions were

screened using piperidine as the amine, phenylacetylene as the alkyne, and benzal-

dehyde or 4-chlorobenzaldehyde as the aldehyde component. The effects of solvent

and irradiation time were studied. Reactions were best run in dioxane with addi-

tion of a small quantity of ionic liquid. If only ionic liquid was used significant de-

composition was observed. When the optimum conditions had been found, several

substrates were screened. Selected examples are shown in Table 7.6. For aromatic

or aliphatic aldehydes with cyclic amines and aromatic alkynes, optimum condi-

tions were 6 min microwave irradiation at 150 �C. For noncyclic amines slightly

longer irradiation times were required and for aliphatic alkynes 10 min heating at

150 �C gave the best yields of product. Conventional heating methods gave lower

yields of the desired products.

7.2.3.3 One-pot Pictet–Spengler Reactions

The Pictet–Spengler reaction is an efficient way of forming tetrahydro-b-carboline

rings, functionality that is abundant in nature [70]. These reactions have been per-

formed solvent free using microwave irradiation with the reagents adsorbed on a

silica support [71]. Parallel synthesis of 1,2,3,4-tetrahydro-b-carbolines has also

been reported [72]. Enhanced product yields compared with those obtained using

conventional heating were observed in both instances. When microwave irradiation

was used, Yb(OTf )3 was shown to be an effective catalyst for the reaction [73]. Oc-

casionally, however, for example reaction of tryptamine, addition of 50 mol% of a

chloroaluminate salt, for example [BMIM]Cl-AlCl3, was necessary. Excellent yields

(85–96%) were obtained after microwave heating at 100–120 �C for 30–60 min us-

ing dichloromethane as a solvent (Scheme 7.20).

7.2.3.4 Multicomponent Reactions Using Soluble Ionic Liquid Supports and

Microwave Heating

Microwave irradiation has been used in the synthesis of a range of hydrophilic

poly(ethylene glycol)-functionalized ionic liquids based on 1,3-disubstituted imida-

zolium cations and fluorinated anions (Scheme 7.21) and these have been used as

supports in multicomponent reactions. Starting from either N-methylimidazole or

N-butylimidazole, ethylene glycol functionality was introduced by reaction with

chloroalcohols. Ionic liquids bearing one, two, or three ethylene glycol repeating

units were prepared this way. Microwave irradiation was used to facilitate the reac-

tion and, to avoid decomposition because of overheating as the imidazolium salts

Scheme 7.19. Mannich-type multicomponent synthesis of propargylamines.
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are formed, pulses of low-power irradiation were used. The temperature reached

and the time of the pulses varied from reaction to reaction. Having made the

halide-based materials, anion exchange was then used to give the desired final

supports, termed [PEGn-RMIM]X ionic liquids (n ¼ 1; 2 or 3; R ¼ Me or Bu;

X ¼ BF4
�, PF6

�, or NTf2
�).

Synthesis of thiazolidinones [PEGn-RMIM]X ionic liquids have been used for

rapid synthesis of a small library of amido 4-thiazolidinones from amine, aldehyde,

and mercaptoacid components (Scheme 7.22) [74]. In an initial feasibility study,

acid-functionalized benzaldehydes were first coupled to the [PEGn-RMIM]X ionic

liquids. Imines were formed by reaction of the supported aldehydes with primary

amines. The reactions were run in open vessels. Optimum results were obtained

by irradiating the reaction mixture with low power at 100 �C for 20 min. The

imines were then condensed with mercaptoacids to give the desired thiazolidi-

nones which were then cleaved from the ionic liquid support by amide formation.

Microwave irradiation was again used in this cleavage step. The procedure entailed

addition of a small amount of solid potassium tert-butoxide to a premixed mixture

of the amine and supported thiazolidinone and microwave exposure for 10–20 min

at 100 or 150 �C depending on the amine used. In another study, a series of one-

Scheme 7.20. The microwave-promoted Pictet–Spengler

reaction using Yb(OTf )3 and [BMIM]Cl-AlCl3.

Scheme 7.21. Synthesis of [PEGn-RMIM]X ionic liquids.
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pot three-component condensations were undertaken using a stoichiometry ratio

of [PEGn-RMIM]X bound aldehyde:amine:mercaptoacid of 1:1:1. Here, microwave

irradiation with low power for 1–2 h was required. Again, cleavage was by forma-

tion of amides. Using this strategy, a small library of 4-thiazolidinones could be

prepared.

Synthesis of 2-thioxotetrahydropyrimidin-4-(1H)-ones Libraries of 2-thioxotetrahy-

dropyrimidin-4-(1H)-ones can be prepared by multicomponent reaction of amine,

isothiocyanate, and b-dielectrophile components (Scheme 7.23). [PEGn-RMIM]X

ionic liquids have been used in this reaction with microwave irradiation (Scheme

7.24) [75]. In a step-by-step approach, treatment of [PEGn-RMIM]X with acryloyl

chloride provided a supported acryloyl ionic liquid phase which was reacted with

an amine and then isothiocyanate to give a thiourea. Cyclization–cleavage from

the ionic liquid support to give the desired 2-thioxotetrahydropyrimidin-4-(1H)-

one was achieved by using low-power microwaves at 120 �C for 15–45 min in the

presence of diethylamine.

7.2.4

Use of Ionic Liquids as Heating Aids

In their microwave-promoted synthesis of thiocarbonyls using a polymer-

supported thionating reagent, Ley and coworkers found that addition of a small

quantity of an ionic liquid to a toluene solution can greatly increase the rate and

yields of the reaction [76]. It has subsequently been shown that, by use of micro-

wave irradiation, nonpolar solvents such as hexane, toluene, THF, and dioxane can

be heated using microwave irradiation to high temperatures in sealed vessels using

a small quantity of an ionic liquid additive [77]. This enables their use as solvents

in synthesis with nonpolar reactants. In the microwave cavity, with efficient stir-

ring, the ionic liquid forms small droplets that heat the nonpolar medium.

Scheme 7.23. Construction of 2-thioxotetrahydropyrimidin-4-(1H)-ones.
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A range of 1,3-dialkylimidazolium halides have been screened for their ability to

heat nonpolar solvents on microwave irradiation. Although high temperatures were

reached very rapidly, the halide-based ionic liquids decomposed and contaminated

the solvent. This problem was overcome by using PF6-based ionic liquids as the

heating aids. To show the benefits of the ionic liquids as heating aids, three reac-

tions were screened (Scheme 7.25). The first was the Diels–Alder reaction between

2,3-dimethylbutadiene and methyl acrylate. This is traditionally performed in tol-

uene or xylene and takes between 18 and 24 h to reach completion, giving yields

of product varying from 9–90% depending on the solvent used and the tempera-

ture at which the reaction is conducted [78–80]. Even when using catalysts such

as AlCl3, the reaction still takes 5 h to reach 73% yield [81]. Using a mixture of

toluene and ionic liquid, the authors were able to prepare the Diels–Alder adduct

in 80% yield in 5 min. During the reaction, a microwave power of 100 W was used

and the temperature of the mixture was held at 200 �C. In a control experiment, in

which the reaction was repeated but in the absence of the ionic liquid, no product

Scheme 7.24. Synthesis of 2-thioxotetrahydropyrimidin-4-(1H)-

ones using [PEGn-RMIM]X ionic liquids and microwave

activation.
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was formed after an identical time. Interestingly, this same reaction has been re-

ported previously using microwave irradiation with xylene as solvent but the time

taken to reach the same level of product yield was well in excess of 3 h, presumably

because the reaction mixture was heated to 95 �C only [82]. The authors do not say

whether this is the maximum temperature obtainable because of the use of a non-

polar solvent or if this was the temperature chosen for the study.

The second reaction chosen for study was the base-catalyzed Michael addition of

imidazole to methyl acrylate. This was chosen as a test for whether the ionic liquid

would act solely as a heating agent in the reaction rather than becoming chemically

involved, because there would be scope for reaction between the ionic liquid and

the base or acrylate during the course of the reaction. This reaction had already

been performed using microwave irradiation, with basic clays (Liþ and Csþ mont-

morillonites) as catalysts [83]. Using the ionic liquid heating technique, the au-

thors replaced the clays with triethylamine and found that use of toluene as solvent

resulted in a good yield of the desired product, again after microwave heating for

just 5 min at 200 �C.

The third reaction studied was the alkylation of pyrazoles with alkyl halides. This

reaction was not possible using the ionic liquid heating technique, because the aryl

halide reacted with the ionic liquid at the elevated temperatures used in the reac-

tion. This highlights one of the limitations of this method.

The heating behavior of ionic liquids combined with organic solvents under mi-

crowave irradiation has also been the subject of a recent paper by Ondruschka and

coworkers [84]. Kappe et al. have used microwaves for inter and intramolecular

hetero Diels–Alder reactions of 2(1H)-pyrazinones using dichloroethane as a sol-

vent with small amounts of ionic liquid as heating aids (Scheme 7.26) [85]. The

conventional reaction can take up to 2 days to reach completion. With the micro-

wave heating the reaction time could be reduced to 50 min in the absence of the

ionic liquid and only 18 min in its presence. Product yields were reported to be

similar to those obtained by use of conventional heating. Interestingly, when the

Scheme 7.25. Reactions in which ionic liquids have been shown to function as heating aids.
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reaction was performed with ethene as the alkene coupling partner and an ionic

liquid was used as heating aid the reaction temperature rose too rapidly and signif-

icant decomposition was observed.

7.3

Conclusions

Microwave irradiation as a tool for synthetic organic chemistry has found increas-

ing use since the first publications in 1986. The development of the microwave ap-

paratus has enabled scientists to perform reliable, safe, and reproducible reactions.

The main advantage of microwave irradiation is rapid reaction compared with con-

ventional heating. Debate on the possible existence of nonthermal microwave ef-

fects is still ongoing (see Chapter 4 of this book for an extended discussion). Be-

cause of their ionic structure, low vapor pressure, good thermal stability, and

excellent solvation properties, ionic liquids are very versatile when used in conjunc-

tion with microwave chemistry. They can be used as solvents in a variety of reac-

tions, and as heating aids. Microwave methods can also be used to advantage in

the preparation of ionic liquids, essentially under solvent-free conditions.

Abbreviations

[BMIM]Cl-AlCl3 1-Butyl-3-methylimidazolium tetrachloroaluminate

[BMIM]Cl 1-Butyl-3-methylimidazolium chloride

[BMIM]Br 1-Butyl-3-methylimidazolium bromide

[BMIM]BF4 1-Butyl-3-methylimidazolium tetrafluoroborate

[BMIM]NO3 1-Butyl-3-methylimidazolium nitrate

Scheme 7.26. Hetero Diels–Alder reactions using an ionic

liquid as a heating aid in conjunction with microwave heating.
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[BMIM]NTf3 1-Butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide

[BMIM]PF6 1-Butyl-3-methylimidazolium hexafluorophosphate

[BMIM]OTf 1-Butyl-3-methylimidazolium trifluoromethanesulfonate

[BMIM]SbF6 1-Butyl-3-methylimidazolium hexafluoroantimonate

[EMIM]BF4 1-Ethyl-3-methylimidazolium tetrafluoroborate

[EMIM]NTf3 1-Ethyl-3-methylimidazolium bis(trifluoromethane)sulfonimide

[EMIM]ONf6 1-Ethyl-3-methylimidazolium nonafluorobutansulfonate

[EMIM]PF6 1-Ethyl-3-methylimidazolium hexafluorophosphate

[HMIM]Cl 1-Hexyl-3-methylimidazolium chloride

[PMIM]Br 1-Propyl-3-methylimidazolium bromide

[PMIM]I 1-Propyl-3-methylimidazolium iodide

[i-PMIM]Br 1-Isopropyl-3-methylimidazolium bromide

[N-BuPy]BF4 N-Butylpyridinium tetrafluoroborate

[OMIM]Br 1-Octyl-3-methylimidazolium bromide

[OMIM]I 1-Octyl-3-methylimidazolium iodide

[OMIM]BF4 1-Octyl-3-methylimidazolium tetrafluoroborate

[OMIM]PF6 1-Octyl-3-methylimidazolium hexafluorophosphate

[PMIM]I 1-Propyl-3-methylimidazolium iodide

[PMIM]Br 1-Propyl-3-methylimidazolium bromide

[PMIM]BF4 1-Propyl-3-methylimidazolium tetrafluoroborate

[PMIM]PF6 1-Propyl-3-methylimidazolium hexafluorophosphate

TBAB Tetrabutylammonium bromide

TBAC Tetrabutylammonium chloride
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Organic Synthesis Using Microwaves and

Supported Reagents

Rajender S. Varma and Yuhong Ju

8.1

Introduction

In the electromagnetic radiation region, microwaves (0.3–300 GHz) lie between

radiowave (Rf ) and infrared (IR) frequencies with relatively large wave lengths

(1 mm–1 m). Microwaves, nonionizing radiation incapable of any molecular activa-

tion or breaking of bonds, are a form of energy that manifest as heat by interaction

with the medium or materials wherein they can be reflected (metals), transmitted

(good insulators that will not heat), or absorbed (reducing the available microwave

energy and rapidly heating the sample). This unconventional microwave (MW) en-

ergy source has been used for heating food materials for almost 50 years [1] and is

now being used for a variety of chemical applications including organic synthesis

[2–11] wherein chemical reactions are accelerated by selective absorption of MW

radiation by polar molecules, nonpolar molecules being inert to MW dielectric

loss [12]. Initial experiments with microwave heating exploited the use of high di-

electric solvents, for example dimethyl sulfoxide (DMSO) and dimethylformamide

(DMF) in a household kitchen MW oven. The rate enhancements in such reactions

are believed to be because of rapid superheating of the polar solvents and pressure

effects [12]. In these solution-phase reactions, however, development of high pres-

sures and the use of specialized sealed or Teflon vessels are limitations, although

they have been circumvented by introduction of commercial MW instruments with

appropriate temperature and pressure controls.

Heterogeneous reactions facilitated by supported reagents on inorganic oxide

surfaces have received attention in recent years, both in the laboratory and in in-

dustry. Although the first description of the surface-mediated chemical transforma-

tion dates back to 1924 [13], it was not until almost half a century later that this

technique received extensive attention with the appearance of several reviews,

books, and account articles [14–22].

A related development that has had profound effect on heterogeneous reactions

is the use of microwave (MW) irradiation techniques for the acceleration of organic

reactions. Since the appearance of initial reports on the application of microwaves

for chemical synthesis in polar solvents [11], the approach has blossomed into a

362



useful technique for a variety of applications in organic synthesis and functional

group transformations, as is testified by a large number of publications and review

articles on this theme [2–10, 22–25]. Although reactions in conventional organic

solvents [23], ionic liquids [26–28] and aqueous media [29] have grown as a result

of the availability of new, commercial, MW systems, the focus has shifted to less

cumbersome solvent-free methods wherein the neat reactants, often in the pres-

ence of mineral oxides or supported catalysts [2–6, 8, 10, 22, 25b], undergo facile

reactions to provide high yields of pure products, thus eliminating or minimizing

the use of organic solvents. The application of microwave irradiation with the use

of catalysts or mineral-supported reagents, under solvent-free conditions, enables

organic reactions to occur expeditiously at ambient pressure [2–6, 8, 10, 18, 22,

24], thus providing unique chemical processes with special attributes such as en-

hanced reaction rates, higher yields, improved purity of final products, and associ-

ated ease of manipulation. These reactions are performed with the reagents immo-

bilized on the porous solid supports and have advantages over conventional

solution-phase reactions, because of the good dispersion of active reagent sites, as-

sociated selectivity, and easier work-up.

The ready availability of inexpensive household MW ovens that can be safely

used for solvent-free reactions and an opportunity to work with open vessels, thus

avoiding the risk of high-pressure development, are the main reasons for the

worldwide popularity of this approach. The bulk temperature attained in these

solvent-free reactions is relatively low although higher localized temperatures may

be reached during microwave irradiation. Unfortunately, in many of the reactions

reported, accurate temperature measurement has not been attempted. Although

there is relatively poor understanding of the reasons for the dramatic rate accelera-

tion, and some researchers are skeptical about reproducibility, this MW strategy

has been the most widely practiced approach in laboratories around the globe.

The recyclability of some of these solid supports makes these processes truly eco-

friendly green procedures. Previous cartography of the oven using a cobalt chloride

aqueous solution to determine the best location for placement of vessels (high elec-

tric field density) enables accurate and reproducible MW experiments [30].

8.2

Microwave-accelerated Solvent-free Organic Reactions

The initial laboratory-scale feasibility of microwave-promoted solvent-free proce-

dures [24] has been illustrated for a wide variety of useful chemical transforma-

tions such as protection/deprotection (cleavage), condensation, rearrangement, ox-

idation, and reduction, and in the synthesis of several heterocyclic compounds on

mineral supports [4, 8, 22]. A range of industrially significant chemical entities

and precursors, for example imines, enamines, enones, nitroalkenes, sulfur com-

pounds, and heterocycles have been synthesized in a relatively environmentally be-

nign manner by using MW [2–6, 8, 10, 22, 25]. A vast majority of these solvent-free

reactions have been performed in open glass containers such as test tubes, beakers,
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and round-bottomed flasks, etc., using neat reactants in an unmodified household

MW oven or commercial MW equipment, usually operating at 2450 MHz. The

general procedure involves simple mixing of neat reactants with the catalyst, their

adsorption on mineral or ‘‘doped’’ supports, and exposure of the reaction mixture

to irradiation in a microwave oven.

A reaction accelerated by microwave irradiation has often been compared with

the same reaction in an oil bath at the same bulk temperature. Unfortunately,

there have been quite a few reports in the chemical literature that have not been

conducted with such proper control of conditions and, consequently, fair compari-

son is not often possible. Nevertheless, using this MW approach, the problems as-

sociated with waste disposal of solvents that are used several times in chemical re-

actions, and use of an excess of reagents are avoided or minimized. Discussion of

the preparation of supported reagents or catalysts has not been included in this

chapter because numerous review articles are available on this theme [14–22].

8.2.1

Protection–Deprotection Reactions

Protection–deprotection reaction sequences are an integral part of organic syn-

theses such as the preparation of monomers, fine chemicals, and reaction inter-

mediates or precursors for pharmaceuticals. These reactions often involve use of

acidic, basic, or hazardous reagents and toxic metal salts [31]. The solvent-free

MW-accelerated protection/deprotection of functional groups, developed during

the last decade, is an attractive alternative to conventional cleavage reactions.

8.2.1.1 Formation of Acetals and Dioxolanes

Within the framework of nonalimentary preparation of products from biomass,

Loupy et al. prepared acetals of l-galactono-1,4-lactone (an important byproduct

from the sugar beet industry) in excellent yields [32] by adsorbing the lactone and

a long-chain aldehyde on montmorillonite K10 or KSF clay then exposing the reac-

tion mixture to MW irradiation (Scheme 8.1). Improvements over the conventional

method are substantial (DMF, H2SO4, 24 h at 40 �C, yields less than 20–25%).

Hamelin and coworkers protected aldehydes and ketones as acetals and dioxo-

lanes by using orthoformates, 1,2-ethanedithiol, or 2,2-dimethyl-1,3-dioxolane. This

acid-catalyzed reaction proceeds in the presence of p-toluenesulfonic acid (PTSA)

Scheme 8.1. Formation of acetal derivatives of l-galactono-1,4-lactone.
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or KSF clay under solvent-free conditions (Scheme 8.2). The yields obtained with

the microwave method are better than those obtained using conventional heating

in an oil bath [33].

Thioacetals have been prepared using an essentially similar technique [34]. The

active methylene compounds are adsorbed on KF–alumina, mixed with methane-

sulfonothioate, and irradiated in a microwave oven to produce thioacetals in good

yields (Scheme 8.3).

Acetic anhydride–pyridine on basic alumina has been used to conduct acetyla-

tions of hydroxy, thiol and amino groups under microwave irradiation conditions

[35]. This rapid, safe, and eco-friendly technique can be applied for a broad variety

of N, O, and S acetylations.

8.2.1.2 N-Alkylation Reactions

Several solvent-free N-alkylation reactions have been reported which involve use of

tetrabutylammonium bromide (TBAB), as a phase-transfer agent, under micro-

wave irradiation conditions, an approach that is developed in Chapter 6 [36]. An

experimentally simple microwave-assisted solvent-free N-arylation of primary

amines with sodium tetraphenylborate or arylboronic acids, promoted by inexpen-

sive cupric acetate on the surface of KF–alumina, has been reported. The reaction

is selective for mono-N-arylation and a variety of functional groups are tolerated in

the process (Scheme 8.4) [37].

Scheme 8.2. Formation of dioxolanes.

Scheme 8.3. Formation of thioacetals.

Scheme 8.4. MW-assisted solvent-free N-arylation.
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8.2.1.3 Deacylation Reactions

The first report on the utility of recyclable alumina as a viable support surface for

deacylation reaction is credited to Varma and his colleagues [38]. This high-school

science project demonstrated that the orthogonal deprotection of alcohols is possi-

ble under solvent-free conditions on a neutral alumina surface using MW irradia-

tion (Scheme 8.5). Interestingly, chemoselectivity between alcoholic and phenolic

groups in the same molecule has been achieved simply by varying the reaction

time – the phenolic acetates are deacetylated faster than alcoholic analogs [38].

In an extremely simple approach, an unmodified household microwave oven has

been used in this study with excellent results. The generation of higher tempera-

tures is avoided simply by intermittent irradiation [38].

8.2.1.4 Cleavage of Aldehyde Diacetates

Brief exposure of the diacetate derivatives of aromatic aldehydes to MW irradiation

on a neutral alumina surface enables rapid regeneration of aldehydes (Scheme 8.6)

[39]. Selectivity in these deprotection reactions is achievable merely by adjusting

the time of irradiation. As an example, for molecules bearing acetoxy functionality

(R ¼ OAc), the aldehyde diacetate is selectively removed in 30 s whereas an ex-

tended period of 2 min is required to cleave both the diacetate and ester groups.

The yields obtained are better than those possible by conventional heating methods

and the procedure is applicable to compounds, for example cinnamaldehyde di-

acetate, bearing olefinic moieties [39].

Interestingly, acylal formation has been accomplished with acetic anhydride [40]

on K10 clay (75–98%) as well as deacylation [41].

Scheme 8.5. Deacylation of alcohols and phenols on alumina.

Scheme 8.6. Cleavage of aldehyde diacetates on alumina.
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8.2.1.5 Cleavage of Carboxylic Esters on a Solid Support

An efficient procedure for debenzylation of esters under solvent-free conditions has

been reported by Varma et al. (Scheme 8.7) [42]. By altering the surface character-

istics of the solid support cleavage of the 9-fluorenylmethoxycarbonyl (Fmoc) group

and related protected amines can be achieved in a similar fashion. The optimum

conditions for cleavage of N-protected moieties are use of basic alumina and an ir-

radiation time of 12–13 min at@130–140 �C.

Hydrolytic deprotection of carboxylic acids from their correspondent allyl esters,

under ‘‘dry conditions’’ on montmorillonite K10 clay, under the action of MW irra-

diation, has also been reported (Scheme 8.8) [43].

Microwave-enhanced hydrolysis of esters utilizing potassium fluoride-doped alu-

mina in the absence of solvents has been developed by Kabalka and coworkers [44].

Carboxylic acids are produced in excellent yields with the corresponding alcohols,

thus providing a reliable, rapid and practical procedure for the deprotection of es-

ters (Scheme 8.9).

Scheme 8.7. Debenzylation of carboxylic esters on alumina.

Scheme 8.8. MW deprotection of allyl esters on clay.
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8.2.1.6 Selective Cleavage of N-tert-Butoxycarbonyl Groups

This approach may find application in peptide bond formation that would elimi-

nate the use of irritating and corrosive chemicals such as trifluoroacetic acid and

piperidine, as has been demonstrated for the deprotection of N-boc groups

(Scheme 8.10). Solvent-free deprotection of N-tert-butoxycarbonyl groups occurs

on exposure to microwave irradiation in the presence of neutral alumina ‘‘doped’’

with aluminum chloride (Scheme 8.10) [45].

8.2.1.7 Desilylation Reactions

A variety of alcohols protected as the t-butyldimethylsilyl (TBDMS) ether deriva-

tives can be rapidly regenerated to the corresponding hydroxy compounds on an

alumina surface using MW irradiation (Scheme 8.11) [46]. This approach avoids

use of the corrosive fluoride ions normally used for cleavage of the silyl protecting

groups.

Deprotection of trimethylsilyl ether has also been accomplished (88–100%) on

K10 clay [47] or oxidative cleavage (70–95%) in the presence of clay and iron(III)

nitrate [48]. Another oxidative deprotection of trimethylsilyl ethers using supported

potassium ferrate, K2FeO4 and MW has been reported [49].

8.2.1.8 Dethioacetalization Reaction

Thioacetals and ketals are important protecting groups used in organic manipula-

tions. The regeneration of carbonyl compounds by cleavage of acid and base-stable

thioacetals and thioketals is a challenging task. Cleavage of thioacetals normally re-

quires use of toxic heavy metals such as Ti4þ, Cd2þ, Hg2þ, Ag2þ, Tl3þ, or uncom-

mon reagents such as benzeneseleninic anhydride [50]. A high-yielding solid-state

dethioacetalization reaction has been reported by Varma et al. using Clayfen (clay

supported Fe(III) nitrate) (Scheme 8.12) [50]. The reaction is quite general and is

devoid of byproducts formation except for substrates bearing free phenolic groups,

where ring nitration may compete with dethioacetalization.

A report on the deprotection of thioacetals with Clayan (clay supported ammo-

nium nitrate) (80–89%) soon followed [51].

Scheme 8.9. MW deprotection (hydrolysis) of esters on alumina.

Scheme 8.10. Deprotection of N-tert-butoxycarbonyl group on alumina.
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8.2.1.9 Deoximation Reactions

Oximes have been used as protecting groups for carbonyl compounds, owing to

their hydrolytic stability. Consequently, the development of newer deoximation re-

agents has continued with the availability of a wide range of such agents, namely

Raney nickel, pyridinium chlorochromate, pyridinium chlorochromate–H2O2, trie-

thylammonium chlorochromate, dinitrogen tetroxide, trimethylsilyl chlorochro-

mate, Dowex-50, dimethyl dioxirane, H2O2 over titanium silicalite-1, zirconium

sulfophenyl phosphonate, N-haloamides, and bismuth chloride [52, 53].

Scheme 8.12. Dethioacetalization reactions using Clayfen.

Scheme 8.11. Desilylation reactions on alumina.
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The quest for a solvent-free deprotection procedure has led to the use of rela-

tively benign reagent, ammonium persulfate on silica, for regeneration of carbonyl

compounds (Scheme 8.13) [53]. Neat oximes are simply mixed with solid sup-

ported reagent and the contents are irradiated in a MW oven to regenerate free al-

dehydes or ketones in a process that is applicable to both aldoximes and ketoximes.

The critical role of the surface must be emphasized, because the same reagent

supported on clay surface delivers predominantly the Beckmann rearrangement

products – the amides [54].

A facile deoximation procedure with sodium periodate impregnated on moist

silica (Scheme 8.14) has also been introduced that is applicable exclusively to ketox-

imes [55]. Aldehydes have been regenerated from the corresponding bisulfites (85–

98%) on KSF clay surface [56].

Heravi et al. have used zeolite-supported thallium(III) nitrate to convert oximes

into the parent carbonyl compounds in high yields (Scheme 8.15) [57]. Silica-

supported ceric ammonium nitrate has also been used under the action of MW

Scheme 8.13. Deoximation of carbonyl compounds by silica-supported ammonium persulfate.

Scheme 8.14. Deoximation of ketoximes with silica-supported periodate.

Scheme 8.15. MW-assisted deoximation reactions.
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irradiation to regenerate carbonyl compounds from oximes, semicarbazones, and

phenylhydrazones efficiently [58].

8.2.1.10 Cleavage of Semicarbazones and Phenylhydrazones

Carbonyl compounds are also rapidly regenerated from the corresponding semi-

carbazone and phenylhydrazone derivatives by use of montmorillonite K10 clay

impregnated with ammonium persulfate (Scheme 8.16) [59]. Interestingly, the

microwave or ultrasound irradiation techniques can be used in these solvent-

free procedures. Microwave exposure achieves deprotection in minutes whereas

ultrasound-promoted reactions require 1–3 h for regeneration of carbonyl com-

pounds [59].

Regeneration of carbonyl compounds from hydrazones (75–98%) [60] and semi-

carbazones (55–90%) [61] has also been achieved with bismuth trichloride.

8.2.1.11 Dethiocarbonylation

Dethiocarbonylation, transformation of thiocarbonyls to carbonyls, has been ac-

complished with several reagents, for example trifluoroacetic anhydride, CuCl/

MeOH/NaOH, tetrabutylammonium hydrogen sulfate/NaOH, clay/ferric nitrate,

NOBF4, bromate and iodide solutions, alkaline hydrogen peroxide, sodium per-

oxide, thiophosgene, trimethyloxonium fluoroborate, tellurium-based oxidants, di-

methyl selenoxide, benzeneseleninic anhydride, benzoyl peroxide, and halogen-

catalyzed alkoxides under phase-transfer conditions [62]. These methods have

limitations, however, for example the use of the stoichiometric amounts of the oxi-

dants that are often inherently toxic or require longer reaction time or involve te-

dious procedures. In a process accelerated by MW irradiation, Varma et al. demon-

strated efficient dethiocarbonylation process under solvent-free conditions using

Clayfen or Clayan (Schemes 8.17 and 8.18) [62].

Scheme 8.16. Regeneration of carbonyls from semicarbazone and phenylhydrazone derivatives.

Scheme 8.17. Solvent-free dethiocarbonylation using Clayfen or Clayan.
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8.2.1.12 Cleavage of Methoxyphenyl Methyl (MPM) and Tetrahydropyranyl (THP)

Ethers

Using clay-supported ammonium nitrate (Clayan), selective deprotection of MPM

ether has been achieved using microwave irradiation under solvent-free conditions

(Scheme 8.19) [63]. The same reagent has been used for cleavage of THP ethers. A

similar selective preparation and cleavage of THP ethers has been achieved under

the action of microwave irradiation catalyzed by iodine [64] or neat reaction in an

ionic liquid [28].

Alcohols and amines have been regenerated by MW-promoted cleavage of sulfo-

nates (83–90%) and sulfonamides (76–85%), respectively, on a basic KF–alumina

surface (Scheme 8.20) [65].

8.2.2

Condensation Reactions

A wide variety of MW-assisted aldol [66, 67] and Knoevenagel condensation reac-

tions have been accomplished using relatively benign reagents such as ammonium

Scheme 8.18. Transformation of thiocarbonyl derivatives of flavonoids with Clayfen and Clayan.

Scheme 8.19. Cleavage of methoxyphenyl methyl (MPM) ethers using Clayan.

Scheme 8.20. Cleavage of sulfonates and sulfonamides on basic KF–alumina surface.
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acetate [68]; these include the Gabriel synthesis of phthalides with potassium ace-

tate [69].

8.2.2.1 Wittig Olefination Reactions

Some difficult Wittig reactions of stable phosphorus ylides with ketones have been

accelerated by use of MW irradiation (Scheme 8.21) [70]. Compared with the con-

ventional method an improved yield was achieved in a shorter time by use of MW

irradiation in the absence of solvent.

Additional reports on olefination reactions have appeared [71] including the

preparation of several phosphonium salts using a domestic MW oven wherein the

rate of the reaction of neat triphenylphosphine and organic halide was remarkably

enhanced in a pressure tube with a threaded Teflon cap [72].

8.2.2.2 Knoevenagel Condensation Reactions – Synthesis of Coumarins

Knoevenagel condensation reaction of creatinine with aldehydes occurs rapidly

under solvent-free reaction conditions at 160–170 �C under the action of focused

microwave irradiation (Scheme 8.22) [73].

5-Nitrofurfurylidines have been prepared by condensation of 5-nitrofurfuralde-

hyde with active methylene compounds, under the action of microwave, irradiation

using ZnCl2 and K10 as catalysts [74].

The classical Pechmann approach for synthesis of coumarins via the microwave-

promoted reaction [75] has been extended to a solvent-free system in which salicyl-

aldehydes undergo Knoevenagel condensation with a variety of ethyl acetate deriv-

atives in the presence of piperidine to afford coumarins (Scheme 8.23) [76].

8.2.2.3 Synthesis of Imines, Enamines, Nitroalkenes, and N-Sulfonylimines

The preparation of imines, enamines, nitroalkenes and N-sulfonylimines proceeds

via azeotropic removal of water from the intermediate in reactions that are nor-

Scheme 8.21. MW-assisted Wittig olefination reaction.

Scheme 8.22. Knoevenagel condensation reaction of creatinine with aldehydes.
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mally catalyzed by p-toluenesulfonic acid, titanium(IV) chloride, or montmorillon-

ite K10 clay. A Dean–Stark apparatus is traditionally used, and requires a large ex-

cess of aromatic hydrocarbons such as benzene or toluene for azeotropic water

elimination.

MW-expedited dehydration reactions using montmorillonite K10 clay [77] or En-

virocat reagent [74], EPZG2 (Schemes 8.24 and 8.25) have been demonstrated in a

facile preparation of imines and enamines by reaction of primary and secondary

amines with aldehydes and ketones, respectively. The generation of polar transition

state intermediates in such reactions, and their enhanced coupling with micro-

waves, is possibly responsible for these rapid imine or enamine-forming reactions.

To prevent the loss of low boiling reactants, use of microwave oven at lower power

levels or intermittent heating has been used [77, 78].

Formation of benzil diimines by MW-assisted solvent-free reaction of benzil with

aromatic amines on an alumina surface for 4 min has recently been reported to

afford 1,2,3,4-tetraaryl-1,4-diaza-1,3-butadienes in good yields [79].

Scheme 8.23. MW-assisted synthesis of coumarins.

Scheme 8.24. Clay-catalyzed formation of imines under solvent-free conditions.

Scheme 8.25. Clay-catalyzed formation of enamines under solvent-free conditions.
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The preparation of b-enamino ketone and esters on solid montmorillonite K10

clay coupled with MW irradiation applies to cyclic, acyclic and a-chloro-substituted

b-dicarbonyl compounds with amines or their corresponding ammonium acetates

(Scheme 8.26) [80].

The condensation of neat carbonyl compounds with nitroalkanes to afford nitro-

alkenes (Henry reaction) also proceeds rapidly via this MW approach in the pres-

ence of only catalytic amounts of ammonium acetate, thus avoiding use of a large

excess of polluting nitrohydrocarbons normally employed (Scheme 8.27) [81].

The cycloaddition, reduction, and oxidation reactions of a,b-unsaturated nitroal-

kenes provide easy access to a vast array of functionality that includes nitroalkanes,

N-substituted hydroxylamines, amines, ketones, oximes, and a-substituted oximes

and ketones [82–84]. Consequently, there are numerous possibilities of using these

in situ generated nitroalkenes for preparation of valuable building blocks and syn-

thetic precursors.

Expeditious preparation of N-sulfonylimines has been optimized for one-pot

solvent-free operation that involves microwave thermolysis of aldehydes and sulfo-

namides in presence of relatively benign reagents, calcium carbonate and mont-

morillonite K10 clay (Scheme 8.28) [85].

Scheme 8.26. MW synthesis of b-enamino carbonyl compounds.

Scheme 8.27. MW-assisted preparation of a,b-unsaturated nitroalkenes.

Scheme 8.28. One-pot solvent-free preparation of N-sulfonylimines.
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Bis(indolyl)nitroethanes have been obtained readily in 7–10 min in high yields

(70–86%) on fine TLC-grade silica gel (5–40 mm) via Michael reaction of 3-(2 0-

nitrovinyl) indole with indoles. The same reaction is reported to require 8–14 h

for completion at room temperature [86]. Several functionalized resins have been

prepared from Merrifield resins via a MW-assisted procedure that used mixed sol-

vent system to facilitate swelling of the resins and coupling with microwaves [87].

These resins can function as solid supports or polymeric scavengers in solid-phase

synthesis.

The formation of hydrazones from the corresponding carbonyl compounds has

been accomplished initially in toluene [88]. Treatment of hydrazone with alkali

(KOH) accomplishes Wolff–Kichner reduction that proceeds in good yield under

MW irradiation conditions [89]. Varma and Kocevar’s group have shown that

solvent-free and catalyst-free reaction of hydrazines with carbonyl compounds is

possible on MW irradiation (Scheme 8.29) [90]. Interestingly, the general reaction

proceeds smoothly even for solid reactants and is completed below the melting

points of the two reactants, possibly via the formation of a eutectic. The reactions

have been conducted in a household MW oven and the control experiments were

conducted concurrently in separate open beakers; the reactions can be essentially

followed by visual observation when a melt is obtained [91].

Pyrazolo[3,4-b]quinolines and pyrazolo[3,4-c]pyrazoles have been synthesized by

microwave irradiation of b-chlorovinylaldehydes and hydrazines in the presence of

p-toluenesulfonic acid (PTSA) under solvent-free conditions (Scheme 8.30) [92] via

hydrazone formation and sequential cyclization.

An interesting solid-state synthesis of amides, using potassium tert-butoxide and
accessible reagents, non-enolizable esters and amines, under the action of MW ir-

radiation, has also been reported [93].

The kinetics of the acid-catalyzed esterification reaction of 2,4,6-trimethylbenzoic

acid in i-PrOH under the action of microwave irradiation have been investigated

Scheme 8.29. Formation of hydrazones under solvent-free and catalyst-free conditions.

Scheme 8.30. MW-assisted solvent-free synthesis of pyrazolo[3,4-b]quinolines.
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[94]. A simple and practical technique for MW-assisted synthesis of esters has been

reported wherein the reactions are conducted either on solid mineral supports or

by using a phase-transfer catalyst (PTC) in the absence of organic solvents [95].

The esterification of enols with acetic anhydride and iodine has also been recorded

[96].

A detailed account of condensation reactions used in heterocyclic chemistry can

be found in Section 8.2.6, in Chapter 10 [97], and, for cycloaddition reactions, in

Chapter 11 [98]. A previously unknown class of compounds, spiro[3H-indole-3,2 0-

[4H] pyrido[3,2-e]-1,3-thiazine]-2,4 0(1H) diones, can be synthesized by reaction of

in situ-generated 3-indolylimine with 2-mercaptonicotinic acid under the action of

MW in the absence of solvent. Both neat reactions and reactions on solid supports

such as silica gel, alumina etc., effectively promote the reaction whereas reactions

under thermal heating conditions failed to proceed (Scheme 8.31) [99].

8.2.2.4 MW-assisted Michael-addition Reactions

Solvent-free Michael addition between diethyl ethoxymethylenemalonate (EMME)

and a variety of O, S, N nucleophiles either neat or on an alumina support, under

the action of MW irradiation, has been explored [100] and found to be a useful pro-

cedure for nucleophilic addition to EMME (Scheme 8.32).

Another solvent-free MW-accelerated conjugate addition of aldehydes to a,b-

unsaturated ketones has been demonstrated by Yadav and coworkers [101]; in the

Scheme 8.31. MW-promoted synthesis of spiro[indole-pyrido] thiazines.

Scheme 8.32. Solvent-free nucleophilic Michael addition to EMME.
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presence of 5-(2-hydroxyethyl)-1,3-thiazolium halides and DBU adsorbed on the

basic alumina surface, 1,4-diketones are obtained in enhanced yields and reduced

reaction times compared with conventional methods (Scheme 8.33).

A series of nitrocyclohexanol derivatives has been synthesized by using MW irra-

diation starting from nitromethane and unsaturated ketones in the presence of

alumina-supported potassium fluoride under solvent-free conditions (Scheme

8.34). The reaction involves a double and diastereoselective Michael addition fol-

lowed by ring closure [102].

8.2.2.5 MW-assisted Solid Mineral-promoted Miscellaneous Condensation Reactions

Microwave-assisted solvent-free synthesis of a quinoline-3,4-dicarboximide library

on inorganic solid supports has recently been reported [103]. Wet clay K10

was shown to be the best medium for the condensation reaction between 2-

methylquinoline -3,4-dicarboxylic anhydride and several primary amines. Micro-

wave irradiation is essential for rapid and complete formation of imides (Scheme

8.35).

Facile synthesis of cyclic ethers from dihalo compounds on alumina under

solvent-free conditions has been accomplished in good yields by Mihara et al.

(Scheme 8.36) [104].

Scheme 8.33. MW synthesis of 1,4-diketones.

Scheme 8.34. MW synthesis of nitrocyclohexanol.

Scheme 8.35. MW synthesis of quinoline-3,4-dicarboximides.
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An expedient montmorillonite K10 clay-catalyzed cycloisomerization of sali-

cylaldehyde 4-(b-d-ribo- or b-d-2 0-deoxyribofuranosyl)semicarbazones yields benz-

oxazinone nucleosides, 4-hydrazino-3,4-dihydro-3-(b-d-ribo- or b-d-2 0-deoxyri-

bofuranosyl)-2H-benz[e]-1,3-oxazin-2-ones, which readily undergo reductive

dehydrazination on alumina-supported copper(II) sulfate to furnish 3,4-dihydro-3-

(b-d-ribo- or b-d-2 0-deoxyribofuranosyl)-2H-benz[e]-1,3-oxazin-2-ones under the

action of microwave irradiation (Scheme 8.37) [105]. The reaction is solvent-free.

Practical access to 1,6-anhydro-b-d-hexopyranoses by a solid-supported solvent-

free procedure has been demonstrated by Bailliez et al. [106]. Microwave irradia-

tion of 6-O-tosyl or 2,6-di-O-tosyl peracetylated hexopyranoses absorbed on basic

alumina furnished the corresponding 1,6-anhydro-b-d-hexopyranoses. Direct

access to 1,6:3,4-dianhydro-b-d-altro-pyranose from d-glucose is also described

(Scheme 8.38).

8.2.3

Isomerization and Rearrangement Reactions

Numerous rearrangement and isomerization reactions have been reported using

MW irradiation. Some reactions are performed in the solution phase whereas

others proceed on a graphite or mineral support surface often ‘‘doped’’ with Lewis

Scheme 8.36. Solid-supported synthesis of cyclic ethers.

Scheme 8.37. Synthesis of benzoxazinone nucleosides.

Scheme 8.38. Solid-supported solvent-free approach for

preparation of 1,6-anhydro-b-d-hexopyranoses.
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acids. Sometimes the reactions proceed on heating the neat reactants. Notable ex-

amples are the benzil–benzilic acid rearrangement [107], solvent-free Beckmann

rearrangement on K10 clay [54], Fries rearrangement on K10 clay that affords mix-

ture of ortho and para products [108], and thia-Fries rearrangement of arylsulfo-

nates using aluminum and zinc chloride on silica gel [109].

8.2.3.1 Eugenol–Isoeugenol Isomerization

Eugenol undergoes MW-assisted isomerization to isoeugenol under solvent-free

conditions in the presence of potassium tert-butoxide and a catalytic amount of

phase-transfer reagent [36].

8.2.3.2 Pinacol–Pinacolone Rearrangement

An example of solvent-free pinacol–pinacolone rearrangement using MW irradia-

tion has been reported. The process involves irradiation of the gem diols with

Al3þ-montmorillonite K10 clay for 15 min to afford the rearrangement product in

excellent yields (Scheme 8.39) [24a]. Comparative studies performed by conven-

tional heating in an oil bath showed that reaction times are too long (15 h). When

using KSF clay, Villemin observed the similar rearrangement and the Meyer–

Schuster acidic rearrangement (Scheme 8.40) [24b].

An efficient ring-expansion transformation has also been described under

solvent-free conditions (Scheme 8.41) [110]. This microwave procedure is superior

to the same reactions conducted in traditional methanolic solution.

Scheme 8.39. Pinacol–pinacolone rearrangement on Al3þ–montmorillonite K10 clay.

Scheme 8.40. Meyer–Schuster rearrangement on KSF clay.

Scheme 8.41. MW-assisted ring expansion reaction on alumina.
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8.2.3.3 Beckmann Rearrangement

A simple montmorillonite K10 clay surface is one among numerous acidic sup-

ports that have been explored for Beckmann rearrangement of oximes (Scheme

8.42) [54]. The conditions are not, however, adaptable for aldoximes that are

readily dehydrated to the corresponding nitriles under solvent-free conditions.

Zinc chloride has been used in this rearrangement for benzaldehyde and 2-

hydroxyacetophenone, the latter being adapted for the synthesis of benzoxazoles.

8.2.3.4 Claisen Rearrangement

A few solvent-free examples of Claisen rearrangement reactions under the

action of microwave irradiation have been described. One involves the double

Claisen rearrangement of bis(4-allyloxyphenyl)sulfone into bis(3-allyl-4-hydroxy-

phenyl)sulfone (Scheme 8.43) [111]. Similarly, 3 0-allyl-2 0-hydroxyacetophenone has

been obtained in quantitative yield from 2 0-allyloxyacetophenone by Bennett et al.

[112].

Among numerous other studies, Ferrier rearrangement is noticeably improved

because it proceeds well (72–83%) on irradiation of the neat reactants (Scheme

8.44) [113].

Scheme 8.42. Beckmann rearrangement of oximes on clay.

Scheme 8.43. Solvent-free Claisen rearrangement.

Scheme 8.44. Solvent-free Ferrier rearrangement.
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8.2.4

Oxidation Reactions – Oxidation of Alcohols and Sulfides

Metal-based reagents have been extensively used in organic synthesis. Peracids,

peroxides, potassium permanganate (KMnO4), manganese dioxide (MnO2), chro-

mium trioxide (CrO3), potassium dichromate (K2Cr2O7) and potassium chromate

(K2CrO4) are some of the common oxidizing reagents used for organic functional

groups [114, 115].

The utility of such reagents in the oxidation processes is compromised by their

inherent toxicity, cumbersome preparation, potential danger in handling of metal

complexes, difficulties encountered in product isolation, and waste disposal prob-

lems. Immobilization of metallic reagents on solid supports has circumvented

some of these drawbacks and provided an attractive alternative in organic syn-

thesis, because of the selectivity and associated ease of manipulation. Localization

of metals on the mineral oxide surfaces also reduces the possibility of their leach-

ing into the environment.

8.2.4.1 Activated Manganese Dioxide–Silica

Manganese dioxide (MnO2) supported on silica gel provides an expeditious and

high-yield route to carbonyl compounds. Benzyl alcohols are thus selectively oxi-

dized to carbonyl compounds using 35% MnO2 ‘‘doped’’ silica under MW irradia-

tion conditions (Scheme 8.45) [116].

Manganese dioxide on bentonite clay has also been used for oxidation of phenols

to quinones (30–100%) [117] and MnO2 on silica effects the dehydrogenation of

pyrrolodines (58–96%) [118].

8.2.4.2 Chromium Trioxide–Wet Alumina

Use of chromium(VI) reagents for oxidative transformation is compromised by

their inherent toxicity, involved preparation of the various complex forms (with pyr-

idine or acetic acid), and cumbersome work-up procedures. Chromium trioxide

(CrO3) immobilized on premoistened alumina enables efficient oxidation of benzyl

alcohols to carbonyl compounds by simple mixing with different substrates

Scheme 8.45. Oxidation of alcohols by silica-supported manganese dioxide.
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(Scheme 8.46). Interestingly, no overoxidation to carboxylic acids is observed and

products are devoid of tar contaminants, a typical occurrence in many CrO3 oxida-

tions [119].

8.2.4.3 Selective Solvent-free Oxidation with Clayfen

A facile method for the oxidation of alcohols to carbonyl compounds has been re-

ported by Varma et al. using montmorillonite K10 clay-supported iron(III) nitrate

(Clayfen) under solvent-free conditions [120]. This MW-expedited reaction presum-

ably proceeds via intermediate nitrosonium ions. Interestingly, no carboxylic acids

are formed in the oxidation of primary alcohols. The simple solvent-free experi-

mental procedure involves mixing of neat substrates with Clayfen and brief expo-

sure of the reaction mixture to irradiation in a MW oven for 15–60 s. This rapid,

manipulatively simple, inexpensive, and selective procedure avoids use of excess

solvents and toxic oxidants (Scheme 8.47) [120]. Solid-state use of Clayfen has

afforded higher yields and the amounts used are half that used by Laszlo et al.

[17, 19].

A ground mixture of iron(III) nitrate and HZSM-5 zeolite, termed ‘‘zeofen’’, has

also been used, both in dichloromethane solution and in the solid state under MW

irradiation conditions [121]. It has been suggested that the zeolite aids the repro-

ducibility of the reaction but any other aluminosilicate support would probably be

equally effective. Recent studies point out attractive alternatives that do not employ

any solid supports in such oxidations with nitrate salts [122].

Scheme 8.46. Oxidation of alcohols by chromium trioxide supported on premoistened alumina.

Scheme 8.47. Solvent-free selective oxidation of alcohols with Clayfen.
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8.2.4.4 Oxidations with Claycop–Hydrogen Peroxide

Metal ions play an important role in several of these oxidative reactions and in bio-

logical dioxygen metabolism. As an example, copper(II) acetate and hydrogen per-

oxide have been used to produce a stable oxidizing agent, hydroperoxy copper(II)

compound. The same oxidation system is also obtained from copper(II) nitrate

and hydrogen peroxide (Eq. 1) [123] but requires neutralization of the ensuing ni-

tric acid by potassium bicarbonate to maintain a pH@5.

2 Cu ðNO3Þ2 þH2O2 þ 2H2O ! 2CuO2Hþ 4HNO3 ð1Þ

The copper(II) nitrate immobilized on K10 clay (Claycop)–hydrogen peroxide

system has been shown to be an effective oxidant for a variety of substrates and

provides excellent yields (Scheme 8.48) [124]; maintenance of the pH of the reac-

tion mixture is not required.

8.2.4.5 Other Metallic Oxidants – Copper Sulfate or Oxone2–Alumina

Symmetrical and unsymmetrical benzoins have been rapidly oxidized to benzils

in high yields using solid reagent systems, copper(II) sulfate–alumina [125] or

Oxone2–wet alumina [125, 126] under the influence of microwaves (Scheme 8.49).

Conventionally, the oxidative transformation of a-hydroxyketones to 1,2-diketones

is accomplished by reagents such as nitric acid, Fehling’s solution, thallium(III) ni-

trate (TTN), ytterbium(III) nitrate, ammonium chlorochromate–alumina and Clay-

fen. In addition to the extended reaction time, most of these processes suffer from

drawbacks such as the use of corrosive acids and toxic metals that generate unde-

sirable waste products.

Scheme 8.48. Oxidation reactions with Claycop and hydrogen peroxide.

Scheme 8.49. Oxidation of a-hydroxyketones with alumina-supported copper sulfate or Oxone2.
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Under these solvent-free conditions, oxidation of primary alcohols (e.g. benzyl

alcohol) and secondary alcohols (e.g. 1-phenyl-1-propanol) is rather sluggish and

poor, and is of little practical utility. Consequently, the process is applicable only

to a-hydroxyketones as exemplified by a variety of examples including a mixed

benzylic/aliphatic a-hydroxyketone, 2-hydroxypropiophenone, that furnishes the

corresponding vicinal diketone [126, 127].

8.2.4.6 Nonmetallic Oxidants – Alumina Impregnated with Iodobenzene Diacetate

(IBD)

Several organohypervalent iodine reagents have been used for oxidation of alcohols

and phenols such as iodoxybenzene, o-iodoxybenzoic acid (IBX), bis(trifluoro-
acetoxy)iodobenzene (BTI), and Dess–Martin periodinane, etc. Use of inexpensive

iodobenzene diacetate (IBD) as an oxidant, however, has not been fully exploited.

Most of these reactions are conducted in high-boiling DMSO or toxic acetonitrile,

media that result in increased burden on the environment.

Varma and coworkers explored the use of hypervalent iodine compounds on

solid supports for the first time and developed a facile oxidative procedure that rap-

idly converts alcohols into the corresponding carbonyl compounds, in almost quan-

titative yields, using alumina-supported IBD under solvent-free conditions and

MW irradiation [128]. Use of alumina as a support improved yields markedly com-

pared with neat IBD (Scheme 8.50). 1,2-Benzenedimethanol, under these condi-

tions, undergoes cyclization to afford 1(3H)-isobenzofuranone.

8.2.4.7 Oxidation of Sulfides to Sulfoxides and Sulfones – Sodium Periodate–Silica

Oxidation of sulfides to the corresponding sulfoxides and sulfones proceeds under

rather strenuous conditions requiring strong oxidants such as nitric acid, hydrogen

peroxide, chromic acid, peracids, and periodate. By use of MW irradiation this oxi-

dation can be achieved under solvent-free conditions and with the desired selectiv-

ity to either sulfoxides or sulfones using 10% sodium periodate on silica (Scheme

8.51) [129]. A smaller amount of the active oxidizing agent is used, which is safer

and easier to handle.

Several refractory thiophenes, that are often not reductively removable by con-

ventional refining processes, can be oxidized under these conditions, e.g. benzo-

thiophenes are oxidized to the corresponding sulfoxides and sulfones using ultra-

sonic and microwave irradiation, respectively, in the presence of NaIO4–silica

[129]. A noteworthy feature of the procedure is its applicability to long-chain fatty

Scheme 8.50. Oxidation of alcohols using alumina-supported iodobenzene diacetate.
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sulfides that are insoluble in most solvents and are consequently difficult to oxi-

dize.

8.2.4.8 Oxidation of Sulfides to Sulfoxides – Iodobenzene Diacetate–Alumina

As described above (Section 8.2.4.6), the solid reagent system, IBD–alumina is a

useful oxidizing agent and its use has been extended to rapid, high-yield, and selec-

tive oxidation of alkyl, aryl and cyclic sulfides to the corresponding sulfoxides on

microwave activation (Scheme 8.52) [130].

8.2.4.9 Oxidation of Arenes and Enamines – Potassium Permanganate–Alumina

KMnO4-impregnated alumina oxidizes arenes to ketones within 10–30 min

under solvent-free conditions under the action of focused microwaves [131]. b,b-

Disubstituted enamines have been successfully oxidized to carbonyl compounds

with KMnO4aAl2O3 in domestic (255 W, 82 �C) and focused (330 W, 140 �C) mi-

crowave ovens, under solvent-free conditions, by Hamelin et al. [132]. The yields

are better if focused ovens are used. When the same reactions are conducted in

an oil bath at 140 �C, no carbonyl compound formation is observed (Scheme 8.53).

Scheme 8.52. Oxidation of sulfides to sulfoxides by alumina-supported IBD.

Scheme 8.53. Oxidation of enamines with alumina-supported potassium permanganate.

Scheme 8.51. Oxidation of sulfides to sulfoxides and sulfones by silica-supported NaIO4.
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Interestingly, 2,5-disubstituted 1,3,4-oxadiazoles have been synthesized by oxida-

tion of 1-aroyl-2-arylidene hydrazines with potassium permanganate on silica, alu-

mina, or montmorillonite K10 clay surfaces under MW irradiation conditions

[133]. K10 clay seemed to be the most appropriate support.

8.2.4.10 Oxidation Using [Hydroxyl(tosyloxy)iodo]benzene (HTIB)

The oxidation of benzylic alcohols to carbonyl compounds is a fundamental trans-

formation in organic synthesis. An efficient method for oxidation of benzylic alco-

hols with HTIB, Koser’s reagent, under solvent-free MW irradiation conditions has

been described by Lee et al. (Scheme 8.54) [134]. The salient environmentally

friendlier features of the solvent-free reaction are rapid reaction kinetics, experi-

mental simplicity, and higher product yields, although the purification process still

requires traditional flash column chromatography. Several biologically useful a-

ketoesters have been synthesized in high yields from the corresponding a-hydroxyl

esters.

8.2.4.11 Other Oxidation Reactions

A rapid self-coupling reaction of b-naphthols occurs in presence of iron(III) chlo-

ride, FeCl3�6H2O, using a focused MW oven under solvent-free conditions, and is

far superior to classical heating mode [135].

Further examples of oxidative procedures with microwave irradiation include the

oxidation of benzylic bromides to the corresponding aldehydes with pyridine N-

oxides (15–95%) [136]. The catalyst system, V2O5/TiO2 and forms of this catalyst

modified by addition of an effective MW coupling dielectric, for example MoO3,

WO3, Nb2O5, or Ta2O5, have been explored for selective oxidation of toluene to

Scheme 8.54. Efficient oxidations of benzylic alcohol with HTIB.
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benzoic acid under the action of MW irradiation. In the conventional heating pro-

cess the additives have no positive effect on catalyst performance [137].

8.2.5

Reduction Reactions

In the domain of MW-assisted chemistry, reduction reactions were the last to ap-

pear on the scene. Use of ammonium formate and catalytic transfer hydrogenation

were the initial examples [23b].

8.2.5.1 Reduction of Carbonyl Compounds with Aluminum Alkoxides

The pioneering work of Posner on the reduction of carbonyl compounds with

isopropyl alcohol and alumina [138] has now been adapted to give an expeditious

solvent-free reduction procedure that utilizes aluminum alkoxides under MW irra-

diation conditions (Scheme 8.55) [139].

8.2.5.2 Reduction of Carbonyl Compounds to Alcohols – Sodium

Borohydride–Alumina

Inexpensive and safe sodium borohydride (NaBH4) has been extensively used as a

reducing agent because of its compatibility with protic solvents. Solid-state reduc-

tion of carbonyl compounds has been achieved by mixing substrates with NaBH4

and storing the reaction mixture in a dry box for five days. The disadvantage of

heterogeneous reduction with NaBH4 is that the solvent slows the reaction rate

whereas in the solid-state reactions the required time (5 days) is too long for it to

be of any practical utility [140].

Bram and Loupy developed efficient and selective solid-supported reducing

agents, alkaline borohydride on ‘‘Fontainebleau sand’’ (a pure nonhydrated silica

gel) or alumina [141] for regioselective reduction of carbonyl compounds including

a,b-ethylenic ketones under the action of conventional heating. Varma and co-

workers reported, for the first time, however, a simple method for expeditious

reduction of aldehydes and ketones that uses alumina-supported NaBH4 and pro-

ceeds in the solid state using microwaves [142]. The process, in its entirety, in-

volves the mixing of carbonyl compounds with (10%) NaBH4–alumina and irradi-

ating the reaction mixture in a household MW oven for 0.5–2 min (Scheme 8.56).

The useful chemoselective feature of the reaction is apparent from the reduction

of trans-cinnamaldehyde (cinnamaldehyde/NaBH4–alumina, 1:1 mol equiv.); the

olefinic moiety remains intact and only the aldehyde functionality is reduced, in a

facile reaction.

Scheme 8.55. Solvent-free reduction of carbonyl compounds using aluminum alkoxides.
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No side-products are formed and the reaction does not proceed in the absence of

alumina. Further, the reaction rate improves in the presence of moisture. The

moisture is absorbed by alumina during recovery of the product. The alumina sup-

port can be recycled and reused for subsequent reduction, repeatedly, by mixing

with fresh borohydride without loss of activity. In terms of safety, the air used

for cooling the magnetron ventilates the microwave cavity, thus preventing any

ensuing hydrogen from reaching explosive concentrations. The technique has

been elegantly used for MW-enhanced solid-state deuterations using sodium

borodeuteride-impregnated alumina [143]. Further extension of this work to the

specific labeling of molecules has been explored [144] and is discussed elsewhere

in this book [145].

8.2.5.3 Reductive Amination of Carbonyl Compounds

Sodium cyanoborohydride [146], sodium triacetoxyborohydride [147], or NaBH4

coupled with sulfuric acid [148] are common agents used for reductive amination

of carbonyl compounds. These reagents either generate waste or involve the use of

corrosive acids. The environmentally friendlier procedures developed by Varma

and coworkers have been extended to a solvent-free reductive amination procedure

for carbonyl compounds, using moist montmorillonite K10 clay-supported sodium

borohydride, that is facilitated by microwave irradiation (Scheme 8.57) [149].

Some practical applications of NaBH4 reductions on mineral surfaces of in situ-
generated Schiff ’s bases have been successfully demonstrated. The solid-state re-

Scheme 8.57. Reductive amination of carbonyl compounds using clay-supported NaBH4.

Scheme 8.56. Reduction of carbonyl compounds using alumina-supported NaBH4.
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ductive amination of carbonyl compounds on inorganic solid supports such as alu-

mina, clay, and silica, etc., and especially on the surface of K10 clay, rapidly afford

secondary and tertiary amines [149]. Clay behaves as a Brönsted acid and also pro-

vides water from its interlayers thus enhancing the reducing properties of NaBH4

[22].

NaBH4 supported on alumina under solvent-free conditions has been used for

hydrochalcogenation of methyl propiolate derivatives with phenylchalcogenolate

anion generated in situ from the respective diphenyl dichalcogenide (S, Se, Te)

[150]. This improved method is general and furnishes the (Z)-b-phenylchalcogeno-
a,b-unsaturated esters in good yields and with selectivity comparable with proce-

dures using organic solvents under an inert atmosphere (Scheme 8.58).

8.2.5.4 Solid-state Cannizzaro Reaction

The Cannizzaro reaction, the disproportionation of an aldehyde to an equimolar

mixture of primary alcohol and carboxylic salt [151, 152], is restricted to aldehydes

without an a hydrogen atom and which cannot therefore undergo aldol condensa-

tion. This oxidation–reduction reaction is usually conducted under strongly basic

conditions and suffers from the disadvantages of low yields of the desired products

and extended reaction times [153, 154]. Use of the crossed-Cannizzaro reaction

[153], using a scavenger and inexpensive paraformaldehyde, has, however, afforded

improved yields of alcohols before the introduction of hydride reducing agents.

The popularity of the Cannizzaro reaction in synthetic organic chemistry dropped

substantially after the discovery of lithium aluminum hydride, LiAlH4, in 1946.

In numerous reactions involving arylaldehydes on a variety of mineral oxide sur-

faces, formation of Cannizzaro-derived alcoholic contaminants has been consis-

tently observed [155]. Interestingly, no useful product is formed under solvent-

free MW irradiation conditions on an alumina surface with calcium hydroxide or

in the presence of a strong base such as sodium hydroxide. The reaction remains

incomplete with concomitant formation of several unidentified products, reminis-

cent of earlier described observations on basic alumina surface [155]. Finally,

Varma et al. discovered that the reaction proceeds rapidly on a barium hydroxide,

Ba(OH)2�8H2O, surface, which constitutes the first application of this reagent in a

solvent-free crossed-Cannizzaro reaction [156]. In a typical experimental proce-

dure, a mixture of benzaldehyde (1 mmol) and paraformaldehyde (2 mmol) is

mixed with barium hydroxide octahydrate (2 mmol) and irradiated in an MW

oven (100–110 �C) or heated in an oil bath (100–110 �C) (Scheme 8.59). Arylalde-

hydes bearing an electron-withdrawing substituent undergo reaction at a much

Scheme 8.58. MW-assisted hydrochalcogenation of methyl propiolate derivatives.

390 8 Organic Synthesis Using Microwaves and Supported Reagents



faster rate than aldehydes with electron-releasing groups [156]. Soon thereafter, ad-

ditional research groups started exploring the general utility of this reaction using

microwaves [157, 158].

8.2.5.5 Reduction of Aromatic Nitro Compounds to Amines with Alumina-supported

Hydrazine

Varma and his coworkers have described a simple and efficient procedure wherein

aromatic nitro compounds are readily reduced to the corresponding amino com-

pounds in good yields with hydrazine hydrate supported on alumina in the

presence of iron(III) chloride (FeCl3 � 6H2O), Fe(III) hydroxide, or Fe(III) oxides

(Scheme 8.60) [159].

8.2.6

Synthesis of Heterocyclic Compounds

Heterocyclic chemistry has benefited substantially from MW-expedited processes

developed over the last decade. An exhaustive overview is provided elsewhere in

this book [97, 98]; limited solvent-free chemistry utilizing mineral-supported re-

agents is covered in this section.

8.2.6.1 Flavones

Naturally occurring flavonoids are oxygen heterocyclic compounds widely dis-

tributed in the plant kingdom; the most abundant are the flavones. Members

of this class have a wide variety of biological activity and have been useful in

the treatment of a variety of diseases [160, 161]. Flavones have been prepared

by a variety of methods, for example Allan–Robinson synthesis and synthesis from

chalcones via an intramolecular Wittig strategy [162]. The commonly followed

approach, however, involves the Baker–Venkataraman rearrangement, wherein o-
hydroxyacetophenone is benzoylated to form the benzoyl ester which is then

treated with base (KOH/pyridine) to effect acyl migration, forming a 1,3-diketone

Scheme 8.60. Reduction of nitro compounds to amines with alumina-supported hydrazine.

Scheme 8.59. Solvent-free crossed-Cannizzaro reaction using paraformaldehyde.
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[163, 164]. This diketone is then cyclized under strongly acidic conditions with sul-

furic acid and acetic acid to afford a flavone.

A solvent-free synthesis of flavones has been achieved that simply involves

the MW irradiation of o-hydroxydibenzoylmethanes adsorbed on montmorillonite

K10 clay for 1–1.5 min. Rapid and exclusive formation of flavones occurred in

good yields (Scheme 8.61) [165]. The intramolecular Michael addition of o-
hydroxychalcones on a silica gel surface has also been reported [166].

8.2.6.2 2-Amino-substituted Isoflav-3-enes

The estrogenic properties of isoflav-3-enes are well known and consequently, sev-

eral derivatives of these chromene heterocycles have been the target of medicinal

chemists. Varma and coworkers uncovered a useful enamine-mediated pathway to

this class of compound [167–169]. The group also discovered a facile and general

method for MW-expedited synthesis of isoflav-3-enes substituted with basic moi-

eties at the 2-position (Scheme 8.62) [170]. These promising results are especially

appealing in view of the convergent one-pot approach to 2-substituted isoflav-3-

enes wherein in situ-generated enamine derivatives have been subsequently reacted

with o-hydroxyaldehydes in the same pot (Scheme 8.62) [170].

Scheme 8.61. Formation of flavones by cyclization of o-hydroxydibenzoylmethanes on K10 clay.

Scheme 8.62. One-pot synthesis of 2-substituted isoflav-3-enes

from in situ-generated enamines.
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8.2.6.3 Substituted Thiazoles, Benzothiazepines, and Thiiranes

Thiazole and its derivatives are conventionally prepared from lachrymatory a-

haloketones and thioureas (or thioamides) by the Hantzsch procedure [171]. In a

marked improvement, Varma et al. synthesized the title compounds by simple re-

action of a-tosyl oxyketones, generated in situ from arylmethyl ketones and [hydrox-

y(tosyloxy)iodo]benzene (HTIB), with thioamides in the presence of K10 clay using

microwave irradiation (Scheme 8.63). The process is solvent-free in both the steps

[172].

The corresponding bridgehead heterocycles are difficult to obtain by conven-

tional heating methods, because of reaction of a-tosyl oxyketones with ethylene-

thioureas. The MW-assisted process, on the other hand, is complete within a short

time (Scheme 8.64) [172, 173].

Solvent-free cyclization of converting N-aryl iminodithiazoles into 2-cyano ben-

zothiazoles under the action of MW has been investigated to develop environmen-

tally friendly procedures for synthesis of heterocyclic molecules for which tradi-

tional methods failed or are less attractive [174].

Several 1,4-dicarbonyl compounds have been successfully subjected to MW-

mediated ring closure with Lawesson’s reagent to afford useful S-heterocycle-
containing liquid crystalline targets. The new method of ring-closure has proven

useful in improving the yield of an earlier synthesized liquid crystal entity and sev-

eral newer reactions have been scaled up to several grams without compromising

the yield (Scheme 8.65) [175].

A solvent-free MW-promoted one-pot synthesis of fluorinated 2,3-dihydro-1,5-

benzothiazepines by Michael addition followed by dehydrative cyclization has

Scheme 8.63. Synthesis of substituted thiazoles from in situ-generated a-tosyl oxyketones.

Scheme 8.64. Synthesis of bridgehead thiazoles from a-tosyl oxyketones.

8.2 Microwave-accelerated Solvent-free Organic Reactions 393



been described by Dandia et al. [176]. This efficient procedure demonstrates that

MW activation combined with recoverable catalysts is superior to conventional con-

ditions in improving reaction yields and simplifying the work-up procedure

(Scheme 8.66). The synthesis of more complicated tetracyclic 1,5-benzothiazepines

soon followed (Scheme 8.67) [177].

A simple method has been developed for synthesis of thiiranes from epoxides via

a one-pot reaction of epoxides with diethylphosphite in the presence of ammonium

acetate or ammonium hydrogen carbonate, sulfur, and acidic alumina under

solvent-free conditions using microwave irradiation (Scheme 8.68) [178].

8.2.6.4 Synthesis of 2-Aroylbenzofurans

Pharmacologically important natural 2-aroylbenzofurans are easily obtainable

under basic solvent-free conditions from a-tosyl oxyketones and salicylaldehydes

Scheme 8.66. MW-assisted synthesis of dihydrobenzothiazepines.

Scheme 8.67. MW-assisted tetracyclic benzothiazepines synthesis.

Scheme 8.65. MW-assisted synthesis of S-heterocycle-containing liquid-crystalline compounds.
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in the presence of potassium fluoride-doped alumina using microwave irradiation

(Scheme 8.69) [172, 173].

8.2.6.5 Synthesis of Quinolones and other Nitrogen Heterocycles

2 0-Aminochalcones, which are readily available, provide easy access to 2-aryl-

1,2,3,4-tetrahydro-4-quinolones in yet another solvent-free cyclization reaction (in-

ternal Michael addition) using K10 clay under microwave irradiation conditions

[179]; the products are valuable precursors for medicinally important quinolones

(Scheme 8.70).

A one-pot MW-accelerated synthesis of selective glycine receptor antagonists 3-

aryl-4-hydroxyquinolin-2(1H)-ones has been developed via amidation of malonic

ester derivatives with anilines and subsequent cyclization of the intermediate, ma-

londianilides under solvent-free conditions (Scheme 8.71) [180].

Reaction of anthranilic acid derivatives with formamide on silica gel, acidic alu-

mina, or montmorillonite K10 under the action of MW irradiation generates quina-

zolines in good yields [181]. Another one-step MW method for preparation of sub-

Scheme 8.69. Synthesis of 2-aroylbenzofurans on potassium fluoride-doped alumina.

Scheme 8.70. Synthesis of 2-aryl-1,2,3,4-tetrahydro-4-quinolones by cyclization on clay.

Scheme 8.68. Synthesis of thiiranes from epoxides.

8.2 Microwave-accelerated Solvent-free Organic Reactions 395



stituted 7,7 0-bis-indolizines, based on 1,3-dipolar cycloaddition of 4,4 0-bipyridinium

ylides, generated in situ with activated alkynes, uses KF/alumina under solvent-free

conditions [182].

Fischer indolization, a general method for synthesis of 2-heteroaryl-5-

methoxyindoles, has been reported to proceed under controlled microwave condi-

tions on a solid support (Scheme 8.72). This route uses 2-acetylpyridine as a model

and 3-acetyl derivatives of cycloalkeno[c]fused pyridines as the synthetic building

blocks to assemble 5-methoxy-2-(2-pyridyl)indoles, a key step in the total synthesis

of new 9-methoxyindolo[2,3-a]quinolizine alkaloids [183].

The synthesis of 2,4,5-triarylimidazoline derivatives from aldehydes and alumina-

supported ammonium acetate under solvent-free conditions using MW irradiation

has been explored by Kaboudin and Saadati [184]. A similar solid-supported route

from benzoin, aldehydes, and ammonium acetate, possibly involving air as an oxi-

dant, had been reported earlier (Scheme 8.73) [185].

Collman and Decréau have developed a modified solvent-free approach for prep-

aration of new free base tris-aryl and tris-pyrimidyl corroles using MW irradiation

[186]. Compared with conventional heating, the MW technique afforded higher

yields and led to noticeably cleaner reaction products (Scheme 8.74).

Scheme 8.72. MW-assisted Fisher indole synthesis on clay.

Scheme 8.73. MW synthesis of 2,4,5-substituted imidazolines.

Scheme 8.71. MW-assisted synthesis of 3-aryl-4-hydroxyquinolin-2(1H)-ones.
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8.2.6.6 Solvent-free Assembly of Pyrido Fused-ring Systems

Microwave-assisted solvent-free synthesis of pharmacologically important pyrido

fused-ring systems has recently been accomplished and is an improved method

for assembly of a variety of pyridopyridazine and quinoline derivatives. Benz-1,3-

oxazine formation has also been investigated in dry media using Al2O3–KF as a

solid base (Scheme 8.75) [187].

8.2.6.7 Synthesis of Uracils

Solvent-free condensation of malonic acid or cyanoacetic acid and ureas in the

presence of acetic anhydride under MW irradiation conditions affords functional-

ized uracil derivatives such as 6-hydroxy or 6-amino uracils in high to excellent

yields (Scheme 8.76) [188].

8.2.6.8 MW Synthesis of Benzoxazinones

A concise preparation of pharmaceutically useful benzoxazin-2-ones in a few steps

from salicylaldehydes and 2-hydroxyacetophenone, on montmorillonite K10 clay

and alumina-supported copper sulfate, under solvent-free MW irradiation condi-

tions, has been reported [189]. This high-yielding, expeditious, and eco-friendly

Scheme 8.74. Microwave-assisted synthesis of corroles on basic alumina.

Scheme 8.75. MW-assisted synthesis of pyrido fused-ring systems.
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process that leads to synthetically manipulable products may find application in

the generation of libraries of this class of compound (Scheme 8.77).

8.2.6.9 Multi-component Reactions

The multiple-component condensation (MCC) approach is attracting attention be-

cause diversity can be conveniently achieved in a single step simply by varying the

reacting components. The generation of small-molecule libraries requires the de-

velopment of efficient procedures with special emphasis on the ease of reaction

manipulation. This approach is reviewed in detail in Chapter 17. Varma and Ku-

mar have developed such a facile procedure which is amenable to the generation

of libraries of imidazo[1,2-a]pyridines, imidazo[1,2-a]pyrazines and imidazo[1,2-

a]pyrimidines under solvent-free conditions using MW irradiation (Scheme 8.78)

[190]. This is a marked improvement on the conventional two-component syn-

thesis that requires lachrymatory a-haloketones and restricts the generation of a di-

verse library of these molecules.

Aldehydes and the corresponding 2-aminopyridine, pyrazine, or pyrimidine are

mixed in the presence of a catalytic amount of clay (50 mg) to generate iminium

Scheme 8.77. MW-assisted syntheses of benzoxazin-2-ones.

Scheme 8.76. MW-assisted synthesis of uracils.
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intermediate. Isocyanides are subsequently added to the same container and the

reactants are further exposed to MW to afford the corresponding imidazo[1,2-

a]pyridines, imidazo[1,2-a]pyrazines, and imidazo[1,2-a]pyrimidines (Scheme

8.78). The process is general and convenient for all the three reaction compo-

nents, e.g. aldehydes (aliphatic, aromatic, and vinylic), isocyanides (aliphatic,

aromatic, and cyclic), and amines (2-aminopyridine, 2-aminopyrazine, and 2-

aminopyrimidine). A library of imidazo[1,2-a]pyridines, imidazo[1,2-a]pyrazines,
and imidazo[1,2-a]pyrimidines can be readily obtained by varying the three compo-

nents [190].

Other workers have described convenient syntheses of highly substituted pyr-

roles (60–72%) on silica gel using readily available a,b-unsaturated carbonyl com-

pounds, amines, and nitroalkanes under the action of MW irradiation [191]. The

neat reactants have been used under solvent-free conditions to generate Biginelli

and Hantzsch reaction products with enhanced yields and shortened reaction

times (Scheme 8.79) [192].

Several three-component condensations, catalyzed by iodine–alumina, for the

synthesis of 3,4-dihydropyrimidin-2(1H)-ones under solvent-free conditions have

been reported. The reaction proceeds via condensation of an aldehyde, ethyl

acetoacetate, and a urea or thiourea under MW irradiation conditions in the

presence of 10% iodine adsorbed on neutral alumina to afford substituted 3,4-

dihydropyrimidin-2(1H)-ones in excellent yields (Scheme 8.80) [193].

Scheme 8.78. Synthesis of imidazo[1,2-a]annulated N-heterocycles by the Ugi reaction.

Scheme 8.79. MW-assisted one-pot synthesis of N-heterocycles.
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A three-component expeditious synthesis of 3,6-diaryl-5-mercaptoperhydro-2-

thioxo-1,3-thiazin-5-ones from 2-methyl-2-phenyl-1,3-oxathiolan-5-one, an aromatic

aldehyde, and an N-aryldithiocarbamic acid has recently appeared [194]. The syn-

thesis is diastereoselective and involves tandem Knoevenagel, Michael, and ring

transformation reactions occurring under solvent-free MW irradiation conditions

in a single pot (Scheme 8.81).

A multicomponent reaction has been described for assembly of quinoxaline de-

rivatives using montmorillonite K10 clay as catalyst under MW irradiation condi-

tions (Scheme 8.82) [195].

A similar strategy was originally used for the Biginelli condensation reaction to

synthesize a set of pyrimidinones (65–95%) in a household MW oven [196], an

approach that has been successfully applied to combinatorial synthesis [197]. Yet

another example is the convenient synthesis of pyrroles (60–72%) on silica gel

using readily available enones, amines, and nitro compounds [198]. Three-

component condensation of an aldehyde, urea or thiourea, and a dicarbonyl com-

Scheme 8.81. MW-assisted solvent-free synthesis of 1,3-thiazines.

Scheme 8.82. Three-component coupling approach to quinoxaline derivatives on clay.

Scheme 8.80. MW synthesis of 3,4-dihydropyrimidin-2(1H)-ones.
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pound generating 3,4-dihydropyrimidin-2(1H)-one under solvent-free conditions,

expeditiously generating spiro-fused heterocyles in higher yields and with a simpli-

fied purification step, has recently been demonstrated (Scheme 8.83) [199].

8.2.7

Miscellaneous Reactions

8.2.7.1 Transformation of Arylaldehydes to Nitriles

Arylaldehyde to nitrile conversion is an important chemical transformation [200].

The reaction usually proceeds via an aldoxime intermediate that is subsequently

dehydrated using a wide variety of reagents, for example chloramine/base [201],

O,N-bis-(trifluoroacetyl) hydroxylamine or trifluoroacetohydroximic acid [202], p-
chlorophenyl chlorothionoformate/pyridine [203], triethylamine/dialkyl hydrogen

phosphinates [204], TiCl4/pyridine [205], triethylamine/phosphonitrilic chloride

[206], and 1,1 0-dicarbonylbiimidazole [207]. The dehydration of aldoxime is a

time-consuming process even for one-pot reactions [208]. The application of hy-

droxylamine hydrochloride-impregnated clay developed by Varma et al. reduces

the entire operation to a one-pot synthesis using microwaves wherein arylalde-

hydes are rapidly converted into nitriles in good yields (89–95%) in the absence of

solvent [127, 209]. In this general reaction, a variety of aldehydes undergo this fac-

ile conversion to the corresponding nitriles in a short time (1–1.5 min) on MW ir-

radiation (Scheme 8.84). With aliphatic aldehydes, however, only poor yields of ni-

triles (10–15%) are obtained with concomitant formation of undesirable products.

Scheme 8.83. Solvent-free synthesis of spiro-fused heterocyles.

Scheme 8.84. Transformation of arylaldehydes to nitriles by

use of hydroxylamine hydrochloride–clay.
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Several variations of the aforementioned transformation, on silica surfaces, soon

followed [210–212]. The nitriles have also been obtained from carboxylic acids (20–

93%) on alumina support [213] and from the corresponding amides (80–95%) in

toluene [214].

8.2.7.2 Nitration of Styrenes – Preparation of b-Nitrostyrenes

Solid-state synthesis of b-nitrostyrenes has been reported by Varma et al. in a pro-

cess that uses readily available styrene and its substituted derivatives and, Clayfen

and Clayan, inexpensive clay-supported nitrate salts (Scheme 8.85) [215]. In a

simple experiment a mixture of styrene with Clayfen or Clayan is irradiated in a

MW oven (@100–110 �C, 3 min) or heated in an oil bath (@100–110 �C, 15 min).

With Clayan, intermittent heating is recommended with 30-s intervals to maintain

the temperature below 60–70 �C. Remarkably, the reaction proceeds only in solid

state; it results in the formation of polymeric products in organic solvents.

8.2.7.3 Bromination of Alkanones Using Microwaves

The synthesis of a-bromo and a,a-dibromoalkanones using dioxane–dibromide

and silica gel under solvent-free MW irradiation conditions has been developed

(Scheme 8.86) [216].

8.2.7.4 MW-assisted Elimination Reactions

Solvent-free dehydration of hydroxypyrrolidines to pyrrolines under MW condi-

tions has been reported by Collina et al. (Scheme 8.87) [217]. This high-yielding

dehydration procedure retains the configuration of the adjacent carbon without

racemization.

Microwave-assisted elimination of trans-4-(4-fluorophenyl)-3-chloromethyl-1-

Scheme 8.85. Preparation of b-nitrostyrenes using clay-supported nitrate salts.

Scheme 8.86. Solvent-free synthesis of bromoalkanones.
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methylpiperidine on KF–alumina under solvent-free conditions has been reported

to afford higher yields of 4-(4-fluorophenyl)-3-methylene-1-methylpiperidine (65.5–

71%) in considerably shorter reaction times (20–40 min) than conventional heat-

ing [218].

8.2.7.5 Organometallic Reactions (Carbon–Carbon Bond-forming Reactions)

Palladium catalyzed reaction of aryl halides with olefins is a useful synthetic

method for CaC bond formation [219, 220]. The most commonly used catalyst is

palladium acetate, although other palladium complexes have also been used.

Solvent-free Heck reactions with excellent yields have been performed in a house-

hold MW oven with palladium acetate as catalyst and triethylamine as base

(Scheme 8.88) [221]. A comparison study revealed that the longer reaction times

and deployment of high pressures, typical of the classical heating method, are

avoided using this MW procedure.

A rapid MW-assisted palladium-catalyzed coupling of heteroaryl and aryl boronic

acids with iodo and bromo-substituted benzoic acids, anchored on TentaGel has

been achieved [222]. An environmentally friendly Suzuki cross-coupling reaction

has been developed that uses polyethylene glycol (PEG) as the reaction medium

and palladium chloride as a catalyst [223]. A solvent-free Suzuki coupling has also

been reported on palladium-doped alumina in the presence of potassium fluoride

as base [224]. This approach has been extended to the Sonogashira coupling

reaction wherein terminal alkynes couple readily with aryl or alkenyl iodides on

palladium-doped alumina in the presence of triphenylphosphine and cuprous

iodide (Scheme 8.89) [225].

Scheme 8.88. Palladium-catalyzed carbon–carbon bond-forming reactions using microwaves.

Scheme 8.89. MW-expedited Sonogashira coupling on palladium-doped alumina.

Scheme 8.87. Solvent-free dehydration of hydroxypyrrolidines to pyrrolines.

8.2 Microwave-accelerated Solvent-free Organic Reactions 403



A rapid and efficient molybdenum-catalyzed, MW-accelerated asymmetric allylic

alkylation under noninert conditions has been reported [226]. Intermolecular hy-

droacylation of 1-alkenes with aldehydes has been presented as a greener alterna-

tive to the classical approach using a homogeneous catalyst in toluene.

8.2.7.6 Synthesis of Radiolabeled Compounds – Exchange Reactions

The already described, MW-expedited borohydride reduction [142] has been

adapted for efficient deuteration and tritiation procedures using MW irradiation

and solid hydrogen/deuterium/tritium donors with minimal radioactive waste gen-

eration, in contrast with classical tritiation efforts [227]. Jones and coworkers have

circumvented the traditional disadvantages of tritium-labeling techniques, as dem-

onstrated in deuterated and tritiated borohydride reductions [143, 144] based on

similar MW-expedited reduction executed on an alumina surface [142]. Hydrogen-

exchange reactions that require prolonged reaction time (24 h) [228, 229] and ele-

vated temperatures are the primary beneficiaries of this microwave approach

(Scheme 8.90) [143, 145]. The high purity of labeled materials, efficient inser-

tion and excellent regioselectivity are some of the advantages of this emerging

technology.

In faster, selective, and cleaner applications of the microwave-accelerated reac-

tions, Stone-Elander et al. synthesized a variety of radiolabeled (3H, 11C, and 19F)

organic compounds by nucleophilic aromatic and aliphatic substitution reactions,

esterifications, condensations, hydrolysis, and complexation reactions using mono-

modal MW cavities on a microscale [144]. Substantially less radioactive waste is

generated in these procedures, which are discussed, at length, in Chapter 18 [145].

Hydrogenation reactions in which H2/D2/T2 gases are replaced by different for-

mates proceed very rapidly under MW irradiation conditions (Scheme 8.91) [230].

The pattern of labeling can be easily modified and the advantages are especially

noteworthy for tritium, because high specific activity tritiated water is hazardous

to use.

Scheme 8.90. Deuteration reactions using MW irradiation.

Scheme 8.91. Hydrogenation reactions using formates.
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8.2.7.7 Enzyme-catalyzed Reactions

In conventional synthetic transformations, enzymes are normally used in aqueous

or organic solvent at moderate temperatures to preserve the activity of enzymes.

Consequently, some of these reactions require longer reaction times. In newer

developments enzymes are immobilized on solid supports [231] where they are

amenable to relatively higher temperature reaction with adequate pH control. The

application of MW irradiation has been explored with two enzyme systems –

Pseudomonas lipase dispersed in Hyflo Super Cell and commercially available SP

435 Novozym (Candida antarctica lipase grafted on an acrylic resin).

Resolution of racemic 1-phenylethanol has been achieved under solvent-free mi-

crowave irradiation conditions by transesterification using the enzymes mentioned

above (Scheme 8.92) [232]. Comparison of the MW-assisted reaction with conven-

tional heating revealed the former to be more enantioselective, presumably be-

cause of efficient removal of low molecular weight alcohols or water on exposure

to microwaves or, alternatively, an entropic effect because of dipolar polarization

that induces prior organization of the system. Thermostable enzymes, for example

a crude homogenate of Sulfolobus solfataricus and recombinant b-glucosidase from

Pyrococcus furiosus have been successfully applied to transglycosylation reactions in

which recycling of the biocatalyst is feasible.

8.2.7.8 Solvent-free Synthesis of Ionic Liquids

Room-temperature ionic liquids (RTIL), most often consisting of N-

alkylimidazolium cations and different large anions [233], have received wide at-

tention because of their potential in a variety of commercial applications, especially

as substitutes for traditional volatile organic solvents [234, 235]. They are polar in

nature but consist of poorly coordinating ions and are a polar alternative for bi-

phasic systems. Other important attributes of these ionic liquids include negligible

vapor pressure, potential for recycling, compatibility with a variety of organic com-

pounds and organometallic catalysts, and ease of separation of products from reac-

tions [236]. Unfortunately, most conventional preparative procedures for synthesis

of ionic liquids involve several hours of heating in solvents under reflux and use of

a large excess of alkyl halides/organic solvents that diminish their true potential as

‘‘greener’’ solvents. Their use and coupling with MW irradiation is reviewed in

Chapter 7.

Ionic liquids, being polar and ionic in character, couple with MW irradiation very

efficiently and are, therefore, ideal microwave-absorbing candidates for expediting

chemical reactions. The first efficient preparation of 1,3-dialkylimidazolium halides

via microwave irradiation has been described by Varma et al. The reaction time was

Scheme 8.92. MW-assisted resolution of racemic 1-phenylethanol via transesterification.
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reduced from several hours to minutes and the reaction avoids the use of a large

excess of alkyl halides/organic solvents as the reaction medium (Scheme 8.93)

[26–28].

This approach avoids the use of volatile organic solvents, and is much faster,

efficient, and eco-friendly. Significant rate enhancements are reported in the 1,3-

dipolar cycloaddition reactions, including use of covalently grafted dipolarophiles

on the ionic liquids [237].

1-Alkyl-3-methylimidazolium tetrachloroindate(III), [Rmim][InCl4] and 1-butyl-

3-methylimidazolium tetrachlorogallate, [bmim][GaCl4] have recently been pre-

pared by Varma and Kim using a simple solvent-free MW procedure. These ionic

liquids have been successfully used as recyclable catalysts for efficient and eco-

friendly protection of alcohols to form tetrahydropyranyl (THP) ethers and for effi-

cient acetalization of aldehydes under mild conditions, respectively (Scheme 8.94)

[238, 239].

A tetrahalideindate(III)-based ionic liquid has recently been used as a recyclable

catalyst in the coupling of carbon dioxide and epoxides to provide ready access to

cyclic carbonates (Scheme 8.95) [240]. Mechanistic details have been described.

8.3

Conclusions

Microwave heating, being specific and instantaneous, is unique and has found a

place in chemical synthesis. Specifically, the solvent-free reactions are convenient

to perform and have clear advantages over conventional heating procedures, as

Scheme 8.93. MW-assisted preparation of ionic liquids.

Scheme 8.94. MW-assisted solvent-free synthesis of indium and gallium-based ionic liquids.
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has been summarized in this chapter. Numerous selective organic functional

group transformations have been accomplished more efficiently and expeditiously

using a variety of reagents supported on mineral oxides as catalysts. Although

much work has been performed around the world using unmodified household

microwave ovens (multimode applicators), more recent work does emphasize the

advantages of using commercial systems which not only enable improved temper-

ature and power control but make it possible to conduct relatively large-scale reac-

tions [241, 242], with the additional option of continuous operation. Engineering

and scale-up aspects of chemical process development have also been discussed

[243].

There are distinct advantages of these solvent-free procedures in instances in

which catalytic amounts of reagents or supported agents are used, because they en-

able reduction or elimination of solvents, thus preventing pollution ‘‘at source’’. Al-

though not delineated completely, reaction rate enhancements achieved by use of

these methods may be ascribed to nonthermal effects. Rationalization of micro-

wave effects and mechanistic considerations are discussed in detail elsewhere in

this book [25, 244]. There has been an increase in the number of publications

[23c, 244, 245] and patents [246–256], and increasing interest in the pharmaceu-

tical industry [257–259], with special emphasis on combinatorial chemistry and

even polymerization reactions [260–263], and environmental chemistry [264]. The

development of newer microwave systems for solid-state reaction [265], and intro-

duction of the concepts of process intensification [266], may help realization of the

full potential of microwave-enhanced chemical syntheses under solvent-free condi-

tions.
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Microwave-assisted Reactions on Graphite

Thierry Besson, Valérie Thiéry, and Jacques Dubac

9.1

Introduction

During the last 15 years numerous papers dealing with the use of microwave

(MW) irradiation, rather than conventional heating, in organic and inorganic

chemistry have reported dramatic reductions of reaction time and significant en-

hancement of yields and purity of the products. Despite the possibility of operating

with pressurized reactors [1], however, MW irradiation of chemicals reactions in-

volving low boiling reagents and/or products can involve serious safety problems.

Consequently, MW-assisted solvent-free reactions (‘‘dry media’’) have been widely

investigated in organic synthesis [2]. Among the materials most often used as sup-

ports are alumina, silica, clays, and zeolites, which are sometimes also used as cat-

alysts. When properly dried, however, these materials are good-to-moderate MW

absorbers and poor thermal conductors. For reactions which require high temper-

atures, the idea of using a reaction support which takes advantage both of efficient

MW coupling and strong adsorption of organic molecules has stimulated great

interest. Because most organic compounds do not interact appreciably with MW

radiation, such a support could be an ideal ‘‘sensitizer’’, able to absorb, convert,

and transfer energy provided by a MW source to the chemical reagents.

Most forms of carbon, except diamond, which are renowned as supports for pre-

cious metal catalysts in some applications [3], interact strongly with MW [4].

Amorphous carbon and graphite, in their powdered form, irradiated at 2.45 GHz,

rapidly (within 1 min) reach very high temperatures (>1300 K). This property has

been used to explain MW-assisted syntheses of inorganic solids [5]. In these syn-

theses, carbon is either a ‘‘secondary susceptor’’ which assists the initial heating

but does not react with other reactants, or is one of the reactants, e.g. in the syn-

thesis of metal carbides. MW–carbon coupling has also been widely developed:

� by Wan and coworkers for gas-phase reactions; for example, in the synthesis of

hydrogen cyanide from ammonia and carbon or methane [6], in the MW-induced

catalytic reaction of water and carbon [7], and in the removal and/or destruction

of acid gaseous pollutants such as SO2 and NOx [7, 8]; and
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� for processing of polymers and composites in which carbon black or graphite

particles or fibers are induced in the material [9].

The MW-promoted cracking of organic compounds in the presence of silica-

supported graphite [10a] or activated charcoal [10b] has also been reported.

Graphite, the most stable of the three allotropic forms of carbon, has two struc-

tures, a (hexagonal form), and b (rhombohedral form), which interconvert easily

[11]. In a graphite layer each carbon atom is strongly bonded to three other carbon

atoms in a planar configuration (sp2 hybridization); the remaining p electrons (one

per carbon) are delocalized. The resulting carbon–carbon bonds are very strong

(477 kJ mol�1). The interlayer bonds, in contrast, are weak (17 kJ mol�1), giving

rise to the mechanical (lubricant) and chemical (intercalation) properties of graph-

ite. Electronically, graphite is a semimetal of high electrical and thermal conductiv-

ity [11]. As for the other semimetallic materials, the electronic current ðsÞ is the

main factor in graphite–MW interaction [5]. The rate of heating of a MW-irradiated

material has been estimated to be DT=t ¼ s � jEj2=rc, where E is the electric field, r

is the density, and C is the specific heat capacity of material [5]. Compared with

other dielectric solids, graphite has an unusually high thermal conductivity (a

weak C, 0.63 kJ kg�1 K�1 at room temperature) [11]. This thermal conductivity,

which decreases exponentially with increasing temperature, is a determining factor

in the high rate of heating of graphite on MW irradiation, although other types of

MW interaction, e.g. the excitation of weak interlayer bonds and, especially in

graphite powder, eddy currents or localized plasma effects, can also lead to very

rapid dissipation of energy in graphite [5].

Because of its strong coupling with MW, its good adsorbent properties towards

organic molecules [12], and its layer structure which enables it to form intercalated

compounds [13], graphite has great potential in MW-assisted synthetic applications

in organic chemistry, despite its weak fractal dimension ðDA2Þ [14].
Papers on the use of graphite in organic synthesis are quite recent. Studies in

this field have increased since the work of Laurent (Sections 9.2.1, 9.2.2, 9.2.4,

9.2.7, 9.3.2, and 9.3.3) [15], Bond (Section 9.2.3) [16], and Villemin (Section 9.2.4)

[17] and their coworkers.

These applications are presented here in two parts. In the first part of this chap-

ter, graphite behaves as an energy converter (or ‘‘sensitizer’’) capable of conveying

the energy carried by MW radiation to the chemical reagents. The objective of the

authors was to review recent developments in microwave-assisted synthesis of het-

eroaromatic compounds under conditions that include the use of graphite and mi-

crowave irradiation in the quinazoline and thiazole ring-forming step (Sections

9.2.5.1–9.2.5.3). As for the preceding review [18], acylation of aromatic compounds

(Section 9.3.2), acylative cleavage of ethers (Section 9.3.3), and ketocarboxylation of

carboxylic diacids (Section 9.3.4) will also be included. The second part of this

chapter reveals the surprising catalytic activity of some metal inclusions of graph-

ite. Results are abundantly described and discussed in this review. Description of

microwave-assisted chemistry is followed by general notes (Section 9.4) on graphite

properties, MW apparatus, typical procedures, and safety measures.
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9.2

Graphite as a Sensitizer

Owing to particularly strong interaction with MW radiation and high thermal con-

ductivity, graphite is an efficient sensitizer. It is capable of converting radiation en-

ergy to thermal, which is then transmitted instantaneously to the same reactions as

performed by classical heating. Two reaction types take advantage of this graphite–

MW coupling:

1. reactions which require a high temperature, and

2. reactions involving chemical compounds, for example organic compounds,

which have low dielectric loss and are not heated sufficiently under the action

of MW irradiation.

Its inert behavior toward numerous chemical compounds and its adsorbent

properties (responsible for the retention of volatile or sublimable organic com-

pounds) make graphite the support of choice for thermal reactions. Among its im-

purities magnetite has been revealed to be an active catalyst and some reactions

can be performed without any added catalyst (see Section 7.3 in the preceding re-

view [18]). Two processes are then possible, the graphite-supported reaction (‘‘dry’’

process) and reaction in the presence of a small amount of graphite (solid–liquid

medium).

This section covers reactions in which graphite is a sensitizer, without participa-

tion of its metal inclusions as possible catalysts, although a catalyst can be added

to the graphite. The amount of graphite can be varied. It is usually at least

equal to and most often greater than that of the reagents, resulting in a graphite-

supported–microwave (GS–MW) process. Occasionally, optimization of processes

have shown that a ‘‘catalytic amount’’ (10% or less than 10% by weight) of graphite

is sufficient to induce rapid and strong heating of the mixture. Some novel exam-

ples are described.

9.2.1

Diels–Alder Reactions

Many Diels–Alder (DA) cycloadditions have been studied under the action of MW

irradiation [19]. The use of a ‘‘dry process’’, as in GS–MW coupling, is of great in-

terest for difficult reactions which need high temperatures, particularly those in-

volving poor MW-absorbing reagents. Some reactions which normally require use

of an autoclave can, moreover, occur in an open reactor, owing to retention of a

possibly volatile reagent by the graphite.

Among the dienes known to be weakly reactive are anthracene (Scheme 9.1, 1),

metacrolein dimethylhydrazone (2), and 3,6-diphenyl-1,2,4,5-tetrazine (3). DA cy-

cloadditions with these dienes require long reaction times under classical heating

conditions (Table 9.1).
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Tab. 9.1. Diels–Alder reactions of dienes 1–3 using the GS–MW process [15].

Entry Adduct SG–MW irradiation

conditions[a] (Tmax)

Yield

(%)[b]
Conventional heating

conditions

Yield

(%)

1 4 120 W; 1 min[c] (370 �C) 92 Dioxane, reflux, 60 h [20] 90

2 4 30 W; 1 min� 3[d] (147 �C) 92 – –

3 5 30 W; 1 min� 3[d] (155 �C) 75 p-Xylene, reflux, 10 min [21] 90

4 6 30 W; 1 min� 3[d] (130 �C) 97 –[e] [20] Quant.

5 7 30 W; 1 min� 10[d] (171 �C) 50 No reaction [21, 22] –

6 8 30 W; 1 min� 10[d] (157 �C) 62 CHCl3, reflux, 120 h[f ] 70

7 9 30 W; 1 min� 5[d] (168 �C) 72 CCl4, 60
�C, 3 h [23] –[e]

8 10b 30 W; 1 min� 5[d] (154 �C) 93 75 �C, 30 min [24] –[e]

9 11 30 W; 1 min� 20[d] (160 �C) 60 Toluene, reflux, 50 h [25] 94

aSee typical procedure; reagents used in equimolar amounts (entries

1–5) or excess dienophile, 5:1 (entries 6, 7, 9) or 2:1 (entry 8)
bYield of isolated product relative to the minor reagent
cContinuous MW irradiation (CMWI); applied incident power;

irradiation time; maximum temperature indicated by IR pyrometer
dSequential MW irradiation (SMWI); applied incident power; time and

number of irradiations; interval between two irradiations: 2 min

(entries 2–5), 1 min (entries 6–9)
eNot given
f This work

Scheme 9.1

9.2 Graphite as a Sensitizer 419



Three reactions of 1, with diethyl fumarate, maleic anhydride, and dimethyl ace-

tylenedicarboxylate (DMAD), are highly representative of the variety of experimen-

tal conditions used in the GS–MW process [26, 27]. Continuous MW irradiation

(CMWI) with an incident power of 120 W for 1 min led to a large increase in tem-

perature ðTmax > 300 �CÞ. Adduct 4 was obtained almost quantitatively (Table 9.1,

entry 1) whereas only traces of adducts 5 and 6 were detected. When the incident

power was reduced (30 W) and sequential MW irradiation (SMWI) was used, ad-

ducts 5 and 6 were obtained in good yield (Table 9.1, entries 3 and 4). This

controlled irradiation enabled the temperature to be limited ðTmax < 200 �CÞ and

avoided the retro-DA reaction. In the reaction between 1 and diethyl fumarate sim-

ilar SMWI conditions also gave the adduct 4 in high yield (Table 9.1, entry 2).

Other DA reactions of 1 (and some of its derivatives) in SMWI processes have

been reported [28]. Under powerful irradiation ðTmax > 300 �CÞ, all products de-

composed by the retro-DA reaction.

The hetero-DA reaction with azadienes, a well known synthetic method for ob-

taining nitrogen heterocycles, suffers from difficulties, because of the low reactivity

of the diene. For example, azadiene 2 did not react with DMAD under the action of

conventional heating [22]. Sequential exposure to MW irradiation (30 W) for 10

min on a graphite support ðTmax ¼ 171 �CÞ led to the adduct 7 (Scheme 9.2) with

60% conversion (50% in isolated product) [26, 27].

An equivalent yield was obtained by ultrasonic irradiation of the neat reaction

mixture at 50 �C for 50 h [29].

The DA reaction of tetrazines such as 3 was also studied by use of the GS–MW

process [26, 27]. The expected adduct, however, decomposed, with elimination of

nitrogen followed by dehydrogenation, giving a pyridazine or a dihydropyridazine

[23–25]. With 2,3-dimethylbutadiene and cyclopentadiene as dienophiles, SMWI

Scheme 9.2
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gave dihydropyridazines 8 and 9, as under classical heating [23] (Table 9.1, entries

6 and 7).

Under classical conditions, the reaction between 3 and styrene required 50 h of

heating at 110 �C, and gave the dihydropyridazine adduct 10a [24]. After SMWI

with 30 W incident power for 5 min ðTmax ¼ 154 �CÞ, the adduct 10a was not

detected whereas the totally dehydrogenated product, pyridazine 10b, was isolated

in almost quantitative yield (Table 9.1, entry 8). Ethyl vinyl ether and 3 gave the

same product, pyridazine 11, under both classical heating [25] and MW irradiation

conditions (Table 9.1, entry 9). In this instance the DA adduct lost nitrogen and

ethanol.

Synthesis of these adducts was realized in very short times compared with the

same reactions under the action of classical heating. The efficiency of the MW pro-

cess is all the more noteworthy because the three dienophiles (dimethylbutadiene,

cyclopentadiene, and ethyl vinyl ether) are volatile. Although an excess of these

reagents relative to 3 was used, the adsorption power of graphite was responsible

of their retention, because the temperature of the reaction mixture exceeded their

boiling points of approximately 120–130 �C.

This retention of the reagents by the graphite support is known from a series

of experiments involving volatile dienes such as 2,3-dimethylbutadienes (12) and

isoprene (13) (Table 9.2) [30, 31]. Reaction of 12 with diethyl mesoxalate gave 14

(Scheme 9.3) in 75% yield after SMW irradiation at low power (30 W) for 20� 1

min only (Table 9.2, entry 1).

When conventional heating was used, a satisfactory yield was obtained after 4 h

at 135 �C in a sealed tube [32]. Ethyl glyoxylate is a weaker carbonyl dienophile

than diethyl mesoxalate, and a catalyst (ZnCl2) was added to afford the expected

DA adducts with dienes 12 and 13 in goods yields (Table 9.2, entries 2 and 7). For

reaction with 13, the catalyst SnCl4 [34] was substituted by ZnCl2 to prevent forma-

tion of the ene reaction product (Table 9.2, entry and 7). Although adduct 16

was previously prepared from 15 [32], its direct DA synthesis from 12 and glyoxylic

acid could be performed under the action of MW and without a catalyst (Table 9.2,

entry 3).

Reactions performed with methyl vinyl ketone and metacrolein as ethylenic di-

enophiles also revealed the clear advantage of SMWI conditions over conventional

heating (Table 9.2, entries 4–6) [31]. In the reaction of isoprene with methyl vinyl

ketone (Table 9.2, entry 6), selectivity for the para adduct (54%) was much better

than when conventional heating was used (26%), probably owing to the reduction

of the reaction time.

Another example of the retention of volatile DA reagents is that of cyclopenta-

diene in a tandem retro-DA–DE ‘‘prime’’ reaction [15, 38]. This reaction type is

the thermal decomposition of a DA adduct (A) and the generation of a diene (gen-

erally the initial diene) which is trapped in situ by a dienophile leading to a new

adduct (B) [39]. Cyclopentadiene (22) (b.p. 42 �C) is generated by thermolysis of

its dimer at approximately 160 �C [40]. An equimolar mixture of commercial crude

dicyclopentadiene (21) and dimethyl maleate was irradiated in accordance with

the GS–MW process, in an open reactor, under 60 W incident power, for 4 min
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Scheme 9.3

Tab. 9.2. Diels–Alder reactions with 2,3-dimethylbutadiene (12)

and isoprene (13) by use of the GS–MW process [27, 30, 31].

Entry Adduct MW irradiation reaction time

(min)[a]
Yield

(%)[b]
Conventional heating

conditions

Yield

(%)

1 14 30 W; 1 min� 20[c] (165 �C) 75 MeCN, 135 �C[d], 4 h [32] 86

2 15 30 W; 1 min� 10[c,e] (165 �C) 87 140 �C, 6 h [33] 65

3 16 30 W; 1 min� 10[c] (249 �C) 54 – –

4 17 30 W; 1 min� 10[c] (126 �C) 89 Xylene, 95 �C, 80 h [35] –[f ]

5 18 30 W; 1 min� 10[c] (133 �C) 77 Benzene, 150 �C[d] [36] 65

6 19 30 W; 1 min� 2[c,e] (89 �C) 54 CH2Cl2 (AlCl3), 20
�C,

24 h [37]

26

7 20 30 W; 1 min� 10[c,e] (146 �C) 73 CH2Cl2 (SnCl4), 20
�C,

18 h [34]

10

aReagents used in equimolar amounts (entries 4–6) or in excess diene,

5:1 (entries 2, 3), 3:1 (entry 7), 2:1 (entry 1)
bYield of isolated product relative to the minor reagent.
cSequential MW irradiation (SMWI); applied incident power; time and

number of irradiations; interval between two irradiations: 1 min

(entries 1–3), 3 min (entries 4–7)
dReaction in sealed tube
eReactions performed in the presence of a catalyst: ZnCl2 (entries 2,

7), AlCl3 (entry 6)
fNot given
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(8� 30 s). The expected adduct 23 was isolated in 40% yield (Scheme 9.4). The

isomeric composition of 23 (endo–endo:exo–exo ¼ 65:35) was identical with that

obtained under classical conditions from 22 and methyl maleate [41]. The overall

yield of this tandem reaction can be increased from pure dimer 21 (61%) and the

same tandem reaction has also been reported using ethyl maleate as dienophile

[31].

The main advantages of the GS–MW process are the rapid increase of tempera-

ture, the retention of organic molecules, and the possibility of performing some

reactions under one-pot conditions.

9.2.2

Ene Reactions

The ene reaction (or Alder reaction) is a cycloaddition which requires an activation

energy higher than that of the Diels–Alder reaction [41]. Without catalyst it usually

occurs under pressure and/or at high temperature. The reaction with an alkene

(ene) is much easier if the latter is more substituted (high HOMO) and the eno-

phile is more electron-poor (low LUMO).

The alkene 1-decene (24) was poorly reactive in the carbonyl–ene reaction with

ethyl mesoxalate and required a temperature up to 170 �C for a very long time

(5 h) [42]. When performed in a homogeneous liquid medium at the same temper-

ature, but under the action of MW irradiation the reaction gave a similar result.

Reaction time was appreciably reduced by the use of GS–MW coupling [30].

Thus, irradiation at 60 W for only 10 min led to the ene adduct 25 in 50% yield

(Scheme 9.5). Under these conditions a maximum temperature of 230 �C was mea-

sured. To obtain the same yield with conventional heating at 170� C, reaction for

1 h is required.

The stereoselectivity of the reaction was not related to the mode of heating.

Better conversion of 24 was obtained by increasing the irradiation (incident power

>60 W), but the occurrence of side products made isolation of 25 more difficult.

(�)-b-Pinene (26), a more reactive ene than 24, reacted with ethyl mesoxalate

under CCl4 reflux in 90% yield after 5 h conventional or MW heating [42]. The

reaction supported on graphite occurred in only 2� 1 min of MW irradiation

with an incident power of 60 W. The adduct 27 was obtained in 67% isolated yield

(Scheme 9.6) [30]. This yield was obtained after 2 h reaction under CCl4 reflux.

Scheme 9.4
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The intramolecular cyclization of (þ)-citronellal (28) leads to a mixture of iso-

meric pulegols (29) and, particularly, to (�)-isopulegol (29a) which is an intermedi-

ate in the synthesis of (�)-menthol [43]. The reaction can be performed by heating

in the absence [44] or presence [43, 45] of a catalyst, including zeolite [46] and

montmorillonite [42] under the action of MW. Cyclization of 28, when performed

by the GS–MW process �4 min (8� 30 s) irradiation at 30 W incident power –

resulted in 88% conversion (80% isolated yield) to the pulegols (29) (Scheme 9.7).

The same reaction under conventional heating or MW heating at a constant tem-

perature of 180 �C yielded only 50% conversion after 4 h [42]. Considering that the

maximum temperature measured during GS–MW irradiation was only 210 �C,

and that the reaction was not catalyzed, the acceleration was clearly very strong. It

has been observed that, in contrast with clays such as montmorillonite, graphite in

catalytic amounts does not accelerate the cyclization of 28 from room temperature

to 180 �C [42]. The authors believe that under the heterogeneous conditions of the

GS–MW process the temperature shown by IR pyrometer is too low and gives no

indication of probable ‘‘hot spots’’ produced at the surface of graphite grains (Sec-

tion 9.4.2). The stereoselectivity was, moreover, somewhat different from that ob-

tained by classical heating – although the amount of (þ)-neoisopulegol (29b) was

increased (�)-isopulegol (29a) remained the main diastereoisomer (68%).

Scheme 9.6

Scheme 9.5
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9.2.3

Oxidation of Propan-2-ol

Reaction of an alcohol over basic catalysts favors dehydrogenation to give the corre-

sponding carbonylated derivative. This reaction has been studied for propan-2-ol

over a series of alkaline carbon catalysts, under the action of conventional heating

and MW irradiation (Scheme 9.8) [16].

The main effect of MW irradiation on the graphite and charcoal-supported

catalysts is to reduce the average temperature required for reaction to occur. The

authors believe this is the result of ‘‘hot spots’’ formed within the catalyst bed (Sec-

tion 9.4.2). Graphite-supported catalysts seem, moreover, to be more selective than

the equivalent charcoal-supported catalysts, especially under the action of MW

irradiation – 3.6–97.7% compared with 68.4–86.3%. This might be because of the

hydrophobic nature of the graphite which directs the reaction away from the pro-

duction of water by dehydration of the alcohol.

9.2.4

Thermolysis of Esters

The thermolysis of esters is a much used reaction in organic [47] and organometal-

lic [48] syntheses, generally for the creation of a carbon–carbon double bond. The

Scheme 9.8

Scheme 9.7
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mechanism is often like that of the retro-ene reaction, requiring high tempera-

tures. Among the esters, those of carbamic acid are more easily decomposed than

those of carboxylic acids.

The high temperatures reached in the GS–MW process have been used to

achieve thermal decomposition of O-alkylcarbamates (Scheme 9.9) [15]. The latter

are prepared from the corresponding alcohols and phenyl isocyanate in the pres-

ence of stannous octanoate [49].

With 1,1-dimethylbenzyl phenylcarbamate (30), a tertiary carbamate:

� Heating in p-xylene under reflux for 10 h led to no decomposition;
� MW irradiation (150 W) of pure crystalline 30 led to 45% 2-methylstyrene (32)

after 60 min (6� 10 min); and
� MW irradiation of graphite powder impregnated with 30 gave 90% 32 after 3 min

(3� 1 min) under 60 W incident power ðTmax ¼ 320 �CÞ.

This example shows that the GS–MW process can be used to accomplish ther-

mal decomposition which cannot be performed efficiently by use of MW irradia-

tion alone, because of weak MW absorption by starting compound (30) of probable

low dielectric loss.

The decomposition of a secondary carbamate, 1-methylbenzyl phenylcarbamate

(31), was more difficult, and only 60% of styrene (33) was obtained under the

same conditions ðTmax ¼ 340 �CÞ. Attempts to decompose a primary carbamate,

1-octyl phenylcarbamate, failed because its sublimation preceded its decomposition

[15]. All these reactions have been performed in an open reactor by the above

procedure (Section 9.2.1).

Some esters not having an aliphatic hydrocarbon chain are liable to thermal re-

arrangement. This is observed for O-arylthiocarbamates, for which rearrangement

into S-arylthiocarbamates has been studied by Villemin et al. on different supports

and under the action of MW irradiation (Scheme 9.10) [17].

No rearrangement was observed for the pure compound 34a, adsorbed or not on

KFaAl2O3, probably owing to its low dielectric loss. By using supports known to

convert MW energy into thermal energy, the authors achieved a conversion rate of

Scheme 9.9
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15 to 90% for 34. The best yields, 30 (35e) to 90% (35c), were obtained on graphite

powder.

9.2.5

Thermal Reactions in Heterocyclic Syntheses

For more than a century, heterocycles have constituted one of the largest area

of research in organic chemistry. The presence of heterocycles in all kinds of or-

ganic compound of interest in biology, pharmacology, optics, electronics, material

sciences, and so on is very well known. Sometimes, the preparation of these heter-

ocyclic systems by conventional routes is hard work that implies many synthetic

steps and extensive starting material [50a]. The recent availability of commercial

microwave systems specific for synthesis offers improved opportunities for re-

producibility, efficient synthesis, rapid reaction optimization, and the potential

discovery of new chemistries. Microwaves also have an advantage where processes

involve sensitive reagents or when products may decompose under prolonged reac-

tion conditions.

Scheme 9.10
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9.2.5.1 Synthesis of Quinazolines and Derivatives

Many reactions in heterocyclic multistep syntheses involve thermal condensations.

Among these, the Niementowski reaction is the most common method for synthe-

sis of the 3H-quinazolin-4-one ring. It involves the fusion of anthranilic acid (or a

derivative, e.g. 2-aminobenzonitrile) with formamides or thioamides (or their S-
methyl derivatives) and usually needs high temperatures and requires lengthy and

tedious conditions. Recently, Besson and coworkers studied the possibilities of-

fered by this reaction and explored the preparation of novel bioactive heterocycles

(e.g. 38, 39, and 40 in Scheme 9.11) in which the quinazoline skeleton is fused

with thiazole, indole or benzimidazole rings [50a–c].

They first investigated thermal heating of benzimidazo or indolo[1,2-

c]quinazolines (36 and 37) and anthranilic acids [50b, c] (Scheme 9.11). As this

Scheme 9.11. Synthesis of triaza or tetraazabenzo[a]-

benzimidazo (38) or indeno[1,2-c]quinazolines (39).
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group has shown, the yield of this reaction depends on the mode of activation.

Thus, thermal heating of the two starting material compounds, neat at 120 �C or

140 �C or in butanol under reflux for 48 h, did not give more than 50% of final

product [50b]. In contrast, MW irradiation enabled a striking reduction of reaction

time accompanied by a real improvement in the yield. Then, benzimidazole (38)

and indole (39, 40) polycyclic derivatives (Scheme 9.11) are obtained in interesting

yields (45–95%). Longer heating periods resulted in degradation products [50c].

By following the same strategy, this research group also achieved the effi-

cient microwave-assisted synthesis of original 8H-quinazolino[4,3-b]quinazolin-
8-ones [50d]. Homogeneous and heterogeneous conditions were studied and

it was observed that microwave irradiation (150 �C, 60 W) of a mixture 4-

(thiomethyl)quinazoline (41) and excess anthranilic acid, absorbed on graphite,

led to the cyclized products (42a–g) (Scheme 9.12). The yields are good (21–79%)

and reaction time is shorter than for purely thermal procedures (oil bath or metal

bath). During this study Besson and coworkers have also shown that although this

graphite-supported method can be regarded as an interesting solvent-free proce-

dure, a more productive (with better yields: 41–85%) microwave-assisted homoge-

neous method (using acetic acid as solvent) was achieved.

The three studies described above confirmed that the ratio of the quantity of ma-

Scheme 9.12
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terial to the quantity of support may be very important. The adsorption of organic

molecules by graphite was very useful in procedures in which anthranilic deriva-

tives can sublime during the reaction, changing the ratio of the reactants and lead-

ing to byproducts, necessitating complex work-up. Use of excess graphite in these

experiments prevented substantial sublimation of the anthranilic acids and led to

the good yields observed. Reactions performed with smaller quantities of graphite

gave worse results (mainly low yields). It is also important to notice that all these

microwave-assisted reactions were realized at atmospheric pressure in monomode

microwave reactors.

Pursuing their efforts on the Niementowski reaction and its possibilities, Besson

and coworkers have recently extended the family of fused quinazolinones which

can be obtained via the microwave-assisted Niementowski reaction from the start-

ing amidines (43). The authors described rapid and convenient access to pentacy-

clic 6,7-dihydro-5a,7a,13,14-tetraazapentaphene-5,8-diones (44) structurally related

to well studied terrestrial alkaloids (e.g. rutaecarpine and luotonine A) [50e]. The

strong thermal effect, because of graphite–microwaves interaction, was particularly

efficient in these reactions, in which the quinazolinone and the piperazine rings

are fused. Only 10% by weight of graphite was used, in pressurized monomode

reactors (Scheme 9.13).

During investigation of the biological potential of sulfur-containing heterocycles,

the strategy applied above was extended to the preparation of novel 2,3-condensed

thieno[2,3-d]pyrimidinones [50f ] from 43 or 45, themselves obtained by condensa-

tion of ethylenediamine on imino-1,2,3-dithiazoles. Formation of the 5,6-dihydro-3-

thia-4a,6a,12,13-tetraazaindeno[5,6-a]anthracene-4,7-dione (46) was realized in the

presence of a ‘‘catalytic amount’’ (approx. 10% by weight) of graphite. Here again

the synergic effect of pressure and microwaves afforded very rapid heating with

lack of sublimation of anthranilic acid and its derivatives into the vials (Scheme

9.14).

Scheme 9.13
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The most important drawback of these procedures is the quantity of product

available at the end of the reaction but the high reproducibility of the process is

important and enables, in adapted reactors, interesting extension of the scale

(multigram).

9.2.5.2 Benzothiazoles and Derivatives

Benzothiazoles are important heterocycles and continue to be interesting synthetic

targets because several classes of annulated thiazoles and thiazolyl (hetero)arenes

have a diverse array of biological activity.

One of the most studied microwave-assisted formations of the benzothiazole

ring is initiated by an addition–elimination reaction. Treatment of aniline deriva-

tives with 4,5-dichloro-1,2,3-dithiazolium chloride (commonly called Appel’s salt)

gave 4-chloro-5H-1,2,3-iminodithiazoles (47) which are very versatile intermediates

in the synthesis of a variety of heterocycles (Scheme 9.15). Besson and coworkers

Scheme 9.15

Scheme 9.14
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demonstrated that heating of these compounds at elevated temperature gave ben-

zothiazoles (48) in good yields and in very short times [50g]. Depending on the

nature of the substituents present on the aromatic ring, this procedure provided a

number of benzothiazoles (48) in 30–70% yields.

By varying the ratio of the quantities of reactant and support (graphite) the au-

thors discovered that short (2–5 min) microwave irradiation (150 W) of the starting

imino-1,2,3-dithiazoles (47) at 150 �C in the presence of a small amount of graph-

ite (10% by weight) afforded the required 2-cyanobenzothiazoles (Scheme 9.15).

Under similar experimental conditions (with same quantity of starting material,

graphite, and the same reaction time), conventional heating afforded the products

after a very long time.

It may be noticed that the first approach described in this work consisted in ad-

sorbing the starting material on excess graphite (3 equiv. by weight) and exposure

of the powder obtained to microwaves for different times and at different power.

Under these conditions, 1 g 47 may be heated (150 �C) in one step by use of this

process. Although this may avoid the presence of carbonaceous compounds, scale

up of such a procedure was rapidly limited. These results may be linked with the

difficulty of obtaining good temperature control at the surface of the solid phase.

In some of the experiments described in this work [50g], it was observed that large

quantity of graphite may lead to technical problems (hazardous electric arcs and

important local elevation of temperature) with regard to controllability and repro-

ducibility.

The last example of a reaction performed between the conditions described

above is the synthesis of novel benzothiazolyl indolo (49) or benzimidazo[1,2-

c]quinazolines (50), which were obtained by condensation of the 2-cyanobenzothia-

zoles (48) 2-(2-aminophenyl)indole or benzimidazole [50h]. Microwave irradiation

(220 �C) of the two reactants at atmospheric pressure in the presence of graphite

as sensitizer (10% by weight) afforded the expected products in good yields and in

short times (Scheme 9.16).

Here again, use of a small amount of graphite was sufficient to induce strong

heating and enable easy work-up.

9.2.5.3 Synthesis of 2H-Benzopyrans (Coumarins)

Among polyheterocyclic systems, coumarins are synthesized by many routes, in-

cluding the Pechmann reaction [51], which involves condensation of phenols with

b-ketoesters. This reaction, which has been the most widely applied method, has

recently been studied under the action of MW irradiation by several authors [52],

including the GS–MW process for 4-substituted 7-aminocoumarins [53]. Synthesis

of methyl 7-aminocoumarin-4-carboxylates (51 and 52) by the Pechmann reaction

involves heating a mixture of m-aminophenol and dimethyl oxalate at 130 �C

(Scheme 9.17). Under such conditions, however, the yield of the reaction is vari-

able, usually low (36%). Use of graphite as a support led to the expected lactone

in slightly better yield (44%).

Addition of a solid acid catalyst such as Montmorillonite K10 increased the yield

significantly under the action of either thermal heating or MW irradiation (e.g.
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51a: 64% (D) and 66% (MW)). Under the latter conditions the reaction time

was noticeably reduced. Comparable results were obtained in the synthesis of N-

substituted aminocoumarins (52) [53]. In this part of the work it was observed

that association of solid and/or liquid reactants on graphite as support may involve

uncontrolled reactions and are generally worse than comparable thermal reactions.

In these circumstances simple fusion of the reactants may lead to more convenient

procedures.

9.2.6

Decomplexation of Metal Complexes

Decomplexation of some metal complexes calls for drastic conditions. This is true

for (h-arene)(h-cyclopentadienyl)iron(II) hexafluorophosphates, [FeAr(Cp)][PF6]

[54, 55]. Although their chemical decomplexation is known [55a], the most widely

used method is pyrolytic sublimation at high temperatures (>200 �C) [55b].

To evaluate MW irradiation as the method of decomplexation of such iron com-

plexes, Roberts and coworkers performed the reaction in the presence of

graphite [54]. They discovered that the yield of the free ligand from the [Fe(h-N-

phenylcarbazole)(h-Cp) [PF6] complex (53) depended on the kind (flakes or pow-

Scheme 9.16
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der) and amount of graphite, and on the irradiation time. In an optimized experi-

ment, 96% N-phenylcarbazole was obtained from 53 (1 g) by use of 1 g graphite

flakes and 2 min MW irradiation. Experiments were performed using a conven-

tional domestic MW oven (the temperature of the reaction mixture at the end of

the irradiation was not given). Pentamethylbenzene, N-phenylpyrrole, and 1,2-

diphenylindole have been decomplexed from the corresponding iron(II) complexes

by use of the same GS–MW process; yields were 94%, 62%, and 71% respectively.

The results showed this to be a rapid and efficient method of decomposition.

9.2.7

Redistribution Reactions between Tetraalkyl or Tetraarylgermanes, and Germanium

Tetrahalides

Synthesis of alkyl (or aryl) halogermanes (56) from a germanium tetrahalide (54)

occurs in two steps (Scheme 9.18) [56]. The most difficult to realize, and the least

selective, is the second, i.e. the redistribution between alkyl (or aryl) and halide

substituents of R4Ge and GeX4 compounds. Depending on the ratio of these two

Scheme 9.17
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compounds, the reaction gives alkyl (or aryl) halogermanes, 56a, 56b, or 56c. This

requires a catalyst, the most frequently used being the corresponding aluminum

halide, and its amount must be relatively high (approx. 20 mol%) [56]. The experi-

mental conditions are, moreover, rather drastic – heating in a sealed tube between

120 �C (arylated series) and 200 �C (alkylated series) for several hours.

These redistribution reactions are possible at atmospheric pressure under the

action of MW. Irradiation is performed for a few minutes in the presence of the

same catalyst [57]. These reactions with the less volatile germanium tetrabromide

(54b) (b.p. 184 �C) have also been performed by use of the GS–MW process, with-

out added catalyst (Table 9.3, entries 1 and 3) [15]. In this instance, despite the use

of weaker incident power, the temperature reached 420 �C, very much higher than

that obtained under the action of MW irradiation of a reaction mixture containing

AlBr3 (200 to 250 �C) (Table 9.3, entries 2 and 4); The presence of this catalyst

substantially favors redistribution towards the dibrominated products (56b) (84%

for R ¼ nBu, 85% for R ¼ Ph) relative to the monobrominated compounds (56a),

which are the major products of the GS–MW process (78% and 43% respectively).

Tab. 9.3. Redistribution reactions between germanium

tetrabromide (54b) and tetrabutyl or tetraphenylgermanes (55)

under the action of MW irradiation [15].

Entry R GeBr4[e] R4Ge[e] AlBr3[e] Exp. conditions R4Ge[c] 56 (a:b:c)[c] Yield[d]

1[a] nBu 5.20 5.75 90 W, 3 min[e] 17 83 (78:3:19) 80

2[b] nBu 5.20 6.10 1.0 300 W, 8 min[f ] 100 (8:84:8) 87

3[a] Ph 5.75 5.20 90 W, 3 min[e] 9 91 (43:32:25) 85

4[b] Ph 5.70 5.20 1.0 210 W, 8 min[f ] 3 97 (9:85:6) 96

aReaction performed by the GS–MW process with 6 g graphite as

support
bRef. [57]
cProducts (%). Products were analyzed by GC and 1H NMR after

alkylation [57]
dRecovered Ge products
eContinuous irradiation
f Sequential irradiation, 2 min� 4

Scheme 9.18
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The tribrominated product (56c), the most difficult to prepare, have been obtained

with a rather high selectivity (73 to 80%) by use of the catalytic process under the

action of MW [57]. In this reaction, therefore, the GS–MW process seems less ef-

fective than the MW-assisted and AlX3-catalyzed process.

9.2.8

Pyrolysis of Urea

The reaction usually used to produce cyanuric acid (58) is the thermolysis of urea

(57) between 180 �C and 300 �C (Scheme 9.19) [58]. The reaction occurs with for-

mation of ammonia, which itself can react with 58 to give secondary products. It is,

therefore, necessary to eliminate NH3 and to operate with an open reactor.

This reaction has been studied with classical and MW heating under homoge-

neous and heterogeneous conditions [59]. Table 9.4 summarizes the results.

Scheme 9.19

Tab. 9.4. MW-assisted thermolysis of urea (57) under solvent-
free conditions (Scheme 9.19) [59].

Entry Conditions[a,b] Tmax

(̊ C)

Time

(min)

Yield

(%)

Selectivity

(%)

Reaction rate

(103 sC1)

1 MW[c] 200 1 5.2 20.2 8.8

2 D[c] 200 1 4.5 30.3 8.7

3 MW[c] 200 30 68.4 73.6 8.8

4 D[c] 200 30 37.9 72.2 8.7

5 MW[d] 200 1 9.9 56.3 21.9

6 D[d] 200 1 4.6 33.6 8.7

7 MW[d] 300 3 4.6 93.5 12028

8 D[d] 300 3 61.2 45.6 7156

aMicrowave (MW) or conventional ðDÞ heating
bThe incident MW power was adjusted to furnish the maximum

temperature ðTmaxÞ
cHomogeneous phase; from 20 g urea (mp 133–135 �C)
dHeterogeneous phase; from 20 g urea þ5 g graphite
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When the reaction was conducted in the homogeneous phase at 200 �C (Table 9.4,

entries 1–4), identical reaction rates and similar yields and selectivity were ob-

tained for both heating modes. Kinetic data for the first-order equation were simi-

lar: Ea (MW) ¼ 159G 3 kJ mol�1, Ea ðDÞ ¼ 160G 3 kJ mol�1; ln A (MW) 35G 1,

ln A ðDÞ 34G 1. In contrast, in the presence of graphite (57:graphite ¼ 4:1, w=w),
improved yield and selectivity were obtained under the action of MW irradiation

compared with conventional heating (Table 9.4, entries 5–8 at the same bulk tem-

perature). Chemat and Poux ascribed this phenomenon to localized superheating

(‘‘hot spots’’) on the graphite surface (Section 9.4.2).

9.2.9

Esterification of Stearic Acid with n-Butanol

Esterification of stearic acid (59) with butanols has been studied under homo-

geneous and heterogeneous conditions [60]. The yield of butyl stearates

(Me(CH2)14CO2R (60), R ¼ nBu (a), sBu (b), tBu (c)) depended on the catalysts,

on the isomeric form of the butanol, and on the mode of heating (conventional

heating and MW irradiation). The esterification yield was similar under homoge-

neous conditions, irrespective of the mode of activation. In contrast, under hetero-

geneous conditions (e.g. with iron(III) sulfate or potassium fluoride as catalyst),

after 2 h at the same bulk temperature (140 �C), the MW-irradiated reaction re-

sulted in a higher (1.2 to 1.4 fold) yield of 60a than did conventionally heating.

This difference was more evident when graphite was added to the reaction mixture

– similar yields (75–95% 60a) were obtained after only 5 min MW irradiation.

Despite the small amount of graphite added (approx. 1:10, w=w, relative to the

reagents), the reaction mixture rapidly reached a much higher temperature (250

to 300 �C) than in the absence of graphite.

9.3

Graphite as Sensitizer and Catalyst

As a support for chemical reactions, graphite has often been ‘‘modified’’ by addi-

tion of a variety of substances which can be intercalated between the carbon layers

(GIC–graphite intercalation compounds) or dispersed on the graphite surface, de-

pending on the preparation conditions [13]. The resulting compounds, especially

the GIC, have been used as reagents and as catalysts in numerous reactions, par-

ticularly in organic transformations [13, 61]. Depending on the intercalating guest,

the carbon lattice behaves as an electron acceptor (e.g. with metals–C8K) or as an

electron donor (e.g. with halogens–C8Br). The electron power does not, however,

seem to give Lewis-type catalytic activity to the graphite itself. As long ago as 1994

[15] Dubac, Laurent and coworkers reported that reactions known to require a

Lewis acid catalyst can be conducted in the presence of unmodified graphite. The

authors showed that the catalytic ability of graphite is a result of metal impurities,

not the carbon lattice [66]. Most reported graphite-catalyzed reactions have been
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performed under the action of conventional heating, in the presence of a solvent

and a small amount of graphite [62–64].

The use of graphite-supported methodology has been reported for three types of

reaction – Friedel–Crafts acylation [15, 27, 66], the acylative cleavage of ethers [15],

and the ketodecarboxylation of carboxylic diacids [67, 68], either with conventional

heating (GS/d) or MW irradiation (GS–MW coupling).

First, however, the authors describe the analysis of two commercial graphites of

different purity which are used for these experiments.

9.3.1

Analysis of Two Synthetic Commercial Graphites

The two synthetic, unmodified graphites used in the experiments were:

� graphite A, Aldrich 28,286-3; purity 99.1%; particle size 1–2 mm; and
� graphite B, Fluka 50870; purity 99.9%; similar granulometry.

Elemental analysis of graphites A and B by X-ray fluorescence and optical emis-

sion (ICPMS) spectrometry showed the presence of approximately a dozen ele-

ments. Graphite A contained more iron and aluminum than graphite B (A, Fe

0.41%, Al 0.02%; B, Fe 0.007%, Al 0.002%, by weight). Other elements (Ca, K, Si,

Ti, V, Mn) were also present at lower concentrations. A careful study by transmis-

sion electron microscopy (TEM) of graphite A revealed small crystallites; the EDX

spectrum of these showed that iron and oxygen were the main elements (Fig. 7.1

in the preceding review [18]). From these crystallites it was possible to obtain X-ray

diffraction patterns in which, in addition to ring-shaped spots from graphite, heavy

spots corresponding to magnetite (Fe3O4) were observed [66]. In a sample of

graphite B, these particles were not noticeable owing to their small density.

The authors were therefore using two graphites of sharply different purity. The

high iron content (0.41%) of graphite A leads one to expect catalytic action, either

directly by the oxide (Fe3O4) or after a possible transformation on contact with MW

radiation or a chemical reagent.

9.3.2

Acylation of Aromatic Compounds

Acylation of aromatic compounds (Friedel–Crafts, FC, acylation), of great indus-

trial interest, suffers from an important catalysis problem [69]. Most of the Lewis

acids used as catalysts (traditionally metal chlorides such as AlCl3) complex prefer-

entially with the ketone produced instead of with the acylating agent [70] (Scheme

9.20). Except for bismuth (III) chloride with acid chlorides, rarely does a metal

chloride complex preferentially with the acylating agent [71, 72].

A stoichiometric amount of promoter, at least, is required for the reaction to pro-

ceed, leading to an environmentally hostile process with gaseous effluents and

mineral wastes. With some metal salts, however, an increase in reaction tempera-
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ture sets them free from their complex with the ketone, and a true catalytic reac-

tion becomes possible [73]; this is observed for iron(III) chloride [74] and some

metal triflates [72, 75], including their use under the action of MW irradiation [76].

In 1994 preliminary results revealed, surprisingly, that FC acylation could be

achieved in the presence of graphite A, under solvent-free conditions, under the

Scheme 9.20

Tab. 9.5. Graphite-supported acylation of anisole (61) by use

of a variety of acylating reagents (RCOX) under the action of

MW irradiation[a] [27, 66].

Entry RCOX[b] Conditions[c] (Tmax) Product[d] Conversion and

yield (%)[e]

1 MeCOCl 45 W; 1 min� 8, (230 �C) 68[g] 62 (54)

2 iPrCOCl 60 W; 1 min� 8, (260 �C) 69[g] 80 (74)

3 UndCOCl[f ] 90 W; 2 min� 4, (410 �C) 70[g] 82 (74)

4 PhCOCl 150 W; 20 s� 15, (330 �C) 71[g] 100 (91)

5 FuCOCl[f ] 90 W; 2 min� 5, (430 �C) 72[h] 60 (50)

6 (MeCO)2O þFeCl3[i], 60 W; 2 min� 6, (310 �C) 68[g] 65 (56)

7 ( iPrCO)2O þFeCl3[i], 90–30 W; 10 min[j], (260 �C) 69[g] 69 (63)

aGraphite A, 5 g; 61, 10 to 20 mmol
b51:RCOX (mol) ¼ 2:1 (entries 1, 2), 4:1 (entries 3–7)
cApplied incident power; sequential irradiation time; period between

two irradiations: 2 min, except entry 4, 1 min 40 s
dProducts: Me(C6H4)COR, R ¼ Me (68); iPr (69);Und (70);Ph (71);Fu

(72)
eConversion determined by GC; yield of isolated product (in brackets)

relative to the minor reagent
fUnd ¼ undecyl; Fu ¼ 2-furyl
gp:ob 95:5
hp:o ¼ 82:18
iFeCl3:(RCO)2O ¼ 1:10 (mol)
jContinuous MW irradiation with degressive power
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action of either classical heating or MW irradiation [15]. More recently the same

reaction has been reported in the presence of a small amount of the same graphite

and using a solvent [62]. We have explained this ‘‘catalytic effect’’ of graphite [66].

The procedure entailed MW irradiation, at atmospheric pressure, of graphite

powder A impregnated with reagents. The first experiments were performed with

an activated aromatic, anisole (61), using a variety of acylating reagents (Table 9.5).

With volatile acid chlorides such as acetyl or isobutyryl, the reaction occurred in

convenient yields (entries 1 and 2), and boiling was delayed as a result of graphite

adsorption. With nonvolatile benzoyl chloride conversion was quantitative (entry

4). Good yields were also obtained for a long-chain derivative, known to resinify in

the presence of a Lewis acid (entries 3 and 5). The method was also applied to the

benzoylation of other aromatic compounds (Table 9.6). The benzoylation of ben-

zene itself, volatile and less reactive, seemed more difficult to perform (Table 9.6,

entry 4). Silyl-substituted aromatics reacted by ipso Si substitution [77], and were

less volatile. With trimethylsilylbenzene, benzoylation occurred with an overall

Tab. 9.6. Graphite-supported benzoylation of aromatic

compounds under the action of MW irradiation[a] [27, 66].

Entry ArH[b] Conditions[c] (Tmax) Product[d] Conversion and

yield (%)[e]

1 62 90 W; 2 min� 5, (390 �C) 73 73 (64)

2 63 60 W; 2 min� 7, (350 �C) 74[f ] 54 (45)

3 64 90 W; 2 min� 6, (450 �C) 75[g] 85 (76)

4 65 60 W; 2 min� 7, (370 �C) 76 23 (15)

5 66 150 W; 20 s� 15, (328 �C) 76 42 (25)

77 (8)

6 67 90 W; 2 min� 4, (380 �C) 71[h] 60 (50)

aGraphite A, 5 g; 61, 10 to 20 mmol
bArH: veratrole (62), toluene (63), naphthalene (64), benzene (65),

Me3SiPh (66), p-Me3Si(C6H4)OMe (67); ArH:PhCOCl (mol) ¼ 4:1

(entries 1–5), 1:1.2 (entry 6)
cApplied incident power; sequential irradiation time; interval between

two irradiations: 2 min, except entry 5, 1 min 40 s
dProducts: 2,4-MeO(C6H3)COPh (73), Me(C6H4)COPh (74),

C10H8COPh (75), PhCOPh (76), p-Me3Si(C6H4)COPh (77)
eConversion determined by GC; yield of isolated product (in brackets)

relative to the minor reagent
fp:o ¼ 85:15
ga:b ¼ 55:45
hp:o ¼ 95:5
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yield higher than for benzene, but competitive hydrogen substitution was also ob-

served (entry 5).

If graphite A has catalytic activity in these reactions, the amount of graphite

could be reduced, and 0.5 g (instead of 5 g) of graphite A was, indeed, sufficient

to promote these reactions (Table 9.7) [66]. In the process in which a small amount

of graphite was used:

� the temperature gradient was lower than for the GS–MW process; and
� vaporization of the reactants was not delayed.

Consequently:

� sequential MW irradiation was preferable to continuous (compare Table 9.7, en-

tries 3 and 5); and
� the MW power must be reduced and the reaction time increased (compare Table

9.5, entry 4, and Table 9.7, entry 5).

Comparative attempts at graphite-supported acylation of anisole, toluene, and

naphthalene using classical heating afforded interesting results [66]. With nonvola-

tile reactants the yields were almost identical with those obtained under the action

Tab. 9.7. Acylation of aromatic compounds in the presence of

a small amount of graphite and under the action of MW

irradiation [27, 66].

Entry ArH[a] RCOX[b] Graphite[c] Conditions[d] (Tmax) Product[a] Conversion and

yield (%)[e]

1 61 MeCOCl A 45 W; 1 min� 8 (120 �C) 68[f ] 27 (20)

2 61 iPrCOCl A 60 W; 1 min� 8 (120 �C) 69[f ] 90 (80)

3 61 PhCOCl A 300 W; 1 min (165 �C) 71[f ] 85 (76)

4 61 PhCOCl C 300 W; 1 min (159 �C) 71[f ] 95 (85)

5 61 PhCOCl A 60 W; 2 min� 7 (178 �C) 71[f ] 100 (98)

6 63 PhCOCl A 150 W; 20 s� 60 (120 �C) 74[g] 36 (29)

7 64 PhCOCl A 300 W; 1 min (160 �C) 75[h] 40 (35)

aArH: anisole (61), toluene (63), naphthalene (64)
bArH:RCOX (mol) ¼ 4:1 (entries 3–6), 2:1 (entries 1, 2, 7)
cGraphite C: iron–Graphimet (Alfa 89 654)
dContinuous (entries 3, 4, 7) or sequential (entries 1, 2, 5, 6) MW

irradiation; interval between two irradiations: 1 min (entry 5), 2 min

(entries 1, 2), 40 s (entry 6)
eConversion determined by GC; yield of isolated product (in brackets)

relative to the minor reagent
fp:ob 93:7
gp:m:o ¼ 82:2:16
ha:b ¼ 70:30
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of MW. In contrast, if at least one reactant was volatile (MeCOCl, iPrCOCl) or sub-

limable (naphthalene), the yield obtained under the action of MW was higher.

SMWI enables control and limitation of these phenomena.

With regard to a mechanistic hypothesis, the catalytic effect of graphite itself be-

having as a Lewis acid was excluded – the use of graphite B instead of graphite A

resulted in no reaction, or sometimes only a trace of the acylation product [27, 66].

The presence of relatively large amounts of Fe3O4 in graphite A (Section 9.3.1) led

us to believe this impurity was responsible for the catalytic activity observed. Sev-

eral further experiments supported this.

Graphites combined with a variety of metals (‘‘Graphimets’’) are known for their

catalytic properties [13]. The iron–graphite compound in which the presence of

Fe3O4 crystallites has been shown [78] proved very efficient for the acylation of ani-

sole (Table 9.7, entry 4). Because the iron content (5%) was much higher than that

of graphite A, the Graphimet could be a convenient material for GS–MW experi-

ments, but its cost, especially relative to that graphite A, limits its use.

For the benzoylation of anisole (Table 9.5, entry 4), graphite A was replaced by

graphite B doped with Fe3O4 (28 mg for 5 g graphite, the same iron content as in

graphite A). Although unachievable with graphite B alone, benzoylation of anisole

was now possible, but with lower yield than for use of graphite A (50% instead of

100%). This showed the activity of Fe3O4 became much stronger when subjected to

the high graphitization temperature.

The catalytic effect of graphite A thus depends on iron impurities, e.g. Fe3O4,

and probably also on iron sulfides or sulfates, because sulfur is also present in

this graphite, and all these iron compounds are known catalysts of FC acylation

[69, 73, 74]. In this respect it seems that FeCl3 could be the true catalyst generated

in situ by the reaction of the different iron compounds with acid chloride and hy-

drogen chloride. In the absence of a chlorinating agent, for example using an acid

anhydride as the reagent and an iron oxide (Fe2O3 or Fe3O4) as the catalyst, acyla-

tion does not occur. The authors have effectively shown that the GS–MW process

using acid anhydrides as reagents is efficient only after addition of a catalytic

amount of FeCl3 (Table 9.5, entries 6 and 7).

Finally, a sample of graphite A was analyzed after acylation using an acid chlo-

ride as reagent. No Fe3O4 crystallites were observed and an EDX spectrum revealed

small deposits containing iron, chlorine, and oxygen. Thus, formation of FeCl3
from Fe3O4 crystallites is highly probable. Loupy and coworkers have shown that

a-Fe2O3 can be generated from Fe3O4 under the action of MW at high temperature

[79]; the formation of FeCl3 would be a result of chlorination of Fe3O4 and/or

Fe2O3. Because Fe3O4 interacts strongly with MW [4], the presence of hot spots

in the region of Fe3O4 crystallites could also lead to increased catalytic activity.

Compared with previous FC acylations, these processes are clean, without aque-

ous workup, and therefore without effluents (‘‘green chemistry’’). The graphite is,

moreover, inexpensive and can be safely stored or discarded. Its activity is, however,

limited to activated aromatic compounds.

The process which seems to have the most possibilities for a scale-up develop-

ment is that using a amount of graphite for which the desorption treatment can
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be totally suppressed in a continuous flow system. We recently proposed use of

such a process to perform FC acylations under the action of MW with FeCl3 as cat-

alyst [76d]. Replacement of FeCl3 by a graphite bed is quite conceivable in the

same continuous flow apparatus.

9.3.3

Acylative Cleavage of Ethers

Preparation of esters using an acid chloride as reagent is usually performed from

alcohols and rarely from ethers [80]. Protection of hydroxyl groups as ether deriva-

tives is, however, a widely used method in organic synthesis [81]. The acylative

cleavage of ethers is one possible deprotection process. It occurs with an acid

halide or anhydride in the presence of a catalyst, usually a Lewis acid. In 1998,

Kodomari and coworkers reported the cleavage of some ethers (benzylic, allylic,

tert-butylic, and cyclic) with acid halides in the presence of graphite A [63]. The re-

action was performed under reflux in dichloromethane. Under these conditions,

however, cleavage of primary or secondary alkyl ethers did not occur.

By use of the solvent-free GS–MW process, which enables reaction at high tem-

peratures, cleavage of these alkyl ethers became possible (Scheme 9.21) [15]. An

equimolar (10 mmol) mixture of benzoyl chloride and n-butyl oxide adsorbed on

5 g graphite A was sequentially irradiated with 90 W incident power. The conver-

sion reached 80% (yield of isolated n-butyl benzoate (79): 62%). With ethyl oxide,

the yield of ethyl benzoate (78) was lower, but noteworthy considering the volatility

of this oxide and the significant retentive power of graphite towards organic com-

pounds. These preliminary results have not yet been expanded, but it is certain

that more reactive ethers, for example those substituted with sec or tert-alkyl, ben-
zylic or allylic groups, will be cleavable in the same way.

With regard to the mechanism of this reaction and the nature of the catalyst, the

authors do not believe the graphite itself is the catalyst. In fact, diethyl and di-n-
butyl ethers are inert toward benzoyl chloride in the presence of graphite B. It is

also known that metal chlorides, especially FeCl3 [82], are catalysts for this reac-

Scheme 9.21
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tion. After careful mechanistic study of FC acylations (Sections 9.3.1 and 9.3.2), the

authors proposed that the catalyst of the graphite-assisted acylative cleavage of

ethers is FeCl3 generated in situ from Fe3O4 (and/or Fe2O3) and the acid chloride.

Then, CaO bond cleavage would involve the O-acylation of the ether ([R2O-

COR 0]þ) followed by the nucleophilic displacement (SN1 or SN2) of one of the two

hydrocarbon groups (R) of ether by the anionic part of the reagent (Cl�), as with

the FeCl3aAc2O system [82]. It is interesting to note here that phenolic ethers, for

example anisole or veratrole, preferentially afford the acylation of the aromatic

nuclei rather than the cleavage of the ether group (Section 9.3.2).

9.3.4

Ketodecarboxylation of Carboxylic Diacids

Thermal decomposition of carboxylates gave ketones by a decarboxylation mecha-

nism [83]. The same ketones were obtained directly from the corresponding car-

boxylic acids by a decarboxylation–dehydration process in the presence of several

catalysts, for example thorium [84] or manganous [85] oxides. This catalytic route

enables reduction of the reaction temperature, which still remains high (250–350
�C). Although the method is of little use for synthesis of aliphatic ketones, it is

an important route for preparing cyclic ketones from carboxylic diacids [83, 86].

Among these ketones, cyclopentanone is an important industrial compound [87].

For its synthesis from adipic acid, typical procedures using a variety of catalysts

(barium hydroxide [88a], metal oxides [83], carbonates [88b], potassium fluoride

[88c]) have been described. The search for an efficient and eco-friendly industrial

process is still the subject of current interest, however [89, 90]. In this respect,

with a view to reducing energy and raw material consumption, a new approach

has been undertaken using graphite-supported chemistry [67, 68].

Catalytic cyclization of a diacid requires two contradictory thermal conditions – a

temperature high enough to have a convenient reaction rate but low enough to

avoid vaporization of the diacid. For adipic acid, the limiting temperature is ap-

proximately 290–295 �C [83, 86, 88]. Because of its properties of rapid conversion

of MW energy and retention of organic molecules, graphite could enable a high re-

action temperature to be reached rapidly, although it delays the vaporization of the

diacid. Because, moreover, magnetite (Fe3O4) is a catalyst for the decarboxylation of

acids [91], no added catalyst would be necessary.

To determine approximately the optimum temperature of graphite-supported

cyclization of adipic acid, a series of experiments was performed with classical

heating. Using the two graphites A and B (Section 9.3.1), no significant vaporiza-

tion of adipic acid (80) was observed up to 450 �C at atmospheric pressure. Graph-

ite A proved to be the more efficient, giving 90% yield of cyclopentanone (84) after

30 min irradiation (Table 9.8, entry 1). Graphite B gave a lower yield under the

same conditions (entry 2).

The retentive power of graphite towards adipic acid and the catalytic effect of the

magnetite, especially present in A, are obvious. TEM examination of a graphite A

before and after reaction showed that crystallites of Fe3O4 seemed to be smaller
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after reaction. The same graphite sample was reused for three successive reactions

without significant loss in yield, however. When applied to the synthesis of other

cyclic ketones (Scheme 9.22), less volatile than 84, it was observed that pressure

had an effect on recovery of product (Table 9.8, entries 3 and 4). A slightly reduced

pressure (300 mm Hg) was necessary to obtain 3-methylcyclopentanone (85) or cy-

clohexanone (86) in convenient yield (Table 9.8, entries 4 and 5). For cyclization of

suberic acid (83), a less favorable structure, the yield in cycloheptanone (87) re-

mained low (Table 9.8, entry 6).

Some MW-promoted decarboxylations have been reported in the literature [92],

even the decarboxylation of magnesium, calcium and barium salts of alkanoic

Scheme 9.22

Tab. 9.8. Graphite-supported thermal ketodecarboxylation of diacids 80–83[a,b] [67, 68].

Entry Diacid Graphite Ketone yield (%)[c]

1 80 A 74, 90 (85)

2 80 B 74, 22

3 81 A 75, 60

4 81 A 75, 80 (74)

5 82 A 76, 80 (72)

6 83 A 77, 17

aTemperature of the electrical oven: 450 �C; reaction time: 30 min

(entries 1–4), 60 min (entries 5, 6); pressure: atm. p. (entries 1–3), 300

mm Hg (entries 4–6)
bThe optimized diacid:graphite ratio was 15 mmol:5 g
cConversion determined by GC and isolated yield (in brackets) from

four experiments
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acids [92a]. The authors have shown for FC acylations and acylative cleavage of

ethers (Sections 9.3.2 and 9.3.3) that the graphite-supported process takes advan-

tage of MW, because graphite and magnetite are among the solids with the most

efficient MW absorbing power [4], providing an elevated temperature in the core.

Consequently, cyclization of 80 was achieved under GS–MW conditions. A SMWI

mode was optimized and coupled with a limitation of the reaction temperature to

450 �C, using the two graphites A and B (Table 9.9, entries 1–4).

Graphite A was again superior, giving, under these optimized conditions (entry

2), a 90% yield in cyclopentanone (84) after only 6� 2 min irradiation. Under the

same conditions, graphite B gave only a 33% yield (entry 4).

To compare their activities further, a variety of catalysts were added to graphite B,

and the results were analyzed by comparison with the reference experiment (Table

9.9, entry 3) for which the yield was low (19%). When doped with Fe3O4, graphite

B gave a 51% conversion of 80 (entry 5), almost as much as graphite A alone (entry

1). The two other iron oxides, Fe2O3 and FeO, seemed to be active but the other

catalysts, Al2O3, Bi2O3, and KF, were inactive.

Because Fe3O4 itself strongly absorbs MW [4] and is good catalyst for decarboxy-

lations [91], is the graphite necessary? When Fe3O4 was used in the absence of

graphite, the yield of ketone 84 decreased dramatically (10%) (Table 9.9, entry 13).

Tab. 9.9. Graphite-supported ketodecarboxylation of adipic

acid (80) under the action of MW irradiation[a] [67, 68].

Entry Graphite and added catalyst MW conditions[b,c] Yield (%)[d]

1 A; none 90 W; 2 min� 2 60

2 A; none 90 W; 2 min� 2þ 75 W; 2 min� 4 90

3 B; none 90 W; 2 min� 2 19

4 B; none 90 W; 2 min� 2þ 75 W; 2 min� 4 33

5 B; Fe3O4 (28 mg) 90 W; 2 min� 2 51

6 B; Fe2O3 (29 mg) 90 W; 2 min� 2 51

7 B; FeO (26 mg) 90 W; 2 min� 2 35

8 B; Al2O3 (28 mg) 90 W; 2 min� 2 15

9 B; Bi2O3 (28 mg) 90 W; 2 min� 2 16

10 B; KF (21 mg) 90 W; 2 min� 2 14

11 B; Na2CO3 (80 mg) 90 W; 2 min� 2 29

12 B; Cs2CO3 (244 mg) 90 W; 2 min� 2 26

13 Fe3O4 (3.47 g) without graphite 90 W; 2 min� 2 10

aMass of 80: 2.19 g (15 mmol); mass of graphite: 5 g
bSequential MW irradiation controlled to a maximum temperature of

450 �C
cApplied incident power and irradiation time; interval between two

irradiations: 2 min
dYield of cyclopentanone (84) from GC analysis
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Adipic acid was recovered almost completely on the walls of the reactor and on the

cold finger. Consequently, the presence of graphite as support, able to adsorb and

retain the adipic acid, and then enable cyclization before vaporization, is essential.

Comparison of reaction times revealed a shortening under the action of MW

irradiation (Table 9.9, entry 2 – overall reaction time 22 min) compared with con-

ventional heating (Table 9.8, entry 1, 30 min), for the same maximum temperature.

This can be explained by a higher temperature gradient and the presence of ‘‘hot

spots’’ on the graphite surface under MW conditions.

A reaction mechanism with Fe3O4 as catalyst has been proposed [68], in agree-

ment with previous work on the decarboxylation of acids in the presence of a metal

oxide [83]. After the transient formation of iron (II) and iron (III) carboxylates

from the diacid and Fe3O4 (with elimination of water), the thermal decarboxylation

of these salts should give the cyclic ketone and regeneration of the catalyst.

This ‘‘dry’’, solvent-free GS–MW process, which rapidly induces high tempera-

tures, is very useful for decarboxylation of diacids. This has several advantages for

example:

� medium-grade commercial graphite, of low cost, can be used;
� the diacid is confined to the graphite which prevents its vaporization; and
� the volatile ketone produced is recovered by distillation as the only organic

compound.

A large-scale process could be devised by using a continuous supply of diacid (as

a solid or in the molten state) on a graphite bed.

9.4

Notes

9.4.1

MW Apparatus, Typical Procedures, and Safety Measures

Many interesting reports of studies employing domestic microwave instruments

have appeared in the literature. There is, however, some debate over the safety

and reproducibility of nondedicated microwave instruments in the laboratory envi-

ronment. Custom-designed microwave instruments for laboratory use are now

commercially available and enable superior control of the reaction conditions and

enhanced reproducibility whilst also having a key safety advantage [93]. Wherever

possible, this review will focus on chemistry performed using the latter type of

instrumentation. All the apparatus used in the work described in this chapter has

an IR pyrometer enabling continuous recording of reaction mixture temperature,

a MW power modulator, open vessels enabling reactions at normal or reduced

pressure, and a rotating reactor. Some reactor equipment also includes a dry ice

condenser, with easy rotation of the whole arrangement.

Graphite reflects MW like a metal and its heating is very dependent on particle
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size. With large particles (flakes), electric discharges were observed under MW ir-

radiation conditions whereas with fine particles (powder) a rapid increase of tem-

perature was achieved. Although quartz reactors are highly preferable for reaction

with graphite, Pyrex glasses are most commonly used and the temperature of the

reaction mixture must be controlled to avoid melting of the reactor.

Typical procedures for GS–MW processes have been described in the literature

cited above. Deposition of nonvolatile reactants on graphite has been performed

by using a volatile and inert solvent (usually diethyl ether or dichloromethane), eas-

ily removed under reduced pressure before MW irradiation. When one of reactants

was volatile, it was added neat to graphite powder previously prepared with the

nonvolatile reactant as above. The solvent used for impregnation of graphite must

be totally evaporated before MW irradiation; if not it can occasionally react with

one of the other reagents, owing to high temperatures reached. For example, for-

mation of the ester RCO2Et by acylative cleavage of Et2O by RCOCl (Section 9.3.3)

has been observed in FC acylations [15, 27]. After irradiation, desorption of the re-

action product(s) has been achieved by washing the graphite with a proper solvent.

Use of an ultrasonic bath can be advantageous.

9.4.2

Temperature Measurement

Knowledge of the temperature of the reaction media is fundamental. Under MW

irradiation conditions this measurement poses some problems [94]. In stirred ho-

mogeneous media measurement with an IR pyrometer is satisfactory, although an

optical-fiber thermometer is preferable, but limited to high temperatures. Conse-

quently, for measurement of the temperature of graphite-supported reactions

under MW irradiation an IR pyrometer was used. This enables measurement of

the temperature of the lower reactor walls, and not inside the reaction mixture.

Stuerga and Gaillard showed that the temperature of a microwave-irradiated heter-

ogeneous (especially solid) medium was not uniform, but there were ‘‘hot spots’’

[95a]. Similar conclusions were reported by Bogdal and coworkers who studied a

rapid and efficient method for selective oxidation of aliphatic and benzylic alcohols

to their corresponding carbonyl compounds [95b]. This group used the solid and

magnetically retrievable oxidant Magtrieve, which is based on tetravalent chro-

mium dioxide (CrO2). Microwave irradiation of Magtrieve at continuous power in

an open vessel led to rapid heating of the material to 360 �C within 2 min. Temper-

ature heterogeneity was recorded with a thermo-vision camera during the irradia-

tion; the highest value was observed in the center of the reaction vessel. Working

in a weak microwave absorber (e.g. toluene as solvent) enabled use of Magtrieve at

a more uniform temperature (140 �C).

Dubac and coworkers have observed, by using a thermocouple at the end of a

reaction, that the temperature inside the graphite powder was twenty to fifty

degrees higher than that indicated by an IR pyrometer. During MW irradiation of

C-supported catalysts in the absence of nitrogen carrier, Bond and coworkers [16]

observed very small bright spots within the catalyst bed. They proposed that these
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bright emissions, from continually fluctuating positions, could be because of the

generation of plasmas. MW-absorbing impurities, for example Fe3O4 crystallites,

on the graphite surface could also induce local superheating.

9.4.3

Mechanism of Retention of Reactants on Graphite

The phenomenon of adsorption of organic molecules by graphite is well known,

molecular arrangements on surfaces have been recorded and thermodynamic data

have been determined [12]. The specific surface area of graphite A is 13 m2 g�1

[15]. Adsorption of 2 mL of an organic compound by 5 g of graphite would there-

fore give a layer 300 Å thick. Van der Walls interactions, responsible for the adsorp-

tion, are not effective for such large thicknesses. Other dynamic phenomena must

be considered, for example intercalation and diffusion between the carbon layers.

Molecules of appreciable size, for example aromatic hydrocarbons and C60 fuller-

ene, have been intercalated [96]. In view of the high temperatures in the GS–MW

process, operation of these different phenomena (adsorption, diffusion, and inter-

calation) seems likely. The interlayer spaces could behave as micro reactors (or

micro ‘‘pressure cookers’’) in which reactants, or at least a part of them, should be

confined. After a reaction, however, we have not observed (by XRD) any change

in the interlayer distance of graphite. Consequently, at the end of the reaction,

and at room temperature, the interlayer distance should revert to its normal value

(3.354 Å) [11], after ejecting the reaction product to the surface. It must be noted

here that the intercalation of organic compounds (pyridine derivatives) into a lay-

ered mineral oxide (a-VO(PO4).2H2O) occurs more rapidly under the action of

MW than with conventional thermal methods [97]. Because the graphite used is

of low grain size (1–2 mm), intergrain confinement because of capillary action is

also possible.

9.4.4

Graphite or Amorphous Carbon for C/MW Coupling

Because amorphous carbon, as graphite, heats rapidly under the action of MW ir-

radiation [4], its use as a sensitizer has been widely reported [5–10]. MW-assisted

esterification of carboxylic acids with alcohols was performed on activated carbon

in good yields (71–96%) [98]. When Dubac and coworkers used charcoal powder

as a support they had difficulty desorbing the reaction products [15]. Even with a

continuous extractor, desorption was never quantitative. Desorption of reaction

products from graphite powder is much easier than from amorphous carbon.

Charcoal and different carbon blacks have highly variable structures and proper-

ties, which depend on the carbonaceous starting material and the preparation

conditions [3, 11]. The graphitization of carbon, which is required to achieve high

corrosion resistance, leads to materials of more homogeneous structure and prop-

erties, enabling highly reproducible reactions. Graphite is, therefore, preferred in

supported reactions, although use of intercalated reagents remains possible.
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9.5

Conclusion

For the last four years, the main published work on this topic has been thermal

reactions in heterocyclic chemistry and, in particular, synthesis of fused quinazo-

lines and thiazoles (Sections 9.3.1 and 9.3.2) in which graphite behaves as an

energy converter (or ‘‘sensitizer’’) capable of conveying the energy carried by the

MW radiation to the chemical reagents. Compared with the first review [18], this

chapter is mainly an update on recent developments in the microwave-assisted

synthesis of heteroaromatic compounds under conditions that use both graphite

and microwave irradiation in the ring-forming step. While preparing this review

we observed that use of graphite in thermal reactions is not highly developed in

organic chemistry. The examples described in this chapter demonstrate that under

the action of a microwave field graphite behaves efficiently as an energy converter

(or ‘‘sensitizer’’) capable of conveying the energy carried by the MW radiation to

chemical reagents. Thus, graphite-assisted microwave synthesis enables easy and

rapid access to a variety of aromatic heterocyclic compounds which may have inter-

esting pharmaceutical potential. These aromatic heterocyclic compounds have

been synthesized mainly in the single-mode focused microwave synthesizers now

commercially available. The procedures described are reproducible and can be de-

veloped in a combinatorial chemistry strategy.

The work described in this review is also shows that performing microwave-

assisted reactions in the presence of graphite should be considered with special

attention. A few of these considerations can be applied generally in conducting mi-

crowave heated reactions and include the following:

1. The ratio of the quantities of material and support (e.g. graphite) is very impor-

tant. Use of excess graphite may avoid excessive sublimation of the reactants

or the products, and the reactions can be performed at atmospheric pressure,

whereas use of a ‘‘catalytic amount’’ of graphite (less than 10% by weight) en-

ables working in sealed vials and use of the synergic effect of pressure with

rapid microwave heating of graphite.

2. For solid starting materials, the use of solid supports can offer operational, eco-

nomical, and environmental advantages over conventional methods. The main

aspect of the experiments described in this review is the use of very small quan-

tities of graphite. In some examples the authors have re-used recycled graphite

four times without changing the yields of the reactions. Association of liquid/

solid reactants on a solid support like graphite may, however, lead to uncon-

trolled reactions, which may lead to worse results than the conventional thermal

reactions. In these circumstances, simple fusion of the products or addition of

an appropriate solvent may lead to more convenient mixtures or solutions for

microwave-assisted reactions [99].

The strategies explored and defined in the various examples presented here open

the door to wider application of microwave chemistry in industry. The most impor-
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tant problem for chemists today (drug-discovery chemists in particular) is to scale-

up microwave chemistry reactions for a large variety of synthetic reactions with

minimal optimization of the procedures for scale-up. There is currently a growing

demand for industry to scale-up microwave-assisted chemical reactions, which is

pushing the major suppliers of microwave reactors to develop new systems [100].

In the next few years, these new systems will evolve to enable reproducible and

routine kilogram-scale microwave-assisted synthesis.
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Besson, Molecular Diversity 2003, 7,
273; (b) M. Soukri, G. Guillaumet,

T. Besson, D. Aziane, M. Aadil,

El-M. Essassi, M. Akssira, Tetrahedron
Lett. 2000, 41, 5847; (c) L. Domon,
C. Le Coeur, A. Grelard, V. Thiéry,
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8871; (f ) S. Répichet, C. Le Roux,

J. Dubac, J.-R. Desmurs, Eur. J. Org.
Chem. 1998, 2743; (g) S. Kobayashi,
S. Iwamoto, Tetrahedron Lett. 1998, 39,
4697; (h) J. Matsuo, K. Odashima, S.

Kobayashi, Synlett 2000, 403; (i) S.
Kobayashi, I. Komoto, Tetrahedron
2000, 56, 6463; ( j) C. J. Chapman,

C. G. Frost, J. P. Hartley, A. J.

Whittle, Tetrahedron Lett. 2001, 42,
773; (k) S. Kobayashi, I. Komoto, J.

Matsuo, Adv. Synth. Catal. 2001, 343,
71; (l) R. P. Singh, R. M. Kamble,

K. L. Chandra, P. Saravanan, V. K.

Singh, Tetrahedron 2001, 57, 241.
76 (a) J.-R. Desmurs, J. Dubac, A.

Laporterie, C. Laporte, J. Marquié,
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10

Microwaves in Heterocyclic Chemistry

Jean Pierre Bazureau, Jack Hamelin, Florence Mongin, and

Françcoise Texier-Boullet

10.1

Introduction

This chapter will deal with applications of microwave irradiation in the synthesis of

heterocycles by a variety of means. It is not intended to be exhaustive, but rather

emphasizes significant examples of the use of microwave heating.

We have chosen to report reactions in solvents first, then reactions without sol-

vent. Each section is grouped in accordance with the main types heterocycle, in

order of increasing complexity, commencing with three, four, and five-membered

ring systems containing one heteroatom, and their benzo analogues, followed by

five-membered systems with more than one heteroatom, and then the analogous

higher-membered ring systems. Reactions involving more complex and poly-

heterocyclic systems are presented at the end of each section.

10.2

Microwave-assisted Reactions in Solvents

In this section we will examine examples of organic transformations performed by

using microwave energy to activate organic mixtures. In all the examples included

in this section the chemical reagents are dissolved in a polar solvent that couples

effectively with microwaves and generates the heat energy required to promote

the transformations.

10.2.1

Three, Four, and Five-membered Systems with One Heteroatom

10.2.1.1 Synthesis of Aziridines

Aziridines, the smallest heterocycles, are an important class of compound in or-

ganic chemistry. Interesting access to aziridines by using Bromamine-T as a source

of nitrogen in the Cu(II)-catalyzed aziridination of olefins in MeCN was recently
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reported (Scheme 10.1) [1]. Application of microwaves has resulted in enhanced

yields of aziridines in short reaction times [2].

10.2.1.2 Synthesis of Oxiranes

Varma and coworkers described an efficient microwave-assisted epoxidation of ole-

fins (Scheme 10.2). This approach significantly minimizes the longer reaction

times required in conventional heating of olefins [3].

10.2.1.3 b-Lactam Chemistry

Bose and coworkers have described hydrogenation reactions using ammonium

formate as hydrogen donor and Pd/C as catalyst for selective transformations of b-

lactams 1, as shown in Scheme 10.3 and Table 10.1 [4]. The authors report reaction

times similar to those achieved with a preheated oil bath at 130 �C on a small scale;

on a larger scale, however, microwave-assisted reactions seem to proceed more

rapidly.

The same authors have also studied the preparation of substituted vinyl

b-lactams 5, with efficient stereocontrol, by use of limited amounts of solvent

(chlorobenzene) (Scheme 10.4) [5]. Microwave oven-induced reaction enhance-

ment (MORE) chemistry techniques have been used to reduce pollution at the

source and to increase atom economy.

A comparative study of the reactivity of the oxalimide 6 in a variety of solvents

(xylene, chlorobenzene, toluene) and of methylphosphinite 7 was performed with

the Synthewave 402 focused microwave reactor (Merck Eurolab, div. Prolabo,

Scheme 10.1

Scheme 10.2

Scheme 10.3
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France), using different conditions of power and exposure time (Scheme 10.5) [6].

In all experiments yields were better than those of previous procedures with

classical heating (Table 10.2), and the authors wrote ‘‘it is clear that microwave

technique is applicable to highly functionalized compounds containing stereogenic

centers without appreciable modification of these centers’’.

Tab. 10.1. Transformations of b-lactams 1 by hydrogenation under the action of microwaves.

Product 1 Y R Product 2 Z Yield of 2 (%)

1a CHbCH2 An 2a CH2CH3 83

1b MeC(bCH2) An 2b MeCH(Me) 80

1c CHbCH2 Ph 2c CH2CH3 90

1d O-CH2CHbCH2 An 2d OCH2CH2CH3 87

1e OBn An 2e OH 80

1f OPh An 2f OPh 84

1g CHbCH2 Bn 2g CH2CH3 85

1h OBn Bn 2h OH 83

An ¼ 4-MeOC6H4, Bn ¼ CH2Ph

Scheme 10.5

Scheme 10.4
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10.2.1.4 Pyrrolidine Chemistry

Esterification of carboxylic acids with dimethyl carbonate (DMC) is strongly accel-

erated by employing DBU (1 equiv.) as catalyst and microwaves as the energy

source. Notable advantages of this strategy are:

1. use of a cheaper and ‘‘green’’ methylating reagent (DMC);

2. efficiency with and applicability to sterically hindered acids;

3. compatibility with commonly used amino acids and protecting groups, for ex-

ample Boc and Cbz; and

4. high yields (Scheme 10.6) [7].

10.2.1.5 Synthesis of Pyrroles and Related Compounds

Kilburn’s group efficiently performed the radical cyclization of alkenyl and alkynyl

isocyanides with thiophenol, 2-mercaptoethanol, and ethanethiol in the presence of

a radical initiator under the action of microwaves at 130 �C. Direct comparison

with results obtained using conventional heating showed the advantage of using

microwaves in terms of faster reactions and better yields in the preparation of

functionalized pyrrolines and pyroglutamates [8]. Wilson and coworkers have

used a single-mode microwave oven at 60–80 W to improve the ring-closing meta-

thesis (RCM) of diolefin substrates in 5–10 min in the synthesis of dihydropyr-

roles, dihydrofurans, and cyclopentenes [9]. Electron-deficient and sterically con-

gested double bonds have also been used in RCM reactions with microwave

irradiation in the synthesis of D3-pyrrolines and D3-tetrahydropyridines [10].

Kappe, Lavastre and coworkers also used a similar approach with standard Grubbs

type II and a cationic ruthenium allenylidene catalyst in neat and ionic liquid-

doped dichloromethane under sealed-vessel conditions. The same authors, in care-

Tab. 10.2. Cyclization of 6 under the action of microwave irradiation.

Solvent Time (min) Power (W) Final temp. (̊ C) Yield of 8 (%)

Xylene 10 300 140 50

Chlorobenzene 2 300 150 35

Neat 10 300 80 0

Scheme 10.6
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ful comparison studies, showed that the observed rate enhancements are not the

results of a nonthermal microwave effect [11]. A similar approach was used by

Balan and Adolfsson to prepare 2,5-dihydropyrroles, the starting diene substrates

being obtained from aza-Baylis–Hillman adducts (Scheme 10.7) [12].

Schobert et al. have demonstrated [3,3]-sigmatropic rearrangements of allyl tetro-

nates and allyl tetramates to 3-allyltetronic and tetramic acids, respectively, within

20–60 min at 130–190 �C (300 W) [13].

A single-mode microwave oven was used at 50 W to improve radical-mediated

reduction and cyclization of halide 10 with HSn(CH2CH2C10F21)3, 11, in benzotri-

fluoride (BTF) to enable the preparation of 12 in high yield (93%) after 5 min, as

illustrated in Scheme 10.8 [14].

Rapid and efficient Suzuki coupling of protoxygencol has been developed using

polymer-supported palladium catalysts under microwave conditions at 110 �C

within 10 min. in the synthesis of various benzolidines [15]. Radical cyclization of

resin-bound N-(2-bromophenyl)acrylamides using Bu3SnH proceeded smoothly in

DMF or toluene as solvent under the action of microwave irradiation for prepara-

tion of 2-oxindoles as illustrated in Scheme 10.9. This method is superior to con-

ventional solution synthesis [16].

Scheme 10.7

Scheme 10.8

Scheme 10.9
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Studer and coworkers have conducted extensive investigations leading to a small

library of a,b-unsaturated oxindoles. A one-pot sequence comprising homolytic ar-

omatic substitution followed by an ionic Horner–Wadsworth–Emmons olefination

proved to be efficient, in short reaction time, under the action of microwave irradi-

ation [17]. Pd-catalyzed reactions of aryl bromides with bis(pinacolato)diboron in

DMSO, DME, or dioxane could be dramatically accelerated by using microwaves.

The yields obtained are higher and superior to those described previously [18].

Elegant one-pot synthesis of polyarylpyrroles from but-2-ene and but-2-yne-1,4-

diones in PEG 200 has been described by Rao’s group; the procedure entails hydro-

genation of the carbon–carbon double or triple bonds then amination–cyclization

using ammonium and alkylammonium formates in the presence of palladium

under the action of microwave irradiation (2–3 min) [19]. The synthesis of the in-

dole core of melatonin analogs by Pd-mediated heteroannulation of a silylated al-

kyne with 2-iodoanilines has been achieved rapidly (11 min), in 84% yield, under

the action of microwave irradiation (60 W) to speed drug-discovery processes

(Scheme 10.10) [20].

Pyrrole is one of the most prominent heterocycles in several natural products

and synthetic pharmaceuticals. The most common approach to pyrroles is the

Paal–Knorr reaction. Taddei and coworkers have investigated a rapid and versatile

synthesis of tetrasubstituted pyrroles in few highly efficient steps:

� functional homologation of a b-ketoester with an aldehyde;
� oxidation to give a series of differently substituted 1,4-dicarbonyl compounds;

and
� cyclization with the Paal–Knorr procedure under the action of microwave irradi-

ation (Scheme 10.11) [21].

Scheme 10.10

Scheme 10.11
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10.2.1.6 Synthesis of Tetrahydrofurans

A series of primary and secondary alkyl aryl tellurides has been found to undergo

rapid (3–10 min) group-transfer cyclization to afford tetrahydrofuran derivatives in

good yields (60–74%) under microwave heating conditions at 250 �C in ethylene

glycol or at 180 �C in water, the only drawback of the process being the loss in dia-

steroselectivity as a consequence of the higher reaction temperature [22]. Li and

coworkers have developed a successful method for synthesis of vinyl cycloethers

by direct addition of THF and 1,4-dioxane to alkynes; reaction occurs at 200 �C in

40–180 min under the action of microwave irradiation (300 W) [23].

10.2.1.7 Synthesis of Furans and Related Compounds

Rao et al. have shown that but-2-ene-1,4-diones, and but-2-yne-1,4-diones can be

converted to furan derivatives conveniently by using HCO2H and catalytic Pd/C

in PEG 200 with microwave irradiation. The reaction takes less than 5 min, is

amenable to scale-up, and works well for preparation of both 2,5-diaryl and 2,3,5-

triphenylfuran derivatives [24]. Because of the usefulness of phthalides in the syn-

thesis of biologically active substances, a rapid carbonylation–lactonization reaction

utilizing in-situ-generated CO has been developed by Alterman and coworkers for

preparation of phthalides, dihydroisocoumarin, dihydroisoindone, and phthalimide

from aryl bromide precursors [25]. Chromium carbene-mediated Dötz benzannula-

tion of a variety of alkynes has been shown to proceed remarkably rapidly under

microwave-assisted conditions [26]. A microwave process is highly beneficial in

enhancing the rates of tandem cyclization–Claisen rearrangement. The authors

claimed that the method enables rapid assembly (15–30 min) of a variety of

cycloheptane-containing polycyclic structures in yields ranging from good to excel-

lent (Scheme 10.12) [27].

10.2.1.8 Synthesis of Thiophenes and Related Compounds

Leadbeater and Marco reported an elegant ligand-free Pd-catalyzed Suzuki reaction

in water using microwave heating. This method is useful for coupling boronic

acids and 2-bromothiophene (150 �C, 5 min, 70%) [28]. Zhang et al. have also de-

veloped a similar strategy combined with easy fluorous separation for synthesis of

thiophene and hydantoı̈n derivatives [29]. Mutule and Suna intensively studied a

Scheme 10.12
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sequential arylzinc formation–Negishi cross-coupling procedure in a microwave

environment (Scheme 10.13) for access to thiophene derivatives [30].

The classical decarboxylation of benzo[b]thiophene-2-carboxylic acids involves a

Cu-mediated reaction in quinoline and a subsequent problematic work-up. A new

homogeneous method was developed and adapted under the action of microwave

irradiation by using an organic base (DBU) and a high-boiling polar solvent (dime-

thylacetamide). All the decarboxylations (65–100%) were performed at 200 �C for

45 min in a sealed microwave vessel at 600 W (Scheme 10.14) [31].

10.2.2

Five-membered Systems with Two Heteroatoms

10.2.2.1 Synthesis of Cyclic Ureas

Cyclic ureas have many applications as intermediates in the preparation of biolog-

ically active molecules. The conventional methods involve cyclization of 1,2-

diamines with phosgene or oxidative carbonylation of diamines. Varma and co-

workers developed a direct synthesis of cyclic ureas from urea and diamines in the

presence of ZnO using microwaves. The major advantage of the method is that the

reaction is accelerated by exposure to microwave irradiation; the byproducts were,

moreover, easily eliminated compared with traditional methods [32].

10.2.2.2 Hydantoin, Creatinine, and Thiohydanthoin Chemistry

A successful combination of microwave technology with PEG 6000 as liquid phase

has been applied to the synthesis of 1,3-disubstituted hydantoins in four steps with

overall yield ranging from 70 to 93% as described in Scheme 10.15 [33].

Scheme 10.13

Scheme 10.14
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The significance of this work is that the cyclization–cleavage step involved mild,

basic conditions and microwave flash heating.

Microwave-mediated condensation can be used to prepare heterobicycles as illus-

trated in Scheme 10.16 [34]. The imino derivatives 15 were obtained directly from

3-formylchromone [35] 13 and creatinine [36] 14, with DMSO as solvent and boric

acid as catalyst, and with microwave irradiation and classical heating (Table 10.3).

Scheme 10.15

Scheme 10.16

464 10 Microwaves in Heterocyclic Chemistry



The authors have also investigated the preparation of the 2-thioxo-5-imidazolidin-4-

ones 17 from thiohydantoin 16 in the presence of potassium acetate, with acetic

anhydride as solvent, using both methods. Here, the effect of microwave irradia-

tion was reduction of reaction times and a small increase in the yields.

10.2.2.3 Synthesis of Pyrazoles and Related Compounds

Kidwai et al. have demonstrated that formic acid can be used to catalyze cyclocon-

densation of hydrazones to give new fungicidal pyrazoles, as shown in Scheme

10.17 [37]. The significance of their work, clearly exploiting nonthermal specific

microwave effects, is noticeable when one considers that in the classical approach

cyclocondensation of hydrazones requires 30–35 h with constant heating at 100–

120 �C whereas the same reaction is complete in 4–7 min with improved yield

when performed under the action of microwave irradiation.

An extremely simple one-pot synthesis of pyrazoles, pyrimidines, and isoxazoles

has been realized by reacting enamino ketones, formed in situ with the appropriate

bidentate nucleophile, under the action of microwaves [38]. Another approach to

pyrazole from 4-alkoxy-1,1,1-trichloro-3-alken-2-ones and hydrazines, with toluene

as solvent, is also possible under microwave conditions [39]. The Ullman coupling

of (S)-[1-(3-bromophenyl)ethyl]ethylamine with N–H-containing heteroarenes

such as pyrazole in N-methylpyrrolidone afforded the N-arylated compounds in

high yields under microwave heating conditions at 198 �C [40].

Tab. 10.3. Condensation of 3-formylchromones 13 with creatinine 14 and thiohydantoin 16.

Product R Conventional heating Microwave irradiation

Reaction time (min) Yield (%) Reaction time (min) Yield (%)

15a H 60 71 3 75

15b Cl 60 72 2 76

17a H 60 72 8 79

17b Br 60 88 9 96

Scheme 10.17
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10.2.2.4 Synthesis of Imidazoles and Related Compounds

Combs et al. have described an unprecedented in situ thermal reduction of the

N–O bond on microwave irradiation at 200 �C for 20 min in the synthesis of

2,4,5-triarylimidazoles from the parent keto-oximes and aldehydes [41]. A similar

method has been extended to a short synthesis of lepidiline B (Scheme 10.18) and

trifenagrel illustrating the utility of microwave technology [42].

The preparation of important active metabolite EXP-3174 of losartan by oxidation

with manganese dioxide in water has been improved under the action of micro-

wave irradiation. Conventional heating (100 h, reflux, 9%) and microwave irradia-

tion (50 min, 200–300 �C, 64%) have also been compared by an Italian group [43].

Bergman and coworkers have shown that microwave irradiation strongly acceler-

ates the Rh-catalyzed intramolecular coupling of a benzimidazole CaH bond to

pendant alkenes [44]. The cyclic products were formed in moderate to excellent

yields with reaction times less than 20 min in 1,2-dichlorobenzene–acetone (3:1)

as solvent. New benzimidazoloquinones substituted at the 2-position by a sulfonyl

group have been synthesized in seven steps and 50% overall yield; the final step

is microwave-assisted and uses 2-chloromethyl-1,5,6-trimethylbenzimidazole-4,7-

dione as starting material. The authors claimed that microwave irradiation enables

easy and rapid access to original heterocyclic quinones with potential antitumor

activity [45].

10.2.2.5 Synthesis of Oxazolidines

Straightforward access to N-protected 5-oxazolidinones using amino acids, parafor-

maldehyde, and PTSA in a minimum amount of toluene is accelerated by exposure

to microwaves (3 min). This approach is not only simple and efficient but can be

conveniently scaled-up to large quantities [46].

10.2.2.6 Synthesis of Oxazoles and Related Compounds

Player and coworkers have developed a facile parallel synthesis of a 48-membered

library of benzoxazoles using two efficient methods in solution. Both methods in-

volve the use of 2-aminophenol, acid chloride, with dioxane (or xylene) as solvent

in a sealed reaction vessel for a reaction time of 15 min at 210 �C (or 250 �C). All

benzoxazoles were obtained in good to excellent yields (46–98%) [47]. The use of

Scheme 10.18
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phosphazene bases under microwave irradiation facilitates the amination (SNAr)

process and enables the corresponding 3-aminoisoxazoles to be obtained in moder-

ate yield (Scheme 10.19). Under thermal conditions the 3-bromoisoxazoles were

found to be inert to substitution [48].

The cyclocondensation of 4-alkoxy-1,1,1-trichloro-3-alken-2-ones with hydroxyl-

amine using toluene as solvent is more efficient under the action of microwave

irradiation than using the classical method (the average time ratio for the two

methods is 1:160) [49]. Katritzky et al. have demonstrated the applicability of

microwaves to the synthesis of a variety of 2-oxazolines from readily available N-
acylbenzotriazoles and 2-amino-2-methyl-1-propanol under mild conditions (80 �C)

with short reaction times (12 min). Use of N-acyl benzotriazoles also avoids some

complications in microwave reactions, for example dimerization or the exclusive

formation of amides from carboxylic acids [50].

10.2.2.7 Synthesis of Thiazolidines

Under microwave conditions, reaction of benzylidene-anilines and mercaptoacetic

acid in benzene gives 1,3-thiazolidin-4-ones in high yield (65–90%) whereas the

same reaction performed conventionally (reflux) requires longer reaction times

and gives lower yields (25–69%). This difference seems to be because of the forma-

tion of intermediates and byproducts during the conventional reaction [51]. 4-

Thiazolodinones were also obtained in high yields (68–91%) and short reaction

times under the action of microwave irradiation via a three-component one-pot

condensation using the environmentally benign solvent ethanol in open vessels at

atmospheric pressure [52].

10.2.2.8 Synthesis of Thiazoles and Related Compounds

Click chemistry has been used to prepare a series of 1,4-disubstituted-1,2,3-

triazoles by a Cu(I)-catalyzed three-component reaction of alkyl halides, sodium

azide, and alkynes. The method avoids isolation and handling of potentially unsta-

ble small organic azides and provides triazoles in the pure form and high yields

(81–89%). Microwave irradiation dramatically reduces reaction times from hours

to minutes [50].

Scheme 10.19
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10.2.2.9 Dioxolan Synthesis

A regiocontrolled Heck vinylation of commercially available 2-hydroxyethyl vinyl

ether 18 in dry DMSO has been reported (Scheme 10.20) [53]. Flash heating by mi-

crowave irradiation (5 min, 5 W), as a complement to the standard thermal heating

(20 h, 40 �C), was used to reduce reaction times drastically, with better yields of

isolated product 20.

10.2.3

Five-membered Systems with More than Two Heteroatoms

10.2.3.1 Synthesis of Triazoles and Related Compounds

Barbry and coworkers conducted extensive investigations leading to the develop-

ment of a range of microwave-assisted syntheses of 3,5-disubstituted 4-amino-

1,2,4-triazoles as potentially good corrosion inhibitors [54]. The group found, for

example, that 4-amino-1,2,4-triazole 23 is quickly prepared (5 min) by reaction of

2-cyanopyridine 21 with hydrazine dihydrochloride in the presence of excess hydra-

zine hydrate in ethylene glycol under the action of microwave irradiation (95%

yield). The analogous reaction performed with conventional heating proceeds in

85% yield and requires a longer reaction time (ca. 45 min) (Scheme 10.21).

10.2.3.2 Synthesis of Oxadiazoles and Related Compounds

In the preparation of novel 1,3,4-oxadiazoles 25 from 1,2-diacylhydrazines 24,

Brain et al. used a highly efficient cyclodehydration assisted by use of microwaves,

Scheme 10.20

Scheme 10.21
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with THF as solvent, using polymer-supported Burgess reagent (Scheme 10.22)

[55].

Microwave irradiation coupled with poly(ethylene glycol)-supported Burgess re-

agent reduced the reaction time to 2–4 min and led to improved yields. Use of

harsh reagents (e.g. SOCl2, POCl3, and polyphosphoric acid) for the cyclodehydra-

tion was avoided.

10.2.3.3 Synthesis of Tetrazoles and Related Compounds

The tetrazole functional group is of particular interest in medicinal chemistry, be-

cause of its potential role as a bioisostere of the carboxyl group. In this context,

Schulz et al. have demonstrated the synthetic utility of the cyano group of arylni-

trile boronates as a source of tetrazole derivatives under microwave conditions. The

reaction is conducted with azidotrimethylsilane and dibutyltin oxide as catalyst to

provide aryltetrazole boronates in yields ranging from 60 to 93% [56]. In the same

manner, microwaves may assist successful conversion of sterically hindered ni-

triles into tetrazoles [57].

10.2.4

Six-membered Systems with One Heteroatom

10.2.4.1 Piperidine Chemistry

Piperidine, morpholine, pyrrolidine, N-alkylpiperazines, and anilines have been

converted to N-aryl derivatives by use of aryl triflates under the action of microwave

irradiation in NMP [58]. The amination reaction proceeded efficiently in the ab-

sence of base and catalyst, and was not affected by traces of water (Scheme 10.23).

10.2.4.2 Synthesis of Pyridines and Related Compounds

In 1998, Khmelnitsky and coworkers examined microwave-assisted parallel

Hantzsch pyridine synthesis [59]. They demonstrated the benefits of microwave ir-

Scheme 10.22

Scheme 10.23
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radiation in a 96-well plate reactor for high throughput, automated production of a

pyridine combinatorial library. In each reaction, ethyl acetoacetate (26) was used

as one of the components of the Hantzsch synthesis, whereas the second 1,3-

dicarbonyl compound 27a (or 27b) and the aldehyde 28 were used in all possible

combinations (one unique combination per well) (Scheme 10.24). Each well plate

containing ammonium nitrate (on bentonite) was impregnated with N,N-dimethyl-

formamide as energy-transfer medium. The 96-well reactor placed in a microwave

oven (1300 W) was irradiated for 5 min at 70% power level.

More recently, Bagley and coworkers prepared tri or tetrasubstituted pyridines by

microwave irradiation of ethyl b-aminocrotonate and a variety of alkynones in a

single synthetic step and with total control of regiochemistry (Scheme 10.25) [60].

Scheme 10.24

Scheme 10.25
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This new one-pot Bohlmann–Rahtz procedure, conducted at 170 �C in a self-

tunable microwave synthesizer, gives superior yields to similar experiments con-

ducted using conductive-heating techniques in a sealed tube, and can be per-

formed in the presence of a Brönsted or Lewis acid catalyst.

2-Pyridone and 2-quinolone analogues are well known biologically active hetero-

cyclic scaffolds. In 2004 Kappe and coworkers generated libraries of 3,5,6-

substituted 2-pyridone derivatives by rapid microwave-assisted solution-phase

methods using a one-pot, two-step procedure [61]. This three-component conden-

sation of CH-acidic carbonyl compounds, N,N-dimethylformamide dimethylacetal

(DMFDMA), and methylene-active nitriles led to 2-pyridones and fused analogues

in moderate to good yields (Scheme 10.26).

The quinoline scaffold and derivatives occur in a large number of natural prod-

ucts and drug-like compounds. A method for microwave-assisted synthesis of

2-aminoquinolines has been described by Wilson et al. [62]. The process involves

rapid microwave irradiation of secondary amines and aldehydes to form enamines,

then addition of 2-azidobenzophenones with subsequent irradiation to produce the

2-aminoquinoline derivatives (Scheme 10.27). Purification of the products was ac-

complished in a streamlined manner by using solid-phase extraction techniques to

produce the desired compounds in high yields and purity. Direct comparison of

the reaction under thermal and microwave conditions, using identical stoichiome-

try and sealed reaction vessels, showed the latter resulted in improved yield.

A new type of N-hydroxylacridinedione derivative was recently obtained in excel-

Scheme 10.26

Scheme 10.27
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lent yields (80–95%) within a short reaction time (4 to 8 min) by sequential addi-

tion, elimination, and cyclization reactions when a mixture of aldoxime and dime-

done in glycol was subjected to microwave irradiation [63].

The efficiency of fluorous Stille coupling reactions is enhanced by use of micro-

wave irradiation [64]. The reaction indicated in Scheme 10.28 proceeds in 79%

yield after 2 min with DMF as the microwave-active solvent.

Functionalization of pyridines from the corresponding bromo substrates has

been achieved by use of Reformatsky reagents and a microwave-accelerated reac-

tion procedure [65]. This approach utilizes Pd(0)-catalyzed a-arylation of esters

and amides (Scheme 10.29). The Reformatsky reagent was prepared by microwave

irradiation of tert-butyl bromoacetate or dibenzyl bromoacetamide with Zn in THF

for 5 min at 100 �C.

Negishi cross-coupling was used for synthesis of pyridylpyrimidines using clas-

sical thermal or microwave-assisted conditions [66]. Distribution and yield of de-

sired compounds and possible by-products proved to be very dependent on the

type of energy input. In contrast with thermal conditions, the microwave-assisted

method enabled efficient access to dicoupled compounds (Scheme 10.30).

Scheme 10.28

Scheme 10.29

Scheme 10.30
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In 2004, Walla and Kappe described a more straightforward means of access to

arylzinc halides – microwave-accelerated Rieke Zn insertion into aryl halides [67].

Cu-catalyzed cross-coupling of aryl iodides with 2- and 3-pyridylacetylenes under

the action of microwave irradiation has been described [68]. Use of 10 mol% CuI

and 2 equiv. Cs2CO3 results in 79% yield.

Hamann and coworkers described a rapid synthesis of 5- and 8-aminoquino-

lines, in good yields, from the corresponding heterocyclic bromides by Pd-catalyzed

aryl amination under microwave conditions (Scheme 10.31) [69]. Yields were con-

sistently improved compared with those obtained under standard conditions.

When 5-bromo-8-cyanoquinoline was used as substrate, no desired products were

obtained under standard conditions with several different primary and secondary

amines whereas microwave conditions provided the desired products in good to ex-

cellent yields.

Similar reactions were reported with activated and unactivated azaheteroaryl

chlorides using temperature-controlled microwave heating [70]. Good yields were

obtained in short reaction times.

N-Arylsulfonamides are an important class of therapeutic agents in medicinal

chemistry. Traditional preparation involves reaction of sulfonyl chlorides with

amines, but the sulfonation of weakly nucleophilic amines is difficult. Pd catalysis

proved to be effective for N-Arylation of sulfonamides with 4-chloroquinoline

(Scheme 10.32) [71].

Scheme 10.31

Scheme 10.32
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Similarly, N-arylsulfoximines and related species have been prepared by Pd-

catalyzed coupling of a sulfoximine with aryl chlorides under the influence of mi-

crowave irradiation [72]. Appropriately functionalized systems gave rise to benzo-

thiazines directly in a one pot process.

Syntheses of substituted pyridines [73], quinolines [74], and isoquinolines [74]

by SNAr reactions of haloheterocycles with sulfur, oxygen, and carbon nucleophiles

under the action of focused microwave irradiation were developed by Cherng using

aprotic dipolar solvents (Scheme 10.33). The reactions were complete within sev-

eral minutes with yields up to 99%. The method using microwave irradiation is

superior to those conducted with conventional heating. This method is especially

important for the preparation of 3-pyridyl ethers, thioethers and acetonitriles,

because these compounds are not easily accessible by conventional procedures. It

was next extended to the pyrimidine and pyrazine series [75].

In medicinal chemistry nitriles are very useful because they can be transformed

into biologically important structures such as tetrazoles, triazoles, oxazoles, thia-

zoles, oxazolidinones . . . A variety of aryl nitriles has been prepared in excellent

yields by Pd-catalyzed coupling of aryl halides with Zn(CN)2 using polymer-

supported triphenylphosphine as the ligand and DMF as the solvent under micro-

wave irradiation conditions (Scheme 10.34) [76]. Products were obtained in high

yields and excellent purity without the need for purification.

Trabanco and coworkers developed an operationally simple method for the a-

allylation of aryl alkanones with allyl alcohol under microwave irradiation condi-

tions (Scheme 10.35) [77]. The corresponding a-allyl ketones were obtained in

moderate to good yields with minor quantities of diallylation by-products.

Scheme 10.33

Scheme 10.34
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The 2-pyridone core structure is present in a wide range of compounds with

antibacterial, antifungal, and antitumor activity; members of this family also play

an important role in Alzheimer’s disease. By employing microwave-assisted or-

ganic synthesis, efficient conditions have been established for introduction of ami-

nomethylene substituents in highly substituted bicyclic 2-pyridones. To incorporate

tertiary aminomethylene substituents in the 2-pyridone framework, a microwave-

assisted Mannich reaction using preformed imminium salts proved to be effective.

Primary amino methylene substituents were introduced via cyanodehalogenation

then borane dimethyl sulfide reduction of the afforded nitrile (Scheme 10.36) [78].

Microwave irradiation proved superior to traditional conditions for these transfor-

mations.

The perfluorooctylsulfonyl group was introduced by Zhang and coworkers as a

traceless tag for solution-phase Pd-catalyzed deoxygenation reactions of phenols.

The synthetic efficiency is improved by use of microwave irradiation for the reac-

tion and fluorous solid phase extraction for separation [79].

Alvarez-Builla and coworkers have used microwave irradiation to improve

Hantzsch 1,4-dihydropyridine synthesis [80]. Reduced reaction times and im-

proved yields are generally associated with this procedure as exemplified in

Scheme 10.37.

Khadilkar and Madyar have developed a large scale continuous synthesis of

Hantzsch 1,4-dihydropyridine-3,5-dicarboxylates in aqueous hydrotope solution,

using a modified domestic microwave oven [81]. The authors used novel reusable

aqueous hydrotope solution as a safe alternative to inflammable organic solutions,

in a microwave cavity, for synthesis of commercially important calcium blockers

such as nifedipine, nitrendipine, and a variety of other 1,4-dihydropyridines (DHP)

(Scheme 10.38). Nitrendipine (R ¼ 3-NO2, R
1 ¼ Me) has been obtained in 94%

yield (50 g) after 24 min by microwave irradiation of the reaction mixture (final

temperature 86 �C) at a flow rate of 100 mL min�1. The reaction mixture was cir-

culated through the microwave cavity in four cycles of 6 min each; a 2-min gap be-

tween each cycle was imposed to avoid excessive heating.

It should be noted that the Hantzsch 1,4-DHP synthesis could be conducted with

a soluble polymer. Successful derivatization of poly(styrene–co-allyl alcohol) under

the action of microwave irradiation with a variety of ethyl oxopropanoates and ethyl

3-aminobut-2-enoates was reported by Vanden Eynde’s group [82].

Scheme 10.35
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10.2.4.3 Synthesis of Tetrahydropyrans

In 2004 Percy and coworkers observed unexpected selective formation and reac-

tions of epoxycyclooctenones under microwave-mediated conditions [83]. Topologi-

cally mobile difluorinated cyclooctenones undergo epoxidations with methyl(tri-

fluoromethyl)dioxirane. The epoxides resist conventional hydrolysis but react

smoothly in basic media under microwave irradiation to afford unique hemiacetals

and hemiaminals in good yields (Scheme 10.39).

10.2.4.4 Coumarin Chemistry

For preparation of allyl coumarins and dihydrofuranocoumarins by tandem

Claisen rearrangement–cyclization, conventional procedures require vigorous reac-

tion conditions, tedious work-up, and long reaction times and lead to low yields.

The rearrangement of allyloxycoumarins 29 to dihydrofuranocoumarins 30 in

good yields has been optimized in a sealed Teflon container with BF3–etherate in

N-methylformamide (NMF) [84]; the short reaction time (10 min) showed the

Scheme 10.38

Scheme 10.39

Scheme 10.37
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microwave-assisted procedure is the best means of preparation of these com-

pounds, as shown in Scheme 10.40.

In 2002 Raghunathan and coworkers described intramolecular domino Knoeve-

nagel hetero Diels–Alder reactions between 4-hydroxycoumarin and its benzo ana-

logues and O-prenylated aromatic aldehydes or citronellal, to afford pyrano fused

polycyclic frameworks. High chemoselectivity was achieved by application of mi-

crowave irradiation (Scheme 10.41) [85]. The reaction described is promising be-

cause it enables easy access to skeletons that occur in natural products.

Methods to form fluorescein and rhodamine dyes typically feature high-

temperature condensation reactions that are not readily adapted to form small li-

braries of derivatives. Burgess and co-workers developed borylation, Suzuki, and

Sonogashira reactions involving bromo derivatives of fluorescein and rhodamine

[86]. Organoboron compounds, biaryls, and alkynes were readily synthesized by

Scheme 10.40

Scheme 10.41
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using bursts of microwave irradiation to give high temperatures for relatively short

times.

10.2.5

Six-membered Systems with More than One Heteroatom

10.2.5.1 Piperazine Chemistry

2,5-Diketopiperazines can be regarded as the smallest cyclic peptides, derived from

the head-to-tail folding of a linear unprotected dipeptide. Microwave irradiation has

been applied in the synthesis of 2,5-diketopiperazines using the dimerization of an

active peptide compound as the key reaction (Scheme 10.42) [87]. Conventional

heating and microwave irradiation were compared; synthesis using microwave ir-

radiation gave the desired compounds in higher yields and with shorter reaction

times than those obtained by conventional heating.

N-aryl-2-piperazinones are of great interest as farnesyl-transferase inhibitors,

and both N-aryl-2-piperazinones and N-aryl-2,5-piperazinediones are synthetic pre-

cursors of N-arylpiperazines which are key elements in monoamine receptor-active

drugs. Lange et al. enhanced the Goldberg reaction with microwaves for synthesis

of N-arylpiperazinones, N-arylpiperazinediones, and N-aryl-3,4-dihydroquinolines

[88]. Microwave irradiation greatly accelerates the reaction when NMP is used as

solvent.

10.2.5.2 Synthesis of Tetrahydropyrimidine Derivatives

Isothioureas and cyclic guanidines are frequently used in bioactive compounds, ei-

ther to modulate solubility or to pick up electrostatic interactions. Their use as cen-

tral scaffolds in drug design is, however, very limited because of the lack of general

applicable and mild synthetic methods or straightforward procedures. Wellner and

coworkers reported the construction of cyclic isothioureas and related guanidine

derivatives using solely microwave-assisted chemistry, without any need for activat-

ing agents or protecting group manipulations (Scheme 10.43) [89]. Formation

of substituted guanidines from the corresponding isothiouronium salts was

controlled by the nucleophilicity of the counterion and affected by the reaction

temperature.

Yeh and Sun have combined the advantages of microwave technology with liquid

phase combinatorial chemistry to facilitate the synthesis of thioxotetrahydropyrimi-

dinones [90]. The reactions were significantly accelerated.

10.2.5.3 Synthesis of Pyrimidines and Related Compounds

Ethynyl ketones are valuable synthetic intermediates in the preparation of a wide

range of simple nitrogen-containing heteroaromatic molecules. Bagley and co-

workers described syntheses of 2,4-disubstituted and 2,4,6-trisubstituted pyrimi-

dines in high yields using microwave irradiation of a mixture of amidine and alky-

none in acetonitrile at 120 �C (Scheme 10.44) [91]. This procedure is more efficient

than other reported conditions using traditional heating methods, and often does

not require further purification.
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Hydroxymethylation of uracil, 5-hydroxymethyl-2 0,3 0-O-isopropylideneuridine,
5 0-O-tert-butyldiphenylsilyl-2 0,3 0-O-isopropylideneuridine, 2 0,3 0-O-isopropylidenecy-

tidine, and 2 0,3 0-O-isopropylidene-5 0-O-tritylcytidine was efficiently achieved in very

high yields by El Ashry and coworkers with paraformaldehyde in alkaline medium

under the action of microwave irradiation [92].

Paolini et al. has reported regioselective microwave-assisted iodination of pyrimi-

dinones, uracils, cytosine, and their unprotected nucleosides, using N-iodosuccini-

mide to give the corresponding 5-iodo derivatives [93].

The effect of monomode microwave irradiation in the Pd-catalyzed phenylation

of 5-iodouracil with nontoxic sodium tetraphenylborate as phenyl reagent has been

examined (Scheme 10.45) [94]. The authors showed that the use of monomethyl-

formamide (MMF) as solvent increases the yield of the coupling (70%), because

MMF has a high boiling point (180 �C) and is more polar ðe ¼ 182:5Þ than other

amides used in the microwave-activated reactions.

4-Aminoquinazolines are useful as fungicides and as anti-inflammatory, antimi-

crobial, and antihypertensive agents. In particular, they are potent and highly selec-

tive inhibitors of tyrosine kinase. Han and coworkers have developed an efficient

method for their synthesis using microwave irradiation reactions between N-(2-

cyanophenyl)-N,N-dimethylformamidine derivatives and amines (Scheme 10.46)

[95]. This procedure is straightforward and high yielding, an advantage over alter-

nate routes which often require several steps.

The Niementowski synthesis of the 3H-quinazolin-4-one core was re-investigated

by Besson and coworkers using microwave irradiation [96]. It enabled significant

rate enhancements and good yields compared with conventional reaction condi-

tions.

Scheme 10.44

Scheme 10.45
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Wu and coworkers developed a microwave-assisted reaction to facilitate the con-

struction of 4,5-disubstituted pyrazolopyrimidines. This one-pot two-step process

involves sequential SNAr displacement of the C4 chloro substituent with a variety

of anilines and amines, then Suzuki coupling with different boronic acids (Scheme

10.47) [97]. Use of microwave irradiation leads to high product conversion, low

side product formation, and shorter reaction times.

Dihydropyrimidinone (DHPM) derivatives have received substantial attention in

recent years because of to their activity as calcium-channel blockers, antihyperten-

sive, antibacterial, antitumor, and anti-inflammatory agents. The introduction of

fluoro or trifluoromethyl groups into an organic molecule frequently provides com-

pounds of pharmacological interest, compared with their nonfluorinated analogs.

Microwaves have been found to greatly accelerate the Biginelli synthesis of

fluorine-containing ethyl 4-aryl-6-methyl-1,2,3,4-tetrahydropyrimidin-2-one/thione-

5-carboxylates in unsealed vessels with ethanol as energy-transfer medium and a

small amount of concentrated HCl as catalyst (Scheme 10.48) [98]. Short reaction

Scheme 10.46

Scheme 10.47
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times, enhanced yields, and easy workup are the main advantages observed by

Dandia et al.

N-Bromosuccinimide has recently been used as a catalyst in the preparation of

DHPM and the corresponding thio derivatives under the action of microwave irra-

diation [99]. Good yields, short reaction times, and mild reaction conditions make

this procedure complementary to existing methods. Among these, use of polyphos-

phate ester as a reaction mediator has been successfully attempted for Biginelli

condensation under microwave conditions [100].

The development of a support/linker system for the microwave-assisted synthesis

of dihydropyrimidine test libraries, and methods for solid-phase scale-up on cellu-

lose were recently described [101].

10.2.5.4 Synthesis of Pyrazines and Related Compounds

Zhang and Tempest have efficiently incorporated microwave and fluorous technol-

ogies in a Ugi–de-Boc cyclization strategy for construction of quinoxalinones and

Scheme 10.48

Scheme 10.49
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benzimidazoles [102]. For instance, in the synthesis of substituted quinoxalinones,

a fluorous-Boc-protected diamine was used for the Ugi reactions. Both the Ugi and

the post-condensation reaction proceeded rapidly under the action of microwave ir-

radiation, and the reaction mixtures were purified by solid-phase extraction on Flu-

oroFlash cartridges (F-SPE) (Scheme 10.49).

Compared with the original Ugi–de-Boc cyclization procedures, which take 1–2

days, the fluorous/microwave approach has more favorable reaction and purifica-

tion conditions – less than 20 min for each reaction and no need for the double

scavenging step.

In 2002 Isay-type condensations for synthesis of 6-substituted pterins, including

pterin sugar derivatives and 2-substituted quinoxalines, were developed under mi-

crowave irradiation conditions [103]. Interestingly, the isomer-free 6-substituted

pterins desired were obtained in moderate to good yields whereas mixtures of

both 6- and 7-isomers (major) are usually formed when conventional Isay type con-

densations are used.

Lindsley and coworkers prepared functionalized quinoxalines and heterocyclic

pyrazines in excellent yields from 1,2-diketone intermediates under the action of

microwave irradiation (Scheme 10.50) [104]. In addition to being a general method

for synthesis of a variety of aryl/heteroaryl 1,2-diamines and 1,2-diketones, this

procedure suppresses the formation of the polymeric species characteristic of tradi-

tional thermal conditions.

In both reactions of scheme 10.51, the thermal instability of Ru(II)-catalyst sys-

tems during prolonged heating at 88 �C in ring-closing metathesis reactions of di-

enyne and triyne substrates has been circumvented by use of a microwave-induced

temperature increase to 160 �C when the reaction times were reduced to minutes

(Scheme 10.51) [105].

Single mode microwave-assisted combinatorial synthesis of biologically interest-

ing quinoxalinones has been described by Tung and Sun [106]. It enabled chiral

libraries of quinoxalinones to be assembled by use of SNAr reactions, reduction,

and concomitant cyclization under the action of microwave irradiation.

10.2.5.5 Synthesis of Triazines

The triazine ring system is a component of commercial dyes, herbicides, insecti-

cides, and even pharmaceutical compounds. By application of microwave technol-

ogy, a general procedure has been developed for rapid synthesis of diverse 3,5,6-

trisubstituted 1,2,4-triazines from a variety of 1,2-diketones and acyl hydrazides in

excellent yields and purities (Scheme 10.52) [107].

Scheme 10.50
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A library of twenty phenyldihydrotriazines was prepared and compared with an

identical library generated by conventional parallel synthesis. Microwave synthesis

reduced reaction times from an average of 22 h to 35 min, and compounds gener-

ated using microwave irradiation were purer. Isolated yields of all the compounds

were comparable for both methods [108].

10.2.6

Synthesis of More Complex or Polyheterocyclic Systems

The purpose of this section is to highlight the applications of microwave irradia-

tion to syntheses of more complex or polyheterocyclic systems. When conventional

thermal procedures (metal or oil bath) fail microwave irradiation can be used as an

alternative to classical methods enabling development of easy and rapid access to

new heterocycles irrespective of the conditions needed in the homogeneous phase.

Besson and coworkers reported an original approach for the synthesis of the rare

thiazolo[5,4-f ]quinazoline 31 in seven steps from commercially available 2-amino-

5-nitrobenzonitrile (32) (Scheme 10.53) [109]. The authors studied the conversion

Scheme 10.52

Scheme 10.51
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of all four steps in the synthesis of thiazoloquinazoline 31 to microwave condi-

tions, with the same concentration of starting material and volume of solvent, and

found that yields of the desired compounds were always better than those obtained

with conventional heating (Table 10.4). The overall time for the synthesis of 31 was

substantially reduced and the overall yield was enhanced.

A new means of access to 5a,10,14b,15-tetraazabenzo[a]indeno[1,2-c]anthracen-
5-ones 33 and to benzimidazo[1,2-c]quinazoline 34 was reported in 2000 [110].

The preparation of 6-mercapto-benzimidazo[1,2-c]quinazoline (34) was easily ac-

Scheme 10.53. Reagents and conditions

(for reaction times and yields of steps ii, iii, vi

and vii, see Table 10.4). (i) 4,5-dichloro-1,2,3-

dithiazolium chloride, pyridine, rt, 10 h;

(ii) NaH, EtOH, reflux; (iii) SnCl2 � 2H2O,

EtOH, 70 �C; (iv) Br2, AcOH, rt, 24 h; (v) 4,5-

dichloro-1,2,3-dithiazolium chloride, rt, 4 h;

(vi) CuCN, pyridine, reflux; (vii) HCl, reflux.

Tab. 10.4. Comparison of conventional heating and microwave

irradiation for the different steps of Scheme 10.53.

Step Product Conventional heating Microwave irradiationStarting

material

Reaction time (min) Yield (%) Reaction time (min) Yield (%)

ii 23 24 640 37 80 61

iii 24 25 60 72 10 94

vi 27 28 90 50 20 53

vii 28 29 60 49 10 50
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complished at 60 �C in 55 min, under the action of focused microwave irradiation,

by reaction of starting 2-(2-aminophenyl)benzimidazole with CS2 in the presence

of KOH and a protic solvent (MeOH) (Scheme 10.54). Under similar conditions,

conventional heating led to the same yield but with a significantly extended reac-

tion time of 24 h.

The benzodiazepine nucleus is a well studied traditional pharmacophoric scaf-

fold that has emerged as a core structural unit of a variety of sedative–hypnotic,

muscle relaxant, anxiolytic, antihistaminic and anticonvulsant agents. The litera-

ture on this subject, although very copious, is mainly patents. An original investi-

gation of the preparation of 1,5-benzodiazepin-5-ones 35 (Scheme 10.55) was de-

scribed by Santagada et al. [111]. Noticeable improvements were achieved for

Scheme 10.54. Reagents and conditions: (i) CS2, MeOH,

reflux, MW, 55 min; (ii) MeI, NaH, DMF, 25 �C, 5 min;

(iii) graphite, MW.

Scheme 10.55. Reagents and conditions: (i) DMF, reflux, 1 h,

MW; (ii) HCl m, NaNO2, AcOH, 30 min; (iii) NaN3, Et2O,

40 min; (iv) DMF, MW.
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steps (i) and (iv) when performed under the action of microwave irradiation with

the same concentration of starting material and volume of DMF. For step (i), the

product 36a (R ¼ Me, X ¼ H) was obtained in 91% yield after 5 min under micro-

wave conditions at 150 W, compared with only 65% using conventional heating in

oil bath, under reflux in DMF for 180 min. For step (iv), the product 35a was iso-

lated in 60% yield after a reduced reaction time of 5 min at 80 �C under the action

of microwave irradiation (150 W), compared with 40% using conventional heating

conditions (60 min, reflux).

Thiaisatoic acid is a starting material of great interest in the field of heterocyclic

chemistry, as a potential new pharmacological scaffold. Rault and coworkers

studied the synthesis of 2-thiaisatoic anhydride 37 and 3-thiaisatoic anhydride 38

using the alkaline hydrolysis of ortho aminoesters 39 and 40 as a key step (Scheme

10.56) [112]. The authors showed it is possible to perform this reaction in a multi-

mode microwave oven in a few minutes on a large scale in water containing a

slight excess of potassium hydroxide but without cosolvent, avoiding decarboxyla-

tion reaction observed under the action of long classical heating [113]. After micro-

wave heating, the potassium carboxylates could be treated directly by bubbling

phosgene through the aqueous solution to yield the anhydrides 37 and 38 in 85

and 67% yields, respectively, with purity >90%.

Under the action of conventional heating the rearrangement of pyrrolo[2,1-c]-
benzodiazepine 41, in boiling phosphorus oxychloride, into benzo[h][1,6]-
naphthyridine 42 required a long reaction time (5 h). Under microwave heating

conditions, compound 42 is obtained with reduced reaction time (1.5 h) and better

purity. The chlorine displacement with N-methylpiperazine was next achieved in

DMF in a sealed glass vessel. After 1 h under microwave irradiation the derivative

43 was obtained in 68% yield (Scheme 10.57) [114].

5-Deaza-5,8-dihydropterins were prepared from 2,6-diaminopyrimidin-4-one, 1,3-

dicarbonyl compounds, or benzoylacetonitrile, and aromatic or aliphatic aldehydes

[115]. This three-component cyclocondensation proceeds under microwave-assisted

conditions in good yield using Zn(II) bromide as a Lewis acid catalyst, and with

total control of regiochemistry.

Scheme 10.56
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The importance of pyrimido[1,2-a]pyrimidines is well recognized by biological

chemists. A one-pot access to these structures was realized by condensation of

2-aminopyrimidine, aromatic aldehydes and active methylene reagents under the

action of microwave irradiation [116].

Many nucleoside analogues substituted at the 5 position of the heterocycle, espe-

cially those in the 2 0-deoxyuridine series, are known to have potent biological prop-

erties, and have been investigated as antiviral and anticancer agents. Pyrimidi-

nones, uracils, and uridine iodinated at C5 were converted to the corresponding

alkynyl derivatives by direct microwave-enhanced Sonogashira coupling using

PdCl2(PPh3)2, Et3N and CuI (Scheme 10.58) [117]. The use of microwave irradia-

tion afforded the coupling products in a few minutes and in good yields.

Hopkins and Collar used microwave activation to improve the synthesis of 6-

substituted 5H-pyrrolo[2,3-b]pyrazines. The reaction is a Pd-catalyzed heteroannu-

lation process followed by deprotection (Scheme 10.59) [118].

A variety of fused 3-aminoimidazoles has been synthesized by a microwave-

assisted Ugi three-component coupling reaction catalyzed by scandium triflate in

methanol as solvent. The reactions of heterocyclic amidines with aldehydes and

isocyanides were performed in 33 to 93% yields within only 10 min of microwave

irradiation using a simple one-stage procedure [119].

In 2002 Raboisson et al. reported a method for synthesis of 4,7-dihydro-1H-

imidazo[4,5-e]-1,2,4-triazepin-8-one derivatives by use of microwave methodology.

The reaction involves aminoimidazole carboxhydrazide and ortho esters, and the

subsequent alkylation of the 1,2,4-triazepin-8-one obtained occurs regioselectively

at C1 [120].

Scheme 10.58

Scheme 10.57. Reagents and reaction conditions: (i) POCl3,

pyridine, reflux, MW (700 W), 1 h 45 min; (ii) DMF, 240 �C,
6 bar, MW, 1 h.
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Indolizino[1,2-b]quinoline is a constituent of the skeleton of camptothecin, an

antitumor agent, and of mappicine, an antiviral agent. When prepared by means

of a Friedländer reaction, indolizino[1,2-b]quinolines were obtained in moderate

or low yields by conventional heating. Starting from unstable 2-aminobenzalde-

hydes or imine and indolizinones, and using acetic acid as solvent, use of micro-

wave irradiation resulted in yields of 57–91%, compared with 31–48% by the con-

ventional method (Scheme 10.60) [121]. This improvement may be because of

shortened reaction times, which limit any degradation of unstable reactants. Sol-

vents can, moreover, be heated (or superheated) to a high temperature, known as

the nucleation limiting boiling point (when the reactions are performed in a closed

vessel without any stirring), and such superheating may increase overall reaction

rates. Finally, another additional specific (non thermal) mechanism of microwave

irradiation leading to the rate and yield enhancements must evidently be taken

into account (see Chapter 4 of this book for an extended discussion).

The canthines are a tetracyclic subclass of b-carboline alkaloids bearing an addi-

tional D-ring. Members of the canthine family have been shown to have pharma-

cological activity, including antifungal, antiviral, and antitumor properties. In 2003

Lindsley and coworkers described a microwave-mediated procedure for one-pot

synthesis of the basic canthine skeleton [122]. The key step is an inverse-electron

demand Diels–Alder reaction and subsequent chelotropic expulsion of N2, a reac-

tion that can be achieved after a three-component condensation of an acyl

hydrazide-tethered indole with a 1,2-diketone and excess ammonium acetate to

form a triazine (Scheme 10.61).

Scheme 10.60

Scheme 10.59
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The reaction was conducted in a single-mode microwave synthesizer, with reac-

tion times reduced 10 to 700-fold over conventional thermal methods.

The 1,2,3,4-tetrahydro-b-carboline pharmacophore is an important structural ele-

ment in several tryptophan-derived natural product alkaloids. A soluble polymer

supported synthesis of 1,2,3,4-tetrahydro-b-carboline derivatives was reported by

Wu and Sung. The one-pot condensation of Fmoc-protected tryptophan anchored

to MeO-PEG-OH via an ester linkage has been performed with a variety of alde-

hydes and ketones under the action of microwave irradiation to provide immobi-

lized 1,2,3,4-tetrahydro-b-carboline derivatives; these were liberated from the solu-

ble matrix in good yield and high purity [123].

More recently, Chu and coworkers prepared diastereoisomers of 1,3-

disubstituted 1,2,3,4-tetrahydro-b-carbolines in short times (0.5 to 4 h) with good

yields (50–98%) using the Pictet–Spengler reactions of tryptophan with aldehydes

under acidic conditions at ambient temperature [124]. Although reaction rates are

intrinsically slow, ketone reactions can be accelerated (from days to minutes) by

using microwaves with open vessels; isolated yields are high (67–99%).

Microwave irradiation has been used to accelerate the conversion of isatins to

their thiosemicarbazones, which were cyclized into 1,2,4-triazino[5,6-b]indole-3-
thiols. Selective alkylation of these tricyclic systems with different alkylating agents

has also been achieved under microwave irradiation conditions [125].

The development of a cost-effective microwave-assisted procedure for synthesis

of pyrido fused-ring systems, by applying the tert-amino effect, has been described

by Van der Eycken and coworkers (Scheme 10.62) [126].

Reactions that required hours or even days under conventional heating condi-

tions could be completed within 3–42 min under the action of microwave irra-

diation, with minimum energy demands. The isolated yields obtained with the

Scheme 10.61

Scheme 10.62
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microwave-assisted procedures have been found to be as good as those obtained

under conventional heating conditions, or even superior.

10.3

Solvent-free Synthesis

Although the initial reason of the development of solvent-free conditions for micro-

wave irradiation was safety, it soon became apparent that use of these conditions

had many other benefits – simplicity, efficiency, easy work-up, very often higher

yields, and enhanced reaction rates. The absence of solvent is, furthermore, time

and moneysaving and often enables elimination of waste treatment. This class of

synthesis is now clearly seen as a basis of ‘‘green chemistry’’.

Solvent-free synthesis can be realized under a variety of conditions; we will give

selected results and, when available, comparisons with the same solvent-free con-

ditions but with classical heating.

10.3.1

Three, Four and Five-membered Systems with One Heteroatom

10.3.1.1 Synthesis of Aziridines

A dry media technique using microwave irradiation for synthesis of aziridines ap-

peared in the literature in 1996 (Scheme 10.63) [2]. The reaction was performed

under the action of focused microwaves and conventional heating and it is note-

worthy that elimination is more efficient than Michael addition (leading to aziri-

dines) under the action of irradiation, the conditions being the same.

10.3.1.2 Synthesis of Thiiranes

An expeditious one-pot synthesis of thiiranes has been described by Yadav and

coworkers (Scheme 10.64) [127]. The reaction proceeds with high diasteroselectiv-

Scheme 10.63

Scheme 10.64
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ity. Yields under microwave irradiation conditions (from 81 to 94%) are usually

twice those obtained by use of an oil bath.

10.3.1.3 Synthesis of Lactams and Imides

In 1979 Olah and coworkers reported one step conversion of alicyclic ketones into

lactams by reaction of hydroxylamine O-sulfonic acid and formic acid under reflux

for a few hours [128]. More recently, this reaction has been achieved under solvent-

free conditions with silica gel as inorganic support and focused irradiation, as

exemplified in Scheme 10.65 for caprolactam synthesis [129].

In a multimode oven, the power is too high and cannot be modulated, so only

decomposition products are obtained.

The reaction of silyl ketone acetals with imines under the action of irradiation

has been explored. The versatility of the microwave approach is illustrated in

Scheme 10.66 [130]. When the reactions were performed by adsorption of the re-

agents on to K10 montmorillonite clay, the aminoester is formed. Conversely, when

the reaction was performed by mixing the neat reagents with KF and 18-crown-6

and irradiation in a closed vessel, b-lactams were isolated in moderate to good

yields.

The same group reported the formation of heterobicyclic lactams as illustrated

below (Scheme 10.67) [131]. The reaction was performed by supporting the re-

agents on alumina and irradiating in an open vessel.

Solvent-free microwave reactions between phthalic anhydride and amino com-

pounds were carefully re-examined by Gedye, Loupy, and coworkers, who showed

Scheme 10.65
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that the reaction needs at least one liquid phase [132]. The reaction occurs after

melting of phthalic anhydride and subsequent dissolution in the amine. It was

concluded that reactions between two solids might not occur and that a high-

boiling-point solvent might be necessary. Excellent yields (>90%) were always ob-

tained within short reaction times (5–10 min) (Scheme 10.68).

More recently, this procedure has been used for a new synthesis of thalidomide,

now a ‘‘rehabilitated drug’’ (Scheme 10.69) [133].

Scheme 10.66

Scheme 10.67

Scheme 10.68

Scheme 10.69
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10.3.1.4 Synthesis of Pyrroles and Related Compounds

Efficient syntheses of highly substituted alkylpyrroles and fused pyrroles have been

achieved by three-component coupling of:

� an a,b-unsaturated aldehyde or ketone, an amine, and a nitroalkene on the sur-

face of silica gel;
� an a,b-unsaturated nitroalkene, an aldehyde or ketone, and an amine on the sur-

face of alumina without solvent under microwave irradiation conditions.

The different routes are as shown in Scheme 10.70 [134]. A variety of starting

compounds was used and yields of isolated products ranged from 60 to 86% for

irradiation times of 5 to 15 min. This green procedure avoiding solvents consti-

tutes by far a better and more practical alternative to existing methods.

Different heterocycles, e.g. furan, pyrrole, N-benzylpyrrole, indole, and pyrazole

react with methyl a-acetamidoacrylate to give a-amino acid precursors under irradi-

ation with silica-supported Lewis acids as catalysts [135]. In homogeneous catalysis,

long reaction times were required. The reaction of vinylpyrazoles with imines has

also been realized [136].

A one-pot synthesis of indolizines via a three-component reaction has been re-

ported by Boruah and coworkers (Scheme 10.71) [137].

A parallel synthesis of a 28-member library of phthalimides was reported in 2002

[138]. After chromatography the library members were obtained in good yields

(Scheme 10.72).

In the same way, a library of quinoline-3,4-dicarboxamides was obtained under

the action of microwave irradiation: several primary amines react with quinoline-

3,4-dicarboxylic imides. Among a variety of supports, clay K10 proved to be the

best and irradiation gave much higher yields [139]. Collina et al. set up an interest-

Scheme 10.70
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ing high yield regioselective procedure to prepare racemic and enantiomeric 1,2-

dimethyl-3-[2-(6-substituted naphthyl)]-2H,5H-pyrrolines by dehydration of the

corresponding pyrrolidines under the action of microwave irradiation (over FCl3–

SiO2) [140].

A general procedure for preparation of 2-heteroaryl-5-methoxyindoles was re-

ported by Lipinska, who used a microwave-induced solid-supported clay K10/ZnCl2
Fischer indolization [141].

A variety of bis(indolyl)nitroethanes has been obtained in high yields (70–86%)

by reacting 3-(2-nitrovinyl)indole with indole and 1- or 2-alkylindoles on silica gel

(TLC-grade) under microwave irradiation conditions (Scheme 10.73) [142].

A simple and rapid synthesis of tetrapyrrole macrocycles has been achieved

under dry media conditions with microwave activation [143]. Pyrrole and benzalde-

hyde adsorbed on silica gel afford tetraphenylporphyrin within 10 min (Scheme

10.74), whereas with conventional methods (e.g. acetic acid in the presence of

pyridine) 24 h were necessary. This procedure has recently been applied to the syn-

thesis of corroles [144].

In the Prolabo Synthewave 402 monomode reactor (at 135 W), a yield of 9.5%

was obtained compared with 4% in a multimode domestic oven. The advantages

of the method are its rapidity and more straightforward workup; yields suffer

from the same limitations as under classical conditions. It was later shown that

the yield increases to 31% when the irradiation was performed in the presence of

toluene [145].

Scheme 10.71

Scheme 10.72
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10.3.1.5 Tetrahydrofuran Chemistry

An interesting ring opening of a fatty oxirane has been reported by Loupy and co-

workers [146]. Diethyl acetamidomalonate opens the oxirane ring according to

Scheme 10.75. Addition of lithium chloride is necessary for the reaction to pro-

ceed. Whereas no reaction was observed under salt-free conditions, the lactone

was obtained in 90% yield within 5 min in the presence of on alumina impreg-

nated with LiCl and KF (Al2O3aLiClaKF ¼ 4:1:1 by weight) under the action of

focused microwave irradiation at 150 W. With conventional heating no reaction

occurred.

Loupy and coworkers have synthesized new diethers by alkylation of isosorbide

under the action of irradiation with PTC conditions [147]. The yields were very

good (>90%) within a few minutes. Even when similar temperature profiles were

Scheme 10.73

Scheme 10.74

Scheme 10.75
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used, the yields were much lower under the action of conventional heating

(Scheme 10.76).

In the same way, new diols have been obtained from dianhydrohexitol ethers

[148].

More recently, Kotha et al. realized the synthesis of a variety of bis-alkyl ketones

from the corresponding alkyloxy compounds under microwave irradiation condi-

tions on silica without solvent [149].

A series of g-thionolactones has been prepared in good yields by a combination

of Lawesson’s reagent and hexamethyldisiloxane between solvent-free conditions

with irradiation [150].

10.3.1.6 Synthesis of Furans and Related Compounds

Tokuda and coworkers discovered easy conditions for the preparation of furans

starting from fused-ring alkylidenecyclopropanes under solvent-free conditions

with irradiation (Scheme 10.77) [151].

Benzo[b]furans have been formed by condensation of salicylaldehydes with a

variety of esters of chloroacetic acids, in the presence of tetrabutylammonium bro-

mide (TBAB), under the action of microwaves without solvent (Scheme 10.78)

[152]. Potassium carbonate (20 mmol), TBAB (0.5 mmol), and salicylaldehyde de-

rivatives (5.0 mmol) were mixed, and a chloroacetic ester (10 mmol) was then

added dropwise. The mixture was stirred and then irradiated for 8 to 10 min. After

extraction with CH2Cl2 and evaporation, the products were purified by column

chromatography. If an oil bath is used, full conversion of an aldehyde usually re-

quires 3 h.

Vo-Thanh and Loupy reported a ruthenium-catalyzed ring closure metathesis of

olefins under solvent-free irradiation conditions to give a variety of heterocyclic

compounds [153].

Scheme 10.76

Scheme 10.77
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Among the various derivatives of biomass, furan compounds obtained from fur-

fural are important (200 000 t year�1). A new family of furan diethers has been ob-

tained by alkylation of 2,5-furandimethanol or furfuryl alcohol under the action of

microwave irradiation with PTC solvent-free conditions (Scheme 10.79) [154].

Reaction times were improved by use of microwave irradiation, and the same con-

ditions were extrapolated to the synthesis of a series of new furan diethers by alky-

lation of furfuryl alcohol by dihalides. 1,4-Diketones substituted by furans or thio-

phenes were synthesized by conjugate addition of aldehydes to a,b-unsaturated

ketones by irradiation without solvent in the presence of thiazolium halides and

DBU adsorbed on alumina [155].

10.3.1.7 Synthesis of Thiophenes and Related Compounds

Barbarella and coworkers achieved rapid, efficient, and clean synthesis of highly

pure thiophene oligomers by solvent-free microwave-assisted coupling of thienyl

boronic acids and esters with thienyl bromides using Al2O3 as support [156]. This

procedure is a general and very rapid route to the preparation of soluble thiophene

oligomers. The a-halogenation of 2-acrylthiophene using magnesium halides under

solvent-free microwave irradiation was achieved by Lee et al. [157].

10.3.2

Five-membered Systems with Two Heteroatoms

10.3.2.1 Synthesis of Cyclic Ureas

Reaction of strong CH-acidic such as Meldrum’s acid or barbituric acid derivatives,

with aldehydes and urea was studied by Shaabani et al.; this led to an efficient sol-

vent-free synthesis of spiro-fused heterocycles by use of microwave irradiation

[158].

Scheme 10.79

Scheme 10.78
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10.3.2.2 Hydantoin and Creatinine Chemistry

Knoevenagel condensation under the action of microwave irradiation has been

widely studied. It has also been used for the synthesis of heterocycles in accor-

dance with Scheme 10.80 [36]. At 160–170 �C under the action of focused irradia-

tion (40–60 W), condensation occurs within 45 s to 4 min, without solvent, without

base, and without catalyst. Unfortunately, no comparisons were made with conven-

tional heating and classical methods.

More recently, Loupy et al. set up an efficient synthesis of 1,5-disubstituted hy-

dantoins and thiohydantoins under solvent-free conditions under the action of

microwaves [159]. This method can be extended toward parallel synthesis.

10.3.2.3 Synthesis of Pyrazoles and Related Compounds

Condensation of aromatic acyl compounds with N,N-dimethylformamide dimethyl

acetal in a pressure tube under the action of microwave irradiation affords easy ac-

cess to 1-aryl-3-dimethylaminoprop-2-enones in almost quantitative yields after 6

min. These intermediates can be reacted with hydrazine hydrate under conven-

tional reflux in ethanol to form the corresponding 3-substituted pyrazoles (Scheme

10.81) [160].

1,3,5-Trisubstituted pyrazolines were readily oxidized to the corresponding pyra-

zoles by 1,3-dibromo-5,5-dimethylhydantoin (DBH) which reduces the time and

enhances the yield [161].

10.3.2.4 Synthesis of Imidazoles and Related Compounds

In 1996, the condensation of orthoesters with ortho-phenylenediamine leading to

benzimidazoles was achieved in toluene under reflux or without solvent by use of

focused microwaves (Scheme 10.82) [162].

A more striking example was reported more recently by Soufiaoui and

Scheme 10.80

Scheme 10.81
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coworkers who studied the cyclocondensation of N-(carbotrifluoromethyl)-ortho-
arylenediamines on K10 clay in dry media under the action of irradiation for 2

min in a domestic oven (Scheme 10.83) [163]. It is worth noting that with classical

heating under the same conditions only traces of heterocycles were observed. The

difference is discussed in terms of enhancement of the polarity of the transition

state compared with the initial state (see Chapter 4 of this book).

Imidazole has been condensed with ethyl acrylate by using two basic clays (Liþ

and Csþ montmorillonites) as catalysts in a microwave oven [164]. The role of

alkali promoters (Liþ and Csþ) was studied and it was found that the greater the

basicity and the irradiation time and power, the higher were the conversions. The

yield of N-substituted imidazole is optimum for 0.1 g Csþ montmorillonite at 850

W after irradiation for 5 min (Scheme 10.84). The reaction proceeds in high yields

and selectivity under the action of irradiation and is more efficient than with con-

ventional heating.

An expeditious solvent-free synthesis of imidazoline derivatives, using basic or

neutral alumina and microwave irradiation, has been reported [165]. The reaction

Scheme 10.82

Scheme 10.83
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time was reduced from hours to minutes with improved yield compared with con-

ventional heating.

An efficient solvent-free synthesis of imidazolones via the Knoevenagel reaction

using microwave irradiation has been documented (Scheme 10.85) [166]. In

method A, the reaction is performed in CH2Cl2 under reflux. Method B is without

solvent under the action of microwave irradiation. It has been shown that yields

are much higher and reaction times much lower for method B. This method was

applied to the synthesis of the precursor of leucettamine B (mediator of inflamma-

tion) [167].

b-Hydrazinoacrylates derived from benzimidazole, benzoxazole, and benzothia-

zole were readily prepared in good yields by transamination of the corresponding

3-dimethylamino acrylates with a variety of hydrazines (Scheme 10.86) [168].

These hydrazino acrylates can then be cyclized to the corresponding 1,2-

dihydropyrazol-3-ones either under the action of irradiation or by heating conven-

tionally. These last compounds have also been prepared directly from the starting

acrylates.

Scheme 10.85

Scheme 10.86
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Tetrasubstituted imidazoles have been prepared in high yield by one-pot three-

component condensation of benzil, benzonitrile derivatives, and primary amines

adsorbed on silica gel without solvent (Scheme 10.87) [169]. Under irradiation con-

ditions yields range from 58 to 92% (8 min).

Long chain 2-alkyl-1-(2-hydroxyethyl)-2-imidazolines (at 150 �C) and their

amide precursors at 120 �C were readily obtained by condensation of aminomethy-

lethanolamine with fatty acids using CaO as inorganic support [170]. A non-

thermal effect is implicated. A one-pot selective synthesis of cis- and trans-2,4,5-
triarylimidazolines from aromatic aldehydes was achieved under irradiation

conditions via methadiamines and selected bases [171].

10.3.2.5 Synthesis of Oxazoles

Rather good yields of polysubstituted oxazoles are obtained starting from a variety

of carbonyl compounds using sequential treatment with HDNIB [hydroxy-(2,4-

dinitrobenzenesulfonyloxy)iodo]benzene and amides under the action of irradia-

tion according to Scheme 10.88 [172].

10.3.2.6 Synthesis of Dioxolanes

Acetals of l-galactono-1,4-lactone (an abundant by-product of the sugar beet indus-

try) have thermotropic liquid crystalline properties. Acetalization in DMF contain-

ing H2SO4 in the presence of anhydrous CuSO4 gave (after 12 to 24 h at 40 �C)

yields of 20–35% (Scheme 10.89) [173].

The use of montmorillonites KSF or K10 as acidic supports and irradiation at

60 W (monomode oven, final temperature of 155 �C) led to yields threefold higher

in 10 min. A mixture of an aldehyde or a ketone, ethylene glycol (EG), and p-
toluenesulfonic acid (pTSA) led, after irradiation, to the corresponding dioxolane

(Scheme 10.90) [174].

Unfortunately, the comparison is not reliable because the temperature was not

measured in the domestic oven [175].

Scheme 10.87

Scheme 10.88
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Dioxolane formation by acid-catalyzed exchange between 2,2-dimethyl-1,3-

dioxolane (DMD) and a ketone in an inert (nonpolar) solvent, or simply in excess

DMD, requires 4 to 7 h under classical conditions [176]. This reaction is readily

achieved under microwave irradiation in high yields within 4 to 30 min (Scheme

10.91) [174]. It has been shown that yields are higher under the action of micro-

waves. This dioxolane exchange was subsequently scaled up to 250 g in the Synthe-

wave 1000 with the same yields [177] and this type of carbonyl protection was ex-

tended to dithiolanes and oxathiolanes [178].

Ketene acetals and dithioacetals have been prepared in a solvent-free procedure

by base-catalyzed b-elimination under PTC conditions. The yields obtained by use

of irradiation are much higher than those obtained by use of ultrasound or conven-

tional heating under the same conditions [179] (Scheme 10.92). These results are

obviously indicative of a specific effect of irradiation.

Scheme 10.89

Scheme 10.90
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More recently, the synthesis of 5-phenyl-1,3-dioxolan-4-ones starting from man-

delic acid (racemic and optically pure) and aldehydes and ketones catalyzed by cop-

per sulfate was achieved in good yields [180].

10.3.2.7 Synthesis of Thiazoles and Related Compounds

Benzothiazoles can be synthesized by condensation of carboxylic acids with 2-

aminothiophenol (Scheme 10.93) [181].

Acetylations of thiazoles have been reported by Gupta et al. [182].

Scheme 10.91

Scheme 10.92

Scheme 10.93
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10.3.3

Five-membered Systems with More than Two Heteroatoms – Synthesis of Triazoles

and Related Compounds

Selective alkylation of 1,2,4-triazole in position 1 is of primary interest for the syn-

thesis of biologically active molecules such as fungicides (fluconazole, flutriafole,

. . .). Direct alkylation with classical heating gave a mixture of 1- and 4-alkylated tri-

azoles together with quaternary salts resulting from alkylations at both the 1 and 4

positions. Interestingly, it has been shown that benzylation and phenacylation

occurred selectively at position 1 without any base under the action of irradiation

and under solvent-free conditions (Scheme 10.94) [183]. The reaction with (2,4-

dichloro)phenacyl chloride was studied in particular depth (Chapter 4). This reac-

tion has been scaled-up to more than 100 g by use of a Synthewave 1000 oven.

Benzylation of 1,2,4-triazole and benzotriazole has been achieved by de la Hoz,

Loupy and coworkers [184].

10.3.4

Six-membered Systems with One Heteroatom

10.3.4.1 Synthesis of Pyridines and Related Compounds

The condensation of b-formylenamides with cyanomethylenes under the action of

irradiation is catalyzed by basic alumina to afford fused pyridines in excellent

yields and within very short times (Scheme 10.95) [185]. This procedure avoids

the use of harsh conditions.

Recently, the group of Boruah achieved the synthesis of annelated pyridines

from b-formyl enamides via a Henry reaction in a one-pot process [186]. Under

the action of microwave irradiation, in the presence of a base, for example pyrroli-

dine, morpholine or piperidine, yields from 80 to 90% were obtained after 8 to 10

min (Scheme 10.96).

Scheme 10.94
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A one-pot synthesis of N-substituted 4-aryl-1,4-dihydropyridines using a

microwave-assisted procedure was described in 2001 (Scheme 10.97) [187]. Among

a variety of solid supports (K10, acidic alumina, zeolite HY, silica gel), silica gel was

proved to be the most efficient. After irradiation for 4 min, the reactions led to

yields ranging from 62 to 94%.

Loupy et al. have reported a specific non-thermal microwave effect in the syn-

thesis of 4-aryl substituted 5-alkoxycarbonyl-6-methyl-3,4-dihydropyridones (81–

91% under the action of microwaves compared with 17–28% with conventional

heating) [188].

It is of primary interest to avoid corrosive mineral acids in synthetic processes.

This can easily be achieved by use of acidic solid supports coupled with microwave

irradiation. The technique has been applied to the preparation of quinolines

(Scheme 10.98) [189]. This procedure is a safe, green alternative to the use of

H2SO4 at more than 150 �C.

Scheme 10.96
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A minilibrary of twelve quinoline derivatives has been prepared by Fried-

lander coupling condensation between a variety of acetophenones and 2-

aminoacetophenone or benzophenone, in the presence of diphenylphosphate as

catalyst, after 4 min under irradiation conditions [190].

An expeditious preparation of 2,4-disubstituted quinoline (Scheme 10.99) has

been reported by Yadav et al. [191]. Although it has been mentioned that micro-

waves enhance rates and the yields compared with conventional heating, the com-

parison is not safe, because the temperatures for the microwave experiments are

not reported.

Almost the same procedure has been used for the synthesis of 2-

pentafluorophenylquinoline derivatives [192].

For the Bernthsen reaction, an important route to acridines, it has recently been

shown that under microwave irradiation it is possible to reduce the amount of cat-

alyst compared with the classical route yet with noticeable yield enhancement

(Scheme 10.100) [193].

Depending on irradiation time, it is possible to prepare either dihydroisoquino-

lines or isoquinolines in satisfactory yields by irradiation of N-sulfonyl tetrahydroi-

soquinoline derivatives in the presence of KF on alumina [194].

Scheme 10.98
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Scheme 10.100
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A survey of microwave activation in the chemistry of Hantzsch 1,4-

dihydropyridines (1,4-DHP) was reported in 2003 [195]. The experimental method

proposed more than a century ago remains the most widely used for synthesis of

these heterocycles. Since 1992 the process has been adapted to microwave irradia-

tion under a variety of conditions to reduce the reaction time and enhance the

yield. Among these experiments, Zhang reported a solvent-free process starting

from 3-aminocrotonate (20 mmol), methyl acetoacetate (20 mmol), and aromatic

aldehydes (20 mmol) in a domestic oven [196]. Yields from 59 to 77% were re-

ported for 10-min reaction. A variety of conditions (solution, dry media, solvent-

free) has been used for microwave-assisted synthesis of Hantzsch 1,4-DHP. Only

procedures involving solvent-free conditions under the action of microwave irradi-

ation led to the aromatized pyridine derivatives.

2-Pyridones were studied for N- and C-alkylation reactions by de la Hoz and co-

workers. As already mentioned for 1,2,4-triazoles, the selectivity of the alkylation is

highly dependent on the activation technique (microwave or conventional heating)

[197] (see Chapter 5).

The microwave-assisted nucleophilic substitution of 4-hydroxy-6-methyl-2(1H)-

pyridones has also been studied (Scheme 10.101) [198].

The Hantzsch dihydropyridine synthesis has been performed in a single-mode

microwave cavity [199]. In comparison with both conventional methods and

microwave-assisted reactions performed in a domestic oven, reaction times were

shorter and yields were higher (Scheme 10.102). The improved yields under micro-

wave conditions enabled the synthesis of a small library.

Scheme 10.101
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3-Aryl-4-hydroxyquinolin-2(1H)-ones, which are of pharmaceutical interest, were

readily obtained in a one-pot procedure by formal amidation of malonic ester deriv-

atives with an aniline then cyclization of the intermediate malondianilides

(Scheme 10.103) [200]. The synthesis of Merck’s glycine NMDA receptor or antag-

onist l-701,324 is illustrative. It can be prepared in one step by use of this proce-

dure whereas the previously reported synthetic procedure comprises several reac-

tion steps.

Among various polyaryls, Basu et al. [201] reported ‘‘microwave-assisted Suzuki

coupling’’ on a KF–alumina surface starting from 1,6-dibromopyridine to give 1,6-

diphenylpyridine.

A transition metal-free direct amination of halo(pyridine or pyrimidine) has been

developed in good yields under the action of computer-controlled microwave irradi-

ation [202]. This solvent-free reaction is useful for coupling of halo(pyridine and

pyrimidine) with pyrrolidine and piperidine derivatives by nucleophilic aromatic

substitution (SNAr).

Loupy and coworkers have shown that Zn powder is an inexpensive, green, and

efficient catalyst for Friedel–Crafts acylation without solvent under the action of

microwave irradiation, and that pyridine could also be acylated in these conditions

[203].

A variety of carboxylic acids, including nicotinic and quinaldic acid undergo ami-

dation with urea in the presence of imidazole under microwave irradiation condi-

tions without solvent [204].

10.3.4.2 Synthesis of 1,8-Cineole Derivatives

1,8-Cineole derivatives, which are of interest as potential cosmetic products, have

been obtained by a ‘‘green chemistry procedure’’, without solvent and with micro-

wave activation according to Scheme 10.104 [205]. The yields are significantly bet-

ter than for a previously reported procedure (90–98% instead of 50–70%) and the

Scheme 10.103

Scheme 10.104
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reaction times are considerably reduced. These improvements are connected ‘‘to

the intervention of highly polar reactants and then consequently prove to develop

strong interactions with microwaves’’ (see Chapter 4).

10.3.4.3 Synthesis of Coumarins and Related Compounds

Coumarins are important compounds with applications as pharmaceuticals and

agrochemicals. Some 7-aminocoumarin-4-carboxylates have been synthesized by

use of the Pechmann reaction, with microwave irradiation of the reactants on solid

supports (graphite–K10) (Scheme 10.105) [206]. The synthesis of unsubstituted

coumarins (C-4 position) has also been reported [207].

As mentioned by Varma et al., the reactions of 5- or 8-oxobenzopyran-2-ones

with a variety of aromatic and heteroaromatic hydrazines are accelerated under

the action of microwave irradiation without catalyst support or solvent [208].

Sodium bromide-catalyzed three-component cyclocondensation of aryl aldehydes,

alkylnitriles, and dimedone to give excellent yields of tetrahydrobenzo[b]pyrans
[209].

10.3.5

Six-membered Systems with More than One Heteroatom

10.3.5.1 Synthesis of Pyrimidines and Related Compounds

The Biginelli reaction was revisited by Kappe and Stadler in 2000. This synthesis

was reinvestigated under the action of microwave irradiation under a variety of dif-

ferent conditions [210]. Under atmospheric pressure in ethanol solution, there is

no difference from conventional heating. Under pressure, the yield is reduced and

by-products are formed. In an open system, rate and yield enhancements are sig-

nificant and this is rationalized by the rapid evaporation of the solvent which

means that this is in fact a solvent-free reaction. This was confirmed by performing

the reaction without solvent under the action of microwaves or with thermal heat-

ing (Scheme 10.106).

This was later extended to the synthesis of novel pyrimido[1,3-a]pyrimidines

under solvent-free conditions. Ethyl 2-amino-4-aryl-1,4-dihydro-6-phenylpyrimi-

dine-5-carboxylates reacted regioselectively with 3-formylchromone or diethyl

(ethoxymethylene)malonate, without solvent, to afford pyrimido[1,3-a]pyrimidines

(Scheme 10.107) [211].

Scheme 10.105
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This Biginelli reaction was further exemplified by Prajapati et al. for the syn-

thesis of 3,4-dihydropyrimidine-2(H)-ones [212].

Quite recently, it has been shown that reduction of nitro and azido arenes to N-

arylformamides using ZnHCO2NH4 under microwave conditions proceeds well.

In the absence of irradiation the reaction leads to amines. This interesting proce-

dure was extended to the synthesis of 4-(3H)-quinozolinones and pyrrolo[2,1-

c][1,4]benzodiazepines [213].

10.3.5.2 Synthesis of Pyrazines and Related Compounds

Quinoxaline-2,3-diones have been prepared by use of single-mode irradiation [214].

Previous attempts in solution led to explosions, but the authors successfully

used solvent-free conditions with acidic supports or catalysts (the best being p-
toluenesulfonic acid) and irradiation times of 3 min (Scheme 10.108).

Scheme 10.107

Scheme 10.106

Scheme 10.108
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p-Toluenesulfonic acid also proved to be the best catalyst for formation of

pyrazolo[3,4-b]quinolines from 2-chloro-3-formylquinolines and hydrazine

hydrate–phenyl hydrazine under microwave irradiation [215].

Several 3-(2H)-pyridazinones have been prepared from monophenyl hydrazones

of 1,2-dicarbonyl compounds and a variety of active methylene compounds within

1–20 min without solvent under focused irradiation conditions in the presence of

carefully adjusted amounts of piperidine or solid potassium tert-butoxide (isolated

yields 50–89%), in accordance with Scheme 10.109 [216]. In the synthesis of the

pyridazinone 44, microwave irradiation has no specific effect, because the result

(72%) was identical with that obtained by use of classical heating under the same

conditions. With the dry media procedure it was possible to isolate the intermedi-

ate alkene, which was not obtained in the previously reported procedure. When the

active methylene compound is a keto ester, the reaction follows a different pathway

[216b].

10.3.5.3 N-Formylmorpholine Chemistry

Oxidations of b,b-disubstituted enamines have been performed over KMnO4–

Al2O3 (Scheme 10.110) and the results compared with those obtained by use of a

domestic oven, a focused oven, and classical heating [217].

Scheme 10.109
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10.3.5.4 Synthesis of Benzoxazines and Related Compounds

Good yields of 2H-benz[e]-1,3-oxazin-2-ones were obtained by cyclization of salicy-

laldehyde semi-carbazones catalyzed by clay K10 under irradiation conditions

(Scheme 10.111) [218].

More recently, the same group reported an analogous cyclization for the syn-

thesis of 2H-benz[e]-1,3-oxazine-2-thiones [219] and functionalized 1,3-thiazines

[220].

Previously unknown pyridothiazines have been prepared by treatment of in situ

generated 3-indolylimine derivatives with 2-mercaptonicotinic acid under irradia-

tion conditions, according to Scheme 10.112 [221].

This is clearly indicative of the specific, not thermal, microwave effect (for a dis-

cussion, see Chapter 4 of this book).

10.3.5.5 Synthesis of Triazines

Melamines have been synthesized by an efficient procedure according to Scheme

10.113 [222]. The scope of the reaction in relation to the amine used has been

studied and it has been shown that the procedure is valid when moderately bulk

amines are used.

Scheme 10.111
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10.3.6

Synthesis of More Complex or Polyheterocyclic Systems

A rapid one-pot synthesis of imidazo[1,2-a]pyridines, pyrazines and pyrimidines

was described in 1999 by Varma and Kumar, who used recyclable montmorillonite

clay K10 under solvent-free conditions with microwave irradiation (Scheme 10.114)

[223]. The whole process, formation of the iminium ion by condensation of the

aldehyde with an amine (1 min at 900 W in a domestic oven) then nucleophilic at-

tack of the isocyanide (1 min at 450 W and 1 min cooling) took 3 min and gave the

pure products in yields ranging from 56 to 88%.

Also of interest is a new easy means of preparing 3-substituted (S)-2,3,6,7,12,12a-
hexahydropyrazino[1 0,2 0:1,6]pyrido[3,4-b]indole-1,4-diones (Scheme 10.115) [224].

This process is much more efficient than the classical procedure with TFA in

CH2Cl2 for 2 h at 30 �C, which leads to 60% yield instead of 95% after 5 min under

irradiation conditions.

Focused irradiation of N-acylimidates mixed with imidazolidine ketene aminals

provided a new means of access to 2,3-dihydroimidazo[1,2-c]pyrimidines (Scheme

10.116) [225].

Dandia et al. described an efficient and clean procedure for synthesis of a series

of 8-substituted 2-carboxy-2,3-dihydro-1,5-benzothiazepines in solvent-free condi-

tions under the action of irradiation [226]. It is noteworthy that, under thermal

conditions, the benzothiazepines were obtained along with other products.

It has been reported by Nemes and coworkers that a,b-unsaturated aldehydes

and ketones react with 1-cyanomethylene-6,7-dimethoxy-1,2,3,4-tetrahydroisoqui-

Scheme 10.114

Scheme 10.115
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noline to give, under the action of irradiation, 6,7-dihydro-4H-benzo[a]quino-

lizines and 2H-quinolizines respectively [227]. 6-Arylbenzimidazo[1,2-c]quinazo-
lines were obtained by irradiation of 2-benzimidazoylbenzamides supported on

SiO2aMnO2 (95:5) [228].

Pyrano- and pyridopyrimidines have been synthesized in a three-component,

one-pot procedure according to Scheme 10.117 [229].

Scheme 10.117

Scheme 10.116

Scheme 10.118
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The same type of heterocycle was prepared by Bhuyan et al. by a similar proce-

dure using triethyl orthoformate and alkylnitriles in the presence of acetic anhy-

dride under the action of irradiation [230]. More recently, the same group reported

the preparation of uracils by microwave irradiation in the solid state, as summar-

ized by Scheme 10.118 [231].

Polyheterocyclic systems have been efficiently synthesized by cyclocondensation

between anthranilic acid and lactim ethers derived from 2,5-piperazinediones. This

reaction leads to pyrazino[2,1-b]quinazoline-3,6-diones. When applied to bis(lactim)

ethers the procedure again works better under the action of microwaves, with reac-

tion times reduced from hours to minutes and enhancement of yields [232].

10.4

Conclusion

Again, in this new edition, microwave irradiation seems a very powerful tool owing

to versatility which enables the use of a wide variety of experimental conditions

and very often leads to enhanced yields in very short reaction times. For this chap-

ter in the previous edition, which was published at the end of 2002, we collected

113 references. Despite the fact that some of these were withdrawn, three years

later we found 232 references (and most probably missed some); that is twice as

many in three years! This means the technique has become very popular and dem-

onstrates its usefulness, as was foreseen in previous reports.
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11

Microwaves in Cycloadditions

Khalid Bougrin, Mohamed Soufiaoui, and George Bashiardes

11.1

Cycloaddition Reactions

Cycloadditions are particularly useful reactions and are the most effective methods

for generating cyclic and heterocyclic compounds from unsaturated precursors by

forming two bonds in a single operation [1]. As such, they are extremely useful for

construction of many natural or biologically active molecules.

The introduction of microwave-assisted chemistry has had a significant impact

on synthetic chemistry. Reductions in reaction time, increases in yield, and sup-

pression of side-product formation have been reported for microwave conditions

compared with conventional thermal heating [2]. Although the basis of these prac-

tical benefits remains speculative, the preparative advantages are evident and have

motivated a large and continuing survey of nearly all classes of thermal reaction for

improvement by use of microwave activation. This exploration has been extended

to a variety of topics in synthetic organic chemistry [3] including cycloaddition

reactions, and numerous examples have been summarized in previous review ar-

ticles and book chapters [3]. Conventional cycloaddition reactions often need the

use of harsh conditions, for example high temperatures, toxic solvents, and long

reaction times; such conditions often lead to decomposition of reagents and prod-

ucts and polymerization of the diene or dienophile in Diels–Alder cycloadditions.

In a great majority of examples, all these problems have been readily solved suc-

cessfully by use of microwave irradiation [4]. In this chapter, we review the field

of [4þ2] and [3þ2] cycloadditions, the major topics of interest in the study of the

effect of microwave activation, and we will discuss some of the underlying phe-

nomena and questions involved. A few [2þ2] and other cycloadditions, for example

[2þ2þ1], [6þ4], and tandem [6þ4]–[4þ2] cycloadditions will also be described

herein. Few examples of cycloaddition reactions have been described in which

changes in selectivity have been observed as a result of the use of microwave irra-

diation. Indeed, in concerted processes, the regio and stereoselectivity of the reac-

tion is governed by frontier orbital interactions, so microwaves are not expected to

affect the selectivity unless a change in the reaction mechanism occurs. When
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chemo, regio, or stereoselectivity is modified as a result of the use of microwaves,

possible explanations of this behavior will be given.

The objective of this chapter is to emphasize some of the most recent applica-

tions and trends in microwave cycloaddition reactions, and to discuss the impact

and future potential of this technology.

11.2

Reactions with Solvent

The first experimental microwave-induced reactions were cycloadditions performed

with solvent under pressure [5]. Reactions were performed in sealed, thick-walled

glass tubes or in Teflon acid-digestion vessels, in domestic microwave ovens [6].

Elevated temperatures are developed and the solvents rapidly reach their boiling

points, because of energy transfer between the polar molecules (or polar solvent)

and the microwave radiation [2b, 7]. In the absence of temperature and pressure

controls in these systems, however, safety problems become a major issue, because

of overpressure resulting from the rate of heating caused by microwaves.

Such problems have been reduced, first by working under atmospheric pressure

with nonpolar solvents in open vessels [8] and, subsequently, under polar solvent

reflux in modified commercial microwave ovens or by monomode reactors spe-

cially designed for chemical synthesis. Several such reactors are available commer-

cially from manufacturers such as Prolabo [3f ], Milestone [9], Biotage AB [10],

CEM [11], and Anton–Paar [12]. These products are equipped with temperature

control within the reaction media, by means of optical fibers, or on the surface of

the mixture, by means of infrared detection, enabling good temperature control by

regulation of microwave power output (15–300 W). Most often, monitoring of the

reaction is performed by software, by means of which it is possible to program

power and temperature conditions. Monomode reactors lead to considerable im-

provements in yields of organic synthesis by preserving thermal stabilities of prod-

ucts with low emitted power and good temperature homogeneity [3f ].

These problems can also be reduced by using solvent-free methodology, which

also enables the use of larger quantities of reagents. Yields have been greatly im-

proved, and reaction times reduced, compared with conventional procedures in sol-

vents under reflux [13]. One advantage of reactions using solvent could be that the

reaction temperature is controlled by the reflux temperature [14]. Depending on

the solvent employed, when heating by microwave irradiation at atmospheric pres-

sure in an open vessel the reaction temperature is typically limited to the boiling

point of the solvent. In the absence of any specific or nonthermal microwave ef-

fects (for example the superheating effect at atmospheric pressure, when the boil-

ing temperature can be up to 40 �C above the normal boiling point of the polar

solvent [15]) the expected rate enhancements would be comparatively small. To

achieve high reaction rates, however, high-boiling, microwave-absorbing (polar)

solvents such as DMSO, 1,2-dichlorobenzene (DCB), N-methyl-2-pyrrolidine
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(NMP), or ethylene glycol have frequently been used in open-vessel microwave syn-

thesis [16, 17].

A significant application of this procedure has been described for [60]fullerene

cycloaddition under microwave conditions by Langa et al. [17]. More recently,

Chi et al. have applied the concept to the Diels–Alder reaction of [60]fullerene

with o-quinodimethane derivatives, generated in situ from 4,5-benzo-3,6-dihydro-

1,2-oxathiine-2-oxide derivatives (thienosultines) under reflux in 1,2-dichloroben-

zene solution; the reaction was highly accelerated by microwave irradiation giving

comparable yields of the mono and bis cycloadducts [18].

A very recent addition to the already powerful range of microwave cycloaddition

chemistry is the development of a general procedure applying a catalyst/ionic liq-

uid system [19]. Several studies in this area have used ionic liquids, or mixtures of

ionic liquids and other solvents, as reaction media in several important microwave-

heated organic syntheses [20], including Diels–Alder reactions [21, 22] and 1,3-

dipolar cycloaddition reactions [23].

Some ionic liquids are soluble in nonpolar organic solvents and can therefore

be used as microwave coupling agents when microwave-transparent solvents are

employed. For example, in Diels–Alder reactions, when adding ionic liquids to tol-

uene, the temperature can reach 195 �C within 150 s of irradiation in contrast to

109 �C without ionic liquids [24]. Leadbeater et al. used this method to increase

the rate of the Diels–Alder reaction (Scheme 11.1) (see Chapter 7 of this book).

A key feature of this catalyst/ionic liquid system is its recyclability [21c, 25]. Be-

cause ionic liquids can be very costly to use as solvents, several research groups use

them instead as ‘‘doping agents’’ for microwave heating of otherwise nonpolar sol-

vents, for example hexane, toluene, THF, or dioxane. This technique, first intro-

duced by Ley et al. in 2001 [26] is becoming increasingly popular, as demonstrated

by many recently published examples [21b, 24, 27].

11.3

Reactions under Solvent-free Conditions

To avoid pollution and high cost, solvent-free methods are of great interest to im-

prove on conventional procedures and render them cleaner, safer, and easier to per-

form. Several advantages of this approach in cycloaddition reactions are described

in reviews by de la Hoz [3j] and Bougrin [13c]. This interest in solvent-free pro-

Scheme 11.1
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cesses is increased by noticeable increases in reactivity and selectivity. Comprehen-

sive reviews of these techniques are presented in the literature [13c, 28]. They can

be further improved by taking advantage of microwave activation as an advanta-

geous alternative to conventional heating under safe and efficient conditions, again

resulting in enhanced yields and reaction times.

Solvent-free techniques hold a strategic position in environmentally improved

processes, because solvents are very often toxic, costly, and difficult to use and re-

move. These approaches also enable experiments to be run without strong mineral

acids by replacing them with montmorillonites (acidic clays) thus avoiding causes

of corrosion, unsafe manipulations, and pollution by waste. Indeed, such improve-

ments can enable safe use of domestic microwave ovens and standard open-vessel

technology. Recent processing techniques have employed microwave-assisted

solvent-free (or ‘‘dry-media’’) procedures in which reactions are performed between

the neat reagents or preadsorbed either on variably microwave-transparent sup-

ports (silica, alumina, zeolite, or clay) [3e–f, 29] or on strongly absorbing (e.g.

graphite) [30] inorganic supports which can also be doped with a catalyst or re-

agent (see Chapter 9 of this book).

Although many interesting transformations with ‘‘dry-media’’ reactions, includ-

ing cycloadditions, have been published in the literature [13c, 31], technical diffi-

culties relating to nonuniform heating, mixing, and the precise determination of

the reaction temperature remain unsolved, in particular when scale-up issues need

to be addressed. In addition, phase-transfer catalysis (PTC) solvent-free conditions

have rarely been applied to cycloaddition reactions [4c].

Nonetheless, microwave-assisted solvent-free conditions have wide applications

in industrial processes and enable classification of microwave chemistry as an en-

vironmentally benign method, or ‘‘green chemistry’’ [3e–g, 28, 32].

11.3.1

Reaction on Mineral Supports

Solid mineral-supported organic synthesis, coupled with solvent-free microwave ir-

radiation has several advantages compared with classical procedures in solution.

The reactants are impregnated as neat liquids on solid supports such as aluminas,

silicas, zeolites, and clays, or, for solids, as solutions in appropriate organic solvent,

which is subsequently removed. Reaction in ‘‘dry media’’ is performed between in-

dividually impregnated reactants, possibly followed by heating. At the end of the

reaction, organic products are simply removed by extraction with an appropriate

solvent. Considering the small quantities of solid support used, microwave absorp-

tion is considered insignificant, thus all the energy is absorbed by the reagents.

This results in efficient thermal activation, thus dramatically reducing reaction

times (from days and hours to minutes and seconds), and higher yields and purity

of the reaction products. Occasionally, however, changes in the selectivity of the cy-

cloaddition reactions have been observed (see Chapter 5 of this book).

Alumina, silica, clay, and zeolites are increasingly bring used as acidic or basic

supports in organic synthesis [3f, 13c, 33]. Several groups have reported improve-
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ments in [4þ2] cycloadditions when using clay [13c, 34], silica [13c, 35, 36], or

alumina [13c, 37] under solvent-free microwave-assisted conditions. In one recent

example Jacob et al. reported a microwave-induced one-pot intramolecular N-

arylimino Diels–Alder reaction without solvent, catalyzed by silica gel impregnated

with ZnCl2. This economical (‘‘green’’) method was used in the direct synthesis of

the cis:trans octahydroacridines 6 in good yields from (þ)-citronellal and aryl-

amines, with short reaction times (Scheme 11.2) [36].

Several research groups have used solid supports such as alumina [38] and silica

gel [39] to generate 1,3-dipoles, which undergo cycloadditions with alkene or al-

kyne dipolarophiles to furnish five-membered heterocyclic compounds in a one-

pot procedure. Use of microwaves has occasionally affected selectivity, changing

the chemo or regioselectivity of the reactions compared with conventional heating.

Several reports on [2þ2] cycloadditions in ‘‘dry media’’ using solid supports have

been published in the literature [40].

11.3.2

Reaction with Neat Reactants

Organic reactions under microwave conditions, including cycloadditions, fre-

quently involve solvent-free ‘‘dry media’’ procedures. The reaction is performed be-

tween neat reagents, at least one of which must be a liquid and polar substance.

These are liquid–liquid or liquid–solid systems; the latter implies the solid is solu-

ble in the liquid phase or at least that the liquid counterpart is adsorbed on

the solid, so reaction occurs at the interface [3e, 32a]. Because of the absence of

solvent, the radiation is absorbed directly by the reagents, so the effect of the mi-

crowaves is more marked. As a result, high overall yields and purity of the desired

products are usually obtained more quickly.

De la Hoz et al. describe several of the advantages of microwave irradiation by

this method in Diels–Alder and 1,3-dipolar reactions of ketene acetals [41]. A spe-

cific improvement is the absence of polymerization of the ketene acetals. The same

Scheme 11.2
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research group has recently reported numerous examples of Diels–Alder reactions

and 1,3-dipolar cycloadditions [3j].

Using these procedures, the most important advantages are simplification of re-

action work-up, because the products are isolated directly from the crude reaction

mixture. In addition, rates of neat reactions are markedly accelerated compared

with microwave activation with solvents or classical reflux conditions with the

same solvents. The reduced reactivity observed using solvent can be associated to

the limitation of the reaction temperature reaction (at maximum, the boiling point

of the solvent) and the dilution.

Two recent examples of Diels–Alder cycloadditions performed by microwave

dielectric heating are described in Scheme 11.3. In both reactions diene and dien-

ophile were employed neat, i.e. without the addition of solvent. The reaction de-

scribed by Trost and Crawley between compounds 7 and 8 (irradiation for 20 min

at 165 �C or for 60 min at 150 �C) produced the cycloadduct 9 in nearly quantita-

tive yield [42]. In the process reported by de la Hoz et al., open-vessel irradiation

of 3-(2-arylethenyl)chromones 10 with maleimides 11 at 160–200 �C for 30 min

furnished tetracyclic adducts of type 12 with minor amounts of other diaster-

eoisomers [43].

11.3.2.1 Catalyst Addition

Homogeneous or heterogeneous, solvent-free, catalyzed reactions are some of the

most important examples of microwave organic synthesis [44]. Use of catalysts in

conjunction with microwaves may have significant advantages over conventional

heating methods. The reagents and/or catalysts are likely to be polar, and the over-

all dielectric properties of the reaction medium will usually enable sufficient heat-

ing by microwaves. Phase-transfer catalysis (PTC) under solvent-free conditions, in

particular, have also been used as a processing technique in microwave-assisted or-

ganic synthesis (MAOS) [3g, 45].

Scheme 11.3
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Catalyzed reactions under microwave, solvent-free conditions are usually con-

ducted with at least one liquid reactant or catalyst, although few applications of

this technique to cycloaddition reactions have appeared in the literature [4c, 46].

Nonetheless, two examples of 1,3-dipolar cycloaddition reactions successfully per-

formed under microwave-assisted solvent-free catalyzed conditions are illustrated

in Scheme 11.4 [4c, 47]. In the first example, Bougrin achieved the first practical

[3þ2] cycloaddition of diphenylnitrilimine (DPNI) to dipolarophiles 14 in dry me-

dia under microwave irradiation conditions. The cycloaddition reaction between 13

and 14 was performed by microwave irradiation (power ¼ 30 W, Synthewave 402

monomode reactor) under solvent-free, solid–liquid phase-transfer catalysis con-

ditions. The optimized conditions involved the use of 0.15 equiv. Aliquat 336 as

phase-transfer catalyst and 1.5 equiv. KF as base. DPNI is formed in situ and reacts

in a one-pot procedure (Scheme 11.4). The best yields (56–68%) for adducts 15

were achieved in very short reaction times (3–5 min) using controlled microwave

exposure at 120–161 �C. Importantly, similar yields were also obtained when the

cycloaddition reactions were performed in a preheated oil bath at temperatures

identical with those used under microwave irradiation, but the reaction times were

much longer (20 h). With conventional heating at the same high temperature and

short reaction time conditions as with the microwaves, no reaction was observed,

clearly indicating the involvement of specific microwave effects [3j]. In addition,

the reaction mixtures obtained from the microwave reactions towards 15 were

clean. The regioselectivity for I and II was unchanged.

In the second example, Hamelin et al. [47] reported the first microwave-assisted

solvent-free catalyzed conditions for generation of nitrile oxide intermediates 17. In

this work, a mixture of methyl nitroacetate 16 (as 1,3-dipole precursor), dimethyl

acetylene dicarboxylate (DMAD) 18 (as dipolarophile), and p-toluene sulfonic acid

(PTSA) as catalyst (10% w=w) was irradiated neat for 30 min. The reaction was per-

formed in an open vessel from which water was continuously removed [48]. In this

manner, the desired isoxazole adduct 19 was obtained in excellent yield (91%).

11.3.2.2 Heat Captor Addition

Graphitized carbon is among the solids most efficiently heated by microwaves

and is also known for its good absorption of organic molecules [30]. The excellent

capacity of graphite to absorb microwave radiation [49] can be explained by the

partly delocalized electron system, the high electrical internal resistance resulting

from the pronounced pore structure, and, indeed, by the dielectricity of the sub-

stance. Thus, graphitized carbon is a chemically inert support that couples strongly

with microwaves by a conduction process [49a]. Numerous microwave-assisted

graphite-supported reactions have emerged as useful methods for the construction

of small, medium, and polycyclic ring systems, including cycloaddition reactions

[49b]. In this context, several groups, in particular those of Dubac and Besson,

have described numerous examples which are summarized in several articles [50]

and a book chapter (Ref. [30] and Chapter 9 in this book).

In the past few years, Garrigues et al. have reported two papers dealing with

graphite-supported, solvent-free ‘‘dry media’’ conditions as a powerful technique
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in hetero and retro Diels–Alder reactions [51]. In the first, Diels–Alder reactions

between dienophile and diene supported on graphite were reported as dramatically

accelerated under the action of microwave irradiation [52]. For example, reaction of

20 and 21 under microwave irradiation conditions (power ¼ 30 W) for 10� 1 min

Scheme 11.4. 1,3-Dipolar cycloadditions for synthesis of

pyrazolines 15 [4c] or isoxazoles 19 [47].
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at 146 �C in the presence of 5% ZnCl2 at atmospheric pressure in an open vessel,

provided cycloadduct 22 in 73% yield (Scheme 11.5). Under conventional condi-

tions the same cycloaddition reaction had to be conducted at 20 �C in dichlorome-

thane for 18 h in the presence of 5% SnCl4 to afford 22 in poor yield (10%) [52].

Importantly, the authors also described changes in regio and chemoselectivity un-

der microwave conditions compared with classical conditions [52].

In the second reference, under similar conditions, the combination of graphite

and microwave irradiation between ‘‘dry media’’ conditions was successfully used

for cycloaddition of anthracene to several C–C dienophiles and carbonyl com-

pounds in hetero Diels–Alder reactions [53]. This method led to a shortening of

reaction times (3� 1 min) and enabled work under nitrogen in open vessels. After

sequential irradiation at low power (30 W) and at reaction temperatures in the

range of 130–270 �C the adducts were obtained in good to excellent yields (75–

97%). Evaporation of volatile reagents was, moreover, avoided, probably because of

their retention or confinement on the graphite. Importantly, when using more

powerful irradiation (90 or 120 W) the adducts decomposed in a retro Diels–Alder

reaction at higher temperatures (301–421 �C) [53].

11.4

[4B2] Cycloadditions

The [4þ2] cycloaddition is certainly one of the most important reactions in organic

chemistry, and many books and reviews are dedicated to this topic [54]. In particu-

lar, Diels–Alder reaction of (hetero)dienes with (hetero)dienophiles is extensively

used at the early stages of numerous syntheses to establish a structural scaffold

which is then usually further elaborated toward more complex target structures.

The [4þ2] cycloaddition is usually an efficient method with predictably high regio

and stereoselectivity; as such it can enable the synthesis of highly functionalized

polycyclic systems.

According to the literature some Diels–Alder reactions occur spontaneously

whereas others need catalysis, pressure, and/or heat. Because of its usefulness, in-

vestigators are encouraged to develop further improvements, often by using new

activation methods [55]. One such approach is the use of microwave irradiation

as an unconventional activation technique to improve reactions involving

Scheme 11.5
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(hetero)dienophiles and (hetero)dienes of low reactivity. Thus, many classical

Diels–Alder reactions have been greatly improved upon by use of microwaves,

with reduced reaction times and increased yields. Examples of Diels–Alder reac-

tions were most recently reviewed by de la Hoz et al. [3j].

In Section 11.4.1 some characteristic examples are discussed, illustrating the two

major series of [4þ2] cycloadditions, namely inter and intramolecular Diels–Alder

reactions, that have been performed successfully under microwave conditions.

11.4.1

Intramolecular Hetero and Diels–Alder Reactions

The intramolecular Diels–Alder (IMDA) or hetero Diels–Alder (IMHDA) cycload-

dition reactions are often the key step in the synthesis of functionalized bicyclic

bridged and polycyclic systems with high regio and stereoselectivity. The applica-

tion of microwave irradiation to IMDA and IMHDA reactions may have significant

advantages compared with conventional heating methods. Early examples of mi-

crowave activation in these reactions for synthesis of polycyclic frameworks, have

been extensively reviewed by de la Hoz and will not be discussed herein [3j].

In many of the more recent reports of IMDA and IMHDA cycloadditions, the

reactions are performed at high temperature under microwave activation. Different

conditions have been used, including closed-vessel processes [56–60] with highly

polar solvents or ionic liquids as ‘‘doping agents’’ in nonpolar solvents, or indeed,

microwave irradiation under open-vessel reflux conditions [61–63, 36].

Intramolecular cycloaddition of furan has been performed successfully on a solid

support in the presence of solvent under open-vessel or sealed-vessel microwave ir-

radiation conditions. Whereas intramolecular reaction of furan 23 does not occur

with classical heating [61], the reaction was performed sussessfully in 64% yield

by using microwave activation (Scheme 11.6).

Mance and Jakopčić have recently described the intramolecular Diels–Alder reac-

tion (IMDA) of the furanic tertiary amine 25 in benzene under microwave irradia-

tion conditions in sealed vessels [57]. Irradiation for 5 min at 140 �C afforded

IMDA product 26 in 46% yield with little decomposition. Under classical condi-

tions, heating a benzene solution of the amine 25 at 80 �C for 72 h under a nitro-

gen atmosphere, produced the IMDA product 26 in lower yield (12%) (Scheme

11.7).

Scheme 11.6
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The IMHDA reaction can be performed efficiently by employing ionic liquids ei-

ther as solvents or as additives in conjunction with nonpolar solvents under micro-

wave irradiation conditions. Ionic liquids can provide an ideal medium for IMHDA

reactions, which involve reactive ionic intermediates. Because of the stabilization of

ionic or polar reaction intermediates, ionic liquids can afford enhanced selectivities

and reaction rates [3k, 64].

The hetero Diels–Alder reaction of a series of functionalized 2(1H)-pyrazinones

was studied in detail by Van der Eycken et al. [58, 65]. For example, in a series

of intramolecular cycloadditions of alkenyl-tethered 2(1H)-pyrazinones 27 the

reaction required 1–2 days under conventional thermal conditions (chlorobenzene,

reflux, 132 �C) whereas use of 1,2-dichloroethane doped with the ionic liquid 1-

butyl-3-methylimidazolium hexafluorophosphate (bmimPF6) and use of micro-

waves up to a temperature of 190 �C (sealed vessels) enabled the same transforma-

tions to be completed within 8–15 min. The primary imidoyl chloride cycloadducts

were not isolated, but were rapidly hydrolyzed under the action of microwaves by

addition of small amounts of water (130 �C, 5 min). The overall yields of 28 were in

the same range as reported for the conventional thermal procedures (Scheme 11.8)

[58].

Snyder et al. reported the use of NH4OAc acting as an energy-transfer agent,

surprisingly, to perform the intramolecular Diels–Alder cycloaddition depicted

in Scheme 11.9, in o-dichlorobenzene under pressure. Cycloaddition of the

imidazole/triazine-tethered partners 29 was complete within 20 to 30 min under

the action of microwave irradiation at 210–225 �C, producing the pure cyclo-

adducts 30 in 56–85% yields. By the conventionally heated process (under reflux

in diphenyl ether at 259 �C) the yields were comparable but required 1.5–5 h to

Scheme 11.7

Scheme 11.8
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reach completion [59]. In the same paper the authors report that use of other salts,

for example (n-Bu)4NPF6 or bmimPF6, was considerably less effective.

Two other interesting reports on IMHDA reactions describe the application of

solvent-free, solid-support catalyzed microwave technology. Indeed, as mentioned

previously in Scheme 11.2, the IMHDA reaction for synthesis of octahydroacridine

6 was efficiently catalyzed by SiO2/ZnCl2 under microwave irradiation conditions

[36]. In another example (Scheme 11.10), sesamol 31 and 3-methyl-2-butenal 32 re-

acted to provide 35, under basic K10–Kþ clay-catalyzed solvent-free microwave con-

ditions. The IMHDA reaction of o-quinone methine 34 produced the expected

chromene 35 in 84% yield within 8 min. Conventional heating conditions at

110 �C (K10-Kþ, 60 min) were longer and provided the desired product 35 in an

equivalent 91% yield but with 9% of another, unidentified product (Scheme 11.10)

[34b].

Shao et al. successfully exploited a combination of microwave irradiation and a

polar solvent in closed-vessel for the IMHDA cycloaddition of o-acetylenic pyrimi-

dines 36 (Scheme 11.11) [60]. Using a Microsynth reactor from Milestone at a max-

Scheme 11.9

Scheme 11.10
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imum power output of 1000 W, in nitrobenzene as polar solvent, the acetylenic pyr-

imidines 36 were irradiated with temperature profiles of 22 to 280 �C in 1 min,

then 280 �C for 2.5 min, then cooling to room temperature under sealed vessel

conditions. The desired fused lactones and lactams 37 were obtained in moderate

to excellent yields under these optimized conditions (Scheme 11.11). An important

aspect of these reactions was that the nitrobenzene solution containing the reac-

tants had to be deoxygenated before heating, by bubbling an inert gas (argon)

through the solution. Under classical heating conditions (150–190 �C), the same

IMHDA reactions were complete only after 15–144 h with significantly lower

yields (0–45%), with one exception (94%, X: CMe2, Y: O) [61].

Raghunathan’s group has recently published two reports on the synthesis of

polycyclic compounds by IMHDA [62]. In the first example the authors reported

the chemoselective synthesis of novel pyrano[3-2c]coumarin derivatives via domino

Knoevenagel-IMHDA reactions of 4-hydroxycoumarin and other analogs 38 with

O-prenylated salicylaldehyde 39, using a one-pot procedure. The polycyclic cyclo-

adducts 40 and 41 were obtained with high chemoselectivity in favor of 40 (ratio

93:7 40/41) in good yields (82%) by microwave irradiation in absolute ethanol un-

der reflux for 15 s. Conventional reflux conditions, again in EtOH for 4 h, resulted

in somewhat lower yields and poorer chemoselectivity (57% yield, ratio 68:32 40/

41) (Scheme 11.12).

In the second example, by a similar approach, shown in Scheme 11.13, O-

prenylated aromatic aldehydes 43 reacted with 4-hydroxyquiniolinone 42 and its

benzo analogues to afford pyrano quinolinones 44 and 45 [63]. The polycyclic prod-

ucts 44 and 45 were obtained in 68% yield with good chemoselectivity (44/45,

85:15) after 3 min under the action of microwaves in absolute EtOH solvent and

with triethylamine as base. Under conventional reflux conditions with the same

solvent and base a 41% yield of products 44 and 45 was obtained after 16 h, with

a chemostereomeric ratio of 46:54 (Scheme 11.13).

Scheme 11.14 shows an interesting example of an IMDA reaction used to

Scheme 11.11
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construct highly functionalized bicyclic bridged compounds 47, 49, and 51 from

different o-alkenic cyclohexadienes amide 46, allyl ether 48, and ester 50. Opti-

mized reaction conditions with conventional heating (toluene, under reflux) were

compared with microwave irradiation (toluene 135–210 �C) [66]. Microwave irradi-

ation generally had the advantages of significantly increased reaction rates accom-

panied by an important decrease of side reactions (Scheme 11.14).

Scheme 11.12

Scheme 11.13
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The examples provided above from the recent literature on IMDA and IMHDA

reactions, typically illustrate the significant advantages of the use of solvent and

ionic liquids under microwave conditions in closed or open vessels compared

with classical heating procedures.

11.4.2

Intermolecular Hetero and Diels–Alder Reactions

Intermolecular Diels–Alder or hetero Diels–Alder reactions have been greatly im-

proved by using microwave technology – again with higher reaction rates and im-

proved yields [3j]. Remarkable improvements in rate acceleration and selectivity

enhancement for a variety of intermolecular Diels–Alder reactions have also been

accomplished in the past two decades by application of catalysts such as Lewis

acids. Recently, many such examples have been reported under microwave condi-

tions in polar solvents or ionic liquids as energy-transfer medium. These reactions

have also been developed in open vessels by adsorption of the reactants on mineral

solid supports or using neat reactants.

Scheme 11.14
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In a study described by Kappe et al. (Section 11.4.1) [58], the intermolecular

Diels–Alder cycloaddition reaction of the pyrazinone heterodiene 52 with ethylene

led to the bicyclic cycloadduct 53 (Scheme 11.15). Under conventional conditions

these cycloaddition reactions must be conducted in an autoclave at an ethylene

pressure of 25 bar at 110 �C for 12 h. In contrast, under the action of microwaves,

he Diels–Alder addition of pyrazinone precursor 52 to ethylene in a sealed vessel

flushed with ethylene before sealing was complete after 140 min at 190 �C. It was

not, however, possible to further increase the reaction rate by increasing the tem-

perature. At temperatures above 200 �C an equilibrium between the cycloaddition

52 ! 53 and the competing retro Diels–Alder fragmentation process was observed

(Scheme 11.15) [58]. By use of a microwave reactor enabling pre-pressurization of

the reaction vessel with 10 bar ethylene, however, the Diels–Alder addition

52 ! 53 was definitely more efficient; at 190 �C 85% yield of adduct 53 was ob-

tained within 20 min [65b].

Under solvent-free conditions with microwave irradiation, Moody et al. have

improved the hetero Diels–Alder reaction of eneacylamines with 1-alkoxy-2-aza-

1,3-dienes [67]. A mixture of 1-(2-thiazolyl)-1-acetylaminoethylene 54 and the start-

ing 2-aza-1,3-diene 55, irradiated in a CEM Focused Synthesizer at 180 �C for 15

min produced a 64% yield of adduct 56 (Scheme 11.16). Carboxylic acid esters

and thiazole rings are tolerated under these reaction conditions (Scheme 11.16).

Without microwave irradiation yields were in the range 25 to 42% [67].

Another technique used for intermolecular Diels–Alder (DA) reaction with

microwave irradiation takes advantage of the intrinsic properties of the solvent

[3j]. In this context, an interesting example is the microwave-induced Diels–

Scheme 11.15

Scheme 11.16
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Alder reaction of ortho-quinodimethane (o-QDM) 58, generated in situ from 1,4-

dihydrobenzo-l,2-oxathiin-2-oxide (sultine) 57, with 60[ fullerene] (C60) 59 as dieno-

phile, to produce cycloadduct 60 (Scheme 11.17). This reaction, reported by Langa

et al. [68], was the first use of microwave irradiation to prepare a functionalized C60

[68].

Another interesting example of the use of o-QDM as diene was reported by

Delgado et al. [69]. The first DA cycloaddition of o-QDM 58 to ester-functionalized

single-wall carbon nanotubes (SWNT) 61 was performed in accordance with to

Scheme 11.18. The authors showed that such DA reactions could be performed

very efficiently in o-dichlorobenzene (o-DCB) under the action of microwave irradi-

ation at 150 W for 45 min (Scheme 11.18). Conventional heating in o-DCB under

reflux required 72 h and resulted in less conversion.

Scheme 11.17

Scheme 11.18
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Chung’s research group recently reported a different type of sultine-type precur-

sor [70]. The synthesis of heterocyclic sultines 63 has been reported elsewhere [71].

Conventional heating of 2,5-disubstituted thienosultines 63 with [60]fullerene 59

in o-DCB under reflux for 2–24 h produces the biradical intermediates 64 which

are subsequently trapped by [60]fullerene 59 to produce the cycloadducts 65 and

bis adducts 66 in 37–79% yields in 2:1 to 3:1 ratios (Scheme 11.19). The reaction

was highly accelerated under microwave conditions (900 W, a180 �C) for only 4

min. The ratio of mono adducts 65 to bis adducts 66 was also increased from 2–

3:1 to 3.5–6:1 when microwaves were applied [18].

Another series of ring systems has been successfully synthesized by microwave-

assisted Lewis acid-catalyzed DA reactions. Examples of these reactions are shown

in Scheme 11.20 [72]. The authors describe the [4þ2] cycloaddition reactions

between dimethylacetylenedicarboxylate 67 or diethylacetylenedicarboxylate 68 di-

enophiles and dienic substrates, for example furan 69, 2,5-dimethylfuran 70, 1,3-

Scheme 11.19

Scheme 11.20
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cyclohexadiene 71, or anthracene 72. The classical method for these Diels–Alder

reactions requires long heating times (1–48 h) at high temperatures (100–200 �C)

in the absence of solvent to produce adducts 73–79 in excellent yields (81–95%).

The reactions can be accelerated and driven to completion by using a Lewis acid

(AlCl3) in the presence of a minimum amount of solvent (dichloromethane,

CH2Cl2) with microwave activation in closed vessels. Continuous MW irradiation

with incident 650 W power for 80–120 s gave the adducts 73–79 in excellent yields

(90–95%).

A significant advance in DA reactions is use of a recyclable organotungsten

Lewis acid, readily employed in water or ionic liquid ([bmim]PF6) as solvent,

in conjunction with microwave technology [21c]. In the DA reactions shown

in Scheme 11.21, 3 mol% organotungsten Lewis acid catalyst [ObP(2-

py)3W(CO)(NO)2](BF4)2 was used. The authors showed that such DA reactions

could be performed very efficiently with the combined effects of the Lewis acid cat-

alyst in water (or in bmimPF6) and controlled microwave irradiation. Full conver-

sion was achieved under such conditions at 50 �C within 50–60 s in water (25–60 s

in bmimPF6) compared with thermal heating which required 1–8 h in water or 1–

48 h in bmimPF6.

Scheme 11.21
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Water and the ionic liquid bmimPF6 act as powerful reaction media not only for

rate acceleration (for adduct 80, in water, conversion ¼ 92–99%, yield ¼ 83–97%,

and in bmimPF6, conversion ¼ 81–99%, yield ¼ 71–96%) and chemoelectivity

enhancement but also for facilitating catalyst recycling in the [ObP(2-

py)3W(CO)(NO)2](BF4)2-catalyzed Diels–Alder reaction systems. A key feature of

this catalyst–water or catalyst–ionic liquid system is that the catalyst was recycled

many times. In addition, the authors illustrated the development of the catalyst by

conventional heating or under the action of microwave irradiation, the results of

which are summarized in Scheme 11.21.

The intermolecular Diels–Alder or hetero Diels–Alder reaction has also been

performed under solvent-free microwave conditions in open vessels (Section 11.3).

In the past few years solvent-free DA reactions have been regularly performed suc-

cessfully under microwave irradiation conditions, reducing reaction times to a few

minutes compared with several hours under conventional reflux conditions [3j].

Scheme 11.3, mentioned above, shows two recent examples of Diels–Alder cyclo-

additions performed by microwave dielectric heating [42, 43]. In both examples

the diene and dienophile were reacted neat under solvent-free conditions.

Loupy et al. studied possible specific MW effects in irreversible Diels–Alder

reactions with acetylenic dienophiles under solvent-free conditions [73]. Strict

comparisons of microwave irradiation and conventional heating were conducted

and substantial specific kinetic MW effects were observed for the reaction of 3-

carbomethoxy-2-pyrone with acetylenic compounds (Scheme 11.22). This were in

Scheme 11.22
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accordance with results from ab initio calculations indicative of an asynchronous

mechanism with increasing polarity from ground state to transition state (Scheme

11.22).

In the same work, the authors performed reactions in open vessel systems, ei-

ther in the absence of solvent or on silica gel support in ‘‘dry media’’. The cycload-

dition of ethyl 1,3-cyclohexadiene carboxylate 81 to ethyl propiolate 82 was im-

proved compared with the harsh classical conditions (benzene at 320 �C for 24 h)

(Scheme 11.22). No specific microwave effects were observed in this reaction; this

was in accordance with results from ab initio calculations which indicated a syn-

chronous mechanism with similar polarity (dipole moment) in both ground and

transition states.

Another interesting development is the use of fluorous-based scavengers in con-

junction with microwave synthesis and fluorous solid-phase extraction (F-SPE) for

purification. This was recently illustrated by Werner and Curran [74] in their inves-

tigation of the Diels–Alder cycloaddition of maleic anhydride to diphenylbutadiene

(Scheme 11.23). After performing microwave-assisted cycloaddition (160 �C, 10

min) with a 50% excess of the diene, the excess diene reagent was scavenged by a

structurally related maleimide fluorous dienophile under the same reaction condi-

tions. Elution of the product mixture from an F-SPE column with MeOH–H2O

provided the desired cycloadduct 89 in 79% yield and 90% purity. Subsequent elu-

tion with diethyl ether furnished the fluorous Diels–Alder cycloadduct.

A range of other six-membered cycloadducts synthesized by different research

groups [75–78] using microwave-assisted intermolecular [4þ2] cycloaddition pro-

cedures are illustrated in Scheme 11.24.

Scheme 11.23
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Scheme 11.24. One-pot synthesis of pyrimidine systems [75,

76], thiazolo-s-triazine C-nucleosides [77], and 1,3-

azaphospholes [78].
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11.5

[3B2] Cycloadditions

Intermolecular and intramolecular [3þ2] cycloaddition reactions are among the

most efficient and widely used procedures for synthesis of five-membered hetero-

cycles. The reactive partners in these reactions are 1,3-dipoles and dipolarophiles

such as alkenes and alkynes. 1,3-Dipoles vary in stability: some can be isolated

and stored, others are relatively stable, but they are usually employed immediately.

Others are so unstable that they have to be generated and reacted in situ. There are
two general classes of dipole, often referred to as sp (Fig. 11.1) and sp2-hybridized

dipoles (Fig. 11.2).

Fig. 11.1. sp hybridized (linear dipoles like the propargyl anion).

Fig. 11.2. sp2 hybridized (bent dipoles like the allyl anion).
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1,3-Dipoles are usually very unstable and their formation requires high temper-

atures; the subsequent cycloadditions often require long reaction times. In addi-

tion, the use of harsh conditions under solvent reflux at high temperatures lead to

the formation of undesirable byproducts, thus reducing the purity and yields of

products. The rapid and efficient heating induced by microwave irradiation facili-

tates 1,3-dipolar cycloadditions, even those reputedly difficult (or impossible) to

achieve otherwise. The [3þ2] cycloaddition reactions were among the first transfor-

mations to be studied using microwave technology, and numerous examples have

been summarized in previous review articles [3a–3i, 3k, 13c] and a book chapter

[3j]. Product yields and/or reaction times were usually improved and the method

has been used to prepare valuable compounds that could not be obtained by classi-

cal heating. Sometimes the regioselectivity of the reaction can be modified. Most of

these processes have been performed under solvent-free conditions.

In the sections below the more representative 1,3-dipolar cycloadditions per-

formed under microwave conditions will be reviewed according to the nature of

the dipole.

11.5.1

Nitrile Oxides, Nitrile Sulfides, and Nitrones

11.5.1.1 Nitrile Oxides

Classical methods for use of nitrile oxides in [3þ2] cycloadditions have been

studied extensively [79], and several procedures have been reported for generation

of nitrile oxides. These dipoles undergo cycloadditions to alkenes and alkynes to

furnish isoxazolines and isoxazoles, respectively.

The dehydrogenation of aldoximes via the formation of halogenated derivatives

such as hydroximoyl chlorides and bromides (see below) has been frequently em-

ployed and is an effective procedure [80]. The reaction of primary nitroalkanes with

a dehydrating agent and aromatic isocyanates [81] or ethyl chloroformate [82] has

also been employed. Both of these methods suffer from limitations such as low tol-

erability of some functional groups, in the first instance, and the relatively high re-

action temperatures in the other instance, which may cause polymerization of the

nitrile oxides. In the last decade reports have appeared describing new strategies

for improving nitrile oxide-1,3-dipolar cycloaddition reactions by use of microwave

activation; these have, in general, overcome the problem of polymerization and

dimerization of nitrile oxides [4d]. Thus Hamelin et al. [47] and Bougrin et al.

[4d] have shown that the rates of many of these transformations can be enhanced

substantially by microwave activation under solvent-free conditions and, indeed,

for most of the reactions the authors specifically note that no dimerization or poly-

merization of the nitrile oxides is observed.

In 1994, Hamelin et al. [47] published the first report of the 1,3-dipolar cyclo-

addition of nitrile oxide under microwave conditions (vide supra, Scheme 11.4).

They also reported successful 1,3-dipolar cycloaddition of nitrile oxide to an alkyne

under two different conditions – on alumina in ‘‘dry media’’ or in xylene under the

action of focused microwaves (Scheme 11.25). The products 96 were obtained in
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slightly better yields in solvent compared with reactions in dry media. Use of

classical heating always resulted in lower yields (Scheme 11.25).

Bougrin et al. [4d] reported two approaches for 1,3-dipolar cycloaddition of nitrile

oxides in open vessels under the action of microwave irradiation. The arylnitrile

oxides 99 can be generated in situ under the action of microwaves by two different

methods – from aryloximes for example 97, by addition of a chlorinating agent

such as NCS (N-chlorosuccinimide) supported on alumina (Method A) and from

hydroxamoic chloride, for example 98, under the action of alumina (Method B)

(Scheme 11.26).

Both methods afforded identical cycloadducts in similar yields. With dipolaro-

philes 100 the isolated adducts, 101, were obtained as two regioisomers, in good

yields (65–76%) after activation at 130–162 �C for 10 min. Conventional heating

Scheme 11.25

Scheme 11.26
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at the same temperature for 10 min, on the other hand, furnished products in poor

yields (10–24%), but with similar regioselectivity (Scheme 11.26).

De la Hoz recently described, in a book chapter, selected reports highlighting

particularly interesting [3þ2] cycloaddition reactions of nitrile oxides, and their ap-

plications [3j]. Earlier examples of controlled MAOS are limited and can be found

in the most recent review article by Bougrin [13c]. From these, and for the sake of

completeness, some of the most significant examples can also be found in this re-

view. The application of microwaves to the cycloaddition reactions of allyl alcohols

with nitrile oxides not only achieved a substantial reduction in reaction time and

improved yields, but also altered the regioselectivity of the cycloaddition in favor

of the non hydrogen bond-directed cycloadduct [83].

Diaz-Ortiz described the microwave-induced 1,3-dipolar cycloadditions of mesi-

tonitrile oxide to aliphatic and aromatic nitriles under solvent-free conditions.

The adducts were obtained in shorter reaction times and better yields than with

classical methods [84]. By the same approach, Corsaro reported the successful cy-

cloaddition of arylnitrile oxides to naphthalene or aromatic polycyclic dipolaro-

philes under solvent-free microwave activation [85]. In the same report, the yields

of bis-cycloadducts were also improved by microwave exposure [85].

Occasionally, [3þ2] cycloaddition to nitrile oxide dipoles has also been signifi-

cantly improved by the presence of solvent. Thus, Fišera et al. [86] performed cy-

cloadditions between mesitonitrile oxide and Baylis–Hillman adducts in toluene

or chlorobenzene under the action of microwave irradiation. In these reactions

the stereoselectivity could be inverted by using methylmagnesium bromide as

Grignard reagent. Another important example of microwave nitrile oxide [3þ2] cy-

cloaddition in solvent was reported by de la Hoz [87]. In benzene solution, using

NCS or NBS and triethylamine as base, the nitrile oxides generated in situ from the

corresponding oximes reacted with [60]fullerene as dipolarophile to form adducts

in good yields after 4 min, compared to 24 h under thermal conditions [87].

A literature survey of nitrile oxide [3þ2] cycloaddition reactions with MW activa-

tion for the period 2002–2005 reveals that only a limited number of examples have

been reported. Among these examples, nitroalkenes are converted in situ into ni-

trile oxides using 4-(4,6-dimethoxy[1,3,5]triazin-2-yl)-4-methylmorpholinium chlo-

ride (DMTMM) and 4-N,N-dimethylaminopyridine (DMAP) (Scheme 11.27) [38].

The generated 1,3-dipoles undergo cycloaddition to alkene 103 or alkyne 106 dipo-

larophiles (5 equiv.), to furnish 4,5-dihydroisoxazoles 104 or isoxazoles 107, respec-

tively. Open-vessel conditions were used and full conversions with very high yields

of products were achieved within 3 min at 80 �C.

By using a multicomponent cascade reaction, Parsons et al. [88] achieved one-

pot sequential [1þ4] and [3þ2] cycloadditions to synthesize highly substituted iso-

xazolines via nitrile oxides (Scheme 11.28). These five-component reactions pro-

ceed by initial formation of isonitriles 109 that react with nitroalkenes 110 to form

unstable N-(isoxazolylidene)alkylamines, which in turn fragment to generate the

nitrile oxides 111. Cycloaddition then occurs with methyl acrylate, chosen for its

expected reactivity with nitrile oxide dipoles, to generate the isoxazolines 112. Reac-

tions using standard thermal conditions and microwave irradiation were com-
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pared; under the latter conditions reaction times were reduced substantially from

several hours to 15 min whereas yields remained approximately the same.

Bravo et al. have demonstrated a procedure employing microwave irradiation

without solvent that facilitated the nitrile oxide-[3þ2] cycloaddition reaction. The

authors applied this concept in their approach toward the synthesis of bioactive

molecules such as psammaplysins and ceratinamides (metabolites isolated

from marine sponges) (Scheme 11.29) [89]. For example, synthesis of the spiro-

isoxazoline was successfully achieved by 1,3-dipolar cycloaddition of the E and Z
olefinated sugars 113 as dipolarophiles to in situ-generated ethoxycarbonylnitrile

oxide. A good yield of adduct 115, with high stereoselectivity (d.r. > 95:5), was

achieved by using Al2O3 as support under microwave solvent-free conditions for

15–30 min (Scheme 11.29). The classical method using CH2Cl2 as solvent and tri-

Scheme 11.28

Scheme 11.27
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ethylamine (Et3N) as base at room temperature for 18 h usually produced 30–78%

yields of a furoxan byproduct derived from dimerization of the dipole.

11.5.1.2 Nitrile Sulfides

The chemistry of nitrile sulfides dates back to the 1970s. Franz et al. studied the

thermal decomposition of 5-phenyl-1,3,4-oxathiazol-2-one 116, which produced

benzonitrile, sulfur, and CO2 [90]. The benzonitrile sulfide 117 generated from

1,3,4-oxathiazol-2-one precursors, undergoes cycloaddition to nitriles or alkynes to

furnish 1,2,4-thiadiazoles or isothiazoles, respectively. Nitrile sulfides are short-

lived intermediates that are prone to decompose to sulfur and the corresponding

nitrile (Scheme 11.30) [90]. Indeed, typical experimental procedures involve heat-

ing under reflux in chlorobenzene or p-xylene (130–135 �C) for prolonged periods

(5–170 h) an lead to significant decomposition. These harsh conditions can be

avoided by use of microwaves.

To the best of our knowledge only one example of nitrile sulfide [3þ2] cycloaddi-

Scheme 11.30

Scheme 11.29
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tion reactions with microwave activation has been described in the literature [91],

in 2005. Morrison et al. applied the first nitrile sulfide-[3þ2] cycloaddition reaction

in p-xylene as solvent under microwave conditions. The dipolarophiles used were

DMAD, ethyl propiolate (EP), diethyl fumarate (DEF), or trichloroacetonitrile

(Scheme 11.30). Reaction times were reduced from hours or days at 130–135 �C

in p-xylene under reflux, with conventional heating, to 10–15 min under micro-

wave irradiation conditions at 160 �C in acetonitrile or p-xylene. The yields (45–

65%) of cycloadducts 118–121 were comparable with or better than those obtained

under traditional conditions.

11.5.1.3 Nitrones

The 1,3-dipolar cycloaddition reaction between nitrones and unsaturated systems

under the action of microwave irradiation has been shown to be a powerful

method for the synthesis of a wide variety of novel five-membered heterocycles. In

2002, several nitrone-mediated 1,3-dipolar cycloaddition reactions were reported by

de la Hoz in the original edition of this book [3j]. Most of the examples provided

had been described between 1995 and 2001 [9a, 13b, 84, 92].

More recently, Parmar et al. reported the cycloaddition reaction between ethyl (3-

indolylidene)acetate 122 and a variety of substituted a,N-diphenylnitrones 123 [93].

The regioisomeric adducts 124 and 125 were obtained without solvent within 4–5

min at 132–140 �C in 35–36% combined yields. Conventional heating in benzene

at 60 �C for 150–180 h provided products in only 10–15% combined yields

(Scheme 11.31).

Bashiardes et al. [94] described an intramolecular cycloaddition reaction of

unprotected carbohydrates 126, involving a nitrone ylide dipole 127 derived from

the 1-aldehydic position, and an o-olefinic moiety constructed from the 6-hydroxyl

function (Scheme 11.32). In this enantiomeric synthesis of novel bicyclic oxazoli-

dines bearing a quaternary bridgehead, 128, a comparative study was performed

of classical heating conditions and microwave-assisted cycloaddition, both in the

same reaction medium, aqueous ethanol. All the examples provided products in

yields which were improved from approximately 60% to 90%, basically because of

the cleaner reactions. The reaction times were reduced from 48 h to just 1 h.

Scheme 11.31
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The [3þ2] cycloaddition of nitrones to organonitriles bound to Pt(II), Pt(IV), or

Pd(II), by use of a combination of the Lewis acidity of the transition metals and

microwave irradiation, has been described in three independent reports. In the

first example, Wagner et al. [95] reported that the [3þ2] cycloaddition of N-

methyl-C-phenylnitrone 130 to transition metal coordinated (E)-cinnamonitrile

129 occurred exclusively at the nitrile CcN bond, leading to bis-oxadiazoline com-

plexes 132 in high yield (Scheme 11.33). In contrast, reaction of the nitrone 130

Scheme 11.32

Scheme 11.33
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with free cinnamonitrile 133 involves the CbC bond only, yielding a diastereomeric

mixture of isoxazolidine-4-carbonitriles 134 and 135 (Scheme 11.34). Microwave

irradiation substantially enhanced the rates of reaction in both transforma-

tions, without changing their regioselectivity compared with that from conven-

tional thermal conditions. The two nitrile ligands in the complexes of the type

[MCl2(cinnamonitrile)2] (M ¼ Pt or Pd) are significantly different in reactivity.

Short microwave irradiation enables the selective synthesis of the mono-

cycloaddition product 131 [PtCl2(cinnamonitrile)(oxadiazoline)], even in the pres-

ence of excess nitrone. By extending irradiation times, this complex is further

transformed to the bis-cycloaddition product [PtCl2(oxadiazoline)2]. The latter com-

pound is also produced when thermal heating is used. Formation of the mono-

cycloaddition product is not selective under thermal conditions, however.

The same authors have successfully used this technology in the [3þ2] cycloaddi-

tion of N-methyl-C-arylnitrone 137 or 139 to cis or trans-[PtCl2(PhCN)2] 136 or 141

[96]. The reaction rates of the cycloadditions were substantially enhanced by use of

microwave irradiation, with high selectivity for the mono-cycloadducts 138 or 142,

because the first cycloaddition is accelerated to a greater extent than the second.

The cycloaddition reaction of the trans-[PtCl2(PhCN)-(oxadiazoline)] 138 with

nitrone 139 afforded bis-oxadiazoline compounds 140. The corresponding cis-
configured complexes 142 did not undergo further cycloaddition (Scheme 11.35).

Using a similar strategy, Pombeiro et al. described an efficient procedure

for metal-catalyzed [3þ2] cycloaddition of nitrones to Pt-liganded ethanonitrile

(Scheme 11.36) [97]. The [3þ2] cycloadditions are typically conducted with anionic

platinum(II) [Ph3PCH2Ph]PtCl3(EtCN)] 144, neutral platinum(II) [PtCl2(EtCN)2]

145, or neutral platinum(IV) [PtCl4(EtCN)2] 146 complexes as dipolarophiles and

cyclic nonaromatic nitrone dipoles 143. These reactions are greatly accelerated by

microwave irradiation to provide bicyclic fused oxadiazolines 147–149, with high

stereoselectivity and 60–90% yields. Under similar experimental conditions, no re-

action was observed between the free nitrile and the nitrone, indicating that the

cycloaddition is metal-mediated. Under controlled microwave irradiation condi-

tions, without solvent, on silica gel as support, adduct 149 was obtained in 90%

yield.

In another study, Fišera et al. studied the same nitrone, 130, in 1,3-dipolar cyclo-

additions to b-hydroxy-a-methylene esters 150 under thermal heating or microwave

Scheme 11.34
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Scheme 11.35

Scheme 11.36
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irradiation conditions [98]. When combination of microwave irradiation and a

Lewis acid [Mg(II)] was used the reactions were extremely clean and rapid, afford-

ing higher yields. Little effect on the diastereoisomeric ratio of products 151

(Scheme 11.37) was observed.

Some excellent results for cycloadditions involving nitrones were observed by

Merino et al. [99] using a solvent-free [3þ2] cycloaddition of N-benzyl-C-glycosyl
nitrones to methyl acrylate. Microwave irradiation for 0.1 h was sufficient to afford

a 100% yield of the isolated isoxazolidine whereas thermal heating under reflux

conditions (80 �C) required 0.5 h and produced the same yield and the same

stereoisomeric ratio.

11.5.2

Azomethine Ylides, and Nitrile Imines

11.5.2.1 Azomethine Ylides

Microwave-induced 1,3-dipolar cycloaddition reactions involving azomethine

ylides have been widely reported in the literature. In 2002; many examples were

described in a book chapter by de la Hoz [3j], which provides extensive coverage

of the subject. The objective of this section is to highlight some of the most recent

applications and trends in microwave synthesis, and to discuss the impact of this

technology. Highly stereoselective intramolecular cycloadditions of azomethine

ylides have been performed under solvent-free microwave conditions.

Bashiardes et al. reported a study involving cycloaddition of O-allylic or O-
propargylic salicylaldehydes 152 or 153 to a-amino esters 154 treated under differ-

ent conditions: toluene at reflux (A); conventional heating without solvent (B); or

microwave irradiation under solvent-free conditions (C) (Scheme 11.38) [100]. The

cycloaddition reaction involves polar 1,3-dipolar azomethine ylide intermediates

155 and 156. The best results were obtained in a one-pot procedure under micro-

wave conditions providing pyrrolidines 157 or pyrroles 158 in excellent yields rang-

ing from 70 to 98% at 130 �C for 5–30 min.

Scheme 11.37
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Dı́az-Ortiz et al. reported the intermolecular cycloaddition of azomethine ylides

to substituted b-nitrostyrenes 160 under solvent-free, microwave-assisted, open ves-

sel conditions at 110–120 �C for 10–15 min to afford the three stereoisomeric pyr-

rolidines 161a, b, and c in 81–86% yield. Under classical heating conditions in tol-

uene under reflux for 24 h these cycloadditions afforded yields below 50% and only

stereoisomers a and b were obtained (Scheme 11.39) [101].

Scheme 11.38

Scheme 11.39

11.5 [3B2] Cycloadditions 557



Azomethine ylides have been successfully used for rapid synthesis of dispiro-

heterocycles by cycloaddition to 9-azylidenefluorene 162 dipolarophile in a 3-

component solvent-free microwave reaction either neat or in the presence K-10

montmorillonite (Scheme 11.40) [3k, 102]. Although extremely sterically demand-

ing, these reactions were performed successfully, reducing reaction times from 5–8

h under conventional conditions (methanol reflux) to only few minutes under the

action of microwaves. The reactions were clean and products 165 were obtained in

high yields (78–92%) compared with the conventional conditions (3–60%).

Azizian et al. [103] described a novel four-component reaction for the diastereo-

selective synthesis of spiro-pyrrolizidines 170 using a 1,3-dipolar cycloaddition of

azomethine ylides to N-aryl maleimides. Reaction of ninhydrin 166 with 1,2-

phenylenediamine 167 in DMSO, and addition of l-proline 168 and N-aryl

maleimides 169 in a one-pot four-component reaction (Scheme 11.41) usually re-

quired extended reaction times of up to 3 h at 100 �C to obtain the desired spiro-

pyrrolizidines 170 in 76–86% yield as single diastereoisomers. This process can be

accelerated substantially (3–5 min) with good yields (87–95%) by performing the

reaction under microwave irradiation conditions.

Zhu et al. described two independent one-pot three-component routes to C60 pyr-

rolidines 174 and 175 involving microwave activation (Scheme 11.42) [104]. In the

first approach, a solution of C60, 171, amino acid 172 and fluorinated benzaldehyde

173 was heated at reflux in o-dichlorobenzene under the action of microwave irra-

diation. The in situ-generated fluorinated azomethine ylides undergo cycloaddition

Scheme 11.41

Scheme 11.40
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to C60 to furnish cis and trans-isomeric C60 pyrrolidines 174 and 175 within 50–90

min with 11–29% yields of 174 and 8–26% yields of the trans isomer 175. Conven-

tional reflux in toluene afforded 5–23% 174 and 8–20% 175 after 10 h. With the

second method the authors reported another microwave-promoted one-pot three-

component reaction of C60, 171, amino acids, 172, and aldehydes, 176, under

solvent-free conditions, to furnish products 177 in moderate to good yields (55–

71%) within 8–10 min. Traditional thermal conditions (toluene, 110 �C) afforded

40–55% yields of 177 after 20–22 h (Scheme 11.43).

In the same context, Zhang et al. described use of an attractive microwave-

assisted three-component 1,3-dipolar cycloaddition to access a library of 15 biaryl-

substituted proline compounds using fluorous benzaldehydes as starting materials

[105]. By irradiating (250 W, 150 �C, 15 min) mixtures of aminoesters, 178, benzal-

dehydes, 179, and maleimides, 180, in the presence of Et3N in DMF, they obtained

the desired bicyclic proline 181 as a single diastereoisomer in moderate to excellent

yields (40–75%) (Scheme 11.44). Figure 11.3 Shows the 1H NMR spectrum of the

fluorous proline analog (181a: R1 ¼ Me, R2 ¼ H) purified by solid-phase extraction

(SPE).

11.5.2.2 Nitrile Imines

1,3-Dipolar cycloadditions of nitrile imines under the action of microwave irradia-

tion have rarely been described. Under classical conditions these reactions are nor-

Scheme 11.42
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mally performed in potentially toxic solvents (benzene, toluene, . . .) for long peri-

ods, ranging from hours to days and necessitating harsh thermal conditions

(b 100 �C). The reactions are often accompanied by dimerization of the dipole

and decomposition of products. Combination of microwave irradiation with

solvent-free techniques and basic conditions, however, usually enables efficient cy-

cloaddition reactions.

In 1995 Bougrin et al. [4c] reported the first practical use of microwave irradia-

tion with nitrile imine 13 dipole using solvent-free conditions. In this work the

reactivity of diphenylnitrilimine (DPNI) with different dipolarophiles 14a, b, and

c, in dry media was compared. Diphenyhydrazonoyl chloride and 14a, b, or c,

were either applied to KF/alumina as basic support (Schemes 11.4 and 11.45) or

reacted under phase-transfer catalysis (PTC) conditions using KF-Aliquat as base

(Scheme 11.4) to generate reactive intermediate DPNI 13. The results showed that

the best yields of adducts (87–93%) were achieved on KF/Al2O3 under controlled

microwave conditions (Scheme 11.45). The synthesized adducts were obtained in

high purity at 123–130 �C after 12 min, with unchanged regioselectivity of 15a, b,

and c. When classical heating under comparable conditions (time, temperature)

was used, very low yields (0–6%) of products were always obtained.

Scheme 11.44

Fig. 11.3. 1H NMR (270 MHz) spectrum of fluorous bicyclic proline.
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Ben Alloum et al. [31a] described new spiro-rhodanine-pyrazolines 183 prepared

by 1,3-dipolar addition of DPNI 13 and 5-arylidenerhodanines 182 on alumina or

KF/alumina in ‘‘dry media’’ under microwave irradiation conditions (Scheme

11.46). The adducts were always obtained in excellent yields after 10 min whereas

no reaction occurred when conventional heating was used under similar condi-

tions (time and temperature).

In 2005, Bougrin et al. [106] reported simple modifications of this general

method – use of porous calcium hydroxyapatite, [Ca10(PO4)6(OH)2] (p-HAP), as

base – enabling the synthesis of the corresponding pyrazolines 185 (Scheme

11.47). Solvent-free 1,3-dipolar cycloaddition of diphenylnitrilimine 13, generated

in situ from hydrazonoyl chloride, to olefins 184 was efficiently catalyzed by a com-

bination of porous calcium hydroxyapatite, serving both as base and as solid sup-

port, and microwaves. A key feature of this catalyst/solvent-free system is the recy-

Scheme 11.45

Scheme 11.46
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clability of p-HAP, which, after heating at 300 �C under reduced pressure for 20

min was recycled at least ten times. After each cycle, the adduct was directly iso-

lated in high yield (87–95%) by rapid elution from the support with CH2Cl2 or

THF under reduced pressure. The pyrazolines 185 were obtained after 3 min at

104–181 �C. Several effects, for example the specific surface of porous calcium hy-

droxyapatite and nonthermal microwave effects, are discussed in this work [106].

11.5.3

Azides

The Huisgen 1,3-dipolar cycloaddition of azides to alkynes or nitriles as dipolaro-

philes, resulting in 1,2,3-triazoles or tetrazoles, is one of the most powerful ‘‘click

reactions’’. A limitation of this approach, however, is the absence of regiospecificity

normally found in thermal 1,3-cycloaddition of nonsymmetrical alkynes; this leads

to mixtures of the different possible regioisomers. In other reports, classical 1,3-

dipolar cycloadditions of azides to metal acetylides, alkynic Grignard reagents,

phosphonium salts and acetylenic amides have been described. Extended reaction

times and high temperatures are required in most of the reactions, but they can

also be performed more effectively with the aid of microwave irradiation. The

main results reported are reviewed in this section.

An interesting report from Loupy et al. described the use of solvent-free condi-

tions and microwaves for the synthesis of regioisomeric 1,2,3-triazoles 188 and

189 with substantial reduction for reaction times – down to 5–30 min compared

with 30–40 h under reflux in toluene under thermal conditions for the 1,3-dipolar

cycloaddition between phosphonate azides 186 and acetylenic esters 187 (Scheme

11.48) [31c].

More recently, microwave-assisted cycloaddition employing azide dipoles under

solvent-free microwave conditions has been reported by the research group of Ka-

tritzky [31h]. A variety of two regioisomeric 1,2,3-triazoles 194 were synthesized by

cycloaddition between organic azides 190, 191, or 192 and dipolarophile acetylenic

amides 193 under solvent-free microwave conditions (Scheme 11.49). The reac-

tions were performed in sealed vessels at fixed temperature (55 or 85 �C) for 30

min with the power set at 120 W or 170 W. The resulting 1,3-dipolar cycloadditions

to different acetylenic amides 193 produced the corresponding N-substituted C-
carbamoyl-1,2,3-triazoles 194 in good yields (65–84%). In the same paper the

authors described the preparation of azidotriazole 196 as the major regioisomer

Scheme 11.47
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in moderate yield (56%) from bis-azide 195 and N-benzyl-2-propynamide (193a:

R1 ¼ R2 ¼ CONHCH2Ph) under solvent-free microwave conditions. Further reac-

tion of 196 with the second amide (189b: R1 ¼ R2 ¼ COpiperidinyl) failed to give

the bis-triazole 197, however (Scheme 11.50).

In 2003 the same authors introduced a technique for convenient and general

preparation of substituted C-carbamoyl mono and bis-triazoles in good yields by

1,3-dipolar cycloaddition of a variety of organic azides 190, 191, or 195 to ester or

benzotriazolylcarbonyl-activated acetylenic amides under microwave-assisted reac-

tion conditions [107]. For example, reaction of 1,4-bis(azidomethyl)benzene 195

with 2 equiv. ethyl 4-anilino-4-oxo-2-butynoate (198a: R ¼ Ph) in toluene under

continuous microwave irradiation (120 W) with simultaneous cooling at 75 �C for

1 h furnished a mixture of regioisomeric bis-triazoles 199a and 199b. The major

regioisomer 199a was isolated by column chromatography in 54% yield. (Scheme

11.51).

Regiospecific catalytic cycloaddition of alkynes and azides using copper com-

plexes as soluble organic catalysts enables the preparation of ‘‘divalent’’ and ‘‘mul-

Scheme 11.49

Scheme 11.48
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tivalent neoglycoconjugates’’ (1,4-disubstituted 1,2,3-triazoles) 202, 204, and 207 in

toluene under microwave conditions [108]. Thus, the microwave irradiation of al-

kynes 200 and 205 with azide derivatives 201, 203, and 206 and diisopropylethyl-

amine, DIPEA, or diazabicycloundecane, DBU, in the presence of 10–20% copper

catalyst [(Ph3P)3, CuBr, or (EtO)3P, CuI] in toluene afforded adducts 202, 204, and

207, respectively, in moderate to high yields (51–99%) within 6 to 45 min irradia-

tion using 2-min bursts (Scheme 11.52). The cycloaddition reactions were also per-

formed at room temperature without the assistance of microwave irradiation. The

catalyzed reactions proved to be equally efficient and regiospecific, with similar iso-

lated yields, although reaction times were longer (24–72 h) than those observed in

the microwave-irradiated reactions.

Fokin and Van der Eycken, et al. also described the microwave-assisted three-

component one-pot synthesis of 1,4-disubstituted-1,2,3-triazoles 211 (Scheme

11.53) [109]. A suspension of alkyl halides 208, sodium azide 209, and alkynes

210 in a 1:1 mixture of t-BuOH and water, together with a copper catalyst, in a

Scheme 11.50

Scheme 11.51
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sealed vessel were treated with microwaves. The reactions were complete within 10

to 15 min of irradiation at 125 �C, and the products were isolated as single re-

gioisomers 211 in excellent yields (81–93%) and high purity. The Cu(I) catalyst

was prepared in situ by the reaction of Cu(0) and Cu(II).

Scheme 11.52

Scheme 11.53
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Another interesting type of 1,3-dipolar cycloaddition with azides involves con-

densation with nitriles as dipolarophiles to form tetrazoles. These products are of

particular interest to the medicinal chemist, because they probably constitute the

most commonly used bioisostere of the carboxyl group. Reaction times of many

hours are typically required for the palladium-catalyzed cyanation of aryl bromides

under the action of conventional heating. The subsequent conversion of nitriles to

tetrazoles requires even longer reaction times of up to 10 days to achieve comple-

tion. Under microwave irradiation conditions, however, the nitriles are rapidly and

smoothly converted to tetrazoles in high yields. An example of a one-pot reaction is

shown in Scheme 11.54 [110], in which the second step, i.e. the cycloaddition, was

achieved successfully under the action of careful microwave irradiation. The flash

heating method is also suitable for conversion of 212 and 214 to tetrazoles 213 and

215, respectively, on a solid support, as shown in Scheme 11.54.

New sterically hindered 3-(5-tetrazolyl)pyridines 217 and 219 have been success-

fully prepared by cycloaddition of trimethylsilylazide (TMSN3/Bu2SnO reagent)

to diversely substituted nicotinonitriles 216 under microwave irradiation con-

ditions [111] (Scheme 11.55). The reaction had previously been explored under

thermal conditions and was usually unsuccessful. It should be noted that the

optimum experimental conditions had been determined using model hindered

gem-substituted carbocyclic nitriles 216. Indeed, after this exploration the use of

potentially toxic and explosive sodium azide could be avoided and advantageously

replaced with the TMSN3/Bu2SnO system. Thus, diverse nicotinonitriles 216 were

added to the azide dipole under microwave irradiation conditions to produce sev-

eral 3-(5-tetrazolyl)pyridines 217 in good yields. In an intramolecular version of

the reaction, novel fused heterocycles, (tetrazolo)azaisoindole systems 219, were

obtained in 80–99% yields after 2–4 h under the action of microwave activation at

140 �C, compared with 4–5 days thermally, in toluene under reflux.

Scheme 11.54
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11.6

[2B2] Cycloadditions

[2þ2] Cycloaddition reactions enable easy access to four-membered rings such as

b-lactams, oxetenes, cyclobutanones, and heterocyclic compounds. Only two exam-

ples, reaction of ketenes or b-formyl enamides with imines or alkynes, respectively,

have been investigated under the action of microwaves [3j], however. These limita-

tions could be because of the facile polymerization of ketenes.

11.6.1

Cycloadditions of Ketenes with Imines

The three most important reactions for generating ketenes are the base-mediated

dehydrochlorination of acyl chlorides, the dehalogenation of a-chloroacyl chlorides,

and the transformation of a-diazoketones. These three methods have been explored

under microwave conditions.

The Bose research group has developed a large variety of [2+2] cycloaddition

reactions of ketenes with imines to form b-lactams [16, 112, 113]. In 1991, Bose

et al. described the synthesis of a-vinyl b-lactams by [2þ2] cycloaddition of a,b-

unsaturated acyl chlorides with a Schiff base in chlorobenzene. Reaction times

were reduced from several hours with conventional methods to 5 min under the

action of microwaves [112], and yields of the desired adducts were improved from

very low to approximately 70% when compared with classical methods.

An efficient and rapid method for synthesis of b-lactams under solvent-free

conditions in the presence of a phase-transfer agent (18-crown-6) in a closed

Teflon vessel has also been developed by Hamelin et al. [46a]. The same solvent-

free approach has also been successfully used by Kidwai et al. for synthesis of N-

(4-hydroxycyclohexyl)-3-mercapto-3-cyano-4-arylazetidine-2-ones [40]. The adducts

Scheme 11.55
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were synthesized by [2þ2] cycloaddition reactions of N-(4-hydroxycyclohexyl)-

azyldiimine with ethyl a-mercapto-a-cyanoacetate on basic alumina under the

action of microwaves. The reaction time was reduced to minutes from hours, in

comparison with conventional heating and, moreover, the yields were improved

[40].

In an interesting example, Bonini et al. [114] have shown that the one-pot syn-

thesis of b-lactams 222 containing the ferrocene moiety can be performed by

microwave-assisted [2þ2] cycloaddition (Scheme 11.56).

Podlech et al. [115] recently reported the transformation of diazoketones 223 to

ketenes, which react further with imines 224 to form b-lactams 225a and 225b in

moderate to excellent yields (40–85%) under microwave irradiation conditions or

photochemical conditions (Scheme 11.57).

In 2004 Xu et al. investigated the preparation of b-lactams by reaction of ketenes

generated from a-diazoketones with a series of acyclic and cyclic imines under the

action of either microwaves in dichlorobenzene (DCB) or photoirradiation in

CH2Cl2 by (Scheme 11.58) [116].

These results indicate that the zwitterionic azabutadiene intermediates

generated from imines 227 or 228 and ketenes undergo a conrotatory ring

closure only to produce b-lactams 229 or 230. This reveals the inapplicability of

the Woodward–Hoffmann rules to the photoirradiation-induced Staudinger reac-

tion. Second, when acyclic imines 227 were employed, E to Z isomerization of the

imine moiety in the zwitterionic intermediates occurs, induced by microwave or

ultraviolet irradiation. The results also provide direct experimental evidence for

the proposed stereochemical process of the microwave and photoirradiation-

induced Staudinger reactions, which, in conjunction with the results of Podlech

Scheme 11.56

Scheme 11.57
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et al. [115], indicate that the microwave-assisted reaction produces b-lactams with

the same stereochemistry as the photoirradiation-induced reaction. Whereas the

photochemical reaction often generates several byproducts and is sometimes inap-

plicable to the synthesis of some bicyclic b-lactams, the microwave-assisted reac-

tion is more efficient, convenient, and practical, making this technique a particu-

larly suitable method for the synthesis of bicyclic b-lactams.

11.6.2

Cycloadditions of b-Formyl Enamides with Alkynes

Systematic examination of the [2þ2] cycloaddition reactions of b-formyl enamides

with alkynes with use of microwave technology has been performed only recently.

Novel utility of b-formyl enamides 231 in cycloaddition with acetylenic dienophiles

232, solvent-free on basic alumina, under the action of microwave irradiation was

reported by Boruah et al. (Scheme 11.59) [117]. Indeed, the desired steroidal oxe-

tenes 233 were obtained in 70–80% yields under the optimized conditions (1 equiv.

231, 1.5 equiv. 232, and 2 equiv. triphenylphosphine for 5 min). Conventional heat-

ing in a protic solvent for 72 h led to very poor yields (15–23%) of oxetenes 233.

Scheme 11.59

Scheme 11.58

11.6 [2B2] Cycloadditions 569



11.7

Other Cycloadditions

Few other cycloaddition reactions with microwave irradiation have appeared in the

literature since the first applications were published. In particular, the [2þ2þ1]

reaction, known as the Pauson–Khand reaction, [6þ4], and tandem [6þ4]–[4þ2]

cycloadditions have been reported as being performed successfully under micro-

wave conditions. A range of examples is described below.

The [2þ2þ1] cycloaddition of an alkene, an alkyne, and carbon monoxide is often

the method of choice for preparation of cyclopentenones [118]. Groth et al. have

demonstrated that such Pauson–Khand reactions can be performed very efficiently

under the action of microwaves (Scheme 11.60) [119]. A small quantity, 20 mol%,

of [Co2(CO)8] was sufficient to drive the reactions to completion under sealed ves-

sel conditions, without the need for additional carbon monoxide. Under carefully

optimized reaction conditions with 1.2 equiv. cyclohexylamine as an additive in tol-

uene, microwave exposure for 5 min at 100 �C provided good yields of the desired

cycloadducts. Similar results were published independently by Evans et al.

(Scheme 11.61) [120].

Hong et al. reported a [6þ4] cycloaddition of fulvenes 239 with a-pyrones 240 to

provide azulene-indoles 241 in good yields [121] (Scheme 11.62). Reactions were

performed in DMF solution using a monomode reactor (30 W for 60 min). It is

worthy of note that reactions performed using conventional techniques required

Scheme 11.60

Scheme 11.61
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heating for 5 days and provided products in lower yields, with recovered starting

materials and decomposition products.

In a different study, the same authors showed that microwave irradiation can al-

ter the reaction pathway. With conventional heating (methods B and C) the Diels–

Alder adducts are favored, whereas under the action of microwaves (method A),

the tandem [6þ4]–[4þ2] cycloaddition products were obtained exclusively (Scheme

11.63) [122].

11.8

Conclusions

This chapter emphasizes recent applications of microwave technology in the

synthesis of carbocycles and heterocycles by cycloaddition reactions. In these appli-

cations, it is clearly demonstrated that it is possible to use two different types of

Scheme 11.62

Scheme 11.63
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microwave reactor technology – multimode (for example domestic ovens) and

monomode (also referred to as single-mode) reactors. Several procedures has been

designed to work with a combination of open or sealed vessel technology in solu-

tion or under solvent-free conditions. The choice of the method depends on the na-

ture of the reagents and the type of cycloaddition reaction, although solvent-free,

open-vessel conditions using solid supports are especially appropriate to micro-

wave conditions. There are, furthermore, other advantages of these solvent-free

open-vessel procedures in ‘‘green chemistry’’ because the absence of solvent renders

the reactions environmentally friendly.

The benefits of microwave heating, in conjunction with polar solvents and

sealed-vessel systems, are diverse:

� Significantly, microwave processing frequently leads to noticeable reduction in

reaction times and higher yields. The rate improvements observed may simply

be a consequence of the high reaction temperatures that can be achieved rapidly

by use of this nonclassical heating method, or may result from the involvement

of so-called specific or nonthermal microwave effects (cf. Chapter 4 in this book).
� The choice of solvent for a given reaction is not governed by the boiling point (as

in conventional reflux) but rather by the dielectric properties of the reaction me-

dium which can be easily tuned by, for example, addition of highly polar materi-

als such as ionic liquids.
� The overall process is more energy-efficient than classical oil-bath heating, be-

cause direct ‘‘in-core’’ heating of the medium achieves uniform and stable heat-

ing of the reaction medium.

It is noticeable that nonthermal effects are often important in determining the

rates and chemo, regio, or stereoselectivity of the cycloadditions. There are, more-

over, many cycloaddition reactions with great potential for automated synthesis of

small compound libraries, traditionally performed in lengthy processes, that could

be dramatically accelerated by solvent-free microwave irradiation. New therapeutic

hetero-macromolecular targets are constantly being identified as drug targets, and

lead-generation and optimization processes must be accelerated. Traditional meth-

ods of organic heterocyclic synthesis can be too slow to satisfy the future demand

for compounds. Microwave-assisted cycloaddition reaction is a technique that can

complement traditional methods and has the potential of accelerating the genera-

tion of organic molecules.
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Microwave-assisted Chemistry of

Carbohydrates

Antonino Corsaro, Ugo Chiacchio, Venerando Pistarà, and

Giovanni Romeo

12.1

Introduction

Activation by using microwave irradiation has recently become very common cov-

ering wide fields of applications, for example alimentary, analytical, biomedical and

other strictly chemical fields. Initially, the extension of this method of heating to

the organic chemistry has suffered a certain delay, both in the academic research,

mainly owing to the control of the temperature and pressure (absent in the domes-

tic microwave oven) of several processes in which microwave irradiation was used,

and in the industrial research, for the design of reactors necessary for its use in

large scale, and the control and containment of microwave energy.

Because of new technology, microwave energy has been widely adopted as an al-

ternative or complementary source to the thermal energy in all areas of chemistry

and, particularly, in synthetic chemistry because its use provides higher yields and

dramatically shorter reaction times, and sometimes it enables reactions to be con-

ducted under solvent-free conditions or with much reduction of solvent use.

In this chapter, we intend to provide insight into the variety of applications of

microwave irradiation in carbohydrate chemistry and to discuss the benefits and

limitations of methods connected with microwave activation. Carbohydrates, which

have been developed to a limited extent in the recent past, because of their no-

torious sensitivity to heat, are ideal candidates for microwave-assisted processes

which are less destructive than thermal heating because their reactions are favored

by interactions between their polar molecules and the electromagnetic field. Al-

though there are several excellent reviews [1] and books [2] on the general utiliza-

tion of microwave techniques in organic chemistry, some include only a few exam-

ples involving carbohydrates and their derivatives. To the best of our knowledge,

there are only our review [3] and that by S.K. Das [4] that cover several aspects of

carbohydrate chemistry activated by microwave energy.

Most arguments already treated in our previous review [3] have again been dis-

cussed in brief, but expanded with the most recent work published until July 2005.

Topics include selective and nonselective protection (for example acylation, acetala-
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tion and, silylation) and deprotection of hydroxyl functionality, O-glycosylation

performed by Fischer alcoholysis, by Ferrier’s rearrangement, and by formation of

1,6-anhydro-b-d-hexopyranoses, N- and C-glycosylation, catalytic transfer hydroge-

nation, oxidation, and halogenation. Other subjects treated are stereospecific CaH

bond activation for rapid deuterium labeling, reactions with amino-derivatized

labels, Ferrier’s rearrangement to carbasugars, synthesis of unsaturated mono-

saccharides, synthesis of monosaccharide dimers, polysaccharides and their

derivatives, synthesis of heterocycles and amino acids, and, finally, enzymatic

reactions.

12.2

Protection

12.2.1

Acylation

Several methods have been described for rapid and high-yielding microwave-

assisted protection of carbohydrate hydroxyl functionalities with acetic anhydride,

acetyl, chloroacetyl, pivaloyl, dodecanoyl, and benzoyl chlorides, and with a conven-

tional base or a resin-linked amine. The use of solid supported reagent in these

reactions resulted in reactions which are slightly slower but still comparable with

conventional methods.

12.2.1.1 Acetylation

In a recent paper, the protected a-d-glucofuranose (1) was selected as a carbo-

hydrate model compound by Oscarson et al. [5] for acetylation, under the

action of microwave irradiation, with acetyl chloride (2 equiv.) and pyridine,

N,N-(diisopropyl)aminoethylpolystyrene (PS-DIEA), or N-(methylpolystyrene)-4-

(methylamino)pyridine (PDS-DMAP) as conventional bases. The acetyl derivative

2 was produced in good to excellent yields in a very short time (Scheme 12.1).

12.2.1.2 Peracetylation

Microwave-assisted peracetylation of d-glucose (3) with a small excess of acetic an-

hydride and catalysis by anhydrous salts such as potassium acetate or zinc chloride

has been found by Limousin et al. [6] to give the corresponding acetyl derivative 4

almost quantitatively in less than 15 min (Scheme 12.2).

Scheme 12.1
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Attempts with d-galactose, d-mannose or N-troc-d-glucosamine and sodium

acetate as catalyst gave also excellent yields of the corresponding acetyl derivates

within 11 min. Loupy et al. [7] performed peracetylation of 3 with a slight excess

of acetic anhydride and catalytic amounts of zinc dichloride either with classical

heating or under microwave activation, but they obtained rather similar yields irre-

spective of the conditions used.

Das et al. [8] described an operationally simple procedure for microwave-

activated acetylation of carbohydrate alcohols by acetic anhydride, which uses only

0.1 equiv. of the powerful indium chloride catalyst. Peracetates were produced in

good to excellent yields. Comparison of this method with others which use well

established catalysts (pyridine, I2, Cu(OTf )2, CoCl2), either with an appropriate

solvent or neat (following standard conditions), shows that under microwave irra-

diation conditions indium chloride is the best choice providing higher yields than

those without microwave energy.

12.2.1.3 Benzoylation

In connection with their current endeavors toward the synthesis of polyoxygenated

natural products and oligosaccharides [9], Herradón et al. [10] examined the effect

of microwave activation and the influences of both the solvent and oven electric

power [11] on regioselective benzoylation of different carbohydrate-derived polyols.

The interesting feature of this conversion is the intermediacy of not isolable dibu-

tylstannylene acetals, which are obtained by irradiating a mixture of the polyol and

dibutyltin oxide in a commercial oven for few minutes, compared with several

hours for the standard method. The benzoylation of methyl b-d-pyranoside 5, as

previously documented in the literature [12], is not selective, giving a mixture of

tribenzoate 6 and dibenzoates 7 and 8 (Scheme 12.3), while that of derivatives 9,

11, and 13 gave the corresponding selectively protected derivatives 10, 12, and 14

(Scheme 12.4).

Oscarson et al. [5] found that benzoylation of 1 is often very slow when

conventional methods are used, but it is dramatically accelerated under micro-

wave activation. Benzoylation of selected substrates, for example acetonated a-d-

galactopyranose and benzylidene 4,6-protected a-d-glucopyranose, which are not

stable in acidic conditions, was performed by Cléophax et al. [13] under the action

of microwave irradiation in a monomode system with methyl benzoate for 4–

15 min.

Good yields of 16 were isolated by trans-esterification of 15 under basic condi-

tions, using tetrabutylammonium bromide as phase-transfer agent, either in the

absence of solvent (66%) or in the presence of small amounts of different solvents

(up 76%) (Scheme 12.5, a representative example).

Scheme 12.2
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Several attempts at selective monobenzoylation were performed with 4,6-

dibenzylidene-a-d-glucopyranose, but without success.

12.2.1.4 Pivaloylation

Of special interest is the formation of pivaloyl esters, because of the steric bulk of

the pivaloyl group. Oscarson et al. [5] obtained the same results as for benzoylation

when they subjected 1 to pivaloylation under microwave irradiation conditions, but

with a a:b ratio of 1:2 (Scheme 12.6).

It is worthy of note that, during pivaloylation of 1 with pyridine, the authors [5]

isolated, with 17, the 6-O-pivaloyl derivative 18 (ca. 25%) also; it was shown the

latter was produced by 5,6- to 3,5-acetal migration before the acylation. The acetal

migration was not observed for acetylation and chloroacetylation reactions, indicat-

ing that the acetylation is too rapid to enable acetal rearrangement. Pivaloylation of

Scheme 12.5

Scheme 12.4

Scheme 12.3
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methyl a-d-glucopyranoside 9 in pyridine gave 68% of the pivaloyl derivative 19 in

10 min (Scheme 12.7).

12.2.1.5 Dodecanoylation

Cléophax et al. [13] achieved trans-esterification of 1 by treatment with methyl lau-

rate, potassium carbonate as the base, and tetrabutylammonium bromide as a

phase-transfer catalyst. The best yield (88%) was obtained in the presence of dime-

thylformamide with a very important specific effect of irradiation. With 20, the

product of diesterification 21 and products of monoesterification 22 and 23 were

obtained (Scheme 12.8).

12.2.2

Acetalation

The method developed by Garegg et al. [14] to form benzylidene acetals was modi-

fied by Oscarson et al. [5], who treated compound 9 with benzal bromide and

N-(methylpolystyrene)-4-(methylamino)pyridine (PS-DMAP) in acetonitrile under

microwave irradiation conditions to form the 4,6-O-benzylidene derivative 20

(83%) after 5 min (Scheme 12.9).

Scheme 12.6

Scheme 12.7

Scheme 12.8
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Because of their interest in products with liquid crystalline and surfactant prop-

erties, Csiba et al. [15] synthesized some amphiphilic derivatives of l-galactono-1,4-

lactone 24, a by-product of the sugar beet industry available in large quantities. Re-

actions between 24 and hexyl, heptyl, octyl, decyl, dodecyl, and myristyl aldehydes

on montmorillonite KSF or K10 were performed in a focused open-vessel micro-

wave system for 10 min in the absence of solvent (Scheme 12.10). Protected deriv-

atives 25a–f were afforded with yields (60–89%) considerably better than those

(22–38%) obtained by conventional heating for 24 h in the presence of sulfuric

acid.

In a research directed toward monoacetalation of sucrose (26) by treatment with

citral 27 (geranial and neral), widely used as chemical intermediates in the per-

fume industry [16], Queneau et al. [17] determined conditions for optimized acidic

catalysis in dimethylformamide (DMF) which afforded good yields (>80%) of ace-

tals 28 directly from the unprotected 26 in comparison with those obtained in a oil

bath. With prolonged reaction times, cleavage to acetal 29 occurred (Scheme 12.11).

Scheme 12.9

Scheme 12.10

Scheme 12.11
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By applying reaction conditions optimized for conversion of citral to the di-

methyl acetals of a- and b-ionone, trans-esterification of 26 was performed to fur-

nish the corresponding acetals 30 (66%) and 31 (76%) (Fig. 12.1), which were per-

acetylated for characterization purposes.

12.2.3

Silylation

Silylation of the 3-hydroxyl group of 1 was achieved by Oscarson [5], who used

tert-butyldimethylsilyl chloride (TBDMSCl) in the presence of pyridine or N-
(methylpolystyrene)-4-(methylamino)pyridine (PDS-DMAP), in a Smith Synthe-

sizer (Scheme 12.12). In addition to the silylated product 32a, the secondary prod-

uct 33a, formed by acetal migration, was also observed.

When N,O-bis-(trimethylsilyl)acetamide (BSA), a reagent which does not require

any additional base, was used for the total trimethyl silylation of 9 into 34, short

reaction times and high yields were observed (Scheme 12.13).

Khalafi-Nezhad et al. [18] achieved silylation of the 5 0-hydroxyl function of uri-

dine by use of imidazole and triisopropylsilyl chloride in a microwave oven at 200

W for 60 s, obtaining 80% yield of silylated product. The same reaction in dime-

thylformamide with conventional heating [19] gave a 76% yield of silylated product

after 24 h.

Fig. 12.1. Structures of 30 (1:1 mixture of epimers) and 31.

Scheme 12.12

Scheme 12.13
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12.2.4

Methylation of Carbohydrate Carboxylic Acids

Shieh et al. [20] have reported esterification of carbohydrate carboxylic acid 35 to

form the corresponding ester 36. Dimethyl carbonate was used both as solvent

and reagent, in the presence of 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU), under

the action of microwave irradiation for 24 min (Scheme 12.14).

12.2.5

Synthesis of 1,6-Anhydro-b-D-hexopyranoses

Cléophax et al. [21] used intramolecular protection in the large-scale preparation of

1,6-anhydro-d-hexopyranoses (45–86%) from the corresponding monotosylates.

For ditosylate 37, a mild, rapid, and solvent-free microwave procedure was used.

Interestingly, 38 (55%) and 1,6:2,3-di-anhydro-4-O-acetyl-b-d-glucopyranose (39)

(approx. 5%) were obtained after re-acetylation (Scheme 12.15).

12.3

Deprotection

Mild conditions have been used in deprotection studies to determine whether the

extended reaction times often needed with conventional heating could be short-

ened by use of microwave irradiation. Some solid-supported reagents have also

been tested.

Scheme 12.14

Scheme 12.15
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12.3.1

Deacylation

12.3.1.1 Deacetylation

Whereas no reaction was observed on microwave irradiation of decyl 2,3,4,6-tetra-

O-acetyl-a-d-glucopyranoside 40 adsorbed on alumina (Varma’s conditions) [22],

saponification of the protected glucoside 40a to decyl glucoside 41a was achieved

by Limousin et al. [6] by use of alumina impregnated with a small excess of potas-

sium hydroxide under dry conditions (Scheme 12.16). The same procedures were

applied to the acetates 40b–40d of decyl d-galactoside 41b, d-mannoside 41c, and

d-glucoside 41d.

12.3.1.2 Debenzoylation

By following methods described by Tsuzuki et al. [23] and Mori et al. [24], except

with microwave activation, Oscarson et al. [5] debenzoylated derivative 42 into 1

(71%) by irradiation at 150 �C for 15 min in 1:5:1 triethylamine–methanol–

water (Scheme 12.17). Under the same conditions, ethyl 2,3-di-O-benzoyl-4,6-O-

benzylidene-1-thio-b-d-glucopyranoside gave the corresponding 2,3-debenzoylated

monosaccharide (78%).

12.3.1.3 Depivaloylation

In a effort to devise a mild, high-yielding deprotection strategy for hindered esters,

Ley and Mynett [25] investigated the possibility of microwave-assisted hydrolysis of

Scheme 12.16

Scheme 12.17
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a series of pivaloyl-protected alcohols on neutral alumina. The authors showed that

the deprotection of position 6 of compound 19 occurs selectively, cleanly, and effi-

ciently without group migration or isomerization of the anomeric center to give 43

(Scheme 12.18, a representative example). Deprotection could not be achieved by

using conventional heating (oil bath at 75 �C).

12.3.2

Deacetalation

Oscarson et al. [5] described the hydrolysis of compound 20 to 9 (89%) by treat-

ment with K10 clay in methanol–water for 2 min under the action of microwave

irradiation at 150 �C. Because polymer-supported reagents worked out well in

acylation reactions, they also submitted 20 to microwave irradiation with polymer

supported poly(4-vinylpyridinium-p-toluenesulfonate) (PPTS) in ethanol–water at

150 �C for 2 min and obtained 9 in 94% yield (Scheme 12.19).

Simple and rapid deacetalation was accomplished by Couri et al. [26] by irradia-

tion in a domestic oven under solvent-free conditions with silica gel-supported re-

agents.

12.3.3

Desilylation

Several methods can be used for deprotection of silyl groups under acidic or basic

conditions [27]. Under basic conditions, Oscarson et al. [5] converted 37a into 1

(61%) with tetrabutylammonium bromide and potassium fluoride under the action

of microwave irradiation at 180 �C for 2 min. Under slightly acidic conditions, they

used montmorillonite K10 clay in methanol–water (1:1) at 150 �C for 4 min and 3

min, to obtain 3 in high yields (85% and 91%, respectively) (Scheme 12.20). Under

Scheme 12.18

Scheme 12.19
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the original conditions (75 �C for 72 h), the desilylated derivative 1 was obtained in

a yield of 77% [28].

12.4

Glycosylation

Interest in the glycosylation is connected with the physical properties of glycosides,

which are used as liquid crystals and as non toxic and biodegradable surfactants

[29]. In particular, alkyl glycosides with long-chain alkyl groups derived from natu-

ral raw materials [30] are used for the production of tenside formulations, because

of their technological degradability [31]. They are also important chemical inter-

mediates in biotechnology [32].

12.4.1

O-Glycosylation

12.4.1.1 O-Glycosylation by Fischer Alcoholysis

Fischer’s classical O-glycosylation with alcohols and an acid catalyst was applied by

Limousin et al. [6], who described the reaction of peracetylated d-glucopyranose 4

with 1-decanol in the presence of zinc chloride to afford the corresponding a- (44a)

and b-glucoside (44b) in 74% yield (44a:44b ¼ 7:1), with a small amount of the

2-de-O-acetyl a-derivatives 45a in 3 min (Scheme 12.21).

The same glycosylation was extended to d-galactose, d-mannose, and N-troc-d-

glucosamine with similar results. The same authors also achieved glycosylation of

Scheme 12.20

Scheme 12.21
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unprotected glucose, on the solid support Hyflo Super Cel, by use of 1-decanol in

the presence of p-toluenesulfonic acid, although with very poor yield. Scale-up of

this procedure was found to be fairly interesting by Loupy et al. [7], who obtained

yields similar to those obtained under very similar conditions from glycosylation of

decanol with peracetyl derivatives of 4 at 110 �C in Prolabo Synthewave systems.

An important not purely thermal effect is involved if yields of 72–74% are com-

pared with those obtained under classical heating conditions (less than 25%).

By means of an ETHOS MR oven, Nuchter et al. [33] accomplished scaling-up of

a microwave-assisted Fischer glycosylation to the kilogram scale with improved

economic efficiency. In batch reactions, carbohydrates (d-glucose, d-mannose, d-

galactose, butyl d-galactose, starch) were converted on the 50-g scale (95–100%

yield, a:b from 95:5 to 100%) with 3–30-fold molar excesses of an alcohol (metha-

nol, ethanol, butanol, octanol) in the presence of a catalytic amount of acetyl chlo-

ride under pressure (microwave flow reactor, 120–140 �C, 12–16 bar, 5–12 min) or

without applying pressure (120–140 �C or reflux temperature, 20–60 min). Furano-

sides are not stable under these reaction conditions.

Fraser-Reid et al. [34] found that the n-pentenyl family of armed and disarmed

glycosyl donors and ortho esters undergo ready coupling with hindered or unhin-

dered acceptors under microwave activation conditions to give the corresponding

disaccharides in modest to good yields. Reactions performed in acetonitrile under

neutral conditions with N-iodosuccinimide as promoter were always rapid, clean,

and ideal for use with reactants bearing acid and labile protecting groups.

Cléophax et al. [35] performed a microwave-assisted synthesis of dichlorovinyl

glycopyranosides 47 from per-O-acetylated glycopyranoses 46 via Wittig-type reac-

tion with triphenylphosphine–tetrachloromethane either in toluene and pyridine

or dichloromethane on the anomeric acetate group (Scheme 12.22).

Seibel et al. [36] reported, for the first time, the use of microwave heating in the

glycosylation of amino acids. They performed glycosyl transfer reactions of perace-

tylated monosaccharides (glucose and galactose) and disaccharides (maltose and

lactose) with N-9-fluorenylmethoxycarbonyl-l-serine benzyl ester in the presence

of iron trichloride with short reaction times (4 min, compared with 5–10 h by con-

ventional heating) and with improved yields (52–61% compared with 10–31% by

conventional heating). It is worthy of note that in these reactions heavy metal com-

pounds, for example silver trifluoromethanesulfonate, mercury dibromide and di-

cyanide, or boron trifluoride–diethyl etherate, can be replaced by the environmen-

tally safe promoter iron trichloride.

Scheme 12.22
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Ohrui et al. [37] succeeded in synthesizing new chiral label reagents 48a–c with

a 2,3-anthracenedicarboxamide group, starting from d-glucosamine and introduc-

ing target alcohols (methyl-1-pentanol, 4,8,12,16-tetramethylheptadecanol) at the

anomeric position with b-selectivity. They used methylglycoside reagents as glyco-

syl donors with a Lewis acid (silver and trimethylsilyl trifluoromethanesulfonate,

zinc dichloride), and microwave irradiation. In the absence of microwave irradia-

tion, a- and b-mixed glycosides were afforded (Scheme 12.23).

Bornaghi and Poulsen [38] have demonstrated that microwave irradiation is

potentially one of the easiest and quickest routes to simple glycosides. This was

apparent in Fischer glycosylation reactions of N-acetyl-d-glucosamine, N-acetyl-d-

galactosamine, d-glucose, d-galactose, and d-mannose with a variety of alcohols

(methanol, ethanol, benzyl alcohol, and allyl alcohol) from the impressive accelera-

tion of the reaction time (minutes compared with hours) and good a-glycoside

product selectivity.

12.4.1.2 O-Glycosylation via Ferrier’s Rearrangement

O-Glycosylation via Ferrier’s rearrangement [39], an allylic rearrangement of gly-

cals (1,2-unsaturated pyranosides) in the presence of nucleophiles, has acquired

great significance in carbohydrate chemistry, because of the further transformation

of the products into other interesting carbohydrates [40]. In addition to affording

Scheme 12.23
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clean products, higher yields, and shorter times, use of microwaves in this reaction

has enabled avoidance of limitations frequently encountered under conventional

conditions, for example strong oxidizing conditions, high acidic media, low yields,

high temperatures, longer reaction times, incompatibilities with functional groups,

and the types of catalyst and reagent used, particularly, their amounts and, espe-

cially, their cost.

By using the microwave-induced organic reaction enhancement (MORE) method

Balasubramanian et al. [41] achieved solvent-free glycosylations by treating tri-O-

acetyl-d-glucal 49 with substituted phenols to afford 2,3-unsaturated O-aryl glyco-

sides 50; reaction times reduced several fold compared with those required under

thermal conditions (Scheme 12.24).

Balasubramanian et al. [42] accomplished microwave-assisted glycosylations in

solution by irradiation of a mixture of 49a and tri-O-acetyl-d-galactal 49b with an

appropriate alcohol or substituted phenol in the presence of montmorillonite K-10

as catalyst; they obtained solely the corresponding a-anomers of unsaturated glyco-

sides 50 and 51 in much shorter times and with better yields than those obtained

by conventional heating (Scheme 12.25). Silica gel and ferric chloride were also

used as catalysts, but either no reaction occurred or extensive decomposition oc-

curred when these acids were used.

Srivastava et al. [43] synthesized 2,3-unsaturated a-glucosides 52 in good yields

by using montmorillonite K10 catalyst (71–87%) (Scheme 12.24). It is worthy of

Scheme 12.24

Scheme 12.25
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note that no reaction occurred when cyclohexanol was used or the catalyst was

changed for silica gel and iron trichloride. The latter change also resulted in exten-

sive decomposition.

By his efficient, mild, rapid eco-friendly method, Das et al. [44] treated different

per-O-acetylglycals (49a,b and l-rhamnal, 49c, and l-arabinal, 49d) with aliphatic

primary alcohols, in the presence of indium(III) chloride in acetonitrile solution

in an open vessel, to afford the corresponding 2,3-unsaturated products 53 in

good to excellent yields in a few seconds (Scheme 12.24).

Hotha and Tripathi [45] reported a practical method based on microwave irradi-

ation for Ferrier reaction of per-O-acetylated glycals 49a,b with primary, secondary,

allylic, benzylic, and monosaccharide alcohols; they used a catalytic amount of

niobium pentachloride to give the corresponding 2,3-unsaturated O-glycosides 51

and 53 with a stereoselectivity in high yields and with short reaction times

(Scheme 12.24).

exo-Glycals 54a,b, 56, and 58, which have shown great promise in the synthesis

of C- and N-glycosides, ketoses and ketosides, and carbasugars [46], were reported

by Lin et al. to be efficient glycosyl donors in stereoselective glycosylations [47]. As

carbonates, their reactivity is further increased by decarboxylation, which results in

an extra driving force during the heating process. a-Glycosyl additions occur afford-

ing 55a–i (75–92%), 57a–d (50–74%, a:b ¼ 5–7:1), and 59a,b (90–93%) under

solvent-free conditions; yields can, however, be improved by catalysis of a Lewis

acid, for example indium trichloride. So, for example, the improvement was from

50% (a:b ¼ 5:1) to 91% (a:b ¼ 7:1) with 56 and hexanol and from 25% (a:b ¼ 7:1)

to 85% (a:b ¼ 11:1) with 56 and cyclohexanol. Interestingly, exo-glycals were found

to be more active than endo-glycals (Schemes 12.25, 12.26, and 12.27).

Scheme 12.26

Scheme 12.27
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12.4.2

C-Glycosylation Reactions

C-Glycosides are versatile chiral building blocks in the synthesis of many biologi-

cally interesting and potent natural products [48]. Their synthesis in solution using

microwave activation is rare and so far there is no report of use of solvent-free con-

ditions. To the best of our knowledge, the literature reports only one example –

reduction of C-glycosylidene nitriles with hydrogen in the presence of Pd/C with

complete stereocontrol at the anomeric center [49].

12.4.3

N-Glycosylation

N-Glycosides occur widely in the nature – they are, for example, components of

nucleic acids and constituents of glycoproteins. New methods for synthesis of

these derivatives are important in the search for compounds that may serve as gly-

comimetics or as novel carbohydrate-containing materials; synthesis is, however,

often complicated by anomerization in intermediate glycosyl amines. Glycosyl

1,2,3-triazoles and glycosyl amides are potentially useful linkers for attaching car-

bohydrates in novel oligomers. Norris et al. [50] have developed new methods of

avoiding such anomerization reactions, including direct conversion of glycosyla-

zides to glycosylamides by use of the Staudinger reaction, and dipolar cycloaddi-

tion chemistry and rapid purification of the N-glycosyl products.

12.5

Hydrogenation (Catalytic Transfer Hydrogenation)

In recent years a few laboratories have started to use catalytic transfer hydrogena-

tion (CTH) [51] consisting of a safe and simple operation in which a catalyst and

hydrogen are replaced with a catalyst and a hydrogen donor. Bose et al. [52] re-

cently demonstrated that CTH can be conducted very rapidly, and essentially in

quantitative yield, inside an unmodified domestic microwave oven. He gave several

examples, including a microwave-assisted CTH reaction (10% Pd/C, HCO2NH4,

HOCH2CH2OH, 90 s) on the 2,3-unsaturated Ferrier’s rearranged O-glycoside of

rhamnal 60 with hydroxy-b-lactam (Scheme 12.28) resulting in the formation of a

reduced and deacetylated product 61.

Scheme 12.28
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12.6

Oxidation

New oxidation reactions of organic substances and the reasons for their accelera-

tion under microwave irradiation have recently been investigated. In particular, in

a search for highly efficient oxidation procedures, Chakraborty and Bordoloi [53]

used pyridinium chlorochromate (PCC) under the action of microwave irradiation

for oxidation of protected a-glucofuranose 62 to the corresponding ketone 63 (99%)

much more quickly (10 min) than using the conventional technique (4 h under re-

flux) (Scheme 12.29) and with an easier work-up procedure. They found the oxida-

tion can also be performed with moist PCC under solvent-free conditions and with

the same yield.

Kubrakova et al. [54] studied the mechanism of oxidation of several organic com-

pounds, including galactose and sucrose, with nitric acid. They analyzed activation

energy values and observed changes of the kinetic characteristics which were at-

tributed to an effect directly associated with the action of microwave radiation.

12.7

Halogenation

12.7.1

Chlorination and Bromination

In the last decade of the twentieth century much effort was devoted to the

microwave-assisted chlorination and bromination of several sugars, which were an-

alyzed from the standpoints of the halogen donor, solvent effects (presence and na-

ture), added salts, and halogenated products such as 6-halogenated and/or 4- and

4 0 and 6-halogenated derivatives. Cléophax et al. [55] studied the halogenation of

10 and its 2,3-di-O-benzyl, 2,3,4-tri-O-benzyl, 2,3,6-tri-O-benzyl, and 6-acetyl-2,3-di-

O-benzyl derivatives, and methyl 2,3-di-O-benzyl-a-d-galactopyranoside with triphe-

nylphosphine and chlorine or bromine donors. Carbon tetrachloride, hexachloro-

ethane, and 1,2-dibromotetrachloroethane were shown to be good halogen donors

whereas N-chloro and N-bromosuccinimide and tetrabromomethane decomposed

almost instantaneously under the action of microwave irradiation. It also seemed

that in highly concentrated solutions of nonpolar solvents such as toluene or 1,2-

Scheme 12.29
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dichloroethane with, occasionally, addition of potassium chloride, potassium bro-

mide, and/or pyridine, it was possible to halogenate primary and secondary alcohol

groups in good yields and with short reaction times. Pyridine seems to inhibit ex-

tensive decomposition and enables the reaction temperature to be increased. Fur-

thermore, in contrast with reactions in dilute solution, dihalogenation was possi-

ble. The reactions were observed to be very fast (2 to 30 min) under the action of

microwave irradiation and with classical heating at 80–120 �C (2 to 45 min). Most

often, yields were better under microwave irradiation conditions and the reaction

product distribution was sometimes different from that obtained by use of classical

methods with, in all experiments, much reduced use of solvent.

Scale-up of chlorination of 9, conducted by Loupy et al. [7] with triphenylphos-

phine and carbon tetrachloride in the presence of pyridine, after addition of excess

potassium chloride, led to improvements in yields of 64 irrespective of whether mi-

crowave activation in Synthewave equipment or classical heating (D, oil bath) were

used (Scheme 12.30). A specific microwave effect led only to a 10% difference in

yield.

12.7.2

Fluorination

Fluorinated carbohydrates have recently received much attention because of their

importance in the study of the enzyme–carbohydrate interactions and their inter-

esting biological activity [56]. Hara et al. [57] achieved the deoxyfluorination of

primary and anomeric hydroxyl groups of a series of protected carbohydrates, for

example 65 into 66 (70%) (Scheme 12.31, a representative example) and 67 into

68 (90%) (Scheme 12.32, a representative example), with good yields, by use of

N,N-diethyl-a,a-difluoro-(m-methylbenzyl)amine (DFMBA), which has previously

proved to be a selective reagent for the synthesis of fluorinated alcohols and

carboxylic acids [58]. Chemoselective deoxyfluorination at the anomeric position

Scheme 12.30

Scheme 12.31
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proceeded at below room temperature, conditions under which no other hydroxyl

group is converted and most protecting groups, for example acetonide, benzyl

ether, acetate, and silyl ether, can survive.

For methyl 2,3-O-isopropylidene-b-d-ribofuranose 69 migration of the methoxyl

group from the 1- to 5-position, to give 70 and 71, was observed. This, however,

could be prevented by performing the reaction in dioxane at 100 �C in the presence

of potassium fluoride (Scheme 12.33).

12.7.3

Iodination

In the synthesis of the carbocyclic version of the most common naturally occurring

glucose-1-phosphate, iodination of the 6-hydroxy group in protected glucose 72 was

achieved with 98% yield by Pohl et al. [59], who used iodine in the presence of tri-

phenylphosphine and imidazole, and only 1 min microwave irradiation (Scheme

12.34).

12.8

Stereospecific CxH Bond Activation for Rapid Deuterium Labeling

Deuterium labeling of carbohydrates and glycoconjugates has wide applicability in

biochemistry and biophysics [60], but its execution has required many chemical

Scheme 12.32

Scheme 12.33

Scheme 12.34
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and enzymatic synthetic pathways [61]. Among these, Cioffi et al. [62] found

that use of a simple multimode domestic microwave oven for irradiation of pre-

activated Raney Nickel catalyst and a deuterium isotope source readily promoted

stereospecific CaH ! CaD exchange in nonreducing carbohydrates within a short

reaction time [63]. In particular, 1-O-methyl-b-d-galactopyranoside 74 and sucrose

76 (Schemes 12.35 and 12.36), selected as monosaccharide and disaccharide

models, respectively, resulted in significant percentages of 2H incorporation at

one CaH site in the two sugars, in less than 10 min total irradiation. If ice bath

cooling is used between irradiation intervals, irradiation times can be extended to

afford very high levels of 2H incorporation without decomposition or epimeriza-

tion.

12.9

Reaction of Carbohydrates with Amino-derivatized Labels

The condensation reaction between carbohydrates and amino derivatives to give

Schiff ’s bases is a well known reaction [64] which has recently been widely ex-

ploited for sugar labeling and saccharide sequencing [65]. Its use for attachment

of sugars to glass surfaces has became an attractive prospect, particularly because

of the wide-ranging biological activity and potential medical applications of carbo-

hydrates [66]. Yates et al. [67] improved the rate of this reaction by using micro-

wave irradiation in the attachment of bioactive and medically important carbohy-

drates to an aminosilane-derivatized glass surface suitable for construction of

functional carbohydrate microarray systems. Compared with conventional heating,

which is slow (hours), microwave activation is quicker (some minutes) and conve-

Scheme 12.35. Deuterium exchange at C2, C3, and C4

positions in 1-O-methyl-b-d-galactopyranoside.

Scheme 12.36. Deuterium exchange at the C2 0 , C3 0 , C4 0 , C2, and C3 positions in sucrose.
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nient. The reaction rates were measured for hexoses, pentoses, aminosugars,

and disaccharides and rate improvements for amination of model sugars with

7-aminonaphthalene-1,3-disulfonic acid in formamide were, except for sucrose, ap-

proximately 103. The authors showed that the substantial improvement in reaction

rates was mainly because of solvent-mediated heating.

Another application of this process is the rapid and facile attachment of

saccharides of the heparin sulfate family, glycosaminoglycans with many impor-

tant biological and pharmacological properties, to glass slides derivatized with g-

aminopropylsilane [68].

12.10

Ferrier (II) Rearrangement to Carbasugars

The so-called Ferrier (II) rearrangement is the most common approach to carbasu-

gars, although it requires use of mercury and a reaction time (several hours). Pohl

et al. [59], found that the Ferrier (II) rearrangement of 78 into 79 in the presence of

palladium dichloride can be performed in less time and with higher yields by use

of microwave irradiation rather than conventional heating (Scheme 12.37).

12.11

Synthesis of Unsaturated Monosaccharides

Introduction of a double bond into a sugar is a very important reaction because the

double bond can easily be further functionalized. The olefination of sugars can

give rise to two types of unsaturated derivative which are categorized as endo- and
exo-glycals according to whether the double bond is located inside or outside the

sugar ring. The several literature methods which use conventional heating for for-

mation of these unsaturated sugars [69] require prolonged reaction times and af-

ford low yields of unsaturated glycosides, because of decomposition of the re-

agents. In contrast, microwave procedures have resulted in faster reactions and

improved product yields. The best method of obtaining endo-glycals, in which the

double bond is located in the 2,3-positions (2,3-unsaturated glycosides), remains

Ferrier’s rearrangement, discussed in Section 12.4.1.2.

By applying Ferrier’s rearrangement to per-O-acetylglycals 80 (a, 3,4,6-tri-O-
acetyl-1,5-anhydro-2-deoxy-d-arabino-hex-1-enitol, and b, -d-lyxo-hex-1-enitol, c, 3,4-

Scheme 12.37
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di-O-acetyl-1,5-anhydro-2,6-deoxy-l-arabino-hex-1-enitol, and d, -2-deoxy-l-arabino-
pent-1-enitol), in the presence of alkyl (trimethylallyl, triethyl, trimethylcyano)

silanes and catalytic amounts of indium trichloride, Das et al. [70] obtained good

to excellent yields of the corresponding 2,3-unsaturated C-glycosides 81 (Scheme

12.38, as a representative example). The microwave-assisted reaction was con-

ducted in acetonitrile solution in an open vessel and resulted in a large reduction

in reaction time compared with the conventional reflux method [71].

Methods for preparation of endo-glycals include that of Baptistella et al. [72], who
used microwave irradiation to obtain endo-glycals from gluco- and galacto-di-O-

mesyl or di-O-tosyl derivatives, by means of Tipson–Cohen elimination reactions

[73] (Scheme 12.39).

The results obtained clearly show the benefits of microwave activation compared

with conventional heating.

Current preparations of exo-glycals with microwave activation include those of

5,6-unsaturated pyranosides [59] and C-glycosylidene derivatives [49]. exo-Glycals

with the double bond located at the 5,6-positions, of which 78 is an example, were

obtained in 98% yield from the 6-iodo selectively protected glucose derivative 82 by

treatment with DBU in DMF for 30 min under the action of microwave irradiation

(Scheme 12.40).

New C-glycosylidene nitriles of special interest as carbohydrate mimics [74] have

Scheme 12.38

Scheme 12.39

Scheme 12.40
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been prepared by Chapleur et al. [49] by microwave activated reaction of cyanome-

thyltriphenylphosphorane with different sugar lactones 83–89. E–Z mixtures of

90–96 were produced in almost equal amounts, in good to excellent yields, and

with dramatic reduction of the reaction time (Scheme 12.41).

These C-glycosylidene nitriles were reduced to the corresponding C-glycosyl
compounds with complete stereocontrol at the anomeric center.

12.12

Synthesis of Dimers and Polysaccharides, and their Derivatives

Glycosylation using oxazoline donors is rather slow and requires extended reflux

heating, because of their low reactivity. Microwave activation seemed likely to be

an appropriate technique because reaction time should be reduced quite drastically,

hopefully with increased yield, because of the formation of fewer byproducts.

Oscarson et al. [75] performed easy and efficient synthesis of spacer-linked

dimers of N-acetyllactosamine from the corresponding oxazoline donor 97, by ap-

plying pyridinium triflate as promoter combined with microwave heating. Com-

pared with the promoter pyridinium p-toluenesulfonate, previously proven to be

more effective than other sulfonates [76], the triflate salt increased the yield of

dimers 100 by more than 30%. Microwave irradiation reduced the reaction time

Scheme 12.41
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from approximately 3 h to less than 20 min and improved yields by a further 12–

15% (Scheme 12.42).

12.13

Synthesis of Heterocycles and Amino Acids

12.13.1

Spiroisoxazoli(di)ne Derivatives

Cycloaddition reactions of the activated exo glycal 101, in the E-form, which can be

regarded as a capto-dative olefin, with nitrones 102a–d have been reported to occur

only under the action of microwave activation to give spiroisoxazoli(di)nes 103a–c,

with good stereoselectivity and yields (Scheme 12.43) [77]. These cycloadditions,

and those of the Z-isomer 101 and other ribo derivatives, were characterized by

the endo mode of the Z-nitrone, as already postulated in most NOC reactions,

and excellent facial selectivity of the furanoglycosylidenes, because of the presence

of the dioxolane-protecting group near the anomeric center.

Pyranose exo-glycal 104 also gave good yields in NOC reactions with nitrones

102a–c. Because of steric hindrance of both faces of the sugar ring, however, facial

selectivity was incomplete and cycloaddition reactions gave a/b mixtures. Here

again, the endo mode of cycloaddition is preferred with the Z-nitrone (Scheme

Scheme 12.42
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12.44). Interestingly, only one cycloadduct, 105d, was obtained in 68% yield with

complete a selectivity.

The reactivity was similar in the reactions of benzonitrile oxide (107) with furan

and pyran exo-glycals 101 and 104 and their Z-isomers. These cycloaddition reac-

tions proceed at room temperature and give open-chain isoxazoles, for example

108, because of facile b-elimination of the sugar ring oxygen on the intermediate

isoxazoline ring system (Scheme 12.45, as a representative example of cycloaddi-

tions to furan exo-glycals).

12.13.2

Triazole-linked Glycodendrimers

Pieters et al. [78] described straightforward microwave-assisted procedures for rapid

preparation of azido carbohydrates 109 which were applied in a general microwave-

enhanced regioselective CuI-catalyzed [3þ2] cycloaddition reaction with different

Scheme 12.43

Scheme 12.44
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types of alkyne-bearing dendrimer 110. Triazole glycodendrimers 111, up to the

nonavalent level, were produced in high yields. Two biologically important glyco-

conjugates containing a fluorescent label were also prepared (Scheme 12.46).

12.13.3 5,6-Dihydro-1,2,3,4-tetrazenes

The stereoselective normal electron-demand Diels–Alder reactions of chiral 1,2-

diaza-1,3-butadienes, derived from acyclic carbohydrates of different configuration,

with diethyl azodicarboxylate (DEAD) are impractical at room temperature. In

contrast, these are completed within a few hours by use of a focused microwave

reactor.

Jimenez et al. [79] obtained a mixture of (6S) and (6R) configured 1,2,3,6-

tetrahydro-1,2,3,4-tetrazines 113 and 114 in good yields (up 90%) and diastereoiso-

meric ratios (about 85:15 ¼ a:b) (Scheme 12.47). The stereoselectivity of reactions

was explained by theoretical calculations at semi-empirical level.

Scheme 12.45

Scheme 12.46
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12.13.4 C-Nucleosides

Based on the pyrolysis of the neat hydrochloride salts of imidazolyl tetritols, e.g.

115a–c, which leads to the 4-glycofuranosyl-1H-imidazoles, e.g. 116a–c and their

anomer mixtures, Tschamber et al. [80] obtained the same pairs of C-nucleosides
in one-pot procedures by microwave irradiation with a domestic Whirlpool MO

100 oven for 1.7–3 min. Mixtures containing formamidine acetate, a few drops of

water, and the appropriate hexose or hexulose, i.e. d-fructose (or d-glucose), d-

galactose, or l-sorbose, resulted in overall yields of 19–28% (Scheme 12.48). Irradi-

ation for longer periods led to caramelization.

12.13.5

Pterins

By Isay type condensation of a pyrimidinediamine 117 with aldohexoses, under mi-

crowave irradiation conditions (300 W for 270 s), Goswami and Adak [81] achieved

construction of a pyrazine ring to afford pterins 118a–d with a sugar substituent

(Scheme 12.49a). Interestingly, the desired isomer-free 6-substituted sugar deriva-

tives were synthesized in moderate to good yields whereas mixtures of both 6-

and 7-isomers (major) were usually obtained from conventional Isay type conden-

Scheme 12.47

Scheme 12.48
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sations. By using benzenediamine 119, quinoxaline systems 120 were obtained

(Scheme 12.49b).

12.13.6

Epoxides

By treatment of the protected 2-O-tosyl-a-d-glucopyranoside 121 under microwave

irradiation conditions at 100 �C for 6 min in the presence of potassium hydroxide–

alumina, Cléophax et al. [82] obtained the epoxide 122 in nearly quantitative yield.

Under classical heating conditions (same conditions, oil bath), the required epoxide

was obtained in 25% yield only (Scheme 12.50).

Loupy et al. [7] scaled up the same reactions, using the conditions listed in Table

12.1.

Scheme 12.49a

Scheme 12.49b

Scheme 12.50
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12.13.7

Azetidinones

During the course of their studies on the synthesis of b-lactams [83], Bose et al.

[84] conveniently conducted several types of synthetic step under the action of

microwave irradiation. Enantiospecific synthesis was developed for a-hydroxy-a-

lactams of predictable absolute configuration starting from readily available carbo-

hydrates. Stereospecific approaches and microwave-assisted chemical reactions

have been used for preparation of these 3-hydroxy-2-azetidinones and their conver-

sion to natural or non-natural enantiomers of intermediates in the preparation of

gentosamine, 6-epilincosamine, g-hydroxythreonine, and polyoxamic acid. They

showed that reaction of acyl chloride 123 and triethylamine with a Schiff base

such as 124, with low levels of microwave irradiation, gives mostly cis-b-lactams

125. If higher energy levels are used, producing higher temperatures, more than

90% of the b-lactam formed may be the trans isomer 126 (Scheme 12.51). Interest-

Tab. 12.1. Epoxidation of 121 into 122 in 6 min at 100 �C [7].

Activation method Yield[a] of 122

MW, S402 99

D, oil bath 25

MW, S1000 (on a larger scale of twenty times) 95

aYields in isolated products

Scheme 12.51
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ingly with Schiff bases of the type 181a–e, the cis-b-lactams are formed irrespective

of the level of microwave irradiation. On the few grams scale, optically active cis-b-
lactams derived from 124d,e were obtained in high yield after approximately 3 min

irradiation in an 800 W commercial microwave oven.

12.13.8

Substituted Pyrazoles

In continuing efforts to develop more general and versatile methods for the syn-

thesis of pyrazoles contained in natural products, and at the same time to use mi-

crowave irradiation, instead of conventional heating, particularly the solvent-free

technique, because it provides the opportunity to work with open vessels, Yadav

et al. [85] prepared a new class of optically pure 4-substituted pyrazoles 128 from

2-formyl glycols 127 and aryl hydrazines (Scheme 12.52).

Comparison of reactions conducted under both thermal and microwave condi-

tions (the lowest observed temperature being 80 �C after irradiation for 1 min at

450 W and the highest temperature being 110 �C after irradiation for 3 min at the

same power) showed that reaction rates and yields were dramatically enhanced by

use of microwave conditions.

12.13.9

3H-Pyrido[3,4-b]indole Derivatives

Pal et al. [86] prepared 3H-pyrido[3,4-b]indole derivatives 130 by means of the

Pictet–Spengler and Bischler–Napieralski reactions starting from a-d-xylo-
pentodialdo-1,4-furanose derivatives 129 and tryptamines. Microwave-assisted reac-

tions conducted on silica gel support under solvent-free conditions resulted in

better yields than those performed under conventional conditions (Scheme 12.53,

a representative example).

12.14

Enzymatic Reactions

Enzymatic methods of synthesis are promising alternatives to chemical methods,

because the latter are usually complicated by the formation of unwanted enan-

Scheme 12.52
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tiomers, require long protection–deprotection steps for selectivity control, and re-

sult in low final yields. Use of microwave irradiation in enzymatic reactions has

recently been proven to be efficient, when the temperature does not harm the

enzyme properties. In comparison with reactions performed with conventional

heating, use of microwaves affords increased selectivity and yields.

During research on enzymatic acylation, Gelo-Pujic et al. [87] performed Novo-

zym immobilized lipase-catalyzed esterification of 131a,b and 7 with dodecanoic

acid in dry media both with microwave irradiation and with classical heating, using

the same conditions of time and temperature (Scheme 12.54). Esterification of 131a

by use of a focused Synthewave reactor and oil bath, both at 95 �C, afforded 132 in

95% and 55% yield, respectively.

Starting from a,a-trehalose (133), the main product obtained was the 6,6 0-di-ester

134 (88%) accompanied by a minor amount of 6-mono-ester 135 (4%) (Scheme

12.55).

Later, the same authors [88] performed some trans-glycosylations in a Synthe-

wave 402 monomode reactor, using almond-b-glucosidase in an open system, ex-

cept for one reaction for which a closed system was required. They performed the

synthesis by reversed hydrolysis using glucose 131a and hexane-1,6-diol 136; trans-
glycosylation was studied with phenyl b-d-glucoside 137 and cellobiose 138 as do-

nors and propane-1,2-diol 134 as acceptor (Scheme 12.56).

The advantage of trans-glycosylation under microwave irradiation conditions

rather compared with classical heating is complete conversion within 2–3 h, hydro-

lysis reduced to 10%, and only 2 equiv. excess of acceptor.

Scheme 12.53

Scheme 12.54
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Enhancement of the rates of enzyme reactions by microwave irradiation has also

been reported by Chen et al. [89] who studied enzyme activity in the regioselective

acylation of sugar derivatives in nonaqueous solvents.

In a screening procedure for characterization of lipase selectivity, Bradoo et al.

[90] esterified sucrose and ascorbic acid with different fatty acids in a microwave

oven using porcine pancreas, B. stearothermophilus SB-1 and B. cepacia RGP-10 li-

pases. Microwave-assisted enzyme catalysis was found to be an attractive procedure

for rapid characterization of a large number of enzyme samples and substrates;

this would otherwise have been a cumbersome and time-consuming exercise.

Maugard et al. [91] showed for the first time that it is possible to produce oligo-

saccharides by use of b-glycosidases under the action of focused microwave irradi-

ation. As model reaction, they studied the synthesis of galacto-oligosaccharides

(GOS) from lactose using b-galactosidase from Kluyveromyces lactis (free and im-

mobilized on Duolite A-568) under the action of focused microwave irradiation

and under conventional heating conditions. By reducing the water activity of media

and substantially increasing the initial lactose concentration the GOS selectivity

(GOS synthesis/lactose hydrolysis ratio) was increased 217-fold by exposing immo-

bilized enzyme to microwave irradiation and by the addition of cosolvents such as

hexanol, in comparison with the reaction performed with conventional heating (in

water, with free enzyme).

Scheme 12.55

Scheme 12.56
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12.15

Conclusion

Microwave activation is emerging as an alternative and (or) a complement to ther-

mal heating which enables chemical transformations to be accomplished with very

short reaction times, and higher yields of cleaner products. Its applications are rap-

idly expanding to any type of chemistry, including carbohydrate chemistry, in

which energy transfer directly to the reactive species can create many new possibil-

ities of performing chemical reactions currently not practicable with conventional

heating.

Today, these new possibilities assume an important significance because of the

growing development of carbohydrate chemistry as a consequence of the change

from petroleum as raw material to natural feedstocks. Growth of microwave-

assisted chemistry in industry is also likely, because of the demonstrable possibility

of moving from small-scale (g) to the multigram (kg) synthesis of carbohydrate de-

rivatives known to be valuable intermediates in the synthesis of diverse natural

products and their analogs.

The short reaction times, which prevent decomposition of the sugars, in combi-

nation with easy performance and work-up, especially when solid-supported re-

agents and environmentally benign solvent-free conditions are used, make these

microwave methods most attractive, and also suitable for automation.
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Microwave Catalysis in Organic Synthesis

Milan Hájek

13.1

Introduction

The objective of this chapter is to draw the attention of experimental organic and

catalytic chemists to a new field of catalysis, especially to catalytic methods which

use microwave irradiation as a new means of activation of chemical reactions,

called ‘‘microwave catalysis’’. It is intended to advise synthetic organic chemists

about the choice of catalytic steps which might be more efficient than conventional

synthetic methods.

This chapter focuses exclusively on microwave heterogeneous catalysis. Microwave

homogeneous catalysis by transition metal complexes is treated in Chapter 15,

phase-transfer catalysis in Chapter 6 and photocatalytic reactions in Chapter 19.

The development of microwave heterogeneous catalysis is, however, impeded

because most synthetic chemists are not well acquainted with factors affecting

both heterogeneous catalysis and microwaves. Although some attempts have been

made to accelerate reaction rate or to improve yield and selectivity, they were based

on the idea ‘‘let’s try microwaves and see what happens’’.

This chapter is written to help the synthetic chemist to understand the effect of

microwaves on heterogeneously catalyzed reactions. Not only metal catalysts are

discussed, but also metal oxides, zeolites, clays, and similar materials that, act ei-

ther as catalysts or as potential supports for the catalytically active species. The fac-

tors involved in the preparation of catalysts under microwave conditions are sum-

marized and discussed in terms of their effects on catalyst activity and selectivity.

Basic mechanistic understanding can frequently be used to modify reaction condi-

tions to achieve product formation in high yield. Such an approach cannot be

readily applied to heterogeneously catalyzed processes, because the mechanistic

understanding needed by the synthetic chemist is not yet commonly available for

this type of reaction. This chapter is intended to call the attention of synthetic

chemists to microwave catalysis, because it has advantages over conventional heter-

ogeneous catalysis (there are also some problems). Hopefully, this may encourage

synthetic and catalytic chemists to use such process more frequently and thus ex-

tend the application of microwaves to the preparation of a variety of materials.
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13.1.1

Definitions

A catalyst is a substance that increases the rate of a chemical reaction without being

changed in the process. During the reaction it can become a different entity, but

after the catalytic cycle is complete, the catalyst is the same as at the start. The

function of the catalyst is to reduce the activation energy of the reaction pathway.

Catalysts can be heterogeneous, homogeneous or biological. Typical types of heter-

ogeneous catalyst are bulk metals, supported inorganic metallic compounds, and

supported organometallic complexes. Catalyst interaction with reactants can occur

homogeneously, i.e. with the reactants and the catalyst in the same phase (usually

liquid), or heterogeneously at the interface between two phases. The latter type of

catalyzed reaction utilizes a solid catalyst, and the interaction occurs at either the

liquid–solid or gas–solid interface.

Microwave catalysis is a catalytic process performed in the presence of a micro-

wave (electromagnetic) field in which the catalyst acts as an energy ‘‘convertor’’. It

uses microwave irradiation to stimulate catalytic reactions. It is necessary to stress

that any sort of electromagnetic or microwave radiation is not itself a catalyst, as

has sometimes been erroneously stated [1]. Similarly, it is not correct to say that

microwave irradiation catalyzes chemical reactions [1]. The principles of micro-

wave catalysis will be described below.

A catalytic reaction is one in which more than one turnover or event occurs per

reaction center or catalytically active site. If, however, less than one turnover occurs

per active site, it cannot be a true catalytic reaction. This occurs for reactions on

supported reagents in the absence of solvent, when support or catalyst is used in

excess (called also solvent-free, solvent-less, dry media etc., see Chapter 8). Catalytic

reactors usually contain a small amount of solid catalyst compared with the

amounts of reactants that pass over the catalyst as liquids or gases. For microwave

heating to be successfully applied in catalytic systems the catalyst itself must ab-

sorb microwave energy. Many supported catalysts (metal, metal oxides, etc.) are

known to absorb microwave energy readily to different extents, whereas the sup-

port (silica, alumina) does not. Thus, after conversion, a liquid or gas stream pass-

ing over the catalyst reaches the cooler part of the reactor more quickly, thus

preserving the reactive products otherwise destroyed in a conventional system. Mi-

crowave catalyzed reactions thus occur at lower temperatures with substantial en-

ergy savings and often with higher yields of the desired products.

Heterogeneously catalyzed reactions are rather complex processes. Considering a

two-phase system, either liquid–solid or gas–solid, several steps are needed to

complete the catalytic cycle:

� transport of the reactants to the catalyst;
� interaction of the reactants with the catalyst (adsorption);
� reaction of adsorbed species to give the products (surface reaction);
� desorption of the products; and
� transport of the products away from the catalyst.
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Microwave radiation can be used to prepare new catalysts, enhance the rates of

chemical reactions, by microwave activation, and improve their selectivity, by selec-

tive heating. The heating of the catalytic material usually depends on several fac-

tors including the size and shape of the material and the exact location of the ma-

terial in the microwave field. Its location depends on the type of the microwave

cavity used [2].

The objective of this chapter is to describe some advances in catalysis achieved

by use of microwave irradiation. The aspects of microwave catalytic reactions

which differ from traditional thermal methods are emphasized. The input of

microwave energy into a reaction mixture is quite different from conventional

(thermal) heating and it is the task of the synthetic chemists to exploit this special

situation as fully as possible.

13.2

Preparation of Heterogeneous Catalysts

The interaction of microwaves (MW) with solid materials has proven attractive for

the preparation and activation of heterogeneous catalysts. It has been suggested

that microwave irradiation modifies the catalytic properties of solid catalysts, re-

sulting in increasing rates of chemical reactions. It is evident that microwave irra-

diation creates catalysts with different structure, activity and/or selectivity. Current

studies document a growing interest in microwave-assisted catalyst preparation

and in the favorable effects of microwaves on catalytic reactions.

Preparation of catalysts usually involves impregnation of a support with a solu-

tion of active metal salts. The impregnated support is then dried, calcined to de-

compose the metal salt, and then reduced (activated) to produce the catalyst in its

active form. Microwaves have been used in all stages of catalyst preparation. Bene-

ficial effects of microwave heating, compared with conventional methods, have

been observed especially in the drying, calcination, and activation steps.

13.2.1

Drying and Calcination

It is well known that microwave (MW) drying of many solid materials is a very ef-

ficient and widely used process even on an industrial scale [3]; it is also an attrac-

tive means of drying of heterogeneous catalysts. Microwave drying of catalysts and

supported adsorbents has several advantages:

� reduction of drying time;
� higher surface area and catalytic activity;
� thermal dispersion of active species facilitated by microwave energy, providing

more uniform metal distribution; and
� higher mechanical strength of catalyst pellets.
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Microwave heating has been reported to produce materials with particular phys-

ical and chemical properties [4]. Stable solid structures are formed at low reaction

temperatures with unusually high surface areas, making them very useful as cata-

lysts or catalyst supports. Calcination of solid precursors in a microwave field has

significant advantages over conventional heating. The effective synthesis of the cat-

alysts and supporting adsorbents has been reported for the examples below.

Microwave drying of an alumina-supported nickel catalyst reduced the drying

time by a factor of 2 to 3 [4]. The results indicated that the better dispersion of

nickel was achieved by microwave drying, presumably because of minimization of

moisture gradients during drying. Analysis of the results confirmed, moreover,

that the microwave-dried samples were significantly stronger than those dried con-

ventionally. As a consequence of minimum moisture gradients, the metal ions are

not redistributed to the same extent during the microwave-drying process as they

are when the samples are dried conventionally, because of moisture leveling [2, 3].

This causes the resulting dry pellets to be stronger, as shown by analysis of crush-

ing strengths [4]. Because the heating effect is approximately proportional to mois-

ture content, microwaves are ideal for equalizing moisture within the product in

which the moisture distribution is initially nonuniform. Microwave drying also

proceeds at relatively low temperatures, and no part of the product needs to be

hotter than the evaporating temperature.

The microwave technique has also been found to be a potential method for the

preparation of the catalysts containing highly dispersed metal compounds on high-

porosity materials. The process is based on thermal dispersion of active species, fa-

cilitated by microwave energy, into the internal pore surface of a microporous sup-

port. Dealuminated Y zeolite-supported CuO and CuCl adsorbents were prepared

by this method and used for SO2 removal and industrial gas separation, respec-

tively [5]. The results demonstrated the effective preparation of supported adsor-

bents by microwave heating. The method was simple, rapid, and energy-efficient,

because synthesis of both adsorbents required much lower temperatures and

much less time compared with conventional thermal dispersion. Similarly, MW

drying of NiaAl2O3acordierite catalyst yielded more uniform active phase distribu-

tion compared with conventional freeze-drying [6].

The V2O5aSiO2 catalyst for o-xylene oxidation prepared by wet impregnation

under the action of microwave irradiation had several advantages [7] compared

with that prepared by the conventional thermal method:

� dispersion of V2O5 on the surface of SiO2 was more homogeneous;
� the nonisothermal process was minimized;
� dispersion of active phase (V2O5) was highly uniform; and
� in the catalytic microwave process the optimum reaction temperature of o-xylene
oxidation was reduced by 100 K (from 653 to 553 K).

The more active cobalt catalyst for pyrolytic reactions was prepared by MW calci-

nation of cobalt nitrate, which was converted to cobalt oxide by rapid microwave

heating [8].
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The high dispersion of inorganic salts (CuCl2, NiCl2, AuCl3, RuCl3, etc.) on the

surface of zeolites (NaZSM-5, NaY, NaBeta) and alumina, with high loading of the

active components, has recently been achieved by microwave techniques [9–11].

The catalysts were very active in NOx decomposition, even at room temperature,

CO and NO were partially converted to CO2 and N2. It was concluded that micro-

wave treatment is a new route for dispersal and high loading of inorganic com-

pounds on to the surface of supports to form highly active catalysts.

The microwave technique has been also found to be the best method for prepar-

ing strongly basic zeolites (ZSM-5, L, Beta, etc.) by direct dispersion of MgO and

KF. This novel procedure enabled the preparation of shape-selective, solid, strongly

basic catalysts by a simple, cost-effective, and environmentally friendly process [12,

13]. The new solid bases formed were efficient catalysts for dehydrogenation of

2-propanol and isomerization of cis-2-butene.
In the microwave synthesis of zeolites, a mixture of a precursor and a zeolite

support is heated in a microwave oven. The sample is then tested for its catalytic

activity and the results compared with those from the sample obtained by the con-

ventional method. Microwave irradiation at the calcination stage led to samples

with more uniform particle-size distribution and microstructure and to bimetallic

catalysts with different morphology.

Microwave calcination of magnesia, alumina, and silica-supported Pd and PdaFe

catalysts resulted in their having enhanced catalytic activity in test reactions –

hydrogenation of benzene and hydrodechlorination of chlorobenzene – compared

with conventionally prepared catalysts [14–16]. The greater catalytic activity was at-

tributed to prevention of the formation of a PdaFe alloy of low activity, which oc-

curs at the high reduction temperature used in conventional heating.

The microwave technique for drying then calcination is an excellent way of ob-

taining highly porous silica gel with a high surface area (as high as 635 m2 g�1)

for use as a catalyst and as a catalyst support [17].

The dispersion and solid-state ion exchange of ZnCl2 on the surface of NaY zeo-

lite by use of microwave irradiation [18] and modification of the surface of active

carbon as catalyst support by means of microwave-induced treatment have also

been reported [19]. The ion-exchange reactions of both cationic (montmorillonites)

and anionic clays (layered double hydroxides) were greatly accelerated under condi-

tions of microwave heating compared with other techniques currently available

[20].

Microwave irradiation has also been applied to the preparation of Fe2O3aSO4
2�

superacid [21, 22] and high-surface aluminum pillared montmorillonites [21].

The most successful application of microwave energy in the preparation of heter-

ogeneous solid catalysts has been the microwave synthesis and modification of zeo-

lites [22, 23]. For example, cracking catalysts in the form of uniformly sized Y zeo-

lite crystallites were prepared in 10 min by microwave irradiation, whereas 10–50 h

were required by conventional heating techniques. Similarly, ZSM-5 was synthe-

sized in 30 min by use of this technique. The rapid internal heating induced by

microwaves not only led to shorter synthesis time and high crystallinity, but also

enhanced substitution and ion exchange [23, 24].
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Microwave processing of zeolites and their application in the catalysis of syn-

thetic organic reactions has recently been excellently reviewed by Cundy [25] and

other authors [26]. The microwave synthesis of zeolites and mesoporous materials

was surveyed, with emphasis on those aspects which differ from conventional ther-

mal methods. The observed rate enhancement of microwave-mediated organic syn-

thesis achieved by use of these catalysts was caused by a variety of thermal effects,

including very high rates of temperature increase, bulk superheating, and differen-

tial heating. Examples of microwave activation of chemical reactions catalyzed by

zeolites will be presented in Section 13.3.

An efficient oxidation catalyst OMS-1 (octahedral molecular sieve) has been pre-

pared by microwave irradiation of a family of layered and tunnel-structured man-

ganese oxide materials. These materials are known to interact strongly with micro-

wave radiation, and thus pronounced effects on the microstructure were expected.

Their catalytic activity was tested in the oxidative dehydrogenation of ethylbenzene

to styrene [27].

In the preparation of microporous manganese oxide materials, different chem-

ical properties were observed after microwave and thermal preparation. In the con-

version of ethylbenzene to styrene the activity and selectivity of the materials was

different [28].

Greater catalyst activity when prepared with MW irradiation was observed in the

hydrodechlorination of chlorobenzene over PdaFe catalyst [29] and in hydrocrack-

ing of liquid fuels over pillared clays as catalyst [30]. Similar catalytic activity, how-

ever, was observed in catalytic transfer hydrogenation of aromatic nitro compounds

in the presence of perovskites as catalysts [31] or in phenol oxidation with titanium

silicate catalyst [32]. Lower catalytic activity of AuaFe2O3 catalyst in the water-gas

shift reaction was explained by the larger crystallinites formed by MW irradiation,

which led to reduction of surface area and, therefore, activity [33], similarly to

methane combustion over PdOaNaZr2P2O3 and FeaSiO2 catalysts [34]. Lower

overall catalytic activity, however, can have a favorable effect on selectivity as was

recorded in the aromatization of propane over Zn-ZSM-5 and FeaSiO2 catalysts

[35].

An alternative approach for the preparation of a supported metal catalyst is based

on the use of a microwave-generated plasma [36]. Several new materials prepared

by this method are unlikely to be obtained by other methods. It is accepted that use

of a microwave plasma results in a unique mechanism, because of the generation

of a nonthermodynamic equilibrium in discharges during catalytic reactions. This

can lead to significant changes in the activity and selectivity of the catalyst.

13.2.2

Catalyst Activation and Reactivation (Regeneration)

Microwave irradiation of catalysts before their use in chemical reactions has been

found to be a promising new tool for catalyst activation. Microwave irradiation has

been found to modify not only the size and distribution of metal particles but prob-

ably also their shape and, consequently, the nature of their active sites. These phe-
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nomena may have a significant effect on the activity and selectivity of catalysts, as

found in the isomerization of 2-methylpentene on a Pt catalyst [2].

As an example, microwave activation of the platinum catalyst under conditions

when it was highly sensitive to thermal treatment resulted in an increase of its cat-

alytic activity and selectivity (from 40% to 80%) [37].

Durable changes of the catalytic properties of supported platinum induced by

microwave irradiation have been also recorded [38]. A substantial reduction of the

time taken for activation (from 9 h to 10 min) was observed in the activation of

NaY zeolite catalyst by microwave dehydration in comparison with conventional

thermal activation [39]. The very efficient activation and regeneration of zeolites

by microwave heating can be explained by the direct desorption of water molecules

from zeolite by the electromagnetic field; this process does not depend on the tem-

perature of the solid [40]. Interaction of the adsorbed molecules with the micro-

wave field does not result simply in heating of the system. Desorption is much

faster than in the conventional thermal process, because transport of water mole-

cules from the inside of the zeolite pores is much faster than the usual diffusion

process.

Very little is known about the reactivation (regeneration) of used catalysts by mi-

crowave irradiation. Catalyst activity has been shown to decay with increasing car-

bon deposition, and several patents discuss the decarbonization of cracking zeolite

catalysts by use of microwaves [41]. Because carbon is a very lossy material (it ab-

sorbs microwaves very efficiently), any carbon deposited on the surface of the cata-

lyst is strongly heated. In the presence of air or hydrogen, the carbon is removed in

the form of carbon dioxide or methane, respectively. When carbon deposition

reaches a certain level it starts to absorb microwave energy strongly and is, there-

fore, subsequently removed, leading to an increase in the activity of the catalyst.

Alumina spheres polluted by carbon residues have been also reactivated by use

of microwaves [42]. Their regeneration has been performed in a stream of air and

in the presence of silicon carbide as an auxiliary microwave absorber. Microwave

heat treatment led to full recovery of the catalyst in times varying from a half to a

quarter of those required by conventional treatment. Regeneration of a commercial

Ni catalyst (NiaAl2O3) deactivated, presumably, by coke formation, by means of a

flow of hydrogen or oxygen and water vapor under the action of microwave irradi-

ation was, however, unsuccessful [43].

Microwaves are frequently used in the laboratory by synthetic organic chemists

for regeneration and activation of solids such as molecular sieves, silica gel, or alu-

mina when fast and complete drying is required.

13.3

Microwave Activation of Catalytic Reactions

Heterogeneous catalysts have been used in a number of organic reactions in which

microwave heating was used. There is, unfortunately, a limited number of control

data, which makes comparison with conventional heating difficult. Nevertheless,
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from the data so far reported, one can conclude that use of microwave radiation

has yielded some remarkable results relating to rate enhancement and selectivity

improvement. Activation can be achieved by superheating of the catalyst or by se-

lective heating of active sites (Section 13.3.3), which cannot be achieved by conven-

tional heating. Numerous reactions performed using heterogeneous catalysts can

be divided into two groups – liquid-phase and gas-phase reactions.

13.3.1

Reactions in the Liquid Phase

Heterogeneously catalyzed reactions in the liquid phase have been described when

both catalyst and reactants or solvents absorb microwaves. Reactions in nonpolar

media, where only solid catalyst absorbs microwaves, providing interesting mecha-

nistic information, are under examination [44].

13.3.1.1 Esterification, Transesterification

Chemat et al. [45] examined the rates of esterification of stearic acid by butanols, as

a model reaction, to compare differences between homogeneously and heterogene-

ously catalyzed reactions, Scheme 13.1. Particular attention was paid to whether

the effect of MW can be advantageously used to improve yields and to accelerate

the rate of esterification.

It was found that the reaction under microwave conditions was faster than that

heated conventionally. Yields were greatly improved, from 50–82% for conven-

tional heating to 71–95% for microwave heating, when heterogeneous catalysts

were used. The catalysts [Fe2(SO4)3, TiBu4, KF, KSF and PTSA] were used in a

continuous-flow reactor. The results were further improved by use of a heat captor

(graphite) and simultaneous use of ultrasound. Better results (yield and rate) under

MW conditions were also achieved in other esterification reactions of stearic and

acetic acid in the presence of a heterogeneous catalyst (Fe2(SO4)3) adsorbed on

montmorillonite clay pellets 4–5 mm in diameter [46, 47]. The rate of the reaction

was 50–150% faster than with conventional heating. This increase was most prob-

ably because of superheating of voluminous pellets (5 mm), the temperature of

which was calculated to be 9–18 K above the bulk temperature. When the esterifi-

cation was homogeneously catalyzed by sulfuric acid using the two modes of heat-

ing, no differences between yield and reaction rates were observed.

The effect of the mode of heating was also studied for heterogeneously catalyzed

esterification of acetic acid by isopentyl alcohol in the presence of Amberlyst-15

cation-exchange resin catalyst [48], Scheme 13.2.

Scheme 13.1. Esterification of stearic acid with 1-butanol.
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Because the reaction is driven by protonation of the carbonyl functionality, react-

ing species were expected to be localized on the bed of the acid catalyst subjected to

MW irradiation. Hexane was used as a nonpolar solvent to minimize solvent ab-

sorption and superheating. Elimination of catalyst superheating in a continuous-

flow reactor was most probably the reason why no significant differences were ob-

served between the reaction rates under the action of microwave and conventional

heating.

Similar results were obtained in the esterification of acetic acid with 1-propanol

performed in the presence of a heterogeneous silica catalyst [49]. The results

showed that for this reaction MW irradiation and conventional heating had similar

effects on the reaction rate.

Substantially reduced reaction times, from hours to minutes, and improved se-

lectivity in the esterification of acetic acid and benzoic acid by different alcohols,

using heteropolyacids as catalysts providing high yields of esters (98.0–99.7%) has

been reported by Turkish authors [50].

The rates of transesterification of triglycerides to methyl esters (Bio-Diesel), effi-

ciently catalyzed by boron carbide (B4C), were faster under MW conditions, proba-

bly because of superheating of boron carbide catalyst, which is known to be a very

strong absorber of microwaves (Scheme 13.3) [51]. Yields of the methyl ester of up

to 98% were achieved. Ba(OH)2 and other alkaline catalysts were also used to ad-

vantage [52].

13.3.1.2 Hydrogenation, Hydrogenolysis

Another attractive heterogeneous catalytic reaction of much interest in organic syn-

thesis is hydrogenation. Catalytic transfer hydrogenation of soybean oil in the pres-

ence of palladium catalyst (10% PdaC) has been investigated using microwave and

conventional heating [53]. Sodium formate was used as hydrogen donor. Kinetic

results revealed the reaction rate increased significantly when MW heating was

used. The rate enhancement was attributed to MW heating assistance of transport

processes at the catalyst and oil–water interface.

Hydrogenation of nitrobenzene over PdaAl2O3 catalyst was successfully used as

a model reaction for testing a continuous-flow MW reactor under pressure for both

Scheme 13.2. Esterification of acetic acid with isopentyl alcohol.

Scheme 13.3. Transesterification of triglycerides with methanol.
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heterogeneous and homogeneous reactions in gas–liquid media. From thermal

modeling it was concluded that temperature gradients were present in both reac-

tions [54].

Microwave-assisted catalytic hydrogenation of steroid compounds, e.g. choles-

terol, campesterol, sitosterol, etc., in the presence of PdaC catalyst and ammonium

formate, in glycol as solvent, was rapid and afforded the corresponding products in

high yield (80–95%) and purity [55].

A simplified and rapid hydrogenation of b-lactams under the action of MW irra-

diation has been described by Bose et al. (Scheme 13.4) [56, 57]. PdaC and Raney

nickel were used as catalysts and a high-boiling solvent, for example ethylene

glycol, was used as the microwave energy-transfer agent in the presence of ammo-

nium formate as the hydrogen donor. The yields of the corresponding amides were

80–90%.

Hydrogenation of CaC double bonds and hydrogenolysis of several functional

groups have been described as safe, rapid, and efficient methods resulting in high

yields (80–90%) of products. The technique described have been recommended as

suitable for research and for undergraduate and high school exercises [56, 57]. Hy-

drogenolysis and dehalogenation of aromatic compounds with the same catalytic

system was also successful. Thus, several b-lactams and isoquinoline derivatives

were smoothly dehalogenated in a few minutes [57].

Asymmetric heterogeneous catalysis has been demonstrated by the enantioselec-

tive and racemic hydrogenation of ethyl pyruvate over PtaAl2O3 catalyst. Higher re-

action rate and enantioselectivity (75%) were observed in nonpolar solvent (tol-

uene) whereas in a polar solvent (ethanol) they decreased substantially (Scheme

13.5) [58].

13.3.1.3 Miscellaneous Reactions

The hydrolysis of sucrose catalyzed by the strongly acidic cation-exchange resin

Amberlite 200C in the RH form was chosen as a model reaction to compare the

use of stirred tank reactor and continuous-flow reactors (Scheme 13.6) [59–61].

Scheme 13.4. Selective transformation of b-lactams.

Scheme 13.5. Enantioselective hydrogenation of ethyl pyruvate.
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No rate enhancement was observed when the reaction was performed under

MW irradiation conditions at the same temperature as in conventional heating

[59]. Similar reaction kinetics were found in both experiments, presumably be-

cause mass and heat effects were eliminated by vigorous stirring [59]. The model

developed enabled accurate description of microwave heating in a continuous-flow

reactor equipped with specific regulation of MW power [59, 60]. Calculated conver-

sions and yields of sucrose based on predicted temperature profiles agreed with ex-

perimental data.

A microwave continuous-flow capillary reactor was capable of local heating of

PdaSiO2 and PdaAl2O3 catalysts enhancing the rate of the Suzuki reaction to give

70% product yield in 60 s contact time [62]. A thin layer of gold metal on the out-

side surface enabled effective heating of the reaction mixture.

Several other miscellaneous heterogeneously catalyzed reactions have been per-

formed in the liquid phase. For instance, MW irradiation in the acylation of anisole

over a range of solid acid catalysts led to reaction rates up to eight times higher

that depended on the nature of the catalyst, even though absorption of microwaves

was relatively low [63]. Hexane was successfully oxyfunctionalized with aqueous

hydrogen peroxide using the zeolite TS-1 catalyst [64]. MW-promoted acetalization

of several aldehydes and ketones with ethylene glycol proceeded readily (2 min) in

the presence both of heterogeneous (acidic alumina) and homogeneous (PTSA,

Lewis acids) catalysts (Scheme 13.7) [65].

Yields were high (up to 97%) and comparable with those of homogeneously cat-

alyzed reactions. A much higher catalyst-to-substrate ratio had to be used with het-

erogeneous alumina (10–15) than with the homogeneous catalysts (0.015–0.050),

however. It was concluded that the MW method led to substantial improvement

of acetalization reactions compared with conventional methods.

Friedel–Crafts acylation of aromatic ethers has been performed in the presence

of a variety of metal chlorides and oxides (FeCl3, ZnCl2, AlCl3, Fe2O3, Fe3O4, etc.)

but without temperature control (Scheme 13.8) [66].

The short reaction time (1 min, 160 �C) in the benzoylation of anisole was prob-

ably a result of large temperature gradients rather than a nonthermal MW effect.

Scheme 13.6. Hydrolysis of sucrose.

Scheme 13.7. Acetalization of ketones with ethylene glycol.
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MW irradiation also greatly shortened the reaction time for wet hydrogen perox-

ide oxidation of phenol catalyzed by FeaTi pillared montmorillonite [67].

Some reactions have been found to proceed with better results in the absence of

solvent, probably because of the creation of temperature gradients, which are elim-

inated in the presence of a stirred solvent. This was observed for Diels–Alder reac-

tion of a-amino acid precursors with cyclopentadiene catalyzed by heterogeneous

catalysts (SiO2aAl, SiO2aTi), when the reaction was performed in toluene or in

the absence of solvent [68]. Microwave activation increased the rate of reaction

without reducing its selectivity.

The MW activation of Michael additions in the preparation of N-substituted imi-

dazoles afforded excellent yields in very short reaction times under mild reaction

conditions, Scheme 13.9. Basic clays (Liþ, Csþ) exchanged montmorillonites were

found to be very active and selective catalysts for the Michael addition of imidazole

and ethyl acrylate [69].

A total of 75% conversion with 100% of selectivity was obtained in only 5 min in

the absence of solvents.

An efficient method for conversion of a variety of acids into their corresponding

amides in the presence of zeolite-HY under the action of MW irradiation has re-

cently been described (Scheme 13.10) [70].

The reactions proceeded at atmospheric pressure with high yields (80–97%) in

the absence of solvent.

Facile N-alkylation of anilines with alcohols in the presence of Raney nickel

proved the high efficiency of the catalyst, which is a highly absorptive material for

microwaves [71], Scheme 13.11.

Scheme 13.8. Benzoylation of anisole.

Scheme 13.9. Michael addition of imidazole with ethyl acrylate.

Scheme 13.10. Preparation of amides.
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A 6 to 48-fold rate enhancement was observed for this reaction. The authors sug-

gested that a nonthermal effect might explain this [71].

Hydroxylation of benzene with hydrogen peroxide in the presence of solid zeolite

catalyst (titan–silicate–zeolite) was chosen by Radoiu et al. [72] as a model hetero-

geneous liquid-phase reaction for study of microwave effects, Scheme 13.12.

Titanium-containing zeolite is an efficient catalyst for oxidation of benzene with

hydrogen peroxide in a MW field, affording phenol with high selectivity. It was re-

ported that microwaves had a strong effect on the selectivity of the reaction [72].

Several different organic transformations in the presence of homogeneous and

heterogeneous catalysts have been described by Kappe et al. [73]. A review high-

lighting the immobilization of different catalysts used in organic synthesis induced

by microwave heating has been published by the same research team [74].

A detailed study of microwave activation of catalytic reactions in the liquid phase

has recently been performed by Hájek et al. (Scheme 13.13) [75–77]. It was found

that in the catalytic transformation of 2- and 4-t-butylphenol in the liquid phase on

heterogeneous KSF and K10 montmorillonite catalysts under MW and conven-

tional conditions the microwaves affected both the rate and selectivity of the reac-

tion.

The rate enhancement was up to 2.6-fold for reaction of the 2-isomer and up to

14-fold for the 4-isomer. Product distribution in the final reaction mixtures was

Scheme 13.11. Alkylation of aniline with alcohols.

Scheme 13.12. Hydrogen peroxide oxidation of benzene.

Scheme 13.13. Catalytic transformation of t-butylphenols.
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always somewhat different when microwave heating was used. The results were

explained in terms of efficient interaction of microwaves with a highly polarized

reagent molecule adsorbed on the acidic active site. Possible superheating of the

active sites was difficult to detect (Section 13.3.3).

To elucidate the cause of the microwave-induced enhancement of the rate of this

reaction in more detail, transformation of 2-t-butylphenol was performed at low

temperatures (up to �176 �C). This method, which is called ‘‘Simultaneous cooling ’’
whilst microwave heating, was used for the first time in heterogeneous catalytic

reactions [75]. At temperatures below zero the reaction did not proceed under

conventional conditions. When the reaction was performed under microwave con-

ditions in this low-temperature region, however, product formation was always de-

tected (conversion ranged from 0.5 to 31.4%). It was assumed that the catalyst was

superheated or selectively heated by microwaves to a temperature calculated to be

more than 80–115 �C above the low bulk temperature. Limited heat transfer in the

solidified reaction mixture caused superheating of the catalyst particles and this

was responsible for initiation of the reaction even at very low temperatures. If

superheating of the catalyst was eliminated by the use of a nonpolar solvent, no

reaction products were detected at temperatures below zero (Section 13.3.3).

Other new methods used in heterogeneous catalytic reactions include the use of

ionic liquids as catalysts and simultaneous applications of ultrasound and microwave
irradiation. An ionic liquid as an acidic catalyst has been used for synthesis of cou-

marins [78], in esterification of acetic acid with benzyl alcohol [79], in catalytic es-

terification at room temperature [80], in alkylation of a-methylnaphthalene with

long-chain alkenes [81], and in hydrogenation of benzene [82].

Use of electromagnetic and acoustic irradiation to enhance heterogeneous cata-

lytic reactions has been recently reviewed [83]. Alternative use of ultrasound and

microwave irradiation for hydrocarbon oxidation and catalyst preparation, to im-

prove selectivity, was also recently reported [84].

13.3.2

Reactions in the Gas Phase

Heterogeneous catalytic gas-phase reactions are most important in industrial pro-

cesses, especially in petrochemistry and related fields; most petrochemical and

chemical products are manufactured by this method. These reactions are currently

being studied in many laboratories, and the results of this research can be also

used for synthetic purposes. The reactions are usually performed [85] in a contin-

uous system on a fixed catalyst bed (exceptionally a fluidized bed).

In catalytic reactions, sufficient heat is usually required to overcome the activa-

tion energy barrier. In kinetic terms, the activation energy is the minimum energy

required to form an activated complex undergoing transformation to the reaction

products. Microwaves can be used as the source of thermal energy to induce cata-

lytic reactions. The advantage of microwaves is that they can heat microwave-

absorptive catalysts selectively to a temperature well above the bulk temperature
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of the reactants. The ability to heat the catalyst in a microwave field enables heat-

ing of the bed from the interior and not from a hot exterior, as by conventional

thermal means. Thus, the gas stream passing over the catalyst enters the cooler

part of the reactor more quickly, so preserving the reactive products which would

otherwise be destroyed in a conventional system. During microwave irradiation the

catalyst active sites are, ideally, heated to the required temperature well before the

adsorbed reactants have time to desorb. In general, because the bond-breaking step

occurs on the catalyst surface (the surface reaction is the rate-determining step), it

is understandable that the reaction is enhanced. Because the temperature of the

bulk reactants (and nonabsorptive support) is lower, the back, side, or consecutive

reactions may occur to a lesser extent, i.e. the selectivity of the reaction can be sig-

nificantly improved. For example, in the formation of ethane and ethylene from

methane in the presence of doped catalysts, oxygen, and microwave irradiation,

the undesirable reactions producing gaseous carbon dioxide and carbon monoxide

were slower by one to three orders of magnitude, because the temperature of the

bulk gas was lower than when conventional heating was used [86].

13.3.2.1 Reactions of Methane

The most studied catalytic gas-phase reaction has been the transformation of meth-

ane to higher hydrocarbons or oxygenated products. This reflects the large effort

being made by catalytic chemists to find a simple process by which world’s large

resources of natural gas can be utilized. The existence of vast worldwide reserves

of the natural gas, of which methane is the main component, has focused attention

on the possibility of converting it directly to more valuable chemicals. A single-step

conversion of methane to more valuable products is of immense industrial signifi-

cance and economic importance.

The activation of methane by microwaves has long been a goal of scientists in

attempts to convert this natural gas component into higher hydrocarbons valuable

in the petrochemistry and chemical industry. Two pathways are being extensively

investigated by research groups all over the world:

� oxidative coupling of methane to yield C2 and higher hydrocarbons; and
� direct partial oxidation of methane to produce methanol and other oxygenates.

Oxidative coupling of methane to yield C2 and higher hydrocarbons The oxidative

coupling of methane has been studied by several authors. The most elusive trans-

formation has been the oxidative coupling of methane into C2 hydrocarbons

(ethene, ethane), because the reaction is more endothermic than other transforma-

tions [2]. The application of rapid and efficient MW heating to endothermic reac-

tions is particularly interesting.

Many attempts had been made to solve this problem. One is partial oxidation of

methane over a special catalyst capable of inhibiting further oxidation into CO and

CO2 during the transformation. The reactions in question are shown in Scheme

13.14.

The most efficient catalysts for the desired transformation are metal oxides such
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as MgO, CaO, La2O3, Sm2O3 and LiO2. The problem is, however, far from being

solved. The best C2 selectivity obtained so far is only 60% [2].

In conventional experiments, the gas and catalyst are maintained at the same

temperature. In microwave experiments the power is deposited within the catalyst,

which is cooled by the gas flow and thermal conduction to the surroundings. If the

catalyst bed is not thick, the gas is always at a lower temperature than the solid cat-

alyst. The increased loss factor of the catalyst favors the formation of CH3 radicals

because they are produced at active ‘‘O2’’ sites and these specific sites are preferen-

tially excited by the microwave field. Hence, the observed enhancement of C2 selec-

tivity is, in fact, a ‘‘thermal’’ phenomenon in that it can be completely explained by

temperature gradients within catalyst particles, i.e. by locally excited catalytic sites.

This observed effect can be explained by assuming that under the action of micro-

wave irradiation the temperature of the reaction sites is higher than the mean tem-

perature of the catalyst bed (Section 13.3.3).

Similarly, Bond et al. [4] confirmed that MW stimulation of methane-

transformation reactions in the presence of several rare earth basic oxides to form

C2 hydrocarbons (ethene, ethane) was achieved at a lower temperature and with

increased selectivity. Microwave irradiation resulted in an increase of ethene-to-

ethane ratio, which was desirable. The results obtained were explained by the for-

mation of hot spots (Section 13.3.3) of higher temperature than the bulk catalyst.

This means that methane is activated at these hot spots.

The conversion of methane into C2 hydrocarbons over an alumina supported

La2O3aCeO2 catalyst with and without oxygen has been investigated using both

microwave and conventional heating [87]. For oxidative coupling reactions occur-

ring in the presence of oxygen, microwave heating had no significant effect that

could make it an advantageous method of heating; neither were there any selectiv-

ity differences. When methane was converted into hydrocarbons in the absence of

oxygen, however, microwave heating was found to have a dramatic effect on the

reaction. The products were formed at a temperature 250 �C lower than when

conventional heating was used [87]. This was explained by CH4 plasma formation

and arcing between catalyst particles leading to the establishment of a high-

temperature gradient within the catalyst bed.

Similar results were obtained by Radoiu et al. [88] in the application of a pulsed

microwave discharge as potential technology in the decomposition of methane to

acetylene. Discharges occurred on the metal surface (Ni, Cu, and W), where meth-

ane is absorbed, and therefore initiated chemical reaction.

Scheme 13.14. Oxidative coupling of methane.
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Wan [89, 90] has mainly investigated microwave-induced catalytic gas-phase re-

actions. Wan et al. [91] used pulsed microwave radiation (millisecond high-energy

pulses) to study the reaction of methane in the absence of oxygen. The reaction

was performed by use of a series of nickel catalysts. The structure of the products

seemed to depend both on the catalyst and on the power and frequency of mi-

crowave pulses. An NiaSiO2 catalyst has been reported to produce 93% ethyne,

whereas under the same irradiation conditions a Ni powder catalyst produced 83%

ethene and 8.5% ethane, but no ethyne.

Wan et al. [85] also reported the highly effective conversion of methane into aro-

matic hydrocarbons over Cu, Ni, Fe and Al catalysts. The effects of the type of cat-

alyst, its configuration, and the microwave irradiation conditions on reaction path

and product selectivity were examined under both batch and continuous-flow con-

ditions.

Catalytic microwave heating has been used to oligomerize methane to higher hy-

drocarbons in the presence of Ni and Fe powder and activated carbon as the most

active and efficient catalysts [92]. Oligomers ranging from C2 to C6 hydrocarbons,

including benzene, have been prepared with good selectivity, depending on the na-

ture of the diluent (helium) which favors the oligomerization of methane by micro-

wave heating.

Mechanistic details of microwave-induced oligomerization of methane on a

microporous MnO2 catalyst were studied by Suib et al. [93], with emphasis on fun-

damental aspects such as reactor configuration, additives (chain propagators, di-

electrics), temperature measurements, magnetic field effect, and other reaction

conditions.

Oxidative coupling of methane has also been examined by other authors [2, 94–

96], who have used different catalysts.

Pyrolysis of methane under the action of pulsed microwave radiation in the pres-

ence of solid catalysts has been reported by Russian authors [97, 98]. The applica-

tion of pulsed microwave power was shown to be a promising means of production

of hydrogen syngas, ethyne, and filamental carbon.

Partial oxidation of methane to syngas over Ni and Co catalysts was effected by

use of microwave irradiation and compared with conventional heating [99]. Al-

though the same conversions and H2-to-CO ratio (2.0G 0.2) were observed, the

temperature of the catalyst bed was much lower (200 K) when microwave irradia-

tion was used than with conventional heating. Under both activation modes Ni-

based catalysts (NiaZrO2, NiaLa2O3) were more active and selective than Co cata-

lysts (CoaZrO2, CoaLa2O3). It was proposed that nonuniform distribution of the

microwave energy on the catalyst surface created ‘‘hot spots’’ (Section 13.3.3) as

active centers for the catalytic reaction.

Microwaves have been used to generate plasma in methane at 5–50 Torr. The

radicals produced in these systems were then reacted over a nickel catalyst, afford-

ing a mixture of ethane, ethene, and ethyne [100].

Methane has also been used as the reducing agent in the catalytic conversion of

NO to N2 over Co-ZSM-5 zeolites [101] in the presence of oxygen. High NO con-

versions (>70%) were achieved by microwave irradiation at 250–400 �C whereas
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under similar conditions thermal runs failed to convert either NO or methane in

significant amounts. The high activity and selectivity of the reduction of NO by

methane achieved with microwave irradiation was probably because of the activa-

tion of methane to form methyl radicals at relatively low reaction temperatures.

Direct partial oxidation of methane to produce methanol and other oxygenates The

formation of oxygenates by reaction of methane with oxygen and vapor under the

action of conventional heating has received much less attention than the methane

coupling reaction. The problem was poor selectivity and the formation of large

amounts of COx. The use of microwave radiation for formation of the oxygenates

from methane has, nevertheless, yielded some encouraging results. Wan et al.

[102] used the vapor as the oxidant in preference to oxygen. They showed that ace-

tone, 2-propanol, methanol and dimethyl ether can be produced by this method.

Suib et al. [103] used microwaves to generate a plasma in an atmosphere con-

taining methane and oxygen. The plasma passing over a metal or metal oxide cata-

lyst led to formation of C2 hydrocarbons and some oxygenates.

Wan and Koch [104] also developed a method for producing HCN on a small

scale by reaction of methane with ammonia, Scheme 13.15.

The reaction was performed over a series of PtaAl2O3, RuaAl2O3, and carbon-

supported catalysts under the action of pulsed microwave radiation; conversions

exceeded 90% and acetonitrile was formed as the by-product.

13.3.2.2 Reactions of Higher Hydrocarbons

Microwave activation of alkane transformations was studied in detail by Roussy

et al., who summarized their results in several papers [2, 37, 38, 105]. Isomeriza-

tion of hexane, 2-methylpentane, and 2-methyl-2-pentene, and hydrogenolysis of

methylcyclopentane have been investigated, and the diversity of possible effects

was specified [2]. The course of 2-methylpentane isomerization on 0.3% PtaAl2O3

as catalyst depended on the mode of heating – the distribution of hexane products

was different under the action of conventional and microwave heating [37,

105]. The isomer selectivity of the transformation of 2-methylpentane to 3-

methylpentane, methylcyclopentane and hexane on this catalyst increased from 40

to 80% when the catalyst was pretreated with microwave energy [105]. The benefi-

cial change in selectivity was found to be permanent. Microwave irradiation has

been found to be a new, original means of activation of supported metal catalysts,

in particular reforming catalysts [37, 38]. Hydrogenolysis of methylcyclopentane

was studied mechanistically, because methylcyclopentane is one of the four mole-

cules in equilibrium with intermediate cyclopentane in the cyclic mechanism [2].

Scheme 13.15. Synthesis of hydrogen cyanide.

632 13 Microwave Catalysis in Organic Synthesis



Four possible effects of the electromagnetic field on the catalytic reactions were

identified:

1. Microwave treatment can permanently modify the catalyst.

2. Heterogeneous phases (solid and gas) may give rise to inter-phase temperature

gradients.

3. The electromagnetic field can act directly on the reaction sites to activate ad-

sorbed organic molecules.

4. The electromagnetic field can act on polar intermediate species, e.g. carbenium

ions.

Hydrogenolysis of 2-methylpentane, hexane, and methylcyclopentane on tung-

sten carbide, WC, a highly absorptive catalyst, at 150–350 �C in a flow reactor, has

also been studied [106]. These reforming reactions were mainly cracking reactions

leading to lower-molar-mass hydrocarbons. At the highest temperature (350 �C), all

the carbon–carbon bonds were broken, and only methane was formed. At lower

temperatures (150–200 �C) product molecules contained several carbon atoms.

The effect of microwave irradiation on the catalytic hydrogenation, dehydrogena-

tion, and hydrogenolysis of cyclohexene was studied by Wolf et al. [107]. Optimum

conditions for benzene formation were hydrogen flow, N-CaNi5-catalyst, atmo-

spheric pressure, and 70 s irradiation time. Cyclohexane was the main product

when the irradiation time was 20 s, or in a batch/static system.

Oxidation of toluene to benzaldehyde and benzoic acid over V2O5aTiO2 assisted

by microwaves was studied by Liu et al. [108]. The authors concluded that micro-

wave energy can greatly improve the process of selective toluene oxidation. The

highest yields of benzoic acid were, however, only 38–41% and the highest selectiv-

ity for benzoic acid was 51% at 80% conversion to the acid.

In the cracking of benzene to acetylene over alumina and silica-supported nickel

catalysts it was observed that the selectivity of the reaction, expressed as the ethyne-

to-ethene ratio, was dramatically affected (from 1:9 to 9:1) by controlling the micro-

wave energy input (i.e. 90% selectivity could be achieved) [109].

Other catalytic hydrocarbon reactions include decomposition of olefins over a

powdered nickel catalyst [110], hydrogenation of alkenes, hydrocracking of cyclo-

alkenes, and water-gas shift reactions [90].

13.3.2.3 Miscellaneous Reactions

Several reactions have already been mentioned in Section 13.2 – NOx decomposi-

tion over modified zeolites [9–11], dehydrogenation of 2-propanol, isomerization of

cis-butene over basic zeolites [12, 13], hydrogenation of benzene and hydrodech-

lorination of chlorobenzene [14–16], and oxidative dehydrogenation of ethylben-

zene to styrene [28, 36]. Microwave-assisted decomposition of NOx or its mixture

with SO2 has been reported by Tse [102] and other authors [101, 111–113]. Oxy-

gen, nitrogen, and solid sulfur were the main products of the decomposition per-

formed over a range of nickel and copper catalysts [102]. The reaction of nitrogen

oxides under an oxidizing atmosphere is a very extensively studied reaction, but the
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true reaction pathways are still very difficult to understand. The high activity and

selectivity of Co-ZSM-5 zeolite catalysts for NO reduction by methane is probably

because of activation of methane to form methyl radicals at relatively low temper-

atures [101] as already mentioned. Wan et al. [114] have also shown that carbon

dioxide can be reacted over a supported metal catalyst in the presence of water

vapor to yield alcohols and other oxygenates if the catalyst is irradiated with MW.

The reaction proceeded at relatively low temperatures (220–350 �C). It seems likely

that the surface temperature of the metal is several hundred degrees higher than

the bulk temperature of the catalyst. Decomposition of chloromethane over a metal

catalyst irradiated with pulsed MW radiation afforded methane, although, the

metal catalyst was inhibited by partial formation of the metal chloride by reaction

with hydrogen chloride [115].

Microwave irradiation has recently been used in hydrocarbon oxidation catalyzed

by doped perovskites (with the objective of cleaner diesel power) via the creation of

hot spots [116].

The reaction of 2-propanol to propanone and propene over a series of alkali-

metal-doped catalysts with use of microwave irradiation has been studied by Bond

et al. [117]. The nature of the carbon support was shown to affect the selectivity of

the catalyst. Under the action of microwave irradiation the threshold reaction tem-

perature (i.e. the lowest temperature at which the reaction proceeded) was substan-

tially reduced; this was explained by ‘‘hot spots’’ (Section 13.3.3) formed within the

catalyst bed.

The effect of microwave irradiation on the catalytic properties of a silver catalyst

(AgaAl2O3) in ethene epoxidation was studied by Klimov et al. [118]. It was found

that on the catalyst previously reduced with hydrogen the reaction rates of both

epoxidation and carbon dioxide formation increased substantially on exposure to a

microwave field. This effect gradually decreased or even disappeared as the catalyst

achieved the steady state. It was suggested that this was very probably because of

modification of the electronic properties of the catalyst exposed to microwave irra-

diation.

Catalytic transformation of 1-butene over acidic (low polarity) zeolites resulted in

somewhat higher yield and selectivity toward isobutene. A single mode continuous-

flow reactor was used and the results were explained by formation of ‘‘hot spots’’

[119].

13.3.3

Microwave Effects

Although microwave activation of catalytic reactions has been the subject of many

studies (Sections 13.3.1 and 13.3.2), the mechanism of these reactions is not yet

fully understood. In heterogeneous catalytic liquid–solid and gas–solid systems,

many results have revealed significant differences between the rates of convention-

ally and microwave-heated reactions. At the same temperature, microwave-heated

reactions were usually faster than conventionally heated and their rate enhance-
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ment was over one order of magnitude. Such rate differences have not been re-

ported for other catalytic reactions, so how should they be interpreted?

Several reasons have been proposed to account for the effect of microwaves on

chemical reactions and catalytic systems. The results obtained by different authors

show that under specific conditions MW irradiation favorably affects reaction rates

of both the liquid and gas-phase processes. This phenomenon has been explained

in terms of microwave effects.
What are microwave effects? Microwave effects are usually effects which cannot be

achieved by conventional heating. These microwave effects can be regarded as ther-
mal or nonthermal. Thermal effects result from microwave heating, which may result

in a different temperature regime, whereas nonthermal effects are specific effects re-
sulting from nonthermal interaction between the substrate and the microwaves.

The proposal of some authors on the operation of nonthermal effects is still con-

troversial [120–122]. In the literature microwave effects are the subject of some

misunderstanding. Most mistakes was recorded when authors considered that

‘‘microwave effect’’ means ‘‘specific effect’’, i.e. a nonthermal effect. For that rea-

son, let us discuss the matter in more detail. In heterogeneous catalytic reactions,

differences between reaction rates or selectivity under microwave and conventional

heating conditions have been explained by thermal effects.

Microwave thermal effects can be summarized as:

� rapid heating,
� volumetric heating,
� superheating,
� hot spots,
� selective heating,
� simultaneous cooling.

Rapid heating is a heating of a substrate or catalyst achieved by high absorption

of microwaves by the whole volume irrespective of low thermal conductivity. It ac-

celerates the rate of the reaction, because the rate of conventional heating is lim-

ited by lower heat transfer.

Volumetric heating means heating of the whole volume of the sample from the

center, i.e. in the opposite direction to conventional heating. It results in the oppo-

site temperature profile and contributes to rapid heating of the sample. For a

highly absorptive mixture or solid material one must be careful with the depth of

penetration of the microwaves, which is very limited, especially for highly absorp-

tive material.

Superheating causes heating to higher temperature than is expected by conven-

tional heating. It can occur as superheating of a liquid reaction mixture or as local-

ized superheating of solids, e.g. a catalyst. Superheating of a liquid reaction

mixture above the boiling point [123, 124] and localized superheating of solid sam-

ples generating temperature gradients [125] is very often responsible for enhance-

ment of reaction rates in both homogeneous and, especially, heterogeneous reac-

tions. It is generally known that irradiation of a heterogeneous system (e.g. a
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suspension) by means of an electromagnetic field leads to nonuniform tempera-

ture distribution. If the reaction is performed under reflux, the reaction tempera-

ture can be significantly higher under the action of microwaves than under con-

ventional conditions, because of the superheating effect of microwaves on the

polar unstirred reaction mixture. Superheating occurs because the sample is

heated so quickly that convection to the surface of the liquid and vaporization can-

not adequately dissipate the excess energy. Organic chemists can use the super-

heating effect to accelerate both heterogeneous and homogeneous liquid-phase re-

actions. Under these conditions, the reactions proceed at temperatures higher than

the boiling point of the liquid mixture, without the need to work under pressure.

The superheating of liquids can be reduced or suppressed by addition of boiling

stone or by efficient stirring. Localized superheating accompanied by the creation

of hot zones is more significant for solids than for liquids.

Enhancement of the rate of gas–solid phase reactions by microwaves can be a

result of localized superheating of a solid catalyst bed to much greater extent than

the liquid phase especially in scaling up of the catalyst bed. Both the differential

coupling properties of materials and the distribution of electromagnetic fields can

result in localized temperature distribution in the catalytic bed, although the con-

tribution of these effects is difficult to quantify. Localized superheating creates hot

zones, and consequently, leads to temperature gradients in solid materials. It also

increases the frequency of collision of reactants. The preferential alignment of di-

polar or ionic functional groups because of the microwave field may create a favor-

able situation for collisions to occur at the active sites of catalyst, thus increasing

collision efficiency. The large difference between temperature profiles of the cata-

lyst bed under the action of microwave and conventional heating can result in a

different product distribution for catalytic reactions. Stuerga et al. [125] have

suggested that the localized rate enhancements might be responsible for non-

isothermal and heterogeneous kinetic phenomena.

Measurement and estimation of temperature distributions induced by micro-

wave heating in solid materials is very difficult, however. Consequently, most local

temperature fluctuations are greater than those measured. Under stronger micro-

wave irradiation conditions it is, therefore, very easy to obtain local temperature

gradients. Temperature measurements usually yield an average temperature, be-

cause temperature gradients induce convective motion. Despite these difficulties,

some methods, e.g. IR thermography, can reveal the surface temperature distribu-

tion without any contact with the sample studied. By this method, temperature

gradients between 7 and 70� cm�1 in an alumina layer [125] and 50� mm�1 in a

magnetite sample [126] have been monitored. Similar temperature gradients, 30–

50� cm�1, have been found by Hajek et al. [127] for a cylindrical sample of alumina.

A systematic theoretical study of temperature profiles in MW-heated solids has

been performed by Dolande et al. [128]. According to their results, differences be-

tween reaction rates and/or yields observed for conventional and MW heating can

be explained in terms of localized superheating. The main interest in the use of

MW heating is its ability to produce very steep thermal gradients and very fast

heating rates. One can also induce localized superheating, which leads to localized
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rate enhancement [125–127]. Localized superheating can be advantageously used

by synthetic chemists, especially for reactions performed on inorganic supports

under solvent-free conditions (Chapter 8). In conclusion, it should be stressed

that localized superheating can have a beneficial effect on heterogeneous catalytic

reactions because of the possibility of both rate enhancement and selectivity im-

provement.

Localized superheating can create ‘‘hot spots’’, which are also frequently a cause

of rate enhancement of heterogeneous catalytic reactions.

Hot spots are created by a nonlinear dependence on temperature of the thermal

and electromagnetic properties of the material being heated. If the rate at which

microwave energy is absorbed by the material increases more rapidly than linearly

with temperature, heating does not take place uniformly and the regions of very

high temperature can create hot spots. Inhomogeneity of the electromagnetic field

contributes substantially to the creation of hot zones. Hot spots can be created by

localized superheating, selective heating, and as a result of inhomogeneity of the

electromagnetic field.

In a microwave-heated packed catalyst bed, two different forms of hot spot can

be created. Hot spots are either macroscopic hot spots (measurable) or microscopic
hot spots (on molecular level, immeasurable and similar to those in sonochemistry).

Macroscopic hot spots as large-scale nonisothermalities which can be detected and

measured by use of optical pyrometers (fiber optic or IR pyrometers), i.e. these are

macro scale hot zones.

Microscopic hot spots, for example temperature gradients between the metal par-

ticles and the support, which cannot be detected and measured because they are

close to micro scale, i.e. have molecular dimensions, are close to selective heating

of active sites. Unfortunately, microwave radiation effects at the molecular level are

not well understood.

Zhang et al. [119] presented evidence of the formation of hot spots in the micro-

wave experiments and demonstrated that these hot spots need not be exclusively

localized on the active sites but may also involve the support material (g-Al2O3).

They also estimated the dimensions of these hot spots to be in the region of 90–

1000 mm. Development of hot spots in the catalyst bed during the course of the

gas phase decomposition of H2S catalyzed by MoS2aAl2O3 was probably the rea-

son for a significant apparent shift in the equilibrium constant. The temperature

of these hot spots was probably 100–200 K above the bulk temperature. The forma-

tion of hot spots in the support could be because of the absorptive properties of

g-Al2O3 (compared with the low absorptivity of a-Al2O3). It was concluded that

these hot spots also induce considerable reorganization of the catalyst under micro-

wave conditions. Such selective or localized superheating to create hot spots, as is

effected with microwave heating, cannot be achieved by conventional heating

methods.

If MW heating leads to enhanced reactions rates, it is plausible to assume the

active sites on the surface of the catalyst (microscopic hot spots) are exposed to se-

lective heating which causes some pathways to predominate. With metal supported

catalysts the metal can be heated without heating of the support, because of the
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different dielectric properties of both catalyst components. The nonisothermal na-

ture of the MW-heated catalyst and the lower reaction temperature favorably affects

not only reaction rate but also selectivity of such reactions.

Chen et al. [95] suggested that temperature gradients may have been responsible

for more than 90% selectivity in the formation of acetylene from methane in a

microwave-heated activated carbon bed. The authors believed that the highly non-

isothermal nature of the packed bed might enable reaction intermediates formed

on the surface to desorb into a relatively cool gas stream where they are trans-

formed via a reaction pathway different from that in a conventional isothermal re-

actor. The results indicated that temperature gradients were approximately 20 K.

The nonisothermal nature of this packed bed resulted in an apparent rate enhance-

ment and altered the activation energy and pre-exponential factor [129]. Formation

of hot spots has been modeled by calculation and, for solid materials, studied by

several authors [130–133].

It is obvious that nonisothermal conditions induced by microwave heating lead

to very different results from those obtained under conventional heating condi-

tions. In summary, microwave effects such as superheating, selective heating, and

hot spots, can all be characterized by temperature gradients ranging from macro-

scopic to molecular scale dimensions.

Let us now return to the question ‘‘How to interpret or explain the fact that some

reactions are affected by microwaves and some reactions are not’’. A detailed study

of this subject has been performed by Hájek et al. [75–77] for heterogeneous cata-

lytic liquid-phase reactions. Transformation of 2-t-butylphenol into phenol, 4-t-
butylphenol, 2,4-di-t-butylphenol, and isobutene on montmorillonites as catalysts

(KSF, K10) was chosen as model reaction, Scheme 13.13. Both reactant and cata-

lysts coupled very well with microwaves. KSF and K10 catalysts in the form of a

fine powder (10–15 mm) were used to avoid creation of macroscopic hot spots (as

in the presence of voluminous catalyst pellets, e.g. 5 mm [46, 47]). The results are

summarized below.

13.3.3.1 Effect of Microwaves on Selectivity

The product distribution determined for reactions performed over a broad temper-

ature range (from �176 to 199 �C) under the action of microwave heating was al-

ways different from that obtained by use of a conventional method. Thus, vigorous

formation of isobutene under reflux using MW heating indicates superheating of

the catalyst particles to a higher temperature. This facilitates the dealkylation reac-

tion, which is promoted by elevated temperatures. A strong effect of simultaneous

cooling (vide infra) on selectivity was observed, indicating creation of microscopic

hot spots on catalyst particles or on active acidic sites.

13.3.3.2 Effect of Microwaves on Rate Enhancement

Temperature and solvent effects were also examined. When the reaction tempera-

ture was gradually reduced from reflux temperature (199 �C), the rate enhance-

ment factor increased from 1.0 at 199 �C to 1.4 at 105 �C, to 2.6 at 75 �C, and to

4.1 at 24 �C. These results may indicate that superheating of the catalyst is more
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pronounced at lower temperatures. In the presence of nonpolar solvents, for exam-

ple hexane and heptane, more efficient heat transfer from the superheated catalyst

particles can explain the lower values of the rate enhancement 1.2 at 105 �C (hep-

tane) and 1.6 at 75 �C (hexane). To suppress the reaction under conventional heat-

ing conditions, the reaction was performed at very low temperatures ranging from

�176 to 0 �C, i.e. in the temperature region in which conventional conditions [77]

do not lead to any reaction. Efficient cooling of the reaction mixture by use of liq-

uid nitrogen or dry ice enabled the reaction to be performed at the low tempera-

tures mentioned above. The reaction was taking place in the solid state, because

2-t-butylphenol (m.p. �7 �C) solidified at these temperatures. It seems likely that,

under these conditions, heat transfer from the superheated catalyst particles in the

solid reaction mixture at �176 to 0 �C was not so efficient, and rather significant

conversions (0.5–31.4%) were recorded. Superheating of catalyst particles (or acidic

active sites?) was calculated to be 80–115 �C throughout the bulk. When the reac-

tion mixture was diluted with a nonpolar solvent (hexaneþ tetrachloromethane)

under the action of efficient stirring, no reaction was observed to occur, similarly

to under conventional conditions [77]. This finding can be accounted for by effi-

cient heat transfer from the catalyst particles, because of efficient stirring of the liq-

uid reaction mixture. The question is the extent of catalyst superheating. Are cata-

lyst particles of 10–15 mm or polar acidic sites superheated and then participating

in the interaction of MW energy with highly polarized reagent molecules via ad-

sorption of these molecules on their active sites? Although this suggestion, i.e. se-

lective heating of active acidic sites, has not been excluded, no direct evidence has

been found for the assertion.

For both the liquid and gaseous phases, one can conclude that if reactions are

performed under conditions which completely eliminate temperature gradients,

e.g. by use of efficient stirring, nonpolar solvents, a high flow of reactants in con-

tinuous flow system, or a fluidized bed, any differences between microwave and

conventional heating conditions may disappear. It is, however, synthetically more

attractive to perform reactions using microwaves under conditions favorable to

the production of temperature gradients, because higher reaction rates and im-

proved selectivity can be obtained more easily compared with conventional heating

methods. In conclusion, the effect of hot spots on catalytic reactions can be as ef-

fective as selective heating.

Selective heating usually means that in a sample containing more than one com-

ponent, only that component which couples with microwaves is selectively heated.

This is a very important effect in catalytic reactions in which the catalyst can be

selectively heated. The nonabsorbing components are, therefore, not heated di-

rectly but only by heat transfer from the heated component. Examples include:

� Liquid–liquid system – polar reactants in nonpolar solvents (e.g. mixture of H2O

with CCl4, only H2O is heated).
� Solid–liquid system – solid reactants or solid catalysts in nonpolar reaction mix-

tures (e.g. KSF in hydrocarbons, only the catalyst is heated).
� Solid–solid system – mixtures of strong microwave absorbers (e.g. C, SiC, CuO,
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etc.) with transparent materials (e.g. SiO2, MgO etc.) or supported catalysts (e.g.

PtaSiO2, PdaAl2O3 etc., only metallic active sites are heated).

The selective heating is more enhanced when the catalyst contains a poorly

microwave-absorbing support (e.g. a-Al2O3 rather than g-Al2O3). Metal or metal ox-

ides supported on a transparent support may therefore be heated selectively. Thus,

for example, Pt sites in a PtaSiO2 catalyst can be selectively heated, in contrast

with the transparent, unheated SiO2 support. Hence, selective heating of the active

sites to a temperature higher than that of the support may occur if heat loss from

the metal particles is not too fast. Although the microwave field does not couple

with transparent ceramic support, it may couple strongly with metal particles, be-

cause of their high electrical conductivity. Unfortunately, obtaining direct experi-

mental proof of this concept seems very unlikely, because measurement of the

temperature of individual active sites is beyond current experimental possibilities.

So far, the possibility of selective heating of the active sites without increasing the

temperature of the catalyst bed has only been modeled [134] and found to be

strongly dependent on the size of catalyst particles and microwave frequency

[135]. Several experimental studies on catalytic reactions under microwave condi-

tions have been concerned with kinetic aspects and showed that the reaction rates

and product distributions correspond to a higher reaction temperature than was

measured for the bulk of catalyst bed. Both reaction characteristics were often ex-

plained in terms of the higher local temperature of certain active centers within the

catalyst bulk. It is worth mentioning that the results of theoretical calculations re-

ported by Thomas [134] did not substantiate the possibility of achieving selective

heating of supported metal catalysts by use of microwaves. Recent detailed model-

ing of small-scale, microwave-heated, packed bed, and fluidized bed catalytic reac-

tors has, however, indicated that under specific conditions the active sites may be

selectively heated in both types of catalyst bed [135, 136]. Selective heating of active

sites (Na atoms in NaY zeolite) was recently supported by Auerbach’s results [137]

from use of equilibrium molecular dynamics in zeolite–guest systems after experi-

mental work by Conner [138]. At equilibrium, all the atoms in the system are at

the same temperature. In contrast, when NaY zeolite is exposed to microwave en-

ergy, the effective steady-state temperature of Na atoms is considerably higher (20

K) than that of the rest of the framework. This is not an effect of athermal energy

distribution as was suggested [137, 139], but can be explained by simple selective

heating of Na atoms.

Simultaneous cooling whilst microwave heating is a new method in synthetic or-

ganic chemistry. It is most recently discovered microwave effect in heterogeneous

catalysis and can substantially improve yields and selectivity of catalytic reactions

[77].

It is obvious that nonisothermal conditions induced in catalysts by microwave

heating can lead to very different results from those obtained under conventional

heating conditions. When intensive cooling is used, e.g. with liquid nitrogen, these

differences are more profound [77]. Because the temperature of the reaction mix-

ture is lower than the temperature of the catalyst, reverse, side, or consecutive re-
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action can occur to a lesser extent, i.e. the selectivity of the reaction can be signifi-

cantly improved.

Simultaneous external cooling enables more microwave power to be distributed

directly to the reaction mixture. Published applications of the simultaneous cooling

technique are very rare so far, probably because of the lack of availability of a con-

venient instrument. This problem was recently overcome by release of the CEM

Discover CoolMate monomode instrument for small-scale experiments which can

maintain low temperatures in the region �80 to þ35 �C [140]. Scaling up of this

method has been solved by use of a cryostat in combination with multimode equip-

ment (Milestone, Italy; Shikoku Instrumentation, Japan).

13.3.4

Microwave Catalytic Reactors

13.3.4.1 Batch Reactors

The instrumentation which has been used for microwave catalytic reactions varies

from domestic multi-mode ovens to continuous-flow single-mode reactors. In do-

mestic microwave ovens the microwave output is changed by varying the patterns

of on–off cycles. Thus, for example, one-half microwave output does not really

mean half output power but only that full power is switched on and off for certain

times (e.g. half power corresponds to full power for 10 s then no power for 10 s).

Under these conditions the catalyst and/or reaction mixture suffer thermal shocks,

which is not desirable. In domestic microwave ovens, moreover, the microwaves

are randomly distributed throughout the oven space, which results in ill-defined

regions of high and low intensity inside the oven. A second disadvantage of domes-

tic ovens is the problem of temperature measurement, because, in the absence of a

correct temperature profile in the reaction mixture, the reaction is not comparable

with conventional heating and may not be reproducible when performed in two

different microwave systems.

The problem of the switch on–off system of most domestic ovens has been over-

come by use of an inverter circuit that enables power levels to be adjusted in incre-

ments (e.g. 10% of output) [141]. The desired power is continuous at different

levels, compared with the long pulsed operations of the magnetron in most domes-

tic ovens. The advantage of this system for laboratory applications, in which small

loads are normally used, is that lower power levels can be applied, which mini-

mizes the amount of reflected power reaching the magnetron. A simple unmodi-

fied domestic microwave oven operating on a multi-mode system cannot, there-

fore, be recommended for catalytic reactions (or, in general, for organic synthesis)

induced by microwaves. The disadvantages are quite evident:

� no possibility of temperature measurement and no temperature control;
� reaction mixtures subjected to thermal shocks by switch on–off cycles; and
� inhomogeneity of microwave field.
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Domestic ovens can be inexpensively and safely modified, however; this almost

eliminates these disadvantages and enables independent temperature measure-

ment and reasonable temperature control. For temperature measurement an IR

thermometer or, better, a fiber-optic thermometer [75–77] has been recommended.

Such a batch microwave reactor made by modification of a domestic microwave

oven is depicted in Fig. 13.1 and has been described elsewhere (Refs. [51, 75–77,

141–144] and references cited therein).

A complementary, more advanced, laboratory-scale microwave batch reactor for

synthetic and kinetic studies has been developed by Strauss et al. (Fig. 13.2) [145].

The reactor is equipped with magnetic stirrer, microwave power, and tempera-

ture control by computer and can operate under pressure. Although it was devel-

oped for homogeneous organic synthetic reactions it can also be used for heteroge-

neous catalytic reactions in the liquid phase.

13.3.4.2 Continuous-flow Reactors

The first continuous-flow reactor was developed by Strauss [144–148] and has re-

cently been commercialized. It consists of microwave cavity fitted with a tubular

coil (3 m� 3 mm) of microwave-transparent, inert material (Fig. 13.3). The coil is

attached to a metering pump and pressure gauge at the inlet end and to a heat ex-

changer and pressure-regulating valve at the effluent end. Temperature is moni-

tored outside the cavity at the inlet and the outlet.

Fig. 13.1. Microwave batch reactor: 1, microwave cavity;

2, magnetron; 3, stirring bar; 4, aluminum plate; 5, magnetic

stirrer; 6, IR pyrometer; 7, on–off switch; 8, water cooler.
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The reactor has facilitated a diverse range of synthetic reactions at temperatures

up to 200 �C and pressures up to 1.4 MPa. Temperature measurement at the

microwave zone exit indicates the maximum temperature is attained but gives in-

sufficient information about thermal gradients within the coil. Accurate kinetic

data for the reactions studied are, therefore, difficult to obtain. This problem

Fig. 13.2. Schematic diagram of a microwave

batch reactor: 1, reaction vessel; 2, retaining

cylinder; 3, top flange; 4, cold finger; 5,

pressure meter; 6, magnetron; 7, power

meters; 8, power supply; 9, stirrer; 10, fiber-

optic thermometer; 11, computer; 12, load-

matching device; 13, waveguide; 14, microwave

cavity. (Reproduced from Ref. 146 by

permission of CSIRO Publishing.)

Fig. 13.3. Schematic diagram of a continuous-

flow microwave reactor: 1, reactants for

processing; 2, metering pump; 3, pressure

transducer; 4, microwave cavity; 5, reaction

coil; 6, temperature sensor; 7, heat exchanger;

8, pressure regulator; 9, microprocessor

regulator; 10, product vessel. (Reproduced

from Ref. 146 by permission of CSIRO

Publishing.)
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has recently been avoided by using a fiber-optic thermometer. An advantage of

continuous-flow reactors is the possibility of processing large amounts of starting

material in a small-volume reactor (50 mL, flow rate 1 L h�1). A similar reactor, but

of smaller volume (10 mL), has been described by Chen et al. [149].

It has been observed that hydrolysis of sucrose using a strongly acidic cation-

exchange resin as heterogeneous catalyst gives better results than with soluble

mineral acids [150]. Hydrolysis of sucrose catalyzed by the strongly acidic cation-

exchange resin Amberlite 200C has been used by Plazl et al. [60, 61] for successful

testing of a continuous-flow catalytic reactor with a packed catalyst bed made by

modification of a commercial microwave oven (Panasonic NE-1780). Other authors

have also built continuous-flow catalytic reactors by modification of domestic ovens

(Panasonic, General Electric) [48, 51]. Continuous-flow microwave reactors based

on a single-mode system have been described by Chemat [47] and Marquié [150].

Better isothermal conditions, the possibility of selective heating of the catalyst

bed, and the possibility of scaling-up are the main advantages of single-mode

continuous-flow reactors compared with multi-mode systems for catalytic reactions

in the liquid phase.

For gas-phase heterogeneous catalytic reactions continuous-flow integral cata-

lytic reactors with packed catalyst beds have been exclusively used [85–118]. Con-

tinuous or short pulsed radiation (milliseconds) has been used in catalytic studies

(Section 13.3.2). To avoid the creation of temperature gradients in the catalyst

bed, a single-mode radiation system can be recommended. A typical example

of the most advanced laboratory-scale microwave, continuous single-mode cata-

lytic reactor has been described by Roussy et al. [105] and is shown in Figs 13.4

and 13.5.

Fig. 13.4. Schematic diagram of a microwave

system for catalyst studies: 1, generator; 2,

water load; 3, circulator; 4, switch; 5, input

power; 6, power meter; 7, coupling iris; 8,

microcomputer; 9, catalyst; 10, chromatograph;

11, gas production set-up; 12, thermocouple;

13, short-circuit; 14, stepping motor. (Reprinted

from Ref. 151 with permission from Elsevier

Science.)
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The principles of this microwave irradiation system are, briefly:

� continuously variable microwave power from 20 to 200 W;
� temperature of the catalyst bed measured by use of two thermocouples; and
� homogeneous distribution of the electromagnetic field.

In addition to a packed catalyst bed, a fluidized bed irradiated by single and

multi-mode microwave fields was also modeled by Roussy et al. [152]. It was

proved that equality of solid and gas temperatures could be achieved in the station-

ary state and during cooling in a single mode system. The single-mode cavity elim-

inates the effect of particle movements on the electric field distribution. When the

bed was irradiated in the multimode cavity, the model failed. Nevertheless, combi-

nation of the fluidization technique with microwave heating provides significant

benefits, for example reduced energy costs, appreciable reduction in processing

time, and higher product quality. A fluidized bed reactor has been successfully

used to destroy hazardous/toxic organic compounds, for example trichloroethy-

lene, p-xylene, naphthalene, and some gasoline-like hydrocarbon materials [153].

Granulated activation charcoal was used as the catalyst. All these organic com-

pounds could be completely decomposed by combining these two technologies.

13.4

Industrial Applications

Since the early 1980s there has been much interest in the development of indus-

trial applications of microwave irradiation in catalytic processes. This interest has

been driven by the unique attributes of the selective interactions of microwave ra-

Fig. 13.5. Schematic diagram of the microwave applicator:

1, reactor; 2, wave guide; 3, fritted silica disc; 4, thermal

insulation; 5, catalyst; 6, 7, thermocouples. (Reprinted from

Ref. 151 with permission from Elsevier Science.)
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diation with different materials as the basis for the initiation and control of cata-

lytic chemical reactions. The microwave mode of energy conversion has many at-

tractive features for the chemist, because some liquids and solids can absorb in

situ and transform electromagnetic energy into heat very effectively [2]. Microwave

technology has so far only rarely attracted industrial attention, however. Several po-

tential chemical processes using this technique have been established in research

laboratories, but the large scale-up to commercial practice remains elusive. Micro-

wave technology is not new to physicists and electrical engineers, but the concept

of using microwaves as an energy source for chemical reactions has only recently

been appreciated by chemists. In the subsequent stage of the scale-up of the pro-

cess some of the potential advantages of the microwave-induced catalysis proved in

laboratory experiments might not be easy to realize in commercial scale produc-

tion. This is because of the need to identify many difficulties and modifications,

technical and economic, before the final choice of a proper system can be designed

and installed [154].

Wan et al. [154] demonstrated problems of scale-up in the catalytic conversion

ethane into ethyne by finding that optimization of the process for the large-scale

reaction system was quite different from that in the laboratory experiment. It is

not practical to construct a huge quartz reactor enclosed by a huge microwave

oven. Rather, the microwave radiation can be introduced into a stainless steel reac-

tor. There are obviously many other engineering problems to be encountered, for

example penetration depth, uniformity of temperature profile of the catalyst bed,

etc., which are specific to a microwave reactor. In large-scale processes, spatial uni-

formity may often be critical. Engineering and scale-up aspects of microwave-

induced catalytic reactions were summarized by Mehdizadeh [155] of DuPont de

Nemours. It was recommended that the choice of catalyst should be made not

only on the basis of its chemical merits, but also because of its microwave proper-

ties. For example, a catalyst with too low a dielectric loss would be inefficient, and

could cause control difficulties. On the other hand, a catalyst with too high a dielec-

tric loss can cause low penetration and uniformity problems.

Despite the scaling-up problems, several industrial processes have been pro-

posed and disclosed, mainly in the patent literature:

� microwave-induced catalytic conversion of methane to ethene and hydrogen [89];
� microwave-induced catalytic conversion of methane to C3 oxygenates [156];
� oxidative coupling of methane to C2–C4 oxygenates [157];
� oxidative coupling of methane to ethane and ethene [158];
� cracking of heavy hydrocarbon feeds [159];
� reforming of hydrocarbons [160];
� production of terminal alkenes from long-chain alkanes [161–163];
� formation of shorter-chain hydrocarbons from higher hydrocarbons [164];
� preparation of vinyl acetate [165];
� production of organic nitrogen compounds by direct conversion of elemental ni-

trogen [166];
� preparation of lower alpha-alkenes [167];
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� Heck arylation [168];
� synthesis of a porphyrin compound [169];
� preparation of cellulosic or starchy material [170]; and
� microcomposit catalyst or support with highly dispersed particles [171].

In conclusion, one can ask the question ‘‘Which microwave catalytic process is

operated on an industrial scale’’? The answer has frequently been sought at Am-

pere meetings, in particular at conferences in Prague (1998), Valencia (1999), the

Antibes (2000), Bayreuth (2001), Loughborough (2003), and Modena (2005) and

also at world congresses in Orlando 1998, 2000, Sydney 2002, and Austin 2004. It

has been stated that relevant information concerning this matter was missing, be-

cause an industrial microwave catalytic process put into operation had not been

disclosed. The reason could be either that such a process has not yet been success-

fully realized or that the disclosure of new technology has been strictly protected by

industry. Nevertheless, the potential of the microwave catalysis for industrial appli-

cation is substantial, both for gas-phase processes [172–174] and continuous-flow

liquid-phase reactors [175, 176], for which even small equipment can produce sig-

nificant amounts of products. Another potential application in environmental ca-

talysis has resulted from recent legislative measures which have stimulated the de-

velopment of new technology to reduce toxic emissions or to remove and dispose

of hazardous wastes.
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75 M. Hájek, M.T. Radoiu, J. Mol. Catal.
A: Chem. 2000, 160, 383–392.
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Polymer Chemistry Under the Action of

Microwave Irradiation

Dariusz Bogdal and Katarzyna Matras

14.1

Introduction

Polymer processing is probably one of the most developed and well established ap-

plications of microwave technology. The vulcanization of rubber in the tire indus-

try was the first industrial application of microwave irradiation for processing of

polymeric materials. Preparation and processing of polymeric dental restorative

materials is another discipline in which microwaves have found commercial appli-

cations. In recent years it has been shown that polymer synthesis can, in the same

way as processing, greatly benefit from the unique features of modern microwave

technology, for example shorter reaction time, increased yield, and temperature

uniformity during polymerization and crosslinking, which have been demon-

strated in many successful laboratory-scale applications [1–3].

Since very recently the number of papers on microwave-assisted polymerization

reactions has been growing almost exponentially [3], the purpose of this chapter is

to provide useful details about the application of microwave irradiation to polymer

chemistry during the last few years. A survey of past achievements in polymer syn-

thesis and polymer composites can be found in review papers [1–8] whereas fun-

damentals of electromagnetic heating and processing of polymers, resins and re-

lated composites have been summarized by Parodi [9].

14.2

Synthesis of Polymers Under the Action of Microwave Irradiation

The effect of microwave irradiation on chemical reactions is usually described by

comparing time needed to obtain a desired yield of final products compared with

conventional thermal heating. Research in the area of chemical synthesis has

shown potential advantages in the ability not only to drive chemical reactions but

to perform them more quickly. In polymer synthesis other factors can be consid-

ered, for example molecular weight, polydispersity index, crystallinity, mechanical

properties (i.e. strength, elongation, modulus, toughness), and thermal properties
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(i.e. glass transition and melting temperatures). Occasionally the products obtained

have properties that may not be possible after use of conventional thermal treat-

ment. Such features can be both advantages and disadvantages of microwave tech-

nology. In turn, changing of material properties enables modeling of materials for

different applications.

This paper reports and discusses microwave-assisted polymer syntheses, cross-

linking, and processing with the stress on the chemistry of those processes. For

this purpose, syntheses under microwave conditions have been compared with

those under the action of conventional heating methods. In the most examples re-

ported in the literature, amounts of reagents vary from a few milligrams to a few

grams. The shape and size of the reaction vessel are also important in the process-

ing of material under microwave irradiation, as is the microwave system used (i.e.

applicator and temperature detection). In each example we have, therefore, tried to

briefly describe the microwave systems used by the different research groups and

the amounts of reagents they used, to give to readers deeper insight into these mi-

crowave experiments.

14.2.1

Chain Polymerizations

Chain polymerization reactions under microwave irradiation conditions have been

investigated for both free-radical and controlled ‘‘living’’ polymerization and ring-

opening polymerization.

14.2.1.1 Free-radical Polymerization Reactions

Free-radical polymerization reactions have recently been studied for different

monomers, for example mono and disubstituted vinyl monomers and dienes. The

bulk polymerization of vinyl monomers (e.g. vinyl acetate, styrene, methyl metha-

crylate, and acrylonitrile) has been investigated by Amorim et al. [10]. The reac-

tions were conducted in the presence of catalytic amounts of AIBN (or benzoyl per-

oxide). It was found that the rate of polymerization depends on the structure of the

monomers and the power and time of microwave irradiation. In a typical experi-

ment 10.0 mL of each monomer and 50 mg AIBN was irradiated in a domestic

microwave oven for 1 to 20 min to afford the polymers polystyrene, poly(vinyl ace-

tate), and poly(methyl methacrylate) with weight-average molecular weights 48 400,

150 200, 176 700 g mol�1, respectively (Scheme 14.1). The experiments were per-

formed without temperature control.

Scheme 14.1
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Emulsion polymerization of methyl methacrylate under the action of pulsed mi-

crowave irradiation was studied by Zhu et al. [11]. The reactions were conducted in

a self-designed single-mode microwave reaction apparatus with a frequency of

1250 MHz and a pulse width of 1.5 or 3.5 ms. The output peak pulse power, duty

cycles, and mean output power were continuously adjustable within the ranges

20–350 kW, 0.1–0.2%, and 2–350 W, respectively. Temperature during microwave

experiments was maintained by immersing the reaction flask in a thermostatted

jacket with a thermostatic medium with little microwave absorption (for example

tetrachloroethylene). In a typical experiment, 8.0 mL methyl methacrylate, 20 mL

deionized water, and 0.2 g sodium dodecylsulfonate were transferred to a 100-mL

reaction flask which was placed in the microwave cavity. When the temperature

reached a preset temperature, 10 mL of an aqueous solution of the initiator (potas-

sium persulfate) was added and the flask was exposed to microwave irradiation.

The results obtained under microwave irradiation were compared with those from

conventional experiments. Under the action of microwaves the amount of initiator

needed to achieve constant conversion was reduced by 50% at the same polymer-

ization rate; if the same initiator concentration was used (0.15 and 0.20% w/w)
the rate of polymerization increased by factors of 131 and 163%, respectively. The

molecular weights of the polymers were 1.1 to 2.0 times higher than those ob-

tained by use of conventional conditions. The glass transition temperatures ðTgÞ,
polydispersity index, and regularity of the polymers obtained by use of the two pro-

cesses (microwave and conventional) were similar, indicating an analogous mecha-

nism of polymerization.

Polymerization of isoprene in the presence of organolanthanide catalysts under

the action of microwave irradiation has been performed by Barbier-Baudry et al.

[12]. The reactions were conducted in a single-mode microwave reactor with cali-

brated IR temperature detection. The main power values necessary to reach and

maintain temperature were 15, 32, 55, and 95 W for 60, 80, 100, and 120 �C, re-

spectively. The polymerization of isoprene was performed in toluene solution, in

which isoprene was mixed with the catalyst [Nd(BH4)3(THF)3] and co-catalyst, ei-

ther Mg(Bu)2 and Al(Et)3, in 10-mL vessels that were sealed for both microwave

and conventional experiments. The reaction time was in the range 15 to 120 min.

In some experiments, the reaction mixture was kept for 2 h at room temperature

before the reaction. The study revealed enhancement of reactivity under microwave

conditions compared with conventional conditions; the selectivity was only slightly

modified. The highest yields (85–94%) of polyisoprene were obtained within a re-

action time of 2 h at 80 �C to afford polymer with a number-average molecular

weight in the range 17 000 to 27 000 g mol�1 and polydispersity index 1.6 to 2.5.

Interestingly, reaction at 120 �C afforded polyisoprene with higher yield under con-

ventional conditions; this was explained by a depolymerization reaction under mi-

crowave irradiation at high temperature (Scheme 14.2).

Chain-transfer polymerizations (telomerizations), which were developed to pro-

duce polymers of narrower molecular weight distributions than in conventional

free-radical polymerization, of poly-N-isopropylacrylamide (PNIPAM), poly-N,N-

dimethylacrylamide (PNDMAM), and poly-N-{3-(dimethylamino)propyl}acrylamide
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(PN3DMAPAM), and copolymers of PNIPAM and PNDMAM, under microwave

irradiation conditions were studied by Fisher et al. (Scheme 14.3) [13]. Under

conventional conditions the telomerization reactions were performed in super-

heated (80–170 �C) methanol solution in an autoclave in which 100 mmol N-

alkylacrylamide was mixed with 4 mmol 3-mercaptopropionic acid, 0.5 mmol

AIBN, and 15 mL methanol. In the microwave experiments 50 mmol N-

alkylacrylamide was mixed with 2 mmol 3-mercaptopropionic acid and 0.25 mmol

AIBN in an open flask which was irradiated in a domestic microwave oven. It was

found that in superheated methanol the reaction time was reduced by 66% and the

average molecular weight and yield remained unchanged in comparison with the

standard reflux conditions. In microwave experiments reduction of the reaction

time was even greater, although the average molecular weight dropped by 30% in

these experiments. In our opinion, it is difficult to compare bulk polymerization

under microwave conditions without temperature control with solution polymer-

ization under pressurized and nonpressurized conditions.

Ritter et al. have synthesized a variety of (meth)acrylamides in good yields from

(meth)acrylic acid and aliphatic and aromatic amines under solvent-free microwave

irradiation conditions [14]. It was found that addition of a polymerization initiator

(AIBN) to the reaction mixture led directly to poly(meth)acrylamides in a single

step. In these polymerization procedures, 11.6 mmol methacrylic acid was mixed

with 11.6 mmol amine and 0.58 mmol AIBN in a pressure-resistant test tube. The

tubes were sealed and irradiated in a single-mode microwave reactor for 30 min at

140 W (Scheme 14.4). The experiments were performed without temperature con-

trol and were not compared with conventional conditions.

It was subsequently demonstrated that under microwave conditions it was possi-

ble to obtain chiral (R)-N-(1-phenylethyl) methacrylamide directly from methacrylic

acid and (R)-1-phenylethylamine under solvent-free conditions. Addition of free-

radical initiator (AIBN) again led, in a single-step reaction, to optically active poly-

Scheme 14.2

Scheme 14.3
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mers containing both methacrylamide and imide moieties (Scheme 14.5) [15, 16].

In a typical polymerization reaction, 16.5 mmol methacrylic acid were mixed with

16.5 mmol (R)-1-phenylethylamine and 0.83 mmol AIBN in a pressure-resistant

test tube. The tubes were sealed and irradiated in a single-mode microwave reactor

for 30 min at 140 W at constant temperature (120 �C). It was found that microwave

irradiation substantially accelerates the process of condensation between the acid

and the amine, which is also more selective under the action of microwaves than

with thermal heating. The one-pot polymerization under microwave conditions af-

forded the polymers with relatively high yields (80%) which depended on the ap-

plied power. The yield under the action of classical heating in an oil bath was only

40%.

The bulk polymerization of N-phenylmaleimide, prepared from maleic anhy-

dride and aniline before the reaction, under microwave irradiation conditions, has

been reported (Scheme 14.6) [17]. For this purpose 5.9 mmol N-phenylmaleimide

Scheme 14.5

Scheme 14.6

Scheme 14.4
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was mixed with 2.8 mmol AIBN in a pressure-resistant test tube. The tube was

sealed with a septum, flushed with nitrogen and irradiated in a single-mode micro-

wave reactor for 15 min at 90 �C (IR–pyrometry). The final yield of the polymer

was 57%. Bulk homopolymerization under conventional conditions (oil bath pre-

heated to 95 �C) afforded the polymer with a relatively low yield, ca. 19%.

Solution free-radical polymerization of carbazole-containing monomers such as

N-vinylcarbazole and 2-(9-carbazolyl)ethyl methacrylate under microwave irra-

diation conditions has been investigated by Bogdal et al. (Scheme 14.7) [18]. The

reactions were conducted in pressure-resistant tubes, in different solvents, for ex-

ample toluene, hexane, nitromethane, and diethylene glycol. In a standard proce-

dure, 1 g monomer was mixed with 1 mL solvent and 0.060 mmol AIBN. The

vessel was purged with argon, sealed, and irradiated in a single-mode microwave

reactor for 10 min at 65 �C. After precipitation, polymers characterized by weight-

average molecular weights of 20 000 to 50 000 g mol�1 were afforded in high yields

(80 to 99%). Interestingly, in experiments under conventional conditions (a pre-

heated oil bath) the polymers were obtained in very low yields ca. 1%.

The copolymerization of methacrylic acid, 2-(dimethylamino)ethyl ester, and thi-

ourea under microwave irradiation was studied by Lu et al. (Scheme 14.8) [19]. It

was shown that the copolymers can be used to coordinate Cu(II) to afford coordi-

nated copolymers which can, in turn, be used as heterogeneous catalysts in the po-

lymerization of methyl methacrylate. The reactions were performed in a modified

domestic microwave oven with a continuous power regulation.

14.2.1.2 Controlled ‘‘Living’’ Radical Polymerization

Controlled ‘‘living’’ radical polymerization methods were developed to produce

polymers with predetermined molecular weights, low polydispersity index, specific

Scheme 14.7
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functionality, and more diverse architecture than in conventional free-radical poly-

merization [37].

Bulk polymerization of methyl methacrylate by atom-transfer radical polymeriza-

tion (ATRP) under microwave irradiation conditions has been investigated by Zhu

et al. (Scheme 14.9) [20–22]. The reactions were conducted in sealed tubes which

were placed inside two-necked flasks filled with a solvent transparent to micro-

waves (hexane, CCl4). The flask was irradiated in a modified microwave oven so

that temperature was controlled by the solvent boiling point. The reactions were

performed with different activator–initiator systems including benzyl chloride and

bromide–CuCl–2,2 0-bipyridine [20], AIBN–CuBr2–2,2
0-bipyridine [21], and a,a 0-

dichloroxylene–CuCl–N,N,N 0,N 00,N 00-pentamethyldiethylenetriamine [22]. It was

found that microwave irradiation always enhanced the rate of polymerization and

gave polymers with narrower molecular weight distributions (polydispersity index).

Linear first-order rate plots, a linear increase of number-average molecular weight

with conversion, and low polydispersity were also observed; this indicated that

ATRP of methyl methacrylate was controlled under microwave conditions.

Homogenous atom-transfer radical polymerization of methyl methacrylate

under microwave irradiation conditions has also been studied by Zhu et al.

[23, 24]. In a typical run, a small amount of CuCl, N,N,N 0,N 00,N 00-pentamethyl-

diethylenetriamine, with ethyl 2-bromobutyrate as activator–initiator system, were

placed in a 10-mL glass tube with 1 mL DMF and 5 mL methyl methacrylate. The

tube was sealed and placed in a two-necked reaction flask filled with hexane, so

that temperature was controlled by the boiling point of the solvent during reflux

in a modified domestic microwave oven. Linear first-order rate plots, linear in-

Scheme 14.9

Scheme 14.8
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creases of the number-average molecular weight with conversion, and low polydis-

persities were observed. It was found that microwave irradiation enhanced the rate

of polymerization. For example, after 2.5 h of microwave irradiation monomer

conversion reached 27% and the polymers were afforded with a number-average

molecular weight of 57 300 g mol�1 and polydispersity index of 1.19. Under con-

ventional conditions, similar conversion was achieved after 16 h and the polymers

were characterized by number-average molecular weight of 64 000 g mol�1 and a

polydispersity index of 1.19. Similar results were obtained for the atom-transfer

radical polymerization of n-octyl acrylate in acetonitrile solution in the presence of

2-bromobutyrate, CuBr, and 2,2 0-bipyridine under microwave conditions [25].

In contrast with this investigation, Schubert et al. [26] reported that atom-

transfer radical polymerization of methyl methacrylate in p-xylene solution under

microwave conditions did not result in rate enhancement in comparison with con-

ventional conditions. In a typical experiment, a stock solution of 70 mmol methyl

methacrylate, 15 mL p-xylene, 0.47 mmol ethyl 2-bromoisobutyrate, and N-hexyl-2-

pyridylmethanimine was divided into six vials containing 0.078 mmol CuBr. The

vials were sealed, purged with argon, and irradiated in a single-mode microwave

reactor for different periods up to 6 h. Good control of the polymerization reaction

was observed – linear first-order rate plots, a linear increase of the number-average

molecular weight with conversion, and low polydispersity. Results were, however,

almost the same as those obtained under conventional conditions (Scheme 14.10).

Solid-supported TEMPO-mediated controlled ‘‘living’’ polymerization in the

preparation of novel high-loading functionalized styrenyl resins has been reported

by Wisnoski et al. (Scheme 14.11) [27]. The resin was prepared in a neat reaction

of TEMPO-methyl resin with styrene derivatives. For example, 200 mg TEMPO-

methyl resin suspended in 16.8 mmol p-bromostyrene was transferred to a 5 mL

vial which was sealed and placed in a single-mode microwave reactor. The mixture

was irradiated for 10 min at 185 �C to afford resin with a 7.25-fold increase in

mass. By applying this procedure it was possible to obtain high-loading Rasta Mer-

rifield resin (5.8 mmol g�1). It was stressed that the microwave procedure was 150

times than that described in literature performed under conventional conditions.

Scheme 14.10
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14.2.1.3 Ring-opening Polymerization

Ring-opening polymerization of e-caprolactone under microwave irradiation condi-

tions has been reported by Liu et al. [28]. The reactions were performed in the

presence of Sn(Oct)2 and zinc powder as catalysts. Typically, a reaction mixture

consisting of e-caprolactone and the catalyst in a vacuum-sealed ampoule was irra-

diated in a multimode microwave oven at different temperatures ranging from 80

to 210 �C. For example, poly(e-caprolactone) with a weight-average molecular

weight of 124 000 g mol�1 was obtained in 90% yield after 30 min irradiation at

680 W using 0.1% mol/mol Sn(Oct)2 whereas polymerization catalyzed by 1%

mol/mol zinc powder afforded poly(e-caprolactone) with a weight-average molec-

ular weight of 92 300 g mol�1 after 30 min irradiation at 680 W. Without micro-

wave irradiation the rate of polymerization was much slower – at 120 �C with

Sn(Oct)2 as catalyst poly(e-caprolactone) was afforded with a weight-average molec-

ular weight of 60 000 g mol�1 after 24 h and with zinc powder 27 000 g mol�1

poly(e-caprolactone) was obtained after 48 h (Scheme 14.12).

A similar procedure has been used for the metal-free synthesis of poly(e-

caprolactone) from e-caprolactone in the presence of benzoic acid [29]. The molar

ratios of e-caprolactone to benzoic acid were in the range 5 to 25, and the reaction

mixtures were heated in the so called ‘‘self-regulated’’ temperature range of 204 to

240 �C in a multi-mode microwave reactor. The advantage of the microwave proce-

dure is enhancement of propagation rate; above 240 �C, however, degradation of

poly(e-caprolactone) became significant. With the metal-free method the weight-

average molecular weight was ca. 40 000 g mol�1.

In their next paper [30] Lu et al. reported the ring-opening polymerization of

d,l-lactide in the presence of Sn(Oct)2 under the action of microwave irradiation

Scheme 14.12

Scheme 14.11
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(Scheme 14.13). The procedure was similar to that in their two previous papers.

It was stated that polymerization of d,l-lactide proceeded quickly, but no compari-

son with a conventional procedure was performed. Under optimum conditions,

poly(d,l-lactide) (weight-average molecular weight 400 000 g mol�1) was obtained

with 90% yield after 10 min. It was stated, however, that degradation of the product

was much affected by microwave irradiation.

Ring-opening polymerization of e-caprolactone in the presence of lanthanide ha-

lide catalysts under microwave irradiation conditions was also recently described

by Barbier-Baudry et al. [31]. In contrast with the previous report the reactions

were performed in open vessels in a single-mode microwave reactor. For this pur-

pose, 1 mL e-caprolactone was mixed with 2 to 50 mg catalyst and irradiated in a

Pyrex tube at 200–230 �C. The highest number-average molecular weight polymers

were obtained when the mixture of the monomer and catalyst was intensely irradi-

ated in a microwave reactor so that the boiling point of e-caprolactone was reached

in ca. 1 min. The number-average molecular weights of the polymers obtained

were between 3000 and 16 000 g mol�1. Compared with conventional thermal pro-

cesses, under microwave conditions the polymers had higher molecular weights

and lower polydispersity indexes. For completion of the reactions under thermal

heating conditions longer polymerization times were necessary.

More recently, oxazoline derivatives became the next group of cyclic monomers

to be studied by use of ring-opening polymerization reactions under microwave ir-

radiation conditions. Ritter et al. [32] investigated the ring-opening polymerization

of 2-phenyl-2-oxazoline (Scheme 14.14). For this purpose, 7.1 mL 2-phenyl-2-

oxazoline was mixed with 7.1 mL acetonitrile and 0.82 mmol methyl tosylate.

This mixture (2.5 mL) was transferred to a 10-mL vial sealed with septum and irra-

diated in a single-mode microwave reactor for 30 to 150 min at 125 �C, with mon-

itoring by use of a fiber-optic sensor. Comparison with thermal heating experi-

ments revealed great enhancement of reaction rates while conserving the living

Scheme 14.14

Scheme 14.13
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character of the polymerization. For example, under the action of microwave irra-

diation for 90 min conversion of the monomer was nearly quantitative. In contrast,

polymerization under conventional conditions resulted in 71% conversion only

after 90 min. Interestingly, the reaction rate coefficient under conventional condi-

tions was the same for reactions performed in open and closed vessels (1:1� 10�2

min�1) whereas for the microwave experiments the reaction rate coefficient was

different for the reaction in open and closed reaction vessels (3:6� 10�2 and

4:2� 10�2 min�1, respectively).

Ring-opening polymerization reactions of several 2-substituted-2-oxazolines (i.e.

2-methyl, 2-ethyl, 2-nonyl, and 2-phenyl) in the presence of methyl tosylate as cata-

lyst have been described by Schubert et al. (Scheme 14.14) [33–35]. The reactions

were performed in the temperature range 80 to 200 �C inside a single-mode micro-

wave reactor. In a typical run, 25 mL stock solutions of monomer–initiator–solvent

were prepared before the polymerization. These stock solutions were divided

among different reaction vials so each experiment was performed on a 1-mL scale.

It was found that when the reaction rate was enhanced by factors of up to 400, by

changing from 80 to 200 �C, activation energies for the polymerization (EA, 73 to

84 kJ mol�1) were within the range of values obtained when conventional heating

was used. The first-order kinetics of monomer conversion and living character of

the polymerization were maintained. The polymerization can also be conducted

in concentrated solutions or even under bulk conditions to afford well-defined

monomers (PDI < 1.20). Under such conditions a maximum of 300 monomers

can be incorporated into the polymer chains.

The same technique of the ring-opening polymerization under microwave irradi-

ation conditions was subsequently applied to the synthesis of a library of diblock

copoly(2-oxazoline)s in which a total number of 100 (50þ 50) monomer units

were incorporated into the polymer chains [36]. As a result, 16 polymers were ob-

tained with narrow polydispersity indexes ðPDI < 1:30Þ. The reactions were initi-

ated by methyl tosylate and conducted in acetonitrile solution at 140 �C. After

polymerization of the first monomer the reaction vessels were re-transferred to

an inert atmosphere of argon, the second monomer was added, and the reaction

mixture was again irradiated in a microwave reactor.

14.2.2

Step-growth Polymerization

14.2.2.1 Epoxy Resins

Microwave-assisted curing of epoxy resin systems was one of the first applications

of MW in polymer chemistry and is the most widely studied area in polymer chem-

istry under both continuous and pulse microwave conditions. The structure, dielec-

tric properties, toughness, mechanical strength, percentage of cure, and glass tran-

sition temperature of the epoxy formulations have been investigated [1].

It was found that the pulse method led to the fastest heating of the resins [38]

and improved their mechanical properties [39]. It was, for example, shown that

computer-controlled pulsed microwave processing of epoxy systems consisting of
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diglycidyl ether of bisphenol-A (DER 332) and 4,4 0-diaminodiphenyl sulfone (DDS)

(Scheme 14.15) in a cavity operating in TM012 mode could be successfully used to

eliminate the exothermic temperature peak and maintain the same cure tempera-

ture at the end of the reaction [40]. The epoxy systems were cured more rapidly

under pulsed microwave irradiation and it was possible to cure them at higher

temperatures than when continuous microwaves or conventional thermal process-

ing were used.

Microwave curing processes of epoxy–amine systems were recently studied

by Boey et al. [41], who investigated the effect of using different curing agents

on the final cured glass-transition temperature ðTgÞ. Microwave irradiation and

thermal heating were performed on a diglycidyl ether of bisphenol-A (DGEBA)

with three curing agents – 4,4 0-diaminodiphenyl sulfone (DDS), 4,4 0-diamino-

diphenylmethane (DDM), and m-phenylenediamine (mPDA) (Scheme 14.15).

Microwave curing was conducted in a multimode cavity powered by a variable-

power generator up to 1.26 kW at 2.45 GHz.

For all three systems (DDS, DDM, mPDA) a shorter curing time was needed

to reach the maximum percentage cure and Tg was substantially lower than for

thermal curing. It was found that during microwave curing, although the rate was

faster, the presence of highly electron-attracting groups (for example SO2 in DDS)

seemed to induce a delay in the reactivity of the amine functions and effectively

inhibit further curing. In contrast, maximum percentage cure was achieved for

both DDM and mPDA systems and Tg values were equal to those for thermal cur-

ing after substantially shorter curing times, because of greater reduction in the ef-

fective cure time than in the lag time. Microwave curing was more effective at

reducing the overall cure time for the mPDA system, which suggested that micro-

wave curing was more effective in enhancing the reaction rates during crosslinking

rather than shortening the lag time.

A similar investigation by Zhou et al. [42] on the microwave-assisted curing of

the diglycidyl ether of bisphenol-A (DGEBA) (Scheme 14.15) with maleic anhy-

dride showed that in comparison with conventional thermal cure microwave cure

Scheme 14.15
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can reduce curing temperature by 15–20 �C, increase the compressive strength

and bending strength of the epoxy resin, and reduce the amount of maleic anhy-

dride needed by 5%.

Microwave-assisted synthesis of elevated molecular weight epoxy resins (solid

epoxy resins) has been described by Bogdal et al. [43, 44]. The method is based on

the polyaddition reaction of bisphenol-A to a low-molecular-weight epoxy resin or

the diglycidyl ether of bisphenol-A (DGEBA) in the presence of 2-methylimidazole

(2-MI) as catalyst (Scheme 14.16). The syntheses were also performed using

conventional thermal heating for comparison of the properties of the epoxy resins

obtained under both conditions. The microwave reactions were performed in a

250-mL round-bottomed flask charged with 11.6 g bisphenol-A, 25 g low-

molecular-weight epoxy resin (epoxy value 0.57 mol/100 g), and a small amount

of a catalyst. For microwave experiments the flask was irradiated in a multimode

microwave reactor at a frequency of 2.45 GHz and maximum power of 600 W.

The main advantage of the microwave process is twofold reduction of reaction

time in comparison with conventional conditions. Number-average molecular

weight, weight-average molecular weight, polydispersity index, epoxy value, and de-

gree of branching of the resins were determined for both microwave and conven-

tional conditions. It was found that the molecular weight distribution and degree

of branching of the epoxy resins synthesized under microwave irradiation were

comparable with those obtained under conventional heating conditions and were

not affected by reduction of the reaction time.

The same approach was used by Brzozowski et al. [45] for synthesis of elevated-

molecular-weight (E-M) epoxy resins (solid epoxy resins) with reduced flammabil-

Scheme 14.16
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ity. For this purpose, bisphenol-A was either substituted or partially substituted

with 1,1-dichloro-2,2-bis(4-hydroxyphenyl)ethylene (Scheme 14.17).

Polymerization of epoxides (3,4-epoxycyclohexylmethyl, 3,4-epoxycyclohexylcar-

boxylate) initiated by diaryliodonium or triarylsulfonium salts under microwave

conditions was investigated by Stoffer et al. (Scheme 14.18) [46]. The reactions

were conducted in 20 mL vials in which 4 g samples were placed and irradiated in

a multimode microwave reactor. Temperature during microwave polymerizations

was measured with a thermocouple immediately after the reaction vessel was re-

moved from the microwave reactor. The extent of polymerization was determined

by means of DSC and FTIR and compared with that for samples cured under con-

ventional conditions.

This study revealed that under microwave conditions polymerization phenom-

ena such as polymerization selectivity, polymerization temperature shift, and poly-

merization temperature shift as a result of the microwave power setting, can be

observed when products are compared with those obtained under conventional

conditions. To explain these phenomena it was proposed that a new dipole parti-

tion function is present in the microwave field, so values of thermodynamic prop-

erties such as internal energy and Gibbs free energy of materials with permanent

dipole moments change under microwave conditions, which in turn leads to shifts

in the reaction equilibrium and kinetics compared with conventional conditions at

the same temperature [46].

Scheme 14.17

Scheme 14.18
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14.2.2.2 Polyethers and Polyesters

The synthesis of linear polyethers from either isosorbide or isoidide and alkyl di-

bromides or dimethanesulfonates using microwave irradiation under solid–liquid

PTC conditions was described by Loupy et al. (Scheme 14.19) [47, 48].

The reactions were performed in a single-mode microwave reactor with an infra-

red temperature detector previously calibrated by use of an optical fiber detector

introduced into a reaction mixture. Reaction mixtures consisting of 5 mmol isosor-

bide or isoidide, 5 mmol alkyl dibromide–dimesylate, 1.25 mmol tetrabutylammo-

nium bromide (TBAB), and 12.5 mmol powdered KOH were irradiated for 30 min

to afford the polyethers in 70–90% yield. It was found that use of a small amount

of solvent was necessary to ensure good temperature control and to reduce the vis-

cosity of the reaction medium. With isosorbide the microwave-assisted synthesis

proceeded more rapidly compared with conventional heating; reaction time was re-

duced to 30 min and yields of 69–78% were obtained. Under conventional condi-

tions, the polyethers were afforded in 28–30% yield within 30 min. Similar yields

of the polyethers were obtained while the reaction time was extended to 24 h. They

remained practically unchanged even though the synthesis was conducted for an-

other 7 days. Analysis of properties of the synthesized polyethers revealed that the

structure of the products was strictly dependent on the mode of activation (micro-

wave or conventional activation). Under microwave conditions the polyethers were

characterized by higher molecular weights and better homogeneity. For example,

after 30 min reaction under conventional heating conditions polyesters with higher

molecular weight were not observed. It was also found that the chain terminations

were different under microwave and conventional conditions. Polyesters prepared

by use of conventional heating had shorter chains with terminal hydroxyl ends

whereas under microwave irradiation the polymer chains were longer with termi-

nal ethylenic ends. Under the action of microwave irradiation terminal ethylenic

ends were formed rapidly and hindered further polymer growth. In contrast, under

conventional conditions terminations were essentially by hydroxyl functions; again,

further polymerization was terminated.

Scheme 14.19
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Later, the same procedure was applied to the polycondensation of aliphatic diols

of isosorbide with 1,8-dimesyloctane and other dialkylating agents (Scheme 14.20)

[49]. It was always found that microwave-assisted polycondensations proceeded

more efficiently compared with conventional heating (the reaction time was re-

duced from 24 h to 30 min – ratio 1:50). Polycondensation under microwave con-

ditions yielded 63% polyethers with relatively high average-weight molecular

weights (weight-average molecular weight up to 7000 g mol�1). The polyethers

were characterized by 1H and 13C NMR and FTIR spectroscopy, SEC measure-

ment, and MALDI-TOF mass spectrometry.

It has been shown that application of previously synthesized ethers of isosorbide

was beneficial and enabled the preparation of polyethers in better yields than the

polyethers obtained in direct reactions of isosorbide and dibromo or dimesyl al-

kanes [47, 48]. Moreover, the molecular weights of the polyethers were higher than

of those prepared in the earlier work [47] and the molecular weight distributions of

new polyethers were similar or lower. Such a microwave-assisted procedure can

contribute to the synthesis of alternating polyethers and further modification of

their properties.

The synthesis of poly(ether imide)s by condensation of the disodium salt of

bisphenol-A with bis(chlorophthalimide)s under microwave irradiation conditions

has been described by Zhang et al. (Scheme 14.21) [50]. The polymerization

reactions were performed under phase-transfer catalysis (PTC) conditions in o-
dichlorobenzene solution. For this purpose a mixture of 16.12 mmol bis(chloro-

phthalimide)s and 16.12 mmol disodium salt of bisphenol-A in 60 mL o-
dichlorobenzene with 0.56 mmol hexaethylguanidinium bromide was irradiated

in a domestic microwave oven for 25 min and the product was precipitated by

addition of methanol. The polymerization reactions, in comparison with those

under the action of conventional heating, proceeded rapidly (25 min compared

with 4 h at 200 �C) and polymers with inherent viscosities in the range 0.55 to

0.90 dL g�1 were obtained.

Bogdal et al. have obtained unsaturated polyesters in polyaddition reactions of

alkylene oxides such as epichlorohydrin and acid anhydrides (maleic and phthalic

anhydrides) in the presence of lithium chloride as catalyst under microwave irradi-

ation conditions (Scheme 14.22) [51, 52]. In the standard procedure, a mixture of

0.10 mol phthalic anhydride and 0.10 mol maleic anhydride with 0.010 mol ethyl-

ene glycol, 0.20 mol epichlorohydrin, lithium chloride (0.1% w/w) was placed in a

Scheme 14.20
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three-necked round-bottomed flask and irradiated in a multimode microwave reac-

tor equipped with an IR temperature sensor, a magnetic stirrer, and an upright

condenser. The reaction temperature was maintained in the range 120–140 �C

under an inert atmosphere. Polymerization was continued until the acid number

value of polyesters dropped below 50 mg KOH g�1. Compared with polycondensa-

tion reactions of acid anhydrides with diols, these reactions proceeded without re-

lease of by-products. At the same time the polyaddition reactions were performed

Scheme 14.22

Scheme 14.21
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under conventional thermal conditions, applying a similar set of reaction condi-

tions. In comparison with these experiments, twofold reduction of reaction times

was observed under microwave conditions whereas other properties, for example

number-average molecular weight and polydispersity index, remained comparable.

Polycondensation of acid anhydrides (maleic and phthalic anhydrides) with diols

(e.g. ethylene glycol) under microwave irradiation conditions has also been de-

scribed for synthesis of unsaturated polyesters [52]. In addition to the previous pro-

cedure, the reaction temperature was increased to 200 �C and a Dean–Stark trap

was used to remove water from the reaction mixture (Scheme 14.23). It was found

that reaction times for the microwave and conventional procedures were compara-

ble and depended on the rate of removal of water from the reaction system.

Poly(ester imide)s have been synthesized by Mallakpour et al. [53] via a route in-

volving reaction of pyromellitic anhydride with l-leucine, then conversion of the re-

sulting diacid into its diacid chloride, which in turn reacted with several diols (for

example phenolphthalein, bisphenol-A, and 4,4 0-hydroquinone) under microwave

irradiation conditions (Scheme 14.24). The polymerization reactions were con-

ducted in 10 min in a domestic microwave oven in a porcelain dish in which

Scheme 14.23
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0.10 g diacid chloride was mixed with an equimolar amount of diol in the presence

of small amounts of o-cresol and DABCO as catalysts. A series of optically active

poly(ester imide)s were obtained in good yields and with moderate inherent viscos-

ities of 0.10–0.27 dL g�1.

Mallapragada et al. have prepared polyanhydrides, biodegradable polymers, from

aliphatic and aromatic diacids under the action of microwave irradiation (Scheme

14.25) [54]. The reactions were performed in a household microwave oven. For this

purpose, 0.49 mmol aliphatic or aromatic acid were mixed with 2.95 mmol acetic

anhydride and irradiated at full power in a sealed borosilicate vial for 2 min. The

anhydride was then removed by evaporation and the vial was irradiated for another

5 to 25 min. It was found that by use of this method it was possible to obtain poly-

mers with number-average molecular weights (1700 to 11 300 g mol�1) rather sim-

ilar to those obtained under conventional conditions while reducing the reaction

time from hours to 6–20 min. It was also possible to prepare copolymers of seba-

cinic acid prepolymer and 1,6-bis-(p-carboxyphenoxy)hexane.

14.2.2.3 Polyamides and Polyimides

Polyamides have been synthesized under microwave conditions from both o-

amino acids and Nylon-salt-type monomers, and polyimides have been obtained

from salt monomers comprising aliphatic diamines and pyromellitic acid or its di-

ethyl ester or derivatives of pyromellitic acid chlorides and aromatic diamines in

the presence of a small amount of an organic solvent [1].

Synthesis, under microwave irradiation conditions, of polyamides containing

azobenzene units and hydantoin derivatives in the main chains has recently been

proposed by Faghihi et al. [55]. Polycondensation of 4,4 0-azodibenzoyl chloride

with eight 5,5-disubstituted hydantoin moieties has been achieved in the presence

of a small amount of o-cresol (Scheme 14.26). The polycondensations were per-

formed in 8 min, in a domestic microwave oven, in a porcelain dish in which 1.0

mmol diacid chloride was mixed with an equimolar amount of diol in the presence

of small amounts of o-cresol. The polymerization proceeded rapidly, compared

with the bulk reactions under conventional conditions (8 min compared with 1 h),

producing a series of polyamides in high yield and inherent viscosity between 0.35

to 0.60 dL g�1.

Scheme 14.25
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Polyimides with third-order NLO properties have been prepared by Lu et al. [56]

by polycondensation pyromellitic dianhydride with either benzoguanamine or 3,3 0-

diaminobenzophenone under microwave irradiation conditions (Scheme 14.27).

The polymers obtained under microwave conditions were characterized by large

third-order nonlinearities and time response.

A series of poly(amide–imide)s have been obtained by polycondensation of

hydantoin and thiohydantoin derivatives of pyromellitic acid chlorides with [N,N 0-

(4,4 0-carbonyldiphthaloyl)] bisalanine diacid chloride [57], N,N 0-(pyromellitoyl)-bis-

l-phenylalanine diacid chloride [58], and N,N 0-(4,4 0-diphenyl ether) bistrimellitide

Scheme 14.26

Scheme 14.27
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diacid chloride [59] under the action of microwave irradiation (Scheme 14.28). Typ-

ically, 1.0 mmol diacid chloride was mixed with an equimolar amount of the hy-

dantoin derivative in the presence of 1 mL o-cresol and the reactions were per-

formed in a domestic microwave oven for 10 min without temperature control.

The resulting poly(amide–imide)s were obtained in good yields with inherent vis-

cosities ca. 0.28 to 0.66 dL g�1.

A similar series of poly(amide-imide)s has been obtained by Mallakpour et al.

by polycondensation of several diacid chlorides, for example [N,N 0-(4,4 0-carbonyl-

diphthaloyl)]-bis-isoleucine diacid chloride [60], N,N 0-(4,4 0-carbonyldiphthaloyl)-

bis-l-phenylalanine)diacid chloride [61], and N,N 0-(4,4 0-sulfonediphthaloyl)-bis-l-
phenylalanine) diacid chloride [62] with aromatic amines (Scheme 14.29) and

with diacid chlorides obtained by reaction of Epiclon B-4400 and phenylalanine

[63] or reaction of l-leucine [64] with aromatic amines (Scheme 14.30).

The reactions were performed in a domestic microwave oven that was used with-

out any modification and temperature control. Prior microwave irradiation, 0.1 g

diacid chloride was ground with an equimolar amount of an aromatic amine or di-

phenol and a small amount of a polar high-boiling solvent (o-cresol or NMP, 0.05

Scheme 14.28

Scheme 14.29
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to 0.45 mL), which acted as a primary microwave absorber. Under microwave irra-

diation conditions the polycondensation reactions proceeded rapidly (6–12 min)

compared with conventional solution polymerization (reflux for 5–10 h in chloro-

form or NMP) to give a series of optically active polymers with inherent viscosities

in the range 0.12–0.52 dL g�1.

Lu et al. have obtained poly(amic acid) side-chain polymers by polycondensation

of benzoguanamine and pyromellitic dianhydride under microwave irradiation

conditions [65–67]. The reactions were performed in a household microwave oven

in which 100 mL DMF solution of 33 mmol benzoguanamine and an equimolar

amount of pyromellitic dianhydride were stirred and irradiated for 1 h at 60 �C

(Scheme 14.31). The resulting poly(amic acid) was precipitated from the solution

and then modified to obtain side-chain polymers with fluorescent and third-order

NLO properties.

Polyureas and polythioureas have been synthesized by Banihashemi et al. [68] by

reaction of aromatic and aliphatic amines with urea and thiourea, respectively

(Scheme 14.32). In a typical procedure, a solution of 10 mmol amine, 10 mmol

urea, and a small amount of p-toluenesulfonic acid (1 mmol) in 5 mL N,N-

dimethylacetamide was irradiated for 7 min at 220 W and then for 8 min at 400

W in a tall beaker placed in a household microwave oven. As the result, a series

of polyureas and polythioureas was obtained in good yields and with moderate in-

herent viscosities of 0.13–0.25 dL g�1.

Scheme 14.30
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Synthesis of poly(aspartic acid) from maleic acid derivatives and from aspartic

acid under microwave irradiation conditions has been described by Pielichowski

et al. (Scheme 14.33) [69, 70]. The reactions were performed in propylene glycol

solutions in the temperature range 160 to 230 �C in a multimode microwave reac-

tor. Poly(aspartic acid) with number-average molecular weights of 6150 to 18 500

g mol�1 was obtained in good yield (50 to 85%).

14.2.3

Miscellaneous Polymers

Carter prepared a polyarylene-type polymer by polymerization of 2,7-dibromo-9,9-

dihexylfluorene under the action of microwave irradiation (Scheme 14.34) [71]. In

a typical procedure, a catalyst stock solution was prepared consisting of 704 mg

Scheme 14.31

Scheme 14.32
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bis(1,5-cyclooctadiene)nickel(0), 410 mg 2,2 0-bipyridine, and 281 mg cyclooctadiene

in 17.5 mL toluene–DMF (1.15:1). A monomer solution containing 600 mg 2,7-

dibromo-9,9-dihexylfluorene in 17.3 mL toluene was then prepared. Polymeriza-

tion was accomplished by charging a 10-mL reaction vial with 2.2 g the catalyst

solution and 1.77 g monomer solution. The vial was sealed and irradiated in

single-mode microwave up to 250 �C for 10 min. Eventually, polymers of number-

average molecular weight in the range 5000 to 10 000 g mol�1 with polydispersity

index between 1.65 to 2.22 were obtained.

Synthesis of conjugated p-phenylene ladder polymers by means of a microwave-

assisted reaction has been achieved by Scherf et al. (Scheme 14.35) [72]. The poly-

merization reactions were performed in THF solution at 130 �C in the presence of

palladium catalyst with phosphine ligands with irradiation in a single-mode micro-

wave reactor for 11 min. Compared with conventional thermal procedures, the re-

action time was reduced from days to a couple of minutes and molecular weight

distributions (PDI ca 1.8) of the polymers were changed substantially.

Thiophene oligomers (up to six units) have been obtained by Barbarella et al.

[73] under microwave conditions from 2-thiophene boronic acid and dibromo pre-

cursors with three thiophene units in the presence of a palladium catalyst and KF

with KOH (Scheme 14.36). The reactions were run in a single-mode microwave re-

actor at 70 �C for 10 min.

Scheme 14.34

Scheme 14.33
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Poly(pyrazine-2,5-diyl) has been prepared by Yamamoto et al. [74] by organome-

tallic dehalogenative polycondensation of 2,5-dibromopyrazine (Scheme 14.37).

The reaction was performed by irradiating a mixture of 2.62 mmol 2,5-

dibromopyrazine, 5.23 mmol bis(1,5-cyclopentadiene)nickel(0), and 5.23 mmol

2,2 0-bipyridyl in a single-mode microwave reactor for 10 min, either in toluene or

DMF solution. Under microwave conditions, the polymer was afforded in 83–95%

Scheme 14.35

Scheme 14.36
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yield; under conventional conditions at 60 �C a similar yield was obtained after 2

days.

Poly(dichlorophenylene oxide) and a conducting polymer have been simultane-

ously obtained from 2,4,6-trichlorophenol by Cakmak et al. (Scheme 14.38) [75].

Microwave-initiated polymerization was performed in a Pyrex vessel in which 2.5

g 2,4,6-trichlorophenol was mixed with 0.5 g NaOH and 1–2 mL triple-distilled

water. The reaction mixtures were irradiated in a domestic microwave oven for

times from 1 to 7 min. The resulting polymers, i.e. poly(dichlorophenylene oxides)

and the conducting polymer (0.3 S cm�2), were separated by precipitation from tol-

uene. The optimum conditions for poly(dichlorophenylene oxide) and the conduct-

ing polymer were 70 W for 5 min and 100 W for 1 min, respectively.

Poly(alkylene hydrogen phosphonate)s have been obtained by Ritter et al. by

transesterification of dimethyl hydrogen phosphonate and poly(ethylene glycol)

(PEG 400) under microwave irradiation conditions (Scheme 14.39) [76]. The reac-

tion was performed in a round-bottomed vessel, equipped with an upright con-

denser. A mixture of 52.5 mmol dimethyl hydrogen peroxide and 50 mmol PEG

400 was irradiated in a single-mode microwave reactor for 55 min at 140–190 �C.

The temperature was monitored by use of an IR sensor. It was observed that micro-

wave conditions avoid the undesirable thermal degradation of dimethyl hydrogen

phosphonate, because of the short reaction times. Microwave (55 min) and conven-

tional (9 h) conditions gave poly(alkene hydrogen phosphonate)s with number-

average molecular weights of 3100 and 4900 g mol�1, respectively.

Scheme 14.38

Scheme 14.39

Scheme 14.37
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14.2.4

Polymer Modification

Graft polymerization of e-caprolactone on to chitosan has been achieved by Fang

et al. [77]. The reactions run smoothly under the action of microwave irradiation,

via a protection–graft–deprotection procedure with phthaloylchitosan as precursor

and stannous octoate as catalyst. The copolymerization reactions were performed

in a household microwave oven, and chitosan-g-polycaprolactone with high graft-

ing percentage above 100% was achieved. After deprotection, the phthaloyl group

was removed and the amino group was regenerated. Thus, the chitosan-g-

polycaprolactone copolymer was an amphoteric hybrid with both a large amount

of free amino groups and hydrophobic polycaprolactone side chains (Scheme

14.40).

The effect of inorganic salts, for example sodium chloride, on the hydrolysis of

chitosan in a microwave field was investigated by Li et al. [78]. The reactions were

conducted in a domestic microwave oven. It was found that the molecular weight

of the degraded chitosan obtained by microwave irradiation was considerably lower

than that obtained by convectional heating.

Scheme 14.40
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Using microwave (MW) irradiation, Singh et al. [79] grafted polyacrylonitrile on

to chitosan with 170% grafting yield under homogeneous conditions in 1.5 min in

the absence of any radical initiator or catalyst. The reactions were conducted in a

domestic microwave oven. It was stated that under similar conditions maximum

grafting of 105% could be achieved when the K2S2O8–ascorbic acid redox system

was used as radical initiator in a thermostatic water bath at 35 �C. Unfortunately,

the temperature was not recorded in the microwave experiments. Grafting was

found to be increased with enhancement in the initial concentration of the mono-

mer in the range 10–28� 10�2 mol L�1. Grafting was also found to increase for

MW power up to 80% and then decrease; this may be because of either more ho-

mopolymerization or decomposition of grafted copolymer occurring at MW power

higher than 80%.

Microwave-assisted synthesis of a guar-g-polyacrylamide (G-g-PAA) has also

been reported [80]. The reactions were performed in a domestic microwave oven.

Graft copolymerization of the guar gum (GG) with acrylamide (AA) under the

action of microwave irradiation in the absence of any radical initiators and catalyst

resulted in grafting yields comparable with redox (potassium persulfate–ascorbic

acid) initiated by conventional heating but in a very short reaction time. Grafting

efficiency up to 20% was further increased when initiators and catalyst were used

under microwave irradiation conditions. Maximum grafting efficiency achieved

under MW conditions was 66.66% in 0.22 min, compared with 49.12% in 90 min

by the conventional method.

Sodium acrylate has been grafted on to corn starch by Tong et al. [81] to furnish

a superabsorbent. Potassium persulfate (PPS) was used as the initiator and

poly(ethylene glycol) diacrylate as the crosslinker, which in turn was obtained

from poly(ethylene glycol) esterified with acrylate. It was found that microwave ir-

radiation substantially accelerated the synthesis without the need to remove O2 or

inhibitor. Microwave power was also believed to be the most significant factor af-

fecting the swelling ratio and solubility of the product. Optimized experimental

results showed that microwave irradiation for 10 min at 85–90 W could produce a

corn starch-based superabsorbent with a swelling ratio of 520–620 g g�1 in distilled

water and solubility of 8.5–9.5% (w/w).
Krausz et al. obtained cellulosic plastic films under homogeneous conditions by

microwave-induced acylation of commercial or chestnut tree sawdust cellulose by

fatty acids (Scheme 14.41) [82]. They studied the effect on the acylation reaction

of the amount of N,N-dimethyl-4-aminopyridine (DMAP), which simultaneously

Scheme 14.41
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acts as a catalyst and a proton-trapping base. Plastic films synthesized in the ab-

sence of DMAP had inferior mechanical behavior. Organic (tributylamine) or inor-

ganic bases (CaCO3, Na2CO3) were then added to replace DMAP basic activity, but

no changes were observed. The thermal and mechanical properties of plastics ob-

tained by use of different bases, glass transition temperatures ðTgÞ, and degrada-

tion temperatures ðTdÞ were constant, irrespective of the base. The best mechanical

properties were obtained for films synthesized in the presence of CaCO3. The

same remarks were made about the valorization of chestnut tree sawdust cellulose.

Phosphorylation of microcrystalline cellulose under the action of microwave irra-

diation was achieved by Gospodinova et al. [83]. The reactions were performed in a

single-mode microwave reactor under an argon atmosphere. Mixtures of 29.0

mmol urea, 17.6 mmol phosphorous acid, and 1.8 mmol cellulose were irradiated

for 60 to 120 min at temperatures from 75 to 150 �C (Scheme 14.42). The process

led to monosubstituted phosphorous acid esters of cellulose with different degrees

of substitution of hydroxy functions (0.2 to 2.8) without pretreatment with solvents.

The best results (degree of substitution) were obtained at 105 �C after irradiation

for 2 h.

The kinetics of the thermal and microwave-assisted oxidative degradation of

poly(ethylene oxide), with potassium persulfate as the oxidizing agent, were deter-

mined by Madras [84]. The degradation was studied as a function of temperature

and persulfate concentration and it was found that the rate of degradation in-

creased with increasing temperature and persulfate concentration. Continuous dis-

tribution kinetics were used to determine the rate coefficients for the degradation

process, and the activation energies were obtained. The results indicated that the

microwave-assisted process had a lower activation energy (10.3 kcal mol�1) than

thermal degradation (25.2 kcal mol�1). Similar investigations have been conducted

for the degradation of polystyrene [85].

14.3

Conclusion

In conclusion, polymer synthesis can benefit greatly from the unique features of

modern microwave technology recently demonstrated in the large number of suc-

Scheme 14.42
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cessful laboratory-scale applications presented in this chapter. These can include

such issues as shorter processing times, increased process yields, and temperature

uniformity during polymerization and crosslinking.

The mode of action of microwave irradiation on chemical reactions is still under

debate, and some research groups have proposed the existence of so-called non-

thermal microwave effects, i.e. sudden acceleration of reaction rates which cannot

be explained by the reaction temperatures observed. Recent critical reviews of both

groups of theories have been published by Loupy et al. [86, 87], Nuchter et al. [88],

and de la Hoz et al. [89].

Irrespective of the type of activation (thermal) or the type of microwave effect

(nonthermal), microwave energy has advantages which are still waiting to be fully

understood and applied to chemical processes.
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Microwave-assisted Transition Metal-catalyzed

Coupling Reactions

Kristofer Olofsson, Peter Nilsson, and Mats Larhed

15.1

Introduction

The development of microwave-assisted chemistry has been remarkable in many

ways, which also has implications for the preparation of this volume. When the

first edition of Microwaves in Organic Synthesis was compiled in 2001, it was pos-

sible to nurse an ambition to cover all aspects of the literature on microwave-

assisted homogeneous transition metal-catalyzed reactions within the scope of a

book chapter [1]. Today, this is not easily done, because the number of publications

has increased substantially together with the range of transformations investigated

[2, 3]. The safety and reproducibility of microwave (MW)-assisted chemistry is also

better, because most chemists nowadays use dedicated single or modified multi-

mode equipment that is safe to use and generally shows good inter-lab reproduci-

bility [4]. Several articles have also reported successful scale-up reactions with little

or no change needed in heating procedure when applying reaction conditions opti-

mized for the small-scale reaction [5, 6]. Another development is the source of the

publications. Whereas four years ago most papers on microwave chemistry tended

to come from a limited number of academic groups, today the trend is for an in-

creasing number of papers to come from the pharmaceutical industry and research

groups worldwide [4]. This mirrors the growing acceptance of microwave technol-

ogy in modern chemical applications such as medicinal chemistry [7, 8], high-

throughput chemistry using polymer-supported reagents or scavengers [9], and

fluorous chemistry [10, 11]. Microwave activation is no longer viewed as the last

resource but as the first-choice heating method.

In recent decades much effort has been devoted to extending the scope of palla-

dium, copper, and nickel-catalyzed reactions proceeding via aryl or vinyl metal in-

termediates [12]. These coupling reactions have enabled the formation of many

kinds of carbon–carbon and carbon–heteroatom connections that were previously

very difficult to realize. Metal-mediated transformations have proven especially val-

uable for introduction of substituents to aromatic core structures. They allow the

presence of a wide variety of functional groups and perform equally well in both

inter and intramolecular applications. Furthermore, in homogeneous catalysis,
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many different ligands can now be used to fine-tune the activity of catalytic com-

plexes and the selectivity of reactions.

However, the long reaction times frequently required with classical heating

(ranging from hours to days) have previously limited the exploitation of these

transformations in laboratory-scale medicinal chemistry, fine chemical synthesis,

and high-throughput processing. Rapid and reliable microwave applications are

therefore superior, not only for rapid production of new chemical entities in drug-

discovery efforts [13] but also for efficient optimization of metal-catalyzed methods

in general [14, 15]. Although microwave-assisted organic reactions can sometimes

be smoothly conducted in open vessels, it is often of interest to work with closed

systems, especially if superheating with its associated time reductions is desired

[4]. The use of disposable septum-sealed vessels designed for straightforward pres-

surized processing and automation is here essential for both safety and productiv-

ity. Importantly, when applying pressurized conditions it is strongly recommended

to use purpose-built reactors equipped with accurate temperature and pressure

feedback systems coupled to the power control to avoid vessel rupture.

It has been our ambition in writing this chapter not to give a complete overview

of microwave-assisted metal-catalyzed transformations of aryl and vinyl halides (or

pseudo halides) – which is indeed impossible within the scope of this edition – but

rather to focus selectively both on medicinal chemistry and papers with a recent

publication date. Especially in sections in which the number of publications is

large we have opted for a deeper discussion of selected topics and a few topics cov-

ered in the last edition have been removed.

15.2

Cross-coupling Reactions

15.2.1

The Suzuki–Miyaura Reaction

Organoboron compounds were at first thought to be poor coupling partners in

cross-coupling reactions because the organic groups on boron are only weakly nu-

cleophilic. However, in 1979, Suzuki discovered that coupling reactions of organo-

boron compounds proceeded in the presence of ordinary bases, for example hy-

droxide or alkoxide ions [16]. This modification proved to be generally applicable

and the Suzuki reaction is today arguably the most versatile cross-coupling reac-

tion. For example, the reaction has attracted the interest of several research teams

involved in high-throughput chemistry, as a large variety of boronic acids are com-

mercially available [7]. In addition, high-speed synthesis of aryl boronates (Suzuki

coupling reactants) has been performed under single-mode irradiation conditions

with a palladium carbene catalyst generated in situ [17].

The first MW-promoted Suzuki couplings were published in 1996 (Scheme 15.1).

Phenyl boronic acid was coupled with 4-methylphenyl bromide to give a fair yield

of product after a reaction time of less than 4 min under the action of single-mode
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MW irradiation. The same reaction had previously been conducted with conven-

tional heating with a reported reaction time of 4 h [18].

In 2005, very similar reactions were shown to proceed smoothly with continuous

flow reactors (Scheme 15.2). The yield of couplings with aryl bromides and iodides

were high, although the authors noted it was unclear exactly how long a sample

was irradiated, because of uncertainty about the focus of the irradiation over the

capillary column [19].

Another topic often encountered in the literature on microwave-promoted reac-

tions is the lower consumption of energy associated with the use of MW technol-

ogy in small-scale chemistry. For the palladium-catalyzed Suzuki reaction there

have been attempts to investigate this matter in more detail. Clark et al. have per-

formed a comparative study of the energy efficiency of the different reaction tech-

niques. The Suzuki reaction was analyzed and under the reaction conditions used

the MW-assisted reaction was 85 times more energy-efficient than the correspond-

ing oil-bath-heated reaction. As there are a multitude of reaction conditions for the

Suzuki coupling, this value should be seen as an example, rather than a definite

value [20].

The development of MW-assisted reactions using aryl chlorides has attracted the

interest of several research groups. Transition metal-catalyzed reactions with aryl

chlorides were elusive for a long time and were generally only successful with

very high reaction temperatures and special reaction conditions. Lately, new cata-

lytic systems, most notably those presented by Fu [21], have spurred the develop-

ment of several schemes for MW-assisted activation of aryl chlorides.

Efficient reactions using electron-rich aryl chlorides have been reported with the

Pd(OAc)2aPCy3 catalytic combination. The reaction conditions enabled the use of

several bases but the authors chose the inexpensive potassium phosphate (Scheme

15.3) [22].

N-Heterocyclic carbene ligands were used with good results in the sluggish cou-

pling of electron-rich aryl chlorides with phenylboronic acid. These ligands enabled

Scheme 15.1. Suzuki coupling of phenyl boronic acid with 4-methylphenyl bromide.

Scheme 15.2. Microwave-assisted continuous flow reaction.
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a reaction with a comparatively low reaction temperature and a short reaction time

(Scheme 15.4) [23].

A recent paper has described Suzuki–Miyaura couplings of aryl chlorides in DMF

and water, using the air and moisture-stable dihydrogen di-m-chlorodichlorobis(di-

tert-butylphosphinito-kP)dipalladate (POPd2) catalyst (Scheme 15.5) [24].

Development of catalytic systems with water as solvent is very important for

industrial and environmentally friendly applications. Water is, in this respect, per-

haps the ultimate solvent, because of its nontoxicity and ready availability. Lead-

beater has published several papers reporting optimization of the Suzuki–Miyaura

reaction for aqueous conditions [25, 26]. Aryl bromides and iodides were coupled

and isolated in good yields with an attractive ligandless procedure (Scheme 15.6).

Scheme 15.3. Suzuki–Miyaura reaction with an aryl chloride.

Scheme 15.4. Reaction with an aryl chloride using a carbene ligand.

Scheme 15.5. Suzuki–Miyaura coupling with the POPd2 catalyst.

Scheme 15.6. Ligandless Suzuki–Miyaura coupling in water.
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Some reactions gave increased yields on addition of tetrabutylammonium bromide

(TBAB) [27].

Aryl bromides have been used by another team in the coupling of phenylboronic

acid in water, using easily available starting materials and an improved commercial

microwave oven (Scheme 15.7) [28].

Water has also been used in the coupling of aryl chlorides with the electron-

neutral phenylboronic acid. Here Leadbeater and Arvela took advantage of simulta-

neous cooling of the reaction vessel by compressed air while heating the bulk of the

reaction mixture with microwaves. This enabled the successful coupling of both

electron-rich and electron-poor aryl chlorides in moderate to excellent yields. The

rationale was that a careful control of the reaction temperature is needed to prevent

the destruction of the aryl chloride in the reaction mixture. A significant advantage

of the simultaneous cooling technique, compared to reactions without cooling, was

especially apparent for electron-rich and neutral aryl chlorides [29]. Suzuki–

Miyaura couplings in water using di(2-pyridyl)methylamine–palladium dichloride

complexes [30] and Pd(PPh3)2Cl2 [31] have also been reported.

An early report by König deals with rapid parallel Suzuki reactions in water with

phase-transfer catalysts. The solid support used in these reactions was PEG, and a

variety of aryl palladium precursors were evaluated; aryl halides as well as aryl tri-

flates and nonaflates (Scheme 15.8). The inclusion of PEG is appealing, because it

not only helps to solubilize the reagents but is also suggested to stabilize the palla-

dium catalyst in the absence of phosphine ligands. Both the polymers and the es-

ters were reported to withstand 10 min of 900 W multimode MW irradiation

whereas the thermal conditions induced substantial ester cleavage (up to 45%).

Nonaflates were found to be associated with lower yields and diminished product

purity [32].

Scheme 15.7. Suzuki–Miyaura couplings in water.

Scheme 15.8. A PEG-supported, aqueous Suzuki coupling.
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Similar Suzuki couplings performed with PEG as a nontoxic reaction medium

have been reported by Varma (Scheme 15.9) [33].

Villemin has reported the use of sodium tetraphenylborate as a stable reactant

for Suzuki couplings performed with water or monomethylformamide (MMF) as

solvent. The high dielectric constant of MMF resulted in very efficient MW heating

(Scheme 15.10) [34].

A few interesting papers have appeared with ligandless and solvent-free Suzuki–

Miyaura reactions using cheap palladium powder and potassium fluoride on alu-

mina. The catalysts have been recycled and used through several reaction cycles

and the products were collected by a simple filtration, adding to the preparative

ease of the method [35]. Potassium fluoride on alumina has also been used in the

solvent-free synthesis of unsymmetrical ketones, with good results [36, 37].

Interestingly, the Suzuki reaction was shown to proceed smoothly on polymeric

supports as long as ten years ago and high yields of a variety of products were

reported under these reaction conditions (Scheme 15.11) [38]. 4-Bromo and 4-

iodobenzoic acids linked to Rink-amide TentaGel resulted in a conversion of more

than 99% within 4 min. The yields suggested high potential for use of microwave-

assisted reactions on polymeric resins [39].

Scheme 15.9. Suzuki coupling in PEG as a nontoxic reaction medium.

Scheme 15.10. Suzuki coupling with sodium tetraphenylborate.

Scheme 15.11. Suzuki couplings on polymer supports.
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For applications in high-speed synthesis, one interesting paper looked at differ-

ent polyethylene-supported palladium catalysts (FiberCat) and their efficiency in

the Suzuki–Miyaura reaction. The supported catalysts have attracted some interest,

because of the possibility of recycling and their convenience at the work-up stage,

where the catalyst can easily be removed by filtration. The more electron-rich and

more reactive systems usually resulted in higher conversions and shorter reaction

times. The reactions could all be conducted under ambient atmosphere and per-

formed better than standard homogeneous systems, as measured by the purity of

the products. Reactions performed with supported palladium were, when the con-

version was quantitative, pure enough to be collected simply by solid-phase extrac-

tion over Si-Carbonate. Aryl iodides, bromides, triflates, and electron-poor chlor-

ides all gave excellent yields and electron-rich aryl chlorides gave moderate yields

(Scheme 15.12) [40].

Clean reactions and high yields were reported in the Suzuki–Miyaura reaction

with polystyrene-supported palladium using an improved commercial MW oven

and reflux conditions. The polystyrene-based catalysts are described as a borderline

class of catalysts that retain the advantages of homogeneous catalysts while secur-

ing the ease of recovery and workup of heterogeneous catalysts [41]. In this

method polystyrene-supported Pd(II) was prepared rapidly by ultrasound treat-

ment and subsequently used in the reactions. The catalysts were stable under

heat and there was no need for an inert atmosphere. Initial attempts to conduct

the reaction in pure water failed and a mixture of toluene and water was used

throughout. Electron-rich and electron-poor aryl bromides were all reactive and

comparison with conventional oil-bath heating revealed yields that were compara-

ble, although with reaction times that were longer (Scheme 15.13) [41].

Alternatives to solid-supported catalysts are catalysts that are themselves insolu-

ble [42]. A pyridine-aldoxime ligand has been evaluated in the Suzuki–Miyaura

reaction using water as solvent. When an Irori Kan was used to contain the poly-

meric catalyst, the reaction could be repeated 14 times without noticeable reduc-

Scheme 15.12. Suzuki–Miyaura coupling with an alkyl phosphine-supported catalyst (FC 1032).

Scheme 15.13. Suzuki–Miyaura coupling with polystyrene-supported catalyst.
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tion of efficiency. The optimized reaction conditions were then used to create a

small library of approximately 30 biaryl compounds using aryl iodides, bromides,

triflates, and an activated chloride (Scheme 15.14) [42].

A modern development and variation of solid support is fluorous chemistry [43,

44], an emerging technique that takes advantage of the unique physical and solu-

bility properties of perfluorinated organic compounds. Many publications have re-

cently drawn attention to the special properties of fluorous chemistry in which the

attractive features of solution-phase reactions are combined with the convenient

workup of solid-phase reactions, without the disadvantages of the latter. Zhang

used perfluorooctylsulfonates as a coupling partner in a Suzuki–Miyaura reaction

in which the perfluorooctylsulfonate group filled the function of leaving group (a

pseudo triflate) in the coupling while also having sufficiently high fluoricity to

function as a fluorous tag in fluorous separations. The perfluorooctylsulfonate

group was highly soluble in organic solvents and was thermostable under the reac-

tion conditions used. The example illustrated was a quite challenging coupling in

which the product was isolated in a useful yield (Scheme 15.15). The use of the

fluorous sulfonyl group was further demonstrated in a multistep synthesis of a

biaryl-substituted hydantoin [45].

The same group reported the synthesis of a library of 3-aminoimidazo[1,2-a]
pyridines/pyrazines by fluorous multicomponent reactions. Here the overall yields,

and the yields for the separate Suzuki–Miyaura reactions that were a part of the

synthesis were relatively low, because of competing reactions and poor reactivity

of the substrates, but the speed of the microwave-mediated syntheses and ease of

separation emphasized the usefulness of fluorous reagents [46]. A recent paper

Scheme 15.14. Suzuki–Miyaura couplings with an insoluble pyridine–aldoxime catalyst.

Scheme 15.15. Fluorous Suzuki–Miyaura reaction.
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further illustrated the use of Suzuki–Miyaura couplings of aryl perfluorooctylsulfo-

nates in the decoration of products derived from 1,3-dipolar cycloadditions [47].

Several publications have appeared dealing with Suzuki–Miyaura reactions pro-

ducing heterocyclic products. These are interesting not only technically, because

not all heterocyclic compounds are readily compatible with transition metal cataly-

sis, but also because of the many applications of heterocyclic molecules in drug

discovery. Indeed, several pharmaceutical companies have published high-speed

or combinatorial synthesis-related reports describing the production of a variety of

heterocyclic compounds [48].

Unprotected 4-heteroaryl phenylalanines have been prepared by microwave-

assisted Suzuki–Miyaura reactions. Amino acids containing the biaryl motif have

several interesting applications in medicinal chemistry and this method enabled

their synthesis without protection of the amino acid. Optically pure boronic acids

could be used without racemization (Scheme 15.16) [49].

Aryl-substituted aminopyrimidines have also been prepared under microwave ir-

radiation conditions with very attractive reaction times compared with the oil-bath

heated reactions (Scheme 15.17) [50].

The first example of a Suzuki–Miyaura reaction on a pyridopyrimidine skele-

ton was used for decoration of a 4-chloro[2,3-d]pyrimidin-7(8H)one scaffold. Phe-

nylboronic acid was used as a coupling partner with a good isolated yield (Scheme

15.18) [51].

Another interesting MW-mediated synthesis is the one-pot stepwise construc-

tion of 4,5-disubstituted pyrazolopyrimidines in which the 4-position was func-

tionalized via an SNAr reaction and the 5-position via a Suzuki–Miyaura coupling.

The strength of this synthesis is the possibility of choosing different 4 and

Scheme 15.16. Synthesis of a 4-heteroaryl phenylalanine analog.

Scheme 15.17. Suzuki phenylation of a chloropyrimidine.

15.2 Cross-coupling Reactions 693



5-substituents at a late stage in the synthesis [52]. The MW procedure was also

more tolerant of functional groups than previously reported oil-bath-heated reac-

tion routes (Scheme 15.19). This method was also revealed to be compatible with

the similar pyrrolopyrimidine scaffold [52].

Several papers on Suzuki–Miyaura mediated syntheses of heterocyclic com-

pounds have been published by Erik Van der Eycken’s research group. 2-

Substituted carbazoles are present in several naturally occurring and biologically

active molecules. Most of the compounds reported in this class have been made

by the Cadogan synthesis. This method, however, often requires drastic conditions

and long reaction times. In this approach Suzuki–Miyaura couplings between an

ortho-nitro-substituted boronic acid and sixteen aryl bromides furnished the neces-

sary substrates for the Cadogan reductive cyclization. The coupling of the ortho-
nitro-substituted boronic acid is known to be troublesome, because of competing

proto-deboronation, but this side reaction could be minimized by use of rapid mi-

crowave methods (Scheme 15.20). The ensuing cyclization was greatly facilitated

by MW irradiation and was conducted at 210 �C for 20 min with a maximum

Scheme 15.18. Suzuki–Miyaura reaction on pyridopyrimidinone.

Scheme 15.19. Suzuki–Miyaura reaction of pyrazolopyrimidines.

Scheme 15.20. Suzuki–Miyaura coupling of an ortho-nitro-substituted boronic acid.
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irradiation power of 300 W [53]. Difficult Suzuki–Miyaura couplings were also

performed in high yield by the same group in the synthesis of buflavine [54]

and apogalanthamine [55] analogs. In the latter paper the corresponding reaction

performed in oil-baths was associated with distinctly lower yields.

Several different transition metal-catalyzed reactions with the 2(1H)pyrazinone

template have been evaluated. The Suzuki–Miyaura coupling was efficient in intro-

ducing aryl groups to both the 3 and the 5-positions of the heterocycle. The 3-

arylated product could be isolated in 75% yield by using 1.1 equivalents of boronic

acid and sodium carbonate as base whereas use of 2.2 equivalents of boronic acid

with cesium carbonate yielded the 3,5-disubstituted compound in 52% yield

(Scheme 15.21) [56]. Efforts to widen the utility of this Suzuki–Miyaura reaction

to include solid-phase reactions met with difficulties, because the reaction was

problematic to drive to completion [57]. Other teams have also reported problems

with Suzuki–Miyaura couplings on polymeric supports [44, 58].

An MW-assisted coupling of 4,5-disubstituted pyridazinones has been reported.

Many ligands and catalytic systems were evaluated but, as indicated in Scheme

15.22, selectivity between the 3-, 4-, and 3,4-disubstituted products was usually

low. One of the best ligands was, somewhat surprisingly, the sensitive PEt3 alkyl

phosphine ligand [59].

para-Biaryl-substituted dihydropyrimidones have recently been synthesized

using PdaC under microwave conditions. In this reaction the inexpensive PdaC

was superior to palladium acetate (Scheme 15.23) [60].

A microwave mediated Suzuki–Miyaura reaction with an unprotected tetrazole

moiety has also been evaluated. This was reported as the first Suzuki–Miyaura cou-

pling known to proceed without protection of the N-2 position of the tetrazole

(Scheme 15.24) [61].

Scheme 15.21. Synthesis of mono and diarylated 2(1H)pyrazinones.

Scheme 15.22. Suzuki–Miyaura reaction with 4,5-dichloropyridazinones.
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Several Suzuki–Miyaura couplings of more complex natural products and other

large compounds have been reported. Fluorescein and rhodamine derivatives were

successfully synthesized by Burgess using a water-soluble phosphine ligand [62],

and an intramolecular cyclization using a Suzuki-reaction in the total synthesis of

Biphenomycin B has been reported [63]. This macrocyclization was not very effec-

tive using oil-bath heating but under controlled microwave irradiation the yield

could be more than doubled to 50%.

Isoflavones could be prepared in a water, DME, and ethanol solution at a rela-

tively low reaction temperature, as depicted in Scheme 15.25 [64].

A Suzuki–Miyaura reaction for functionalization of quinolin-2(1H)ones at the 4-

position was recently published by Kappe. This biologically active structural class

has attracted interest in the treatment of several diseases. The suggested synthesis

enabled a late introduction of the moiety at the 4-position and this was found to be

an advantage over previously reported procedures. The reaction could be run with a

Scheme 15.23. Suzuki–Miyaura reaction with 4,5-disubstituted pyridazinones.

Scheme 15.24. Suzuki–Miyaura reaction with an unprotected tetrazole.

Scheme 15.25. Reaction of isoflavones under Suzuki–Miyaura reaction conditions.
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comparatively low loading of catalyst (0.5 mol%). The precise amount of water was

also found to be important when optimizing the yield (Scheme 15.26) [65]. A note

of interest is that many of the reactions described in this paper, including the Su-

zuki–Miyaura reactions, were easily scaled up using a multimode batch reactor,

without re-optimization of the reaction conditions [6c].

Coats reported a parallel synthesis of delta/mu agonists as depicted in Scheme

15.27. Both solid and solution-phase techniques were evaluated with regard to the

reactivity of the vinyl bromide template but solution-phase couplings resulted in

more rapid reactions. In the latter case it was found that the Suzuki–Miyaura reac-

tion could be applied directly to the reaction mixture of the preceding reductive

amination, thus ensuring a relatively rapid and easy synthetic route to a library of

192 compounds [66].

Antifungal 3-aryl-5-methyl-2,5-dihydrofuran-2-ones have been reported in which

the 3-aryl group was introduced by palladium chemistry. The yields were usually

moderate, possibly because of instability of the core structure at high temperature

(Scheme 15.28) [67].

Antimicrobial oxazolidinones have been successfully synthesized by means of

single-mode MW irradiation on a polystyrene resin. In this reaction the use of do-

mestic multimode ovens was associated with inconsistent yields and purity, pre-

sumably because of the inhomogeneity of the MW field and lack of sufficient tem-

Scheme 15.26. Chemoselective arylation of quinolin-2(1H)ones.

Scheme 15.27. Parallel synthesis of delta/mu agonists.
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perature and pressure control. A representative reaction is presented in Scheme

15.29. These solid-supported reactions proceeded smoothly in 5–10 min on addi-

tion of 6 equiv. boronic acid, and a small library with variations at both the N-acyl
and the biaryl functionalities was created [68].

Pyrazole-based COX-inhibitors have been synthesized using PdaC as a heteroge-

neous and ready filterable palladium source. Electron-deficient boronic acids

coupled well whereas ortho-substituted and electron-rich boronic acids were less re-

active (Scheme 15.30) [69]. The same team also developed a two-step, one-pot pro-

cedure for synthesis of styrene-based nicotinic acetylcholine receptor antagonists.

For several years Hallberg has used MW-promoted reactions for optimization of

different types of aspartyl protease inhibitors [7]. The Suzuki–Miyaura coupling

was recently used to introduce biaryl moieties in cyclic sulfonamide HIV-1 protease

inhibitors. A series of sixteen reactions were performed with fair to moderate yields

and the reaction times were, in all examples except two, limited to only 5 min

Scheme 15.29. Polymer-supported synthesis of antimicrobial oxazolidinones.

Scheme 15.30. Palladium-on-carbon-catalyzed synthesis of COX-inhibitors.

Scheme 15.28. Preparation of 3-aryl-5-methyl-2,5-dihydrofuran-2-ones.
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(Scheme 15.31) [70]. Other Suzuki–Miyaura couplings with similar structures have

previously been reported, with products having Ki values in the nanomolar range

[71].

Similarly, eight relatively complex C2-symmetric plasmepsin I and II inhibitors

against the malaria-causing protozoon Plasmodium falciparum were effectively syn-

thesized with an MW method by substitution of two vinyl bromide groups. Here,

the reaction temperatures were held low in the Suzuki–Miyaura couplings, pre-

sumably to minimize decomposition of the peptide mimetic. Heck couplings in

the same series could, however, be executed at 150–170 �C by use of organic bases

(Scheme 15.32) [72].

Suzuki–Miyaura reactions with aryl bromides and triflates have been reported

in the synthesis of plasmepsin I and II inhibitors using a hydroxyethylamine tran-

sition-state-mimicking scaffold [73]. Four libraries of similar compounds were pre-

pared where the Suzuki–Miyaura reaction was used for direct derivatization of the

P1 0-position without protection of the hydroxyethylamine center. It was noted in

this context that no epimerization occurred during the reaction and that exchange

of cesium carbonate for sodium carbonate resulted in better yields (Scheme 15.33)

[74].

Scheme 15.31. Synthesis of a cyclic sulfonamide HIV-1 protease inhibitor.

Scheme 15.32. Synthesis of a plasmepsin I and II inhibitor.
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15.2.2

The Stille Reaction

The defining feature of the Stille cross-coupling reaction (or the Migita–Kosugi–

Stille coupling) is the use of organotin moieties in combination with palladium cat-

alysts [75]. This base-free reaction is, just as the Suzuki reaction, very reliable, high

yielding, and tolerant of many functionalities. The main drawback is the modest

reactivity of the organotin reactants, but this limitation can often be overcome by a

judicious choice of experimental conditions. The nonreacting ligands are usually

methyl or butyl, although newer dummy ligands have been proposed. Typically,

the transferable fourth ligand on tin is an unsaturated moiety. The group migra-

tion order is believed to be alkynyl > vinyl > aryl > alkyl.

The Stille reaction was one of the earliest transition metal-catalyzed reactions

to be accelerated with MW assistance. Single-mode irradiation with very short reac-

tion times was easily applied during Stille reactions in solution [38] (Scheme

15.34) and on a resin support [38] (Scheme 15.35).

Different substrates for the Stille reaction have been used in two one-pot

microwave-assisted hydrostannylation Stille-coupling sequences. High isolated

Scheme 15.33. Library production of plasmepsin I and II inhibitors.

Scheme 15.34. Stille coupling in solution with 4-acetylphenyl triflate.

Scheme 15.35. Stille coupling using a RAM-linker on a polymer support.
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yields were reported in both of these papers (Scheme 15.36; see also Scheme 15.39)

[76, 77].

Fluorous chemistry has been applied to Stille couplings as well as to Suzuki

reactions as described previously. One of the many applications reported is the

Stille coupling of tin reagents with fluorinated tags, in which the products and ex-

cess of the toxic tin-containing reagents can be easily separated from the

reaction mixture and, in the case of the reagents, be recycled. One example of the

use of the aCH2CH2C6F13 (shortened F-13) tagged organostannanes is presented

in Scheme 15.37 [78].

It was sometimes apparent that the fluoricity of the F-13 tags was not enough to

enable full partitioning of the products into the liquid fluorous phase. The concept

of using more heavily fluorinated tags, for example the aCH2CH2C10F21 (F-21) tag,

was easy to suggest but proved to be preparatively elusive, because the solubility of

these compounds is very poor. Heating the reactions to 80 �C in fluorinated sol-

vents resulted in very sluggish and irreproducible reactions. However, application

of single-mode heating enabled rapid and efficient reactions in standard DMF

(Scheme 15.38) [76]. The insolubility of the F-21-tagged compounds at room tem-

Scheme 15.36. One-pot hydrostannylation and Stille coupling.

Scheme 15.37. Stille reaction with the F-13-tagged furan stannane reagent.

Scheme 15.38. Stille reaction with the F-21-tagged phenyl stannane reagent.
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perature resulted in a very convenient method for removing the fluorous tin com-

pound by filtration.

In the same paper the fluorous Stille procedure was applied to a one-pot hydro-

stannylation of an acetylene in the hybrid fluorous–organic solvent benzotrifluor-

ide (BTF) with subsequent cross-coupling of the product in BTF–DMF, as shown

in Scheme 15.39 [76].

A few important papers have appeared describing solvent-free Stille reactions on

palladium doped Al2O3. Villemin performed several different reactions under MW

irradiation conditions, including Stille couplings, with potassium fluoride on alu-

mina as base. These reactions were attractive because the unpleasant and toxic

stannous reagents and side-products remained absorbed on the solid Al2O3 sup-

port, thus enabling simplified work-up compared with classic Stille reactions. To

ensure reproducibility, the use of a dedicated single-mode cavity was important

[79].

2(1H)-Pyrazinones on polystyrene resins were more reactive in the Stille reac-

tion than in the Suzuki–Miyaura coupling (Scheme 15.40) [57].

The Stille reaction has also been used for synthesis of melatonin derivatives. Two

heating cycles were used to achieve a yield comparable with that of oil-bath heat-

ing. The reaction time, two irradiation cycles of 20 min, was notably shorter than

the 24-h reaction with standard heating (Scheme 15.41) [58].

Scheme 15.39. One-pot hydrostannylation and Stille reaction with F-21-tagged reagents.

Scheme 15.40. Solid-phase reaction of 2(1H)pyrazinones.

Scheme 15.41. Solid-phase synthesis of melatonin derivatives.
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A Stille-related paper reported different regioselectivities in a cyclocarbo-

palladation in which the multistep reaction described terminated in a Stille

cross-coupling. Mechanistic studies with deuterium provided a background for a

discussion of the different outcomes when alkynyl or vinyl stannanes were used.

Microwave heating was found to increase the rate of the reaction with two vinyl

stannanes and one heteroaromatic stannane as substrates [80].

15.2.3

The Negishi Reaction

The first examples of MW-assisted cross-couplings with organozinc compounds

(Scheme 15.42) were reported in 2001. Aryl and alkylzinc bromides were effectively

coupled with short reaction times [81].

Kappe has reported a general method for microwave-assisted Negishi couplings.

The organozinc reagents were prepared from activated Rieke zinc and aryl bro-

mides or iodides. Nickel-catalyzed reactions were reported to result in high degrees

of homo-coupling and could not be driven to completion with electron-rich, de-

activated aryl chlorides. However, palladium in combination with electron-rich

phosphines was found to be more effective with both electron-rich and poor aryl

chlorides. (Scheme 15.43). n-Butylzinc chloride and resin bound aryl chlorides

could also be coupled and the products could be isolated in good yield [82].

Enantiomerically pure 1,1 0-binaphthyl derivatives have been prepared from bi-

naphthyl iodides or triflates without loss of enantiomeric purity. The same reaction

performed with oil-bath heating was associated with slower reactions and lower

yields [83].

Different pyridinyl pyrimidines have been prepared by Negishi couplings

(Scheme 15.44). The reported procedure took advantage of the lower hygroscopicity

Scheme 15.42. Negishi coupling of an unprotected aryl bromide.

Scheme 15.43. Negishi coupling of an aryl chloride.
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and higher solubility in ethereal solvents of zinc iodide compared with zinc chlo-

ride when the organozinc substrates were first prepared by conventional lithiation

and subsequent transmetallation. The latter reactant usually resulted in a higher

amount of the undesired homo-coupling products [84].

A different method of preparing the arylzinc reagents is the reaction between ac-

tivated zinc dust and aryl iodides. The generated aryl-zinc reagent was then used in

Negishi cross-couplings to generate thirteen biaryl formaldehydes in good to excel-

lent yields (Scheme 15.45). Both nickel and palladium catalysts could be used, but

palladium was chosen because of its superior performance in DMF – a solvent

popular in microwave promoted reactions because of its high tan d value [85]. It

should be noted that DMF might decompose into carbon monoxide and dimethyl-

amine at high temperatures [86].

The Negishi reaction has also been found to be applicable to large-scale

microwave-assisted reactions. A previously published small-scale reaction (1

mmol) was easily transferred to a larger scale (2� 20 mmol) and made to go to

completion after only 1 min hold time with a very good isolated yield [6].

15.2.4

The Kumada Reaction

Microwaves have been used both in the preparation of the Grignard reagent and in

the Kumada coupling [87] with aryl chlorides. It was noted in this reaction that

more homo-coupling side-products were typically formed when microwaves were

used as an activation source than when the reaction was performed using ultra-

sound at ambient temperature (Scheme 15.46) [82].

Grignard reagents have been generated from sluggish aryl chlorides and bro-

mides by use of controlled MW irradiation in a safe, productive, and reproducible

Scheme 15.44. Synthesis of pyridinyl pyrimidines by the Negishi reaction.

Scheme 15.45. A Negishi coupling using a reagent derived from zinc dust.
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method. In the synthesis of a novel HIV-1 protease inhibitor, microwave irradiation

was used both to generate the starting arylmagnesium halide and to promote the

subsequent Kumada coupling [88] (Scheme 15.47).

15.2.5

The Hiyama Reaction

Clarke recently reported the first MW-accelerated Hiyama coupling [89, 90]. It was

noted that the availability and nontoxic attributes of the organosilicon reactants

make them very attractive in synthesis, but their low nucleophilicity limits their po-

tential. Use of microwaves enabled aryl bromides and activated aryl chlorides to re-

act under palladium catalysis with an electron-rich N-methyl piperazine/cyclohexyl

phosphine ligand (Scheme 15.48). A vinylation reaction with vinyl trimethoxysilane

was also reported [90].

Scheme 15.47. Preparation of a cyclic HIV-1 protease inhibitor

by Grignard and Kumada chemistry.

Scheme 15.48. Hiyama reaction with an aryl bromide.

Scheme 15.46. Kumada reaction with aryl chlorides.
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15.3

Arylation of C, N, O, S, P and Halogen Nucleophiles

15.3.1

The Sonogashira Coupling Reaction

The copper or palladium-catalyzed cross-coupling between terminal alkynes and aryl/

vinyl halides, the Sonogashira reaction, is a general and robust procedure enabling

straightforward formation of unsymmetrical aryl alkynes [91]. In 2000, Kabalka

and his group reported a solvent-free procedure employing an alumina-supported

palladium catalyst for coupling of aryl iodides with alkyl and phenyl acetylenes in a

domestic oven [92]. In 2001, Erdélyi andGogoll published a pivotal work on the effect

of directed microwave activation on efficiency and productivity in the Sonogashira

coupling employing several different aryl precursors (see Scheme 15.49) [93].

Recent reports of successful MW-assisted Sonogashira reactions involve attach-

ment of the aryl halide on a solid support [58, 94–96] (polystyrene and PEG 4000)

and use of solvent-free conditions [97]. Interestingly, new nickel [98] and copper

[99] catalyst systems have been introduced, and even ‘‘transition metal-free’’ reac-

tions have been reported [100]. The example by Wang and coworkers using nickel

catalysis deserves attention because it involves the use of 1,1-dibromostyrene pre-

cursors forming aryl acetylenes in situ (Scheme 15.50). The authors state that the

reaction goes to completion without copper but that addition of copper greatly ac-

celerates the reaction resulting in full conversion after irradiation for only 3 min in

a domestic oven.

The possibility of performing Sonogashira reactions without use of transition

metals is undoubtedly very appealing. By using microwaves Erik Van der Eycken

and his group were able to couple phenyl acetylene with different aryl halides at

175 �C using sodium carbonate and tetrabutylammonium bromide in water [100].

Reaction times varied from 5 to 25 min usually with good to excellent yields. The

Scheme 15.49. Palladium-catalyzed Sonogashira reaction with trimethylsilylacetylene.

Scheme 15.50. A solvent-free Sonogashira coupling employing nickel catalysis.
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crude reaction mixture was studied by atomic absorption spectrophotometry to ex-

clude the possibility of contamination with levels of significant transition metals

exceeding 1 ppm. Leadbeater has also reported a similar transition metal-free

water-based procedure using PEG instead of TBAB as the phase-transfer reagent

[101]. However, in the light of Leadbeater’s recent finding that Suzuki couplings

can proceed with palladium concentrations as low as 0.5 ppb it is still debatable

whether the term ‘‘transition metal-free’’ can be used mechanistically [102].

15.3.2

The Nitrile Coupling

The synthesis of aryl or alkyl nitriles from halides is valued in medicinal chemistry,

because the nitriles themselves constitute a flexible building block that easily can

be converted into carboxylic acids, amides, amines, or a variety of heterocyclic com-

pounds [103], for example thiazoles, oxazolidones, triazoles, and tetrazoles [104].

The importance of the tetrazole group in medicinal chemistry is easily understood

if one remembers it is the most commonly used bioisostere of the carboxyl group.

An improvement of the palladium-catalyzed cyanation of aryl bromides, in

which zinc cyanide was used as the cyanide source, was reported in the middle of

the nineties [105]. Typically, conversion from halide to nitrile required at least 5 h

by this method and the subsequent cycloaddition to the tetrazole is known to re-

quire even longer reaction times. The Hallberg group has described a single-mode

MW procedure, using zinc cyanide, for palladium-catalyzed preparation of both

aryl and vinyl nitriles from the corresponding bromides [106]. The reaction times

were short and full conversion was achieved in just a few minutes (Scheme 15.51).

In the same publication, a nitrile coupling followed by a subsequent cycloaddi-

tion, forming a tetrazole, was executed as a one-pot procedure on a TentaGel-

support, as depicted in Scheme 15.52. Negligible decomposition of the solid sup-

port was reported.

Scheme 15.51. Palladium-catalyzed conversion of aryl bromides into aryl nitriles.

Scheme 15.52. One-pot procedure for tetrazole synthesis on polymer support.
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In the last few years several articles have been published on MW-enhanced aryl

halide cyanation employing nickel [107], palladium [108, 109], and copper [110,

111] catalysts. Both water [111] and ionic liquids [112] have proven useful as sol-

vents for these transformations. Srivastava and Collibee have reported a rapid and

high-yielding procedure in which polymer-supported triphenylphosphine enables

easy purification [108]. As shown in Scheme 15.53, both bromides and iodides

can be activated using palladium catalysis in DMF. Although reaction times have

not been optimized, the overall process time involving simple filtration and extrac-

tion for compound isolation seems to be short, thus rendering the protocol well

adapted to high-throughput synthesis.

Aryl triflates, which are readily prepared by use of microwaves [113] from the

corresponding aryl alcohol using triflic anhydride or triflic imide, are important

halide alternatives but are, occasionally, poorly reactive. Nevertheless, Zhang and

Neumeyer have reported palladium-catalyzed activation of triflates in nitrile cou-

plings for preparation of different k-opioid receptor ligands [109]. As shown in

Scheme 15.54, a reaction time of 15 min at 200 �C, in sealed reaction vessels, was

sufficient for complete displacement, generating yields between 86 and 92%.

15.3.3

Aryl–Nitrogen Coupling

The seminal work by the groups of Hartwig and Buchwald in 1994 on aryl amina-

tion chemistry has spurred substantial research on CaN bond formation in general

and aryl–nitrogen bond formation in particular [114]. Catalytic aryl amine cou-

plings are usually slow processes, especially when copper catalysis is used, often

Scheme 15.53. Aryl cyanation using palladium and polymer-supported triphenyl phosphine.

Scheme 15.54. Smooth cyanation using aryl triflates and palladium catalysis.
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demanding days for completion. Thus several MW-enhanced methods have been

developed in the wake of all newly discovered catalytic procedures in this area.

Some of the transformations that will be discussed are summarized in Scheme

15.55.

In work published by Sharifi using a domestic oven and nonpressurized vessels,

couplings between aryl bromides and alkyl amines were performed with varying re-

sults (yields 32–86%) [115]. The palladium precatalyst Pd[P(o-tolyl)3]2Cl2 was found
to be most efficient when toluene was used as solvent and sodium tert-butoxide as

base. Almost simultaneously a similar method for arylation of alkyl and aryl

amines was reported by Hallberg and coworkers [116]. Directed MW irradiation of

the closed reaction vessel, following the original procedure introduced by Hartwig

and Buchwald, caused the transformations to be complete in only 4 min. In a me-

dicinal chemistry project executed by Skjaerbaeck’s group microwaves were inte-

grated into a procedure to synthesize p38 MAP kinase inhibitors [117]. Systematic

optimization of the catalyst, solvent, base, and reaction time/temperature resulted

in a general procedure for high-speed production of the desired aryl aminobenzo-

phenones within 3–15 min, as illustrated in Scheme 15.56.

Amination of azaheteroaryl bromides and chlorides has also been reported to be

smoothly executed within 10 min by use of standard reaction conditions and mi-

crowave irradiation [118]. Benzimidazoles have been prepared by Brain and Steer

via intramolecular cyclization using an amidine moiety as the N-nucleophile [119].

The reaction was rapid and high yielding, and in combination with a ‘‘catch and

release’’ strategy featuring capture of the benzimidazole on an acidic resin in the

Scheme 15.55. Microwave-assisted copper and palladium-catalyzed N-arylations.
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purification step, a very appealing procedure for rapid compound production was

obtained (Scheme 15.57).

Rapid aminations of aryl chlorides and bromides using amine resins as the ni-

trogen nucleophile have been developed by Weigand and Pelka [120]. The normally

very sluggish reaction (18 h, reflux) between the polystyrene Rink resin and elec-

tron-poor chlorides and bromides could be performed within 15 min under the

action of microwave irradiation in a closed vessel (solvent DME–t-BuOH, 1:1) at

130 �C. This high-speed reaction was equally high yielding as the classic method.

Aryl chlorides are more reluctant to undergo amination than most other aryl

halides/pseudohalides. To address this problem, Caddick and coworkers inves-

tigated the outcome of palladium–N-heterocyclic carbenes as catalysts in rapid

microwave promoted reactions [121]. para-Tolyl and para-anisyl chloride were

coupled with aromatic and aliphatic amines in generally good yields within 6 min

at 160 �C. Reactions between tolyl/anisyl/phenyl chlorides and aliphatic amines

have also been reported by Maes et al. using a more classic reaction system with a

phosphine ligand and a strong base; the reaction afforded the desired products af-

ter 10 min irradiation at 110–200 �C [122].

Copper-catalyzed N-arylation, commonly referred to as the Ullmann coupling, is

recognized to be more sluggish than the corresponding palladium-catalyzed trans-

formation. Nevertheless, Wu and coworkers have managed to accelerate reactions

to only 1 h reaction time with retained chemoselectivity (Scheme 15.58) [123]. For

a set of aromatic aza-heterocycles, yields were between 49 and 91% and processing

times between 1 and 22 h.

In 1999 Combs and colleagues published a procedure for N-arylation of imida-

zoles, pyrazole, and 1,2,3-triazole attached to a solid support [124]. Interestingly,

they used p-tolyl boronic acid as the arylating agent when employing Cu(II) cataly-

Scheme 15.56. Synthesis of p38 MAP kinase inhibitors by use of rapid microwave chemistry.

Scheme 15.57. Palladium-catalyzed intramolecular amidination

producing different benzimidazoles.
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sis. The reaction mixture was irradiated in a domestic oven for three ten-second

periods with manual agitation in between, producing 55–64% yield of the cleaved

product. According to Lange the closely related Goldberg reaction at high concen-

trations in the production of N-aryl-2-piperazinones also benefits from use of MW

(Scheme 15.59) [125].

Dihydropyrimidones are valuable templates for development of pharmaceuticals

and, consequently, a method for efficient N-arylation of the urea moiety, outlined

in Scheme 15.60, has been reported by the groups of Larhed and Kappe [60]. As

the authors remark in the paper, N3-arylated dihydropyrimidone derivatives cannot

be synthesized by common Biginelli condensations, thus increasing the utility of

this rapid and convenient procedure for introduction of chemical diversity to the

heterocyclic backbone.

An efficient intramolecular, one-pot, two-step, Goldberg aryl amidation produc-

ing useful N-substituted oxindoles was recently described by Turner and Poondra

(Scheme 15.61) [126].

Scheme 15.58. Microwave-promoted Ullman coupling.

Scheme 15.59. Copper-catalyzed Goldberg amidation of phenyl and anisyl bromide.

Scheme 15.60. Copper-catalyzed arylation of dihydropyrimidones.
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The N-arylsulfonamide moiety is ubiquitous in medicinal chemistry, because of

its varied pharmacological profile. The possibility of connecting aryl groups directly

to the sulfonamide, via an N-aryl coupling, is an attractive alternative to the reac-

tion between sulfonyl chloride and arylamines, especially because arylamines are

often poor nucleophiles. Wu and He recently reported a simple and straightfor-

ward MW procedure, employing aryl iodides and bromides, for copper-catalyzed

N-arylations [127]. Under sealed vessel conditions at 195 �C, moderate to good

yields (54–90%) were obtained within 2–4 h using NMP as the solvent and potas-

sium carbonate as the base. A possibly even more productive method has been

published by Cao and his colleagues, who used palladium catalysis and aryl chlo-

rides to arylate several aryl and alkyl sulfonamides (Scheme 15.62) [128].

Aryl chlorides were found to successfully couple with methyl phenyl sulfoxi-

mines in a series of experiments reported by Harmata’s group [129]. Using palla-

dium acetate and binap with a large excess of aryl chlorides as coupling partners

and cesium carbonate as the base, yields between 10–94% were obtained after one

or two 1.5-h irradiation periods at 135 �C. Switching to an aryl triflate and use of an

excess of the sulfoximines (5 equiv.) furnished an impressive 94% yield (Scheme

15.63).

Scheme 15.61. Two-step construction of substituted oxindoles.

Scheme 15.62. Palladium-catalyzed N-arylation of sulfonamides.

Scheme 15.63. Palladium-catalyzed N-arylation of a sulfoximine using an aryl triflate.
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15.3.4

Aryl–Oxygen Bond Formation

The coupling of organohydroxy compounds with aryl halides using copper or pal-

ladium species as catalysts is a commonplace method for producing aryl ethers.

The copper-catalyzed Ullmann aryl ether synthesis is attractive because the metal

is cheap and functional group tolerance is very good. However, compared with the

palladium-catalyzed counterparts Ullmann reactions require larger amounts

of catalyst and the reactions are generally slower. To deal with these prob-

lems, Stockland Jr and coworkers have developed a method using organosoluble

copper clusters [130]. A series of alkyl aryl ethers was prepared using only 0.4

mol% copper cluster to evaluate conventional and microwave heating (Scheme

15.64). The yields obtained after classic heating for 11 h at 110 �C were comparable

with the MW results. When the reactions were performed under an air atmo-

sphere, however, yields dropped for both methods of activation.

He and Wu have developed a method for arylation of phenols using aryl iodides

and bromides [131]. It is notable that coupling of 1-iodo-4-t-butylbenzene with phe-

nol was conducted both thermally and with directed MW heating, producing 74%

and 90% yields, respectively, at the same reaction temperature (195 �C). Unfortu-

nately, the authors report the procedure to be incompatible with the less expensive

aryl chlorides (Scheme 15.65).

15.3.5

Aryl–Phosphorus Coupling

The conversion of aryl iodides to aryl phosphonates, useful precursors to aryl phos-

phonic acids, has been conducted in a Teflon autoclave by Villemin and colleagues

[132]. A domestic MW oven was used for these experiments and the reaction times

using classic heating were effectively reduced from 10 h to 4–22 min. The reactiv-

Scheme 15.64. Copper-catalyzed generation of alkyl aryl ethers.

Scheme 15.65. Copper(I)-catalyzed synthesis of diaryl ethers from aryl iodides and bromides.
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ity of aryl iodides was good whereas use of bromides resulted in lower yields and

triflates in very slow reactions (Scheme 15.66). It is interesting that the reactions

were brought to completion with short reaction times in the nonpolar solvent

toluene.

In a separate study, Villemin achieved coupling between triethyl phosphite and

aryl halides. The process was successfully catalyzed by nickel and palladium

among the transition metals investigated (Ni, Pd, Co, Fe, Cu) [133]. Using sealed

vessels and an inert atmosphere, reactions could be accomplished within 5 min

reaching a final temperature of approximately 200 �C (Scheme 15.67).

Kappe and Stadler have developed an MW procedure for rapid production of tri-

aryl phosphines by coupling diphenylphospine with aryl halides and triflates [134].

Taking into account the importance of phosphine ligands in a variety of transition

metal-catalyzed reactions, convenient procedures for their production is valuable.

Both homogeneous PdaNi and heterogeneous Pd catalysts were explored and the

more unusual substrate phenyl triflate could also be coupled swiftly by use of

nickel catalysis (Scheme 15.68). Couplings with other aryl halides proceeded in

26–85% yield after 3–30 min microwave irradiation at 180–200 �C.

Scheme 15.66. Rapid phosphonylation of methyl 3-iodobenzoate.

Scheme 15.67. Palladium and nickel-catalyzed preparation of aryl phosphonates.

Scheme 15.68. Nickel-catalyzed synthesis of triphenylphosphine.
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15.3.6

Aryl–Sulfur Bond Formation

Thiation of arenes is used both for preparation of aryl sulfides and for generation

of heterocyclic sulfur aromatic compounds. The diaryl thioether group is found in

the structure of several approved pharmaceuticals, for example antihistamines. In

a recent letter Wu and He disclosed that Cu(I) catalysis is very efficient for cou-

pling of aryl thiols with aryl iodides (Scheme 15.69) [135]. The procedure is very

similar to that reported by the same authors for diaryl ether synthesis under the

action of microwave irradiation (Scheme 15.65).

Sulfur-containing aromatic heterocyclic compounds are very common in biolog-

ically active compounds and, accordingly, Besson’s group has developed an intra-

molecular aryl sulfur coupling to establish a benzothiazol substructure during a

multistep synthesis [136]. The cyclization–elimination process was conveniently

performed under the action of microwave irradiation for 15 min at 115 �C (75%

yield). In a previous report the same group investigated the scope and limitation

of this key-step transformation as presented below in Scheme 15.70 [137]. All reac-

tions were duplicated using conventional heating (oil-bath) at reflux temperature

and produced similar yields after 45–60 min.

Sulfonylation of arenes is normally performed using sulfonyl chloride and a

stoichiometric amount of a Lewis or Brönstedt acid as the catalyst. Dubac and

coworkers found a practical method using MW high-temperature conditions in

which only 5–10 mol% FeCl3 (relative to the sulfonyl chloride) sufficed for com-

plete reactions to occur [138]. A number of arenes encompassing alkylbenzenes,

anisole, and halobenzenes were sulfonylated by use of several different arylsulfonyl

Scheme 15.69. Formation of a diaryl sulfide linkage with copper catalysis.

Scheme 15.70. Benzothiazole formation via copper-catalyzed cyclization–elimination.
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chlorides. A representative example is depicted in Scheme 15.71. The sulfonyla-

tions usually occurred with good para regioselectivity, with the exception of the

electron-rich bromoanisole substrate.

Kappe and Lengar have shown the versatility of microwaves in a sulfur phenyl-

ation of a thiourea [139]. Under pressurized conditions and rapid microwave irra-

diation the reactions could be completed within an hour, as presented in Scheme

15.72. The corresponding standard reaction performed at room temperature with

dichloromethane takes four days to reach completion, delivering a similar yield

(72%).

15.3.7

Aryl Halide Exchange Reactions

Halogen exchanges in aryl halides are important for several reasons:

1. Several useful transition metal-catalyzed processes exploit the halide as a leav-

ing group to form the essential aryl metal complex in the catalytic cycle. Be-

cause reactivity differs substantially among the halides, depending on the

chosen reaction conditions, a halogen exchange reaction can obviate problems

at a later stage.

2. In drug optimization endeavors, a common practice is to introduce fluorine or

chlorine in metabolically sensitive positions, because of their bioisosteric prop-

erties with hydrogen, thus blocking, for instance, hydroxylation by cytochrome

P-450.

Scheme 15.71. Regio and chemoselective sulfonylation catalyzed by iron(III) chloride.

Scheme 15.72. Swift phenylation of a dihydropyrimidin-2-

thione using phenyl boronic acid under stoichiometric Cu(II)

conditions.
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3. Incorporation of 124I, 76Br, and 18F nuclides is useful for radiotracer synthesis

and subsequent positron emission tomography (PET) imaging studies [140].

Because radionuclides are extraordinarily expensive and often have short half-

lives it is necessary to introduce the radioactive nucleus at a very late stage of

the synthesis to achieve good radiochemical yields [141]. The time to complete

the reaction involving the radioactive species is also highly critical when using

short-lived nuclides.

The benefit of using high-speed microwave-promoted reactions is, in this sense,

indisputable. Illustrated below is the important contribution to this topic made

by Leadbeater and his research group by development of MW-enhanced nickel-

catalyzed halogen-exchange procedures (Scheme 15.73) [142]. The yields obtained

were good to excellent except for 4-iodophenol (only 3% when reacted with NiCl2).

A procedure for oil-bath heating was also disclosed using a closed vessel at 170 �C

for 4 h, furnishing equivalent yields. Unfortunately, no procedure for fluorine in-

corporation was reported and, moreover, activation of heteroaryl substrates would

significantly expand the scope and utility of the procedure.

15.4

The Heck Reaction

The Heck reaction, a palladium-catalyzed vinylic substitution, is conducted with

olefins; organohalides or pseudohalides are frequently used as organopalladium

precursors [143]. One of the strengths of the method is that it enables direct mono-

functionalization of a vinylic carbon, which is difficult to achieve by other means.

The Heck arylation in Scheme 15.74, reported in 1996, was the first example of a

microwave-promoted, palladium-catalyzed CaC bond formation [18]. The power

Scheme 15.73. Microwave-promoted nickel-catalyzed halogen-exchange reactions.

Scheme 15.74. Chemoselective Heck coupling of 4-bromoiodobenzene and styrene.
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of the flash-heating method is amply manifested by the short reaction times and

good yields of these couplings. The reactions were conducted in a single-mode

cavity in septum-sealed Pyrex vessels without temperature control. The reaction in

Scheme 15.74 (and in seven additional Heck coupling examples) was originally

conducted with classic heating in the absence of solvent. To enhance yields and re-

duce reaction times, 0.5 mL DMF was added to increase the polarity and dielectric

loss tangent of the reaction mixture. This small modification of the original reac-

tion conditions enabled isolation of the products in high purity after very short

reaction times (2.8–4.8 min). The same high chemo and regioselectivity as experi-

enced with classical, oil-bath heating was found to apply to these MW promoted

reactions [18].

Compared with the dramatic development of MW techniques in cross-coupling

and N-arylation chemistry, the number of recent MW-assisted Heck reactions re-

mains limited. Thus, only five selected new examples emphasizing different con-

cepts will be presented in this section.

The use of ionic liquids in combination with MW irradiation has great benefits,

because the high boiling point and low vapor pressure of ionic liquids is combined

with a propensity to interact strongly with microwave fields (Chapter 7). 1-Butyl-3-

methylimidazolium hexafluorophosphate (bmimPF6) was therefore recently eval-

uated as a solvent for the Heck reaction. Terminal arylations of electron-poor butyl

acrylate, using palladium chloride as the precatalyst, were conducted under the

action of high-density irradiation and afforded good to excellent yields (Scheme

15.75) [144]. The authors also showed that the catalyst was immobilized in the

ionic liquid, enabling recycling of the ‘‘ionic catalyst phase’’ in five consecutive

Heck reactions.

The recent advances using the relatively cheap and readily available chloroarenes

in organometallic chemistry, instead of bromo or iodo-arenes, is arguably one of

the most exciting developments in chemistry today [21]. A paper published in

2003 dealt with Heck couplings performed with both activated and deactivated

chloroarenes in ionic liquid-doped 1,4-dioxane [145]. The coupling of butyl acrylate

and 2-chloro-m-xylene took 1 h at 180 �C when microwaves were used whereas

standard heating at the same temperature required 1.5 h and resulted in a reduced

yield (Scheme 15.76).

Microwave-promoted Heck reactions in water using ultra-low concentrations of

palladium catalyst have also been performed. Different catalyst concentrations

Scheme 15.75. Heck arylation with an ionic liquid as solvent.
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were investigated, using a commercially available 1000 ppm palladium solution as

the catalyst source [146]. Impressively, useful Heck arylations were performed with

palladium concentrations as low as 500 ppb.

Heck vinylation of electron-rich olefins usually affords the branched 1,3-

butadiene product [143]. However, by incorporating a palladium(II)-coordinating

tertiary amino group into a vinyl ether efficient substrate presentation and full ter-

minal selectivity were realized. These highly regioselective vinylations were com-

plete in less than 30 min under single-mode MW irradiation conditions, compared

with overnight reactions with conventional heating [147]. Slightly lower E/Z stereo-

selectivity and chemical yields were often obtained in the high-temperature micro-

wave-mediated couplings compared with the corresponding traditional reactions

(Scheme 15.77).

2,3-Epoxycyclohexanone is an unusual substrate for the Heck reaction. The reac-

tivity of this molecule under Heck coupling conditions is most likely attributed to

its in-situ isomerization to 1,2-cyclohexanedione. The 1,2-diketone is subsequently

reacting as an olefin via the enol tautomer. Thus, within 5 to 30 min of directed

microwave irradiation of the aqueous PEG mixture, with less than 0.05% palla-

dium acetate and no phosphine ligand, up to 72% C3-arylated product was isolated

(Scheme 15.78) [148].

15.5

Carbonylative Coupling Reactions

The palladium-catalyzed carbonylation reaction with aryl halides is a powerful

method for generating aromatic amides, hydrazides, esters, and carboxylic acids

Scheme 15.76. Heck coupling of aryl chlorides.

Scheme 15.77. Terminal Heck vinylation of chelating vinyl ether.
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[149]. The development of rapid, reliable and convenient procedures for introduc-

tion of carbonyl groups is important for high-throughput chemistry in general and

high-speed microwave-mediated chemistry in particular. Unfortunately, the tradi-

tional method of introducing carbon monoxide to a reaction mixture via a balloon

or gas tube is not practical, because of the special requirements of MW synthesis.

The molybdenum hexacarbonyl complex has recently been introduced as a con-

densed source of carbon monoxide for small-scale carbonylation chemistry [150].

This easily handled and inexpensive solid delivers a fixed amount of carbon mon-

oxide on heating or on addition of a competing molybdenum ligand (for example

DBU). This enables direct liberation of carbon monoxide in the reaction mixture

without the need for external devices.

In the presence of molybdenum hexacarbonyl a variety of acyl sulfonamides

have been formed in high to excellent yields with aryl bromides or iodides as aryl

precursors using controlled MW irradiation for 15 min at 110–140 �C (Scheme

15.79) [151]. Under these conditions, primary sulfonamides reacted readily, where-

as N-methylated sulfonamides afforded lower yields and incomplete conversions.

The use of this carbonylation method in a key transformation step enabled an effi-

cient synthesis of a novel hepatitis C virus NS3 protease inhibitor (Ki ¼ 85 nm).

Mo(CO)6 has recently been used as the source of CO in the palladium-catalyzed

generation of 3-acylaminoindanones [152]. These target structures were prepared

from o-bromoaryl-substituted enamides after microwave irradiation for 30 min

(Scheme 15.80).

Scheme 15.79. Microwave-assisted synthesis of acyl

sulfonamides using Mo(CO)6 as a solid source of carbon

monoxide.

Scheme 15.78. One-pot isomerization–arylation of 2,3-epoxycyclohexanone.
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Summary

The development of microwave equipment and microwave chemistry has been re-

markable during the last two decades – from the first reports, in which standard

synthetic transformations and domestic ovens were used, to modern multi-step ap-

plications where state-of-the-art single-mode cavities for small-scale synthesis and

batch or continuous-flow reactors for increased scale are exploited. Indeed, it is

now possible to perform direct up-scaling of almost any microwave-assisted proce-

dure from the milligram to the kilogram scale, although safe scale-up using high-

temperature conditions always requires purpose-built equipment.

The examples presented indicate that the combined approach of microwave irra-

diation and homogeneous catalysis can offer a nearly synergistic strategy, in the

sense that the combination has greater potential than its two separate parts in iso-

lation. The synthetic chemist can now take advantage of unique carbon–carbon

and carbon–heteroatom bond formation reactions enabled by organometallic acti-

vation and make the reaction occur in seconds or minutes by microwave flash heat-

ing, an important feat because many transition metal-catalyzed reactions are

known to be time-consuming. Furthermore, there are still many other catalytic re-

actions with great potential for microwave heating. For example, it might be ex-

pected that an increasing number of reactions in water or brine will be performed

at elevated temperatures using microwave irradiation. We believe that within five

to ten years microwave reactors will be the most common energy source in the or-

ganic chemistry laboratory. It is already clear that this technology is now changing

and improving the way laboratory-scale organic chemistry is being performed

worldwide.
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Microwave-assisted Combinatorial and

High-throughput Synthesis

Alexander Stadler and C. Oliver Kappe

16.1

Solid-phase Organic Synthesis

16.1.1

Introduction

Combinatorial chemistry, the art and science of rapidly synthesizing and testing

potential lead compounds for any desired property, has been found to be one of

the most promising approaches in drug discovery [1]. This technique is, therefore,

used to generate libraries of potential lead compounds which can immediately be

screened for biological efficiency. Whereas chemistry has, in the past, been charac-

terized by slow, steady, and painstaking work, combinatorial chemistry (also re-

ferred to as high-throughput synthesis) has changed the characteristics of chemical

research and enabled a level of productivity thought impossible a few years ago.

One of the cornerstones of combinatorial chemistry is solid-phase organic syn-

thesis (SPOS) [2], originally developed by Merrifield in 1963 for the synthesis of

peptides [3]. In SPOS, a molecule (scaffold) is attached to a solid support, for ex-

ample a ‘‘polymer resin’’ (Fig. 16.1). In general, resins are insoluble base polymers

with a ‘‘linker’’ molecule attached. Spacers are probably included to reduce steric

hindrance by the bulk of the resin. Linkers on the other hand are functional moi-

eties, which enable attachment and cleavage of scaffolds under controlled condi-

tions. Subsequent chemistry is then performed on the molecule attached to the

support until, at the end of the often multistep synthesis, the desired molecule is

released from the support.

To accelerate reactions and to drive them to completion, a large excess of re-

agents can be used, because this can easily be removed by filtration and subse-

quent washing of the solid support. Thus, even final purification of the desired

products is simplified, as byproducts formed in solution do not affect the outcome

of the target. Nowadays, many linkers and various classic or microwave-assisted

cleavage conditions are available, enabling efficient processing of a variety of chem-

ical transformations.

SPOS can also easily be automated by using appropriate robotics for filtration

and evaporation of the reaction mixture to isolate the cleaved product. SPOS can,
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furthermore, be applied to the powerful ‘‘split-and-mix’’ strategy, which has been

found to be an important tool for combinatorial chemistry since it was introduced

in the late 1980s [4].

Since the 1990s an ever-growing number of publications discussing combinato-

rial approaches in organic synthesis have been published, including reactions on

soluble polymers, performed in homogeneous solution, or on a well-defined fluo-

rous support. Many common solution-phase reactions have been performed

equally well on the solid phase, and a great variety of reagents, catalysts, or scav-

engers have been attached to polymer supports, enabling synthesis of a variety of

desired target molecules with increased efficiency and productivity.

16.1.2

Microwave Chemistry and Solid-phase Organic Synthesis

Parallel to these developments in solid-phase synthesis and combinatorial chemis-

try, microwave-enhanced organic synthesis has attracted much attention in recent

years. As is evident from the other chapters in this book and the comprehensive

reviews available on this subject [5, 6], high-speed microwave-assisted synthesis

has been applied successfully in many fields of synthetic organic chemistry. Any

technique which can speed the process of rather time-consuming solid-phase syn-

thesis is of substantial interest, particularly in research laboratories involved in

high-throughput synthesis.

Not surprisingly, the benefits of microwave-assisted organic synthesis (MAOS)

have also attracted interest from the combinatorial/medicinal chemistry commu-

nity, to whom reaction speed is of great importance [7–10], and the number of

publications reporting rate enhancements in solid-phase organic synthesis utiliz-

ing microwaves is steadily growing. This attractive link between combinatorial/

high-throughput processing and microwave heating is a logical consequence of

the increased speed and effectiveness offered by the microwave approach.

Although the examples of microwave-assisted solid-phase reactions presented in

this chapter reveal that rapid synthetic transformations can often be achieved by

using microwave irradiation, the possibility of high-speed synthesis does not neces-

sarily mean that these processes can also be adapted to a truly high-throughput for-

mat. In the past few years all commercial suppliers of microwave instrumentation

[11–14] for organic synthesis have moved toward combinatorial/high-throughput

Fig. 16.1. The concept of solid-phase organic synthesis.
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platforms for conventional solution-phase synthesis [15], and special equipment

for solid-phase synthesis under microwave conditions is now available.

A recent development in this context is the Liberty System introduced by CEM in

2004. This instrument is an automated microwave peptide synthesizer, equipped

with special vessels, suitable for unattended synthesis of up to 12 peptides employ-

ing 25 different amino acids. For details on solid-phase peptide synthesis refer to

Chapter 19.

In addition, several articles on microwave-assisted parallel synthesis have

described irradiation of 96-well filter-bottom polypropylene plates in conven-

tional household microwave ovens for high-throughput synthesis [16–19]. One in-

teresting article described the construction and use of a parallel polypropylene re-

actor comprising cylindrical, expandable reaction vessels with porous frits at the

bottom [20]. This work presented the very first description of reaction vessels for

microwave-assisted synthesis that may be useful for performing solid-phase syn-

thesis using bottom-filtration techniques in conjunction with microwave heating.

A prototype microwave reaction vessel that takes advantage of bottom-filtration

techniques was presented in a more recent publication. The authors described

the use of a modified reaction vessel (Fig. 16.2) for a Biotage monomode instru-

ment, with a polypropylene frit, suitable for the filtration/cleavage steps in their

microwave-mediated solid-phase Sonogashira coupling (Scheme 16.15) [21].

For general solid-phase reactions in a dedicated multimode instrument, an

adaptable filtration unit is available from Anton Paar (Fig. 16.3). This tool is con-

nected to the appropriate reaction vessel by a simple screw cap and, after turning

over the vessel, the resin is filtered by applying a slight pressure up to 5 bar. The

resin can then be used for further reaction sequences or cleavage steps in the same

reaction vessel without loss of material. At the time of writing, however, no appli-

cations of this system for solid-phase synthesis had been reported.

16.1.3

Peptide Synthesis and Related Examples

One of the first dedicated applications of microwaves in solid-phase chemistry was

the synthesis of small peptide molecules [22]. These will be dealt with in detail in

Chapter 19.

Fig. 16.2. Modified microwave vial for use in the Emrys series

(reproduced with permission from Ref. 21).
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16.1.4

Resin Functionalization

The functionalization of commercially available standard solid supports is of partic-

ular interest for combinatorial purposes to enable a broad range of reactions to be

studied. Because these transformations usually require long reaction times under

conventional thermal conditions, it was obvious to combine microwave chemistry

with the art of resin functionalization.

As a suitable model reaction, coupling of a variety of substituted carboxylic acids

to polymer resins has been investigated [23]. The resulting polymer-bound esters

served as useful building blocks in a variety of further solid-phase transformations.

This functionalization was also used to determine the effect of microwave irradia-

tion on the cleavage of substrates from polymer supports (Section 16.1.10). Thirty-

four substituted carboxylic acids were coupled to chlorinated Wang resin by use of

an identical reaction procedure (Scheme 16.1). For most of these the yield from

microwave-mediated conversion was at least 85% after 3–15 min at 200 �C in

standard glassware under reflux at atmospheric pressure. Importantly, in all these

examples the loadings accomplished after microwave irradiation for 15 min were

actually higher than those achieved using the thermally heated procedures.

In a related study the same authors investigated the effect of microwave irradia-

tion on carbodiimide-mediated esterification of benzoic acid on a solid support

[24]. The carboxylic acid was activated with N,N 0-diisopropylcarbodiimide (DIC)

via the O-acyl isourea or the symmetrical anhydride procedure. The isourea proce-

Fig. 16.3. Filtration unit for solid-phase syntheses utilizing the Synthos 3000 (Anton Paar).
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dure had some deficiencies – complete conversion could not be achieved, because

of unexpected side-reactions at higher temperatures. The anhydride procedure was

superior to this method, because it could be performed quantitatively at 200 �C

within 10 min under ‘‘open vessel’’ conditions, i.e. without the need for high-

pressure vessels.

A more detailed approach to the synthesis of a series of functionalized Merrifield

resins has been reported [25]. In a modified domestic microwave oven, using a re-

flux condenser, reaction rates were dramatically enhanced compared with conven-

tional methods – as high conversions were achieved within 25 min (Scheme 16.2).

These microwave-mediated pathways are convenient methods for rapid and effi-

cient solid-phase synthesis, using PS-Merrifield resin as either a support or a scav-

enger (see Section 16.6).

An interesting attempt at resin functionalization, microwave-assisted PEGylation

of Merrifield resin, has been described [26]. Treating commercially available poly-

styrene Merrifield resin with poly(ethylene glycol) (PEG 200) at 170 �C for only 2

min afforded the corresponding hybrid polymer combining the advantages of

Scheme 16.1. Resin functionalization with carboxylic acids

using a polystyrene-based polymer support.

Scheme 16.2. Efficient preparation of functionalized resins.
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both insoluble and soluble polymers (Scheme 16.3). The Merrifield resin was sus-

pended in excess PEG, which acts as the solvent and at the same time prevents

cross-linking of the Merrifield resin. The product was simply purified by successive

washing with water, 10% hydrochloric acid, and methanol.

In more recent work the same group immobilized b-cyclodextrin (CD) on solid

support [27]. Initially 1,6-hexamethylene diisocyanate (HMDI) was quantitatively

introduced as a linker to conventional PEGylated Merrifield resin (PS-PEG). b-CD

was subsequently attached to the prepared PS-PEG-HMDI polymer by microwave

irradiation at 70 �C for 30 min (Scheme 16.4a). The resulting b-CD resins are in-

soluble in water and can be used to trap volatile organic compounds from water.

In closely related work the same group also attached 2,6-dichloroindophenol

(DCIP) to PEGylated Merrifield resin [28]. The resulting blue-pigmented resin can

be reversibly reduced by ascorbic acid and can therefore be used as immobilized

redox indicator. After initial activation of commercially available PEGylated Merri-

field resin with excess thionyl chloride the organic dye was coupled by microwave-

mediated nucleophilic substitution (Scheme 16.4b). The chlorinated resin was

suspended in acetonitrile, treated with DCIP sodium salt, and irradiated at atmo-

spheric pressure for 5 min at 75 �C. Filtration and washing with methanol and

water furnished the desired polymer in good yields.

In an approach toward heterocycle synthesis two different three-step methods for

solid-phase preparation of aminopropenones and aminopropenoates have been de-

veloped [29]. The first involved formation of the respective ester from N-protected
glycine derivatives and Merrifield resin (Scheme 16.5) whereas the second used a

different approach, use of simple aqueous methylamine solution for functionaliza-

tion of the solid support [29]. The desired heterocycles were obtained by treatment

of the generated polymer-bound benzylamine with the corresponding acetophe-

nones, using N,N-dimethylformamide diethylacetal (DMFDEA) as reagent. The fi-

nal step in the synthesis of the pyridopyrimidinones involved release of the prod-

ucts from the solid support by intramolecular cyclization.

A dedicated combinatorial approach for rapid parallel synthesis of polymer-

bound enones has been reported [30]. The two-step procedure combines initial

high-speed acetoacetylation of Wang resin with a selection of common b-ketoesters

(Scheme 16.6) with subsequent microwave-mediated Knoevenagel condensations

with a set of 13 different aldehydes (Section 16.1.8). Acetoacetylations were per-

formed successfully in parallel within 10 min in open PFA vessels, in 1,2 dichloro-

benzene at 170 �C, using a multi-vessel rotor system.

Scheme 16.3. PEGylation of Merrifield resin.
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Very recently a rapid method for the preparation of effective polymer-supported

isocyanate resins has been reported [31]. Gel-type isocyanate resins were generated

from aminomethyl resins and inexpensive substrates as alternatives to the com-

mercially available, expensive macroporous polystyrene isocyanate supports. Sev-

eral isocyanates have been investigated; phenyl diisocyanate (PDI) was found to

be the most efficient. Aminomethyl resin was pre-swollen in NMP, mixed with 2

equiv. PDI, and irradiated at 100 �C for 5 min (Scheme 16.7). Filtration, washing

with NMP and DCM and drying under vacuum furnished the corresponding iso-

cyanate resin. The reactivity of this novel gel-type resin was better than that of com-

mercially available methyl isocyanate resins and it was successfully used for purifi-

cation of a small amide library [31].

Interesting work on the synthesis of resin-bound naphthoquinones has recently

been reported [32]. Resin-bound amines form intensely colored beads when treated

with 2,3-dichloro-5-nitro-1,4-naphthoquinone; this can be used as a qualitative test

Scheme 16.4. Immobilization of b-cyclodextrin (a) and DCIP (b) on PEGylated Merrifield resin.
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for amino groups on a resin. In a general procedure, several primary amines were

anchored to commercially available FDMP resin under room-temperature condi-

tions. The resulting polymers react readily with quinones in the presence of 2,6-

di-tert-butylpyridine to form red polymer-bound quinones. In the presence of a

phenyl ring on the resin-bound amine, however, the reactions were significantly

slower. Thus, microwave irradiation of the mixture in dichloroethane at 80 �C for

10 min furnished the desired red compounds (Scheme 16.8). The reaction could

also be performed employing H-Ala-RAM resin to introduce a steric center into

the scaffold [32]. Conventional cleavage with TFA–DCM furnished the correspond-

ing 3-amino naphthoquinones in good yields but varying purity.

Very recently an efficient synthesis of novel photocleavable linkers has been de-

scribed [33]. Commercially available PEG 4000 was modified by standard esterifica-

Scheme 16.5. Polymer-supported synthesis of dialkylaminopropenones.

Scheme 16.7. Preparation of gel-type isocyanate resin from aminomethyl resin.

Scheme 16.6. Microwave-mediated acetoacetylation reactions.
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tion with 4-methyl-3-chloroacetylphenylacetic acid. In the presence of Cs2CO3 a va-

riety of carboxylic acids and protected amino acids can be quantitatively attached to

the resulting polymer by microwave-mediated reflux in DMF for 10 min. The

model linkers have been subjected to photolysis in benzene (20 mL per 100 mg

polymer) with a mercury lamp (280–366 nm) to release the corresponding acids

from the PEG-bound indanone (Scheme 16.9). After 5–8 h all products could be

obtained in good yields and purity > 90% (GC–MS).

16.1.5

Transition-metal Catalysis

Palladium-catalyzed cross-coupling reactions are a cornerstone of modern organic

synthesis. Combining microwave irradiation and solid-phase synthesis with these

chemical transformations is therefore of great interest. One of the first publica-

Scheme 16.8. Coupling of 2,3-dichloro-5-nitro-1,4-naphthoquinone to FDMP resin.

Scheme 16.9. Modification and photolytic cleavage of a phenacyl ester-based linker.
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tions dealing with such reactions was presented in 1996 [34] and reported the ef-

fect of microwave irradiation on Suzuki and Stille-type cross-coupling reactions on

solid phases. The reactions, utilizing TentaGel resin, were performed in sealed

vials, using a prototype single-mode microwave cavity. Rather short reaction times

resulted in almost quantitative conversions and minimum degradation of the solid

support (Scheme 16.10).

In a related study the same group performed molybdenum-catalyzed alkylations

in solution and on solid phases [35] and demonstrated that microwave irradiation

could also be applied to highly enantioselective reactions (Scheme 16.11). In these

examples, commercially available and stable molybdenum hexacarbonyl [Mo(CO)6]

was used to generate the catalytic system in situ. Although the conversion rates

for the solid-phase examples were rather poor, enantioselectivity was excellent

(>99% ee).

Microwave-promoted preparation of tetrazoles from organonitriles has also been

described [36]. Full conversion to the corresponding nitriles was achieved after very

short reaction times at a maximum temperature of 175 �C (Scheme 16.12). The ni-

triles were subsequently treated with sodium azide to form the desired tetrazoles at

220 �C within 16 min. It is worthy of note that tetrazoles were readily formed by a

one-pot reaction in good yields, eliminating the need for tetrakis(triphenylphosphi-

ne)palladium catalyst in the reaction mixture.

In a more recent study, solid-supported aminocarbonylations were achieved by

using molybdenum hexacarbonyl as solid source of carbon monoxide [37]. The car-

bon monoxide is liberated smoothly at the reaction temperature by addition of a

Scheme 16.10. Palladium-catalyzed cross-coupling reactions.

Scheme 16.11. Solid-phase molybdenum-catalyzed allylic alkylation.
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large excess of the strong base 1,8-diazabicyclo[2.2.2]octane (DBU). Cleavage with a

conventional mixture of trifluoroacetic acid and dichloromethane furnished the de-

sired sulfamoylbenzamide in good yields (Scheme 16.13).

Another investigation of microwave-mediated Suzuki couplings has led to

the solid phase synthesis of oxazolidinone antimicrobials [38]. A valuable oxazo-

lidinone scaffold was coupled to Bal-resin (PS-PEG resin with a 4-formyl-3,5-

dimethoxyphenoxy linker) to afford the corresponding resin-bound secondary

amine. After subsequent acylation the resulting intermediate was transformed, by

microwave-assisted Suzuki coupling, into the corresponding biaryl compound

(Scheme 16.14). Cleavage with trifluoroacetic acid–dichloromethane yielded the

target oxazolidinones.

Scheme 16.12. Rapid synthesis of tetrazoles on solid-phases.

Scheme 16.13. Aminocarbonylation on solid phases.

Scheme 16.14. Synthesis of biaryl oxazolidinones.
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Another palladium-catalyzed carbon–carbon coupling which could be acceler-

ated efficiently by microwave heating is the Sonogashira reaction [21]. Aryl bro-

mides and iodides have been coupled successfully with a variety of terminal acety-

lene derivatives (Scheme 16.15). It has been found that 5 mol% palladium catalyst

and 10 mol% copper(I) iodide as cocatalyst in a mixture of diethylamine and N,N-
dimethylformamide gave the best results. Depending on the substrates used, dif-

ferent irradiation times were required to achieve full conversion. The reactions

were performed in a dedicated single-mode instrument using a modified reaction

vessel (Fig. 16.2) for simplified resin handling.

Research on a solid-phase Sonogashira–Nicholas reaction sequence for synthesis

of substituted alkynes was recently described [39]. Microwave irradiation was used

to accelerate attachment of alkynols to Merrifield resin. Initial modification of the

polymer support was achieved within 10 min by treating a mixture of 3-butynol

and 15-crown-5 in THF in the presence of sodium hydride with microwave irradia-

tion at 60 �C. Subsequent Sonogashira coupling was performed under the action of

microwave irradiation at 120 �C to achieve full conversion within 15 min (Scheme

16.16). After filtration and washing the polymer was immediately used for com-

plexation and subsequent Nicholas reaction to introduce a corresponding nucleo-

phile. Although these last steps are conducted at low temperatures the five-step

reaction can be performed within one day because the time required for the two

initial time-consuming steps could be reduced to 10 and 15 min, respectively, by

microwave assistance instead of 48 and 18 h under conventional thermal heating

conditions.

A comprehensive study of the decoration of polymer-bound 2(1H)-pyrazinone

scaffolds, by means of a variety of transition metal-catalyzed transformations, has

been described [40]. The readily prepared pyrazinone was specifically decorated at

the C3 position by use of microwave-mediated Suzuki, Stille, Sonogashira, and

Ullmann procedures (Scheme 16.17) to introduce additional diversity. In all these

Scheme 16.15. Sonogashira couplings on solid phases.

Scheme 16.16. Optimized Sonogashira–Nicholas reaction sequence.
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reactions smooth cleavage of the desired products was achieved by treatment of

the resin with a 1:2 mixture of trifluoroacetic acid (TFA) and dichloromethane on

microwave irradiation for 20 min at 120 �C.

The first polymer-supported cross-coupling reaction involving aryl chlorides was

described in 2004 [41]. Rapid Negishi couplings were performed in which organo-

zinc reagents were used to prepare biaryl compounds from a variety of aryl halides.

The highly reactive but air-stable tri-tert-butylphosphonium tetrafluoroborate and

tris(dibenzylideneacetone)dipalladium(0) were used as catalytic system (Scheme

16.18). Subsequent rapid cleavage under microwave conditions furnished the de-

sired biaryl carboxylic acids in high yield and excellent purity.

Scheme 16.17. Scaffold-decoration of polymer-bound pyrazinone scaffolds.

Scheme 16.18. Negishi coupling on a polymer support.
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The first examples of microwave-mediated solid-phase carbon–nitrogen cross-

coupling reactions, using a boronic acid and a copper(II) catalyst, were reported

in 1999 [16]. The reactions were performed in a domestic microwave oven at full

power for 3� 10 s (Scheme 16.19). After five cycles of heating with addition of

fresh reagents none of the remaining starting benzimidazole amide could be de-

tected after cleavage (TFA–DCM) from the solid support. This reduced the reaction

time from 48 h under conventional heating conditions at 80 �C to less than 5 min

by use of microwave heating. It should, however, be noted that both possible N-

arylated regioisomeric products were obtained with this microwave-heated pro-

cedure.

A more recent publication disclosed a polymer-bound Buchwald–Hartwig

amination employing activated, electron-deficient aryl halides under the action of

microwave irradiation [42]. Subsequent acidic cleavage afforded the desired aryl

amines in moderate to good yields (Scheme 16.20). Commercially available Fmoc-

protected Rink amide resin was placed in a silylated microwave vessel and sus-

pended under an argon atmosphere in dimethoxyethane (DME)–tert-butanol. After
approximately 10 min the aryl halide was added and the mixture was stirred under

argon for an additional 10 min. The other reagents were subsequently added and

the sealed vessel submitted to microwave irradiation at 130 �C for 15 min. After

conventional cleavage with trifluoroacetic acid in dichloromethane and purification

the desired anilines were obtained in good yields and excellent purity.

Transition-metal catalysis on solid supports can also be used for indole forma-

tion [43]. A palladium or copper-catalyzed procedure has been described for gener-

ation of a small indole library (Scheme 16.21); this is the first example of solid-

phase synthesis of 5-arylsulfamoyl substituted indole derivatives. Whereas the best

Scheme 16.19. Copper(II)-mediated N-arylation of polymer-bound benzimidazole.

Scheme 16.20. Solid-supported Buchwald–Hartwig amination.
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results for the copper-mediated cyclization of the polymer-bound precursor were

achieved using 1-methyl-2-pyrrolidinone (NMP) as solvent, the palladium-catalyzed

variation required tetrahydrofuran to achieve comparable results. Both procedures

afforded the desired indoles in good yields and excellent purity [43].

16.1.6

Substitution Reactions

Another interesting topic is microwave-mediated substitution reactions on solid

phases. In this context, an innovative study has achieved the synthesis of trisamino

and aminooxy-1,3,5-triazines on cellulose and polypropylene membranes by apply-

ing SPOT-synthetic techniques [44]. The development of the microwave-mediated

SPOT-synthetic procedures has enabled the rapid generation of highly diverse spa-

tially addressed single compounds under mild conditions (Scheme 16.22). This

SPOT-synthetic procedure required investigation of suitable planar polymeric sup-

ports, bearing an orthogonal ester-free linker system, which were cleavable under

dry conditions.

Similar to the work described above, several publications on substitution reac-

tions have dealt with solid-phase peptide synthesis. As already mentioned, these

experiments are not addressed within this section and are summarized in Chapter

19.

A more recent study applied SPOT synthesis for the preparation of pyrimidines

after appropriate modification of commercially available cellulose sheets as sup-

ports (Scheme 16.23) [45]. Initial introduction of the amine spacer was achieved

within 15 min by use of microwave irradiation compared with 6 h by conventional

heating. Attachment of the acid-cleavable Wang-type linker was performed by clas-

sical methods at ambient temperature.

The readily prepared support was then used for dihydropyrimidine and chalcone

synthesis (Scheme 16.24). Thus, the modified support was activated before reaction

by treatment with tosyl chloride. Solutions of the corresponding acetophenones

were then spotted on to the membrane and the support was submitted to micro-

wave irradiation for 10 min [45]. In the next step, several aryl aldehydes were at-

tached under microwave irradiation conditions to form a set of the corresponding

chalcones in a Claisen–Schmidt condensation.

Scheme 16.21. Transition-metal catalyzed indole-formation on solid phases.
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Scheme 16.23. Support modification for SPOT synthesis of pyrimidines.

Scheme 16.22. General strategy for triazine synthesis on

planar surfaces: (A) functionalization; (B) introduction of

the first building block; (C) attachment of cyanuric chloride;

(D) stepwise chlorine substitution; (E) cleavage.
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The successfully generated chalcones could be cleaved by treatment with tri-

fluoroacetic acid or used for subsequent synthesis of pyrimidines [45]. Condensa-

tion of the polymer-bound chalcones with benzamidine hydrochloride under the

action of microwave irradiation for 30 min furnished the corresponding pyrimi-

dines in good yields after TFA-induced cleavage.

A SPOS approach to DNA synthesis was reported very recently. It involves a ten-

step synthesis of a phosphoramidite building block of 1 0-aminomethylthymidine

starting from 2-deoxyribose [46]. Microwave-mediated deprotection of a corre-

sponding N-allyloxycarbonyl (alloc-) protected nucleoside and acylation with the

residue of pyrene-1-ylbutanolic acid (pyBA) were described (Scheme 16.25). Re-

moval of the alloc protecting group was achieved on a support (controlled pore

glass, cpg) under microwave conditions (80 �C, 10 min) to ensure full conversion.

After the reaction, the solid supported product was washed with N,N-dimethyl-

formamide and dichloromethane and dried before being subjected to acylation.

Coupling of the pyrene butanoic acid (PyBA) was again performed under the

action of microwave irradiation at 80 �C for 10 min.

A related study led to a reactivity test for HBTU-activated carboxylic acids involv-

ing N-methylpyrrole derivatives as building blocks for oligopyrrolamides to bind

DNA duplexes [47]. Polymer-bound DNA was decorated with Fmoc-protected N-
methylpyrrole-2-carboxylic acid (Scheme 16.26) under the action of microwave irra-

diation for 10 min at 80 �C; subsequent deprotection furnished the desired modi-

fied oligonucleotide in moderate yields.

In a comparable study glass was used as solid support – carbohydrates were at-

tached to amino-derived glass slides. Significant rate enhancement was observed

when this step was conducted under the action of microwave irradiation rather

Scheme 16.24. Microwave-assisted SPOT synthesis of pyrimidines.
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Scheme 16.25. Deprotection of oligonucleotides on controlled pore glass (cpg).

Scheme 16.26. Coupling of pyrrole carboxylic acids with oligonucleotides.
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than classical heating [48]. This method should be an efficient aid in the construc-

tion of functional carbohydrate array systems.

The first report of the use of cellulose beads as support for microwave-assisted

SPOS was published in 2003 and described the generation of a library of pyrazoles

and isoxazoles [49]. The synthesis was performed using commercially available

amino cellulose (Perloza VT-100) containing aminoaryl ethyl sulfone groups

in flexible chains (Scheme 16.27). Initially, the solid support was treated with

excess formyl imidazole and the corresponding b-keto compounds to generate

cellulose-bound enaminones in a one-pot Bredereck-type condensation. The reac-

tion was catalyzed by (G)-camphor-10-sulfonic acid (CSA) and performed under

microwave-irradiation conditions in an open vessel to enable the methanol formed

to be removed from the reaction equilibrium [49].

Subsequent cyclization and cleavage from the support were achieved by micro-

wave heating with several hydrazines or hydroxylamines to afford the desired het-

erocyclic targets. The cellulose-bound aniline could be recycled by simple washing

and re-used up to ten times without loss of efficiency or reduced purity of the re-

sulting compounds.

Microwave-assisted solid-phase synthesis of purines on an acid-sensitive meth-

oxybenzaldehyde (AMEBA)-linked polystyrene has been reported [50]. The hetero-

cyclic scaffold was first attached to the polymer support via an aromatic nucleo-

philic substitution reaction by conventional heating in 1-methyl-2-pyrrolidinone

(NMP) in the presence of N,N-diisopropylethylamine. The key aromatic nucleo-

philic substitution of the iodine with primary and secondary amines was con-

ducted by microwave heating for 30 min at 200 �C in 1-methyl-2-pyrrolidone

(Scheme 16.28). After reaction the products were cleaved from the solid support

by use of trifluoroacetic acid–water at 60 �C.

In related work the same group achieved efficient displacement of the substitu-

ent at C-2 from polymer-bound 2,6-dihalopurines [51]. Whereas substitution of Cl

at C-6 was readily achieved with primary and secondary amines, displacement of

the C-2 substituent proved difficult. Under the action of microwave irradiation at

150 �C for 30 min, however, a variety of amines could be used for further decora-

Scheme 16.27. Generation of pyrazole and oxazole libraries on cellulose beads.
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tion of the purine scaffold (Scheme 16.29). Standard cleavage with TFA–DCM fur-

nished the trisubstituted 2-(2,6-purin-9-yl)acetamides in varying yields.

16.1.7

Multicomponent Chemistry

Multicomponent reactions in which three or more components build a single prod-

uct have attracted much interest for several years. Because most of these reactions

tolerate a wide range of building block combinations they are frequently used for

combinatorial purposes.

The first solid-phase application toward the Ugi four-component condensation

generating an acylamino amide library was reported in 1999. Amino-functionalized

PEG-polystyrene (TentaGel S RAM) was used as the solid support [52]. A set of

three aldehydes, three carboxylic acids, and two isonitriles was used for generation

of the 18-member library.

Very recently, a polymer-supported construct for quantifying the reactivity of

monomers involving multicomponent Ugi strategies was reported [53]. The au-

thors investigated the Ugi four-component condensation of a set of aldehydes,

acids, and isonitriles. The amine compound used was bound to a specially modi-

fied Rink amide polystyrene resin bearing an ionization leveler and bromine func-

tionality as a mass splitter for accurate analysis by positive electrospray ionization

mass spectrometry. The microwave-assisted experiment was performed with a set

of ten carboxylic acids, hydrocinnamaldehyde, and cyclohexyl isonitrile in DCM–

Scheme 16.28. Purine synthesis on AMEBA-linked solid support.

Scheme 16.29. Polymer-supported synthesis of trisubstituted purin-9-yl acetamides.
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MeOH at 120 �C for 30 min (Scheme 16.30). The reactivity of each acid was mea-

sured after cleavage by single ESIþ MS analysis. Detailed results from the reactiv-

ity screening can be found elsewhere [53].

Microwave-assisted heterocycle synthesis has also been used to prepare a small

set of pharmaceutically important imidazole derivatives [54]. The procedure uti-

lized an initially prepared polymer-bound 3-N,N-(dimethylamino) isocyanoacrylate.

The best results in imidazole synthesis were obtained by microwave-assisted reac-

tion of an eightfold excess of the polymer-supported isonitrile suspended in 1,2-

dimethoxyethane (DME) with the corresponding amines (Scheme 16.31). Cleavage

with 50% trifluoroacetic acid in dichloromethane afforded the desired heterocyclic

scaffolds in moderate yields.

Another valuable multicomponent reaction is the Gewald synthesis leading to

2-acyl-3-aminothiophenes; these are of current interest because they are com-

mercially used as dyes or conducting polymers and have much pharmaceutical

potential.

In this context, microwave-assisted Gewald synthesis on commercially available

cyanoacetic acid Wang resin as solid support has been investigated [55]. By appli-

cation of microwave irradiation the overall two-step reaction procedure, including

the acylation of the initially formed 2-aminothiophenes, could be performed in

less than 1 h (Scheme 16.32). This solid-phase ‘‘one-pot’’ two-step microwave-

Scheme 16.30. Polymer-bound Ugi-4CC.

Scheme 16.31. Synthesis of 1-substituted 4-imidazolecarboxylates.
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promoted process is an efficient route to 2-acylaminothiophenes in high yields and,

usually, good purity.

16.1.8

Microwave-assisted Condensation Reactions

As discussed in Section 16.1.4, polymer-bound acetoacetates can be used as precur-

sors for the solid-phase synthesis of enones [30]. For these Knoevenagel conden-

sations, the crucial step is to initiate enolization of the CH acidic component. For

the microwave-assisted enolization procedure, however, piperidinium acetate was

found to be the catalyst of choice, if temperatures were kept below 130 �C. A 21-

member library, of polymer-bound enones was generated (Scheme 16.33) by using

a multi-vessel rotor system for parallel microwave-assisted synthesis. Reaction

Scheme 16.32. One-pot Gewald synthesis on polymeric support.

Scheme 16.33. Parallel synthesis of polymer-bound enones.
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times could be reduced from 1–2 days to 30–60 min by using parallel microwave-

promoted synthesis in open vessels, without effecting the purity of the resin-bound

products.

Microwave-assisted Knoevenagel reactions have also been used for preparation

of resin-bound nitroalkenes [56]. A variety of resin-bound nitroalkenes has been

generated by use of resin-bound nitroacetic acid, which was condensed with a vari-

ety of aldehydes under microwave conditions. To demonstrate the potential of

these resin-bound products in combinatorial applications, the readily prepared

nitroalkenes were subsequently employed in Diels–Alder reactions with 2,3-

dimethylbutadiene [56].

In a different approach, microwave-mediated oxazole synthesis utilizing b-

ketoesters bound to a novel polymeric resin has been described [57]. The desired

polymer support was prepared by transesterification reactions between tert-butyl
b-ketoesters and hydroxybutyl functionalized JandaJel resin, and subsequent stan-

dard diazo transfer. The resulting a-diazo b-ketoesters have been used for synthesis

of an array of oxazoles (Scheme 16.34). Because of the thermal sensitivity of the

Burgess’ reagent used, the temperature was kept rather low, but irradiation for 15

min at 100 �C furnished satisfactory results [57]. Cleavage from the solid support

was achieved by diversity-introducing amidation; this led to the corresponding ox-

azole amides in reasonable yields.

16.1.9

Rearrangements

Microwave-assisted rearrangement reactions on solid-phases have rarely been

discussed in the literature – only two examples describing Claisen rearrange-

ments have been reported [58, 59]. In the first study, Merrifield resin-bound O-

allylsalicylic esters were rapidly rearranged to the corresponding ortho allylsalicylic

esters [58]. Microwave heating in open vessels in a domestic microwave cavity was

used (Scheme 16.35). Acid-mediated cleavage of these resin-bound ester products

afforded the corresponding ortho allylsalicylic acids.

A more recent report discussed a microwave-assisted tetronate synthesis entail-

ing domino addition/Wittig olefinations of polymer-bound a-hydroxy esters with

the cumulated phosphorus ylide Ph3PbCbCbO [59]. The desired immobilized a-

hydroxy esters can be obtained by microwave-mediated ring opening of the corre-

sponding glycidyl esters by OH-, NH-, or SH-terminal polystyrenes of the Merri-

Scheme 16.34. Oxazole synthesis on functionalized JandaJel.
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field or Wang type (Scheme 16.36). The subsequent tandem Wittig reaction was

performed in tetrahydrofuran, with catalytic amounts of benzoic acid, under the

action of microwave irradiation. The formation of the polymer-bound tetronates

was complete within 20 min irradiation at 80 �C [59]. Quantitative cleavage of the

tetronates was achieved by treatment with 50% trifluoroacetic acid in dichlorome-

thane at room temperature.

16.1.10

Cleavage Reactions

In addition to the aforementioned microwave-assisted reactions on solid supports,

several publications describe microwave-assisted resin cleavage. A variety of cleav-

age procedures have been investigated, depending on the nature of the linker used.

In this context it was shown that several resin-bound carboxylic acids (Scheme

16.1) were cleaved from traditionally non-acid-sensitive Merrifield resin by using

50% trifluoroacetic acid in dichloromethane (Scheme 16.37). Microwave irradiation

enables these cleavages to be conducted at elevated pressure and/or temperature in

sealed Teflon vessels [23]. Evaporation of the filtrate to dryness furnished the recov-

ered benzoic acid in quantitative yield and excellent purity.

In another application of microwave-assisted resin cleavage, N-benzoylated ala-

nine attached to 4-sulfamylbutyryl resin was cleaved (after activation of the linker

with bromoacetonitrile by using Kenner’s safety catch principle) with a variety of

Scheme 16.36. Tetronate synthesis by domino addition and Wittig olefination.

Scheme 16.35. Claisen rearrangement on solid phases.
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amines (Scheme 16.38) [17, 18]. Cleavage rates in dimethyl sulfoxide were investi-

gated for N,N-diisopropylamine and aniline under different reaction conditions us-

ing both microwaves (domestic oven) and conventional heating (oil bath). The re-

sults showed that when experiments were run at the same temperature (80 �C)

microwave heating did not accelerate reaction rates compared with conventional

heating. When microwave heating was used, however, even cleavage with normally

unreactive aniline could be accomplished within 15 min at approximately 140 �C.

The microwave approach has been used for parallel synthesis of an 880-member

library in 96 well plates; ten different amino acids, each bearing a different acyl

group, were coupled to the 4-sulfambutyryl resin and 88 different amines were

used in the cleavage step.

In closely related work, similar solid-phase chemistry was used to prepare biaryl

urea compound libraries via microwave-assisted Suzuki couplings followed by

cleavage from the resin with amines [18]. The procedure enabled generation of

large biaryl urea compound libraries by use of a simple domestic microwave oven.

A more recent study investigated microwave-assisted parallel synthesis of di and

trisubstituted ureas from carbamates bound on modified Marshall resin [60]. Mod-

ification of the resin was achieved by treatment with p-nitrophenyl chloroformate

and N-methylmorpholine (NMM) in dichloromethane at low temperatures. The re-

sulting resin was further modified by attachment of a variety of amines to obtain a

set of polymer-bound carbamates (Scheme 16.39).

Scheme 16.37. Acidic cleavage from polystyrene resin under elevated pressure.

Scheme 16.38. Solid-supported amide synthesis employing the ‘‘safety catch’’ principle.

Scheme 16.39. Parallel synthesis of substituted ureas from thiophenoxy carbamate resins.
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The immobilized carbamates were transferred to a sealable 96-well Weflon plate

and mixed with different primary or secondary amines dissolved in anhydrous tol-

uene. The plate was sealed and irradiated in a multimode microwave instrument,

generating a ramp which reached 130 �C in 45 min. This temperature was held for

an additional 15 min. After cooling, the resins were filtered and the filtrates were

evaporated to furnish the desired substituted ureas in good purity and reasonable

yields.

A comprehensive study has investigated multidirectional cyclative cleavage

transformations leading to bicyclic dihydropyrimidinones [61]. This approach re-

quired synthesis of 4-chloroacetoacetate resin as the key starting material; this

was prepared by microwave-assisted acetoacetylation of commercial available hy-

droxymethyl polystyrene resin under open-vessel conditions. This resin precursor

was subsequently treated with urea and a variety of aldehydes in a Biginelli-type

multi-component reaction, leading to the corresponding resin-bound dihydropyr-

imidinones (Scheme 16.40). The desired furo[3,4-d]pyrimidine-2,5-dione scaffold

was obtained by a novel procedure for cyclative release under the action of micro-

wave irradiation in sealed vials at 150 �C for 10 min.

Scheme 16.40. Preparation of bicyclic dihydropyrimidinones via cyclative cleavage.
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Alternatively, pyrrolo[3,4-d]pyrimidine-2,5-diones and pyrimido[4,5-d]pyridazine-
2,5-diones have been synthesized by using the same pyrimidine resin precursor,

which was first treated with a representative set of primary amines or hydrazines,

respectively, to substitute the chlorine. Subsequent cyclative cleavage was per-

formed as already described, leading to the corresponding bicyclic scaffolds in

high purity but moderate yield.

In an earlier report, microwave-mediated intramolecular carbanilide cyclization

to hydantoins was described [62]. For the solid-phase approach, conventional

iPrOCH2-functionalized polystyrene Merrifield resin was used. After attachment

of the corresponding substrate, the resin was treated with a solution of barium(II)

hydroxide in DMF within an appropriate sealed microwave vial. The vial was

heated in the microwave cavity for 5� 2 min cycles with the reaction mixture be-

ing left to cool to room temperature between irradiation cycles (Scheme 16.41).

The procedure led to comparatively modest isolated yields of hydantoins.

A more recent report discussed the traceless solid-phase preparation of phthali-

mides by cyclative cleavage from conventional Wang resin [63]. To find the opti-

mum conditions for the cyclative cleavage step, ortho-phthalic acid was chosen as

the model compound and was attached to the polystyrene resin via a Mitsunobu

procedure. Use of N,N-dimethylformamide as a solvent for the cyclative cleavage

furnished the desired compounds in high yield and excellent purity (Scheme

16.42). The type of amine had an effect on the outcome of the reaction, however.

Aromatic amines could not be included in the study because auto-induced ring-

closure occurred during conversion of the polymer-bound phthalic acid.

16.1.11

Miscellaneous

Several other types of reaction on solid supports have also been investigated using

microwave heating. In early work the addition of resin bound amines to isocya-

Scheme 16.41. Intramolecular carbanilide cyclization on a solid support.

Scheme 16.42. Polymer-supported phthalimide synthesis.
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nates was monitored by use of on-bead FTIR measurements to investigate differ-

ences between reaction progress under microwave and thermal conditions [64].

A different approach toward solid-supported synthesis with microwave heating

has enabled synthesis of N-alkyl imides on solid-phases under solvent-free condi-

tions [65]. Tantalum(V) chloride-doped silica gel was used as a Lewis acid catalyst

(Scheme 16.43). Surprisingly, dry and unswollen polystyrene resin is involved in

this rather unusual method. The reaction was performed in a domestic microwave

oven with 1-min irradiation cycles and thorough agitation after each step. Within

5–7 min the reaction was complete and the corresponding N-alkyl imide product

was obtained in good yield after subsequent cleavage from the polystyrene resin–

silica gel mixture by trifluoroacetic acid–dichloromethane. In addition, use of two

resin-bound amines and three different anhydrides in this solid-phase procedure

enabled synthesis of a set of six cyclic imides in good yields.

Use of phosphoranes as polymer-bound acylation equivalents has also been

reported [66]. Initial alkylation of the polymer-supported triphenylphosphine re-

agent was achieved with bromoacetonitrile under microwave irradiation conditions

(Scheme 16.44). Simple treatment with triethylamine transformed the polymer-

bound phosphonium salt into the corresponding stable phosphorane, which could

be efficiently coupled with a variety of protected amino acids. After Fmoc deprotec-

tion and subsequent acylation the resulting acyl cyano phosphoranes could be re-

leased from the polymer support by ozonolysis at �78 �C. The released highly acti-

vated electrophiles can be converted in situ with appropriate nucleophiles [66].

In a more recent study, microwave irradiation was used in the accelerated solid-

phase synthesis of aryl triflates [67] (Scheme 16.45). Reducing the reaction times

from 3–8 h under conventional heating conditions to only 6 min under the action

of microwaves has made this procedure more amenable to high-throughput syn-

thesis. The use of the commercially available chlorotrityl linker as a solid support

Scheme 16.43. Solvent-free preparation of polymer-bound

4-(1,3-2,3-dihydro-1H-2-isoindolyl)butanoic acid.

Scheme 16.44. Phosphoranes as polymer-bound acylanion equivalents.
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enables use of mild cleavage conditions to obtain the desired aryl triflates in good

yields.

Another interesting study led to a solid-phase procedure for a one-pot Mannich

reaction employing the above mentioned chlorotrityl linker [68]. In this approach

p-chlorobenzaldehyde and phenylacetylene were condensed with readily prepared

immobilized piperazines (Scheme 16.46).

The mixture was heated to 110 �C within 2 min and kept at this reaction temper-

ature for another minute. After cooling to room temperature the product was rap-

idly released from the polymer support by use of trifluoroacetic acid (TFA) in di-

chloromethane, furnishing the corresponding bis-TFA salt in moderate yield.

The feasibility of applying an already established microwave-assisted iodination

procedure to a polymer-supported substrate was discussed in 2003 [69]. A pyrimi-

dinone attached to a conventional Merrifield polystyrene resin was suspended in

N,N-dimethylformamide, treated with N-iodosuccinimide (NIS), and subjected to

microwave irradiation for 3 min. Treatment of the polymer-bound intermediate

with Oxone resulted in release of the desired 5-iodouracil in almost quantitative

yield.

A study of the microwave-assisted solid-phase Diels–Alder cycloaddition reaction

of 2(1H)-pyrazinones with dienophiles has also been reported [70]. After fragmen-

tation of the resin-bound primary cyclo adduct formed by Diels–Alder reaction of

the 2(1H)-pyrazinone with an acetylenic dienophile, separation of the resulting

pyridines from the pyridinone by-products was achieved by applying a traceless-

Scheme 16.45. Solid-phase triflating procedure.

Scheme 16.46. One-pot Mannich reaction using a polymer-supported piperazine.
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linking concept in which the pyridinones remained on the solid support with con-

comitant release of the pyridine products into solution (Scheme 16.47).

For this approach a novel a tailor-made and readily available linker derived from

inexpensive syringaldehyde was developed [70]. The novel linker was produced by

cesium carbonate-activated coupling of commercially available syringaldehyde to

the Merrifield resin under microwave heating conditions. The aldehyde moiety

was subsequently reduced at room temperature within 12 h and the benzylic posi-

tion was finally brominated by treatment with a large excess of thionyl bromide

leading to the desired polymeric support (Scheme 16.48).

In addition, an appropriate strategy for cleavage from the novel syringaldehyde

resin was developed by means of a new solution-phase model study of intramolec-

ular Diels–Alder reactions [70]. By using the novel syringaldehyde resin, smooth

release from the support could be performed by microwave heating of a suspen-

sion of the resin-bound pyridinones in trifluoroacetic acid–dichloromethane at

120 �C for only 10 min.

Scheme 16.47. General reaction sequence for 2(1H)-

pyrazinone Diels–Alder cycloadditions with acetylenic

dienophiles.

Scheme 16.48. Preparation of brominated syringaldehyde resin.
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16.2

Soluble Polymer-supported Synthesis

Chemistry on soluble polymer matrices has recently emerged as a viable alternative

to solid-phase organic synthesis (SPOS) involving insoluble cross-linked polymer

supports. Separation of the functionalized matrix is achieved by solvent or heat

precipitation, membrane filtration, or size-exclusion chromatography. Suitable sol-

uble polymers for liquid phase synthesis should be crystalline at room tempera-

ture, with functional groups on terminal ends or side chains, but must not be not

cross-linked; they are therefore soluble in several organic solvents.

Among the first examples of so-called liquid-phase synthesis were aqueous Su-

zuki reactions employing poly(ethylene glycol) (PEG)-bound aryl halides and sulfo-

nates in palladium-catalyzed cross couplings [71]. It was shown that no additional

phase-transfer catalyst (PTC) was needed when the PEG-bound electrophiles were

coupled with aryl boronic acids in water under microwave irradiation conditions,

in sealed vessels, in a domestic microwave oven (Scheme 16.49). Work-up involved

precipitation of the polymer-bound biaryl from a suitable organic solvent with

ether.

Another palladium-catalyzed coupling reaction performed successfully on solu-

ble polymers is the Sonogashira coupling. In a more recent report it was reported

that PEG 4000 acts simultaneously as polymeric support, solvent, and phase trans-

fer catalyst (PTC) in both steps, coupling and hydrolysis [72]. Poly(ethylene glycol)

(PEG)-bound 4-iodobenzoic acid was readily reacted with several terminal alkynes

under rapid microwave conditions (Scheme 16.50). Cleavage of the coupling prod-

ucts from the PEG support was achieved efficiently by simple saponification with

brief microwave irradiation in an open beaker in a domestic microwave oven.

In a related study, a Schiff base-protected glycine was reacted with a variety of

electrophiles under the action of microwave irradiation [73]. No extra solvent was

necessary to perform these reactions because PEG played the role of polymeric

support, solvent, and PTC. The best results were obtained by using cesium carbo-

Scheme 16.49. PEG-supported Suzuki couplings.
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nate as inorganic base (Scheme 16.51). After alkylation the corresponding amino

esters were released from the polymer support by transesterification with methanol

in the presence of triethylamine.

A method for microwave-assisted transesterifications has been published [74].

The microwave-mediated derivatization of poly(styrene–co-allyl alcohol) was inves-

tigated as key step in the polymer-assisted synthesis of heterocycles. The procedure

was applied to several b-ketoesters and multigram quantities of products were ob-

tained when neat mixtures of the reagents in open vessels were exposed to micro-

wave irradiation in a domestic microwave oven. The soluble supports obtained

were used for preparation of a variety of bicyclic heterocycles, for example pyrazo-

lopyridinediones or coumarins.

Another procedure for preparation of valuable heterocyclic scaffolds involves the

Biginelli condensation on a PEG Support [75, 76]. Polymer-bound acetoacetate was

prepared by reacting commercially available PEG 4000 with 2,2,6-trimethyl-4H-1,3-

dioxin-4-one in toluene under reflux (Scheme 16.52). The microwave-assisted cy-

clocondensation was performed with nonvolatile polyphosphoric acid (PPA) as a

catalyst in a domestic microwave oven [76]. During microwave heating the PEG-

bound substrate melted, ensuring a homogeneous reaction mixture. After the reac-

tion diethyl ether was added to precipitate the polymer bound products. The de-

sired compounds were released by treatment with sodium methoxide in methanol

at room temperature. All dihydropyrimidines were obtained in high yield; purifica-

tion was achieved by recrystallization from ethanol.

Scheme 16.50. Sonogashira couplings on a PEG support.

Scheme 16.51. Microwave-assisted alkylations on PEG.
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A related support frequently used for liquid phase synthesis is

methoxypoly(ethylene glycol) (MeO-PEG) and a general procedure for microwave-

assisted synthesis of organic molecules on MeO-PEG has been reported [77]. The

use of MeO-PEG under microwave conditions in open vessels simplified the pro-

cess of polymer-supported synthesis (Scheme 16.53), because the polymer-bound

Scheme 16.52. One-pot Biginelli cyclocondensation on a PEG support.

Scheme 16.53. Liquid-phase pyridine synthesis using MeO-PEG.
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products precipitate on cooling after removal from the microwave oven. In addi-

tion, cleavage could be performed rapidly under microwave irradiation conditions

by using a mixture of trifluoroacetic acid (TFA) and 2-propanol to furnish the de-

sired nicotinic acid as the corresponding pyridinium trifluoroacetate.

Earlier, a versatile procedure for liquid phase synthesis of 1,2,3,4-tetrahydro-b-

carbolines was reported [78]. After successful esterification of MeO-PEG-OH with

Fmoc-protected tryptophan, one-pot cyclocondensation with a variety of ketones

and aldehydes was performed under the action of microwave irradiation (Scheme

16.54). The desired products were released from the soluble support in good yields

and high purity.

Generation of the desired polymer-bound tryptophan was achieved rapidly under

microwave-irradiation conditions by using a classical esterification procedure, fol-

lowed by Fmoc-deprotection (Scheme 16.54). Cyclocondensations with a variety of

carbonyl compounds were performed with catalytic amounts of p-toluenesulfonic
acid (p-TsOH) within 15 min under the action of microwave irradiation, resulting

in quantitative conversion. Finally, treatment of the polymer-bound heterocycles

with 1 mol% potassium cyanide (KCN) in methanol furnished the desired target

structures in high yields.

In a related study microwave-assisted liquid-phase synthesis of quinoxalin-2-ones

was achieved [79]. 4-Fluoro-3-nitrobenzoic acid was coupled efficiently with a com-

mercially available poly(ethylene glycol) (PEG 6000). A variety of primary amines

were then condensed with the readily prepared immobilized ortho-fluoronitroben-
zene by nucleophilic ipso-fluoro displacement. Reduction of the resulting ortho ni-

troanilines furnished the corresponding ortho phenylenediamines, which were

subsequently reacted with chloroacetyl chloride to form polymer-bound 1,2,3,4-

tetrahydroquinoxalin-2-ones (Scheme 16.55). Every step was performed within a

few minutes under the action of microwave irradiation in a dedicated single-mode

reactor, with the PEG-bound intermediates precipitating from ethanol and subse-

quently being isolated by filtration to remove them from the by-products in the

ethanolic phase. Finally, cleavage of the target molecules was achieved within

Scheme 16.54. Liquid-phase preparation of 1,2,3,4-tetrahydro-b-carbolines.
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10 min under the action of microwave irradiation in a methanolic solution of

sodium bicarbonate (NaHCO3).

By using the same aryl-fluoride linker on conventional MeO-PEG polymer, the

same authors also achieved microwave-accelerated liquid-phase synthesis of benzi-

midazoles (Scheme 16.56) [80].

Following the strategy described above with ipso-fluoro displacement and subse-

quent reduction, the resulting ortho phenylenediamines were treated with several

aromatic isothiocyanates to form the corresponding PEG-bound benzimidazoles.

Cleavage of the desired compounds was readily achieved by microwave-mediated

transesterification with lithium bromide and 1,8-diazabicyclo[5.4.0]undec-7-ene

(DBU). MeOPEG-OH was separated by precipitation and filtration to obtain the

crude products in high yields and good purity [80].

A closely related study led to microwave-assisted liquid-phase synthesis of chiral

quinoxalines [81]. A variety of l-a-amino acid methyl ester hydrochlorides were

coupled to MeO-PEG-bound ortho-fluoronitrobenzene by the already described

ipso-fluoro displacement. Reduction under the action of microwave irradiation re-

sulted in spontaneous synchronous intramolecular cyclization to the correspond-

ing 1,2,3,4-tetrahydroquinoxalin-2-ones.

Scheme 16.55. Liquid-phase generation of quinoxalin-2-ones.
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A variation of this method has been used to generate bis-benzimidazoles [82,

83]. The versatile immobilized ortho-phenylenediamine template was prepared as

described above in several microwave-mediated steps. Additional N-acylation was

performed by utilizing the initially used 4-fluoro-3-nitrobenzoic acid at room tem-

perature exclusively at the primary aromatic amine moiety. A variety of amines have

been used to introduce diversity by nucleophilic aromatic substitution. Cyclization

to the polymer-bound benzimidazole was achieved by heating in a mixture of tri-

fluoroacetic acid and chloroform, under reflux, for several hours. Individual steps

at ambient temperature for selective reduction, cyclization with several aldehydes,

and final detachment from the polymer support were necessary to obtain the de-

sired bis-benzimidazoles. A set of thirteen examples was prepared in high yields

and good purity [82].

Cyclization to the desired head-to-tail-linked bis-benzimidazoles can also be per-

formed by reaction of aryl or alkyl isothiocyanates with N,N 0-dicyclohexylcarbodi-

imide (DCC) [83]. In a closely related and more recent study by the same group,

mercury chloride was used as a catalyst to perform cyclization to the benzimida-

zoles [84]. Another application of the bis-hydroxylated polymer support PEG 6000,

microwave-accelerated liquid-phase synthesis of thiohydantoins, has been reported

[85, 86].

The same authors also chose 3-chloropropionyl chloride as the immobilized

building block to achieve ring expansion; this led to the generation of a 14-member

library of the corresponding thioxotetrahydropyrimidinones [86, 87]. The initially

prepared polymer-bound chloropropionyl ester was efficiently transformed into

the corresponding diamines by transamination with several primary amines. These

diamine intermediates could also be obtained by treatment of the pure polymeric

support with acryloyl chloride and subsequent addition of the corresponding

amines (Scheme 16.57).

In a procedure similar to the thiohydantoin synthesis, the PEG-bound diamines

Scheme 16.56. Liquid-phase synthesis of benzimidazoles.
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were treated with a variety of alkyl and aryl isothiocyanates and, after traceless cy-

clative cleavage, the desired thioxotetrahydropyrimidinones were obtained in excel-

lent yields [86].

Finally, another related study achieved the synthesis of hydantoins by using

acryloyl chloride to prepare a suitable polymer support under reflux conditions in

a dedicated microwave instrument [88]. The soluble polymer support was dissolved

in dichloromethane and treated with chloroacetyl chloride for 10 min under the

action of microwave irradiation. Subsequent nucleophilic substitution using a vari-

ety of primary amines was carried out in N,N-dimethylformamide as solvent. The

resulting PEG-bound amines were reacted with aryl or alkyl isothiocyanates in

dichloromethane to furnish the polymer-bound urea derivatives after microwave

irradiation for 5 min (Scheme 16.58). Finally, traceless release of the desired com-

pounds by cyclative cleavage was achieved under mild basic conditions with micro-

wave irradiation for 5 min. The 1,3-disubstituted hydantoins were obtained in vary-

ing yields but high purity.

16.3

Fluorous-phase Organic Synthesis

Fluorous-phase organic synthesis is a novel separation and purification technique

for organic synthesis and process development. This technique involves the use of

Scheme 16.57. Liquid-phase preparation of 1,3-disubstituted thioxo tetrahydropyrimidinones.
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an organic molecule, which is rendered soluble in fluorocarbon solvents by attach-

ment of a suitable fluorocarbon group (‘‘fluorous tag’’). These hydrophobic per-

fluorinated hydrocarbon compounds are immiscible with water and many com-

mon organic solvents. Fluorous-phase organic synthesis has been applied to the

immobilization of expensive metal catalysts and serves as an ideal substitute for a

traditional solid phase in combinatorial chemistry approaches [89].

One early example of microwave-assisted fluorous synthesis involved palladium-

catalyzed Stille couplings of fluorous tin reagents with aryl halides or triflates

(Scheme 16.59) [90]. The desired biaryl products were isolated in good yields and

purity after a three-phase extraction. Similar results were also achieved by use of

so-called F-21 fluorous tags (CH2CH2C10F21) on the tin reagent [91].

In another application of fluorous chemistry, radical-mediated cyclizations with

benzotrifluoride (BTF) as solvent have been investigated under microwave irradia-

tion conditions [90]. In the presence of 2,2 0-azobisisobutyronitrile (AIBN) as radi-

cal initiator, the aryl iodide used smoothly underwent microwave-mediated cycliza-

tion to the corresponding indole derivative in high isolated yield [91].

Scheme 16.58. Liquid-phase synthesis of hydantoins.

Scheme 16.59. Fluorous Stille couplings.
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More recently, palladium-catalyzed carbon–sulfur cross-coupling of aryl per-

fluoroalkoxysulfonates with thiols have been investigated [92]. The fluorous

substrates were obtained from commercially available phenols by treatment with

perfluorooctanesulfonylfluoride (C8F17SO2F) under basic conditions. A variety of

thiols have been reacted with a slight excess of the perfluorinated sulfonates

in a microwave-mediated Suzuki-type reaction (Scheme 16.60) employing [1,1 0-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (PdCl2dppf ) as catalyst to

furnish the corresponding aryl sulfides. Purification of the products after aqueous

work-up was achieved by fluorous solid-phase extraction (F-SPE).

In a more recent report a parallel approach toward synthesis of an N-alkylated
dihydropteridinone library utilizing fluorous amino acids was described [93]. The

fluorous substrates were readily prepared from the corresponding N-Boc-amino

acids, by using 3-(perfluorooctyl)propanol as the fluorinating agent, followed by

deprotection under acidic conditions to afford the corresponding trifluoroacetic

acid (TFA) salts of the amino acids. These TFA salts were used directly in two

subsequent displacement reactions with 4,6-dichloro-5-nitropyrimidine and cyclic

amines. The resulting 20 intermediates were purified by fluorous solid-phase ex-

traction (F-SPE) and subjected to hydrogenation with platinum-on-charcoal for 12

h. Because only small amounts of the hydrogenation products underwent sponta-

neous cyclization, the compounds were heated in a sealed vessel under microwave

irradiation conditions (Scheme 16.61). Because of the low solubility of the cyclized

products at room temperature, they precipitated while cooling and could be easily

collected by filtration. The desired dihydropteridinones were obtained in high

purity and could be readily used to generate a more diverse library by subsequent

N-alkylation [93].

The same group also reported further investigation of fluorous-phase palladium-

catalyzed carbon–carbon couplings [94]. Fluorinated aryl octylsulfonates were re-

Scheme 16.60. Fluorous-phase palladium-catalyzed synthesis of aryl sulfides.

Scheme 16.61. Generation of dihydropteridinones by cyclative cleavage from a fluorous tag.

764 16 Microwave-assisted Combinatorial and High-throughput Synthesis



acted in slight excess with aryl boronic acids under microwave conditions to effi-

ciently achieve the corresponding biaryls in a Suzuki-type cross coupling.

This fluorous-tag strategy was also used for synthesis of biaryl substituted hydan-

toins [95]. 4-Hydroxybenzaldehyde was converted into the corresponding perfluori-

nated species, which underwent a reductive amination. The resulting amine was

treated with an isocyanate to produce the fluorous-tagged urea, which spontane-

ously cyclized to form the corresponding hydantoin. Finally, the fluorous tag was

detached by a Suzuki-type carbon–carbon bond formation to furnish the desired

target structure in good yield (Scheme 16.62).

In a related approach from the same laboratory the perfluorooctylsulfonyl tag

was also used in a traceless strategy for deoxygenation of phenols [95]. After irradi-

ation for 20 min the reaction mixture was subjected to fluorous solid-phase extrac-

tion (F-SPE) to afford the desired products in high yields. This new traceless fluo-

rous tag has also been used for synthesis of pyrimidines and hydantoins.

Fluorous tags can also be introduced as acid-labile protecting groups in the syn-

thesis of carboxamides and sulfonamides. In this context, parallel generation of

an 18-member library of biaryl carboxamides has been reported; perfluorooctane-

tagged iodopropane (C8F17(CH2)3I) was used to prepare the corresponding fluo-

rous substrates (Scheme 16.63) [96]. After removal of the fluorous tag purification

Scheme 16.62. Fluorous-phase synthesis of N,N 0-disubstituted hydantoins.

Scheme 16.63. Suzuki reactions using fluorous-tagged acid labile protecting groups.
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was achieved by subsequent SPE to afford the desired products in good yields and

excellent purity.

Multicomponent reactions can also be performed under fluorous-phase condi-

tions as shown for the Ugi 4 component reaction [97]. To improve the efficiency

of a recently reported Ugi–de-Boc cyclization strategy, a fluorous Boc group

for amine protection was introduced and the Ugi multicomponent condensation

was conducted under microwave irradiation conditions (Scheme 16.64). The

desired fluorous condensation products were easily separated by fluorous solid-

phase extraction (F-SPE) and deprotected by treatment with trifluoroacetic acid–

tetrahydrofuran under the action of microwave irradiation. The resulting quinoxa-

linones were purified by a second F-SPE to furnish the products in excellent purity.

This method has also been used for benzimidazole synthesis, with benzoic acid as

substrate.

In another, related, study microwave-assisted fluorous-phase synthesis of a

pyridine/pyrazine library was achieved by means of a three-component condensa-

tion reaction [98]. For this purpose, perfluorooctanesulfonyl-tagged benzaldehydes

were reacted with 2-aminopyridines (or 2-aminopyrazines) and isonitriles under

the action of microwave irradiation (Scheme 16.65). A two-minute ramp was used

to achieve the adjusted temperature and the reaction mixture was maintained at

the final temperature for another 10 min. The fluorous tag is a multifunctional

tool in this reaction – it protects the phenol in the condensation step, is the phase

tag for purification, and serves as activating group in subsequent cross-coupling re-

actions. After cooling to room temperature, the resulting fluorous tagged conden-

sation products were purified by simple solid-phase extraction (SPE) or recrystalli-

zation before being subjected to a variety of palladium catalyzed cross-coupling

reactions [98].

Regioselective Heck vinylations of enamides have been studied under controlled

microwave irradiation conditions using a palladium catalyst and fluorous bidentate

Scheme 16.64. Fluorous-phase quinoxalinone synthesis.
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1,3-bis(diphenylphosphino) propane ligands (F-dppp) [99]. The Heck reaction gave

identical yields of the products when using nonfluorous and fluorous ligands, al-

though the regioselectivity was slightly lower when the fluorous ligand was used.

The vinylation of both cyclic and acyclic enamides with vinyl triflates has been ac-

celerated by use of fluorous ligands (F-dppp), palladium(II) acetate as catalyst, and

microwave heating (Scheme 16.66).

Use of fluorous ligands enables ease of purification – the tagged phosphine

ligand, the palladium catalyst-complexed ligand, and the oxidized ligand can be

completely removed by direct F-SPE before product isolation. Another example of

fluorous palladium-catalyzed microwave-induced synthesis of aryl sulfides has

been reported in which product purification is aided by fluorous solid-phase extrac-

tion [100].

Microwave-mediated fluorous reaction conditions for palladium-catalyzed

aminocarbonylations have been discussed in a more recent report [101]. A set of

aryl halides was reacted with carbonyl hydrazides and molybdenum hexacarbonyl

[Mo(CO)6] as source of carbon monoxide, with fluorous triphenylphosphine (F-

TPP) as ligand and the perfluorocarbon liquid FC-84 as perfluorinated solvent

(Scheme 16.67).

The recyclability of the fluorous reagents without significant loss of efficiency

in the model reaction, shown in Scheme 16.67, was also demonstrated [101]. After

Scheme 16.65. Fluorous synthesis of imidazo[1,2-a]pyridine/pyrazine derivatives.

Scheme 16.66. Vinylation of enamides using fluorous ligands.
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each reaction, the organic layer was separated and the perfluorinated liquid was

subjected to the next mixture. Performing six cycles of the reaction afforded the

corresponding product in 64–79% yield.

An interesting approach involving the use of a fluorous dienophile as diene scav-

enger under microwave conditions had previously been investigated [102]. The

classic Diels–Alder-type cycloaddition of diphenylbutadiene with maleic anhydride

as dienophile has been accelerated by microwave heating at 160 �C for 10 min. A

structurally related fluorous dienophile scavenged the excess diene under the same

microwave conditions and aided purification of the final cycloaddition product.

Very recently a two-step procedure utilizing fluorous substrates was reported for

synthesis of biaryl-substituted proline analogues [103]. In the initial 1,3-dipolar cy-

cloaddition perfluorooctylsulfonyl-protected benzaldehydes are used to form the

corresponding prolines from amino esters and maleimides (Scheme 16.68). The

condensation was achieved under the action of microwave irradiation within 15

min at 150 �C furnishing the desired bicycles as single diastereomers. After fluo-

rous SPE the intermediates were subjected to Suzuki coupling with boronic acids.

Irradiation for 12 min at 120 �C in the presence of Pd(dppf )Cl2 and K3PO4 af-

forded the biaryl-substituted products in high purity and, usually, good yields.

Scheme 16.67. Fluorous hydrazidocarbonylation.

Scheme 16.68. Two-step sequence for synthesis of biaryl-substituted bicyclic prolines.
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16.4

Polymer-supported Reagents

In addition to traditional solid-phase organic synthesis (SPOS), use of polymer-

supported reagents (PSR) has attracted increasing attention from practitioners

of combinatorial chemistry [104, 105]. The use of PSRs combines the benefits of

SPOS with the advantages of solution-phase synthesis. In addition, PSRs can be

used in excess without affecting the purification step. By using this technique, re-

actions can be driven to completion more easily than in conventional solution-

phase chemistry.

A microwave-induced synthesis of 1,3,4-oxadiazoles by cyclodehydration of 1,2-

diacylhydrazines, employing a soluble polymer-supported Burgess reagent, has

been described (Scheme 16.69) [106]. The cyclodehydration was performed on 1,2-

diacylhydrazines with a variety of substituted aromatic rings or heteroaromatic

rings with the soluble polymer-supported Burgess’ reagent. The corresponding

1,3,4-oxadiazoles were afforded in different yields but general high purity after 2–

8 min microwave irradiation.

In more recent work a different polystyrene supported dehydrating agent (Fig.

16.4a) was used for synthesis of 1,3,4-oxadiazoles under thermal and microwave

conditions [107]. Addition of a homogeneous base, for example guanidine, im-

proved the cyclodehydration reaction and led to completion under thermal and,

even more significantly, microwave conditions. This required subsequent purifica-

tion steps to remove the base for clean and quantitative isolation of the desired

products, however. On the other hand, use of a polymer supported phosphazene

base (Fig. 16.4b) as a base additive circumvents the need for additional purification

of the reaction mixture for product isolation.

Scheme 16.69. Synthesis of 1,3,4-oxodiazoles by use of a polymer-bound Burgess reagent.

Fig. 16.4. Polystyrene-bound dehydrating agent (left) and

polymer-supported phosphazene base (right) used for

oxadiazole synthesis.
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Very recently more comprehensive research on the solid-supported preparation

of substituted oxadiazoles and thiadiazoles was reported [108]. Initially, a set of

ten oxadiazoles was prepared by microwave-mediated cyclization of semicarba-

zides. In the presence of polymer-bound DCC the desired compounds were ob-

tained within 1 h at 140 �C (Scheme 16.70a). To find a different pathway a set of

nine polymer-bound bases was used in an optimization sequence employing sul-

fonyl acid chlorides. If the reactions were performed in THF under the action of

microwave irradiation for 1 h, PS-BEMP was found to be the most effective base.

A set of twenty sulfonyl acid chlorides was used in this microwave procedure to af-

ford the corresponding compounds in moderate to good yields and excellent purity

Finally, using the same procedure the corresponding 2-sulfonamide oxadiazoles

have been prepared from 1,4-disubstituted thiosemicarbazides (Scheme 16.70b).

Because of the two reactive moieties in the molecule, however, both species, the

oxadiazoles and thiadiazoles, could be obtained in good yields and high purity

from the cyclization step, depending on the substrate used [108].

In related work, rapid synthesis of 1,2,4-oxadiazoles was achieved on polymer-

supported reagents [109]. Two independent pathways were used to prepare these

heterocycles from carboxylic acids and amidoximes under the action of microwave

irradiation. In accordance with the conventional method using HBTU and N,N-
diisopropylethylamine (DIEA) for synthesis of this heterocycle, a method utilizing

polymer-supported bases was employed. The use of PS-BEMP in the presence of

HBTU proved to be beneficial in the microwave procedure. Heating for 15 min

in acetonitrile at 160 �C furnished high yields for a series of substrates. 1,2,4-

Oxadiazoles can also be synthesized from carboxylic acid chlorides. Because these

Scheme 16.70. Preparation of sulfonamide protected

2-amino-1,3,4-thiadiazoles and 1,3,4-oxadiazoles from

thiosemicarbazides.
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compounds are difficult to handle, a microwave procedure was developed in which

the acid chlorides are generated in situ [109]. For this purpose a combination of

polymer-bound triphenyl phosphine and trichloroacetonitrile was most efficient in

this two-step one-pot reaction under the action of microwave irradiation (Scheme

16.71). In the first step, the acid chlorides were generated in situ almost quantita-

tively within 5 min at 100 �C. DIEA and the amidoxime were then added and addi-

tional heating for 15 min at 150 �C furnished the desired heterocycles. The PS-

PPh3 resin did not interfere with the second step, because all 1,2,4-oxadiazoles

were obtained in excellent yield and high purity.

Microwave-assisted thionation of amides using a polymer-supported thionating

reagent has also been studied [110]. The polymer-supported amino thiophosphate

serves as a convenient substitute for its homogeneous analog in microwave-

induced rapid conversion of amides to thioamides. Under microwave conditions

the reaction is complete within 15 min as opposed to conventional reflux in tol-

uene for 30 h (Scheme 16.72). Use of the ionic liquid 1-ethyl-3-methylimidazolium

hexafluorophosphate (emimPF6) to dope nonpolar solvents such as toluene and as-

sist with heating under microwave irradiation conditions was described for the first

time (Chapter 7).

A microwave-induced one-pot synthesis of olefins by Wittig olefination on

polymer-supported triphenylphosphine has been reported [111]. Preparation of

the Wittig reagent with in situ formation of the corresponding ylide was achieved

in high yield within minutes, in contrast with several days by conventional meth-

ods. A variety of aldehydes and organic halides were reacted in the presence of the

Scheme 16.71. Generation of 1,2,4-oxadiazoles by use of polymer-supported reagents.

Scheme 16.72. Thionation of amides by use of polymer-bound aminothiophosphate.
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solid-supported phosphine, yielding the corresponding olefins in excellent purity

within 5 min of microwave heating at 150 �C; potassium carbonate was used as

the base and methanol as the solvent.

An interesting report has described a very rapid solid-phase-transfer hydrogena-

tion utilizing a polymer-supported hydrogen donor (ammonium formate deriva-

tive) for reduction of electron-deficient alkenes in the presence of Wilkinson’s cata-

lyst, RhCl(PPh3)3, under the action of microwave heating [112]. The formate used,

immobilized on Amberlite IRA-938, was mixed with the corresponding substrate

in a minimum amount of dimethyl sulfoxide and the reaction mixture was irradi-

ated in a sealed vessel for 30 s only (Scheme 16.73). After cooling, the mixture was

diluted with dichloromethane, washed with water, and dried. Evaporation of the

solvent furnished the successfully hydrogenated compounds in high yields.

In addition, application of a recyclable polymer-supported brominechloride resin

for regio and chemoselective bromomethoxylation of a variety of substituted al-

kenes under microwave conditions has been investigated [113]. The immobilized

brominating reagent used (perbromide resin) was generated from a commercially

available chloride-exchange resin by simple bromination at room temperature.

Brief microwave irradiation (Scheme 16.74) was performed, in methanol under re-

flux, in a modified domestic oven equipped with a mounted reflux condenser. The

polymer-supported bromine resin could be recycled and regenerated by successive

washing with methanol, acetonitrile, and chloroform, then passage through the

resin of bromine in tetrachloromethane.

The conversion of isothiocyanates to isonitriles on polymer-supported [1,3,2]oxa-

phospholidine under microwave conditions has been intensively studied [114].

Commercial Merrifield resin was treated with aminoethanol and the resulting pre-

cursor was condensed with bis(diethylamino)phosphine in anhydrous toluene to

generate the desired polymer-supported reagent. When using the novel solid-

Scheme 16.73. Transfer hydrogenations using a resin-bound formate.

Scheme 16.74. Bromomethoxylations utilizing polymer-supported brominechloride resin.
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supported reagent conversion of the isothiocyanates could be afforded in parallel

fashion under microwave irradiation conditions, and the corresponding isonitriles

were isolated with high purity (Scheme 16.75). To demonstrate feasibility for li-

brary generation, the isocyanides produced were subjected to an Ugi three-

component condensation with a variety of primary amines and carboxybenzalde-

hyde. The resulting 2-isoindolinone derivatives were obtained in high to excellent

yields.

In related work, solid-phase-mediated synthesis of isonitriles from formamides

was achieved by using polystyrene-bound sulfonyl chloride as a suitable supported

reagent [115]. The sulfonyl chloride resin could be quantitatively regenerated by

treatment of the sulfonic acid resin formed with phosphorus pentachloride (PCl5)

in N,N-dimethylformamide at room temperature.

In a more recent study, polymer-bound borohydride was used for reductive ami-

nation of tetrameric isoquinolines [116]. These tetrameric isoquinolines, serving as

lead compounds in research to find antibacterial distamicyn A analogues, have

been prepared from the corresponding isoquinoline, imidazole, and pyrrole build-

ing blocks by standard amide bond formation reactions. The final derivatization by

reductive amination was efficiently accelerated by microwave irradiation in the

presence of Merrifield resin-supported cyanoborohydride (Scheme 16.76).

Effective O-alkylation of carboxylic acids using a polymer-supported O-methyl-

isourea reagent has also been demonstrated [117]. Microwave heating enabled

complete esterification within 15–20 min, requiring only 2 equiv. of the polymer-

bound O-methylisourea. Use of the polymer-supported reagent also simplified

purification, because the pure methyl esters were obtained by evaporation after

straightforward filtration. A polystyrene-bound carbodiimide has also been used

for convenient and rapid amide synthesis [118]. An equimolar mixture of 1-

methylindole-3-carboxylate, the corresponding amine, and 1-hydroxybenzotriazole

(HOBt) in 1-methyl-2-pyrrolidinone (NMP) was admixed with 2 equiv. polymer-

bound carbodiimide and irradiated for 5 min at 100 �C (Scheme 16.77). After cool-

ing, the mixture was diluted with methanol and subjected to solid-phase extraction

with silica carbonate. Evaporation of the filtrate furnished the desired compounds

in excellent purity.

Scheme 16.75. Conversion of isothiocyanates to isonitriles on

polymer-supported [1,3,2]oxazaphospholidine.
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The preparation and application of solid-supported cyclohexane-1,3-dione as a

so-called ‘‘capture and release’’-reagent for amide synthesis, and a novel scavenger

resin, have been reported in detail [119]. A three-step synthesis of polymer-bound

cyclohexane-1,3-dione (CHD resin) using inexpensive and readily available starting

materials is described. The key step in this reaction is the microwave-assisted com-

plete hydrolysis of the 3-methoxycyclohexen-1-one resin to the desired CHD resin.

This novel resin-bound CHD derivative has been used for the preparation of an

amide library under the action of microwave irradiation. An enol ester is formed

by reaction of the starting resin-bound CHD with an acyl or aroyl chloride. Treat-

ment of this with amines leads to the corresponding amide, regenerating the CHD

(Scheme 16.78). This demonstrates the feasibility of use of the CHD resin as a

‘‘capture and release’’ reagent for the synthesis of amides. The ‘‘resin capture–

release’’ methodology [120] aids in the removal of impurities and facilitates prod-

uct purification.

Another example of the ‘‘capture and release’’ strategy, use of polystyrene-bound

piperazine for generation of a pyrimidine library, was recently reported [121]. In a

Scheme 16.76. Reductive amination of tetrameric isoquinolines.

Scheme 16.77. Amide synthesis using polymer-bound carbodiimide.
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novel synthetic route to these valuable heterocycles, polymer-bound enaminones

were condensed with guanidines (Scheme 16.79). The enaminones used were

readily prepared by condensation of N-formylimidazol diacetal and b-keto com-

pounds with the polymer-bound piperazine in the presence of camphorsulfonic

acid (CSA). The mixture was heated in an open flask in a dedicated single-mode

microwave reactor for 30 min to achieve full conversion of the substrates. After

cooling, the functionalized resin was collected by filtration and subjected to the re-

leasing cyclization by treating the polymer-bound enaminone with the correspond-

ing guanidine. The mixture was irradiated in a sealed flask for 10 min at 130 �C to

Scheme 16.78. Generation of an amide-library by use of resin capture–release methodology.

Scheme 16.79. Generation of a pyrimidine library by the capture and release strategy.
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furnish the desired 2,4,5-trisubstituted pyrimidines. After the reaction, the pipera-

zine resin could be collected by filtration and reused after several washings with

ethanol. After aqueous work-up and evaporation the products were isolated from

the filtrate in high yields and with excellent purity.

A recyclable solid supported reagent has been developed for acylations and was

easily applied in a parallel synthesis of the corresponding amides starting from

amines (Scheme 16.80) [122]. The solid-supported reagent could be removed by

simple filtration after the reaction and the product isolated by evaporation. The

supported reagent could be re-used at least twice before any decrease in the reac-

tion yield.

In a related and more recent study a variety of solid-supported acylating agents

were synthesized and used for microwave-mediated transformation of amines, al-

cohols, phenols, and thiophenols [123]. In a microwave-mediated procedure, Mer-

rifield resin was first modified by attaching 1,4-butanediol to introduce a spacer

unit. Bromination and subsequent reaction with commercially available 6-methyl-

2-thiouracil then treatment with corresponding acyl chloride afforded the desired

polymer-bound pyrimidines (Scheme 16.81). The acylating ability of this supported

reagent has been proven by reaction with benzylamine.

Similarly, a solid-supported imide has been used as an acylating reagent under

microwave conditions [124]. The starting imide was immobilized on aminomethyl

polystyrene and benzoyl chloride was used to prepare the corresponding acylating

reagent (Scheme 16.82). The resin bound acylating agent works efficiently for pri-

mary amines and piperazines and was shown to be recyclable after washing with

N,N-dimethylformamide and reactivation under microwave conditions.

The first use of a polymer-supported Mukaiyama reagent for microwave-

mediated synthesis of amides was presented in 2004 [125]. To prove its effective-

ness, even in difficult coupling reactions, it was used in the microwave-accelerated

synthesis of an amide from sterically hindered pivalic acid (Scheme 16.83). The

mixture was subjected to microwave irradiation at 100 �C for 10 min and the de-

sired product was obtained in 80% yield.

In related work a modified polymer-bound Mukaiyama reagent has been used to

achieve microwave-mediated solution-phase synthesis of esters and lactones [126].

After optimization of the method by esterification of phenoxyacetic acid with ben-

zyl alcohol, a small library of twenty esters was produced by use of the optimized

procedure (Scheme 16.84). Overall reaction time was set to achieve full conversion

of the starting material in cycles of 2 min irradiation and 1 min hold time. The

Scheme 16.80. Amide synthesis by use of a re-usable polymer-supported acylation reagent.
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Scheme 16.81. Synthesis of a novel solid-supported reagent and its use for acylation.

Scheme 16.82. A polymer-supported imide-based acylating agent.

Scheme 16.83. Use of a polymer-supported Mukaiyama reagent for amide synthesis.
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products were obtained in very good yields and high purity after simple resin filtra-

tion and solvent evaporation.

As reported in several publications, microwave heating has been successfully

used to accelerate several intermediate slow reactions in the total synthesis of the

natural product (þ)-plicamine and of several of related spirocyclic templates [127–

129]. Microwave heating in combination with polymer-bound reagents, catalysts,

and scavengers was beneficial in enabling rapid access to several key intermediates

in the synthesis of the target molecule. The penultimate intermediate in the syn-

thesis of (þ)-plicamine was isolated in high yields after purification, which was im-

proved by microwave-assisted scavenging (see also Section 16.7).

16.5

Polymer-supported Catalysts

Catalysts immobilized on polymeric supports have an important additional advan-

tage over conventional homogeneous catalysts – after the reaction the spent cata-

lyst can be removed by simple filtration. The catalyst system can often be regener-

ated and recycled several times without significant loss of activity.

Selective protection of dihydropyrimidinones has been used in a novel approach

to improve the synthesis of valuable Biginelli compounds with different substitu-

tion patterns [130]. This procedure has been successfully catalyzed by polymer-

supported N,N-dimethylaminopyridine (PS-DMAP) (Scheme 16.85). This micro-

Scheme 16.84. Solution-phase esterification by use of a polymer-supported Mukaiyama reagent.

Scheme 16.85. N3-Acylations of dihydropyrimidines utilizing polymer-bound DMAP.
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wave-induced selective N3-acylation has been successfully applied to diversely

substituted dihydropyrimidinone scaffolds within 10–20 min of microwave heat-

ing. Purification of the final products was improved by microwave-induced scav-

enging techniques (see also Section 16.6).

In a different study, the corresponding PS-DMAP was used in a rapid one-pot

microwave-induced base-catalyzed reaction of N-aryl and N-alkyl amino acids (or

esters) with thioisocyanates for synthesis of a library of thiohydantoins [131]. Al-

though use of PS-DMAP as the base resulted in somewhat lower yields than use

of triethylamine, the reaction mixture was cleaner and purification easier.

In this context, a rapid microwave-accelerated ring-closing metathesis (RCM) re-

action of diethyl diallylmalonate in the ionic liquid 1-butyl-3-methylimidazolium

tetrafluoroborate (bmimBF4) has been reported; both homogeneous and immobi-

lized Grubbs catalysts were used in a sealed pressure tube in a domestic micro-

wave oven (Scheme 16.86) [132]. The polymer bound Grubbs catalyst resulted

in significantly lower conversion than the homogeneous analog. Similarly, notable

acceleration of ring closing metathesis has also been achieved by use of polymer-

supported second-generation Grubbs catalysts under the action of microwave heat-

ing, with the advantages of simple purification procedures [133].

Because asymmetric catalysis enables access to several synthetically important

compounds, microwave-assisted molybdenum-catalyzed allylic allylation has been

studied using both free and polymer-supported bis-pyridylamide ligands [134].

The microwave-assisted catalytic reaction of 3-phenylprop-2-enyl methyl carbonate

with dimethyl malonate in the presence of N,O-bis(trimethylsilyl)acetamide (BSA)

and a polymer-bound bis-pyridyl ligand was rather slow, however.

The microwave-induced reaction with a polymer-supported bis-pyridyl ligand

(Scheme 16.87) was also slow, presumably because the insoluble resin-bound li-

gand makes the catalyst heterogeneous. After microwave irradiation at 160 �C for

30 min, however, the reaction was complete and the branch-to-linear ratio of the

product was 35:1, an enantiomeric excess of 97%. The polymer-supported ligand

has obvious advantages over its unsupported analogue because it could be reused

at least seven times without any loss of activity [134].

This polymer-supported bis-pyridyl ligand (Scheme 16.87) has also been used in

microwave-assisted asymmetric allylic alkylation [134], a key step in the enantio-

selective synthesis of (R)-baclofen.

Scheme 16.86. Ring closing metathesis utilizing an immobilized Grubbs catalyst.
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Microwave-assisted Suzuki coupling using a reusable polymer-supported palla-

dium complex has been achieved in a more recent study [135]. The reaction mix-

ture was treated with the polystyrene-bound palladium catalyst and irradiated in an

open flask for 10 min in a domestic microwave oven (Scheme 16.88). After cooling,

the mixture was filtered and the catalyst extracted with toluene and dried. The re-

cycled polymer-bound catalyst can be reused five times without loss of efficiency.

In a related study, polymer-supported triphenyl phosphine was used in

palladium-catalyzed cyanations [136]. Commercially available resin-bound triphe-

nylphosphine was mixed with palladium(II) acetate in N,N-dimethylformamide to

generate the heterogeneous catalytic system under a nitrogen atmosphere. The re-

agents were then added to the activated catalyst and the mixture was irradiated at

140 �C for 30–50 min (Scheme 16.89). Finally, the resin was removed by filtration

and evaporation of the solvent furnished the desired benzonitriles in high yields

and excellent purity.

An oligo(ethylene glycol)-bound palladium(II) complex for microwave-mediated

Heck coupling of a variety of aryl halides was recently reported [137]. This novel

catalyst was prepared in a multistep procedure from poly(ethylene glycol) mono-

methyl ether via its methanesulfonyl intermediate. The Heck reactions were per-

formed in N,N-dimethylacetamide (DMA), with the catalyst being added as a solu-

tion in DMA immediately before subjecting the vessel to microwave irradiation.

Heating at 150 �C furnished the desired cinnamate products in moderate to good

Scheme 16.87. Molybdenum catalyzed allylic allylation using a

polymer-bound bis-pyridylamide ligand.

Scheme 16.88. Suzuki coupling using a polymer-supported palladium catalyst.
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yields (Scheme 16.90). The catalyst can be recycled by performing the reactions in

a 10% aqueous DMA–heptane mixture, with slight loss of efficiency for up to four

cycles [137].

An application involving a polystyrene-immobilized aluminum(III) chloride for a

ketone–ketone rearrangement was published in 2002 [138].

16.6

Polymer-supported Scavengers

Isolation of a clean and homogeneous product is an integral part of any synthesis,

and microwave heating has also been instrumental in improving many scavenging

and purification techniques utilizing functionalized polymers.

The microwave-induced N3-acylation of the dihydropyrimidine (DHPM) Bigi-

nelli scaffold using different anhydrides has been discussed in a comprehensive re-

port [130] (Scheme 16.85). The process included purification of the reaction mix-

ture by means of a microwave-assisted scavenging technique. Several scavenging

reagents with different loadings of amino functionalities have been used to seques-

ter excess benzoic anhydride (Bz2O) from the reaction mixture [130, 139, 140].

A parallel solution-phase asymmetric synthesis of a-branched amines based on

stereoselective addition of organomagnesium reagents to enantiomerically pure

tert-butanesulfinyl imines has been reported [141]. Microwave heating was used

in two of the steps for synthesis of asymmetric amines, both for imine formation

and for resin capture (Scheme 16.91). After the Grignard addition step, microwave

Scheme 16.89. Palladium-catalyzed cyanations utilizing polymer-bound triphenyl phosphine.

Scheme 16.90. Heck couplings using an oligo(ethylene glycol)-

bound SCS-palladium(II) complex as catalyst.
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irradiation was used for acidic alcoholysis of the sulfinimide in the presence of

macroporous sulfonic acid resin (AG MP-50). Microwave-assisted resin capture of

amines enabled the preparation of a range of analytically pure a-phenylethylamine

and diphenylmethylamine derivatives in good overall yields and with high enantio-

meric purity.

More recently, use of a high-loading polystyrene Wang aldehyde resin for the

scavenging excess amines in the preparation of piperazinium derivatives was re-

ported [142]. In the initial step, chloroacetyl chloride was reacted with excess pri-

mary amine at 0 �C for 30 min. After filtration and evaporation the residue was

dissolved in dioxane, suspended with Wang aldehyde resin and irradiated in a do-

mestic microwave oven for 20–40 min, with 4-min intervals. The resin was isolated

by filtration and the resulting chloroacetamide was treated with the corresponding

primary diamines (Scheme 16.92). After the reaction the aldehyde resin was again

suspended in the solution and subjected to the microwave-assisted scavenging. Af-

ter five cycles of irradiation for 4 min, the resin was isolated by filtration and the

filtrate was evaporated to obtain the corresponding glycinamides. Further modifica-

tion and cyclization steps furnished the desired heterocyclic scaffolds [142].

Scheme 16.91. Asymmetric synthesis of a-branched amines.

Scheme 16.92. Efficient amine-scavenging using a polystyrene aldehyde scavenger.
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Finally, the use of polymer-bound anthracene as an effective dienophile

scavenger has been described [143]. The scavenging agent can easily be prepared

by treatment of the commercially available corresponding Meldrum’s acid deriva-

tive with aminomethyl polystyrene resin. The reactivity of this novel polymer-

bound scavenger was examined for a series of ten different dienophiles, for exam-

ple N-phenylmaleimide (Scheme 16.93). To demonstrate the effectiveness of this

scavenger, it was successfully used in the synthesis of eight different flavonoid

Diels–Alder cycloadducts. The two-step microwave-mediated procedure furnished

the desired compounds in high yields and excellent purity [143].

16.7

Conclusion

The combination of modern microwave reactor technology and combinatorial

chemistry applications is a logical consequence of the increased speed and effec-

tiveness of microwave dielectric heating. Microwave heating can be rapidly adapted

to a parallel or automatic sequential processing format. In particular the latter tech-

nique enables rapid testing of new ideas and high-speed optimization of reaction

conditions. The fact that a ‘‘yes or no answer’’ for a particular chemical transfor-

mation can often be obtained within 5 to 10 min (as opposed to several hours in a

conventional procedure) has contributed significantly to the acceptance of micro-

wave chemistry in both industry and academia. The recently reported incorpora-

tion of real-time, in-situ monitoring of microwave-assisted reactions by Raman

spectroscopy will enable a further increase in the efficiency and speed of micro-

wave chemistry [144]. Although this technology is heavily used in pharmaceutical

and agrochemical research laboratories already, a further increase in the use of

microwave-assisted combinatorial chemistry applications both in industry and in

academic laboratories can be expected. This will depend also on the availability of

modern instrumentation, for either parallel or sequential processing mode [15]. It

is clear that microwave-assisted combinatorial and high-throughput synthesis has a

great potential and will probably become a standard tool in most high-throughput

synthesis laboratories in a few years.

Scheme 16.93. Preparation and application of a novel

polystyrene-bound anthracene as a dienophile scavenger.
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Multicomponent Reactions Under Microwave

Irradiation Conditions

Tijmen de Boer, Alessia Amore, and Romano V.A. Orru

17.1

Introduction

17.1.1

General

Since the synthesis of urea in 1828 by Friedrich Wöhler, synthetic sophistication

has been increasing, with many impressive achievements over the past century

[1]. Ongoing development of novel synthetic concepts and methods has continued

to provide routes to the construction of many complex and challenging synthetic

targets.

Despite its scientific merits and its profound effect on the progress of organic

chemistry, it has become clear that much of the current synthetic methodology

does not meet the conditions required for future purposes. Increasingly severe eco-

nomic and environmental constraints are forcing the synthetic community to think

about novel procedures and synthetic concepts to optimize efficiency. Progress in

the efficiency of synthesis can be measured by criteria such as number of steps,

overall yield, selectivity, flexibility, cost, scale, resource requirements, waste, devel-

opment time, and execution time [2]. Ideally, the target molecule must be prepared

from readily available starting materials in one simple, safe, environmentally ac-

ceptable and resource-effective operation proceeding quickly, selectively, and in

quantitative yield [2].

Inspired by the mode of action of Nature, numerous groups have reported the

multi-step, single operation construction of complex molecules, in which several

bonds are formed in one sequence without isolating the intermediates [3–9].

Such processes, which are commonly referred to as tandem reactions, enable eco-

logically and economically favorable production of a wide range of organic com-

pounds and will be the subject of discussion of the next section.
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17.1.2

Tandem Reactions and Multicomponent Reactions

Generalizing the definition given by Denmark, tandem reactions are best described

as one-pot sequences of two or more reactions [6]. Covering a wide range of trans-

formations, the broad class of tandem reactions is further classified according to

the order in which the events occur. As suggested by Denmark, distinction is

made between three categories, each of which being briefly discussed below.

� Tandem domino reactions [10] are processes in which every reaction step brings

about the structural change required for the following reaction step. The reaction

proceeds without modification of the conditions or addition of supplementary

reagents.
� In contrast with tandem domino reactions, Tandem consecutive reactions [11]

require modification of the reaction conditions or addition of supplementary

reagents after completion of the first reaction step to facilitate propagation of

the sequence.
� Tandem sequential reactions [12] require addition of a supplementary reactant

after completion of the first reaction step to enable propagation of the sequence.

Tandem domino and tandem consecutive reactions do not necessarily involve

more than one reactant and can be unimolecular, as is exemplified by such pro-

cesses as polyolefin cyclization [13]. Tandem sequential reactions cannot be uni-

molecular processes and involve two reactants at least. Both, tandem sequential

and higher-order tandem domino reactions are of foremost interest in this text, be-

cause they enable the concept of multicomponent reactions (MCRs) to be intro-

duced [4, 7–9]. Depending on the reaction conditions, MCRs can be regarded as a

subclass of either tandem sequential (Scheme 17.1a) or higher order tandem dom-

ino reactions (Scheme 17.1b). In the former, formation of intermediate AB is fol-

lowed by addition of a third component C to the reaction mixture to enable forma-

tion of reaction product ABC. In the latter, components A, B, and C are simply

Scheme 17.1
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mixed together to afford reaction product ABC in a single step without the need for

addition of supplementary reagents or reactants to the reaction mixture.

As defined by Ugi, MCRs are one-pot processes in which at least three easily

accessible starting materials react to give a single reaction product, which incorpo-

rates essentially all of the atoms of the starting materials [7a]. These reactions have

the additional advantage of being highly flexible. Depending on the choice of start-

ing materials, it is possible to generate a series of related compounds that differ

only in side-chain functionality. MCRs distinguish themselves from other classes

of tandem reaction by their combined efficiency and flexibility and are said to be

of high exploratory power [8].

The exploratory power is best represented by a two-dimensional plane in which

every point P is associated with a vector r ðr; yÞ [8]. The ability to generate molecu-

lar complexity is associated with the length r of vectors r, while the tolerance with

respect to successful starting materials is associated with the allowed range Dy of

angles y. The exploratory power ðEÞ is then defined as the scalar product of the

allowed range of angles y and the square of the length r of vectors r. Maximization

of exploratory power will be achieved by processes that combine versatility and

complexity in a single step. Often MCRs meet these requirements – at least three

commercially or easily available starting materials are coupled together by forma-

tion of several new bonds to afford complex reaction products in a single step.

The concept of exploratory power in multicomponent chemistry is well exemplified

by the mild synthesis of highly substituted pyrroles from commercially available

primary amines, aldehydes, and a,b-unsaturated nitroalkenes (Scheme 17.2) [14].

In addition to being of high exploratory power, MCRs are selective, convergent,

and atom efficient processes; they are therefore of interest in green chemistry.

Clearly, much of the success of MCRs depends on the extent to which the reac-

tions leading to intermediate reaction products I1; I2; . . . ; IN and the final reaction

product P are reversible (Scheme 17.3).

Distinction can be made between three categories of MCR [7]. Type I MCRs are

sequences of reversible reactions whereas type II MCRs are sequences of reversible

reactions that are terminated by an irreversible reaction step. Finally, type III

MCRs are sequences of irreversible elementary reactions.

Scheme 17.2
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Type I MCRs are only rarely successful, because the yield of final product P

strongly depends on favorable thermodynamics. However, type II and III MCRs

are of foremost interest in preparative organic chemistry because thermodynamics

at least favors the final reaction step and high yields can be achieved. Most suc-

cessful multicomponent reactions are type II reactions. Irreversibility of the last

reaction step does not exclude formation of side products; because all preceding

reactions are equilibrium reactions and more than one reactive species may be

present at the same time. Usually, however, possible side reactions are also revers-

ible and the irreversibly formed reaction product P predominates [15].

It is worth mentioning that the ever-growing interest in the development of

novel multicomponent procedures was and is closely related to the needs of combi-

natorial chemistry (Refs [4, 7–9] and Chapter 16 in this book). Combinatorial com-

pound libraries still play an important role in drug discovery and are commonly

composed of 102 to 105 of closely related compounds. Their high exploratory

power and simple experimental set-up make MCRs convenient tools for easy and

rapid access to such large libraries of organic compounds.

17.1.3

Microwaves and Multicomponent Reactions

17.1.3.1 General Background

Increasing the reaction temperature usually increases the rate of an organic reac-

tion. Thermal instability of the starting materials often limits the temperature in-

crease and forces reactions to be carried out at moderate or low temperatures, how-

ever, thus occasionally impeding time-efficient conversion. In the conventional way

of heating a reaction mixture (for example by using an oil bath), the reactants are

slowly activated by an external heat source. Heat is driven into the substance, pass-

ing first through the walls of the vessel to reach the solvent and reactants. This is a

slow and inefficient method for transferring energy into the system in comparison

with microwave (MW) heating. Such undesired compromises can often be avoided

by the use of microwaves instead of conventional heating to accelerate organic

reactions [16, 23]. MW couple directly with the molecules of the entire reaction

Scheme 17.3
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mixture, leading to a rapid rise in temperature not limited by the conductivity of

the vessel [17]. MW irradiation involves selective absorption of MW energy by polar

molecules and enables a wide range of reactions to be performed in short times

and with high conversions and selectivity [19c].

The use of MW in organic synthesis, including in MCRs, has attracted substan-

tial attention in recent years [18, 19]. The initial slow acceptance of MW-assisted

organic synthesis (MAOS) in the late 1980s was, owing to lack of understanding

of the basics of MW dielectric heating, because of the lack of power control and

reproducibility [19]. Most of these early pioneering experiments were performed

in domestic, sometimes modified, kitchen MW ovens.

The heating effect utilized in MAOS is based on MW dielectric heating, which

depends on the ability of a specific material (solvent or reagent) to absorb MW en-

ergy and convert it into heat (Refs [20, 21] and Chapter 1 in this book).

Two different kinds of MW reactor are currently emerging – multimode and

monomode (also referred to as single mode) (Chapters 1 and 2 in this book).

The development of monomode reactors, which focus the electromagnetic waves

in an accurately dimensioned wave guide, enables homogeneous distribution of

the electric field leading to increased efficiency and reliability. So, the current trend

in MAOS is to move away from the multimode MW ovens and use the more dedi-

cated monomode instruments, which have only become available in the last few

years [22, 23].

17.1.3.2 Use of Solvent-free MW Techniques in MCR Chemistry

In the early days of MAOS, solvent-free techniques were very popular. In these pro-

cedures, the reactants are either mixed directly without use of a solvent or the reac-

tants are preabsorbed on to a solid support before irradiation with MW. The solvent

free approach enabled safe use of domestic household microwave ovens and stan-

dard open-vessel technology (Refs [16, 19, 23] and Chapters 4 and 8 in this book).

MW-accelerated reactions under solvent-free conditions were shown to be highly

efficient and environmentally benign processes, which were successfully applied to

the multicomponent synthesis of a variety of heterocyclic compounds (Refs [9, 16,

19] and Chapter 10 in this book). When such conditions are combined with a suit-

able catalyst, even more efficient processes are conceivable. In fact, this concept

has been realized by irradiating mixtures of reagents that have been absorbed on

the surface of an insoluble inorganic support [9, 16, 19]. The inorganic supports

used are usually inexpensive, commercially available, and easily manageable bulk

chemicals. Examples include silica, alumina, Celite, graphite, and mesoporous

inorganic solids, for example montmorillonite K-10 clay. Both silica and montmor-

illonite K-10 clay are believed to owe their catalytic activity to the presence of

numerous acidic sites and hence are prone to activate polar functionality to-

ward nucleophilic attack. Both materials have been successfully used in the MW-

accelerated multicomponent synthesis of several heterocyclic compounds [9, 14,

24–26]. Experimental procedures are reported to be extremely simple and involve

initial absorption of the reagents on the solid support, subsequent irradiation in a

domestic MW oven, and final elution of the reaction mixture to give desired reac-
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tion products in satisfactory yields after strikingly short reaction times. The solid

supports were usually recovered and could be re-used without significant loss of

activity.

It should, however, be emphasized that solvent-free methods possibly suffer

from technical difficulties relating to nonuniform heating, mixing, and precise

determination of the reaction temperature. Nevertheless, these drawbacks are

circumvented when operating with efficient mechanical stirring in open vessels in

a monomode microwave reactor [23].

MW-assisted MCRs can also be conducted in standard organic solvents under

both open and sealed vessel conditions. If solvents are heated in an open vessel,

the boiling point of the solvent typically limits the reaction temperature that can

be reached. The recent availability of modern monomode MW reactors [23] with

on-line monitoring of both temperature and pressure has meant that MAOS in

sealed vessels are increasingly commonly employed and this will be the method

of choice for performing MW-assisted MCRs in the future, essentially if coupled

with solvent-free procedures (cf. Chapters 4 and 8).

The remainder of this chapter is organized according to the class of scaffold ac-

cessed via an MCR. When possible, the type of MW equipment (monomode or

multimode) is mentioned, as also are the general conditions under which the reac-

tions were performed. For more precise information, the reader is referred to the

original literature. In view of the current explosive developments in this area,

the overview presented here cannot be exhaustive but is rather meant to provide

the reader a useful introduction to this exciting field of chemistry.

17.2

Nitrogen-containing Heterocycles

17.2.1

Dihydropyridines

In 1882, Hantzsch achieved the synthesis of symmetrically substituted dihydropyr-

idines (DHPs) by reacting ammonia, aldehydes, and two equivalents of b-ketoest-

ers [27]. Since then, interest in these types of compound has grown, because of

their pharmacological activity [28]. The Hantzsch reaction has successfully been

used for synthesis of a wide range of DHPs and is still a popular tool for the

construction of members of this class of heterocycles [29]. The classical multicom-

ponent synthesis may require extended reaction times and yields can be low if

sterically hindered aldehydes are used [30].

Different research groups have shown that this class of compound can be effi-

ciently synthesized, with high yields and short reaction times, by using MW irradi-

ation [31]. For example, Loupy et al. [31a] obtained unsymmetrical DHPs (1 and 2,

Scheme 17.4) by reaction (in a one-pot procedure) of an aldehyde, a 1,3 diketone

(or a b-ketoester), and methyl b-aminocrotonate. By using a solid inorganic sup-

port under solvent-free conditions in a domestic MW oven the desired products
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were obtained with shorter reaction times and higher yields than by conventional

heating.

The same group successfully obtained symmetrical DHPs (3, Scheme 17.5) by

using a similar reaction but exchanging the methyl b-aminocrotonate for ammo-

nium acetate [31b]. Later, Ohnberg et al. [31c] performed a similar reaction in a

monomode closed-vessel MW synthesizer. In their approach, an aldehyde, a b-

keto ester, and aqueous ammonia were reacted in a one-pot condensation to form

a small library of DHPs 3 (Scheme 17.5). The reaction mixture was irradiated with

MW for 10–15 min at 140–150 �C and the desired DHPs 3 were obtained in 51–

92% yield. Under conventional heating conditions the reaction mixture was heated

under reflux for 12 h with yields ranging from 15–72% [30].

Fused DHPs have remarkable pharmacological efficiency [32]. Although several

methods for synthesis of these compounds are known [33, 34], all fail to pro-

vide bis(benzopyrano) fused DHPs 4 (Scheme 17.6). Kidwai et al. reported a MW-

Scheme 17.4

Scheme 17.5
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promoted, solvent-free variation of the Hantzsch MCR [35]. In his approach, 4-hy-

droxy-2H-1-benzopyran-2-one 5, an aromatic or heteroaromatic aldehyde and

NH4OAc were absorbed on two different solid supports (acidic alumina and silica

gel) and were irradiated in a domestic MW oven at 800 W (Scheme 17.6). The best

results were obtained by using acidic alumina and product 4 was obtained in 75–

85% yield in 10–15 min; application of silica gel as support afforded 4 in 60–70%

yield and reaction times were slightly longer (15–21 min).

Another way of forming more complex, nonsymmetrical DHPs was introduced

by Bagley et al. [36]. The authors developed a one-pot three-component cyclocon-

densation reaction for preparation of 5-deaza-5,8 dihydropterin 6 (Scheme 17.7)

which proceeded with total control of regiochemistry [37]. The three-component

reaction was originally conducted under thermal conditions and was catalyzed by

zinc(II) bromide but required long reaction times and quite high temperatures to

obtain a good yield of the cyclized product 6.

With use of a monomode MW reactor, the effect of the Lewis acid on the reaction

of a number of aldehydes was studied and compared with similar procedures us-

ing traditional conductive heating. Application of ZnBr2 improved the yield of all

cyclocondensation reactions involving aromatic aldehydes whereas aliphatic alde-

hydes performed best in the absence of ZnBr2. The MW-assisted reactions were

almost always superior to previous conventional procedures and gave good to excel-

lent yields (53–91%) of deazadihydropterin product 6.

Another interesting MW-assisted MCR for construction of the DHP ring as part

of a more complex bicyclic scaffold was reported by Quiroga et al. They realized the

MW-assisted synthesis of both pyrazolopyridines 7 and pyrido[2,3-d]pyrimidines 8

under solvent-free conditions (Scheme 17.8) [38].

Scheme 17.6

Scheme 17.7
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MW irradiation of a mixture of equimolar amounts of starting materials for 20

min at 600 W provided clean reaction products 7 and 8 in yields ranging from

70–75%. In comparison, prolonged heating of equimolar amounts of starting

materials in ethanol, under reflux, gave the desired reaction products in poor yields

ranging from 21–25%. When the irradiation time was shortened to 12 min, hy-

drated intermediates (Scheme 17.9, 13) were detected. The reaction is believed to

proceed via Knoevenagel condensation of 9 with aromatic aldehydes. The resulting

10 is then attacked at the b-position by the unsubstituted endocyclic carbon atom

of 11 to give Michael adduct 12. Cyclization followed by final loss of water yields

pyrido[2,3-d]pyrimidines 8.

Scheme 17.8

Scheme 17.9

796 17 Multicomponent Reactions Under Microwave Irradiation Conditions



Although not shown here, the mechanism for the formation of pyrazolopyri-

dines 7 is similar [38].

N-substituted 1,4-dihydropyridines 14 without substituents on the 2 and 6 posi-

tions have broad pharmaceutical activity. For example, these species have been re-

ported to be novel potential inhibitors of HIV-1 protease and are of interest for

their anticancer activity [39, 40]. Compounds 14 can be prepared, in yields of 62–

94%, by one-pot condensation of an aromatic aldehyde, 2 equiv. ethyl propiolate,

and an amine, under solvent-free conditions, in a domestic MW oven (Scheme

17.10) [41].

The reaction was performed on four different solid supports (silica gel, acidic

alumina, montmorillonite K-10, and zeolite HY). The best results were obtained

by use of silica gel.

17.2.2

Pyridones

Another group of compounds which can be synthesized by a MCR under MW con-

ditions are pyridones. Pyridone derivatives 15 have found many applications in the

preparation of azo-dyes, especially as disperse dyes for polymeric materials [42]. It

is possible to prepare these compounds by one-pot three-component condensation

of a b-cyanoester, a b-keto ester, and a primary amine (Scheme 17.11) [43].

The reaction was conducted under solvent-free conditions in a domestic MW

oven using four different kinds of solid support (silica gel, acidic alumina, mont-

morillonite K-10, and zeolite HY). The best results (77–94%) were obtained with

silica gel and an optimized irradiation time of 2 min. In the absence of a solid

support, under neat conditions, the products were obtained in low yields and the

results were not reproducible.

Scheme 17.10

Scheme 17.11
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In another MW-assisted synthesis of pyridones, a ketone, dimethylformamide di-

methylacetal 16, and a methylene active nitrile are combined (Scheme 17.12) [44].

The reaction was performed using i-PrOH as solvent in the presence of a cata-

lytic amount of piperidine. The mixture was irradiated in a monomode MW reactor

for 5 min at 100 �C to furnish pyridones of type 17 in 27–96% yield.

Substituted dihydropyridones 18 were successfully obtained under the action of

MW irradiation in the absence of solvent (Scheme 17.13). The one pot reaction of

Meldrum’s acid, an arylaldehyde, a b-ketoester, and ammonia provided the desired

products in very high yields (>80%, compared with <60% with conventional heat-

ing) [45].

17.2.3

Pyridines

MAOS can also be used in a multicomponent synthesis of pyridines (19). These

compounds can be obtained on a multigram scale by a reaction of an aldehyde, a

b-keto ester, and NH4NO3 (Scheme 17.14) [29].

The reaction mixture was irradiated in a domestic MW oven for 5 min on a sur-

face of bentonite clay. Not only traditional b-keto esters, but also, for example, cy-

clic 1,3-diketones can participate in this MCR, thus enabling a four-component

Hantzsch-type synthesis of unsymmetrically substituted 1,4-pyridines 20 (Scheme

17.15) [29, 37].

A more complex example of a multicomponent pyridine ring synthesis is the

formation of quinoline derivatives, which are very important because of their wide

Scheme 17.13

Scheme 17.14

Scheme 17.12
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occurrence in natural products and drugs [46]. Because it is known that replace-

ment of hydrogen with fluorine can confer bioactivity on organic molecules [47], a

variety of methods have been reported for synthesis of fluorine-containing quino-

line derivatives; multiple reaction steps resulting in low yields are, however, ham-

pering convenient access to these scaffolds [48, 49]. Zhang et al. reported a MW-

assisted three-component reaction of pentafluorobenzaldehyde, monosubstituted

anilines, and alkynes furnishing substituted quinolines 21 (Scheme 17.16) [50].

The reaction occurs on the surface of montmorillonite clay impregnated with

catalytic amount of CuBr under solvent-free conditions. By irradiation for 3.5 min

in a domestic MW oven the desired 21 are synthesized in 70–92% yield. The same

reaction took around 4 h under traditional thermal conditions (80 �C, oil bath) to

afford the expected quinoline derivatives 21 in only moderate yield (max. 64%).

Pyrido[2,3-d]pyrimidines are annelated uracils which have received substantial

attention in recent years because of their biological activity [51, 52]. Several reports

have appeared in the literature describing the preparation of these molecules start-

ing from uracils and build-up of the pyridine moiety. These methods usually re-

quire long reaction times and complex synthetic pathways, however [53, 54]. Devi

et al. developed a one-pot three-component cyclocondensation reaction under

solvent-free MW-assisted conditions (Scheme 17.17) [55]. In this procedure, N,N-
dimethyl-6-aminouracil 22 reacts with equimolar amounts of triethylorthofor-

Scheme 17.16

Scheme 17.17

Scheme 17.15
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mate and a nitrile in the presence of 3 equiv. acetic anhydride to give pyrido[2,3-

d]pyrimidines 23 in high yield (85–95%).

The reaction was conducted in a monomode MW reactor with an irradiation

time of 2 min at 75 �C. The reaction was also performed under conventional ther-

mal conditions, which resulted in reduced yields (60–70%) and prolonged reaction

times (1 h).

Using the same MW conditions, 6-hydroxyaminouracils 24 were used as input to

afford pyrido[2,3-d]pyrimidine N-oxides 25 in good yields (55–65%, Scheme 17.18)

[55]. For comparison purposes, this reaction was also performed under conven-

tional thermal conditions, resulting in longer reaction times (2 h) and slightly

lower yields (40–50%).

17.2.4

Dihydropyrimidinones

Dihydropyrimidinones (DHPMs) are well-known calcium antagonistic agents and

are most commonly prepared by acid-catalyzed cyclocondensation of urea, b-

ketoesters, and aromatic aldehydes. Ever since its discovery in 1893, this so-called

Biginelli reaction (Scheme 17.19) has been subject of numerous optimization stud-

ies and many modified procedures have resulted (vide infra). The Biginelli reaction
and its modifications are still popular tools for the preparation of DHPMs 26 and

have been extensively reviewed by Kappe et al. [56].

Despite its extreme simplicity, the original Biginelli three-component reaction

suffers from long reaction times and low to moderate yields of the desired DHPMs

26. This is particularly true when substituted aliphatic/aromatic aldehydes or thio-

ureas are used. To overcome this problem, several improved reaction procedures

for the synthesis of 26 have been developed either by modification of the classical

Scheme 17.18

Scheme 17.19
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one-pot Biginelli approach itself [57] or by the development of novel, but more

complex multistep strategies [58].

Significant rate and yield enhancements have been reported for Biginelli reac-

tions performed under MW irradiation conditions. Most of these procedures are

solvent-free and were performed in a domestic MW oven and require various cata-

lysts such as polyphosphate ester (PPE) [59], Cu(II) salts [60], iodine–alumina [61],

montmorillonite KSF clay [62, 63], or different chlorine-containing catalytic sys-

tems [64].

More advanced MW exploitation involves use of a monomode MW reactor

equipped with a robotics interface that can be used for automated sequential li-

brary synthesis. The Biginelli reaction performed using this procedure employs a

diverse set of starting compounds to prepare a 48-compound library of 26 [65].

AcOHaEtOH was used as solvent and a catalytic amount of Yb(OTf )3 was added.

When the unattended automation capabilities of the MW synthesizer are used a

library of this size can be synthesized in 12 h.

The Biginelli condensation can also be performed on soluble polymers (Scheme

17.20). This procedure couples the advantages of homogeneous solution chemistry

with those of solid-phase chemistry (use of excess reagents and easy isolation and

purification of the products) [59].

Poly(ethylene glycol) (PEG) is linked to acetoacetate by reaction of PEG with

2,2,6-trimethyl-4H-1,1-dioxin-4-one 27 in anhydrous toluene under reflux for 5 h.

The DHPMs synthesis was achieved by mixing the PEG-linked acetoacetate, urea,

and the corresponding aldehyde in the ratio 1:2:2 with a catalytic amount of non-

oxidant polyphosphoric acid (PPA) [59]. This mixture was irradiated in a domestic

MW oven for 1.5 to 2.5 min to obtain 28 in 70–94% yield.

Unlike the classical Biginelli reaction, which only tolerates open-chain b-keto es-

ters, cyclic b-diketones can also participate in a related MCR [66]. This procedure

requires Meldrum’s acid 29a (X ¼ O and Z ¼ CMe2) or barbituric acid derivatives

29b (X ¼ NH or NMe and Z ¼ CO), urea, and aldehydes (Scheme 17.21). The mix-

ture was irradiated in a domestic MW oven for 4 min under solvent-free condi-

tions. The reaction requires a Brönstedt acid as catalyst to give, selectively, a family

of novel heterobicyclic compounds 30 in good yields (70–83%).

Scheme 17.20
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17.2.5

Imidazoles

Compounds that bear an imidazole ring system can have many pharmacological

properties and play important roles in biochemical processes [67]. Balalaie et al.

synthesized these species under MW conditions by three-component condensation

of benzil, benzaldehyde derivatives, and 2 equiv NH4OAc (Scheme 17.22) [68]. The

reaction was catalyzed by zeolite HY or silica gel under solvent-free conditions.

After MW irradiation for 6 min in a domestic oven at 850 W the desired triarylimi-

dazoles 31 were obtained in good yields (80–94%) by use of zeolite HY; slightly

lower yields (54–89%) were obtained for the reactions on silica gel.

Tetrasubstituted imidazoles 32 can also be synthesized by a three-component

condensation [55]. These reactions are usually limited and cannot be performed

under neutral conditions [70]. With use of MW irradiation, however, the reaction

becomes possible. The procedure requires benzonitrile derivatives, benzil, and pri-

mary amines on the surface of silica gel to obtain the tetrasubstituted imidazoles

32 in moderate to good yields (58–92%, Scheme 17.23).

Scheme 17.21

Scheme 17.22

Scheme 17.23
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By applying a different procedure, Orru et al. developed a MW accelerated MCR

for synthesis of a small 48-membered library of mono, di, tri, and tetrasubstituted

imidazoles 33 (Scheme 17.24) [71].

In their variation of Radziszewski’s four-component reaction, an aldehyde,

NH4OAc, a diketone, and an amine were combined to produce imidazoles 33.

The reaction was performed in an automated monomode MW reactor at 160 �C

using a mixture of chloroform and acetic acid as solvent. Product yields were up

to 90%, depending on the nature of the different R groups.

Biologically active fused imidazo[1,2-a]pyridines 34 and imidazo[1,2-a]pyrazines
35 were shown to be accessible by reaction of 2-aminopyridine (X ¼ CH) or 2-

aminopyrazine (X ¼ N), respectively, with aldehydes and isocyanides in the pres-

ence of 5 mol% Sc(OTf )3 (Scheme 17.25) [72].

Although flexible, the procedures suffered from poor time efficiency and reac-

tion products were normally obtained only after continuous stirring for 72 h.

With the objective of better time efficiency, Varma et al. developed an identical, al-

though MW-accelerated, three-component synthesis catalyzed by montmorillonite

K-10 instead of Sc(OTf )3 [24]. Their solvent-free one-pot procedure involves irradi-

ation of a mixture of aldehydes and either 2-aminopyridine or 2-aminopyrazine in

the presence of montmorillonite K-10 to generate the corresponding iminium ion.

Subsequent addition of isocyanides and further irradiation at reduced power gave

the desired imidazo[1,2-a]pyridines 34 and imidazo[1,2-a]pyrazines 35 in good

yields (Scheme 17.26). Time-efficiency was improved one-thousandfold compared

with previously reported results under conventional heating conditions and reac-

tions were usually complete within minutes. A variety of aldehydes and isocyanides

Scheme 17.24

Scheme 17.25
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were compatible with this reaction, which enabled generation of a library of 34 and

35. The preparative scope of the reaction was further extended to the synthesis of a

variety of imidazo[1,2-a]pyrimidines 36 by using aldehydes, isocyanides, and 2-

aminopyrimidine as starting materials (Scheme 17.26).

MW irradiation can also accelerate the synthesis of fused 3-aminoimidazoles 37

in a similar reaction to that described above but now in MeOH as solvent. Libraries

of 37 were produced by Tye et al. (ten compounds) [73] and Zhang et al. (sixty com-

pounds) [74] via a three-component reaction of heterocyclic amidines with isocya-

nides and aldehydes using a catalytic amount of Sc(OTf )3 (Scheme 17.27).

By use of a monomode MW reactor and MeOH as solvent reaction times could

be reduced to 10 min (at 160 �C) compared to the original procedures by Blackburn

et al. [72]. The more reactive, electron rich, amidines in combination with benzyl-

isocyanide gave high yields (65–93%). Less reactive amidines gave reduced conver-

sions to product and some side products were observed.

Finally, a MW assisted Ugi–de-Boc cyclization sequence can be used for the syn-

thesis of benzimidazole cores 38 (Scheme 17.28) [75].

Scheme 17.26

Scheme 17.27

Scheme 17.28
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A mixture of an F-Boc-protected diamine with a slight excess of benzoic acid, al-

dehyde, and isonitrile in MeOH was subjected to MW irradiation for 10–20 min at

100 �C to give the linear Ugi product 39. Subsequent deprotection of the amine

group (de-Boc) induced cyclization and the final product 38 was formed after 10–

20 min, again under MW irradiation, now in TFA–THF (1:1). The reaction mixture

was purified by fluorous solid-phase extraction (F-SPE) and afforded 38 in up to

67% yield.

17.2.6

Pyrroles

Pyrroles are the core unit of a wide variety of natural products [76]. Although many

methods are available for the synthesis of these species, most are multi-step proce-

dures resulting in low yields [77, 78]. However, Hantzsch made another important

contribution to the progress of multicomponent chemistry. In his procedure pyr-

roles were successfully prepared from primary amines, b-ketoesters, and a-halo-

genated b-ketoesters [79]. Only a few other one-step procedures have been reported

for pyrroles but, because of to long reaction times and insufficient scope of substi-

tution at the ring, these are not very satisfactory [80, 81].

An interesting variant is the multicomponent synthesis of pyrroles from car-

bonyl compounds, primary amines, and nitroalkanes first described by Ishii et al.

[82]. When the reaction is performed under the conditions specified by Ishii et al.

[82], reaction rates were slow and reaction products were usually obtained in mod-

erate yields. In an attempt to improve the efficiency of the reaction, Ranu et al. [83]

developed an identical, but MW-assisted, synthesis on the surface of either silica or

alumina. A wide range of structurally different a,b-unsaturated aldehydes and ke-

tones were successfully coupled under mild conditions with primary amines and

nitroalkanes to produce the corresponding pyrroles 40 in yields that were usually

better than those reported previously (Scheme 17.29). Compared with the proce-

dure described by Ishii et al. [82], time efficiency had been improved substantially

and reactions generally proceeded to completion within 10 min. The reaction de-

veloped by Ranu et al. was performed in a domestic MW oven with an irradiation

time of 5–10 min at 120 W and the desired pyrroles 40 were generated in moderate

to good yield (60–72%) [83].

An alternative synthetic route to (bicyclic) pyrroles 41 involves the coupling of a

cyclic ketone with an amine and an a,b-unsaturated nitroalkene on the surface of

alumina (Scheme 17.30) [14]. After MW irradiation for 13–15 min the product 41

was obtained in 71–86% yield. In this synthesis, substitution on the a-position of

Scheme 17.29
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the nitroalkene input is essential, or the reaction takes a different course. Open-

chain ketones can also be used in this reaction.

Yet another procedure used to prepare fused pyrroles is three-component con-

densation of an acyl bromide, pyridine, and an acetylenic compound, catalyzed by

basic alumina, to give the corresponding indolizines 42 in 87–94% yield (Scheme

17.31) [84]. The mixture was irradiated for 8 min in a monomode MW reactor with

a temperature limit of 250 �C.

It is believed that the N-alkylpyridinium salt, generated in situ from condensa-

tion of phenacyl bromide and pyridine, is converted into the 1,3-dipole species 43

under basic conditions. Subsequent cycloaddition to ethyl propiolate results in an

unstable intermediate, which instantly facilitates aromatization to afford the fused

pyrroles 42a (Scheme 17.32).

Scheme 17.31

Scheme 17.32

Scheme 17.30
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17.2.7

Other N-containing Heterocycles

Yadav et al. reported a three-component coupling reaction under MW conditions

for construction of a triazine system containing a thiazole core [85]. In this reac-

tion, a thiazole Schiff ’s base, an aldehyde, and NH4OAc react to yield thiazolo-s-
triazine C-nucleosides 44 (Scheme 17.33).

This reaction was performed in a domestic MW oven for 9–15 min at a power

level of 480 W. The yields were good (76–88%) and triazines 44 were obtained

with high diastereoselectivity in favor of the cis isomers (>96:4). This ratio is

much higher than that from a comparable experiment in which the reaction was

performed under traditional heating conditions. With the same reaction times

and temperature (90 �C, measured directly after irradiation) product yields were

significantly lower (19–31%) and diastereoselectivity (>56:44) was much lower.

The 1,2,3-triazoles have interesting biological properties [86, 87]. 1,4-

Disubstituted triazoles 45 can be synthesized in a one-pot three-component MW-

assisted reaction from corresponding alkyl halides, sodium azide, and alkynes

(Scheme 17.34) [88].

The alkyl azide is generated in situ from the corresponding alkyl halides and so-

dium azide, whereupon it is captured by copper(I) acetylide forming the desired

triazole 45. The reaction is performed under the action of MW irradiation for 10

min at 125 �C. Although most compounds readily tolerated this temperature, occa-

sionally it resulted in reduced yields. To circumvent these problems these reaction

mixtures were irradiated for 15 min at 75 �C. The reaction was performed in a 1:1

mixture of t-BuOH and water and the Cu(I) catalyst was prepared in situ by

Scheme 17.33

Scheme 17.34
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comproportionation of Cu(0) and Cu(II). The desired triazoles (45) could then be

isolated in 81–92% yield.

Another MW-assisted application of the Ugi–de-Boc cyclization sequence (vide
supra) is the construction of the interesting N-containing heterocyclic core of a qui-

noxalinone 48. When the reaction was performed at room temperature good yields

were obtained but it took 36–48 h to complete [89]. Tempest et al. modified the

procedure to reduce reaction times and to simplify the purification of the Ugi con-

densation products [75]. They did this by irradiating a mixture of F-Boc protected

diamine with a slight excess of phenylglyoxylic acid 46, aldehyde, and isonitrile in

MeOH in a monomode MW reactor for 10–20 min at 100 �C, initially obtaining

intermediate 47 (Scheme 17.35).

The final quinoxalinone product 48 was generated by de-Boc cyclization of 48 in

TFA–THF (1:1) under the same MW conditions. The product 48 was easily sepa-

rated from the reaction mixture by fluorous solid-phase extraction (F-SPE) in 51–

95% yield.

In the next two MCRs, two heterocyclic rings are constructed in the same reac-

tion step. The first example is a rather complicated synthesis of pyrido[2,3-

d]pyrimidine scaffolds 49 via a one-pot MW-assisted condensation of a a,b-

unsaturated ester, malononitrile or cyanoacetate, and an amidine (Scheme 17.36)

[90].

By use of sealed-vessel monomode MW technology full conversions were

achieved within 10 min at temperatures of 100–140 �C. Solvent studies showed

that the strongly MW-absorbing MeOH resulted in the best yields of the desired

products. Initially the reaction was performed without the presence of a base. Al-

though the amidine building block itself is a base, a catalytic amount of a stronger

base (5% NaOMe) was necessary to obtain the desired product in high yield.

Scheme 17.35

Scheme 17.36
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The rather elegant construction of canthines is a second example in which two

heterocyclic rings are constructed in a single step by MW-assisted MCR technology

(Scheme 17.37). Canthines are a tetracyclic subclass of b-carboline alkaloids with a

wide range of pharmacological activity [91]. Several synthetic approaches to the

canthine skeleton have been reported [92, 93]. Snyder reported a elegant strategy

in which first a three-component reaction was performed to form the triazine 50

(Scheme 17.37, reaction path a) [94].
Intermediate 50 was subsequently heated under reflux in triisopropylbenzene

(232 �C) for 1.5 to 20 h to provide the basic canthine skeleton 51. Recently, Lindsley

et al. reported a rapid MW-mediated procedure for synthesis of 51 [95]. This

reaction, performed in a monomode MW reactor at 180 �C, required a reaction

time of only 5 min. Even more interesting, treatment of the acryl hydrazide-

tethered indole input, with benzil in the presence of 10 equiv. NH4OAc delivered

not only the expected triazine 50 but also, directly, the 1,2-diphenyl canthine deriv-

ative 51 (Scheme 17.37, reaction path b). The products were formed in a 9:1 ratio

of 50 and 51, respectively. In the one-pot reaction, the indole underwent a three-

component condensation to generate 50 followed by an intramolecular inverse-

electron-demand Diels–Alder reaction and subsequent chelotropic expulsion of N2

to generate the 1,2-diphenyl canthine 51.

It was possible to obtain the desired canthine 51 exclusively, simply by increas-

ing the MW reaction time from 5 to 60 min at 180 �C. The ratio of 50 to 51 could

be increased from 9:1 to 1:2. Further increasing the temperature to 220 �C, which

is 100 �C above the boiling point of HOAc, for 40 min improved the selectivity to

1:19 in favor of canthine 51.

17.3

Oxygen-containing Heterocycles

In previous sections, MW-accelerated MCRs were shown to be efficiently catalyzed

by several insoluble inorganic supports. Similar results were obtained when mild

Scheme 17.37
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Brönstedt acids were used to catalyze the MW-accelerated multicomponent synthe-

sis of substituted isoflav-3-enes 52 (Scheme 17.38) [96].

Irradiating a mixture of phenyl acetaldehyde and cyclic secondary amines led to

the formation of the corresponding enamines, which, on addition of salicylalde-

hydes, 53, and a catalytic amount of NH4OAc, gave isoflav-3-enes 52 in good yields

ranging from 71% to 88%. The reaction could be performed in the absence of a

solvent and reaction times were strikingly short. Thus an efficient and environ-

mentally benign procedure had been developed for the synthesis of various substi-

tuted isoflav-3-enes 52.

Another important class of O-containing heterocycles with a wide range of bio-

logical activity are 4H-benzo[b]pyrans [97]. Conventional synthesis of these species
requires the use of organic solvents, for example DMF–acetic acid, that complicate

the work up procedure, resulting in poor yields of the products [98]. Kaupp et al.

recently reported a novel method for the synthesis of these heterocycles which uses

the reactants in the solid or molten state [99]. This two-step reaction was per-

formed at very high temperature and required long reaction times. Devi et al. ad-

justed this procedure to develop a simple and highly efficient method for synthesis

of 54 via a three-component cyclocondensation reaction under MW conditions

[100]. In this solvent-free procedure, equimolar amounts of benzaldehyde, alkyl ni-

trile, and dimedone were mixed with a catalytic amount of NaBr (Scheme 17.39).

The reaction mixture was irradiated in a monomode MW reactor for 10–15 min at

70–85 �C to furnish the 4H-benzo[b]pyrans 54 in good to excellent yields (63–

95%).

Another multicomponent procedure used to construct oxygen containing hetero-

cycles under MW conditions is the synthesis of pyrano[2,3-d]pyrimidine 56 [55].

Scheme 17.38

Scheme 17.39
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The reported MCR uses N,N-dimethylbarbituric acid 55 with equimolar amounts

of triethylorthoformate, malononitrile and 3 equiv. acetic anhydride (Scheme

17.40). This mixture was irradiated for 5 min at 75 �C to furnish the desired

pyrano[2,3-d]pyrimidines 56 in good yield (75–85%) [55].

Heterocyclic systems produced by annulation of a pyran ring to the biologically

versatile thiazole nucleus can lead to an attractive scaffold for libraries of drug-like

compounds. Yadav et al. reported a synthesis of these species by three-component

coupling of glycine, acetic anhydride, and a 5-arylidenerhodanine 57 (Scheme

17.41) [101].

The reaction was performed in an unmodified domestic MW oven with an

irradiation time of 10–14 min at 560 W and furnished good yields (73–86%) of

the final product 58. Diastereoselectivity strongly favored the syn isomers (>96:4).

For comparison purposes, the reaction was also performed using a thermo-

statted oil bath using the same reaction times and temperature; significantly lower

yields were obtained (35–43%) and diastereomeric ratio was lower (>57:43).

The reaction can be rationalized in terms of Michael addition of azlactone

59, generated in situ, to thialolone 57, to afford the corresponding intermediates

60 and 61 (Scheme 17.42). These intermediates then smoothly undergo ring-

formation to yield the final product 58.

It has been argued that the improved diastereoselectivity in this reaction can be

attributed to a difference between the polarity of the activated syn complex 60 and

the corresponding anti complex. This syn intermediate is more dipolar than the

corresponding anti form. Because MW radiation favors reactions occurring via

more dipolar activated complexes (Ref. [19c] and Chapter 4 in this book) the syn

isomer of 58 is favored.

Scheme 17.40

Scheme 17.41
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17.4

Other Ring Systems

2,6-Dicyanoanilines 62 have been seen as a basis for artificial photosynthetic sys-

tems or molecular electronic devices [102, 103]. These compounds can be prepared

from propanedinitrile and a,b-unsaturated ketones but yields are very poor (5–

20%) [104]. It is possible to improve the utility of this process by using a practical

multicomponent variant under MW conditions [105]. In this procedure the a,b-

unsaturated ketones are generated in situ from the corresponding aldehydes and

ketones, after which they are captured by 2 equiv. propanedinitrile, forming the

corresponding polysubstituted 2,6-dicyanoanilines 62 (Scheme 17.43). The irradia-

tion time was 2 min and the product was isolated in an improved 50–63% yield

[105].

To improve these yields further, poly(ethylene glycol) (PEG) was used as support.

Thus, PEG-bound aldehydes (R1 ¼ PEG-connection) were mixed with ketones and

3 equiv. propanedinitrile, and NH4OAc was used as base. The three-component

reaction was performed under MW irradiation for 2 min resulting in PEG bound

2,6-dicyanoanilines. These were cleaved by NaOMeaMeOH to afford free polysub-

stituted 2,6-dicyanoanilines 62 in good yields (65–82%) [105].

Scheme 17.42

Scheme 17.43
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Thiazolidones are another class of heterocycles that attract much attention be-

cause of their wide ranging biological activity [106]. They are usually synthesized

by three-component condensation of a primary amine, an aldehyde, and mercapto-

acetic acid with removal, by azeotropic distillation, of the water formed [107]. The

reaction is believed to proceed via imine formation then attack of sulfur on the

imine carbon. Finally, an intramolecular cyclization with concomitant elimination

of water occurs, generating the desired product. The general applicability of the re-

action is limited, however, because it requires prolonged heating with continuous

removal of water. To circumvent these difficulties and to speed up the synthesis,

Miller et al. developed a microwave-accelerated three-component reaction for

the synthesis of 4-thiazolidinones 63 [108]. In this one-pot procedure, a primary

amine, an aldehyde, and mercaptoacetic acid were condensed in ethanol under

MW conditions for 30 min at 120 �C (Scheme 17.44). The desired 4-thiazolidinones

63 were obtained in 55–91% yield.

Benzothiazepines are a class of compounds with interesting pharmacological

properties. Loupy et al. [109] developed an efficient one pot synthesis of diversely

substituted benzothiazepines. Microwave-assisted reaction of isatin and different

acetophenones adsorbed on basic alumina leads to the intermediate 64; this can

be further reacted with 5-substituted aminobenzenethiols to furnish the desired

benzothiazepines 65 in high yields (Scheme 17.45). This procedure proved to be

more efficient than the conventional thermal method, which requires a two-step

synthesis involving harsh conditions, long reaction times and gives only moderate

yields (max 65%).

Scheme 17.44

Scheme 17.45
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17.5

Linear Structures

Solid-phase Ugi four-component reactions under MW conditions have been used

to obtain bisamides 66 [110, 111]. Best results were obtained when the amine in-

put was immobilized, and combined with an aldehyde or ketone, a carboxylic acid,

and an isocyanide (Scheme 17.46) [111].

Although Ugi reactions can proceed rapidly, reaction times from one to several

days are not uncommon. MW conditions could speed up these reactions. Thus,

after attachment of poly(ethylene glycol) (PEG)-grafted polystyrene to an amino-

functionalized building block, the Ugi reaction has been performed in a domestic

MW oven, using a mixture of DCM and MeOH (2:1), with a total irradiation time

of 5 min. After cleavage from the resin by treatment with TFA:DCM (19:1) for 1 h

the desired bisamides 66 were obtained in up to 96% yield. This reduced reaction

times by at least a factor of ten compared with conventional reaction conditions.

MW irradiation has also been used in three-component coupling of an aldehyde,

an amine, and an alkyne (Scheme 17.47) to generate propargylamines 67 [112,

113]. These compounds can be used to prepare many biologically active nitrogen

compounds [114]. Several methods for construction of 67 were known, all required

expensive Au or Ag catalysts and the reactions proceeded slowly in water [115,

116]. Tu et al. performed this reaction using a three-component H2O system in

the presence of 15 mol% CuI [112]. The reaction mixture, in a sealed tube, was

irradiated in a domestic MW oven for 30 min to give moderate to excellent yields

of the desired propargylamines 67 (41–93%).

Thioamides 68 are essential building blocks in the preparation of several biolog-

Scheme 17.46

Scheme 17.47
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ically relevant heterocyclic scaffolds [117]. One way of forming these species is

by three-component coupling of an aldehyde, elemental sulfur, and an amine

(Scheme 17.48). Kindler first reported this one-pot procedure in 1923 [118]. The

original method is of limited application only, because of the high reaction temper-

atures and long reaction times usually required [119]. Another disadvantage is

the use of volatile amines or aldehydes, which cannot be used without autoclave

technology. For these reasons, MW-accelerated conditions in sealed vessels are ben-

eficial to this reaction [120]. When the same mixture was irradiated for 2–20 min

at 100–180 �C in a monomode MW cavity the desired thioamides 68 were obtained

in a 36–99% yield.

a-Aminophosphonates are an important class of biologically active compounds

and their synthesis has received an increasing attention, because of their structural

analogy to a-amino acids [121]. They can usually be prepared by addition of phos-

phorus nucleophiles to imines in the presence of a Lewis acid. This reaction is not

possible in a one-pot procedure with a carbonyl compound, an amine, and diethyl

phosphate (Scheme 17.49) [122], however, because both the amine reactant and the

water formed can decompose or deactivate the Lewis acid [123]. Some one-pot pro-

cedures using lanthanide triflates [124] and indium trichloride [125] catalysts have

been reported, but not only are these catalysts expensive, quite long reaction times

(10–20 h) are required to obtain the desired products in good yields.

The desired a-aminophosphonates 69 can be synthesized by using an MCR

approach under MW-accelerated conditions, however [126]. MW technology en-

ables the use of the inexpensive and reusable montmorillonite KSF clay catalyst.

Aromatic and aliphatic aldehydes both afforded excellent yields of products (80–

92%) in short reaction times (3–5 min). Ketones gave the corresponding phospho-

nates 69, also in good yields (65–80%) after an irradiation time of 6–8 min.

Scheme 17.48

Scheme 17.49
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17.6

Conclusions and Outlook

In this chapter a range of different MCRs performed under MW conditions have

been described. The reactants in these MCRs are often dipoles, because they usu-

ally contain heteroatoms, for example oxygen or nitrogen. In addition, many MCRs

proceed via relatively polar intermediates. As a consequence, these reactions may

benefit substantially from MW irradiation in terms of time-efficiency, yield, and

purity of products (Ref. [19c] and Chapter 4).

Many of the examples reported here make use of solvent-free conditions. The

solvent-free approach allows safe use of domestic household MW ovens and stan-

dard open-vessel technology (Chapter 8). It should, however, be emphasized that

these methods usually suffer from technical difficulties relating to nonuniform

heating and mixing, and precise determination of the reaction temperature. The

current trend in MAOS is to move away from these multimode MW ovens and to

use the more dedicated monomode instruments, which have only become available

in the last few years. Reproducibility and some control over the temperature are

the main advantages. These monomode MW reactors, including easy-to-use auto-

mated equipment for performing many reactions sequentially, are now available

in many synthetic laboratories. We can therefore look forward to many more excit-

ing examples of the application of MW technology to MCR chemistry.
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Microwave-enhanced Radiochemistry

John R. Jones and Shui-Yu Lu

18.1

Introduction

The synthesis, analysis and applications of labeled compounds constitute an area

in which basic and applied research go hand-in-hand. Over the last quarter of a

century the field has seen considerable expansion as reflected in the emergence of

a specific journal (Journal of Labelled Compounds and Radiopharmaceuticals) and the

publication of the proceedings of international symposiums held at 3-yearly inter-

vals. The formation of the International Isotope Society is also an indication of the

increasing importance of isotopes and isotopically labeled compounds.

Within the pharmaceutical industry labeled compounds are used for a variety of

purposes, e.g. screening new targets, for binding experiments, for identification of

metabolites, in absorption, distribution and excretion studies and for quantifying

concentrations in target organs [1]. Understanding reaction mechanisms are

greatly assisted by the availability of suitably labeled compounds.

As most of the compounds used in the above areas are organic, it follows that

most of the isotopes used are those of hydrogen and carbon with oxygen, nitrogen

and the halogens being used in a minority of cases [2, 3]. Whilst radioisotopes are

preferred in terms of sensitivity the problems associated with the use of radioactiv-

ity (separate laboratory facilities required as well as trained personnel) and the pro-

duction of radioactive waste (costs of storage and disposal) means that increasing

use is being made of compounds labeled with stable isotopes, especially as some of

the analytical methods, notably nuclear magnetic resonance (NMR) spectroscopy

and mass spectrometry are becoming more sensitive and versatile [4–7]. Indeed

more and more pharmaceutical companies are developing policies that require

drug candidates to be labeled (separately) with both stable and radioactive isotopes.

Consequently, there is the added benefit to those interested in the preparation of

radio-labeled compounds that the information obtained can be used for preparing

the corresponding compounds labeled with a stable isotope. Indeed, for those in

academic centers it is customary practice to label the target compound, first with

a stable isotope, and then with the radioactive isotope.

In labeling a compound with a stable isotope and with a radioactive isotope there
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are several differences. The former tends to be done on the mg-g scale whereas the

radiolabeled compound is usually prepared on the microgram to milligram scale.

Purification of the former can be achieved by recrystallization or distillation, as

well as by one or more chromatographic methods, whereas radiolabeled com-

pounds are invariably purified by radio-chromatographic methods.

Within the pharmaceutical industry, there is pressure to produce more drug can-

didates in a shorter time (greater efficiency). This trend makes it necessary to de-

vise new and more efficient methods for preparing labeled compounds. There is

also a growing need for a drug candidate to be labeled with several isotopes i.e.

multi-deuterated or multi-tritiated rather than mono-deuterated or mono-tritiated.

Finally, and as mentioned already, there is a need at the end of particular study, to

convert the radioactive waste to a form which can then be re-used, even though the

specific activity may not be as high as in the original study. The movement towards

a more environmentally friendly chemical industry, with faster, more selective and

efficient synthesis, with greatly reduced levels of waste, both radioactive and other-

wise, is gathering momentum and it is one in which microwaves are destined to

play an important role.

Whilst the work that we focus on in the first part of this chapter concerns the

preparation of tritium- and inevitably deuterium-labeled compounds, examples

are given where the benefits can also be applied to the carbon (11C, 13C and 14C)-

labeled area [8]. Also discussed is the use of microwaves in the synthesis of radio-

pharmaceuticals labeled with positron emitters, such as carbon-11 (t1=2 ¼ 20:4

min) and fluorine-18 (t1=2 ¼ 109:7 min). The short half lives of these radioisotopes,

together with the requirements for high radiochemical yield (RCY), radiochemical

purity (RCP) and specific activity (SA) can benefit from the advantages that micro-

waves provide [8, 9].

18.1.1

Methods for Incorporating Tritium into Organic Compounds

The standard work of Evans [2], as well as a survey of the papers produced in the

Journal of Labelled Compounds and Radiopharmaceuticals over the last 20 years, show

that the main tritiation routes are as given in Table 18.1. One can immediately see,

that unlike most 14C-labeling routes, they consist of one-step and frequently in-

volve a catalyst, which can be either homogeneous or heterogeneous. One should

therefore be able to exploit the tremendous developments that have been made in

catalysis in recent years to benefit tritiation procedures. Chirally catalyzed hydroge-

nation reactions (Knowles and Noyori were awarded the Nobel price for chemistry

in 2001 for their work in this area, sharing it with Sharpless for his work on the

equivalent oxidation reactions) immediately come to mind. Already optically active

compounds such as tritiated l-alanine, l-tyrosine, and l-dopa etc have been pre-

pared in this way.

The development of phase transfer catalysis, of supercritical fluids, of ionic

liquids and of course, new reagents, should also have considerable potential in

the labeling area. Furthermore, there is the possibility of combining these ap-
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proaches with energy-enhanced conditions – in this way marked improvements

can be expected.

18.1.2

Problems and Possible Solutions

The tritiation procedures given in Table 18.1 all have serious limitations or dis-

advantages. Thus, for all three hydrogen isotope exchange reactions, HTO is used

as the donor. For health and safety reasons 50 Ci mL�1 (1 Ci ¼ 37 GBq), corre-

sponding to close on 2% isotopic abundance, is the highest specific activity that

we have used and this inevitably limits the maximum specific activity of the prod-

ucts that can be obtained via these routes.

Tab. 18.1. Main tritiation procedures.

Reaction Example

1 Hydrogen isotope exchange

(a) Base-catalyzed

(b) Acid-catalyzed

(c) Metal-catalyzed

2 Hydrogenation

(a) Homogeneous

(b) Heterogeneous

3 Aromatic dehalogenation

4 Methylation

5 Borohydride reduction
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The success of the base-catalyzed hydrogen isotope exchange reaction very much

depends on the acidity of the carbon acid – the weaker it is (higher pKa) the stron-

ger the base required to abstract the proton to form the reactive carbanion [10].

Within the pharmaceutical industry there is a reluctance to use tritium labeled

compounds produced via this route – this is because of the dangers of ‘‘back ex-

change’’. If the compound to be labeled contains several acidic sites then the label

will no longer be incorporated at one site. This may or may not be a disadvantage

depending on what use is to be made of the labeled compound.

Although many pharmaceutical compounds are unable to withstand harsh acidic

conditions a surprisingly large number of compounds have been labeled via this

route. Werstiuk [11] for example has reduced the acid concentration but increased

the temperature, one effect more than compensating for the other – however, the

time required is frequently very long, extending into days. Ion exchange resins,

both acid and base forms, can be used to overcome separation problems [12, 13].

Since the pioneering work of Garnett and Long [14, 15], much progress has been

made in increasing the selectivity of one-step metal-catalyzed hydrogen isotope

exchange reactions. RhCl3, and iridium(I) catalysts of the type [Ir(COD)(L)2]PF6

(COD ¼ cis,cis-1,5-cyclooctadiene) have been successfully used by, amongst others,

Heys, Hesk, Lockley, Salter and their coworkers [16–19]. In some of these studies,

HTO has been replaced by T2 as donor so that compounds of very high specific

activity can be obtained. Myasoedov and colleagues [20, 21] have also made exten-

sive use of high temperature solid-state catalytic isotope exchange (HSCIE) for the

tritiation of a wide range of organic compounds at high specific activity.

Up until recently, hydrogenation reactions with T2 were performed on glass gas

lines but this is now frowned upon by the environmental and health and safety in-

spectorate. Fortunately, there are two commercial instruments available, one man-

ufactured in Switzerland and the other in the USA, which are entirely metallic and

use an uranium ‘getter’ for storing T2 gas; gentle heating allows a pre-determined

volume of gas to be transferred to the reaction vessel and on completion of the

reaction any excess can be returned to a secondary bed for storage and re-use. T2

gas is relatively inexpensive and available at 100% isotopic incorporation (specific

activity of 56 Ci mmol�1). The main disadvantage now is that it is sparingly soluble

in many organic solvents with the result that the catalyzed reactions, under both

homogeneous and heterogeneous conditions, are frequently very slow.

Aromatic dehalogenation suffers from the disadvantage that only 50% of the tri-

tium is incorporated, the rest appearing as waste. This situation is even more

marked for borotritide reductions but the problem can be overcome by using

some of the new tritide reagents that have recently become available as a result of

the synthesis of carrier-free lithium tritide (Scheme 18.1) [22]. Their reactivity can

be fine-tuned through the elements (e.g. B, Al, Sn) to which the tritium is attached

and by the electronic and steric nature of the substituents at the central atom.

Tritiated methyl iodide has the advantage that three tritium atoms can be in-

corporated in one step so that compounds with a specific activity close to 80

Ci mmol�1 can be prepared. CT3I is available from commercial sources and being

a low boiling liquid needs very careful handling. It is stable for short periods, con-

sequently there is a need for new methylating agents that offer greater flexibility.
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18.1.3

Use of Microwaves

The possibility of accelerating chemical reactions through the application of a

source of energy, be it in the form of external radiation or via an electric or mag-

netic field, has a long history. The first radiation induced method of labeling was

reported by Wilzbach [23] in 1957 and was subsequently described as the Wilzbach

gas exposure method. Typically 0.5–4.0 g of substrate was exposed to 7–14 Ci of T2

gas for between 3 and 10 days, leading to 20–600 mCi incorporation with specific

activities of the product being in the 1–100 mCi g�1 region. This work was done

long before the development of 3H NMR spectroscopy [24] so that the pattern of

labeling could not be ascertained. Furthermore purification of the products by tech-

niques such as high performance liquid chromatography (HPLC) was not possible.

The hopes of the author that ‘the availability of T2 gas at low cost and the high

levels of radioactivity attainable, even in materials of complex structure, combine

to make exposure to tritium gas an attractive method for the preparation of tritium

labeled compounds’ were not therefore fully realized. In the course of time, more

attractive tritiation methods were developed. Nevertheless, the work stimulated a

great deal of interest with the objective of minimizing radiation damage and in-

creasing the specific activity of the labeled substrate. Many improved versions of

the Wilzbach method were reported, of which the following are best known:

1. recoil labeling (which does, in fact, predate the Wilzbach method);

2. electrical discharge method,

3. low pressure method,

4. ion beam method,

Scheme 18.1. Preparation of tritide reagents from LiT.
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5. microwave discharge activation (MDA) method,

6. adsorbed tritium method.

Although chemists very frequently refer to two papers [25, 26] published in 1986

as the start of the ‘microwave-enhanced era’ as an efficient new procedure for or-

ganic synthesis, it was Ghanem and Westermark [27], way back in 1960, who first

suggested that input of microwave power into a system containing tritium could

accelerate the tritiation kinetics. A number of antibiotics, local anaesthetics and

amino acids were amongst the early compounds labeled. Wolf et al. [28–30] im-

proved the technique by circulating the tritium gas within the labeling system

and successfully tritiated a number of tripeptides, amongst other compounds. Es-

sentially the same system was used by Peng et al. [31, 32] to tritiate a number of

steroids. The apparatus was relatively simple to construct and the MDA method

was seen to be superior to the other radiation-induced methods of labeling, requir-

ing a short reaction time and using a small amount of tritium gas. However, the

chemistry within this kind of microwave plasma is complex with various tritium

species being formed e.g. Tþ, T3
þ, T and T�. Consequently, there are several re-

action mechanisms taking place concurrently so that the overall tritiation is char-

acterized by low selectivity; extensive purification is also necessary. Being a

radiation-induced method the work can not be applied to deuteriation studies, in

sharp contrast to the more recently developed microwave-enhanced methods. An

excellent account of radiation-induced methods of labeling has been given by

Peng [33].

The exponential growth in microwave-enhanced synthetic organic chemistry (see

Fig. 1 in Ref. 8 and 34 and now in Chapter 4 of this book) which Gedye and

Giguere and their colleagues initiated in 1986 may come to represent one of the

most significant events in the development of chemistry over the last half-century.

Whilst microwave dielectric heating has been widely used in the food processing

Fig. 18.1. Microwave heating profile of organic solvents using

a Prolabo Synthewave S402 microwave instrument (5 cm3 at

300 W).
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area for many years chemists have been slow in recognising the potential, partly

because the necessary theory is usually taught as part of a physics degree course

and partly because of the lack of suitable instrumentation for making quantitative,

as distinct from qualitative, measurements. This second problem will soon not

exist as several powerful computer-controlled instruments have come to market

within the last few years.

A detailed account of the theory behind the interaction of microwaves with mat-

ter is beyond the scope of this Chapter but there are several excellent and recent

reviews available [34–38 and other chapters in this book].

18.1.4

Instrumentation

Most of the early work was carried out using the multi-mode or commercial do-

mestic microwave ovens. At Surrey we first used a Matsui M169BT unit (750 W),

and later on a Prolabo Synthewave S402 focused microwave reactor (300 W) was

acquired. In our earlier studies, the reagents were contained in a thick walled glass

tube sealed at the top but experience showed that a small conical flask (20 cm3)

fitted with a septum stopper was well suited for most of the reactions. It was placed

in a beaker containing vermiculite and slowly rotated during the course of the irra-

diation. To avoid undue pressure build-up the vessel can also be left un-stoppered.

For parallel reactions, the Radley’s RDT 24 place PTFE carousel reaction station to-

gether with Pyrex glass tubes (25 cm3, o.d. ¼ 15 mm) were placed on the turntable

of the microwave oven. The reaction vessels for the Synthelabo S402 are quartz

tubes of different sizes. For smaller scale reaction specially designed Pyrex tubes

(o.d. ¼ 9 mm) can be inserted inside the standard quartz tube (o.d. ¼ 25 mm).

More and more researchers are using the mono-mode instruments and the man-

ufacturers are bringing the second generation of microwave reactors (e.g. The

Discover focused microwave synthesis systems by CEM, the 521 Accelerated Micro-

wave Heater by Resonance Instruments, the Initiator by Biotage, and the Micro-

SYNTH Labstation by Milestone) to the market; these are more effective and user

friendly. New standard glassware, capable of withstanding high temperature and

pressure is also being developed and marketed.

Investigations of the mechanisms and kinetics of microwave-enhanced reactions

is at an early stage but the development [39] of a microwave reactor/ultraviolet/

visible hybrid spectrometer will be a valuable tool. It has already been used to study

the formation of benzimidazole from the reaction of 1,2-diaminobenzene and for-

mic acid.

Real-time in situ Raman analysis of microwave-assisted organic reactions has

also been reported [40, 41]. Raman spectroscopy provides a combination of high

selectivity along with the ability to conduct analysis directly through the wall of

glass reaction vessels and in monitoring the Knoevenegel condensation reaction

of salicylaldehyde and benzyl acetoacetate to form 3-acetylcoumarin, observations

were made inside the microwave compartment of the synthesizer.
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18.2

Microwave-enhanced Tritiation Reactions

18.2.1

Hydrogen Isotope Exchange

This is one of the most versatile reactions known as it can be catalyzed by acids,

bases and metals as well as induced by photochemical and other means. It is also

amongst the simplest of organic reactions so that studies in this area have greatly

improved our understanding of reaction mechanisms. It is also one of the best

methods for introducing deuterium/tritium into organic compounds. The knowl-

edge gained from basic research studies can therefore be put to good use within a

fairly short time interval.

Koves [42–44] was the first to show that acid-catalyzed aromatic hydrogen iso-

tope exchange could benefit from the use of microwaves and shortly afterwards

we showed that both heterogeneous and homogeneous metal-catalyzed reactions

could also be greatly accelerated [45, 46]. It was during these studies that we recog-

nized that further benefits could accrue by converting the organic compound (usu-

ally neutral) to an ionic form e.g. by protonating the aNH2 group. These prelimi-

nary studies were then extended to take in a large number of nitrogen-containing

heterocyclic compounds – here protonation on an aNH2 group or the ring-based

nitrogen was possible. This work was prompted by the earlier findings of Werstiuk

employing a high temperature, dilute acid, approach to the deuteriation of many

organic compounds. Extensive labeling could be obtained provided the heating

times were long (typically 12–50 h). Rarely can compounds of pharmaceutical

interest withstand such demanding conditions. Furthermore, the development of

new, combinatorial chemistry, requires that labeling reactions should be rapid so

that high sample throughput can be achieved.

The results for mono-, di- and fused ring substituted pyridines showed, as for

the earlier study on the microwave-enhanced deuteriation of o-toluidine, that by
first forming the hydrochloride salt extensive labeling could be achieved within 20

min. Furthermore the reaction products were easily isolated and of high purity, a

frequently noticed feature of these reactions. The reaction mechanism is repre-

sented in Scheme 18.2, the deuterium being inserted in the ortho and para posi-

tions. The time taken to reach a pre-determined temperature depends greatly on

the polarity of the solvent used and as the results in Fig. 18.1 show this can be

Scheme 18.2. Deuteration of o-toluidine hydrochloride under microwave conditions.
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altered either by changing the solvent or adding a co-solvent. For labeling purposes

a D2O (or HTO)–DMSO mixture has great attraction as the heating time can now

be reduced to a matter of 1–2 min.

The choice of solvent can also be beneficial in another respect. This possibility

was highlighted by the findings of Cioffi on the Raney Nickel catalyzed hydrogen-

deuterium exchange of a model carbohydrate (1-O-methyl-b-d-galactopyranoside),

but under ultrasonic irradiation (Table 18.2) [47]. Extensive deuteriation at the C-4

position occurred for a series of etheral solvents, the C-3 position was deuterated

by seven solvent systems and the C-2 position deuterated less extensively, also by

seven solvent systems. For 1,4-dioxane-D2O no labeling at the C-2 position oc-

curred and for 1,2-dimethoxyethane-D2O no C-3 labeling was observed.

We chose the microwave-enhanced Raney Nickel catalyzed hydrogen isotope ex-

change of indole and N-methylindole as our substrates and D2O, CD3COCD3,

CD3OD and CDCl3 as the solvents. The thermal reaction had already been the sub-

ject of a recent study [48]. The microwave-enhanced method was some 500-fold

faster than the corresponding thermal reaction (at 40 �C). Furthermore the pattern

of labeling (Scheme 18.3) varied with the choice of solvent. Thus in the case of

indole itself the more polar solvents such as D2O and CD3OD give rise to general

labeling whilst CDCl3, for example, give very regiospecific labeling. There is at this

stage no indication that the pattern of labeling in the microwave-enhanced reac-

tions is different in any way from that observed for the thermal reactions. However

inherent in both sets of results are mechanistic features worthy of more detailed

investigation.

The benefits of using ionic compounds in microwave-enhanced reactions (see

Chapter 7 in this book) led us to explore the possibility of using ionic solvents i.e.

ionic liquids, as donors for both deuterium and tritium. Whilst D2O is now rela-

tively inexpensive and available at high isotopic enrichment, tritiated water is usu-

ally employed, for safety reasons, at low isotopic incorporation (we typically use

Tab. 18.2. Pattern of labeling for a model carbohydrate under the action of ultrasound.

Position THF DMTHF THP 1,3-Dioxane 1,4-Dioxane DME

C2 27 28 20 25 <1 15

C3 73 84 59 60 62 <1

C4 89 93 59 76 75 29

THF ¼ tetrahydrofuran, DMTHF ¼ 2,5-dimethyltetrahydrofuran,

THP ¼ tetrahydropyran, DME ¼ 1,2-dimethoxyethane
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HTO at 5 or 50 Ci mL�1 specific activity corresponding to 0.2–2% isotopic incorpo-

ration). This is a serious limitation when there is a need to provide compounds at

high specific activity.

Ionic liquids [49–52] are liquids containing only ions, and are fluid at or close to,

room temperature; those with higher melting points are called molten (or fused)

salts. They are non-volatile and many are both air- and moisture-stable as well as

being good solvents for a wide range of both inorganic and organic molecules;

they frequently permit unusual combinations of reagents to be brought into the

same phase.

Many ionic liquids are based on N,N 0-dialkylimidazolium cations (BMI) which

form salts that exist as liquids at, or below, room temperature. Their properties

are also influenced by the nature of the anion e.g. BF4
�, PF6

�. The C-2(H) in imi-

dazole is fairly labile but the C-4(H) and the C-5(H) are less so. Under microwave-

enhanced conditions, it is therefore possible to introduce three deuterium atoms

(Scheme 18.4). As hydrogen isotope exchange is a reversible reaction, this means

that the three deuterium atoms can be readily exchanged under microwave irradi-

ation. For storage purpose, it might be best to back-exchange the C-2(D) so that the

4,5-[2H2] isotopomer can be safely stored as the solid without any dangers of deu-

terium loss. The recently reported microwave-assisted preparation of a series of

ambient temperature ionic liquids may well accelerate their use in this area [53].

We have already carried out some deuteriation studies with the 2,4,5-[2H3]-BMI-

BF4 ionic liquid and found that for reasonably volatile organic compounds these

Scheme 18.3. Pattern of deuteration at different sites for

indole using a variety of solvents and microwave irradiation.
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can be separated off by simple evaporation leaving the deuterated ionic liquid avail-

able for repeated use i.e. until all the deuterium has been replaced by hydrogen

[54]. Extension of the investigations to the tritium area will require the analogue

to be prepared using Raney Nickel and T2 gas under thermal conditions.

Ease of separation of tritiated products from a reaction medium is an important

feature in the choice of labeling procedure. Sometime ago we used polymer-

supported acid and base catalysts [12, 13] to good effect and with the current inter-

est in Green Chemistry one can expect to see more studies where the rate acceler-

ations observed under microwave-enhanced conditions are combined with the use

of solid catalysts such as Nafion, or zeolites.

Several successful examples of microwave-enhanced hydrogen-deuterium ex-

change have appeared in the literature and these can easily be adapted to the corre-

sponding hydrogen-tritium exchange reaction. Irradiation of estrone in CF3COOD

for a short time (2� 4 min) gave [2, 4, 16, 16-2H4]estrone (Scheme 18.5) in 95%

yield, far better than what was achieved by either sonication or prolonged refluxing

[55].

Fodor-Csorba et al. [56] adopted a very similar procedure, but now on a prepara-

tive scale (i.e. a few grams) to rapidly deuterate a number of ketones that are useful

intermediate in the synthesis of different classes of liquid crystals where the deu-

terated group is directly linked to the mesogenic core. 2-Octanone was one of the

successful examples (Scheme 18.6). With an irradiation time of 15 min, five deute-

rium atoms at 96% isotopic incorporation were incorporated. When thermal condi-

tions are used refluxing for 12 h is typical.

Selective C-2(H)deuteriation of a number of heterocyclic compounds (imidazole,

Scheme 18.5. Expedient microwave deuteration of estrone in CF3COOD.

Scheme 18.4. Preparation of 2,4,5-[2H3]-BMI-BF4 ionic liquid.
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thiazole etc.) as well as the corresponding C-8(H)deuteriation of purines is known

to occur in D2O at elevated temperatures over the course of 12–24 h but on micro-

wave irradiation the reaction is greatly accelerated with reaction times as low as

5 min sometimes sufficient. Having used a number of model compounds Masje-

dizadeh et al. [57] were able to extend their investigations and successfully deu-

terate bleomycin A2, an anti-tumour antibiotic. Irradiation at 165 �C for 6 min

was sufficient. It is not strictly true to say that these reactions are uncatalyzed as

the reaction usually involves the protonated form of the substrate and OD� (from

the D2O).

Cioffi et al., who previously has studied the Raney Nickel catalyzed hydrogen-

deuterium exchange of a model carbohydrate (1-O-methyl-b-d-galactopyranoside)

under ultrasonic irradiation, have extended their investigations into the microwave

area [58]. Using a D2O-tetrahydrofuran (THF) solvent mixture the above com-

pound could rapidly (<10 min) be deuterated with 86% 2H incorporation at one

site and an even better incorporation (91%) for sucrose; other sites were labeled

less extensively.

Metal catalyzed hydrogen isotope exchange has been extensively used for many

years to tritiate a whole range of organic compounds and once 3H NMR spectros-

copy was developed it became an increasingly attractive method. Of the many cata-

lysts used pre-reduced PtO2 has found most appeal; in most cases elevated temper-

atures (>100 �C) and long reaction times (typically 12–48 h) are employed. A good

example concerns the compound, SCH388714, which was satisfactorily tritiated af-

ter heating at 100–140 �C for 48 h. The corresponding microwave-enhanced proce-

dure could be accomplished within 5 min with equally good tritium corporation

(Scheme 18.7). The short reaction time also ensures a better radiochemical purity

[59].

The homogeneous tristriphenylphosphine ruthenium (II) catalyst [60, 61] effects

nearly specific hydrogen-tritium exchange in primary alkanols at the a-methylene

group provided the reaction time is kept short (@0.5 h). Prolonged heating resulted

in the b-methylene positions also becoming tritiated. In a recent deuterium label-

ing study [62] the authors were able, once again, to highlight the time reductions

Scheme 18.6. Microwave-assisted deuterium exchange

reactions for preparation of various ketones.
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that can be achieved by microwave irradiation. Furthermore, optically active pri-

mary alcohols could be deuterated without any racemization. Using a similar pro-

cedure regioselective deuteriation of a number of primary and secondary amines

was also achieved.

18.2.2

Hydrogenation

Neither tritium or deuterium gas, with zero dipole moments, can be expected to

interact with microwave radiation. Their low solubilities are seen as a further dis-

advantage. Our thoughts therefore turned towards an alternative procedure, of us-

ing solid tritium donors and the one that has found most favor with us is formate,

usually as the potassium, sodium or ammonium salt. Catalytic hydrogen transfer

of this kind is remarkably efficient as the results for a-methylcinnamic acid show

[63]. The thermal reaction, when performed at a temperature of 50 �C, takes over

2 h to come to equilibrium whereas the microwave-enhanced reaction is complete

within 5 min. A further advantage is that more sterically hindered alkenes such as

a-phenylcinnamic acid which are reduced with extreme difficulty when using H2

gas and Wilkinson’s catalyst are easily reduced under microwave-enhanced condi-

tions.

Formate can only donate one hydrogen, the other presumably coming from

traces of water present in the solvent or on the surface of the reaction vessel. With

the need to increase the specific activity of the product our thoughts turned to the

preparation of a di-formate salt and as a first example we synthesised the di-formic

acid salt of tetramethylethylenediamine (TMEDA).

The tritiated version could be prepared from tritiated formic acid which we had

prepared at high specific activity (2.5 Ci mmol�1) by a metal-catalyzed hydrogen-

tritium exchange procedure using T2 gas. The material can be stored either as a

Scheme 18.7. Tritium labeling of SCH388714 under thermal and microwave conditions.
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solid or as a solution; if the latter any release of tritium by back exchange can be

easily monitored by 3H NMR spectroscopy. In our experience very little exchange

occurs over several weeks of storage [64].

The use of tritiated formates has further benefits. Firstly the exact amount neces-

sary for 100% hydrogenation can be added so the problems associated with the use

of excess T2 gas are avoided and virtually no radioactive waste is produced. Sec-

ondly, the pattern of labeling can be easily varied, as illustrated for the case of

cinnamic acid (using deuterium rather than tritium). When formate is used in

D2O there are three possible combinations: H2Oþ DCO2
�, D2OþHCO2

�, and

D2Oþ DCO2
� (or the DCO2D salt of TMEDA on its own). The 2H NMR spectra

show that three isotopomers can be prepared – C6H5CHDCH2COOH,

C6H5CH2CHDCOOH and C6H5CHDCHDCOOH.

As of now no details of the synthesis of optically active tritiated compounds pro-

duced under microwave-enhanced conditions have been published. Another area

of considerable interest would be the study of solvent effects on the hydrogenation

of aromatic compounds using noble-metal catalysts as considerable data on the

thermal reactions is available [65]. Comparison between the microwave and ther-

mal results could then provide useful information on the role of the solvent, not

readily available by other means.

Derdau [66] has given an excellent example of the potential of catalytic hydrogen

transfer in the 2H/3H labeling area. Piperidines, piperazines and tetrahydroisoqui-

nolines are widely used as building blocks in the pharmaceutical drug design area.

Catalytic hydrogenation of pyridines, pyrazines and isoquinolines in an especially

direct approach to these compounds but in most cases harsh experimental

conditions – high pressures and temperatures – are necessary. On the other hand

for the catalytic hydrogen transfer – Pd/C is the catalyst and ammonium formate

the in situ hydrogen source. When using ND4
þDCO2

� and various substrates

good deuterium incorporation was achieved over the course of 12–18 h but in the

one case where microwave irradiation was used the desired product was achieved

after 20 min at 80 �C, in 86% yield and a comparable deuteriation level.

18.2.3

Aromatic Dehalogenation

As far as preparing tritiated (and deuterated) compounds are concerned aromatic

dehalogenation is second only to hydrogenation in importance. Furthermore it suf-

fers from the same disadvantages e.g. slow rates which are caused in part by the

poor solubility of the T2 gas in many organic solvents. The situation is however

worse as only 50% of the tritium is introduced into the desired product. Once

again we modified the classical dehalogenation by replacing D2/T2 gas with labeled

formates [67]. There were some previous examples [68–70] of the use of formates

in dehalogenation reactions but none of these describe the utility of these agents

for labeling organic compounds under the influence of microwave irradiation.

The N-4-picolyl-4-halogenobenzamide system (Scheme 18.8) was chosen as the

basic substrate structure because
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1. the Cl, Br, and I derivatives were all easily synthesized;

2. satisfactory purification procedures were available;

3. they yield strong pseudomolecular ions in both positive and negative-ion

HPLC–MS; and

4. they have simple NMR spectra.

Under the experimental conditions dehalogenation proved to be extremely rapid

and was complete within 1 min. This contrasts with the 90–270 min at 100 �C re-

quired for thermal debromination of 2-bromonaphthalene. No dehalogenation

takes place in the absence of the formate donor and when the deuterium is located

in the co-solvent rather than the donor (i.e. HCOOKþD2O) hardly any deuterium

incorporation takes place. Another interesting observation was that the % deute-

rium incorporation was always lower when protic solvents, for example alcohols,

rather than aprotic solvents, for example dimethyl sulfoxide (DMSO), were used.

These are interesting findings which are valuable for proposed tritiation studies.

18.2.4

Borohydride Reductions

One of the most attractive features of borohydride reductions is that under

microwave-enhanced conditions they can be performed in the solid state, and rap-

idly. We were attracted by the work of Loupy et al. [71], and in particular Varma

and Saini [72, 73] who have shown that irradiation of a number of aldehydes and

ketones in a microwave oven in the presence of alumina doped NaBH4 for short

periods of time, led to rapid reduction (0.5–2 min) in good yields (62–93%). In

our study [74] , seven aldehydes and four ketones were reduced (Table 18.3). Again

reduction was complete within 1 min, the products were of high purity (>95%)

and of high isotopic incorporation (95%, same as the NaBD4), and the reactions

completely selective.

So far this remains the only microwave-enhanced borohydride deuteriation

study. Corresponding tritiation studies can be anticipated in due course, especially

with the wider range of tritiated reducing agents, referred to previously, becoming

available. Significant reductions in radioactive waste can be anticipated.

Many borohydrides are highly unstable and have to be used as freshly prepared

ethereal solutions. However there are instances where the polymer-supported ver-

Scheme 18.8. Dehalogenation of N-4-picolyl-4-halogenobenzamide compounds.
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sions are more stable e.g. an Amberlyst anion exchange resin supported borohy-

dride and cyanoborohydride [75], polyvinylpyridine supported zinc borohydride

[76] and the corresponding zirconium borohydride [77]. Such compounds, in their

labeled forms, should turn out to be very useful.

18.2.5

Methylation Reactions

Methyl iodide is the most widely used methylating agent and is the favored route

to CT3- and CD3-containing compounds. As it can be rapidly synthesized (from

CH4) the [11C]-isotopomer also finds wide application (see Section 18.4.1) in the

rapidly expanding positron emission tomography (PET) area [78]. Nevertheless it

is generally agreed that [11C]methyl triflate is a better methylating agent – it is

more reactive and less volatile so that one does not require cooling for trapping or

heating for reaction to take place.

We realized that using a low boiling liquid in a microwave environment, even on

a small scale, did not constitute ‘best practice’ and as for hydrogenations our

thoughts turned to using formates in a modified Eschweiler-Clarke reaction

[79–81] and successfully methylated a number of primary and secondary amines

under microwave conditions (Scheme 18.9) [82].

Tab. 18.3. Borodeuteride reduction of carbonyl compounds

under microwave conditions (750 W, 1 min).

Aldehydes R2 FH

R1 Ph 4-NO2C6H4 trans-
PhCHbCH

2,4,6-

(OMe)3C6H2

1-

naphthyl

2-

naphthyl

PhCH2

Yield (%) 37 37 77 83 85 89 68

Ketones

R1 Ph 4-NO2C6H4 3-ClC6H4 5-methyltetralone

R2 Me Me Me –

Yield (%) 82 68 86 87
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The methylation of secondary amines works better than for primary amines be-

cause there is no competition between the formation of mono- or di-methylated

products. The best results for the microwave-enhanced conditions were obtained

when the molar ratios of substrate to formaldehyde to formic acid were 1:1:1, so

that the amount of radioactive waste produced is minimal. The reaction can be

carried out in neat form if the substrate is reasonably miscible with formic acid–

formaldehyde or in DMSO solution if not. Again the reaction is rapid – it is com-

plete within 2 min at 120 W microwave irradiation compared to longer than 4 h

under reflux. The reaction mechanism and source of label is ascertained by alter-

natively labeling the formaldehyde and formic acid with deuterium. The results in-

dicate that formaldehyde contributes two deuterium atoms and the carbon, whilst

formic acid contributes one deuterium atom; there is no exchange between the

formaldehyde and formic acid.

18.2.6

Aromatic Decarboxylation

As previous examples have shown, the development of microwave-enhanced label-

ing technology means more than accelerating reactions – it provides alternative op-

portunities. It follows therefore that some previously used methods now become

much more attractive and this is the case for certain aromatic decarboxylations

which can now be used for tritiations as well as in the treatment of tritiated waste.

In previous studies [83] of the reaction the overriding feature was the harsh exper-

imental conditions required.

2-Unsubstituted indoles, widely used intermediates in organic chemistry, are

commonly synthesized through decarboxylation of the parent acid [84]. This is

Scheme 18.9. Microwave-enhanced methylation using Eschweiler–Clarke reaction.
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achieved by prolonged heating in the presence of Cu (metal/salt) as catalyst and a

basic solvent such as quinoline. In our studies [85] prior washing of the acid with

CH3OD to exchange the carboxyl proton with deuterium, followed by brief micro-

wave activation, is sufficient to achieve decarboxylation/deuteriation in @100%

yield (Scheme 18.10). Other studies employing a commercial reactor and thick

wall glass tubes capable of withstanding high pressure show that the decarboxyla-

tion proceeds in the absence of the environmentally undesirable copper catalysts

and that quinoline can be replaced with water [86–88].

For a number of benzylformic acids we used N-ethylmorpholine as catalyst and

D2O as solvent/donor. Once again decarboxylation/deuteriation occurs very rapidly

and is complete within 4 min. The range of compounds that can be labeled in this

manner has been further widened by the recent observation [89–91] that tributyl-

phosphine and other trivalent phosphorus compounds (R3P, R ¼ Bu;Ph;Me2N;

OEt) catalyze the decarboxylation of a-iminoacid. By using deuterated/tritiated

acetic acid as a Dþ/Tþ donor several labeled imines have been prepared. Under

microwave-enhanced conditions the reactions would be expected to be much faster

which again would be very useful as tritiated imines are frequently used to label b-

lactams and other biologically interesting compounds such as a-aminophosphate

[92]. It is also worth mentioning that the corresponding phosphites (R2HPbO,

R ¼ OEt;OMe) are cheap, non-toxic hydrogen-atom donors and attractive alterna-

tives to organic tin hydrides [93], and have been identified as effective radical re-

ducing agents for organic halides, thioesters and isocyanides. The tritiated version

of these reagents thus provide new opportunities, especially when coupled to mi-

crowave irradiation.

The potential of the microwave-enhanced decarboxylation route in the radioac-

tive waste area is immediately apparent – washing the tritium waste with a protic

solvent leads to exchange of the labile tritium. The solvent can then be used with

one of the carboxylic acids mentioned above and after the microwave-enhanced de-

carboxylation the waste is now in the form of a solid (greatly reduced volume)

which may have some further use.

Scheme 18.10. Examples of microwave-enhanced decarboxylation.
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18.2.7

The Development of Parallel Procedures

Chemistry as a subject has developed through the synthesis of individual com-

pounds in a number of distinct steps. Recently it has benefited from the introduc-

tion of combinatorial/parallel chemistry techniques as well as microwave-enhanced

technology but so far these studies have not been combined [94]. Lockley and co-

workers [95–98] have shown very nicely how parallel chemistry techniques can be

used for the rapid screening and ranking of catalysts using the hydrogenation of

3-methyl-3-butenyl-isonicotinate as the model reaction (Scheme 18.11).

The authors constructed an 80-well hydrogenator. Fifteen catalysts were screened

and the isotopic incorporation assessed by LC–MS. The regiospecificity was deter-

mined by VAST Direct Injection NMR [99] in conjunction with SPADEZ [100], a

multi-spectrum analysis tool – this is capable of displaying and quantifying up to

96 spectra. So far it has not been possible to vary the solvents as, under the exper-

imental conditions, the more volatile distil over into the less volatile solvents.

A similar study [97, 98] was performed for ortho-directing hydrogen isotope ex-

change reactions of substituted aromatics. The initial screening showed catalytic

activity to reside exclusively with the Group VIII metals, especially the salts and

complexes of Ru, Rh and Ir. Iridium based catalysts are superior to those previ-

ously used – they are more active, operate at lower temperatures and are applicable

to a wider range of substrates. Eventually CODIrAcac (acac ¼ acetylacetone or 2,4-

pentanedione) was identified as the catalyst displaying the best activity; further op-

timization of activity was achieved by varying the ligand structure.

In our own preliminary studies [101] on parallel procedures under microwave-

enhanced conditions, we have used the Radley’s RDT 24 place PTFE carousel reac-

tion station on the turntable of the Matsui M 169BT microwave oven. In this way,

we have studied the catalytic activity of RhCl3 and Pd(OAc)2 towards the reduction

or dehalogenation of 4-bromocinnamic acid and structurally similar compounds. A

nine-reaction matrix was used under microwave-enhanced conditions as illustrated

in Scheme 18.12 – greatly reduced reaction times and easy optimization of reaction

conditions are immediate benefits. As robotics come to play an increasingly impor-

tant role in chemistry, one can immediately see more sophisticated labeling experi-

ments being undertaken.

Scheme 18.11. Parallel screening and ranking of catalysts for

the reduction of isobutenyl groups.
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18.2.8

Combined Methodology

In the search for labeled compounds at higher specific activity/isotope incorpora-

tion, we were aware of the fact that the most widely used methods (see Table

18.1) are invariably performed separately. Consequently we embarked on a study

to see whether, by choosing an appropriate compound, we could not combine e.g.

hydrogenation and dehalogenation, or methylation and dehalogenation, or isotope

Scheme 18.12. A nine-reaction parallel matrix under

microwave-enhanced conditions, and schematic representation

of the carousel arrangement.
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exchange/hydrogenation/dehalogenation. Whilst the investigations are at an early

stage, there are sufficient successful examples to indicate that in future more atten-

tion will be paid to using combined methodologies to improve isotopic incorpora-

tion.

As an example, p-bromocinnamic acid undergoes debromination in the presence

of HCOOK/H2O/DMSO using Pd(OAc)2 as catalyst. The reaction is complete in

60–90 s. On the other hand, the same compound undergoes hydrogenation under

the same conditions using RhCl3 as catalyst; again reaction is complete within 60

s. The combined debromination/hydrogenation of 4-bromocinnamic acid was com-

plete within 1 min when the reaction was performed under microwave-enhanced

conditions (Scheme 18.13) [102]. Therefore one-pot Mþ3 deuterium labeling in a

multi-functional molecule is achieved using a microwave-enhanced combined hy-

drogenation/aromatic dehalogenation procedure. Isotopic purity in all three posi-

tions was >95%.

The screening of the catalytic activity in these reactions is made possible by the

readily available library of various heterogeneous and homogeneous transition

metal catalysts. The use of microwaves ensures that two reactions, each requiring

different times to reach equilibrium under thermal conditions, can now be com-

pleted within a very short interval.

According to Blackwell [103] the application of microwave irradiation to expedite

solid-phase reactions could be the tool that allows combinatorial chemistry to de-

liver on its promise – providing rapid access to large collections of diverse small

molecules. Several different approaches to microwave-assisted solid-phase reac-

tions and library synthesis are now available. These include the use of solid-

supported reagents, multi-component coupling reactions, solvent-free parallel li-

brary synthesis, and spatially addressable library synthesis on planar solid support.

Solid-phase reactions are heterogeneous and often take up to 10 times as long as

their homogeneous counterparts to come to equilibrium. Reagent diffusion into

Scheme 18.13. Example of multiple deuterium labeling using combined methodology.
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the polymer matrix is the main reason for the difference and this becomes very

slow for large macro-beads, hence the need for more forcing conditions such as

high temperature and prolonged times which themselves encourage by-product

formations. This therefore represents as ideal opportunity to exploit the advantages

of using microwaves to accelerate reactions. Furthermore, the possibility of using

thin layer chromatography – where the plates can serve both as support on which

to perform the synthesis and as a medium for separation – under microwave irra-

diation [104] opens up exciting possibilities, not least, in the labeling area.

18.3

Microwave-enhanced Detritiation Reactions

In the preparation of tritium-labeled compounds there are four stages:

� purchase of the tritiated reagent,
� radiochemical synthesis,
� storage of reagent/product, followed by
� removal of radioactive waste.

The first of these can be expensive as also can the last, consequently there is in-

creasing interest in developing procedures which are more efficient than hitherto

so that less radioactive waste is produced in the first place. Some radioactive waste

can be disposed of via the drains but less so to the atmosphere, consequently there

is also increasing interest in the possibility of converting the waste to a suitable re-

agent which can then be used in subsequent syntheses even though it is likely that

the specific activity will be somewhat reduced. This philosophy can clearly be seen

in the operation of both the Trisorber and Tritech tritium gas units which have re-

placed the old glass gas lines. In both instruments, the tritium gas is stored on an

uranium ‘getter’ which on warming, releases a pre-determined amount of T2 into

the reaction vessel. On completion of the reaction, any surplus gas is returned to a

secondary bed where it can be stored prior to use in a subsequent reaction.

Of all the methods used to tritiate organic compounds hydrogen isotope ex-

change stands on its own by virtue of the fact that it is the only truly reversible

reaction. Consequently the benefits that have emerged from the study of

microwave-enhanced hydrogen-tritium exchange should be immediately transfer-

able to tritium-hydrogen exchange. By performing the reaction in a good micro-

wave solvent such as water, a tritiated compound or mixture of compounds could

be ‘decontaminated’ and the HTO formed used in further tritiation studies, albeit

at a lower level of specific activity. If the specific activity requirements are not too

demanding the whole tritiation/detritiation cycle could be repeated several times,

thereby making much better use of the tritiated water.

The first example [105] that we encountered was of an oil that had been exposed

to a harsh tritium rich environment for a considerable time and had a level of ra-

dioactivity in the 2.1–2.2 KBq mg�1 range. An inactive oil, as represented by its 1H
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NMR spectrum, had an identical composition and was used as a model compound.

Based on previous work on shale oils [106] and engine basestocks [107] we knew

that Raney Nickel could catalyze the hydrogen-tritium exchange reactions although

the thermal reactions required high temperature (>180 �C) and long reaction

times (48–66 h). However under microwave-enhanced conditions 5� 2 min pulses

was sufficient to exchange 60–90% of the tritium in the oils; repeating the proce-

dure led to further detritiation (Table 18.4). Although these studies were performed

on a small scale there is no reason why, as for other microwave-enhanced reac-

tions, the scale of the operation can not be increased, or, alternatively a flow system

designed.

18.4

Microwave-enhanced PET Radiochemistry

Positron emission tomography (PET) employs radiotracers and radioligands con-

taining positron emitters (e.g. 11C, 13N, 15O and 18F) in organic molecules, to

image and obtain information on physiological, biochemical and pharmacological

functions at the molecular level in vivo in animal and human subjects [78, 108,

109]. Carbon-11 (t1=2 ¼ 20:4 min) and fluorine-18 (as a hydrogen substitute,

t1=2 ¼ 109:7 min) have become the two most widely used radioisotopes for PET

radiopharmaceuticals. Their short half lives have clear benefits for human subjects

Tab. 18.4. Microwave-enhanced and thermal detritiation of [3H]-oils.

[3H]-Oil Thermal detritiation Microwave detritiation[a]Original activity

(KBq mgC1)

% Detritiation Time (h) % Detritiation Time (min)

1 140 62[b] 48 60 5� 2

2 1128 89[c] 48 87 5� 2

3 2.1 60[c] 66 43 5� 2

4 2.2 70[c] 66 71 5� 2

amicrowave power set at level I (25%) of 750 W
bat 120 �C
cat 180 �C
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undergoing imaging studies with very low radiation exposure doses, but pose enor-

mous challenges to chemists who race against time to produce radioligands of suf-

ficient quantity, purity and specific activity. In order to achieve a high radiochemi-

cal yield and high specific activity the labeling procedures must be rapid (usually

complete within 2–3 half-lives), simple to perform, the products easy to purify,

with the final dose sterile and pyrogen free. Automation provides further benefits

whilst the need to use reactants on a micro-scale requires a good appreciation of

both the reaction stoichiometry and the factors that influence the rates of chemical

reactions.

Because of these requirements, and in particular, the need to perform the reac-

tions rapidly, it is not surprising that the application of microwaves was explored in

the PET radiopharmaceutical synthesis area at an early stage [110]. However, the

subsequent development did not match the rapid expansion in synthetic organic

chemistry area in large part due to more stringent radiation safety considerations.

With the development of new instrumentation and understanding of reaction be-

havior under microwave conditions more PET radioligands and PET radiopharma-

ceutical research are now carried out under microwave enhanced conditions. Two

important reviews [8, 9] are available for an up-to-date picture whilst here we dis-

cuss some noteworthy, and more recent examples. The benefits of microwaves to

PET radiochemistry are also highlighted in other general review articles [111–114].

18.4.1
11C-labeled Compounds

The most widely used synthetic routes follow on closely from those adopted for 14C

syntheses – a small number of key precursors such as 11CO2,
11CH3I,

11CN�, and

H11CHO are sufficient to label a wide range of compounds.

One step O-, N- and S-alkylations can be achieved using 11CH3X (X ¼ I, OTf )

[115–119]. Through the use of microwaves the time required to synthesize [N-
methyl-11C]flumazenil can be reduced from 5 to 0.5 min, accompanied by a 20%

improvement in radiochemical yield. Further improvements can be achieved by

changing the solvent, in this case from acetone to DMF (Scheme 18.14) [115].

Scheme 18.14. Synthesis of [N-methyl-11C]flumazenil acid.
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Even more striking, the total synthesis time was reduced by nearly one half life for

the preparation of the b1 adrenoceptor ligand [N-methyl-11C]CGP20712A [116].

RCYs obtained for 20 min at 110 �C by thermal heating vs. 90 s at 600 W under

microwave condition are comparable. Microwaves had no obvious influence on re-

gioselectivity of the various N- and O-methylations, but the addition of a salt, such

as NaI, could apparently change the regioselectivity considerably under both micro-

wave irradiation and thermal heating conditions. More difficult reactions, such as

O- and S-alkylation with ethyl iodide or propyl iodide that did not give sufficient

radiolabeled product are now possible with microwave enhancement [118, 119].

The synthesis of [14C]-labeled esters using a C-alkylation of diethyl malonate

under microwave-enhanced solid-liquid phase transfer catalysis (PTC) conditions

and a subsequent microwave-enhanced decarboalkoxylation (Krapcho reaction)

[167] indicates that an alternative approach to the preparation of [11C]-labeled fatty

acids/esters [168] with less harsh conditions may be possible.

The introduction of a methyl group to aromatic rings is attractive but more diffi-

cult. The classical methodology for the synthesis of [methyl-11C]toluene derivatives

is through Stille coupling of an aryl trialkyltin precursor with [11C]methyl iodide.

The application of microwave heating led to a significant increase in the radio-

chemical yields using Suzuki coupling of the corresponding boron containing pre-

cursors and [11C]methyl iodide (Scheme 18.15) [120]. A large number of other

functional groups are tolerated. This provides an alternative strategy which is more

robust and avoids potentially toxic tin-containing by-products or contaminants.

[11C]Cyanide is a secondary labeling agent, produced from 11CO2 via
[11C]methane. The [11C]nitrile is usually an intermediate that may subsequently

be converted to other functionalities, such as acids, amines, amides etc. [121, 122].

The nucleophilic displacement of the bromide group could be accelerated with

microwaves, with RCY of 60% obtained using 60 W for 30 s, matching the RCY

obtained with heating at 90 �C for 7 min. The slower cyano-dechlorination could

be enhanced by manipulating the polarity of the salt that is used in the reaction

mixture, with KCl and KBr showing the best effects [121].

Additionally, as a result of microwave-enhanced accelerations, a wide range of

amines, acids, esters and alcohols can be prepared from [11C]cyanide (Scheme

18.16) [123] and used for the formation of more complex structures [124–126].

Scheme 18.15. Synthesis of [11C]toluene derivatives via Suzuki coupling with [11C]CH3I.
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Again, reactions with less reactive substrates can be achieved by increasing the po-

larity of the reaction medium through the addition of various salts.

[11C]formaldehyde has been widely used for reductive methylation reactions but

because of the marked fluctuation in the reported yields, as well as impurities

formed in its preparation from 11CO2, the tendency has been to use 11CH3I for di-

rect methylation. However, the recent development [127, 128] of a low temperature

no-carrier-added (NCA) method for preparing H11CHO, coupled to the microwave-

enhanced Eschweiler–Clarke reaction [79–82], has led to a resurgence of interest

in the use of H11CHO. In their study Roeda and Crouzel showed that the LAH re-

duction of 11CO2 produced 34% H11CHO plus 59% H11COOH. Our experience

[82] in using a mixture of DCHO and DCOOH for the N-methylation of both pri-

mary and secondary amines suggests that the corresponding [11C]mixture would

be useful for the 11C-labeling of amines under microwave-enhanced conditions.

The application of microwaves also opens up new opportunities in carbon-11

labeling. No-carrier-added aromatic and aliphatic [carbonyl-11C]amides were tradi-

tionally prepared through reacting cyclotron produced [11C]carbon dioxide with or-

ganometallic reagents, such as Grignard, to obtain the [11C]carboxymagnesium

halides or [11C]carboxylic acid, followed by their conversion into a more reactive

species, such as [11C]acid chloride [129]. Now they can be rapidly synthesized in

one pot in useful radiochemical yields (20–65%, decay-corrected) by directly cou-

pling amines with NCA [11C]carboxymagnesium halides generated in situ from

Grignard reagents and [11C]carbon dioxide (Scheme 18.17). The scope of the reac-

tion was widened considerably by the application of microwaves – without micro-

Scheme 18.16. Synthesis of various 11C-labeled amines, acids, esters, and alcohols.
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wave enhancement success was limited only to the most reactive aliphatic Grignard

reagents and amines [130, 131].

18.4.2
18F-labeled Compounds

Substitution of fluorine for hydrogen in an organic compound causes little steric

perturbation. However, as a result of its greater electron negativity and high C-F

bond energy, the chemical and biological properties will be different. Two strat-

egies, namely electrophilic fluorination and nucleophilic fluorination, are used to

prepare [18F]-labeled compounds. Electrophilic fluorinations are fast, but suffer

from low specific activities resulting from the use of a labeling agent derived from
18F2. They are therefore used less frequently. Nucleophilic fluorinations, either

aromatic or aliphatic, rely on no-carrier-added [18F]fluoride as the primary

labeling precursor. The most widely used nucleophilic fluorination reaction in-

volves [18F]fluoride ion displacing a leaving group, such as aNO2, aX (halogen),

or aNþR3 on an aromatic ring. The frequent need for an activating group within

the same aromatic structure, the use of polar solvents and high reaction tempera-

ture gives ample scope for microwave enhancement.

Radiofluorination with nitro-precursors is by far the most convenient and reli-

able choice [132–142]. Three examples of [18F]radioligand production using micro-

waves are given in Scheme 18.18, demonstrating the improvement in short re-

action time and better RCYs that can be achieved. The reduced amount of

precursors in microwave-enhanced reactions, which not only saves precious start-

ing materials, but also reduces the burden at the purification stage, is an added

advantage.

Scheme 18.17. Synthesis of [carbonyl-11C]amides by direct

reaction of in situ generated [11C]carboxymagnesium halide with

amines.

846 18 Microwave-enhanced Radiochemistry



Scheme 18.18. Examples of aromatic nucleophilic substitu-

tions used in the synthesis of 18F-labeled radiopharmaceuticals.
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In a series of comparative studies, Dollé et al. [140–146] examined the nucleo-

philic aromatic substitution of a number of aromatic rings. The [18F]fluorination

on a pyridine ring, as summarized in Scheme 18.19, shows that under microwave-

enhanced conditions the 2-NO2 and 2-þNMe3 groups led to excellent fluorine in-

corporation whilst the 2-iodo compound was virtually unreactive. Under thermal

conditions, no fluorination was observed for the 2-chloro and 2-bromo compounds.

In a separate study, Banks and Hwang [147] again observed the beneficial effects in

nitro and trimethylammonium substitution by microwaves. The trimethylammo-

nium triflate salt was also successfully applied in the synthesis of [18F]-labeled

COX-1 and COX-2 inhibitors [148]. However, care must be taken to optimize the

reaction condition, otherwise a side reaction producing [18F]fluoromethane occurs

[148, 149]. This could be potentially useful for a novel microwave-enhanced proce-

dure of producing [18F]fluoromethane [149], with approaching 70% RCY achieved

at optimum conditions.

In aliphatic nucleophilic substitution, tosylate proves to be a good leaving group

[150–152]. Although in the preparation of [18F]fluoroethyl tosylate, from ethylene

ditosylate in acetonitrile, the reaction was relatively easy and did not require micro-

wave enhancement, in the case of [18F]FHBG (Scheme 18.20), when the solvent

was acetonitrile or DMSO and thermal heating used, the RCYs were very poor (4–

5%) and the results were not reproducible. When DMSO was used with micro-

waves, RCYs increased up to 30–40%.

The synthesis of 2-deoxy-2-18F-fluoro-d-glucose (2-[18F]FDG) [153–155] is another

example where the application of microwaves can reduce the synthesis time and

increase the radiochemical yields. An initial optimization of the standard nucleo-

philic fluorination with mannose triflate under microwave conditions cut short

Scheme 18.19. Substituent and leaving-group regiochemistry

effects in the microwave-enhanced nucleophilic fluorination of

several pyridine derivatives.
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the synthesis time from 64 min to 51 min, whilst increasing the decay-corrected

RCYs from 47% to 68%. When K2.2.2 was replaced by tetrabutylammonium bicar-

bonate (TBAHCO3), the synthesis time further decreased to 31 min and RCY in-

creased to 76% (Scheme 18.21).

The use of microwaves, together with the involvement of a suitable protection

group, can also be beneficial in reducing isotopic dilution as shown in Scheme

18.22 [156]. Formation of the oxazoline reduced undesirable 18F–19F exchange

and the desired product was rapidly (15 s) isolated in good yield (45–55%) with a

specific activity (1.1 GBq mmol�1) that was twenty times higher than that obtained

when using the direct debromination route. In a study of the carrier-added reac-

tion, 19F-NMR showed the presence of HF2
� and other unidentified fluorine-

containing impurities in the F�/K2CO3/K2.2.2-cryptand residue when conven-

tional heating was used to prepare dry [18F]fluoride ion. It was also demonstrated

that microwave heating eliminated unidentified fluorine-containing impurities

from the [18F]fluoride residue and from the reaction mixture between F� and man-

nose triflate.

The reduction of reaction time and improvement in RCYs by microwave en-

hancement are of great advantages in the synthesis of radiopharmaceuticals involv-

ing multiple steps. In certain cases, the synthesis of the secondary labeling agent

was accelerated so that the time saved could be diverted to the next step, or in other

Scheme 18.21. Synthesis of 2-[18F]FDG under microwave conditions.

Scheme 18.20. Nucleophilic aliphatic radiofluorination with tosylate as leaving group.
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cases the first step was performed as usual but the subsequent reaction was en-

hanced. It provides the radiochemist with more choice of precursors and secondary

labeling agents so that more rapid, selective and functional group-tolerating reac-

tions can be used [157–160].

The synthesis of 4-[18F]fluoroiodobenzene and its application in Sonogashira

cross-coupling reactions exemplifies the first strategy [157]. 4,4 0-Diiododiaryliodo-

nium salts were used as precursors for the synthesis of 4-[18F]fluoroiodobenzene,

enabling convenient access to 4-[18F]fluoroiodobenzene in 13–70% yield (Scheme

18.23). High reaction temperatures (140 �C or higher) were essential for an effi-

cient thermal decomposition of diaryliodonium salts in a highly polar aprotic

solvent in the presence of [18F]fluoride ion to form 4-[18F]fluoroiodobenzene.

Microwave activation did not further improve the radiochemical yield of 4-

[18F]fluoroiodobenzene. Because the rapid access to high temperature in a short

time under microwave conditions, the reaction time was reduced from 40 to 5

min which is of great advantage in performing the subsequent reaction.

Reactions of no-carrier-added [18F]b-fluoroethyl tosylate with amine, phenol or

carboxylic acid to form the corresponding [18F]N-(b-fluoroethyl)amine, [18F]b-

fluoroethyl ether or [18F]b-fluoroethyl ester, were found to be rapid and efficient

under microwave-enhanced conditions (Scheme 18.24) [159]. The preparation of

[18F]b-fluoroethyl tosylate did not require microwaves. The subsequent O- and N-
alkylation allow reactants to be heated rapidly to 150 �C in a low boiling point sol-

vent, such as acetonitrile, and avoid the need to use high boiling point solvents,

such as DMSO and DMF, to promote reaction. The microwave-enhanced reactions

gave about 20% greater radiochemical yields than thermal reactions performed at

similar temperatures and over similar reaction times.

The synthesis of 2-(4-[18F]fluorophenyl)benzimidazole represents another exam-

ple of the latter strategy [160]. Cyclocondensation of an aromatic diamine with an

aliphatic acid using microwave heating proceeds rapidly; the same reaction using

aromatic and sterically hindered alkyl acids requires more vigorous conditions (e.g.

Scheme 18.22. Protection–deprotection strategy in a

microwave-enhanced fluoro–debromination reaction.
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more heat and pressure and longer reaction time). The cyclocondensation of 1,2-

diaminobenzene with radiolabeled [4-18F]fluorobenzoic acid in neat methanesul-

phonic and polyphosphoric acids under microwave heating led rapidly to the

cyclised phenylbenzimidazole (Scheme 18.25). This methodology makes the phe-

nylbenzimidazole building block readily available for the construction of other

PET radiopharmaceuticals.

Scheme 18.23. Preparation of NCA [18F]N-b-fluoroethylamine,

[18F]b-fluoroethyl ether, and [18F]b-fluoroethyl ester, using

[18F]b-fluoroethyl tosylate as labeling agent, in a microwave-

enhanced procedure.

Scheme 18.24. Radiosynthesis of 4-[18F]fluoroiodobenzene and

its subsequent application in Sonogashira cross-coupling.
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18.4.3

Compounds Labeled with Other Positron Emitters

76Br (t1=2 ¼ 16:2 h) is used as an alternative to 18F for labeling octreotide with PET

applications in the diagnosis of somatostatin-positive tumors. N-Succinimidyl-4-

[76Br]bromobenzoate and N-succinimidyl 5-[76Br]bromo-3-pyridine-carboxylate are

both used for incorporating 76Br into octreotide through conjugation labeling

[161]. The use of dichloromethane as the solvent and microwave heating resulted

in 70–90% labeling of e-Boc-octreotide in 30 min whereas the corresponding ther-

mal heating only resulted in less than 20% RCY (Scheme 18.26). The use of

Scheme 18.25. Synthesis of 4-[18F]fluorobenzoic acid and its

microwave-enhanced cyclocondensation with 1,2-diamino-

benzene.

Scheme 18.26. Synthesis of N-succinimidyl 5-[76Br]bromo-3-

pyridine carboxylate and microwave-enhanced conjugation with

e-Boc-octreotide.
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dichloromethane, though a poor microwave solvent, gave a convenient reaction

medium for the subsequent Boc-protection group removal and simpler HPLC sep-

aration procedure.

Oligonucleotides can be labeled with organic positron-emitting radioisotopes,

such 11C, 18F and 76Br. They are also labeled with metal positron-emitting radio-

isotopes, such as 68Ga, 99mTc etc. The oligonucleotides were conjugated to the bi-

functional chelator, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)

through the hexylamine linker, and then labeled with 68Ga(t1=2 ¼ 68 min) using

microwave activation (Scheme 18.27) [162, 163]. The application of microwaves

shortened the synthesis time considerably (from 20 min to 1 min) and improved

the radiochemical yield (from 19% to 30–52%) compared to thermal heating.

Owing to the shortened reaction time, the amount of radioactive material and the

product specific activity was increased by 21%. Furthermore, microwave activation

Scheme 18.27. Microwave-enhanced 68Ga labeling of DOTA-oligonucleotides.

Scheme 18.28. Synthesis of 2,6-diisopropylacetanilidoimino-

diacetic acid and 99mTc labeling under microwave irradiation

conditions.
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not only reduces the chemical reaction time, but also reduces side reactions, in-

creases the yield, and improves reproducibility as illustrated by the two-fold in-

crease in analytical RCY compared to previous results with conventional heating.
99mTc labeled compounds are another category that benefit from microwaves

[164–166]. For example, the synthesis and 99mTc labeling of 2,6-diisopropylacetani-

lidoiminodiacetic acid could be performed on a large scale under microwave irradi-

ation in a very short time (Scheme 18.28) [166]. The synthesis time for 2,6-diiso-

propylacetanilidoiminodiacetic acid was reduced from 48 h to 20 min, and the

radiolabeling synthesis time was reduced from 60 min to 1 min, respectively. How-

ever, caution should be exercised to avoid over-heating by microwaves, as suggested

by Hung et al. [165], so that the maximum RCY and radiochemical purity (RCP)

could be achieved.

18.5

Conclusion

From an early stage in the development of modern chemistry it has been custom-

ary practice to simplify complex problems by the selective use of isotopes. For ex-

ample, in the area of catalysis, relatively simple reactions such as hydrogen isotope

exchange or hydrogenation reactions, have been investigated in order to delineate

some of the finer details of reaction mechanisms. This information has then been

applied so as to optimize the procedures that have been developed for labeling or-

ganic compounds. The last 50 years has seen the emergence of several, now large

companies, specializing in these areas, as well as many smaller versions.

Now, with the emergence of new, microwave-enhanced technology, the process is

destined to be repeated. In this case, faster, more selective and efficient procedures

will emerge, where levels of radioactive waste will be greatly reduced and a more

favorable, environmentally friendlier image of the chemical industry achieved.

The products so produced can then go on to be used, in the words of Gordon

Dean, sometime Chairman of the US Atomic Energy Commission, ‘‘to treat the

sick, to learn more about disease, to improve manufacturing processes, to increase

the productivity of crops and livestock, and to help man to understand the basic

processes of his body, the living things about him, and the physical world in which

he exists.’’
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Microwaves in Photochemistry

Petr Klán and Vladimı́r Cı́rkva

19.1

Introduction

Chemistry under extreme or nonclassical conditions is currently a dynamically de-

veloping issue in applied research and industry. Alternatives to conventional syn-

thetic or waste treatment procedures might increase production efficiency or save

the environment by reducing the use or generation of hazardous substances in

chemical production.

Microwave (MW) energy is a nonclassical energy source, with ultrasound, high

pressure, mechanical activation, or plasma discharge. Since first reports of the use

of MW heating to accelerate organic chemical transformations [1, 2], numerous

articles have been published on the subject of microwave-assisted synthesis and

related topics – microwave chemistry has certainly became an important field of

modern organic chemistry [3–14]. Microwave activation increases the efficiency of

many chemical processes and can simultaneously reduce formation of the byprod-

ucts obtained from conventionally heated reactions. Chemical processes performed

under the action of microwave radiation are believed to be affected in part by super-

heating, hot-spot formation, polarization, and spin alignment [6, 7, 12]. The exis-

tence of a specific nonthermal microwave effect in homogeneous reactions has

been a matter of controversy in recent years [10, 13, 15–18].

Microwave heating has already been used in combination with other unconven-

tional activation processes. Such combinations might have a synergic effect on re-

action efficiencies or, at least, enhance them by summing the individual effects.

Application of MW radiation to ultrasound-assisted chemical processes has re-

cently been described by some authors [19–21]. Mechanical activation has also

been successfully combined with MW heating to increase the chemical yields of

several reactions [22]. There have also been attempts to affect photochemical reac-
tions by use of other sources of nonclassical activation, for example ultrasound

[23, 24].

Combined chemical activation by use of two different types of electromagnetic

radiation, microwave and ultraviolet–visible, is covered by the discipline described

in this chapter. The energy of MW radiation is substantially lower than that of UV
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radiation, certainly not sufficient to disrupt the bonds of common organic mole-

cules. We therefore assume that, essentially, photoinitiation is responsible for a

chemical change and MW radiation subsequently affects the course of the subse-

quent reaction. The objective of microwave-assisted photochemistry is frequently,

but not necessarily, connected with the electrodeless discharge lamp (EDL) which gen-

erates UV radiation when placed in the MW field.

This chapter gives a complete picture of our current knowledge of microwave-

assisted photochemistry and contains recent and updated information not included

in the preceding edition [25]. It provides the necessary theoretical background and

some details about synthetic and other applications, the technique itself, and safety

precautions. Although microwave-assisted photochemistry is a newly developing

discipline of chemistry, recent advances suggest it has a promising future.

19.2

Ultraviolet Discharge in Electrodeless Lamps

The electrodeless discharge lamp (EDL) [26] consists of a glass tube (‘‘envelope’’)

filled with an inert gas and an excitable substance and sealed under a lower pres-

sure of a noble gas. A low frequency electromagnetic field (radiofrequency or MW,

300–3000 MHz) can trigger gas discharge causing emission of electromagnetic ra-

diation. This phenomenon has been studied for many years [27] and was already

well understood in the nineteen-sixties [28]. The term ‘‘electrodeless’’ means the

lamps lack electrodes within the envelope. Meggers [28] developed the first EDL

using the mercury isotope 198Hg in 1942 (Fig. 19.1); its earliest application was in

absorption spectroscopy [29]. EDL are usually characterized by higher emission

intensity than cathode lamps, lower contamination, because of the absence of

the electrodes [30], and a longer lifetime [31]. The lamps have been used as light

sources in a variety of applications, and in atomic spectrometers [32].

Fig. 19.1. The electrodeless mercury lamp made by William

F. Meggers. With permission from the National Institute of

Standards and Technology, Technology Administration,

US Department of Commerce.
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19.2.1

Theoretical Aspects of the Discharge in EDL

The theory of EDL operation, as it is currently understood, is shown in Figs. 19.2

[33] and 19.3 (an example of a mercury EDL, or Hg EDL). Free electrons in the fill

(i.e. electrons that have become separated from the environment because of the

ambient energy) accelerate as a result of the energy of the electromagnetic (EM)

field. They collide with the gas atoms and ionize them to release more electrons.

Repetition of this causes the number of electrons to increase significantly over a

short period of time, an effect known as an ‘‘avalanche’’. The electrons are gener-

Fig. 19.2. Block diagram illustrating operation

of the EDL: (a) energy flows from a MW source

into the plasma chamber; (b) collisional or

collisionless transformation; (c) normal or

nonlinear wave absorption; (d) collisional or

collisionless dumping; (e) collisional excitation

of atoms and ions followed by emission.

Adapted from Ref. [33].

Fig. 19.3. The principle of operation of the mercury EDL and

the emission of energy as UV–visible radiation.
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ated by processes including collisional or collisionless transformation of EM waves,

and normal or nonlinear wave absorption [30]. The energetic electrons collide with

the heavy-atom particles present in the plasma, exciting them from the ground

state to higher energy levels. The excitation energy is then released as EM radiation

with spectral characteristics which depend on the composition of the envelope. The

excited molecular or atomic species in the plasma can emit photons over very

broad portion of the EM spectrum, ranging from X-rays to IR [34].

19.2.2

The Fundamentals of EDL Construction and Performance

The EDL system is modular and consists of two basic parts, a gas-filled bulb and

a power supply with waveguides or external electrodes. A typical EDL is made of a

scaled (usually quartz) tube envelope, which contains an inert gas (for example a

noble gas) and an excitable substance (e.g., Hg, Cd, Na, Ga, In, Tl, Sc, S, Se, or Te)

[35]. The envelope material must be impermeable to gases, an electrical insulator,

and chemically resistant to the filling compounds at the temperature of operation.

Historically four basic methods have been used to excite discharges without elec-

trodes [36–40]. In the first method, known as capacitive coupling, the electric field

lines of the applied EM signal (usually 915 MHz) originate from one external elec-

trode, pass through the gas-filled bulb containing the discharge, and terminate at a

second external (coaxial) electrode. This discharge is similar to arc discharge in an

electrode lamp, but needs a higher current. The second method of exciting EDL,

with MW power (typically 2450 MHz), is to place the bulb in the path of radiation

from a directional antenna. The microwave discharge is excited by both electric and

magnetic components of the EM field. Because free propagation of the MW power

occurs, however, emission is often inherently inefficient. This method is used for

excitation of EDL inside a microwave oven. The third method is called the traveling
wave discharge – a gap between the external electrodes provides the electric field

that launches a surface wave discharge. The fourth method uses inductive coupling
of the EDL, and the system can be compared with an electrical transformer. An al-

ternating current in the coil causes a changing magnetic field inducing the electric

field that drives a current into the plasma. The operating frequency is limited to

approximately 50 kHz [41].

The construction of microwave-excited EDL is relatively straightforward but

there are several operating conditions in their preparation which must be con-

sidered to produce an intense light source. The desired characteristics and require-

ments for EDL are high intensity, high stability, long lifetime, and, to a lesser ex-

tent, low cost and high versatility. In practice, it is very difficult to meet all these

characteristics simultaneously.

The performance of EDL depends strongly on many preparation and operating

conditions [35]:

� The inert gas. The arc chamber contains a buffer noble gas (usually Kr, Xe, or Ar)

which is inert to the extent that it does not adversely affect the lamp operation.
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Helium has higher thermal conductivity than other noble gases and, therefore,

higher thermal conduction loss is observed [42]. The inert gas easily ionizes at

low pressure but its transition to the thermal arc is slower and the lamp requires

a longer warm-up time. Ionization is more difficult at higher pressures and re-

quires a higher input power to establish the discharge. In general, the recom-

mended pressure of the filling gas is between 0.266 and 2.66 kPa (2–20 Torr)

at the operating temperature, which is usually much higher than that of a con-

ventional electrode lamp. Use of argon was regarded as the best compromise

between high EDL radiance and long lifetime. Air and nitrogen cannot be used

because of their quenching properties in microwave plasmas, similar to water

vapor.
� Choice of fill material initiating the discharge is very important. Together with a

standard mercury fill it is often desirable to incorporate an additive in the fill ma-

terial with a low ionization potential and sufficient vapor pressure (Cd, S, Se, Zn)

[43, 44]. One category of low-ionization-potential materials is the group of alkali

metals or their halides (LiI, NaI) but other elements, for example Al, Ga, In, or Tl

[45, 46] or Be, Mg, Ca, Sr, La, Pr, or Nd [27, 42, 47], can be used. Other metal-

containing compounds have been used to prepare EDL, including amalgams of

Cd, Cu, Ag, and Zn. Multi-element EDL have been prepared using combinations

of elements (e.g. LiaNaaK, AsaSb, CoaNi, CraMn, BiaHgaSeaTe, CdaZn,

GaaIn, SeaTe) [48]. The spectral output from each individual element is very

sensitive to temperature [49]. It has been found that no interelement interfer-

ences occur in the lamp.
� Temperature of the lamp. Operation at a high power or high temperatures can in-

crease emission intensity but, at the same time, reduce the lamp lifetime and

lead to broadening of the atomic line profile, because of self-absorption and self-

reversal effects. It has been found that the optimum operating temperature for

mercury filling is 42 �C (for the 254 nm line) [35]. The output is reduced when

the temperature is beyond the optimum.
� The dimensions and properties of the lamp envelope are based on the discovery that

the volume of Hg is critical for effective UV operation [50]. Higher Hg pressures

result in the need to use higher microwave power levels. To focus the MW field

efficiently into the EDL, a special Cd low-pressure lamp with a metal antenna (a

molybdenum foil) was developed for experiments in MW-absorbing liquids [51].

The envelope material must be impermeable to gases, an electrical insulator, and

chemically resistant to the filling compounds at the temperature of operation.

High quality quartz is the most widely used lamp envelope material but early

manufacturers of EDL used glass, Vycor, or Pyrex [52].
� The nature and characteristics of the EM energy-coupling device. For coupling of the

MW energy to EDL, cavities (e.g. Broida-type or Evenson-type) and antennas

(Raytheon) have been used. Optimum conditions for a lamp operation in one

type of a MW cavity will by no means be optimum for operation in a different

cavity, however. The results obtained in one MW oven will not, therefore, neces-

sarily be the same as those from other tested cavities.
� The frequency and intensity of EM energy is determined by the type of a device.
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Microwave energy is widely used for excitation of EDL because it is usually more

efficient than radiofrequency energy for generation of intense light. Microwave

radiation for excitation of gas discharges is usually generated by use of a fixed-

frequency (2.45 GHz) magnetron oscillator.

19.2.3

EDL Manufacture and Performance Testing

Although general procedures of EDL manufacture are available in the literature

[52–57], many minor details critical for proper lamp function are often omitted.

The investigator who wants to make an EDL is thus faced with a very large amount

of information dispersed in the literature and finds it very difficult to reproduce

these procedures to develop EDL with the properties desired. An experimental vac-

uum system for EDL (Hg, HgI2, Cd, I2, KI, P, Se, S) manufacture has recently

been designed by Cı́rkva and coworkers (Fig. 19.4) [58]. The technique is very sim-

ple and enables the preparation of EDL in a conventional chemistry laboratory.

Examples of EDL are shown in Fig. 19.5. EDL performance is tested to prepare

the lamps for spectral measurements [58]. A typical experimental system for such

testing comprises a round-bottomed flask, placed in a MW oven, containing n-
heptane and equipped with fiber-optic temperature measurement, a spectral probe,

and a Dimroth condenser (Fig. 19.6).

Fig. 19.4. A vacuum system for manufacture of EDL. 1, rotary

vacuum pump; 2, mercury manometer; 3, tilting-type McLeod

pressure gauge; 4, EDL blank; 5, modified microwave oven;

6, glass-working burner; 7, natural gas; V1–V3 are stopcocks.

Adapted from Ref. [58].
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19.2.4

Spectral Characteristics of EDL

The spectral characteristics of EDL are of general interest in microwave-assisted

photochemistry experiments. The right choice of EDL envelope and fill material

can be very useful in planning an efficient course of the photochemical process

without the need to filter out the undesirable part of the UV radiation by use of

other tools, for example glass or solution filters or monochromators [59, 60].

Fig. 19.5. EDL for photochemical applications.

Fig. 19.6. Testing EDL performance in a Milestone MicroSYNTH Labstation.
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Whereas atomic fills usually furnish line emission spectra, molecular fills give con-

tinuous emission bands [61]. The total emission output of the most common lamp

– the mercury EDL (Hg EDL) – in the region 200–600 nm is approximately the

same as that of the electrode lamp with the same power input [62]. The distribu-

tion of the radiation is, however, markedly different, as a result of much higher Hg

pressure and the greater number of atoms present in the plasma. EDL emit over

three times as much UV and over a half as much IR as a conventional lamp [63].

It has been noted that EDL and electrode lamps provide different spectra when the

fill contains a rare-earth material but similar spectra when a non-rare-earth fills

are used [64]. Addition of material had very substantial effects on the spectral dis-

tributions of EDL [62].

Müller, Klán, and Cı́rkva have reported the emission characteristics of a variety of

EDL containing different fill materials (for example Hg, HgI2, Cd, I2, KI, P, Se, or

S) in the region 250–650 nm [60]. Whereas distinct line emission peaks were ob-

tained for the mercury (Fig. 19.7), cadmium, and phosphorus (Fig. 19.8) fills, the

iodine, selenium, and sulfur-containing EDL (Fig. 19.9) emitted continuous bands.

Sulfur-containing EDL have been proposed for assisting phototransformations of

environmental interest, because the emission flux is comparable with that of solar

radiation. In addition, the EDL spectra could easily be modified by the choosing a

suitable EDL envelope glass material, temperature, MW output power, or solvent,

according to the needs of a photochemical experiment [59]. The relative intensities

of the individual emission peaks in Hg EDL were found to be very dependent on

temperature (35–174 �C); the short-wavelength bands (254 nm) were suppressed

with increasing temperature. The emission spectra of quartz and Pyrex Hg EDL

Fig. 19.7. The emission spectrum of an Hg EDL in n-decane

(quartz envelope; argon atmosphere). With permission from

Elsevier Science [60].
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are compared in Fig. 19.10 (Pyrex absorbs most of the UV radiation below 290 nm).

Most lamps emitted less efficiently below 280 nm than a standard Hg lamp. Table

19.1 summarizes characteristics, reported in the literature, of EDL filled with a

variety of compounds.

Fig. 19.8. The emission spectrum of a P EDL in n-decane

(Pyrex envelope; argon atmosphere). With permission from

Elsevier Science [60].

Fig. 19.9. The emission spectrum of an S EDL (quartz

envelope; argon atmosphere). With permission from Elsevier

Science [60].
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19.3

Photochemical Reactor and Microwaves

The photochemical reactor used for microwave-assisted experiments is an essential

tool for experimental work. Such equipment enables simultaneous irradiation of

the sample with both MW and UV–visible radiation. The idea of using an electro-

deless lamp, in which the discharge is powered by the MW field, for photochemis-

try was born half a century ago [53, 62]. The lamp was originally proposed as a

source of UV radiation only, without considering the effects of microwaves on pho-

tochemical reactions. The first applications of EDL were connected with the con-

struction of a high-intensity source of UV radiation for atomic fluorescence flame

spectrometry [88–90].

Gunning, Pertel, and their coworkers reported the photochemical separation of

mercury isotopes [92–95] in a flow reactor which consisted of a microwave-

operated discharge lamp [52, 96] cooled by a flowing film of water. A filter cell

and a circulation system, to prevent heating of the filter solution and the cell,

were placed concentrically and coaxially with the lamp. A similar reactor, for

small-scale laboratory photolysis of organic compounds in the solution or gas

phase, has been proposed by Den Besten and Tracy [91]. In this arrangement the

EDL was placed in a reaction solution and was operated by means of an external

microwave field from a radio or microwave-frequency transmitter (Fig. 19.11). The

quantum output of the lamp was controlled by changing the output of the trans-

Fig. 19.10. The emission spectrum of a quartz and Pyrex Hg

EDL in boiling n-hexane. With permission from Elsevier Science

[59].
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Tab. 19.1. Filling compounds and wavelengths of EDL emission.

Filling material

(filling gas)

Excited

species

Main emission bands, l [nm] Refs

Hg (Ar) Hg 185, 254, 297, 313, 365, 405, 436, 546,

577, 579

35, 36, 50, 51,

60, 64–66

Cd (Ar) Cd 229, 327, 347, 361, 468, 480, 509, 644 35, 51, 60, 67

SnI2 (Ar) SnI2 400–850, 610 68, 69

SnBr2 (Ar) SnBr2 400–850 70

BiI3 (Ar) BiI3 300–750 71

FeCl2 (Ar) Fe 248, 272, 358, 372–376 35

Zn (Ar) Zn 214, 330, 468 35, 51, 72

CuCl (Ar) Cu 325, 327 35

NaI (Xe, Kr) Na 589 73, 74

Mg, H2 (Ar) MgH 518, 521, 480–560 75

AlBr3 (Ne) AlBr 278 76

AlCl3 (Ne) AlCl 261 77, 78

Ga, GaI3 (Ar) Ga 403, 417, 380–450 65, 72

InI3 (Ar) In 410, 451 72

TlI (Ar) Tl 277, 352, 378, 535 35, 72

P (Ar) P 325, 327, 343 60

PCl4 (Kr) P2 380 79

S (Ar) S 320–850, 525 45, 60, 80–82

Se (Ar, Xe) Se 370–850, 545 60, 81–84

Te (Xe) Te 390–850, 565 81, 82, 84

Ar (Ar) Ar2 126, 107–165, 812 34, 85

Ar, Cl2 (Ar) ArCl 175 34, 85

Xe, Cl2 (Xe) XeCl 308 34, 85

B2O3, S (Kr) B2S3 812 86

I2 (Ar) I2 342 60

I2, HgI2 (Ar) I 183, 206 87
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mitter or by using a dilute ionic solution circulating through the cooling jacket. For

maximum lamp output a weakly conducting solution has been proposed. Placing

EDL in the solution was quite advantageous, because the full quantum output

was used. The authors recommended keeping the sample temperature lower, be-

cause EDL produce a substantial amount of heat.

The use of a domestic microwave oven appeared in a patent [97], according to

which gaseous reactants were irradiated with microwave and UV–visible radiation

to produce desired photoproducts (the EDL was positioned inside the MW cavity,

although outside the reaction vessel). Several similar reactors have been proposed

for UV sterilization [98–100] or for treatment of waste water containing organic

pollutants [101–103].

Cı́rkva and Hájek have proposed a simple application of a domestic microwave

oven for microwave-assisted photochemistry experiments [105]. In this arrange-

ment the EDL (the MW-powered lamp for this application was specified as a micro-

wave lamp or MWL) was placed in a reaction vessel located in the cavity of an oven.

The MW field generated a UV discharge inside the lamp that resulted in simul-

taneous UV and MW irradiation of the liquid sample. This arrangement provided

the unique possibility of studying photochemical reactions under extreme thermal

conditions [106].

Klán, Literák, and coworkers published a series of papers that described the

scope and limitations of this reactor [104, 107–109]. In a typical design (Figs.

19.12 and 19.13), four holes were drilled into the walls of a domestic oven – one

Fig. 19.11. Apparatus for electrodeless UV irradiation.

A, antenna; B, transmitter; C1, capacitor; C2, variable capacitor;

D, jacketed flask; E, EDL; F, reaction mixture; G, circulating

coolant. Adapted from Ref. [91].
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Fig. 19.12. A modified MW oven for microwave-assisted photochemistry experiments. A,

magnetron; B, reaction mixture with EDL and magnetic stir bar; C, aluminum plate; D, magnetic

stirrer; E, infrared pyrometer; F, circulating water in a glass tube, G, dummy load inside the

oven cavity. With permission from Elsevier Science [104].

Fig. 19.13. Photochemistry in a microwave oven (the EDL floats on the liquid surface).
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for a condenser tube in the oven top, another in the side for an IR pyrometer, and

two ports for a glass tube with circulating water. Part of the oven bottom was re-

placed with an aluminum plate to enable magnetic stirring. The opening for the

IR pyrometer could also serve for an external (additional) source of UV radiation.

The vessel was connected to a very efficient water-cooled condenser by means of a

long glass tube. The circulating cool water or different amounts of a MW-absorbing

solid material (dummy load – basic Al2O3, molecular sieve, etc.) were used when

a small quantity of a nonabsorbing or poorly absorbing sample was used. This ma-

terial removed excess microwave power and prevented the magnetron from being

destroyed by overheating. The EDL had always to be placed in a position in which

the solvent cooled it efficiently, because lamp overheating might cause failure of

lamp emission. Intense IR output from the lamp triggered immediate boiling of

all solvents including nonpolar (MW-transparent) liquids [107, 108]. Polar solvents,

on the other hand, absorbed most of MW radiation, resulting in reduced UV out-

put efficiency. Table 19.2 depicts the most important advantages and disadvantages

of EDL applications.

Chemat and his coworkers [110] have proposed an innovative combined MW–

UV reactor (Fig. 19.14) based on a commercially available MW reactor, the Synthe-

wave 402 (Prolabo) [8]. This is a monomode microwave oven cavity operating at

2.45 GHz designed for both solvent and dry-media reactions. A sample in the

quartz reaction vessel could be mechanically stirred and its temperature was moni-

tored by means of an IR pyrometer. The reaction systems were irradiated by means

of an external source of UV radiation (a 240-W medium-pressure mercury lamp).

Tab. 19.2. Advantages and disadvantages of EDL applications

in photochemistry. Adapted from Ref. [108].

Advantages

Simultaneous UV and MW irradiation of the sample

Possibility of performing photochemistry at high temperatures

Good photochemical efficiency – the EDL is ‘‘inside’’ the sample

Simplicity of the experimental arrangement and a low cost of the EDL

Easy method of EDL preparation in the laboratory

Use of a commercially available microwave oven

‘‘Wireless’’ EDL operation

Choice of the EDL material might modify its spectral output

Disadvantages

Technical difficulties of performing experiments at temperatures below the solvent b.p.

Greater safety precautions

EDL overheating causes lamp emission failure

Polar solvents absorb MW radiation, thus reducing the UV output efficiency of the EDL
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Similar photochemical applications in a Synthewave reactor using either an exter-

nal or an internal UV source have been reported by Louerat and Loupy [111].

A microwave-assisted, high-temperature, and high-pressure UV digestion reactor

has been developed by Florian and Knapp [51] for analytical purposes. The appara-

tus contained an immersed electrodeless discharge lamp operating as a result of

the MW field in the oven cavity (Fig. 19.15). An antenna, fixed to the top of the

EDL enhanced the EDL excitation efficiency. Another interesting MW–UV reactor

has been designed by Howard and his coworkers [112]. A beaker-shaped electrode-

less discharge lamp, placed in a modified domestic MW oven has been used

for mineralization of organophosphate compounds. The samples in quartz tubes

were positioned in a carousel inside an open UV beaker; they were thus efficiently

photolyzed from the whole surface of the beaker.

Microwave irradiation has also been used for heterogeneous photocatalytic oxida-

tion of solutions of a variety of organic compounds in aqueous TiO2 dispersions

[113, 114] or ethylene in the gas phase using a TiO2aZrO2 mixed oxide [115]. The

microwave photocatalytic reactors consisted either of an external UV source irradi-

ating the sample placed inside the MW cavity [114–117], in a manner similar to

that shown in Fig. 19.14, or of EDL in the cavity and powered by microwaves

[115, 118]. Horikoshi, Hidaka, and Serpone have proposed a flow-through quartz

photoreactor for photocatalytic remediation of aqueous solutions (Fig. 19.16) under

the action of irradiation from a 1.5-kW microwave generator [119–121]. The inci-

dent and reflected MW radiation was determined and the circulating dispersion

Fig. 19.14. Reactor for microwave-assisted photochemistry

based on the Synthewave 402 (Prolabo). A, medium-pressure

Hg lamp; B, window opaque to MW radiation; C, reaction

mixture; D, magnetron; E, regulator; F, IR sensor. Adapted from

Ref. [110].
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was tempered in a cooling device. Either conventional or electrodeless mercury

lamps were employed as sources of UV radiation [121]. A similar microwave-

stimulated flow-through UV reactor was designed for disinfection of drinking,

waste, and feed waters [122].

Cı́rkva and coworkers have studied a flow MW photoreactor containing a glass

Fig. 19.15. Simplified schematic diagram of a high-pressure

digestion vessel with EDL. A, plug and seal; B, quartz pressure

reaction vessel with a sample solution; C, EDL with an antenna;

D, PEEK vessel jacket with a screw cap; E, air flow. Adapted

from Ref. [51].

Fig. 19.16. Experimental setup of a flow-

through quartz photoreactor used for

photocatalytic decomposition in aqueous TiO2

dispersions using cylindrical electrodeless

mercury discharge lamps. A, cylindrical EDL

with a quartz pipe with the sample solution in

a microwave cavity; B, a microwave generator;

C, cooling circulator device; D, thermometer;

E, peristaltic pump. Adapted from Ref. [119].
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tube with quartz Hg EDL (254 nm emission) inside a microwave oven, a PTFE

membrane pump, a container flask, a cooling condenser, thermometers, and a

pH meter with a glass electrode (Fig. 19.17) [123]. Photohydrolysis of chloroacetic

acid to hydroxyacetic acid and hydrogen chloride was chosen as model reaction; the

course of the reaction was followed by monitoring the change of pH of the solu-

tion. The conversion was optimized as a result of a trade-off between the thermal

dependence of the quantum yield (which increased with increasing temperature)

and the thermal dependence of a relative intensity of a short-wavelength band

(which increased with decreasing temperature).

Microwave-enhanced chemistry introduces unique safety considerations not en-

countered by the chemist in other fields of chemistry [124]. Careful planning of

Fig. 19.17. A flow microwave photoreactor.

A, microwave oven with magnetron;

B, reaction mixture with magnetic stir bar;

C, thermometer; D, pH meter with glass

electrode; E, magnetic stirrer; F, PTFE

membrane pump; G, outlet; H, spectrometer

with a fiber-optic probe; I, glass tube with

quartz Hg EDL; J, condenser [123].
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all experiments is strongly advised, especially when the results are uncertain, be-

cause control of the reaction temperature might be complicated by rapid heat-

transfer. It is, furthermore, well known that electronically excited singlet oxygen,

capable of causing serious physiological damage, is generated by microwave dis-

charge through an oxygen stream [125]. The combined effect of MW and UV irra-

diation could increase the singlet oxygen concentration in the MW cavity, particu-

larly in the presence of a photosensitizer.

19.4

Interactions of Ultraviolet and Microwave Radiation with Matter

Although microwave chemistry has already received widespread attention from

the chemical community, considerably less information is available about the effect

of microwave radiation on photochemical reactions. Photochemistry is the study

of the interaction of ultraviolet or visible radiation (E ¼ 600–170 kJ mol�1 at

l ¼ 200–700 nm) with matter. The excess energy of electronically excited states sig-

nificantly alters species reactivity – it corresponds, approximately, to typical reac-

tion activation energies helping the molecules overcome activation barriers. The

microwave region of the electromagnetic spectrum, on the other hand, lies be-

tween infrared radiation and radio frequencies. Its energy (E ¼ 1–100 J mol�1 at

n ¼ 1–100 GHz) is approximately 3–6 orders of magnitude lower than that of UV

radiation (a typical MW kitchen oven operates at 2.45 GHz). Microwave heating is

not identical with classical external heating, at least at the molecular level. Mole-

cules with a permanent (or induced) dipole respond to an electromagnetic field by

rotating, which results in friction with neighboring molecules (thus generating

heat). Additional (secondary) effects of microwaves include ionic conduction (ionic

migration in the presence of an electric field) or spin alignment.

Simultaneous UV–visible and MW irradiation of molecules, which does not nec-

essarily cause any chemical change, might affect the course of a reaction by a vari-

ety of mechanisms at each step of the transformation. From many possibilities, let

us present a simplified model describing two main distinct pathways (Fig. 19.18).

The first route, more probable, is a photochemical reaction starting with a ground

state molecule M, which is electronically excited to M*, transformed into an inter-

mediate (or a transition state) I, and, finally, a product P. Virtually every step may

Fig. 19.18. Simplified model of nonsynergistic effects of UV

and MW radiation on a chemical reaction.
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be complicated by a parallel microwave-assisted reaction enabling a different chem-

ical history. There is a theoretical possibility that MW radiation affects the electron-

ically excited molecule M* or a short-lived transition state. In such circumstances

the lifetime of the species should be long enough to interact with this low-

frequency radiation. The second pathway becomes important when MW initiate a

‘‘dark’’ chemical reaction (essentially through polar mechanisms), competitive with

or exclusive to a photochemical pathway, yielding a different (R) or the same (P)

product. Figure 19.18 depicts a model in which MW and UV effects are easily dis-

tinguishable – it is assumed there is no synergistic effect during a single step of

the transformation.

Let us, on the other hand, assume that the efficiency of a photoreaction is altered

by microwave induction. In an example shown in Fig. 19.19 microwave heating
alters the excitation energy of the starting molecule. Both types of electromagnetic

radiation simultaneously affect a single chemical step in which the ground-state

molecules M and MD (a MW-heated molecule) are being excited. If, furthermore,

the intermediates I and ID react with different rate constants, the total observed

rate constant of the reaction, kobs, is proportional to the sum kobsAðwkr þ wDkr DÞ,
where w and wD represent the populations of I and ID.

19.5

Photochemical Reactions in the Microwave Field

19.5.1

Thermal Effects

Baghurst and Mingos have hypothesized that superheating of polar solvents at at-

mospheric pressure, so that average temperatures are higher than the correspond-

ing boiling points, is a result of microwave dissipation over the whole volume of a

liquid [126]. With the absence of nucleation points necessary for boiling, heat loss

occurs at the liquid–reactor wall or at liquid–air interfaces. Many reaction effi-

ciency enhancements reported in the literature have been explained as the effect

Fig. 19.19. A simplified model of the synergistic effect of UV

and MW radiation on a chemical reaction, where D denotes

‘‘hot’’ molecules, and kr and kr
D are the rate constants of the

processes leading eventually to the same product P.
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of superheating when the reactions were essentially performed in sealed vessels

without any stirring [127–131]; this effect is also expected in microwave-assisted

photochemistry experiments in condensed media. Gedye and Wei [16], for exam-

ple, have observed enhancements of the rate of several different thermal reactions

by factors of 1.05 to 1.44 in experiments accomplished in a domestic-type MW oven

but not in a variable-frequency microwave reactor. The enhancement was inter-

preted as a consequence of solvent superheating or hot-spot formation rather than

nonthermal effects. Stadler and Kappe reported similar results in an interesting

study of the MW-mediated Biginelli reaction [15].

Chemat et al. [110] reported the UV and MW-induced rearrangement of 2-

benzoyloxyacetophenone, in the presence of bentonite, into 1-(o-hydroxyphenyl)-3-
phenylpropane-1,3-dione in methanol at atmospheric pressure (Scheme 19.1). The

reaction, performed in the reactor shown in Fig. 19.14, was subject to a substantial

activation effect under simultaneous UV and MW irradiation; this corresponded at

least to the sum of the individual effects (Fig. 19.20). The rearrangement was not

studied in further detail, however. Such competitive processes can be described by

the diagram in Fig. 19.18, because the product obtained from both types of activa-

tion was the same.

Scheme 19.1

Fig. 19.20. Reaction yields in the rearrangement of

2-benzoyloxyacetophenone induced by microwave heating (e),
ultraviolet irradiation (a), or simultaneous UV and MW

irradiation (A). Adapted from Ref. [110].
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Cı́rkva and Hájek have studied the photochemically or microwave-induced addi-

tion of tetrahydrofuran to perfluorohexylethene (Scheme 19.2) [105]. Whereas the

thermal reaction was too slow, photochemical activation was very efficient, with no

apparent thermal effects of MW radiation. Combined UV and MW radiation (Fig.

19.12) has principally been used to initiate EDL operation in the reaction mixture.

Another illustration of the MW–UV-assisted reaction has been demonstrated by

Nüchter et al. [22] on dehydrodimerization reactions of some hydrocarbons.

Klán et al. [109] successfully evaluated MW superheating effects in polar solvents

by use of a temperature-dependent photochemical reaction. It is known that quan-

tum efficiencies of the Norrish type II reaction [132] of p-substituted valerophe-

nones depend on the presence of a weak base, because of specific hydrogen bond-

ing to the biradical OH group (BR; Scheme 19.3) [106, 107]. The efficiency of this

reaction was linearly dependent on temperature over a broad temperature range

and the system served as a photochemical thermometer at the molecular level,

even for the MW-heated mixtures. The magnitude of the photochemical change in

the MW field suggested the presence of a superheating effect (4–11 �C) for three

aliphatic alcohols and acetonitrile as reaction solvents. The results were in a perfect

agreement with measurements by use of a fiber-optic thermometer.

Klán et al. recently studied temperature-sensitive, regioselective photochemical

nucleophilic aromatic substitution of 4-nitroanisole by the hydroxide anion in

Scheme 19.3

Scheme 19.2
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homogeneous solutions by use of microwave heating and an EDL (Fig. 19.12)

[133]. The quantum yield for formation of one product (4-methoxyphenol) was

found to be independent of temperature, in contrast with that for formation of 4-

nitrophenol, suggesting the occurrence of a temperature-dependent process after

partitioning between replacement of the nitro and methoxy groups (Scheme 19.4).

The technique of microwave-assisted photochemistry was proposed in this paper as

an efficient and practical tool for organic synthesis. Subsequent investigation of the

release of a photoremovable protecting group, the 2,5-dimethylphenacyl chromo-

phore, from the carboxyl moiety, enhanced by MW heating, showed that quantum

yields for ester degradation in polar solvents increased by a factor of three when

the temperature was increased from 20 to 50 �C [134]. Distribution of the products

and reaction conversions of several different photochemical systems, irradiated by

use of a conventional UV source and by an EDL in a MW–UV reactor (Fig. 19.12),

were compared to elucidate the advantages and disadvantages of this technique

[108]. Some reactions, e.g. photolysis of phenacyl benzoate in the presence of

triethylamine or photoreduction of acetophenone by 2-propanol, were moderately

enhanced by MW heating. Two temperature-sensitive model photochemical reac-

tions, the Norrish Type II reaction and photochemical nucleophilic aromatic sub-

stitution of 4-nitroanisole by the hydroxide ion, have recently been studied in

high-temperature water (100–200 �C) in a pressurized vessel under microwave

heating [135]. The observed chemoselectivity and the ability to increase the solubil-

ity of hydrophobic organic compounds in this solvent were found to be promising

results for environment-friendly (photo)chemical applications.

Cı́rkva et al. have recently investigated an effect of UV and combined MW–UV

irradiation on the transformation of 2-tert-butylphenol (2TBP) in the presence

and the absence of sensitizers with different values of singlet and triplet energy,

and in the presence of solvents with different polarity [136]. UV or combined UV–

MW irradiation of the starting molecules furnished three isomers – 3,3 0-di-tert-
butylbiphenyl-2,2 0-diol (ortho–ortho), 3,3 0-di-tert-butylbiphenyl-2,4 0-diol (ortho–

para), and 3,3 0-di-tert-butylbiphenyl-4,4 0-diol (para–para) (Scheme 19.5). Their

concentration ratios depended on the nature of the solvents and sensitizers used.

No significant specific effects of the combined MW–UV radiation on the distribu-

tion of the products from 2TBP photolysis were observed.

MW–UV irradiation of 4-tert-butylphenol (4TBP) has also been investigated

[137]. Photolysis of this compound furnished 4 0,5-di-tert-butyl-2-hydroxydiphenyl
ether (ortho–O) and 5,5 0-di-tert-butylbiphenyl-2,2 0-diol (ortho–ortho), and 2TBP as

Scheme 19.4
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an isomerization by-product (Scheme 19.6). Again, no specific MW effect was

observed.

Kunz et al. have studied the hydrogen peroxide-assisted photochemical degra-

dation of EDTA with a microwave-activated ultraviolet source (model UV LAB,

UMEX) [138]. The effect of pH and H2O2–EDTA molar concentration ratio on the

efficiency of degradation was evaluated. Han et al. investigated enhanced oxidative

degradation of aqueous phenol in a UV–H2O2 system under the action of micro-

wave irradiation [139]. The experimental results, based on the kinetic study,

showed that MW irradiation can enhance both phenol conversion and the TOC

removal efficiency by up to 50% or above.

Louerat and Loupy studied some photochemical reactions (e.g. stilbene isomer-

ization) in homogenous solutions and on solid supports such as alumina [111]

and the Norrish type II photoreaction of alkyl aryl ketones on alumina or silica

gel surfaces has been investigated by Klan et al. [140]. On the basis of on these re-

sults, a model in which the short-lived biradical intermediate interacts with the sur-

face, in addition to a polar effect on the excited triplet of ketone, has been proposed

(Scheme 19.7). Both acidic and basic sites are present on the amphoteric alumina

surface; while the acidic OH groups coordinate to the carbonyl oxygen, the basic

groups (O�) are involved in hydrogen bonding with the OH group of the biradical

Scheme 19.5

Scheme 19.6
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intermediate. The change in the regioselectivity of the reaction as a result of micro-

wave heating was explained in terms of the weakening of such interactions.

19.5.2

Microwaves and Catalyzed Photoreactions

Advanced oxidation processes, for example photocatalysis, have emerged as poten-

tially powerful methods for transforming organic pollutants in aqueous solution

into nontoxic substances. Such remediation usually relies on generation of reactive

free radicals, especially hydroxyl radicals (.OH) [141]. These radicals react rapidly

and usually nonselectively with most organic compounds, either by addition to a

double bond or by abstraction of a hydrogen atom, resulting in a series of oxidative

degradation reactions ultimately leading to mineralization products, for example

CO2 and H2O [142].

In the past four years, Horikoshi, Hidaka, and Serpone have published results

from a series of studies on environmental remediation of a variety of aqueous

solutions by simultaneous MW–UV irradiation in the presence of a TiO2 catalyst.

They have clearly shown that this integrated illumination technique is superior to

simple photocatalysis in the degradation of a variety of organic compounds, e.g.

rhodamine-B dye [114, 119, 120, 143], bisphenol-A [117], 2,4-dichlorophenoxyacetic

acid [118, 121], and carboxylic acids, aldehydes, and phenols [116]. Microwave radi-

ation has occasionally been used to power an EDL inside the photochemical reactor

[119, 120]. The authors suggested that, in addition to thermal effects, nonthermal

effects [117, 121, 143] might govern microwave-assisted reactions in the presence

of TiO2, because combined UV and MW radiation generated more hydroxyl radi-

cals (proved by use of electron spin resonance spectroscopy to detect the radicals)

[144]. A solution of 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO; spin trap) con-

taining TiO2 was subjected to photolysis and/or thermolysis and the number of

DMPO–.OH spin adducts was determined. MW irradiation yielded a small quan-

tity of OH radicals; substantially more were produced by UV irradiation. Com-

bined UV–MW treatment at the same sample temperature generated even more

radicals, by a factor of approximately 2. It was suggested this increase was a result

of nonthermal interactions between the MW field and the surface of the catalyst.

The nature of such interactions, however, remains to be elucidated. It was, more-

over, suggested that hydrophilic–hydrophobic changes on the TiO2 surface as a

Scheme 19.7
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result of MW radiation led to changes in the population of the surface hydroxyls

[115]. When rhodamine-B, for example, was subjected to photocatalytic destruction

in the absence of MW radiation, it was suggested the two oxygen atoms of the

carboxylate moiety of the dye were interacting with the positively charged TiO2 sur-

face [143]. MW-assisted photolysis, however, increased the hydrophobic nature of

TiO2, as a result of the MW irradiation, and adsorption might be facilitated by

the aromatic rings, eventually causing formation of different degradation inter-

mediates than in the absence of MW. In a different project, the effect of dissolved

oxygen and MW irradiation on photocatalytic destruction of 2,4-dichlorophenoxy-

acetic acid was investigated [121]. The grater efficiency of MW-assisted degradation

was ascribed to a nonthermal effect on ring-opening of the aromatic moiety via

oxidative reaction (Scheme 19.8).

Heterogeneous catalytic degradation of humic acid in aqueous titanium dioxide

suspension under MW–UV conditions was studied by Chemat et al. [110]. En-

hancement in this application was reported as substantial – i.e. greater than simple

addition of both effects. Zheng et al. [145–147] have recently reported microwave-

assisted heterogeneous photocatalytic oxidation of ethylene using porous TiO2 and

SO4
2�aTiO2 catalysts. Significant enhancement of photocatalytic activity was at-

tributed to the polarization effect of the high-defect catalysts in the MW field.

These studies also included modeling of the photodegradation of organic pollu-

tants in the microwave field. TiO2aZrO2 mixed-oxide catalyst, prepared by sol–gel

Scheme 19.8
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processing, has also been used in photocatalytic oxidation of ethylene by Anderson

and coworkers [115]. The adsorption experiments demonstrated that MW irradi-

ation removed water from the surface of the catalyst better than when heat was

supplied by conductive (conventional) heating. Ai et al. [148] have investigated

microwave-assisted photocatalytic degradation of 4-chlorophenol by use of an elec-

trodeless discharge UV system. The effects of pH, irradiation intensity, aeration,

and amount of H2O2 both on direct photolysis and on TiO2 photocatalysis were

evaluated. It was found that the process proceeds through the same mechanism

as in the absence of the catalyst. Zhang and Wang have recently reviewed the ef-

fects and mechanisms of microwave-assisted photocatalysis [149].

19.5.3

Intersystem Crossing in Radical Recombination Reactions in the Microwave Field –

Nonthermal Microwave Effects

Radical pairs and biradicals are extremely common intermediates in many or-

ganic photochemical (and some thermal) reactions. A singlet state intermediate is

formed from the singlet excited state in reactions that conserve spin angular mo-

mentum whereas the triplet intermediate is obtained via the triplet excited state.

Radical pairs in solution coherently fluctuate between singlet and triplet electronic

states [150, 151] and the recombination reactions are often controlled by electron–

nuclear hyperfine interactions (HFI) on a nanosecond time-scale [152, 153]. Only

pairs of neutral radicals with singlet multiplicity recombine. A triplet pair intersys-

tem crosses into the singlet pair or the radicals escape the solvent cage and react

independently at a later stage (Fig. 19.21) [154]. The increasing efficiency of

triplet-to-singlet interconversion (‘‘mixing’’ of states) leads to a more rapid recom-

bination reaction and vice versa. It is now well established that a static magnetic

field can affect intersystem crossing in biradicals (magnetic field effect, MFE) and

the effect has been successfully interpreted in terms of the radical pair mechanism

[155, 156]. This concept enabled explanation of nuclear and electronic spin po-

larization phenomena during chemical reactions, e.g. chemically induced dy-

namic nuclear polarization (CIDNP) or reaction yield-detected magnetic resonance

(RYDMAR).

An external magnetic field stronger than the hyperfine couplings inhibits (be-

cause of Zeeman splitting) singlet–triplet interconversions by isolating the triplets

Tþ1 and T�1 from the singlet (S); these can, therefore, mix only with T0 (Fig.

19.21a, b). For the triplet-born radical pair, the magnetic field reduces the probability

of radical recombination. The microwave field, which is in resonance with the

energy gaps between the triplet levels (Tþ1 or T�1) and T0, transfers the excess pop-

ulation from the Tþ1 or T�1 states back to a mixed state. Application of a strong

magnetic field to the singlet-born radical pair leads to an increase in the probability

of recombination that can, however, also be controlled by microwave irradiation

[156].

This microwave-induced spin dynamics can be regarded as an archetypal non-
thermal MW effect. Because the radical pair is usually created via a photochemical
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pathway, the topic should certainly be included in this chapter. The literature offers

many examples that span photobiology, photochemistry, and photophysics. Wasie-

lewski et al. [157], for instance, showed that the duration of photosynthetic charge

separation could be controlled by use of microwave radiation. It was, moreover,

possible to observe the dynamics of radical-pair processes involving primary bacte-

rial photochemistry [158]. Okazaki et al. [159] reported the possibility of control-

ling chemical reactions by inducing the ESR transition of the intermediate radical

pair in the photoreduction of anthraquinone micellar solution under the action of

an external magnetic field and simultaneous MW irradiation. A similar study with

a bifunctional molecule was reported by Mukai et al. [160]. Research in this field is

very well covered by several reviews and books [155, 156, 161, 162]. Weak static

magnetic fields, smaller than an average hyperfine coupling, also affect radical

pair recombination yields [163, 164]. This effect is opposite to the effect of a strong

field [165, 166]. The effect of a magnetic field on singlet oxygen production in a

biochemical system was reported recently [167].

Until recently, little attention has been devoted to the effects of time-dependent
magnetic fields (created by electromagnetic waves) in the absence of a strong mag-

netic field [168]. Hore and coworkers [169–171] recently described this effect, de-

noted the oscillating magnetic field effect (OMFE), on the fluorescence of an exciplex

formed in the photochemical reaction of anthracene with 1,3-dicyanobenzene over

the frequency range 1–80 MHz. Another study of the electron–hole recombination

Fig. 19.21. Schematic illustration of magnetic field and MW effects in radical-pair chemistry.
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of radical ion pairs (pyrene anion and dimethylaniline cation) in solution has been

reported [172]. Triplet–singlet interconversions as a result of HFI are relatively ef-

ficient in a zero applied magnetic field (to be more precise, in the Earth’s field of

@50 mT). All the states are almost degenerate, assuming separation of the radicals

is such that their electronic exchange interaction is negligible [155]. Jackson and

his coworkers [173] suggested that the resonance energy of the oscillating field

should be tuned to the HFI in one of the radicals. With a typical value of HFI in

the radicals of 0.1–3.0 mT, the oscillating magnetic field effect, enhancing the con-

version of the singlet state to the triplet (as was observed for weak static fields), is

expected in the radiofrequency region (3–80 MHz) [170]. Canfield et al. calculated

the effects and proved them experimentally on the radical pairs involved in coen-

zyme B12-dependent enzyme systems [174–176]. Other theoretical studies have ap-

peared in recent years [172, 177, 178]. Whether electromagnetic fields affect animal

and human physiology is still open question. It has, for instance, been suggested

that radiofrequency fields might disorient birds [179]. Detailed experimental

studies of OMFE in the microwave region have not yet been performed. Hoff and

Cornelissen [180] have reasoned that triplet-state kinetics could be affected by a

pulse of resonant microwaves rather than by equilibrium methods in the zero

static field.

According to the OMFE model a weak oscillating magnetic field (the magnetic

interactions are much smaller than the thermal energy of the molecule [177]) has

no effect on equilibrium constants or activation energies; it can, however, exercise

immense kinetic control over the reaction of the radicals [177]. The simplified ki-

netic scheme in Fig. 19.22 shows the excitation of a starting material R–R 0 into

the singlet state, which intersystem crosses to the triplet ðkiscÞ and is followed by

cleavage ðkclÞ to the triplet radical pair. The oscillating magnetic field affects state

mixing of the radical pair (kTS and kST). The probability that the triplet radical pair

Fig. 19.22. The oscillating magnetic field effect (OMFE) in the triplet-state radical-pair reaction.
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will form the products is given by the efficiency of radical escape from the solvent

cage ðkescÞ and of triplet-to-singlet intersystem crossing ðkTSÞ. The recombination

reaction is very rapid when the tight radical pair reaches the singlet state.

19.6

Applications

19.6.1

Analytical Applications

In addition to analytical applications in which microwaves serve as a power source

for the electrodeless discharge lamps (Section 19.2), the first successful use of com-

bined MW–UV irradiation for efficient degradation of a variety of samples before a

subsequent analytical application has been reported. Florian and Knapp [51] have

proposed a novel MW–UV, high-temperature–high-pressure digestion procedure

for decomposition of interfering dissolved organic carbon as a part of trace element

analysis of industrial and municipal wastewater or other liquid samples. Very

efficient and rapid mineralization was obtained in an original reactor (Fig. 19.15)

because of the very high temperature (250–280 �C). The high temperature also en-

abled dissolution of solid organic matrices by use of dilute mineral acids. A Cd low-

pressure electrodeless discharge microwave lamp, strongly emitting at l ¼ 228

nm, guaranteed even more efficient degradation than standard mercury UV lamps.

The pressurized sealed vessel did not require a separate cooling device to prevent

sample evaporation. Efficient decomposition of organophosphate compounds, with

the aim of the colorimetric phosphate determination, has been achieved by Ho-

ward et al. in a novel beaker-shaped electrodeless MW–UV lamp [112]. Although

no details of the organophosphate decomposition mechanism have been pre-

sented, the authors suggested two possible pathways. In addition to direct photode-

gradation, much of the decomposition resulted from photochemical generation of

hydroxyl and oxygen radicals from dissolved O2 in the samples. The concentration

of OH radicals could be enhanced by addition of hydrogen peroxide. In addition,

Sodre et al. have proposed a new procedure for digestion of natural waters, based

on a microwave-activated photochemical reactor, in their speciation studies of

copper–humic substances [181].

19.6.2

Environmental Applications

Photodegradation [182] and microwave thermolysis [183] of pollutants, toxic

agents or pathogens in waste water, often in combination with a solid catalyst

(e.g., TiO2), are two important methods for their removal. Results from environ-

mentally relevant studies of the combined use of MW and UV [97, 101–103] have

already appeared in the scientific literature and the topic is also covered by several
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patents. Photochemical oxidation is a process in which a strong oxidizing reagent

(ozone or hydrogen peroxide) is added to water in a UV-ionizing reactor, resulting

in the generation of highly reactive hydroxyl radicals (.OH). The first-generation

techniques used commercial EDL (high pressure HgaXe lamps) immersed in the

water tanks. The lamps deteriorated rapidly, however, leading to poor production of

hydroxyl radicals. The second-generation technique incorporated manual cleaning

mechanisms and use of a polymer coating (PTFE) on the quartz sleeve, additional

oxidizers (ozone), and catalytic additives (TiO2) to enhance the rate of an OH radi-

cal production [184]. A novel UV-oxidation system used a highly efficient EDL

combined with a simple coaxial flow-through reactor [103]. In this reactor, a liquid

containing contaminants (MTBE, 2-propanol, or phenol) was pumped from the

bottom and flowed vertically upward through the reactor vessel against gravity.

The mercury UV source was mounted above the reactor vessel and the radiation

was directed downward through the vessel. An H2O2 solution was injected into

the liquid being treated and thoroughly mixed by means of an in-line mixer, just

before the mixture entered the reactor vessel. It was found by Lipsky et al. that

photooxidation of humic acids causes changes in their absorption and lumines-

cence properties that might be of a great importance in environmental photophy-

sics and photochemistry [185]. Aqueous aerated alkaline solutions of the acids

were irradiated with a mercury EDL in a flow system and analyzed by means of

fluorescence, absorption, and chemiluminescence techniques. Campanella et al.

reported minor but positive enhancement of the efficiency of photocatalytic degra-

dation of o and p-chlorophenol in aqueous solutions by microwave heating [113].

The success of these model chemical systems suggested extension to other envi-

ronmentally interesting compounds, e.g. sodium dodecylbenzenesulfonate or orga-

nophosphate pesticides. It has been suggested that microwave-assisted photodegra-

dation of pollutants may be of great interest in the future. Several other research

groups, for example those of Chemat [110], Zheng [145], Ai [148], and Hidaka

and Serpone [116, 118, 121] have demonstrated improvement of degradative effi-

ciency when microwave radiation is coupled with photocatalytic degradation of

pollutants in aqueous solutions, as already described in Section 19.5.2. Spherical

or cylindrical EDL have been used to remediate fluids, directly or by excitation of

photocatalyst surfaces, which may be located on the lamps themselves or on struc-

tures which permeable to the fluids [186].

Noncatalytic remediation of aqueous solutions of a variety of aromatic com-

pounds by microwave-assisted photolysis in the presence of hydrogen peroxide

has recently been studied by Klan and Vavrik [187]. The combined degradation ef-

fect of UV and MW radiation was always larger than the sum of the isolated effects.

It was concluded that this overall increase in efficiency is essentially because of

thermal enhancement of subsequent oxidation reactions of the primary photoreac-

tion intermediates. Optimization revealed that this effect is particularly significant

for samples containing low concentrations of H2O2, although a large excess of

H2O2 was essential for complete destruction in most experiments. The degrada-

tion profiles of the techniques used in the destruction of 4-chlorophenol are com-
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pared in Figure 19.23, which also suggests possible optimum degradation condi-

tions. The results from this work showed that simultaneous MW–UV–H2O2 reme-

diation could be an attractive alternative to conventional oxidation or photocata-

lytic degradation methods for environmental remediation of polluted

wastewaters.

Sterilization techniques for intermittent or continuous destruction of pathogens

in solid films or in organic and biological fluids, without significantly affecting the

properties or physiological characteristics of the medium, are based on the biocidal

synergism of UV and MW irradiation. UV radiation induces chemical modification

of DNA in bacteria (usually dimerization of thymine). The first apparatus involved

a commercial UV-emitting lamp with a separate power source inside the chamber

of a MW oven and was used for simple sterilization of biological fluids [188]. An

apparatus using a mercury EDL for surface sterilization or disinfection of objects

such as bottles, nipples, contact lenses, or food has been proposed by LeVay [98]

and Okuda [189]. An apparatus for continuous sterilization of bottle corks and

textiles has also been described [190–192]. The sterilization performance of a

microwave-powered commercial UV lamp designed to generate active oxygen spe-

cies for destruction of microorganisms has also been reported [193].

In addition, ozone treatment can be used in combination with UV exposure to

sanitize or disinfect a variety of substances [99, 100, 194–197]. Another application

of EDL (containing Hg, CdaAr, or Kr) for disinfection of aqueous solutions has re-

cently been reported by Michael [198].

Fig. 19.23. Degradation of 4-chlorophenol (c ¼ 10�3 mol L�1)

in the presence of H2O2 (the concentrations are shown in the

inset) in water under given conditions: microwave heating

(MW), photolysis at 20 �C (UV), and MW-assisted photolysis

(MW–UV). With permission from Elsevier Science [187].
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19.6.3

Other Applications

Simultaneous use of UV and MW irradiation has found widespread use in indus-

try. The techniques are based on the conventional UV lamps or MW-powered elec-

trodeless lamps [33].

Photolithography is a technique used for manufacture of semiconductor devices

(e.g. transistors or integrated circuits). In the process the image of an optical mask

is copied, by use of UV radiation, on to a semiconductor wafer coated with a UV-

sensitive photoresist. The main goal is to reduce the size of the components and to

increase their densities. Application of shorter wavelengths (190–260 nm) results

in greater depth of focus, i.e. sharper printing. The first EDL applied were made

from a material known as commercial water-containing natural quartz [199]. It

was found that transmission of the envelope at vacuum UV wavelengths falls off

sharply with time. The lamps developed later from water-free quartz [66] were

much more transparent. Excimer lamps used for photoetching and microstructur-

ing of the polymer surface have been developed for applications in standard MW

ovens [85].

A photochemical apparatus for generating superoxide radicals (O2
.�) in an

oxygen-saturated aqueous sodium formate solution by means of an EDL has been

described [200]. An interesting method for initiating and promoting chemical pro-

cesses by irradiation of starting gaseous materials in the EM field under a lower

pressure has been proposed by Lautenschläger [97]. EDL (containing GaI3, InI3,

or AlI3) with a ‘‘blue’’ output are now often used for dental purposes or for curing

polymers. High-power microwave lamps (H and D bulb, fusion UV curing system)

have been used for polymerization of maleimide derivatives [201]. The very small

size of the lamps makes them particularly useful for supplying light to an optical

fiber or light pipe [202]. Another example of microwave photochemical treatment

of solutions at different wavelengths has been described by Moruzzi, who used

MW for promotion of photochemical reactions [203].

19.7

Concluding Remarks

Understanding, on the molecular scale, of processes relevant to microwave-assisted

photochemistry has not yet reached the maturity of other topics in chemistry. Such

a challenge is somewhat ambitious, because of several difficulties. Although some

obstacles have been overcome, study of the effects of microwaves on photochemi-

cal reactions requires a special approach. Microwave-assisted photochemistry

involves highly reactive, electronically excited molecules which are exposed to a dif-

ferent kind of reactivity-enhancing stimulation. Microwave heating strongly inter-

feres with possible nonthermal effects that cannot be easily separated in mecha-

nistic studies. One solution seems to be investigation of the spin dynamics of

photochemically generated radical pairs. Many photochemical reactions could be
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affected by a MW treatment if they pass through polar intermediates, e.g. ions or

ion-radicals. Application of EDL simplifies the technical procedure, especially in

organic synthesis, environmental chemistry, and analysis.

In this review we have discussed how the concept of microwave-assisted photo-

chemistry has become important in chemistry. Although still at the beginning, de-

tailed analysis of past and current literature confirms explicitly the usefulness of

this method of chemical activation. The technique is already established in indus-

try and we hope it will also find its way into conventional chemical laboratories.

Acknowledgments
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Introduction

With the involvement of peptides and proteins in virtually every biological process,

understanding and controlling their expression and function is of major impor-

tance. With more than 20 000 papers published annually, peptide research has

grown dramatically in recent decades [1]. Peptides are involved in many biochemi-

cal processes including cell–cell communication, metabolism, immune response,

and reproduction. Peptides also act as hormones and neurotransmitters in

receptor-mediated signal transduction. As the enormous role of peptides in many

physiological and biochemical processes has become more understood, so has in-

terest in their value as potential drug candidates.

Compared with small-molecule drugs peptides have the advantage of higher po-

tency and specificity with fewer toxicological problems. Small molecules have the

advantage of oral availability, lower price, and ability to cross cell membranes. Im-

provements in peptide drug-delivery systems, for example PEGylation and pulmo-

nary delivery, are increasing the attractiveness of peptide drugs, however [2, 3].

Obtaining peptides from natural sources can often be very difficult. In tissue

samples the desired peptides are often at very low concentrations requiring highly

sensitive assay methods. The availability and storage of natural tissue samples can

also limit availability. Although recombinant genetics has been the major produc-

tion tool for synthesis of proteins, it is a time-consuming and laborious task laden

with difficulties.

Chemical synthesis of proteins enables site-specific control of backbone and

side-chain modifications with customizability not available via recombinant strat-

egies. Chemical synthesis also enables protein sequences to be synthesized not

only rapidly, but also free from DNA impurities or endotoxins that may be present

during recombinant synthesis. This is especially important for in-vivo applications

requiring high dosages and diagnostic imaging, for which a product free from en-

dotoxins is required. The combination of different chemical synthesis strategies

has been successful in producing small proteins containing up to 200 amino acids.
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Although chemical synthesis of peptides and proteins has developed substan-

tially in recent decades, it does require use of toxic reagents, large amounts of ex-

pensive reagents, and often suffers from incomplete reactions that significantly

reduce final product purity. Chemical synthesis can be performed in solution, on

a solid phase, or by a combination of both. Solution-phase synthesis has been the

method of choice for large-scale preparation, but developments in solid phase tools

have enabled its use also.

Although microwave synthesis has become widespread for enhancing chemical

reactions in organic synthesis, only recently has it been adopted in peptide synthe-

sis. This is primarily attributed to concern about side reactions and, until recently,

lack of availability of the proper tools. Several well-known side reactions have been

extensively documented in solid phase peptide synthesis (SPPS) and there has

been concern that microwaves, while speeding up reaction rates, may also acceler-

ate racemization, aspartimide formation, and other potential problems. Several

publications have reported use of domestic and single-mode microwave devices

and enhancements in coupling reactions [40, 41]. In 2003, the complete SPPS pro-

cess including both deprotection and coupling steps was performed in a single-

mode microwave reactor for generation of the 65–74ACP peptide [42]. The results

showed deprotection was complete in 2 min and coupling in 3 min. This enabled

complete synthesis of a 10mer peptide in 4.5 h. Not only does the application of

energy used for SPPS enable more rapid synthesis, it can also result in higher

product purity. Because the need for peptides is growing quickly, it is critically im-

portant to enable faster delivery of high purity peptides to the market.

20.2

Solid-phase Peptide Synthesis

Classical solution-phase peptide synthesis suffers from the time consuming pro-

cesses of purification and characterization at each step. The development of SPPS

overcame many of the problems of classical solution-phase synthesis and has be-

come the standard method for research-scale synthesis of peptides containing up

to 50 amino acids [4]. This method uses a solid resin bead for assembly of a pep-

tide chain from C to N terminus (Scheme 20.1). The carboxy group of the C-termi-

nal amino acid is attached to a linker group, thereby attaching it to the resin. A

temporary protecting group on the a-amino group is first removed. The second

amino acid, with N-terminus temporary protection, is then added to the reaction

in excess with its carboxy group activated to generate an activated ester capable of

amide bond formation. Excess reagents are then removed from the reaction, usu-

ally by filtration, and the resin washed repeatedly with solvent. The N-terminus

protecting group of the dipeptide attached to the resin is then removed and the cy-

cle continues until the desired sequence is made. The last step involves deprotec-

tion of the final N-terminus protecting group and removal of the peptide from the

resin. This step also removes any side-chain-protecting groups used during the
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stepwise synthesis, yielding an unprotected peptide in solution. The two main ap-

proaches of SPPS used are the Fmoc and Boc methods. The Boc method is the

older of the two and has largely been replaced by the Fmoc method.

20.2.1

Boc Chemistry

The original technique developed by Merrifield used a scheme of graduated acid-

olysis for selective removal of temporary and permanent protecting groups. This

method uses the tert-butoxycarbonyl (Boc) group for temporary protection of the

a-amino group (Fig. 20.1). The Boc group is typically removed with trifluoroacetic

acid (TFA), or TFA in dichloromethane (DCM). TFA removal of the Boc group

generates a protonated amine, which must be neutralized before coupling of the

next amino acid [5]. The graduated acidolysis method employed in Boc synthesis

requires a stronger acid to remove both the side-chain-protecting groups and to

break the peptide–resin bond. This typically requires the use of hydrofluoric acid

(HF). The high toxicity and risks associated with handling HF require the use of

special apparatus.

Scheme 20.1. Solid-phase peptide synthesis cycle.
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Although use of Boc has enabled successful syntheses, its application has been

limited, because of the use of HF – a major factor in the current preference for

Fmoc chemistry [6]. Little known work has been performed with Boc chemistry

using microwave energy. For this reason, this chapter focuses on the application

of microwave energy for Fmoc SPPS.

20.2.2

Fmoc Chemistry

The Fmoc approach for SPPS uses an orthogonal protecting group strategy that in-

corporates the base-labile N-Fmoc group to protect the a-amino group, while incor-

porating acid-labile side-chain-protecting groups and forming the peptide–resin

bond (Fig. 20.2). The advantage of this approach is that it enables use of milder

acidic conditions than those used in the Boc method. Typically, TFA is used for re-

moval of side-chain-protecting groups and breaking the peptide–resin bond.

Although the Fmoc method does not require use of HF, it does suffer from in-

herent difficulties during stepwise synthesis. These can occur because of intermo-

lecular aggregation, b-sheet formation, steric hindrance from protecting groups,

and premature termination of the sequence. As a result, standard amino acid cycle

times range from 30 min to 2 h and incomplete deprotection and coupling reac-

tions are still common.

20.2.2.1 Activation

Carboxylic acids and amines will react to give an ammonium salt (acid–base equi-

librium) instead of a carboxamide. Activation of the carboxylic acid to form an ester

species enables peptide bond formation to occur (Fig. 20.3).

Fig. 20.1. The tert-butoxycarbonyl (Boc) group.

Fig. 20.2. The 9-fluorenylmethoxycarbonyl (Fmoc) group.
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This reduces the electron density on the CbO group, which favors nucleophilic

attack by the amine group (Fig. 20.4). The improved nucleofugicity of the leaving

group also increases the reaction rate.

Many different methods of activation have been developed for SPPS. Original

activation methods involved use of carbodiimides with an equivalent amount of

HOBt for ester formation. The most popular is 1,3-diisopropylcarbodiimide (DIC)

because the urea it generates during activation is soluble and allows its use to be

easily automated. Microwave has been used to accelerate SPPS couplings with

DIC/HOBt [6a]. The most recent developments have led to use of aminium and

phosphonium activation methods for in-situ generation of active esters as the pre-

ferred coupling method in SPPS. These methods use phosphonium and aminium

salts based on either 1-hydroxybenzotriazole (HOBt) or 1-hydroxy-7-azabenzotria-

zole (HOAt) to convert Fmoc-amino acids into OXt esters in the presence of a ter-

tiary base (Fig. 20.5). Both phosphonium and aminium activation strategies based

on HOAt have superior coupling efficiency and reduced rates of racemization in

SPPS [7–9].

The phosphonium method was originally developed from derivatives of tris-

dimethylaminophosphonium salts for the activation of carboxylic acids [10–13].

The first developed phosphonium salt-type reagents were m-oxo-bis-[tris(dimethyl-

amino)phosphonium]-bis-tetrafluoroborate (Bates Reagent) and benzotriazol-1-yl-

N-oxy-tris(dimethylamino)phosphonium hexafluorophosphate (BOP). Although

Fig. 20.3. Generation of ammonium salt from a carboxylic acid and free amine.

Fig. 20.4. Carboxamide formation from reaction of an ester with an amine.

Fig. 20.5. Structures of phosphonium (A) and aminium (B) salts.
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BOP has proven to be an efficient reagent in SPPS, its use results in generation of

carcinogenic hexamethylphosphoric triamide (HMPA) during the coupling re-

action. More recently, PyBOP was developed, which replaces the dimethylamino

groups of BOP with pyrrolidine substituents. PyBOP, with its HOAt analogue

(PyAOP) have the advantage that they do not form HMPA during the coupling re-

action.

Analogues of the phosphonium salts with replacement of the phosphonium

atom by a carbon atom have been developed. Originally these were labeled as uro-

nium salts because it was assumed they were analogous to phosphonium salts.

X-ray crystallographic studies have shown however, that these reagents crystallize

as aminium salts (guanidinium N-oxides) [14, 15].

The aminium salts most widely used in SPPS are N-[(1H-benzotriazol-1-yl)-

(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate N-

oxide (HBTU) and N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridino-1-
ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide (HATU).

Replacement of the hexafluorophosphate counter-ion for tetrafluoroborate gives

the corresponding TBTU and TATU species that are also used in SPPS. Although

tetrafluoroborate is more soluble in DMF than hexafluorophosphate, the counter-

ion does not seem to affect the reaction rate in SPPS [16].

1H-Benzotriazolium-1-[bis(dimethylamino)methylene]-5-chlorohexafluorophos-

phate-(1-),3-oxide (HCTU), based on a Cl-substituted hydroxybenzotriazole was de-

veloped recently. The coupling efficiency of HCTU is reported to be superior to that

of HBTU and PyBOP, because OCt is a better leaving group. HCTU is also a non-

irritant and a nonexplosive reagent; this makes it advantageous over HOBt and

HOAt-based coupling species.

The phosphonium and aminium activation methods require use of a base to

form the anion of the carboxy component and begin activation. Typically, tertiary

amines such as diisopropylethylamine (DIEA), or N-methylmorpholine (NMM)

are used. The amines are also hindered to minimize risk of racemization.

20.2.2.2 Aggregation

Whereas some peptide sequences could be synthesized relatively easily, it was no-

ticed early on that other sequences were much more difficult. During chain assem-

bly sudden decreases in reaction rates were observed. Occasionally, repeated or pro-

longed reaction time resulted in no improvement in chain assembly. Optimum

reaction conditions require a fully solvated peptide–polymer matrix that enables ef-

ficient reagent penetration. It has been observed during the synthesis of a difficult

peptide that the reaction matrix becomes partially inaccessible, typically from the

6th to 12th residue of the chain. This is thought to occur because of formation of

secondary structures of aggregates that result in poor solvation of the peptide–

polymer matrix [18–20]. As a peptide chain is built stepwise on a resin bead it

can form aggregates either with itself or with neighboring chains. This involves

inter or intramolecular hydrogen bonding of the peptide backbone that leads to

b-sheet formation [21–23].
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Tab. 20.1. Phosphonium and aminium activators.

Name Acronym Structure

Benzotriazol-1-yl-N-oxy-

tris(dimethylamino)phosphonium

hexafluorophosphate

BOP

Benzotriazol-1-yl-N-oxy-

tris(pyrrolidino)phosphonium

hexafluorophosphate

PyBOP

(7-Azabenzotriazol-1-yloxy)-

tris(pyrrolidino)phosphonium

hexafluorophosphate

PyAOP

N-[(1H-benzotriazol-1-

yl)(dimethylamino)methylene]-

N-methylmethanaminium

hexafluorophosphate N-oxide

HBTU

N-[(dimethylamino)-1H-1,2,3-

triazolo[4,5-b]pyridino-1-ylmethylene]-

N-methylmethanaminium

hexafluorophosphate N-oxide

HATU

N-[(1H-benzotriazol-1-

yl)(dimethylamino)methylene]-

N-methylmethanaminium

tetrafluoroborate N-oxide

TBTU
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20.2.3

Microwave Synthesis

The standard microwave frequency used for synthesis is 2450 MHz. At this fre-

quency, molecular rotation occurs as molecular dipoles or ions try to align with

the alternating electric field of the microwave by processes called dipole rotation

or ionic conduction [24, 25]. On the basis of the Arrhenius equation, (k ¼
Ae�Ea=RT ) the reaction rate constant depends on two factors, the frequency of colli-

sions between molecules that have the correct geometry for a reaction to occur, A,
and the fraction of those molecules that have the minimum energy required to

overcome the activation energy barrier, e�Ea=RT .

Although there is some speculation that microwaves can reduce activation en-

ergy by dipolar polarization, this has yet to be proven. Microwave energy will affect

the temperature of the system, however. In the Arrhenius equation, T measures

the average bulk temperature of all components of the system. It is known that

for a given temperature the molecules in the system are at a range of temperatures

as shown in the Boltzmann equation, FðEÞ ¼ 1=AeðE=kTÞ. Because not all compo-

nents absorb microwave energy equally, the Boltzmann profile of temperatures will

tend to flatten to reflect a higher range in molecular temperatures at a given bulk

temperature. At a given bulk temperature with microwave energy, a greater per-

centage of molecules can be at an energy level above the activation energy required

for the reaction and increases in reaction rates are observed. The rapid and selec-

tive energy transfer that results from microwave irradiation leads to higher instan-

taneous heating of the reactants and a broader distribution of molecular energies.

This is believed to be the primary reason for the rate enhancements observed.

The N-terminus amine group and the backbone in peptides are polar, which

Tab. 20.1. (continued)

Name Acronym Structure

N-[(dimethylamino)-1H-1,2,3-

triazolo[4,5-b]pyridino-1-ylmethylene]-

N-methylmethanaminium

tetrafluoroborate N-oxide

TATU

1H-benzotriazolium-1-

[bis(dimethylamino)methylene]-

5-chloro, hexafluorophosphate

(1-),3-oxide

HCTU
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makes them constantly try to align with the alternating electric field of the micro-

wave. During peptide synthesis this can help break up the chain aggregation which

results from intra and interchain association and enable easier access to the grow-

ing end of the chain. One must also consider the solvent used for SPPS. Both DMF

and NMP are medium absorbers of microwave energy whereas DCM is a lower ab-

sorber. The dielectric loss for NMP, DMF, and DCM is 8.855, 6.070, and 0.382, re-

spectively. Conventional heating relies on migration of energy from outside the

vessel, which is a slow and nonspecific transfer. With microwaves, energy transfer

occurs in 10�9 s with each cycle of electromagnetic energy. The kinetic molecular

relaxation from this energy is approximately 10�5 s. Thus a large amount of energy

can be applied directly to the molecules involved in the reaction in a very efficient

manner.

Some laboratories have reported that use of simultaneous cooling with micro-

wave irradiation leads to improvements in reaction rates compared with micro-

waves alone [26–28]. This strategy enables greater amounts of microwave energy

to be delivered to a sample while keeping the bulk of the solution at a lower tem-

perature.

20.2.4

Tools for Microwave SPPS

During the SPPS cycle two distinct reactions are required for each amino acid ad-

dition. Complete reaction requires both proper addition of reagents and ensuring

that the resin is completely submerged in solution. Also, during the coupling re-

action excess of aminium-based activators compared with Fmoc amino acid can

cause capping of the peptide chain. Thus, accurate delivery of several reagents is

required throughout the synthesis.

Automated peptide synthesizers have been in use for several decades and have

provided much needed assistance for manual synthesis of long peptides. In 2003,

CEM Corporation introduced the first automated microwave peptide synthesizer,

Odyssey. This system was updated shortly afterwards to the current version, Liberty

(Fig. 20.6).

The Liberty system is a sequential peptide synthesizer capable of complete auto-

mated synthesis, including cleavage, of up to twelve different peptides. The system

uses the Discover single-mode microwave reactor that has been widely used in or-

ganic synthesis.

The Liberty features a standard 30-mL Teflon glass fritted reaction vessel for 0.1–

1.0 mmol synthesis. A 100-mL reaction vessel is also available for multi-mmol

scales. The reaction vessel features a spray head for delivery of all reagents and a

fiber-optic temperature probe for monitoring microwave power delivery. The sys-

tem uses up to 25 stock solutions for amino acids and seven reagent ports that per-

form the functions: main wash, secondary wash, deprotection, capping, activator,

activator base, and cleavage. The system uses nitrogen pressure for transfer of all

reagents and to provide an inert environment during synthesis. Nitrogen bubbling

is also used for mixing during deprotection, coupling, and cleavage reactions. The
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system uses a metered sample loop for precise delivery of all amino acid, activator,

and cleavage solutions. The Liberty is controlled by an external computer, which

enables complete control of each step in every cycle.

CEM also offers a manual peptide synthesizer, Discover SPS (Fig. 20.7). This sys-

tem is also based on the Discover microwave reactor. It uses a 25 mL polypropylene

SPE cartridge that is held in place in the reactor. Fiber-optic temperature monitor-

ing is included in the system and enables control of microwave power delivery. A

vacuum manifold station is provided that enables rapid washing and filtration of

reagents during the cycle. The system can be upgraded to the automated Liberty.

20.2.5

Microwave Enhanced N-Fmoc Deprotection

The N-Fmoc protecting group is labile to organic bases and is removed by base-

catalyzed elimination (Scheme 20.2). Deprotection is most efficient with unhin-

dered secondary amines, but is also susceptible to primary and tertiary amines.

Typically, a 20% piperidine in DMF solution is used to form a dibenzofulvene

(DBF) intermediate that is immediately trapped by the secondary amine to form

an inert adduct.

For difficult peptides, incomplete Fmoc deprotection can be a problem and use

of the stronger tertiary base, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) has been

shown to increase reaction efficiency. Typically, small amounts of piperidine are

Fig. 20.6. The CEM Liberty automated peptide synthesizer, shown with reaction vessel.
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added to DBU to scavenge the free DBF because this is not achieved with DBU

alone. Free DBF can potentially react with the resulting resin-bound terminal

N a-amine preventing acylation of the next amino acid.

The deprotection reaction is often performed in two stages to prevent DBF alky-

lation of the resin-bound terminal N a-amine. The first stage is typically shorter

than the second and serves to remove a significant amount of DBU from the reac-

tion vessel before a longer deprotection reaction is employed with fresh reagent.

20.2.5.1 Aspartimide Formation

Base-catalyzed aspartimide formation, which has been described in detail in the lit-

erature, can be a serious problem during chain assembly in peptide synthesis [29].

This side reaction involves attack by the nitrogen atom attached to the a-carboxy

group of either aspartic acid or asparagine on the side chain ester or amide group,

Fig. 20.7. CEM Discover SPS manual peptide synthesizer shown with reaction vessel.
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Scheme 20.2. Fmoc removal by piperidine.

Scheme 20.3. Aspartimide formation of Asp(X) sequences.
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respectively (Scheme 20.3). Nucleophilic attack then causes subsequent ring open-

ing, which gives rise to a mixture of a-aspartyl and b-aspartyl peptides.

Aspartimide formation has been shown to occur in sequences containing the

‘‘Asp-X’’ moiety, where X ¼ Gly;Asn;Ser; or Thr. Each subsequent deprotection

cycle after the ‘‘Asp-X’’ sequence further increases aspartimide formation. This

can be a serious problem in longer peptides with multiple Asp residues.

The process occurs naturally in biological systems with proteins containing as-

partic acids. Inclusion of b-tert-butyl ester protection is thought to reduce this be-

cause of its bulkiness, although this side reaction is well documented in routine

peptide synthesis even with side-chain-protection of aspartic acid. Incorporation of

0.1 m HOBt in the deprotection solution has been shown to reduce aspartimide

formation [30, 31]. Often, however, significant amounts of aspartimide are still

formed. The hexapeptide ‘‘VKDGYI’’ has been shown to produce substantial

amounts of aspartimide-related products during SPPS [32]. This peptide was syn-

thesized manually in a single-mode microwave reactor with three 30-s, 100-W,

cycles with ice bath cooling between each irradiation cycle [33]. Maximum temper-

ature was measured to be approximately 40 �C. Significant aspartimide formation

was detected when 20% solution of piperidine in DMF was used. This was reduced

by alteration of the deprotection solution, but only completely eliminated by use of

Hmb dipeptide insertion of DG (Table 20.2).

The use of piperazine in place of piperidine results in much lower levels of as-

partimide formation [34] (Fig. 20.8). Piperidine is a precursor in the synthesis of

phenylcyclidine (angel dust) and is regulated by the Drug Enforcement Agency. Pi-

perazine is not a controlled substance and so is more accessible to laboratories

than piperidine. Piperazine is also an oral medication used to treat roundworm in-

fection and is less odorous and toxic than piperidine [35]. Piperazine, with a pKa of

9.8 compared with 11.1 for piperidine, is however, a slower deprotection reagent.

In conventional synthesis of hydrophobic sequences, use of piperazine can lead to

more incomplete Fmoc removal. DBU is often used as a stronger deprotection

agent than piperidine, but can cause large amounts of aspartimide formation.

Microwave energy can substantially accelerate Fmoc deprotection with pipera-

zine. Complete Fmoc removal can be accomplished with piperazine in 3 min.

This enables efficient deprotection with a very desirable reagent. For example, as-

partimide formation was minimized on a 20mer peptide with a ‘‘Gly–Asp’’ C-

Tab. 20.2. Effect of deprotection reagent on aspartimide formation of VKDGYI.

Deprotection reagent Amount aspartimide (%)

20% Piperidine in DMF 10.90

20% Piperidine with 0.1 m HOBt in DMF 5.55

Hexamethyleneimine–N-ethylpyrrolidine–HOBt in NMP–DMSO 1.49

20% Piperidine in DMF (with Hmb backbone protection) Not detected
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terminal sequence by use of microwave SPPS [36] (Table 20.3). Fmoc removal was

performed with a range of deprotection chemistry. The deprotection reaction was

performed in two steps, with each containing a fresh deprotection solution. The

first step was a 30-s microwave method with constant power giving a maximum

temperature of approximately 40 �C. The second step used a 3-min method with

the maximum temperature reaching 80 �C.

Fig. 20.8. The structures of piperidine and piperazine.

Fig. 20.9. Microwave SPPS of Val–Tyr–Trp–Thr–Ser–Pro–Phe–

Met–Lys–Leu–Ile–His–Glu–Gln–Cys–Asn–Arg–Ala–Asp–Gly–

NH2: 1, product; 2, a and b-piperidides.
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Deprotection with piperazine led to an overall reduction of side-products result-

ing from aspartimide formation, and piperazine led to less aspartimide formation

than piperidine. With both reagents, addition of 0.1 m HOBt reduced aspartimide

formation further. When piperidine-containing deprotection solutions were used,

a and b-piperidides resulting from base catalyzed imide ring opening were

detected by LC–MS analysis (Fig. 20.9). The corresponding products were not de-

tected when piperazine-containing deprotection solutions were used. Racemization

of the aspartic acid, which can occur by hydrolysis of the imide ring in solution,

was also substantially less when piperazine was used in place of piperidine, as

shown in Table 20.3.

20.2.6

Microwave-enhanced Coupling

The coupling reaction has been a major focal point throughout the history of

SPPS. It is well known for its difficulties in aggregating sequences and has led to

the development of exotic activators, solvent mixtures, lengthy reaction times, and

use of double couplings. In addition, many laboratories employ a capping step

after each coupling reaction. This involves acetylation of the peptide chain, typi-

cally by use of acetic anhydride, effectively preventing the chain with uncoupled

amino acid from continuing to grow.

There have been several reports of use of elevated temperature to accelerate the

coupling reaction [37–39]. Although results were indicative of increased rates of

acylation, there was concern about the potential increase in racemization. Micro-

wave energy was used to accelerate the coupling reaction of the 65–74ACP peptide,

enabling completion in 6 min in a domestic microwave oven [40]. This resulted

in better coupling efficiency than in a conventional automated peptide synthesizer

using reaction monitoring of the deprotection reaction.

In 2002, a single mode microwave synthesizer was also shown to accelerate the

coupling reaction of several 3mer peptides [41]. Temperatures of up to 120 �C were

used for the coupling reaction. In 2003, microwave energy was applied to the com-

plete Fmoc SPPS cycle, including both deprotection and coupling steps [42]. The

Tab. 20.3. Amount (%) of d-Asp measured by GC–MS after

hydrolysis of Val–Tyr–Trp–Thr–Ser–Pro–Phe–Met–Lys–Leu–

Ile–His–Glu–Gln–Cys–Asn–Arg–Ala–Asp–Gly–NH2 with 6 m

DCl in D2O.

Deprotection reagent Amount of aspartimide (%) Amount of D-Asp (%)

20% Piperidine in DMF 31.50 9.60

20% Piperidine with 0.1 m HOBt in DMF 9.10 3.83

5% Piperidine with 0.1 m HOBt in DMF 3.15 1.18
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65–74ACP peptide was assembled by using a 1-min deprotection step and a 2-min

coupling step. Without microwave energy, multiple deletions were observed, as

shown in Fig. 20.10.

Galanin is a unique neuroendocrine peptide found in the brain and gut. It is in-

volved in a variety of physiological processes including cognition, memory, neuro-

Fig. 20.10. Microwave SPPS of 65–74ACP Sequence Val–Gln–

Ala–Ala–Ile–Asp–Tyr–Ile–Asn–Gly [42].
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transmitter secretion, and feeding behavior. This peptide was synthesized on a

Liberty system with a 3-min deprotection reaction and a 4-min coupling reaction,

both with and without microwave energy [43]. The maximum temperature reached

during both the deprotection and coupling reactions was 75 �C in the microwave

experiment. With microwave energy the product was obtained in 84.8% purity

whereas without use of microwaves the product was less than 10% pure, as shown

in Fig. 20.11.

20.2.6.1 Racemization

The properties of proteins and peptides are critically dependent on the configura-

tion of their chiral centers. Alteration of a single chiral center can have a drastic

effect on biological activity. With the exception of glycine, all 20 standard amino

acids contain a chiral center at the a-carbon atom. Isoleucine and threonine also

have a chiral center in their side-chains. In SPPS, racemization has been exten-

sively documented during the coupling reaction. It is generally thought to occur

via formation of an oxazolone intermediate [44].

Fig. 20.11. SPPS of Gly–Trp–Thr–Leu–Asn–Ser–Ala–Gly–Tyr–

Leu–Leu–Gly–Pro–Gln–Gln–Phe–Phe–Gly–Leu–Met–NH2;

1, product. Synthetic conditions: 20% piperidine in

DMF ¼ deprotection; HBTU–HOBt–DIEA 0.9:1:2, �10

excess ¼ coupling; reagent K ¼ cleavage.
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Enolization Direct enolization can occur during the coupling reaction. During

coupling, conversion of the incoming amino acid to an activated ester increases

the acidity of the a-carbon (Scheme 20.4). This can tend to favor enolization, which

leads to rearrangement about the a-carbon. In SPPS, sterically hindered tertiary

amines are used in an effort to minimize base-catalyzed removal of the a-carbon

proton.

Oxazolone formation Enantiomerization of the incoming amino acid residue is

possible by formation of an oxazolone ring (Scheme 20.5). This ring can then re-

open leading to racemization about the a-carbon. Enantiomerization by oxazolone

formation occurs more frequently in fragment condensation when connecting pep-

tide fragments together. Some N-urethane protected amino acids, particularly his-

tidine and cysteine, have been shown to be susceptible to this reaction, however

[45–48].

20.2.6.2 Quantifying Racemization During SPPS

Whenever a new condition is introduced to the coupling reaction (activator, sol-

vent, base, resin, protecting group, etc.), it is important to study the effect it may

have on racemization of the incoming amino acid. Although enantiomerization

about a single chiral center can have a major impact on a protein or peptide’s activ-

ity, it can be very difficult to quantify. In smaller peptides, racemization can often

be quantified by efficient HPLC separation. When a peptide increases in length,

separation of centers of racemization can become an impossible task. Although

chiral columns are an improvement on standard C18 columns, this is often not

sufficient.

An accurate and sensitive method for detection of racemization during peptide

Scheme 20.4. Enolization leading to racemization.

Scheme 20.5. Oxazolone formation.
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synthesis involves hydrolysis of the peptide into free amino acids followed by deri-

vatization and analysis by gas chromatography. Derivatization is usually performed

with Marfey’s reagent or 1,fluoro-2-4-dinitrophenyl-5-l-alanine amide (FDAA).

Marfey’s reagent reacts by nucleophilic substitution, through its aromatic fluorine

of the amine group on the amino acid. Marfey’s reagent also contains a chiral cen-

ter, in the l configuration, in its alanine group.

Reaction of Marfey’s reagent with a racemic mixture of amino acids results in a

mixture of l–l and l–d diastereomers. In the l–l diastereomer an intramolecular

hydrogen bond is formed between the carboxyl and carboxyamide groups; this does

not occur (or does to a much lesser extent) in the l–d diastereomer. This feature

enables the derivatives to be separated by RP HPLC.

One problem with this approach is that hydrolysis of the peptide can contribute

to racemization. Frank et al. developed an approach that involves hydrolysis of the

peptide in 6 m DCl in D2O, which leads to deuterium exchange on racemization

[49, 50]. The amount of racemization resulting from hydrolysis can then be mea-

sured by mass spectrometric determination and subtracted to give a measure of

racemization from synthesis of the peptide.

Racemization studies have recently been performed on two model peptides with

serine and aspartic acid residues [51]. In this study, the microwave coupling reac-

tion was performed using six cycles of 40 W for 25 s. Between cycles the reaction

vessel was externally cooled to maintain the maximum temperature below 30 and

50 �C in different experiments, respectively. Racemization analysis was performed

by separation of the l and d enantiomers by HPLC. Analysis showed that after use

of microwave energy in the coupling reaction, racemization was less than or com-

parable with that after conventional coupling (Table 20.4).

Racemization studies were performed during microwave synthesis of the

peptide Ala–Cys–Asp–Glu–Phe–Gly–His–Ile–Lys–Leu–Met–Asn–Pro–Gln–Arg–

Ser–Thr–Val–Trp–Tyr–NH2 under a variety of coupling conditions using an Odys-

Scheme 20.6. Derivatization with Marfey’s reagent.
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sey system [52]. Racemization analysis was performed by C.A.T. GmbH via

GC–MS analysis after hydrolysis in 6 m DCl in D2O. In this study substantial

racemization occurred on the aspartic acid and cysteine residues during most acti-

vation schemes. Optimum results were observed with the PyBOP–DIEA and

HATU–DIEA activation schemes.

More recently, a detailed study was undertaken with a 20mer peptide that con-

tained each of the natural 20 amino acids, but with a selectively placed C-terminal

Asp–Gly segment to encourage maximum aspartimide formation [36]. The peptide

was synthesized on a Liberty system, on the 0.1 mmol scale, using a Rink MBHA

amide resin with fivefold excess of reagents for coupling. Microwave irradiation

was used during the deprotection in two stages, a 30-s method repeated with a

new solution for 3 min to give a maximum temperature of 80 �C. A 5-min coupling

reaction was performed with the maximum temperature also reaching 80 �C. Ra-

cemization analysis was performed by GC–MS after hydrolysis in 6 m DCl in D2O.

Results indicated that the sequence was susceptible to racemization at the histidine

and cysteine residues, and at aspartic acid as a by-product of aspartimide formation

with standard piperidine deprotection. Addition of HOBt to the coupling solution

did not reduce racemization for all the amino acids tested. Racemization of as-

partic acid was controlled by reduction in aspartimide formation as a result of ad-

dition of 0.1 m HOBt and substitution of piperidine with piperazine during depro-

tection. Results are summarized in Table 20.5.

20.2.6.3 Racemization of Histidine and Cysteine

Histidine and cysteine are both very susceptible to racemization during routine

SPPS. If not optimized, microwave SPPS has been shown capable of causing

substantial racemization during the coupling of both histidine and cysteine [36].

Cysteine racemization has been attributed to a-carbon proton abstraction by

Tab. 20.4. Amount of racemization (%) found by HPLC analysis of H–Gly–Xxx–Phe–NH2.

Sequence Method Amount D (%) Amount L (%)

H–Gly–l-Ser–Phe–NH2 Conventional (RT) 0.73 99.27

MW-SPPS Tmax ¼ 30 �C 0.09 99.91

H–Gly–d-Ser–Phe–NH2 Conventional (RT) 98.00 2.00

MW-SPPS Tmax ¼ 30 �C 98.44 1.56

MW-SPPS Tmax ¼ 50 �C 98.44 1.56

H–Gly–l-Asp–Phe–NH2 Conventional (RT) 0.63 99.37

MW-SPPS Tmax ¼ 30 �C 0.25 99.75

H–Gly–d-Asp–Phe–NH2 Conventional (RT) 99.75 0.25

MW-SPPS Tmax ¼ 30 �C 99.63 0.37

MW-SPPS Tmax ¼ 50 �C 99.68 0.32
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the tertiary amine in the coupling reaction. This has led to the use of very bulky

hindered tertiary amines, which limits their ability to reach the a-carbon proton.

Substitution of DIEA with the more hindered base collidine, also known as TMP,

led to substantial reduction of cysteine racemization. Use of TMP, however, did

lead to lower coupling efficiency, as was shown by substantial valine deletion dur-

ing synthesis of the 20mer peptide. Reduction of coupling temperature from 80 �C

to 50 �C was also successful in substantially reducing cysteine racemization.

Histidine is susceptible to racemization through its own side chain (Fig. 20.12).

Thus, alteration in the base used during coupling has no real effect on histidine

racemization. Typical side-chain-protection for histidine involves protecting the t-

nitrogen, because it is more accessible [53]. The p-nitrogen is actually closer to

the a-carbon proton, however, and responsible for nucleophilic attack leading to a-

carbon rearrangement. Reducing the coupling temperature to 50 �C for histidine

substantially reduced racemization. Derivatives of histidine are available with side-

chain-protection on the p-nitrogen; although this eliminates concern about histi-

dine racemization, they are substantially more expensive and not an attractive op-

tion for routine synthesis.

Although coupling temperatures up to 80 �C can be used during microwave

SPPS, both cysteine and histidine require special attention. Reducing the coupling

temperature to 50 �C had a positive effect for both amino acids. When both histi-

dine and cysteine have been coupled, no further increase in racemization is

observed during subsequent chain synthesis steps with microwave energy. This

enables coupling of both amino acids to be performed at room temperature with

no increased susceptibility to racemization at elevated temperatures of up to 80 �C

during other amino acid coupling and deprotection steps.

20.2.6.4 g-Lactam Formation from Arginine

During coupling, the nucleophilic side-chain of arginine is susceptible to g-lactam

formation [54] (Scheme 20.7). This irreversible reaction will effectively render the

activated arginine derivative inactive during the coupling reaction.

During normal synthesis this may not be apparent as a significant problem, be-

cause the coupling reaction will occur before substantial g-lactam formation oc-

curs. In a difficult coupling reaction, however, g-lactam formation may become

more favorable than coupling. In these circumstances, extending the reaction time

will not promote completion of the coupling. This was shown recently with the mi-

Fig. 20.12. The structure of histidine.
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Scheme 20.7. g-Lactam formation.

Fig. 20.13. SPPS of Gly–Val–Arg–Gly–Asp–Lys–Gly–Asn–Pro–

Gly–Trp–Pro–Gly–Ala–Pro–Tyr–NH2: 1, product; 2, del[Arg];

3, del[Arg] w/ dehydration. Synthetic conditions: 20% piperidine

in DMF ¼ deprotection; HBTU–HOBt–DIEA 0.9:1:2, �10

excess ¼ coupling; reagent K ¼ cleavage [36].
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crowave synthesis of the 1992 ABRF peptide sequence – almost 50% deletion of

arginine was observed in product analysis [55]. The use of a pseudo-proline deriva-

tive was beneficial in enabling access to the N-terminus of the peptide chain and

thus increasing coupling of arginine before lactam formation could occur. Com-

plete elimination of any arginine deletion in the sequence was made possible by

use of an all PAL–PEG resin from ChemMatrix [36]. This resin enabled improved

solvation of the peptide-resin matrix and enabled the coupling reaction to reach

completion before complete lactam formation. Results from synthesis of the 1992

ABRF peptide are shown in Fig. 20.13.

20.2.7

Longer Peptides

Because longer peptides enable more coverage of a protein and better ability to

study its interactions, the ability to synthesize longer chains is highly desirable.

Conventional Fmoc SPPS has enabled routine assembly of peptide sequences of

up to 30 to 40 amino acids when aggregation is not an important issue.

The 31mer C-peptide fragment naturally cleaved from proinsulin has been syn-

thesized on a Liberty system in 0.1 mmol quantities with a crude purity of 75.0%,

as shown in Fig. 20.14 [43]. When the synthesis was repeated, but with ten addi-

tional amino acids, including two arginine residues added to the chain, the crude

purity dropped to 48.2%, as shown in Fig. 20.15, primarily because of incomplete

coupling of arginine. As shown previously, when lactam formation occurs, acti-

vated arginine residues can no longer couple.

Microwave synthesis of the 30mer peptide Val–Tyr–Trp–Thr–Ser–Pro–Phe–

Met–Lys–Leu–Ile–His–Glu–Gln–Cys–Asn–Arg–Ala–Asp–Gly–Val–Gln–Ala–

Ala–Ile–Asp–Tyr–Ile–Asn–Gly with crude purity of 80.0% has also been reported.

Fig. 20.14. Microwave-SPPS of Glu–Ala–Glu–

Asp–Leu–Gln–Val–Gly–Gln–Val–Glu–Leu–

Gly–Gly–Gly–Pro–Gly–Ala–Gly–Ser–Leu–Gln–

Pro–Leu–Ala–Leu–Glu–Gly–Ser–Leu–Gly–

NH2; 1 ¼ Product. Synthetic conditions: 20%

piperidine in DMF ¼ deprotection, PyBOP–

HOBt–DIEA 0.9:1:2, �6 excess ¼ coupling,

reagent K ¼ cleavage [43].
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The synthesis was performed at the 0.1 mmol level using 5% piperazine in DMF as

the deprotection reagent and HBTU activation with a fivefold excess of reagents

and was complete in 12.5 h [36].

Erythropoietin (EPO) is a naturally occurring protein responsible for red blood

cell production. A 20mer peptide mimic of this natural protein has been synthe-

sized in 8 h by use of microwave SPPS. Purity was higher than that obtained in 5

days by conventionally synthesis [33] and the biological activity was reported to be

equal to that of the conventionally synthesized material, as shown in Fig. 20.16.

Fig. 20.15. Microwave-SPPS of Gly–Phe–Phe–

Tyr–Thr–Pro–Lys–Thr–Arg–Arg–Glu–Ala–Glu–

Asp–Leu–Gln–Val–Gly–Gln–Val–Glu–Leu–

Gly–Gly–Gly–Pro–Gly–Ala–Gly–Ser–Leu–

Gln–Pro–Leu–Ala–Leu–Glu–Gly–Ser–Leu–

Gly–NH2; 1 ¼ product; 2 ¼ del[Arg].

Synthetic conditions: 20% piperidine in

DMF ¼ deprotection; PyBOP–HOBt–DIEA

0.9:1:2, �6 excess ¼ coupling, reagent

K ¼ cleavage.

Fig. 20.16. Biological activity of Gly–Gly–Thr–Tyr–Ser–Cys–

His–Phe–Gly–Pro–Leu–Thr–Trp–Val–Cys–Lys–Pro–Gln–Gly–

Gly [33].
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Microwave SPPS has been successfully used to synthesize the well-known diffi-

cult 1–42b-amyloid fragment [36]. In addition to being difficult to synthesize this se-

quence also can be challenging to analyze [56–59]. When microwave energy was

used the crude purity was nearly twice that from conventional synthesis, as shown

in Fig. 20.17.

Fig. 20.17. Microwave-SPPS of Asp–Ala–Glu–

Phe–Arg–His–Asp–Ser–Gly–Tyr–Glu–Val–His–

His–Gln–Lys–Leu–Val–Phe–Phe–Ala–Glu–

Asp–Val–Gly–Ser–Asn–Lys–Gly–Ala–Ile–Ile–

Gly–Leu–Met–Val–Gly–Gly–Val–Val–Ile–Ala;

1 ¼ product. Synthetic conditions: 5%

piperazine with 0.1 m HOBt in DMF ¼
deprotection; HBTU–HOBt–DIEA 0.9:1:2;

�5 excess [36].
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20.3

Conclusion

Microwave energy has been used to successfully enhance Fmoc solid-phase pep-

tide synthesis. Because successful synthesis of a peptide necessitates almost

100% completion of two reactions per cycle, microwave energy is an efficient

way of driving these reactions to completion. Common problems in SPPS, typically

from aggregation, necessitate much time and reagent cost to drive the reaction

to completion. Microwave energy is a rapid and efficient alternative that is use-

ful for providing efficient energy to accelerate the deprotection and coupling

steps. The key to using microwave energy for SPPS is proper control and feed-

back of the microwave power. Temperature monitoring is available for control

of microwave power output and should be used during both deprotection and

coupling. Common side-reactions (aspartimide formation and racemization)

are observed during microwave SPPS, but can be controlled by optimizing the

methods.

The deprotection reaction is prone to aspartimide formation that can arise from

‘‘Asp–Xxx’’ sequences. Synthesis conditions must be controlled for these se-

quences, to prevent excess aspartimide formation. This can be easily accomplished

by using HOBt, as used conventionally, is equally powerful for limiting asparti-

mide formation during microwave SPPS. A key advantage of microwaves are their

ability to accelerate Fmoc deprotection with reagents, for example piperazine, that

are more desirable to use and advantageous for prevention of aspartimide forma-

tion, but not powerful enough to be used conventionally.

During the coupling reaction, racemization is a concern with histidine and cys-

teine in both conventional and microwave SPPS. Increases in racemization result-

ing from excess microwave energy can, however, be overcome by reducing the tem-

perature below 50 �C for histidine and by use of a more hindered base, for example

collidine, for cysteine [36]. Alternatively, derivatives of histidine that protect its

p-nitrogen are available that enable racemization-free coupling, but are substan-

tially more expensive and not desirable for routine synthesis. Coupling of both his-

tidine and cysteine can also be performed without microwave energy, and the rest

of the peptide can synthesized using microwaves because this will have no in-

creased effect on racemization.

It is obvious that microwave energy must be controlled during SPPS or the po-

tential for some side reactions is increased. This is, however, easy to achieve with

commercially available instrumentation, both manual and automated. With the re-

duced cycle times and ability to drive difficult reactions to completion, microwave

energy is a major tool in SPPS. Whereas typical conventional cycles times range

from 60 to 180 min, microwave energy enables routine cycle times to be reduced

to 15 to 30 min. For a 20mer peptide, therefore, use of microwave energy enables

synthesis time to be reduced by approximately 15 to 30 h. Further optimization will

enable preparation of hydrophobic and longer peptides, currently a major chal-

lenge for researchers, of even greater purity.
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20.4

Future Trends

Microwave SPPS is enabling technology currently involved in much active re-

search. As new hardware is installed throughout the world, use and knowledge of

microwave SPPS is increasing daily. For example, microwave energy was recently

used to substantially increase the purity of several long b-peptides, which suffer

from low synthetic efficiency when conventional techniques are used [60].

As researchers have a demand for longer synthetic peptide sequences, conver-

gent SPPS (CSPPS) methods, for example fragment condensation and chemical

ligation, have developed. Fragment condensation of fully protected peptide seg-

ments has the advantage of purifying each fragment with the potential to achieve

higher purities at each segment step. The development of trityl based resins and

handles enable cleavage in less than 1% TFA or mixtures of acetic acid and tri-

fluoroethanol (TFE) in DCM that generate fully protected peptide frag-

ments. Fully protected peptides are poorly soluble in water and most organic

solvents, however. Use of a special solvent system or segment structural modi-

fication is most commonly used to increase solubility. In either of these, limited

solubility of protected fragments is a serious issue and can lead to reduced cou-

pling efficiency. Microwave energy has the potential to enhance these reactions by

overcoming some of the difficulties associated with solubility and large fragment

size.

Solubility problems in fragment condensation led to the development of chemi-

cal ligation methods, which enable coupling of unprotected segments with greater

solubility in most solvents. This method is based on non-amide bond formation,

which enables protecting groups to be eliminated. Although the resulting peptide

backbone has nonnatural structures at ligation points, it is still predominately nat-

ural and has often been shown to have complete biological activity. A variation of

chemical ligation, known as thiol capture ligation, has been developed to enable

native backbone formation, but requires an N-terminal Cys residue on one of the

segments [61]. Microwave energy will have to be optimized for application during

chemical ligation to ensure that temperature increases are kept to a minimum, to

prevent side-reactions with unprotected side-chain groups.

If microwaves can sufficiently accelerate coupling of protected fragments, this

would usefully eliminate many of the extra synthetic steps required when using

unprotected fragments. Microwave energy also has the potential to increase the

length of peptide fragments that can be used at each step; this would result in

more selectivity at C-terminal coupling sites. Development of optimized microwave

methods should enable increased coupling efficiency of all the different CSPPS

approaches.

With future opportunities for microwave energy in the peptide synthesis field,

more advanced tools will be needed. Applications requiring peptide libraries may

lead to the development of a parallel system capable of 96-well plate formats.

With currently available hardware, however, preparing the plate may limit overall

peptide production because increasing reaction speed may not substantially in-
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crease throughput. In this format, however, microwaves do result in increases in

overall product purity, which may be a substantial benefit.

Phosphopeptides are an important research tool for investigating the effects of

phosphorylation on the structure of peptides and proteins and the corresponding

regulatory process of protein kinases. The development of Fmoc phosphoamino

acids derivatives enables direct incorporation of these amino acids during SPPS

instead of difficult post-synthetic phosphorylation [62]. In SPPS, however, incorpo-

ration of phosphoamino acids of Ser, Thr, and Tyr require extremely difficult cou-

plings that also make subsequent couplings difficult. This is area in which micro-

wave energy has the benefit of overcoming the steric hindrance associated with

these bulky derivatives.

Proteomics has led to a great need for large numbers of protein-binding mole-

cules. Peptidomimetic compounds that are similar to native proteins but are

immune to proteases are an intriguing class of compounds with potential target-

binding applications. One class of peptidomimetic is the peptoids, which are simi-

lar to peptides except that each amino acid R group is shifted from the a-carbon to

the neighboring nitrogen atom [63]. Peptoid monomers are available that enable

the solid-phase principle with deprotection and coupling to be used. Typically, con-

ventional coupling of peptoid monomers takes 2.5 to 3 h. Microwave energy has

been used to accelerate peptoid coupling to less than 1 min, giving results compa-

rable with those from conventional coupling [64]. Use of this method enables a

nine-residue peptoid to be synthesized in 3 h compared with 20 to 32 h with con-

ventional methods.

As researchers obtain peptides of interest in research quantities they will ulti-

mately need to develop strategies for synthesis of greater amounts. Whereas cur-

rent instrumentation enables synthesis of multi-mmole amounts, development of

larger-scale systems will be important. Larger microwave cavities are available and

will need to be adapted to enable proper manipulation for SPPS. Scale-up of micro-

wave synthesis, not just in peptide synthesis, but in drug discovery also has gener-

ated massive interest in recent years; this should lead to the development of new

tools for applying microwave energy on a larger scale.

Abbreviations

Boc tert-Butoxycarbonyl
BOP Benzotriazol-1-yl-N-oxy-tris(dimethylamino)phosphonium hexafluoro-

phosphate

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene

DBF Dibenzofulvene

DCM Dichloromethane

DIC N,N 0-diisopropylcarbodiimide

DIEA Diisopropylethylamine

DMF N,N-Dimethylformamide

FDAA 1-Fluoro-2,4-dinitrophenyl-5-l-alanine amide

Fmoc 9-Fluorenylmethoxycarbonyl
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HATU N-[(Dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridino-1-ylmethylene]-N-

methylmethanaminium hexafluorophosphate N-oxide

HBTU N-[(1H-Benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethana-

minium hexafluorophosphate N-oxide

HCTU 1H-Benzotriazolium-1-[bis(dimethylamino)methylene]5-chloro hexafluor-

ophosphate (1-),3-oxide

HF Hydrofluoric acid

Hmb N-2-Hydroxy-4-methoxybenzyl

HMPA Hexamethylphosphoric triamide

HOAt 7-Azabenzotriazole

HOBt Hydroxybenzotriazole

NMM N-Methylmorpholine

NMP N-Methylpyrrolidinone

HPLC High-performance liquid chromatography

PAL 5-[4-(Aminomethyl)-3,5-dimethoxyphenoxy]pentanoic acid

PEG Poly(ethylene glycol)

PyBOP Benzotriazol-1-yl-N-oxy-tris(pyrrolidino)phosphonium hexafluorophos-

phate

PyAOP (7-Azabenzotriazol-1-yloxy)-tris(pyrrolidino)phosphonium hexafluoro-

phosphate

SPPS Solid-phase peptide synthesis

TATU N-[(Dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridino-1-ylmethylene]-N-

methylmethanaminium tetrafluoroborate N-oxide

TBTU N-[(1H-Benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethana-

minium tetrafluoroborate N-oxide

TFA Trifluoroacetic acid
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Application of Microwave Irradiation in

Fullerene and Carbon Nanotube Chemistry

Fernando Langa and Pilar de la Cruz

21.1

Fullerenes Under the Action of Microwave Irradiation

21.1.1

Introduction

Since Krätschmer and Huffmann discovered a procedure for preparation of bulk

quantities of C60 [1] in the early nineties, the physical properties of fullerenes

have been intensively investigated. Members of this new family of compounds are

insoluble or sparingly soluble in most solvents, however [2], and, consequently, C60

is difficult to handle. Chemical functionalization enables the preparation of soluble

C60 derivatives while maintaining the electronic properties of fullerenes. For this

reason, the chemistry and derivatization of fullerene has continued to attract atten-

tion aimed at preparing derivatives with interesting physical properties and biolog-

ical activity [3]. New materials based on C60 derivatives have shown promise in ma-

terials science [4], solar energy conversion [5], nonlinear optical behavior [6],

superconductivity [7], ferromagnetism [8], medicinal chemistry [9], and HIV-1 pro-

tease inhibition [10].

Among suitable procedures for functionalization of fullerenes (Scheme 21.1)

[11], cycloadditions are a powerful tool because C60 behaves as an electron-deficient

olefin with a relatively low-lying LUMO (�3.14 eV). As a consequence, one of the

main ways of functionalizing fullerenes involves cycloaddition reactions [12] in

which C60 (1) is a reactive 2p component. In this context, [1þ2], [2þ2], [3þ2], and

[4þ2] cycloadditions have all been performed (Scheme 21.2) and the conditions for

cycloadduct formation strongly depend on the gap between the controlling orbitals.

For this reason it is frequently necessary to use conditions involving several hours

(or days) under reflux in high-boiling solvents. It therefore seemed interesting to

investigate the potential of microwave irradiation in the preparation of fullerene

derivatives when this type of reaction was involved. It should, however, be noted

that it is necessary to use a solvent in these reactions, because of some of the char-

acteristics of [60]fullerene (1), e.g. the absence of a dipole moment and the need to

work on a very small scale.
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Cycloaddition reactions are readily performed under microwave irradiation and

problems concerning the reversibility and decomposition of reagents and/or prod-

ucts can be overcome by use of this methodology.

In this context, most fullerene derivatives have been obtained by Diels–Alder

[13] or 1,3-dipolar cycloaddition [14] reactions.

21.1.2

Functionalization of Fullerenes

21.1.2.1 Diels–Alder Cycloaddition Reactions

[4þ2] Cycloaddition reactions selectively afford adducts on 6,6-ring junctions [12]

and the products occasionally undergo a facile retro-Diels–Alder reaction as a

consequence of the low thermodynamic stability of the adduct. Very stable Diels–

Alder cycloadducts have, however, been prepared by using different substituted o-
quinodimethanes; the success of this reaction is probably because of stabilization

by aromatization of the resulting adducts [15].

Scheme 21.1
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Langa et al. [16] described the microwave-induced Diels–Alder reaction of o-
quinodimethane, generated in situ from 4,5-benzo-3,6-dihydro-1,2-oxathiin-2-oxide

(2) (sultine) [17], which led to cycloadduct 3 (Scheme 21.3). This reaction was the

first application of microwave irradiation in the preparation of a functionalized C60

[16].

Because the reaction occurred in solution and, in these early days, in an effort to

avoid explosion hazards [18], a modified domestic microwave oven was used. By

use of microwave irradiation higher yields of the desired products were obtained

more quickly (39% yield after irradiation for 20 min) than under thermal condi-

Scheme 21.2

Scheme 21.3
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tions. Longer irradiation times led to a decrease in the yield of 3, because of in-

creased bis adduct formation.

The scope of the microwave technique in the preparation of fullerene derivatives

was assessed by investigating the well known Diels–Alder reaction of C60 with

anthracene (4) [19], which has been reported to proceed under thermal conditions

(13% reflux, toluene, 3 days [19a]; 25%, reflux, benzene, 12 h [19b]) (Scheme 21.4).

In addition to 5, multiply-substituted adducts were formed; these underwent cyclo-

reversion to the starting materials.

Application of microwave irradiation in conjunction with use of toluene as sol-

vent gave cycloadduct 5 in 35% yield after 15 min at 800 W [20], an improvement

on the yields obtained by conventional heating. This higher yield is probably be-

cause of reduced reversion of the cycloaddition in the shorter period of time

needed for the irradiated reaction. It is remarkable that under microwave condi-

tions the formation of bis adducts was not observed in these reactions.

Novel pyrazine-containing cycloadducts 9a–c were synthesized by Diels–Alder

reactions between [60]fullerene and the corresponding 2,3-bis(bromomethyl)-

pyrazine derivatives 8a–c (Scheme 21.5) [21]; the 2,3-pyrazinoquinodimethanes

were trapped as the Diels–Alder adducts by reaction with [60]fullerene in o-
dichlorobenzene (ODCB) under reflux with classical heating and under microwave

irradiation conditions in a focused microwave reactor. Once again, use of micro-

wave irradiation led to greater yields than classical heating for 9a and 9b (up to

4.5 times) and the reaction times were significantly reduced from 24 h to 0.5 h.

With 9c large amounts of polyadducts were detected when microwave irradiation

was used; this led to a decrease in the yield.

Interestingly, in the syntheses of thiophene cycloadducts 11 (Scheme 21.6) use of

microwave irradiation led to lower yields [21] than conventional heating (23% com-

pared by means of 43%), although reaction times were substantially reduced [22].

This type of [60]fullerene derivative (13a–e), which contains a thiophene ring,

was, nevertheless, synthesized by Chung and coworkers [23] using thienosultines

(12a–e) as precursors for the corresponding ortho-quinodimethanes (Scheme 21.7).

The reaction was markedly accelerated by microwave irradiation and gave yields

Scheme 21.4
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comparable with those of the thermal reaction. The ratio of monoadduct (13a–e) to

bis adduct also increased when microwave radiation was used.

Hetero-Diels–Alder Reactions The hetero-Diels–Alder reaction is one of the most

important methods for the synthesis of heterocyclic compounds. Although it is

a potentially powerful synthetic tool it has, however, been used relatively seldom.

Scheme 21.6

Scheme 21.5
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Microwave irradiation has been used to improve reactions involving heterodieno-

philes and heterodienes of low reactivity.

Reaction of C60 with o-quinonemethide, prepared from o-hydroxybenzyl alcohol
(14) (Scheme 21.8), was performed in a modified domestic oven at 800 W and

gave 15 in 27% yield after only 4 min [20]. Although Eguchi et al. [24] reported

slightly better yield (31%) when the same reaction was conducted by thermolysis

in a sealed vessel, the microwave approach to this adduct is a simple procedure

which avoids the risks associated with high-pressure conditions.

21.1.2.2 1,3-Dipolar Cycloaddition Reactions

Addition of a 1,3-dipole to an alkene to give a five-membered ring is a classical or-

ganic reaction. Indeed, 1,3-dipolar cycloaddition reactions are useful for formation

of carbon–carbon bonds and for preparation of heterocyclic compounds.

The transition state of the concerted 1,3-dipolar cycloaddition is determined by

the frontier molecular orbitals of the substrates. The low value of the LUMO level

of C60 (�3.14 eV) suggests that interaction between the HOMO of the dipole and

Scheme 21.8

Scheme 21.7
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the LUMO of [60]fullerene (1) should be the most favored approach and, conse-

quently, those dipoles with higher HOMO levels should react more easily with C60.

In this way, diazomethanes [25], azides [26, 27], azomethine ylides [28, 29], and

nitrile oxides [30, 31] have been used to prepare fullerene derivatives in attempts to

increase the solubility of C60 in common solvents, to reduce aggregation (to make

materials that are easier to handle), or to prepare tailor-made novel fullerene deriv-

atives for specific applications in medicinal or material chemistry.

Azomethine ylides A general method for functionalization of C60 (1) involves 1,3-

dipolar cycloaddition of azomethine ylides. This process was first described by

Prato and leads to the formation of pyrrolidino[60]fullerenes; this method has

been widely used [32].

Azomethine ylides can be generated in situ from a wide variety of readily avail-

able starting materials. For example, N-methylfulleropyrrolidine 18 can be obtained

by cycloaddition to C60 (1) of the azomethine ylide 17 which results from decar-

boxylation of N-methylglycine in the presence of paraformaldehyde in toluene

under reflux (Scheme 21.9).

The simplicity of this procedure and the good yields achieved explain the popu-

larity of this approach in fullerene chemistry. Fulleropyrrolidines have been exten-

sively used in different areas of chemistry. For example, water-soluble or protein-

modified fulleropyrrolidines have been prepared for medical applications [33]. In

1993, C60 was proposed as an inhibitor of HIV protease [24] and, more recently,

fulleropyrrolidine derivatives bearing two ammonium groups on the surface of

the fullerene sphere were shown to have substantial anti-HIV activity [33a, c].

Microwave-induced 1,3-dipolar cycloadditions involving azomethine ylides have

been reported in the literature. The first example was reported by Langa et al. [20]

and involved the synthesis of several fulleropyrrolidines (20a–c). These authors ob-

served that microwave irradiation again compares favorably with thermal heating

and, in this way, 20a was prepared in 37% yield by use of a focused microwave re-

actor. In addition, 20b and 20c, which had not been previously been reported, were

prepared in 30% and 15% yield, respectively (Scheme 21.10).

This procedure was recently used to prepare other pyrrolino[60]fullerene systems

– 2,5-disubstituted C60-pyrrolidine derivatives 25 and 26 – using microwave irradi-

Scheme 21.9
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ation (Scheme 21.11) [34]. The authors described the synthesis of these structures

by classical heating and compared the results with those obtained by microwave ir-

radiation. Reduction of the reaction time was the main advantage of the microwave

approach, because yields were equivalent in both. Indeed, even the ratios of cis (25)

to trans (26) isomers, as determined by 1H NMR spectroscopy, were found to be

similar.

The design of covalently linked donor–fullerene systems capable of undergoing

photoinduced electron-transfer processes has been widely studied as a result of the

remarkable photophysical [35] and electronic [36] properties of fullerenes. Por-

phyrins, phthalocyanines, tetrathiafulvalenes, carotenes, and ferrocene [37] have

been covalently attached to the fullerene sphere, usually as pyrrolidine[60]fullerene

derivatives by 1,3-dipolar cycloaddition reactions.

Langa et al. [38] described the first synthesis of D–A dyads (30a–c) based on C60

and used ruthenocene as the electron-donor fragment (Scheme 21.12). Synthesis of

these pyrrolidine[60]fullerene systems was achieved by 1,3-dipolar cycloaddition of

ruthenocenecarboxaldehyde (28), N-methylglycine, and C60 in toluene under the

action of microwave irradiation in a focused microwave oven. The adducts 30a–c

were obtained in moderate yields (26–31%).

Scheme 21.10

Scheme 21.11
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Zeng and coworkers [39] described the synthesis, under microwave irradiation,

of several donor–acceptor systems based on amino-pyrrolidino[60]fullerene in

which the C60 (electron acceptor) and amino group (electron donor) were cova-

lently bonded with a short linker (Scheme 21.13).

As indicated above, the yields of fullerene[60]-ethylcarbazole and the

fullerene[60]-triphenylamines were not particularly high, but were reasonable in

fullerene chemistry because of the need to avoid bis and/or tris addition. Photo-

physical studies on these compounds (32a–c) showed that efficient photoinduced

electron transfer occurs in these amino-pyrrolidino[60]fullerene derivatives.

As already indicated, the unique structure and reactivity of fullerenes C60 and

C70 have attracted considerable attention in a variety of research [40]. Although

Scheme 21.12

Scheme 21.13
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the chemistry of C60 has been extensively studied [15], the derivatization and study

of C70 is still relatively unexplored, because of its low abundance and high cost.

Some common trends in reactivity can, however, be identified from the limited

data available. The lower symmetry of C70 (D5h symmetry) gives rise to a larger

number of isomers than C60 – whereas C60 contains one type of [6,6] bond, C70

contains four different [6,6] bonds (Fig. 21.1). Similarly to C60, cycloaddition reac-

tions with C70 occur exclusively on [6,6] bonds (Fig. 21.1), with the 1–2 and 5–6

bonds [41] being most reactive, in this order [42]. This is supported by theoretical

calculations which show that the product in the 1–2 position is the most stable,

followed by the 5–6 isomer [43]. Some reports indicate that C60 and C70 differ in

their reactivity and it has been found that hydroboration [44], addition of hydroxide

[45], or 1,3-dipolar cycloaddition with azomethine ylides [46] or nitrile oxides [47]

proceed more slowly with C70 than with C60.

In this context Langa et al. evaluated the potential of microwave irradiation to

modify the regioselectivity in the formation of cycloadducts with [70]fullerene.

They described the cycloaddition of N-methylazomethine ylides to C70 (33) to give

three regioisomers (34a–c) by attack at the 1–2, 5–6 and 7–21 bonds, respectively

(Scheme 21.14) [48]. Under conventional heating conditions the 7–21 isomer (34c)

was formed in small amounts only and the 1–2 isomer (34a) was found to predom-

inate. Use of microwave irradiation and o-dichlorobenzene (ODCB), a polar solvent
that absorbs microwaves efficiently, led to significant changes (Fig. 21.2). In con-

trast with classical conditions, 34c was not formed under the action of microwave

irradiation, irrespective of irradiation power, and isomer 34b was found to predom-

inate at higher power (Scheme 21.14).

Fig. 21.1. The [6,6] bond lengths of C70 fullerene.

Scheme 21.14
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A computational study [48] of the mode of cycloaddition showed that the reac-

tion is stepwise, with the first step consisting of nucleophilic attack on the azome-

thine ylide. The most negative charge on the fullerene moiety in the transition states

leading to 34a and 34b is located on the carbon adjacent to the carbon–carbon

bond being formed. In the transition state that affords 34c, however, the negative

charge is delocalized throughout the C70 subunit. The relative ratio of isomers 34a–c

is related to the greatest hardness, and formation of the product via the harder tran-

sition state should be favored under microwave irradiation conditions. It is worthy

of note that purely thermal arguments predict the predominance of 34c under

microwave irradiation conditions, in contrast with the result found experimentally.

Nitrile oxides Nitrile oxides have been used in conjunction with microwaves

in fullerene chemistry. For example, the 3 0-(N-phenylpyrazolyl)isoxazolino[60]-

fullerene dyad 38a was prepared in 22% yield from the corresponding nitrile oxide

(Scheme 21.15) [49]. Longer reaction times afforded larger amounts of bis adducts.

The same reactions under thermal conditions produced markedly lower yields (14–

17%). A significant accelerating effect (10 min compared with 24 h) was observed

on using microwave irradiation.

The scope of the reaction has been demonstrated by preparation of a series of

isoxazolino[60]fullerenes (38a–h) (Fig. 21.3) [50]. The nitrile oxides were prepared

from the corresponding oximes (36) by reaction with NBS or NCS and subsequent

treatment of the mixture with triethylamine under the action of microwave irradi-

ation.

Nitrile imines Hydrazones undergo a thermal 1,2-hydrogen shift to afford azome-

thine imine intermediates which in turn can undergo 1,3-dipolar cycloaddition

[51]; bipyrazoles were obtained from pyrazolylhydrazones under the action of mi-

crowave irradiation. The synthesis involved [3þ2] cycloaddition with alkenes after

Fig. 21.2. 1H NMR spectra (methyl groups) of the adducts

34a–c (from left to right): (a) classical heating in toluene;

(b) classical heating in ODCB; (c) microwave irradiation at

180 W in ODCB.
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efficient hydrazone–azomethine imine tautomerization (Scheme 21.16). It should

be noted that this reaction does not proceed under classical heating conditions [52].

This procedure has been used to react different pyrazolylhydrazones (readily pre-

pared from aldehydes in almost quantitative yields) with C60 under microwave irra-

diation conditions to form the corresponding fullerene cycloadducts [53]. The

yields obtained were lower than 6%, however.

An alternative route to the pyrazolino[60]fullerenes involves use of nitrile imines

as dipoles – these are prepared in a one-pot procedure starting from hydrazones.

Fig. 21.3. Prepared of isoxazolino[60]fullerenes.

Scheme 21.15
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Formation of several pyrazolyl-pyrazolino[60]fullerene adducts (45a–c) from nitrile

imines by use of this procedure has been described (Scheme 21.17) [53, 54]. The

nitrile imines are generated in situ from the corresponding hydrazone 42a–c and

NBS in the presence of Et3N and then reacted with C60 (1) under the action of mi-

crowave irradiation, using a focused microwave oven. The route is simpler than the

previously described method, which involved cycloaddition of C60 to nitrile imines

prepared from the corresponding N-chlorobenzylidene derivatives [55].

Scheme 21.16

Scheme 21.17
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The synthetic approach used to prepare isoindazolylpyrazolino[60]fullerenes

50a–c (Scheme 21.18), in 21–27% isolated yield [56], relies on 1,3-dipolar cycload-

dition of the isoindazolyl nitrile imines under the action of microwave irradiation.

The nitrile imines can be generated in situ from the corresponding isoindazole hy-

drazones (49a–c), which in turn are synthesized from the respective aldehydes [57]

(47a–c).

Langa et al. used this method to obtain fullerodendrimers (Scheme 21.19) [58].

Dendrimers with oligoarylenes absorb light efficiently and can act as light-

harvesting antennas, enabling photoinduced electron-transfer (PET) processes

when attached to a suitable acceptor, e.g. [60]fullerene.

The fullerodendrimers 52a,b were prepared in 31–34% yield by the procedure

outlined in Scheme 21.19, with microwave irradiation used as the energy source.

Oligophenylenevinylenes (OPV) play a prominent role in science and, owing to

their optical luminescence and electronic properties, have attracted much attention

from researchers in many fields [59]. The electronic properties of oligophenylene-

vinylenes (OPV) make them versatile photo and/or electro-active components for

preparation of photochemical molecular devices [60], particularly when this frag-

ment is bonded to the C60 sphere [61]. Indeed, an oligophenylenevinylene moiety

(OPV) has been attached to C60 using a pyrazoline ring as a linker (Scheme 21.20)

[62].

Scheme 21.18
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The hydrazones 54a,b were obtained from aldehydes 53a,b by standard methods

and were reacted with NCS to afford the corresponding nitrile imine intermediate,

which was reacted in situ with C60 under the action of microwave irradiation

(210 W, 40 min) in a focused microwave oven. The corresponding pyrazolino[60]-

fullerenes 55a,b were obtained in good yields (43–57%).

One of the most important goals in fullerene chemistry is to synthesize mole-

cules with better electron-acceptor ability than pristine C60 for applications in the

preparation of photovoltaic cells. This is not an easy task, because saturation of

one of the double bonds of the C60 cage occurs when it is functionalized and this

shifts the first reduction potential of the C60 cage to more positive values by ap-

proximately 150 mV.

Langa, who has reported several C60 derivatives with intramolecular PET pro-

cesses, recently described the synthesis under microwave irradiation conditions of

two pyrazolino [60]fullerene (58a,b) bearing electron-withdrawing substituents.

The resulting fullerene derivatives were highly soluble in several polar and non-

polar solvents, and electrochemical studies revealed improved electron-acceptor

properties compared with unmodified C60 [63].

The synthesis of compounds 58a,b was achieved according to the procedure out-

lined in Scheme 21.21, in two steps from the corresponding aldehydes (56a,b).

Photophysical studies on a nanosecond time scale provided clear evidence of in-

termolecular PET from TTF, an excellent electron donor, to the pyrazolino[60]-

fullerene systems (58a,b).

21.1.2.3 Other Reactions

The synthesis of NH-pyrrolidino[60]fullerenes under the action of microwave irra-

diation has been described in Section 21.1.2.2. These compounds provide access to

Scheme 21.21
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derivatives that are further functionalized at the nitrogen atom. This system is,

nevertheless, of low reactivity, because pyrrolidino[60]fullerenes are less basic

than the corresponding pyrrolidine by six orders of magnitude [64].

Synthesis of a series of N-alkylpyrrolidino[60]fullerenes (61a–e) was, neverthe-

less, achieved by use of a combination of microwave irradiation and PTC in the ab-

sence of solvent (Scheme 21.22) [65]. Solvent-free PTC has been successfully ap-

plied to a wide range of organic reactions and the technique is very useful when

combined with microwave irradiation, especially for anionic reactions that proceed

slowly, give low yields, or require harsh conditions.

This method enabled the synthesis of several N-alkylpyrrolidino[60]fullerenes

(61a–e) by treatment of 2 0-phenylpyrrolidino[3 0,4 0:1,2][60]fullerene (59) with the

corresponding alkyl or benzyl bromide and potassium carbonate using TBAB as

the phase-transfer catalyst (Scheme 21.22).

[60]Fullerene has important properties as a nonlinear material, particularly as an

optical limiting material with applications in device fabrication. The poor solubility

of this material and the processing difficulties associated with it severely limit its

direct application, however. One possibility of overcoming these disadvantages in-

volves binding polymers on to C60 to obtain fullerene-based polymeric materials

with peculiar physical and/or chemical properties and good processability.

An application of microwave irradiation in the synthesis of fullerene-

functionalized polycarbonates has recently been reported. The process is based on

direct reaction of C60 (1) and polycarbonate (62) in the presence of AIBN under the

action of microwave irradiation [66]. The resulting C60-PC (63) material can be dis-

solved in common organic solvents and has optical limiting properties similar to

those of C60 itself. This material can be used for optical applications.

[60]Fullerene (1) has also been used as an initiator of the polymerization of vinyl

monomers. The [60]fullerene-initiated polymerization of N-vinylcarbazole (64)

under microwave irradiation conditions has been reported [67]. The main advan-

Scheme 21.22
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tages of this technique are the remarkable reduction in reaction time and the sub-

stantial improvement in the yield of poly(vinylcarbazole) (65) in comparison with

results obtained when polymerization is conducted in a water bath at 70 �C.

Other derivatives of [60]fullerene that have been the subject of substantial atten-

tion are the alkali-metal fullerides – mainly since the discovery of superconductiv-

ity in K3C60 (66). Synthesis of these systems usually involves combination of stoi-

chiometric quantities of alkali metal and C60. Solid-state synthesis required long

reaction times, however – typically several days. Use of a microwave-induced argon

plasma led to reaction times in the order of seconds [68].

21.2

Microwave Irradiation in Carbon Nanotube Chemistry

Carbon nanotubes (CNs) were discovered by Iijima in 1991 [69], since when they

have been regarded as materials of exceptional interest. This high level of interest

is not only because of their remarkable electronic properties, their extremely desir-

able mechanical properties (strength and flexibility), or their good physical and

chemical properties [70], but also because of to their potential applications (hydro-

gen storage, chemical sensors, nanoelectronic devices, components for high perfor-

mance composites) [71].

Carbon nanotubes are shells of sp2-hybridized carbon atoms that form a hexago-

nal network within a tubular motif closed at the ends by hemispherical endcaps.

Manufactured as single-walled (SWNTs) or multi-walled (MWNTs) systems with

different diameters and lengths, each type of CN has different properties.

21.2.1

Synthesis and Purification

Several techniques are currently used to produce carbon nanotubes – arc-discharge

[72], pulse laser vaporization [73], chemical vapor deposition [74] and the HIPCO

(high-pressure carbon monoxide) process [75]. CNs can also be synthesized by

heating – by use of microwave irradiation – a catalyst loaded on different supports

(carbon black, silica powder, or an organic polymer) [76]. In this procedure, cobalt

or some of its salts (sulfide, naphthenate), which act as a catalyst, are deposited on

the substrates placed in a quartz reactor. This is then introduced into a microwave

reactor through which a mixture of acetylene, hydrogen, and hydrogen sulfide is

flowing. In this way fibrous nanocarbons that are either multi-walled CNs or

graphitic nanofibers, carbon nanoparticles, or amorphous carbon are formed. The

CN yields and morphologies depend on the reaction conditions.

CNs of exceptionally high purity are required for optimum performance in appli-

cations but the synthetic products usually contain impurities such as amorphous

carbon, carbon nanoparticles, and some metal catalyst. Different methods have

been described for the purification of nanotubes [77]; most involve oxidation by

use of mineral acids and/or gas phase oxidation to remove catalytic metal particles

21.2 Microwave Irradiation in Carbon Nanotube Chemistry 949



and amorphous carbon. Microwave energy also has been used to purify MWNTs.

Ko and coworkers [78] described the purification of MWNTs by treatment with ni-

tric acid in a closed vessel. The mixture was irradiated at 160 �C for 30 min inside a

commercial microwave oven modified to enable control of the temperature and

pressure of the process. The amount of metal impurities was reduced substantially

in a short time. Microwave energy was also applied by Chen in a microwave diges-

tion system [79]. In the same way, microwave irradiation can be used as a tool to

purify SWNTs by heating in a domestic multimode microwave reactor [80] or by

use of a microwave digestion unit [81].

21.2.2

Functionalization of Carbon Nanotubes

Despite much interest in CNs, manipulation and processing of these materials has

been limited by their lack of solubility in most common solvents. Many applica-

tions of CNs (mainly SWNTs) require chemical modification of the materials to

make them soluble and more amenable to manipulation. Understanding the

chemistry of SWNTs is critical for rational modification of their properties, and sev-

eral different procedures for chemical derivatization of CNs have been described in

the last four years. These methods have been developed in an effort to understand

the chemical derivatization and to control the properties of these systems. There is

substantial interest in studying the photophysical properties of single-walled car-

bon nanotube (SWNT) derivatives obtained by covalent [82] and noncovalent [83]

functionalization, with the overall objective of obtaining materials with new proper-

ties [84]. Functionalization of SWNTs by covalent bonding can be achieved by two

different approaches – the bonds can be formed either at the tube opening or on

the lateral walls.

Initial attempts to functionalize these compounds were limited to oxidation reac-

tions [85] that resulted in shortened nanotubes with carboxylic acid groups on the

open edges. Haddon and coworkers first reported use of these acid groups to attach

long alkyl chains by means of amide linkages [86]. Later, Sun and coworkers

showed that esterification can also be used to functionalize SWNTs [87]. These pro-

cedures afforded solubilized SWNTs, which enabled characterization and further

solution-based investigations.

In general, functionalization reactions of SWNTs are very slow and take several

days to proceed. In this respect, microwave irradiation seems to be a potentially

powerful tool to functionalize SWNTs but only a few such reactions have been de-

scribed to date. One example of the application of microwaves was described by

Della Negra et al. [88]. Soluble single-walled carbon nanotubes were synthesized

by grafting poly(ethylene glycol) (PEG) chains on to SWNTs. Use of microwave ir-

radiation enhanced reaction rates in comparison with similar syntheses using con-

ventional heating. An amidation reaction has also been performed, in two steps,

under microwave irradiation conditions (Scheme 21.23) [89]. Amide-SWNT deriva-

tive 68 was synthesized by reaction of 2,6-dinitroaniline and the carboxylic acid-
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grafted SWNT 67 (described above) using DMF as the solvent. The reaction was

performed for 15–20 min under the action of microwave irradiation. The reaction

time is between 3 and 5 days when conventional heating is used.

These two examples are based on functionalization of SWNTs at the tube open-

ing but microwave irradiation has also been applied to the synthesis of SWNTs

functionalized at the lateral walls.

As described above, cycloaddition reactions are among the most powerful for

functionalization of fullerenes, and microwave irradiation has proven a very useful

technique in this kind of chemistry. The reactivity of the walls of SWNTs should be

similar to that of fullerenes – albeit significantly slower. It is therefore of interest to

apply microwaves for lateral functionalization of SWNTs. The first such example of

Diels–Alder addition to the lateral wall of a SWNT has been described [90], and

involved use of microwaves as a source of energy (Scheme 21.24). Ester functional-

ized SWNT 69 [91] was reacted with o-quinodimethane 71, generated in situ from

4,5-benzo-1,2-oxathiin-2-oxide (70), under the action of microwave irradiation for

45 min. The reaction was also performed under classical heating conditions for

72 h in ODCB under reflux but under these conditions the 1H NMR spectrum

was indicative of very low conversion.

1,3-Dipolar cycloaddition reactions of azomethine ylides are probably the most

widely used reactions for functionalization of [60]fullerene. This reaction has also

been used to obtain SWNT derivatives and, occasionally, microwave irradiation has

been used [89]. Pyrrolidino-SWNT 76 was synthesized by reaction of pristine

Scheme 21.23
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SWNT (73) with salicylaldehyde (74) and methionine (75) in DMF as a solvent

(Scheme 21.25). The mixture was irradiated under microwave irradiation for about

15 min. The reaction time is significantly shorter than that required for conven-

tional methods (approx. 5 days).

As described above, 1,3-dipolar cycloaddition reactions of nitrile oxides have also

been used for preparation of fullerene derivatives. Theoretical calculations per-

formed for this type of reaction with SWNTs predict that the 1,3-dipolar cycloaddi-

tion reaction of nitrile oxides to the sidewall of the nanotubes is possible but not as

Scheme 21.24

Scheme 21.25
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favorable as that involving azomethine ylides [92]. Langa and coworkers verified

this [93] by synthesizing the isoxazolino-SWNT derivative 80 (Scheme 21.26). The

route involved the 1,3-dipolar cycloaddition of nitrile oxide 79, generated in situ
from 4-pyridylcarboxaldehyde oxime (77) by treatment with N-chlorosuccinimide

(NCS) and triethylamine, and the ester-SWNT 69. The success of this approach

has provided a new means of preparation of SWNT derivatives.

21.3

Conclusions

We have shown that use of microwaves enables efficient fullerene and carbon

nanotube chemistry, both of which are of much interest in materials science. Mi-

crowaves have been used for preparation of both forms of carbon and for function-

alization reactions performed with the objective of solubilizing or modifying the

properties of these materials. The yields obtained by use of this technique are

higher than those obtained by classical heating and reaction times are significantly

shorter.

Scheme 21.26
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1 W. Krätschmer, L. D. Lamb, K.

Fotstiropoulos, D. R. Huffmann,

Nature 1990, 347, 354–358.
2 R. S. Ruoff, D. S. Tse, R. Malhotra,

D. C. Lorents, J. Phys. Chem. 1993,
97, 3379–3383.

3 T. Braun, A. P. Schubert, R. N.

Kostoff, Chem. Rev. 2000, 100, 23–38.
4 (a) M. Prato, J. Mater. Chem. 1997, 7,
1097–1109; (b) F. Diederich, M.
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López-Arza, F. Langa, D. B. Kimball,

M. M. Haley, J. Org. Chem. 2004, 64,
2661–2666.

57 (a) D. B. Kimball, A. G. Hayes, M. M.

Haley, Org. Lett. 2000, 2, 3825–3827;
(b) D. B. Kimball, R. Herges, M. M.

Haley, J. Am. Chem. Soc. 2002, 124,
1572–1573; (c) D. B. Kimball, T. J. R.

Weakley, M. M. Haley, J. Org. Chem.
2002, 67, 6395–6405; (d) D. B.
Kimball, T. J. R. Weakley, R.

Herges, M. M. Haley, J. Am. Chem.
Soc. 2002, 124, 13463–13473.

58 F. Langa, M. J. Gómez-Escalonilla,
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Martínez, A. de la Hoz, J.
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Microwave-assisted Extraction of Essential Oils

Farid Chemat and Marie-Elisabeth Lucchesi

22.1

Introduction

Herbs and spices are invaluable resources, useful in daily life as food additives,

flavors, fragrances, pharmaceuticals, colors, or directly in medicine. This use of

plants has a long history all over the world, and over the centuries humanity has

developed better methods for extraction of essential oils from such materials.

Essential oils and aromas are complex mixtures of volatile substances usually

present at low concentrations. Before such substances can be used or analyzed,

they must be extracted from the plant matrix. Different methods can be used

for this purpose, e.g. hydrodistillation, steam distillation, cold pressing, and simul-

taneous distillation–extraction. The molecules extracted are well known to be ther-

mally sensitive and vulnerable to chemical changes, however [1–4]. Losses of some

volatile compounds, low extraction efficiency, degradation of unsaturated or ester

compounds by thermal or hydrolytic effects, and toxic solvent residue in the extract

may be encountered as a result of use of these extraction methods. These short-

comings have led to the consideration of the use of new ‘‘green’’ techniques in

essential-oil extraction, which typically use less solvent and energy; examples

include microwave extraction [5], supercritical fluid extraction [6], the headspace

method [7], ultrasound extraction [8], the controlled pressure drop process [9],

and subcritical water extraction [10]. Extraction under extreme or nonclassical con-

ditions is currently a dynamically developing subject in applied research and in-

dustry. Alternatives to conventional extraction procedures may increase production

efficiency and contribute to environmental preservation by reducing the use of sol-

vents and fossil energy and the generation of hazardous substances.

Microwave energy is well known to have a significant effect on the rate of a vari-

ety of processes in the chemical and food industry. Much attention has been de-

voted to the application of microwave dielectric heating for extraction of natural

products in processes that typically needed hours or days to reach completion

with conventional methods. By use of microwaves, extractions can now be com-

pleted in seconds or minutes with high reproducibility, reducing the consumption

of solvent, simplifying manipulation and work-up, giving a final product of higher

959



purity, eliminating post-treatment of waste water, and consuming only a fraction of

the energy normally needed for a conventional extraction method such as steam

distillation or solvent extraction. Several classes of compound, for example essen-

tial oils, aromas, pigments, antioxidants, and other organic compounds have been

extracted efficiently from a variety of matrices (mainly animal tissues, food, and

plant materials) [5].

Microwave extraction is a research topic which affects several fields of modern

chemistry. All the reported applications have shown that microwave-assisted extrac-

tion is an alternative to conventional techniques for such matrices. The main

benefits are decreases in extraction times and the amounts of solvents used. The

advantages of using microwave energy, which is a noncontact heat source, for ex-

traction of essential oils from plant materials, include: more effective heating,

faster energy transfer, reduced thermal gradients, selective heating, reduced equip-

ment size, faster response to process heating control, faster start-up, increased

production, and elimination of process steps [11]. Extraction processes performed

under the action of microwave radiation are believed to be affected in part by polar-

ization, volumetric, and selective heating [12, 13].

This chapter presents a complete picture of current knowledge on microwave

extraction of essential oils. It provides the necessary theoretical background and

some details about essential oils and their extraction, the technique, and safety pre-

cautions. We will also discuss some of the factors which make the combination of

extraction and microwaves one of the most promising topics of research in modern

chemistry.

22.2

Essential Oils: Composition, Properties, and Applications

Essential oils have probably been used since the discovery of fire. Egyptians

and Phoenicians, Jews, Arabs, Indians, Chinese, Greeks, Romans, and even Mayas

and Aztecs all possessed a fragrance culture of great refinement. The Egyptian art

of perfumery was pre-eminent in the civilized antique world, hence the use of aro-

matic fumigation in religious ceremonies and in mummification. The advent of

Christianity and the fall of the Roman Empire caused the art and science of per-

fumery to move into the Arabic world, where it reached an unequalled level of

refinement. During the middle ages, the Crusaders introduced the art of alchemy

to Europe [14]. The process used by alchemists was the distillation technique using

the alambic to produce spirit or Quinta essentia, precisely what we know today as

essential oils [15].

Essential oils are also known as volatile oils in contrast with fatty vegetable, ani-

mal, and mineral oils. Thus a drop of essential oil on a piece of cloth or paper dis-

appears within a few minutes or few days at most, depending on the temperature;

this is not so for fatty oils.

Essential oils are highly concentrated aromatic oily liquids obtained from a vari-

ety of spices and aromatic plant materials. Numerous publications have presented
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data on the composition of a variety of essential oils, which can contain more than

hundred individual components. Major components can constitute up to 85% of

the essential oil, whereas other components are present in trace amounts only

[16]. Essential oils can be classified into two main groups:

1. hydrocarbons consisting of terpenes, for example monoterpenes, sesquiter-

penes, and diterpenes; and

2. oxygenated compounds, for example esters, aldehydes, ketones, alcohols, phe-

nols, oxides, acids, and lactones. Occasionally nitrogen and sulfur compounds

are also present.

Terpene is the generic name of a group of natural products, structurally based on

isoprene (2-methylbutadiene) units having the molecular formula (C5H8)n. The

term may also refer to oxygen derivatives of these compounds; these are known

as the terpenoids. They are normally classified into groups based on the number

of isoprene units from which they are biogenetically derived. Monoterpenes con-

tain two isoprene units. These are widely distributed in nature, particularly in es-

sential oils. They are important in perfumery and in the flavor industry. Sesquiter-

penes contain three isoprene units. They are found in many living systems but

particularly in higher plants. Diterpenes contain twenty carbon atoms in their basic

skeletons, made from four isoprene units. They occur in almost all plant families

and belong to more than 20 major structural types [17]. Table 22.1 contains some

of the most common naturally occurring essential oil constituents grouped accord-

ing to their molecular formulae.

Essential oils are obtained from a variety of aromatic plant material including

flowers, buds, seeds, leaves, twigs, bark, herbs, wood, fruits and roots. These aroma

compounds are formed by plants as byproducts or, indeed, as final metabolic prod-

ucts and stored in particular organs of the plant, for example:

� thyme, sage, and rosemary (Lamiaceae family) – in glandular cells, hairs and

scales;
� cinnamon, laurel, and cassia (Lauraceae family) – in essential oil and resin cells;
� caraway, anis, and coriander (Umbelliferae family): in essential oil canals occur-

ring as intercellular spaces in plant tissue;
� lemon, orange, and bergamot (Rutaceae family) – in lysigenous secretory reser-

voirs formed inside the plant.

The yield and quality of essential oil from a plant depends mainly on cultivar

(chemotype and genetic variability), environment (fertilization, climatic conditions,

and crop protection), and physiological stage (plant development stage) [18].

Approximately 3000 essential oils are known; of these approximately 300 are

commercially important and widely used in the perfume, cosmetics, pharmaceuti-

cal, agricultural, and food industries. It has long been recognized that some have

antimicrobial, antioxidant, antiviral, antimycosic, antitoxigenic, antiparasitic, and
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insecticidal properties. These characteristics are possibly related to their function

in the plants. For example, monoterpenes and sesquiterpenes serve as antiherbi-

vore agents that have substantial insect toxicity while having negligible toxicity to

mammals [19].

Tab. 22.1. Most common naturally occurring essential oil constituents.

Molecular

formula

Boiling

point (̊ C)

Solubility in

water (g LC1)

Monoterpene hydrocarbons
Limonene C10H16 175.4 <10�3

Pinene C10H16 157.9 <10�3

Sabinene C10H16 164 <10�3

Myrcene C10H16 167 <10�3

g-Terpinene C10H16 183 <10�3

para-Cymene C10H16 173.9 <10�3

Sesquiterpene hydrocarbons
b-Caryophyllene C15H24 268.4 <10�3

a-Santalene C15H24 247.6 <10�3

a-Zingeberene C15H24 270.7 <10�3

b-Curcumene C15H24 266 <10�3

Derivative of diterpene hydrocarbon
Phytol C20H40O 335.5 <10�3

Oxygenated derivatives
Alcohols

Geraniol C10H17OH 229.5 0.67

Linalool C10H17OH 198.5 0.67

Aldehydes
Citral C10H16O 210.9 2.61

Cuminic aldehyde C10H12O 254.6 0.26

Ketones
Camphor C10H16O 207.4 0.92

Carvone C10H14O 230.5 1.60

Phenols
Thymol C10H14O 233 0.85

Eugenol C10H12O2 255 2.52

Acetates
Neryl acetate C12H20O2 247.5 0.71

Linalyl acetate C12H20O2 220 0.57

Oxides
1,8-Cineol C10H18O 174.8 5:8� 10�3

Linalool C10H18O 198.5 0.67
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22.3

Essential Oils: Conventional Recovery Methods

According to ISO and AFNOR standards, essential oils are defined as products ob-

tained from raw plant material which must be isolated by physical means only. The

physical methods used are distillation (steam, steam–water and water), expression

(also known as cold pressing for citrus peel oils), or dry distillation of natural ma-

terials. After distillation, the essential oil is physically separated from the aqueous

phase (Fig. 22.1) [20–22].

The traditional way of isolating volatile compounds as essential oils from plant

material is distillation. During distillation, fragrant plants exposed to boiling water

or steam release their essential oils by evaporation. Recovery of the essential oil is

facilitated by distillation of two immiscible liquids, i.e., water and essential oil, on

the basis of the principle that, at the boiling temperature, the combined vapor pres-

sures equals the ambient pressure. Thus the essential oil ingredients, for which

boiling points normally range from 200 to 300 �C, are evaporated at a temperature

close to that of water. The essential oil-laden steam rises and enters narrow tubing

that is cooled by an outside source. As steam and essential oil vapors are con-

densed, both are collected and separated in a vessel traditionally called the ‘‘Floren-

tine flask’’ [14]. The essential oil, being lighter than water, floats at the top while

the water settled to the bottom and can be easily separated. The amount of essen-

tial oil produced depends on four main criteria: distillation time, temperature, op-

erating pressure, and, most importantly, the type and quality of the plant material.

Typically, the yield of essential oils from plants is between 0.005 and 10% [23].

Historically, three types of distillation have been used: water distillation, water–

steam distillation, and steam distillation. Water distillation is sometimes referred

to as ‘‘indirect’’ steam distillation. In this method, plant material is soaked in water

Fig. 22.1. Schematic representation of conventional recovery of essential oils.
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and heated until it boils. The resulting steam from the boiling water carries the vol-

atile oils with it. Cooling and condensation subsequently separate the oil from the

water. Apart from its slowness, the disadvantage of this technique is that both ma-

terials and scent deteriorate as a result of constant heat exposure. In the water–

steam method, the leafy plant material is placed on a grill above the hot water,

and the steam passes through the plant material. The leaves must be carefully dis-

tributed on the grill to enable even steaming and thorough extraction. ‘‘Direct’’

steam distillation is the most common method used for extraction of essential

oils. In this process, no water is placed inside the distillation tank itself. Instead,

steam is directed into the tank from an outside source. The essential oils are

released from the plant material when the steam bursts the sacs containing the

oil molecules. From this stage, the process of condensation and separation is

conventional.

In addition to those mentioned above, there are numerous other improved

methods of producing natural fragrance materials and essential oils includ-

ing turbo-distillation, hydro-diffusion, vacuum-distillation, continuous-distillation,

cold-expression, dry-distillation, and molecular-distillation [24, 25]. All these con-

ventional extraction techniques have important drawbacks, for example low yields,

formation of by-products, and limited stability. For steam distillation and hydrodis-

tillation, the steam is percolated through the flask with plants, from the bottom,

and the oil evaporates. The emerging mixture of vaporized water and oil moves

through a coil usually cooled with running water, where the steam is condensed.

The mixture of condensed water and essential oil is collected and separated by

decantation or, rarely, by centrifugation. The elevated temperatures and prolonged

extraction time can cause chemical modification of the essential oil components

and often a loss of the most volatile molecules. Manufacturers use dry distillation

to extract high boiling point oils from wood. In this process, heat is applied, usu-

ally as a direct flame, to the vessel containing the plant material. The high temper-

ature releases essential oils by evaporation. The vapor is piped away and condensed

to give a mixture of liquid oils. Some of the components in the plant material are

degraded (pyrolysis) at the high temperatures used and add a burnt smoky char-

acter to the odor of the oil. Cade and birch tar oils are the two major oils produced

by this method. When attempts are made to extract essential oils by dry distillation,

many organic compounds decompose.

When using the cold pressing technique, citrus essential oil is agitated vigo-

rously with water and gradual diminution in citral and terpene alcohols occurs.

Furthermore, during agitation, air is entrained into the liquid, creating conditions

favorable for hydrolysis, oxidation, and resinification. Another important aspect of

the essential oils industry is enhancement of the quality and stability of the oil.

Some essential oils contain more than 80% of monoterpene hydrocarbons, mainly

limonene. Deterpenation is performed to remove some of the limonene with other,

unstable, terpenes and to concentrate the oxygenated fraction. This process im-

proves the stability of the oil, increases the solubility of the essential oil in food-

grade solvents, and reduces storage and transportation costs [26–29].
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22.4

Microwave Extraction Techniques

Use of microwave energy in the chemical laboratory was described for the first

time in 1986 simultaneously by Gedye [30] and Giguere [31] in organic synthesis

and by Ganzler [32] and Lane [33] for extraction of biological samples for analysis

of organic compounds. Since then, numerous laboratories have studied the syn-

thetic and analytical possibilities of microwaves as a nonclassical source of energy.

Over 2000 and 500 articles, respectively, have since been published on the subject

of microwave synthesis and extraction (Table 22.2) [34, 35].

In the last decade there has been an increasing demand for new extraction tech-

niques, amenable to automation, with shortened extraction times and reduced

organic solvent consumption, to prevent pollution and reduce the cost of sample

preparation. Driven by these goals, advances in microwave extraction have resulted

several techniques such as microwave-assisted solvent extraction (MASE) [32, 36–

39], vacuum microwave hydrodistillation (VMHD) [40, 41], microwave hydrodis-

tillation (MWHD) [42, 43], compressed air microwave distillation (CAMD) [44],

microwave headspace (MHS) [5], and solvent-free microwave hydrodistillation

(SFME) [45, 46]. Table 22.3 summarizes the most common microwave extraction

techniques for plant matrices and lists their advantages and drawbacks. Over the

years procedures based on microwave extraction have replaced some of the conven-

tional processes and other thermal extraction techniques that have been used for

decades in chemical laboratories.

22.4.1

Microwave-assisted Solvent Extraction (MASE)

MASE uses microwave energy to heat a liquid organic solvent in contact with a

sample. There are two types of microwave extraction – microwave assisted extrac-

tion (MAE), which is performed under controlled pressure and temperature in a

Tab. 22.2. Twenty years of microwave chemistry and extraction.

1986 Gedye (Canada) and

Giguere (USA)

First microwave-

assisted organic

synthesis

Ganzler (Hungary) First microwave-

assisted extraction

1994 Strauss (Australia) First continuous

microwave reactor

Mengal and

Monpon (France)

First patent on

vacuum microwave

hydrodistillation

2004 Loupy (France) and

Varma (USA)

Microwave green

chemistry

Chemat and

Lucchesi (France)

Solvent-free

microwave extraction
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closed vessel, and focused microwave assisted extraction (FMAE), which is per-

formed with an open vessel under atmospheric pressure in a single-mode micro-

wave oven [47, 48].

MASE was first used in the extraction of several compounds from environmental

samples, for example soil or polluted water. Numerous classes of compound, for

example pesticides, phenols, dioxins, and organometallic compounds have been ex-

tracted efficiently, i.e. rapidly and reproducibly, from a variety of matrices. MASE

has also been applied to plant material to extract aroma compounds. The technique

was patented in 1990 as a microwave assisted process (MAP) [37]. Typically, plant

material is immersed in a microwave-nonabsorbing solvent, for example hexane,

and irradiated with microwave energy. When the oil glands of the plant are sub-

jected to severe thermal stress and localized high pressures, as in microwave heat-

ing, the pressure build-up within the glands exceeds their capacity for expansion,

and causes their rupture more rapidly than in conventional extraction. Volatile oil

dissolves in the organic solvent before being separated by liquid–liquid extraction.

Aroma compounds from different types of plant have been extracted by MASE

from wood, roots, leaves, or seeds. Yields and composition of microwave extracts

are always comparable with those obtained by classical solvent extraction, for

example Soxhlet extraction, but have been achieved with reduced extraction time

[49–51].

22.4.2

Compressed Air Microwave Distillation (CAMD)

One of the first methods using microwave-assisted extraction of essential oil was

presented in 1989 by Craveiro [44]. The essential oil of Lippia sidoides was extracted
using microwave energy and compressed air only. Inspired by classical steam dis-

tillation, the CAMD technique used compressed air instead of vapor to extract the

volatile oil. Typically, plant material is placed in a reactor inside the microwave

cavity and heated. At the same time, a compressor, located outside the cavity, forces

compressed air into the reactor. Volatile oil and vapor are then driven to the recov-

ery flask outside the cavity. In 5 min CAMD provides an essential oil which is qual-

itatively and quantitatively identical with that produced by the conventional hydro-

distillation method.

22.4.3

Vacuum Microwave Hydrodistillation (VMHD)

VMHD was elaborated and patented by Archimex in 1994 [40]. This technique is

based on selective heating by microwaves combined with sequential application of

a vacuum. The plant material is placed in a microwave cavity with water to refresh

the dry material. The plant material is then exposed to microwave radiation to re-

lease the natural extract. Reducing the pressure to between 100 and 200 mbar en-

ables the evaporation of the azeotropic water–volatile oil mixture from the biologi-
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cal matrix. The procedure is repeated in a stepwise fashion to extract all the volatile

oil from the plant. Up to 30 kg h�1 material can be treated [40, 41].

According to the patents, VMHD provides yields comparable to those obtained

by traditional hydrodistillation but with extraction times only one tenth those

required with hydrodistillation. The thermally sensitive crude notes seem to be

preserved with VHMD, in contrast to conventional hydrodistillation. VMHD is

suggested as an economical and efficient technique to extract high-quality natural

products on a large scale [52–54].

22.4.4

Microwave Headspace (MHS)

Microwave-assisted desorption coupled to in situ headspace solid-phase micro-

extraction (HS–SPME) was first proposed as a possible alternative pretreatment of

samples collected from workplace monitoring. Therefore, pretreatment that takes a

short time and uses little or no organic solvents has led to the recent development

of a new extraction technique. Solid-phase micro-extraction (SPME) coupled with

GC analysis has been used successfully to analyze pollutants in environmental ma-

trices. MHS has been developed to achieve one-step, in situ headspace sampling of

semivolatile organic compounds in aqueous samples, vegetables, and soil [7, 55–

58].

22.4.5

Microwave Hydrodistillation (MWHD)

Stashenko [42, 43] used the classical technique of hydrodistillation in association

with microwave energy. Part of the conventional equipment, in which the plant

material is usually immersed in water, is placed inside the microwave cavity,

whereas the cooler and the recovery system for the essential oil are situated outside

the microwave cavity. Essential oils are obtained more rapidly but with yields and

quality comparable with those obtained by hydrodistillation. Because there is no

clean-up step, this technique is faster.

22.4.6

Solvent-free Microwave Hydrodistillation (SFME)

SFME is a recent method of extraction, patented in 2004, with the specific objective

of obtaining essential oil from plant material [45, 46]. Based on a relatively simple

principle, SFME involves placing the vegetable material in a microwave reactor

without addition of solvent or water. SFME is a combination of microwave heating

and distillation, and is performed at atmospheric pressure. In terms of quality and

quantity, SFME seems to be more competitive and economic than classical meth-

ods such as hydro or steam distillation [59, 60].
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22.5

Importance of the Extraction Step

An analytical procedure for essential oils or aromas from plants or spices usually

comprises two steps – extraction (e.g. steam distillation, hydrodistillation, or simul-

taneous distillation–extraction) and analysis (e.g. gas chromatography, GC, or gas

chromatography coupled to mass spectrometry, GC–MS). Although the analysis

step is complete after only 15 to 30 min, extraction takes at least several hours. It

frequently involves prolonged heating and stirring in boiling water. The principal

limiting step of sample treatment is extraction of the essential oil from the matrix,

which consists in transferring the compounds into boiling water then azeotropic

distillation, condensation, and physical separation. The essential oil contains not

only the compounds of interest at high concentration or trace levels but also co-

extracted compounds (e.g. water, endogenous compounds, and other contami-

nants) which can interfere with the analysis. It is necessary to purify extracts, to

re-concentrate or to dilute them. Analysis is performed by means of a high-

resolution separation step combined with a sensitive and selective detector, typi-

cally gas chromatography coupled with mass spectrometry (GC–MS). Figure 22.2

shows the duration of each treatment step and extraction procedure. Distillation

of the essential oil accounts for 70% of total processing time. It is thus important

to control this limiting step, which includes extraction and separation. The choice

of technique is the result of a compromise among efficiency and reproducibility of

extraction, ease of the procedure, and considerations of cost, time, degree of auto-

mation, and safety.

22.6

Solvent-free Microwave Extraction: Concept, Application, and Future

Microwave energy is a key enabling technology in achieving the objective of sus-

tainable (green) chemistry. It has been shown that solvent-free conditions are espe-

cially suited to microwave-assisted organic synthesis, because reactions can be run

Fig. 22.2. Relative time consumed by different steps in an

analytical procedure for essential oils.
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safely under atmospheric pressure in the presence of significant amounts of prod-

ucts [34]. Solvent free microwave extraction has been conceived by following the

concepts of solvent-free microwave synthesis. When coupled with microwave radi-

ation, solvent-free techniques have proved to be of special efficiency as clean and

economic procedures. Major improvements and simplifications over conventional

methods originate from their rapidity, and their enhancement of yield and product

purity. SFME extraction extends from the analytical scale to industrial applications

for laboratory or commercial purposes. This section will deal with topics of interest

to the essential oil analysis laboratory.

22.6.1

Concept and Design

A new method for extracting natural products without added solvent or water by

use of microwave energy has been developed and patented in collaboration with

Milestone [45, 46]. The solvent-free microwave extraction apparatus is an original

combination of microwave heating and distillation at atmospheric pressure. SFME

was conceived for laboratory scale applications in the extraction of essential oils

from different kinds of aromatic plant. Based on a relatively simple principle, this

method involves placing plant material in a microwave reactor, without added sol-

vent or water. Internal heating of in situ water within the plant material distends

the plant cells and leads to rupture of the glands and oleiferous receptacles. Thus,

this process liberates essential oil which is evaporated by the in situ water of

the plant material. A cooling system outside the microwave oven condenses the

distillate continuously. Excess water is returned, by reflux, to the extraction vessel

to restore the in situ water to the plant material. SFME is neither modified micro-

Fig. 22.3. Solvent-free microwave extraction: ‘‘Microwave Clevenger’’.
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wave assisted extraction (MAE) which uses organic solvents, nor modified hydro-

distillation (HD) which uses a large quantity of water. The SFME apparatus is illus-

trated in Fig. 22.3.

22.6.2

Applications

To investigate the potential of the SFME technique, comparisons have been made

with hydrodistillation for extraction of essential oil from spices – ajowan (Carum
ajowan; Apiaceae), cumin (Cuminum cyminum; Umbelliferae), star anise (Illicium
anisatum; Illiciaceae) – and from fresh aromatic herbs – basil (Ocimum basilicum;

Labiaceae), crispate mint (Mentha crispa; Labiaceae), thyme (Thymus vulgaris; Labia-
ceae) [59, 60]. The yields of essential oil and their chemical composition for the two

extraction methods are reported in Table 22.4.

One of the advantages of SFME is rapidity. The extraction temperature is the

boiling point of water at atmospheric pressure (100 �C) for both SFME and HD

extraction. Figure 22.4 shows the temperature profiles during SFME and HD of es-

sential oil from aromatic herbs. To reach the extraction temperature (100 �C) and

thus obtain the first essential oil droplet, it is necessary to heat for only 5 min with

SFME compared with 90 min for HD. It is important to note that there is no super-

heating effect because of the heterogeneity of the medium and the available water

used for SFME is provided from the plant matter moisture or the so called ‘‘in situ’’
water.

The essential oils of fresh aromatic herbs (90% moisture) extracted by SFME for

30 min were quantitatively (yield) similar to those obtained by conventional hydro-

distillation for 4.5 h. For extraction from dry spices, the plant material is soaked in

water before extraction to achieve a maximum moisture content of 70%. Yields of

essential oils obtained from spices by HD were higher than were obtained by

SFME.

Substantially greater amounts of oxygenated compounds and smaller amounts

Fig. 22.4. Temperature profiles during HD and SFME (c HD g SFME).
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of monoterpene hydrocarbons are present in the essential oils of aromatic plants

and spices extracted by SFME compared with HD. Monoterpene hydrocarbons are

less valuable than oxygenated compounds in terms of their contribution to the

fragrance of the essential oil. Conversely, the oxygenated compounds are highly

odoriferous and, hence, the most valuable. Linalol and eugenol were the main

components of the essential oil extracted from basil but the relative amounts

differed for the two extraction methods. Eugenol is the most abundant compo-

nent of the SFME extract (43.2%) and linalol the second most abundant (25.3%),

whereas the HD extract is dominated first by linalol (39.1%) and then by eugenol

(11.0%). The essential oil of garden mint isolated by SFME and HD is character-

ized by the yield of the most important oxygenated compound carvone; yields

were, respectively, 64.9% and 52.3%. Limonene, a monoterpene which is the sec-

ond most abundant compound, is present at 9.7% and 20.2% in SFME and HD

extracts, respectively. The essential oil of thyme isolated by SFME and HD contains

the same three dominant components: thymol (51.0% and 40.5%, respectively), g-

terpinene (17.1% and 22.8%), and p-cymene (7.5% and 11.1%).

Star anise essential oil isolated by HD and SFME is dominated by trans-anethole
(oxygenated compound) – 78% and 81.4%, respectively. Limonene, the second

most important compound, is only present at 11.6% and 6.6%, respectively, in the

oils obtained by HD and SFME. Cumin essential oil isolated by SFME or HD con-

tains the same five dominant compounds but in different quantitative amounts –

cumin aldehyde (37.4% and 22.8%, respectively), a-terpin-7-enal (29.1% and

14.4%), g-terpinene (12.9% and 22.3%), p-cymene (12.1% and 18.4%), and b-

pinene (5.9% and 16.2%). Ajowan essential oil isolated by SFME is characterized

by a substantial amount of the oxygenated monoterpene thymol (60.3%) whereas

the oil extracted by HD is dominated by three compounds in relatively simi-

lar amounts – thymol (35.4%), p-cymene (29.2%) and g-terpinene (28.6%). g-

Terpinene and p-cymene are also present in the essential oil extracted by SFME,

but in smaller amounts – 16.4% and 21.2%, respectively.

For fresh aromatic herbs SFME and HD furnish similar yields of essential oils

but the proportion of oxygenated compounds is greater for SFME. For soaked

spices SFME furnishes lower yields of essential oil than HD but, again, a greater

proportion of oxygenated compounds. The greater proportion of oxygenated com-

pounds in the SFME essential oils is probably because of diminution of thermal

and hydrolytic effects compared with hydrodistillation, which uses a large quantity

of water and is time and energy-consuming. Water is a polar solvent which acceler-

ates many reactions, especially reactions via carbocations as intermediates.

Essential oils obtained by SFME or HD have been evaluated olfactorily by Jean

Claude Ellena (Perfurmer from Symrise, France) and Daniel Maurel (Robertet,

France). Better reproduction of the natural aroma was more likely for essential

oils extracted by SFME than for those extracted by hydrodistillation. Essential oils

extracted by SFME and HD have also been analyzed by the AFNOR standard

method to determine the usual physical properties characterizing the oils – specific

gravity, refractive index, optical rotation, and solubility in 95% ethanol at 20 �C [20,

21]. There was no significant difference between the physical constants of essential

oils obtained by SFME and HD.
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22.6.3

Cost, Cleanliness, Scale-up, and Safety Considerations

The reduced cost of extraction is clearly advantageous for the proposed SFME

method in terms of time and energy. Hydrodistillation required an extraction time

of 90 min for heating of 6 L water and 500 g aromatic plants to the extraction tem-

perature, followed by evaporation of the water and essential oil for 180 min. The

SFME method required irradiation for 3 min only and evaporation for 27 min of

the in-situ water and essential oil of the same material. The energy required to

perform the extractions is 4.5 kW h for HD, and 0.25 kW h for SFME. The power

consumption was determined with a Wattmeter at the microwave generator supply

and the electrical heater power supply.

With regard to environmental impact, the calculated quantity of carbon dioxide

emitted to the atmosphere is greater for HD (3600 g CO2 g�1 essential oil) than

for SFME (200 g CO2 g�1 essential oil). These calculations were based on the as-

sumption that to obtain 1 kW h by combustion of fossil fuel 800 g CO2 will be

emitted to the atmosphere [61].

SFME is proposed as an ‘‘environmentally friendly’’ extraction method suitable

for sample preparation before essential oil analysis. SFME is a very clean method

which avoids the use of large quantities of water and voluminous extraction ves-

sels, in contrast with HD. SFME could also be used to produce larger quantities

of essential oils by using existing large-scale microwave extraction reactors [62].

These microwave reactors are suitable for the extraction of 10, 20, or 100 kg of

fresh plant material per batch. These reactors could be easily modified and used

for SFME extractions.

The microwave extraction process is simple and can be readily understood in

terms of the operating steps to be performed. Application of microwave energy

can pose serious hazards in inexperienced hands, however. High levels of safety

and attention to detail must be exercised by all persons planning and performing

experiments involving microwaves. Personnel must ensure they seek proper infor-

mation from knowledgeable sources and not attempt to implement this technique

unless proper guidance is provided. Only approved equipment and scientifically

sound procedures should be used at all the times.

22.7

Solvent-free Microwave Extraction: Specific Effects and Proposed Mechanisms

22.7.1

Effect of Operating Conditions

Moisture content of the plant material, microwave power, and extraction time af-

fect not only the extraction yield of the essential oil but also its composition. Sam-

ple moisture content during microwave treatment is critical, because water is an
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excellent absorber of microwave energy. This strong absorption leads to the tem-

perature increase inside the sample which causes rupture of the essential oil cells

by the in situ water, followed by evaporation of the water and the essential oils. The

microwave input power required is directly related to sample size and weight. The

power must be sufficient to achieve the boiling point of the water (100 �C), which

fixes the extraction temperature. The power should not be too high, however, or

loss of volatile compounds will result. Extraction time is the a factor directly affect-

ing the yield of essential oil from microwave SFME extraction. As time increases,

the yield increases almost linearly. The extraction time must be optimized to max-

imize the yield of the extraction without affecting the quality of the essential oil.

The extraction time for SFME must, moreover, be much lower than that for hydro-

distillation if it is to be economically and environmentally viable [63].

The efficiency of SFME extraction, in terms of yield and composition of the

essential oil, can usually be increased by increasing all three of these factors.

22.7.2

Effect of the Nature of the Matrix

Plant tissue consists of cells surrounded by walls. Some cells exist as glands (exter-

nal or internal) filled with essential oil. A characteristic of such glands (when exter-

nal) is that their skin is very thin and can be very easily destroyed. For internal

glands the amount of milling of the plant material plays an important role. The

plant matrix can be compared with a grain comprising an impermeable core

coated with a water boundary layer (Fig. 22.5). Essential oils are extracted in several

steps – desorption from the matrix surface or release from internal glands, diffu-

sion through the boundary layer to the boiling water, and separation by azeotropic

Fig. 22.5. Schematic representation of the individual steps in

the process of extraction of essential oils from plant materials.
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distillation. Extraction recovery can be limited by one or more of these steps. The

interactions involved depend partly on the composition of the matrix.

Essential oils are classically extracted by Clevenger distillation [64]. This method

proceeds by iterative distillation and boiling of the aromatic matrix by re-condensed

vapors of water, and generally uses large quantities of water and energy. The extrac-

tion time can vary between 6 and 24 h.

The different extraction methods (SFME and HD) produce distinguishable phys-

ical changes in the plant material. Figures 22.6 and 22.7 enable comparison of

scanning electronic micrographs of cardamom (dry seed) and garden mint (fresh

material) – the structures of the untreated plant material can be compared with

those of the material treated by SFME or HD. After SFME extraction at 100 �C,

cells and cell walls have been affected to different degrees. We observed a huge per-

foration on the external surface of the particle and some starch is dispersed. The

husk is clearly damaged. Part of this protective cover was destroyed. In contrast,

plant material subjected to hydrodistillation appeared very similar to untreated

Fig. 22.6. Electron micrographs of garden mint: untreated;

after HD extraction; and after SFME extraction.
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material. Some parts are still filled, although the albumen is also damaged. The

changes observed for SFME extraction were markedly different from those ob-

served by HD, showing clearly that the cells are broken and damaged during

SFME. This indicates that the mechanical strain induced by the rapid decompres-

sion and the violent vaporization of water have two main effects – the dehydrating

effect of vaporization and a subsequent change in the surface tension of the glan-

dular wall, causing it to crumble or rupture more readily.

Similar effects have been reported by Paré and Bélanger [5] and by Chen and

Spiro [65, 66] after microwave extraction of rosemary leaves in hexane. When the

glands were subjected to more severe thermal stresses and localized high pres-

sures, as in microwave heating, pressure build-up within the glands could have ex-

ceeded their capacity for expansion and caused their rupture more rapidly than in

conventional extraction.

22.7.3

Effect of Temperature

The relationship between the boiling point of the aroma compounds and the com-

position (oxygenated and nonoxygenated fraction) of the essential oil extracted by

SFME and HD will be examined more closely. Essential oils extracted by SFME

are generally dominated by oxygenated compounds. To understand the relation-

ship between boiling point and composition, we will examine the composition of

the essential oil of garden mint which contains two major compounds – an oxygen-

ated monoterpene (carvone) and a monoterpene hydrocarbon (limonene). The es-

sential oil of garden mint isolated by SFME and HD is characterized by carvone –

64.9% and 52.3%, respectively. Limonene, a monoterpene, which is the second

most abundant compound, is present at 9.7% and 20.2%, respectively, for SFME

and HD. The boiling point of carvone, the main component in garden mint essen-

tial oil, is 231 �C at atmospheric pressure. In contrast, the boiling point of limo-

nene is 175 �C.

If a solution containing limonene and carvone is distilled, limonene (bp 175 �C)

will be isolated before carvone (bp 231 �C). In microwave extraction or distillation

Fig. 22.7. Electron micrographs of cardamom seeds:

untreated, after HD extraction, and after SFME extraction.
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of garden mint, the essential oil of which contains primarily these two compounds,

oxygen-containing high-boiling components are isolated more rapidly than lower-

boiling substances, however.

During the process of distillation, boiling water (100 �C) will penetrate the plant

material and remove essential oil by azeotropic distillation. The extraction temper-

ature is equal to the boiling point of water at atmospheric pressure (100 �C), which

has been confirmed by experiments using either microwave SFME or conventional

HD. Hydrocarbons and oxygenated compounds will distill at the same tempera-

ture, 100 �C, irrespective of their own boiling point. Boiling point is not, therefore,

the factor determining the yield or composition of essential oils during microwave

extraction.

22.7.4

Effect of Solubility

A more direct way of understanding the composition of the essential oils obtained

by use of different extraction methods is to consider the solubility of compounds.

Solubility reflects the extent to which a substance dissolves in a particular mixture,

e.g. an organic solvent or water. Solubilization is the last step of the extraction pro-

cess after desorption from the matrix surface and diffusion through the solvent

boundary layer to the solvent, which is simply water for aqueous distillation of

aroma compounds.

Extraction recovery can be limited by one step or several steps. Microwaves cause

more damage and destroy the essential oil cells in leaves or seeds more rapidly and

effectively than conventional extraction methods, thus the desorption step, which

can often be the limiting factor, is of minor importance in SFME. Solubility is

rarely the limiting factor in solvent extraction if the solvent is well chosen. In the

distillation of essential oils the solvent is always water, however, and aroma com-

pounds can be totally different in structure and chemical characteristics, especially

in their solubility.

The importance of solubility in distillation was first mentioned by Von Rechen-

berg [67] in 1910 with the famous ‘‘Theorie der Gewinnung und Trennung der

ätherischen Öle durch Destillation’’ and next emphasized by Koedam [27] in

1982. According to Von Rechenberg: ‘‘the compounds vaporize according to their

degree of solubility in the distillation water rather than following the order of their

boiling point’’.

In 1910 von Rechenberg gave a very acceptable explanation of the fact that

oxygen-containing high-boiling components are isolated more rapidly than lower-

boiling substances. In the process of extraction by distillation with water, water at

100 �C will penetrate the plant material. As a result, it becomes necessary for the

essential oil components first to dissolve in the aqueous phase and, second, to dif-

fuse through this barrier (hydrodiffusion). Because oxygen-containing compounds

dissolve more readily than the more apolar substances, the latter will remain in the

plant material for longer. Because of this phenomenon, hydrodistillation is very

unattractive technically. It is, furthermore, almost impossible to achieve quantita-
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tive extraction of volatile components, for two reasons. The plant material often

contains components, mostly triglycerides, with strong affinity for the volatile com-

ponents. This prevents total separation of the volatiles from the biological material.

In addition, the extraction is stopped prematurely at a point when the amount

of essential oil extracted per kilogram of steam injected is no longer economically

viable.

In his study of the distillation of the volatile seed oil from dill (Anethum graveo-
lens L.), Koedam demonstrated the theory of Von Rechenberg by following the rel-

ative amounts of limonene (bp 175 �C) and carvone (bp 231 �C) as a function of

distillation time. It was observed that carvone distils first, despite its higher boiling

point, and then the amount recovered declines with an attendant increase in

the amount of limonene (175 �C) recovered. In summary, after distillation for one

hour carvone is the major compound, accounting for approximately 90% of the ex-

tract, whereas after 16 h the carvone content has decreased to approximately 60%

and the limonene content has increased from 10% to 40%.

Similar results have been found for the SFME of seeds and aromatic herbs. After

only 30 min for fresh basil, the compounds with the highest boiling point are

largely predominant. For HD, in contrast, after distillation for 3 h differences be-

tween the concentrations of the compounds are definitely less than for SFME and

sometimes the differences are completely reversed. Eugenol is the most abundant

component of the SFME extract (43.2%) with linalool second (25.3%) whereas the

essential oil obtained by HD is dominated first by linalool (39.1%) and then by

eugenol (11.0%). It seems that the phenomenon called ‘‘hydrodiffusion’’ described

by Von Rechenberg is more pronounced in microwave extraction by SFME.

22.7.5

Effect of Molecular Polarity

Aromatic plants are usually constituted from cellulose, essential oil, and water. If

these three compounds are heated by microwaves at a fixed radiation power and

for a set time, the heating rate will be the highest for water, followed by essential

oil and cellulose, respectively. One of the interactions of the microwave energy with

the matrix is called the dipolar polarization mechanism. A substance can generate

heat when irradiated with microwaves if it has a dipole moment, for example that

of the water molecule. A dipole is sensitive to external electric fields and will at-

tempt to align itself with the field by rotation.

In the microwave radiation region, the frequency of the changing electromag-

netic field is such that the rotating dipoles are unable to realign completely during

each cycle. This results in the current and voltage vectors being out of phase,

which implies that energy is being dissipated as heat. On a molecular level it can

be visualized that the energy is generated from the dipole by molecular friction and

collisions, giving rise to dielectric heating. Thus, in the earlier example it becomes

clear why cellulose, which lacks the dipole characteristics necessary for microwave

dielectric heating, does not heat whereas water or essential oil components, which

have large dipole moments, heat readily.
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Essential oils contain a variety of compounds divided into two main groups:

hydrocarbons and oxygenated compounds. For garden mint, the essential oil is

mainly carvone (oxygenated monoterpene) and limonene (monoterpene hydrocar-

bon). How does the microwave energy effect differ for these two different aroma

compounds? It would be reasonable to believe that the more polar the compound

the more readily the microwave irradiation is absorbed, because of the better inter-

action between the electromagnetic wave and compound, so the oil obtained con-

tains more of the more polar aromatic components. This would seem to corre-

spond well to the observed behavior of carvone (polar compound) and limonene

(non polar compound) (Table 22.5).

22.7.6

Proposed Mechanisms

Solvent-free microwave extraction and partitioning of aroma compounds may oc-

cur by one of these two proposed extraction mechanisms or by a combination:

� Mechanism I. For a sample with high dielectric loss (high water content), efficient

extraction can be performed using microwaves only, i.e. without added solvent

or water. This is possible because the water inside the sample matrix will be

locally heated. Microwaves interact with the free water molecules present in the

glands and vascular systems. These systems therefore undergo dramatic expan-

sion, with subsequent rupture of the tissue, enabling flow of the essential oil to-

ward the water layer. This mechanism also depends on the solubility of the es-

sential oil components in water. Solubilization is the limiting step and solubility

Tab. 22.5. SFME for selective extraction of carvone in the presence of limonene.

Carvone Limonene

Structure

% SFME 64.9 9.7

% HD 52.3 20.2

Boiling point (�C) 231 175

Solubility (g L�1) 1.6 0.00042

Dipole moment (D) 24 14

Dielectric constant 2.44 0.75
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becomes the essential property determining the selectivity of microwave SFME

extraction.
� Mechanism II. Essential oils contain organic compounds that strongly absorb

microwave energy. Compounds with high and low dipolar moments could be

extracted in different proportions by microwave extraction. Organic compounds

with a high dipole moment will interact more vigorously with the microwaves

and be extracted more easily than aroma compounds with low dipole moments.

22.8

Conclusions

One of the great success stories of modern chemistry has been the evolution of

increasingly more efficient methods for translating knowledge directly into tech-

nology and commercial products. Use of microwave technology for extraction of es-

sential oils and natural extracts is a process which has evolved to keep the wheel of

development rolling. Microwave extraction makes use of physical and chemical

phenomena that are fundamentally different from those which are important in

conventional extraction techniques. This novel process can produce essential oil

in a concentrated form, free from residual solvents, contaminants, or artifacts.

The new systems developed to date indicate that microwave extraction has advan-

tages in terms of yield and selectivity, with better extraction time and essential oil

composition, and is also environmentally friendly.

Understanding, on the molecular scale, of processes relevant to microwave ex-

traction has not yet reached the maturity of understanding of other topics in chem-

istry. Such a challenge is somewhat ambitious and requires a special approach.

Microwave extraction interferes with polarization effects that cannot be readily sep-

arated from the physical and chemical properties of the extracted molecules. In

this chapter we have discussed how the concept of microwave extraction has al-

ready become an important issue in the chemistry of natural products. Detailed

analysis of past and present literature confirms explicitly the usefulness of this ex-

traction technique. We have hope that this chapter will widen the scope of labora-

tory and commercial success for the potential applications of microwave technol-

ogy in essential oil extraction.
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5 J.R.J. Paré, J.M.R. Bélanger,

Microwave-assisted Process (MAPTM):

principles and applications, Instru-

References 983



mental methods in food analysis,
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2,4-dichlorophenoxyacetic acid 883 f

2,6-dicyanoanilines 812

1,3-dicyanobenzene 886

dielectric 11, 529

– capacitor 11

– constant 10, 67, 127

– frequency 26

– induction current 11

– loss 16, 45, 67, 127

– loss tangent 67

– permittivity 9, 12, 26

– temperature 26

– vacuum capacitance 11

– water 22

Diels-Alder 144, 420, 524, 604, 809, 951

– [2þ2] 524

– [2þ2þ1] 524

– [3þ2] 524

– [4þ2] 524

– [6þ4]–[4þ2] 524

– [6þ4] 524

– reaction 206, 355, 748, 755

– reaction of tetrazines 420

– reagents 421

Diels-Alder cycloaddition 129, 148, 150, 157,

418ff, 524, 754, 768, 932

Diels-Alder cycloadducts 783

– reaction 206, 355, 748, 755

diene 524

– scavenger 768
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dienophile 524, 531

– scavenger 783

diethers from dianhydrohexitols 286

diethyl fumarate 552

diethyl phosphate 815

N,N-diethyl-a,a-difluoro-(m-

methylbenzyl)amine (DFMBA) 596

diethylacetylenedicarboxylate 541

differnetial scanning calorimetry (DSC) 164

diffusion 621

digestion 109, 888

diglycidyl ether of bisphenol-A 664 f

dihydrobenzothiazepines 394ff

dihydroisoxazoles 549

dihydropyridines 793 f, 795

1,4-dihydropyridines 321

dihydropyridones 798

3,4-dihydropyrimidin-2(1H)-ones 399

dihydropyrimidin-2-thione 716

dihydropyrimidine 740, 757, 778, 781

dihydropyrimidinones 751, 778, 800

dihydropyrimidones 711

N,N-(diisopropyl)aminoethylpolystyrene 580

diketone 803

b-diketone 801

1,2-diketone 719

1,3-diketone 793, 798

dimedone 810

dimensional resonances 48

– dielectric resonators 48

– spherical shapes it 48

dimethyl carbonate 586

5,5-dimethyl-1-pyrrolidine-N-oxide 883

N,N-dimethylacetamide (DMA) 317

N,N-dimethyl-6-aminouracil 799

dimethylacetylenedicarboxylate 541

2-(dimethylamino)ethyl ester 658

N,N-dimethylbarbituric acid 811

N,N-dimethylformamide diethylacetal

(DMFDEA) 731

dimethylformamide dimethylacetal 798

2,5-dimethylphenacyl chromophore 881

2,6-dinitroaniline 950

diphenylbutadiene 544

diphenylhydrazonoyl 560

diphenylnitrilimine 560 f

a,N-diphenylnitrones 552

1,3-dipolar cycloaddition 148f, 152, 342, 936,

951f

– of diphenylnitrilimine 312

dipolar intermediates 154

dipolar moment 14

dipolar polarization 138

dipolar transition states 154, 180, 200

dipolarophiles 528

dipole moment 9, 38, 139, 141, 150, 544

dipole rotation 127

dipole-dipole-type interactions 135, 148

1,3-dipoles 528, 549

discharge 630

discharge in EDL 862

disinfection 890

displacement 744

dissolved organic carbon 888

distillation 960

distortion polarization 17

distribution function 20

diterpene 962

dithiazoles 430ff

DMA (N,N-dimethylacetamide) 317

DMF (dimethylformamide) 141, 147, 167,

297, 306, 317, 584, 600, 704

DMSO (dimethylsufoxid) 136, 141, 195, 311

DNA synthesis 742

domestic microwave (MW) oven 108, 282,

294, 713, 792–816

domestic oven 68, 135, 285, 304

domino reactions 789

donor-acceptor systems 939

doping agents 526, 533

dry distillation 964

dry media 146, 280, 527

dry media reactions 108

dynamic consequences 24

e
eco-friendly approach 134

EDL (electrodeless discharge lamp) 861ff,

888 f

– applications 873f

– beaker-shaped 888

– dimensions and properties 864

– emission characteristics 866 f

– envelope 863

– fill material 864

– inert gas 863

– manufacture and performance testing 865

– microwave discharge 863

– nature and characteristics of the EM energy-

coupling device 864

– temperature of the lamp 864

– UV digestion reactor 873f

EDTA (ethylen diamine tetra autate) 882

effects on selectivity 156, 204

electric field 71

electric field effects 46

– perturbation 46

– reactor-to-applicator volume ratio 46
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electric field-focusing effects 48

electrodeless discharge lamp (EDL) 861

electrodeless MW-UV lamp 888

electrolytes 33

electromagnetic energy 7

electromagnetic spectrum 5

electron spin resonance spectroscopy 883

electron-nuclear hyperfine interactions 885

electron-rich olefins 719

electron-transfer processes 938

electronic polarizability 13

electrophilic aromatic substitution 120, 198

electrophilic fluoridation 846

electrostatic polar effects 135

elemental sulfur 815

a-elimination 308

b-elimination 153, 189, 309

– competitive 301

elimination reaction 402

– hydroxypyrrolidines 402

– pyrrolines 402

EmrysTM 84

enamines 373ff, 810

b-enamino ketone 375

enantioselective reactions 735

enantioselectivity 624

ene reaction 423ff

energy 7 f, 73

– Born-Oppenheimer approximation 7

– electronic 7

– Euler angle 8

– excited states 8

– Hamiltonian operators 7

– of electric 7

– one-photon process 8

– partition 7

– rational 7

– vibrational 7

energy barrier 52

energy-consuming 975

energy efficiency 73, 687

energy profiles 48

energy transfer 297

enolization 747

enthalpy of activation 52

enthalpy of formation 139

entropy of activation 52

envirocat reagent 374

environmental remediation 883

environmentally benign media 123

environmentally relevant studies 888 f

environment-friendly 881

enzymatic reactions 608

enzyme-catalyzed 405

– novozym (candida antarctica) 405

– pseudomonas 405

– pyrococcus furiosus 405

– sulfolobus solfataricus 405

epichlorhydrin 291, 668

epimerization 699

epoxidation 634

epoxide 606

epoxide ring-opening 300

– epoxyisophorone 299

epoxy resin 663, 665

3,4-epoxycyclohexylcarboxylate 666

equilibrium 63, 620

– nonthermodynamic 620

Erlenmeyer reaction 166

erythropoietin (EPO) 923

Eschweiler-Clarke reaction 835, 845

essential oils 959

ester aminolysis 305

– base free 171

– basic medium 193

ester saponification 303

ester synthesis 285

esterification 141, 437, 729, 733 f, 759, 773,

776 f

– acetic acid 622, 628

– fusel oil 172

– stearic acid 437, 622

esters 375

ester-SWNT 953

ethanol 27

etherification 183

– of heterocyclic compounds 310

Ethos 81, 590

ethoxycarbonylnitrile oxide 550

ethyl acrylate 626

ethyl propiolate 552, 797, 806

ethylene 539

eugenol 307

eugenol-isoeugenol 380

exothermal processes 108

exploratory power 790 f

extraction 959

– concept and design 971

– essential oils 959

– herbs 959

extraction step 970

extraction temperature 974

extraction time 970

f
fatty acids 167

fatty compounds 193

FC acylations 444ff
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FDMP resin 733 f

Ferrier rearrangement 381, 591, 599

ferrites 29

ferrocene 938

field homogeneity 72

field penetration 48

Fischer glycosylation 590

Fischer-Helferich synthesis 121

Fischer indole synthesis 126, 396

five-membered nitrogen heterocycles 296

flash heating 117, 718, 721

flavones 391 f

– o-hydroxydibenzoylmethanes 392

– K10 clay 392

flavour industry 961

fluorene 675

9-fluorenylmethoxycarbonyl (Fmoc) 901

fluorinated dipolarophiles 149

[18F]fluorination 848

fluorinations 311

fluorine-18 821, 842

[18F]fluoroethyl tosylate 848

[18F]b-fluoroethyl tosylate 850

fluorous chemistry 692, 701

fluorous ligands 767

fluorous-phase organic synthesis 762 f

fluorous solid-phase extraction (F-SPE) 764,

767, 805, 808

fluorous tag 763ff

Fmoc (9-fluorenylmethoxycarbonyl) 367, 901

N-Fmoc deprotection 907

focused microwaves 129

foodstuffs 36

b-formyl enamides 569

free charges 9

free energy 52

free-radical polymerization 654

freezing 15, 35

frequency 6

Friedel-Crafts acylation 196, 438, 444, 625

fructose 605

fullerene 149, 526, 951

fullerodendrimers 944

fulvenes 570

fumigation 960

functionalization 729ff

functionalization of SWNTs by covalent

bonding 950

functionalized acetates 297

functionalized tartramides 165

furanic diethers 286

g
68Gallium 853

Gabriel amine synthesis 294

galactal 592

galacto-oligosaccharides (GOS) 610

galactosamine 591

galactose 581, 589, 591, 595, 605

gas-phase reactions 628

gel surfaces 882

gel-type resin 732

geometrical shape 51

germanium 435

– tetrabromide 435

germanium tetrahalide 434

Gewald synthesis 746 f

Glarum’s generalization 31

glucat 592

glucosamine 581, 589, 591

glucose 580, 590 f, 605

glycals 593, 599 f, 603

glycine 811

glycodendrimers 603

glycosyl nitrones 556

glycosylation 122, 589

– enzymatic 609

C-glycosylation 594

N-glycosylation 594

O-glycosylation 589, 591

– Ferrier’s rearrangement 591

– Fischer glycosylation 589

Goldberg reaction 711

GOS (galacto-oligosaccharides) 610

Graft polymerization 679

gram 86

graphite 138, 160, 379, 417, 421ff, 425 f,

437ff, 530, 792

– acylation 439ff

– adsorption of organic molecules 449

– Carbon-Carbon bond 417

– catalytic activity 417, 437, 441 f

– catalytic effect 440, 442

– oxidation of propan-2-ol 425

– reagents 421

– retention of reagents 421

– safety measures 417, 447

– sensitizer 418ff, 437

– synthetic commerical 438

– temperature measurement 448

– thermal reactions 427

– typical procedures 447

green chemistry 64, 134, 145, 210, 310, 328,

492, 790, 965

greener solvents 405

Grignard reagent 704, 845

ground state 139

Grubbs catalyst 204, 779

guar gum 680

guar-g-polyacrylamide 680
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h
a-halogenation 805

halogenation 595ff

– bromination 595

– chlorination 595

– fluorination 596

– iodination 597

halogermanes 434

3-halopyridines 182

Hammond postulate 155

Hantzsch 798, 805

Hantzsch MCR 795

Hantzsch reaction 129, 321, 399

HBTU 770

head note 966

headspace 969

heat captor 622

heating 635

– aids 354

– conversation 9

– effect 67

– rapid 635

– selective 635

– volumetric 635

heating rate 45, 50

– specific heat 45

– thermal 45

– thermal diffusivity 45

Heck reaction 316, 337, 403, 717, 767

– arylation 647

– coupling 129, 780f

– vinylations 766

Henry reaction 375

hepatitis C virus NS3 protease inhibitor

720

hetero Diels-Alder (IMHDA) 356, 533, 935

heterocycle synthesis 731, 746

S-heterocycle-containing liquid crystalline

targets 393

heterocycles 602

heterocyclic 393ff, 528

– bridgehead thiazoles 393

– chemistry 456

– compounds 391, 693

heterogeneous reaction 64

heterogeneous catalytic degradation 884

heterogeneous kinetics 56

heterogeneous media 146

heterogeneous photocatalytic oxidation 874

– flow-through quartz photoreactor 874

– TiO2 874

– TiO2aZrO2 874

heteropolyacids 623

Hickman 49

high-frequency 9

high-temperature water 123, 881

high-throughput synthesis 728

history of microwaves 2

HIV-1 protease inhibitors 698 f, 705

Hiyama coupling 318

Hiyama reaction 705

homogeneous 64

homogeneous catalysis 161

hot spot 56, 90, 630 f, 634ff

– macroscopic 637

– microscopic 637

Hughes-Ingold theory 146

humic acid 884, 889

humic substances 888

hybrid polymer 730

hydantoins 762, 765

hydrazone synthesis 162

hydrazones 376, 942, 947

– azomethine imine tautomerization 942

– carbonyl compounds 376

– hydrazines 376

hydroacylation of 1-alkenes 161

hydrocarbon 646

hydrocarbon oxidation 628, 634

hydrochalcogenation 390

hydrocracking 620, 633

hydrodechlorination 633

– of chlorobenzene 619 f

hydro-distillation 964

hydrodynamic 44

hydrodynamic aspects 49

hydrogen bonding 37

hydrogen isotope exchange 822 f, 838, 841

– base-catalyzed 823

– metal catalyzed 823

hydrogen peroxide 319, 889

hydrogen peroxide-assisted photochemical

degradation 882

hydrogen peroxide oxidation 626

hydrogen peroxide urea adduct (UHP) 320

hydrogenation 333, 594, 623 f, 633, 823, 832,

838, 840

– catalytic transfer hydrogenation 594

hydrogenation of alkenes 633

hydrogenation of benzene 619, 628

hydrogenation of nitrobenzene 623

hydrogenation reaction 404

– H2/D2/T2 404

hydrogen-bond 33

hydrogen-isotope exchange 827 f

– acid catalyzed 827

– metal-catalyzed 827 f

hydrogenolysis 624, 632 f

hydrolysis of sucrose 624

hydrostannylation 700, 702
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hydroxide ion 27

4-hydroxy-2H-1-benzopyran-2-one 795

6-hydroxyaminouracils 800

o-hydroxybenzyl alcohol 936

hydroxyl radicals 883

hydroxylamine hydrochloride-clay 400

hydroxylation of benzene 627

8-hydroxyquinolines 290

Hyflo Super Gel 590

hyperfine coupling 885 f

i
imaginary parts 9

imidazol[1,2-a-]annulated N-heterocygles

399

– imidazol[1,2-a]pyrazines 399, 803

– imidazol[1,2-a]pyridines 399, 803 f

– imidazol[1,2-a]pyrimidines 399

imidazole 626, 802 f

imidazole synthesis 746

imidazolines 167

imidization 138, 198

imine 159, 373ff, 567, 813, 815

iminium ion 803

impregnated reagents 146

indium trichloride 815

indole 428ff, 809

indole formation 739 f

indolizines 806

induced selectivity 54

Industrial Scientific and Medical

frequencies 6

inhibitors of HIV-1 protease 797

inorganic solid supports 321

inorganic supports 809

input 44

instrumentation 925

insulating materials 9

interactions with matter 877

– microwave 877

– ultraviolet 877

– visible radiation 877

interfacial reactions 146

interfacial relaxation 40

intermolecular distances 14

intermolecular interactions 36

intersystem crossing 885

intramolecular cyclization 316

intramolecular cycloaddition 533

intramolecular Diels-Alder (IMDA) 533

intramolecular Heck reactions 317

intramolecular Michael additions 202

intramolecular nucleophilic aromatic

substitution 201

iodine-alumina 399

ionic dissociation 194

ionic liquid 180, 281, 327, 405 f, 526, 628,

718, 771, 779, 829

– 1-alkyl-3-methylimidazolium tetra-

chloroindate(III) 406

– catalysts 628

– cyclic carbonates 406

– 3-methylimidazolium tetrachloro-gallate

406

ionic product 124

ion-pair 36, 185

– loose 185

– tight 185

ion-pair dissociation 139

ion-pair exchange 280

ipso-fluoro displacement 759 f

Irori Kan 691

irreversible 63

isatin 813

Isay condensation 605

ISM band 6

isocyanate resins 732

isocyanide 804, 814

isoflav-3-enes 810

isoflavones 695

isoidide 286 f, 667

isomannide 186, 286

isomeric inversion 55

isomerization 379, 633

– of 2-methylpentene 621

– of safrole 142, 308

isonitrile 805, 808

isophorone 300

isopolar transition-state reactions 148

isoprene 655

isosorbide 186 f, 286 f, 301, 667 f

isothermal 63

isotopes 820

isoxazole 530, 549, 744

isoxazoline 603

isoxazolino[60]fullerenes 941

isoxazolino-SWNT derivative 953

j
JandaJel resin 748

jasminaldehyde 302

k
K10 clay 202

Kabachnik-Fields reaction 349

Kenner’s safety catch principle 749

ketene acetal 189, 528

ketenes 567
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b-ketoester 793 f, 797 f, 800, 805

ketone 798, 805 f, 812, 814 f

Kindler 815

kinetic conditions 52

kinetic control 156, 887

kinetic effects 43

kinetic products 120

kinetics measurements 113

Knoevenagel 400ff

– condensation 144, 372ff, 731, 747,

796

– hetero Diels-Alder reactions 303, 343,

478, 748

Krapcho reaction 188, 311

KSF clay 364

Kumada reaction 704

l
labeled compounds 820
14C-labeled esters 191, 298

labeled formates 833

laboratory-scale 721

lactam 294, 536

b-lactam 567, 607

– stereo control 206

g-lactam formation 920

d,l-lactide 661 f

lactones 536

lactose 590, 610

Langevin s function 14

lanthanide triflates 815

large-scale 704

lattice defects 39 f

– adsorbed phases 40

– color centers 40

– interstitial ions 39

– substitutional 39

laurydone 97

Lawesson’s reagent 168, 393ff

leaving group 179, 180, 198, 205

Leuckart reductive amination 211

Lewis acids 538

library 352

limonene 972

linked charges 9

liquid-liquid PTC 278

liquid phase synthesis 756, 758 f, 760 f

localized high temperatures 138

long-chain esters 283

long-chain halides 281, 290

loose ion pairs 141, 154, 184, 189

lossy dielectric material 48

low-bolling solvents 112

luotonine A 430

m
macromolecules 37 f

– atactic 38

– dipole moment 38

– isotatic 38

– peptide 38

– poly(vinyl acetate)s 37

– poly(vinyl chloride)s 37

– polyacrylates 37

– polyethylene 37

– polypeptides 38

– polystyrene 37

– polytetrafluoroethylene 37

macroscopic description 17

macroscopic theory 16

magnetic field 886

magnetic field effect, (MFE) 885

magnetic losses 29

magnetic susceptibility 9

magnetron 2, 69

magnetron power 69

magtrieve 138

MALDITOF mass spectrometry 287

maleic acid 675

maleic anhydride 544, 657, 664 f, 668

maleimide derivatives 891

malonic alkylation 191

malononitrile 808, 811

maltose 590

Mannich reaction 119, 754

mannose 581, 589ff

MAOS (microwave-assisted organic

synthesis) 792f, 798, 816

p38 MAP kinase inhibitors 709 f

Marangoni 49

Marfey’s reagent 916

Marshall resin 750

mastery 43

Maxwell’s equations 4

Maxwell-Wagner effect 40

MCR 790ff, 797, 801, 803, 809, 811, 815 f

MDAD 530

mechanical stirring 75

melatonin derivatives 702

Meldrum’s acid 798, 801

mercaptoacetic acid 813

3-mercaptopropionic acid 656

Merrifield resin 376, 730 f, 737, 752, 755,

772, 776, 900

mesoporous inorganic solids 792

metal-catalyzed 554

metal oxide 629

metal oxide catalyst 632

metallophthalocyanines 170
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methacrylamide 657

methacrylic acid 656ff

2-methallyloxyphenols 289

methane combustion 620

methyl b-aminocrotonate 793 f

methyl acrylate 556

methyl iodide 823, 835, 844

[11C] methyl iodide 843

methyl methacrylate 654 f, 658ff

methyl triflate 835

methylation 586, 844

methylation reactions 835

methylenation of 3,4-dihydroxybenzahldehyde

289

N-(methylpolystyrene)-4-(methylamino)

pyridine (PDS-DMAP) 580, 583 f

Meyer-Schuster acidic rearrangement 380

Michael addition 118, 157, 174, 356, 392,

400ff, 626, 811

Michael-addition reactions 377 f

– 1,4-diketones 378

– diethyl ethoxymethylenemalonate (EMME)

377

– a,b-unsaturated ketones 377

Michael condensation 315

Michael reaction 293

microwave 5, 362, 788, 791, 906

– household kitchen MW oven 362

– tools 906

microwave 793 f, 796ff, 801 f, 804ff, 812,

814ff, 861

– absorption 128

– apparatus 417

– applicator 57, 71

– batch reactors 111

– cavity 68

– clevenger 971

– dielectric heating 135

– effect 102, 627

– energy 128

– -enhanced coupling 913

– extract 966

– frequency 905

– oven 3

– oven cascade 90

– peptide synthesizer 728

– photochemistry 91

– photon 6

– power 73

– technology 130

– thermolysis 888

– -ultrasound 92

microwave-assisted 524

– extraction 93

– nucleophilic substitution 509

– organic chemistry 109

– organic synthesis (MAOS) 64, 529, 792

– reactions 456

– resin cleavage 749

microwave heating 127

– properties 127

microwave irradiation 363

– solvent-free methods 363

microwave-mediated condensation 464

milestone (MLS) 75, 641

mineral support surface 379ff

mineral supports 527

mineralization 883

Mitsunobu 752

MnO2 catalyst 631

modification of chemoselectivity and

regioselectivity 233, 236, 241, 247, 253,

257

– cycloaddition reactions 247

– electrophilic aromatic substitution 236

– miscellaneous 257

– polymerization 253

– protection and deprotection of alcohols

233

– synthesis and reactivity of heterocyclic

compounds 241

modification of stereo and enantioselectivity

264

molecular behavior 29

molecular-distillation 964

molecular reorientation 13

molecular sieves 621

molten salts 328

molybdenum-catalyzed alkylations 735

molybdenum hexacarbonyl 720, 735, 767

monomode MW 308, 525, 792 f, 808, 816

monomode MW cavity 291, 815

monomode MW reactor 134, 178, 287, 304,

795, 798, 800ff, 806, 808, 810

montmorillonite 424, 432, 584, 588, 592,

622, 627

montmorillonite [67] 626

montmorillonite clay 799

montmorillonite K10 clay 159, 199, 203, 364,

374, 395ff, 792, 797, 803

montmorillonite KSF clay 175, 179, 815

MORE 592

Mukaiyama reagent 776ff

multicomponent reaction 398, 745, 751, 766,

788 f, 791

multicomponent synthesis 349

multimode 68, 792 f

multimode microwave ovens 816
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n
N-alkylation 180

naphthalene 645

natural gas 629

NCS 548

neat conditions 797

neat reactants 528

neat reagents 146, 528

Negishi couplings 738

Negishi reaction 703 f

new reactors 112

Nicholas reaction 737

nickel catalyst 618, 631ff

Niementowski 428, 430ff

Niementowski reaction 160

nitration of styrenes 402

nitric acid 950

nitrile imines 556, 941, 943

nitrile oxide 547, 937, 941, 952

nitrile sulfides 551

nitriles 400, 566, 798, 800

nitroalkanes 805 f

nitroalkenes 373ff, 549

4-nitroanisole 880

nitrocyclohexanols 176

nitrogen-containing heterocycles 395, 793

– 20-aminochalcones 395

– 1,2,3,4-tetrahydro-4-quinolones 395

nitrones 149, 602

b-nitrostyrenes 402, 557

NMP 138, 142, 198
3H NMR spectroscopy 824, 833

no-carrier-added 845 f

nonlinear feedback 43

nonmetallic oxidants 385

– alumina impregnated with lodobenzene

diacetate (IBD) 385

– bis(trifluoroacetoxy)iodobenzene (BTI) 385

– Dess-Martin periodinane 385

– iodobenzene diacetate (IBD) 385

nonpolar 526

nonpolar organic solvent 279

nonpolar solvents 143, 210

nonthermal activation 74

nonthermal microwave effects 625, 627, 635,

885

– specific 335

NOx decomposition 619

nucleation regulator 137

nucleophilic addition to carbonyl compounds

153, 159, 192, 302

nucleophilic aromatic substitution (SNAr)

181, 761, 880

– mechanism 157

– reactions 158

nucleophilic fluoridation 846

nucleophilic substitution (SN2 reaction) 153,

176, 198, 731, 744

– tetralkylammonium salb 198

C-nucleoside 605

C-nucleoside synthesis 297

o
octupole moment 11

n-octyl acrylate 660

OH radicals 888 f

olefin metathesis 334

olfactory notes 972

oligomerization of methane 631

oligophenylenevinylenes 944

open vessels 686

optical limiting material 948

organic synthesis 881

organoboron reagents 318

organometallic reaction 403

organophosphate compounds 888

organozinc reagents 703

orienting effect 13

ortho-hydroxychalcones 202

ortholakylation of ketimines 161

ortho-quinodimethanes 934

oscillating magnetic field effect (OMFE) 886

output 44

oxadiazole synthesis 769

1,2,4-oxadiazoles 770 f

1,3,4-oxadiazoles 769 f

oxazole synthesis 748

oxazolidines 552

oxazolidinones 736

oxazoline 662

2-oxazolines 165

oxidation 319, 382, 384ff, 595, 950

– activated manganese dioxide-silica 382

– arenes 386

– chromium trioxide-wet alumina 382

– manganese dioxide on bentonite clay 382

– claycop-hydrogen peroxide 384

– Copper sulfate 384

– enamines 386

– [hydroxyl(tosyloxy)iodo]benzene (HTIB)

387

– iron(III) chloride 387

– a-ketoesters 387

– iodobenzene diacetate-alumina 386

– of alcohol 382

– of methane 631

– of toluene 633

– oxon-alumina 384
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– potassium permanganate-alumina 386

– sodium periodate-silica 385 f

– sulfides 382, 386

– sulfones 385

– sulfoxides 385

oxidation catalyst 620

oxidation with Clayfen 383ff

oxidative coupling of methane 629

oximes 941

oxindoles 711 f

oxone-alumina 384

ozone treatment 890

ozonolysis 753

p
Paal-Knorr cyclization 200

palladacycle 337, 719

palladium acetate 317

palladium catalyst 623

palladium-catalyzed cyanations 780

– synthesis of diaryl acetylenes 319

palladium complexes 403

palladium compounds 316

palladium on carbon 338

Panasonic 644

parallel procedures 838

parallel reactions 63, 826

parallel synthesis 728, 747, 750, 776

partial oxidation of methane 629

pathogens 888

PCC (pyridinium chlorochromate) 595

Pd (Palladium) 619

Pd(II) 553

PDS-DMAP (N-(methylpolystyrene)-4-(methyl-

amino)pyridine 580

Pechmann approach 373

Pechmann reaction 173

PEG (Polyethylenglucol) 319, 680, 689 f, 730,

756, 759, 801, 812, 814

PEG Support 757 f

PEGylated Merrifield resin 732

PEGylation 730 f

PEG 400 317, 321

penetration 47

penetration depth 48, 73, 646

pentafluorobenzaldehyde 799

peptide sequences 922

peptide synthesizer 906 f

– automated 907

– manual 908

perbromide resin 772

perfluorohexylethene 880

perfumery 960

pericyclic reactions 148, 209

PET (positron emission tomography)

radiochemistry 842 f

pharmaceutical 961

phase lag 16

phase-transfer (PT) 530

phase-transfer agent 185, 194, 279

phase-transfer catalysis (PTC) 182, 186, 191,

278, 668

phase-transfer catalysis conditions 188ff, 667

phase-transfer catalyst 194, 756

phenacyl benzoate 881

phenacylation of 1,2,4-triazole 147

phenethylation of pyrazole 176

phenol oxidation 620

phenolic ethers 288

phenolic polyethers 292

phenols 883

phenyl acetaldehyde 810

p-phenylene 676

m-phenylenediamine 664

phenyl thioureas 307

2-phenyl-2-oxazoline 662

phenylglyoxylic acid 808

(R)-N-(1-phenylethyl) methacrylamide 656

(R)-1-phenylethylamine 656 f

N-phenylmaleinimide 657

N-phenylpyrrolidino(60)fullerene 295

phosgenation 339

phosphine alkylations 152

phosphonium salt 178, 902 f

photocatalysis 883

photocatalytic activity 884

photochemical oxidation 889

photochemical reactions 860ff

photochemical reactor 869ff

– domestic microwave oven 871

– flow reactor 869

photochemistry 860ff, 889

photocleavable linkers 733

photoinitiation 861

photolithography 891

photolysis 734

photolytic cleavage 734

photoresist 891

phthalic anhydride 668

phthalimide derivatives 294

phthalimide synthesis 752

phthalocyanines 200, 938

physical constants 975

Pictet-Spengler 608

Pictet-Spengler reactions 350

pinacol-pinacolone rearrangement 380

piperazine 479

piperazine resin 776
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Planck’s law 135

plasma 620, 630ff

plasmepsin I and II inhibitors 699 f

Platinium (II) and (IV) 553

platinium (Pt) catalyst 621

platinum dioxide 831

polar groups 38

polar intermediates 164, 816

polar mechanisms 210

polar molecules 9, 525

polar solvents 141

polar transition state 169

polarity enhancement 154

polarity of the solvent 144

polarization 9, 12

pollutants 888

polyacrylonitrile 680

polyamides 671

polyanhydrides 671

poly(alkylene hydrogen phosphonate)s 678

poly(amic acid) 138, 198, 674

poly(aspartic acid) 675

polydispersity index 287

poly(dichlorophenylene oxide) 678

poly(e-caprolactone) 661

polyesters 287, 667ff

polyheterocyclic systems 485, 515

poly(ether imide)s 668, 670ff

poly(ethylene glycol) (PEG) 319, 680, 689,

730, 756, 759, 801, 812, 814

poly(ethylene oxide) 681

polyimides 671 f

polyisoprene 655

polymer chains 288

polymer resins 729

polymer supported catalysts 690, 700, 707,

729

polymerbound enones 731

polymer-bound quinones 733

polymerization 163, 186, 206, 891, 948 f

polymer-supported 830, 834

polymer-supported PTC catalyst 308

polymer-supported reagents (PSR) 769

polymer-supported thionating reagent 771

polymer-supported triphenylphosphine 753,

771

poly(methyl methacrylate) 654

poly(pyrazine-2,5-diyl) 677

poly(vinyl acetate) 654

poly(4-vinylpyridinium-p-toluenesulfonate)

(PPTS) 588

poly-N,N-dimethylacrylamide 655

poly-N-[3-(dimentylamino)propyl]acrylamide

655

poly-N-isopropylacrylamide 655

polyphosphoric acid (PPA) 757, 801

polysaccharides 601

polystyrene 654

polythioureas 674

polytropic 63

polyureas 674

porphyrins 938

position of the transition state 155, 284

positively charged reactants 196

positron emission tomography (PET) 842

positron emitters 821, 842

potassium carbonate 296, 316

power density 45

power penetration 48

PPTS (poly(4-vinylpyridinium-p-toluene

sulfonate)) 588

pre-exponential factor 137

pressure 22

pressure vessels 109

pressurized conditions 716

pressurized microwave reactors 116

– advantages 116

pressurized vessel 881

primary amines 802

primary bacterial photochemistry 886

process intensification 62, 407

processor 44

profiles of temperature 134, 165

prolabo 77, 590

proline 559

propagation constant 47

– phase factor 47

– attenuation factor 47

propanedinitrile 812

propargylamines 814

O-propargylic salicylaldehydes 556

prophyrin 647

protected carbohydrates 305

protection 364 f, 580

– formation of acetals and dioxolanes 364

– N-alkylation reactions 365

– thioacetals 365

proton transfer 36

PS-DIEA (N,N-(diisopropyl)aminoethyl-

polystyrene) 580

PS-PEG-HMDI polymer 731

Pt (Platinium) catalyst 621

PTC (phase-transfer catalysis) conditions

188ff, 667

pterins 605

pulsar system 99

purification of nanotubes 949

purine synthesis 745
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purines 744 f

– derivatives 296

pyran ring 811

pyranol[2,3-d]pyrimidine 810 f

pyrazine-containing cycloadducts 934

2(1H)pyrazinone 695, 702

pyrazole 177, 190, 201, 608, 744

– alkylation 190

pyrazolines 561

pyrazolino[60]fullerenes 942, 947 f

pyrazolo(3,4-b)quinolines 376

pyrazolo(3,4-w)pyrazoles 376

pyrazolopyridines 795, 797

pyrazolopyrimidines 694

pyridine 754 f, 798 f, 806

pyridine halides 311

pyridine synthesis 758

pyridinium chlorochromate (PCC) 595

pyridinones 755

pyridinyl pyrimidines 703 f

pyrido fused-ring systems 397

– benz-1,3-oxazine formation 397

– pyridopyridazine 397

– quinoline derivatives 397

pyrido[2,3-d]pyrimidine 795 f, 799 f, 808

pyrido[2,3-d]pyrimidine N-oxides 800

pyridones 797 f

pyridopyrimidinone 694

pyrimidine library 775

pyrimidines 535, 740ff, 765, 776

– derivatives 296

pyrolysis 436

pyrolysis of methane 631

pyromellitic acid 671

pyromellitic anhydride 670

pyromellitic dianhydride 672, 674

a-pyrones 570

pyrroles 556, 805 f

pyrrolidine 152, 556

pyrrolidine[60]fullerenes 937

q
quadrupole moment 10

qualification 101

quaternary ammonium salt 282

quaternary onium salts 278

quinazoline 301, 417, 428ff, 450ff

quinocalinone 808

quinodimethane 540

o-quinodimethanes 932

quinolin-2(1H)ones 695 f

quinoline 798ff

– derivatives 184

quinolinones 536

quinolones 395

quinoxaline derivatives 400

– montmorillonite K10 clay 400

– quinoxaline derivatives 400

r
racemization 914, 917 f

– amount of 918

– cysteine 917

– histidine 917

racemization studies 916

radar 2

radial distributions 48

radiation 631

– pulsed 631

radical pairs 885

radical recombination 885

radioactive waste 820, 834, 837, 841

radiofluoridation 846

radiofrequency 861

radiofrequency region 887

radioisotopes 820

radiolabeled compounds 404

– deuteration 404

– tritiation 404

radioligands 843

radiopharmaceuticals 821, 842

Radziszewski’s four-component reaction 803

Raman spectroscopy 826

ramo system 95

Raney nickel 624, 626

Raytheon Company 2

reaction 616, 629

– catalytic 616

reaction kinetics 63

reaction mechanisms 147

reaction rate 63

reaction yield-detected magnetic resonance

(RYDMAR) 885

reacton 144

reactor 624, 634, 792

– continuous flow 624, 634

– stirred tank 624

real 9

rearrangement 208, 379

– ammonium ylides 208

– benzil-benzilic acid 380

– Claisen 118, 381, 748 f

– Fries 380

– pinacol-pinacolone 380

– Stevens 209

recovery methods 963
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reduction 391ff

– alumina-supported hydrazine 391

– aromatic nitro compounds 391

reduction reactions 388

– aluminium alkoxides 388

– borohydride-alumina 388

– carbonyl compounds 388

– regioselective reduction 388

– sodium 388

– trans-cinnamaldehyde 388

reductive amination 389, 773 f

– of carbonyl compounds 211

reductive decyanation of

alkyldiphenylmethanes 321

reforming 646

reforming catalysts 632

refractive index 10, 18

regioselectivity 147, 940

– photochemical 880

relative permittivity 10

relaxation process 40

relaxation time 17, 20 f, 25

– acid chlorides 21

– alcohol 21

– alcohol ether 21

– aliphatic 21

– alkanes 21

– aromatic amines 21

– aromatic halogens 21

– aromatic ketones 21

– esters 21

– nitriles 21

– solvents 21

reproducibility 102

resin 814

resin capture 782

resin catalyst 622

resonant devices 48

retention of reactants on graphite 449

reversible 63

rhodamine-B 884

– dye 883

ring-closing metathesis 779

– olefin 204

ring-expansion transformation 380

– KSF clay 380

– AgBF4-Al2O3 380

ring-opening

– of epoxides 177, 297

– polymerization 661ff

Rink amide polystyrene resin 745

Rink amide resin 739

Robinson annulation 315

Rosemund von Braun reaction 336

Ruhmkorff coil 4

rutaecarpine 430

ruthenocenecarboxaldehyde 938

s
S1000 314

S402 314

saccharide sequencing 598

safety considerations 876

salicylaldehyde 291, 536, 810, 952

saponification of hindered aromatic esters

192

saponifications of hindered mesitoic esters

155

saturation effects 14

Sc(OTf )3 803 f

Scaffold-decoration 738

scale-down 80

scale-up 43, 80

scavenger 778, 781

scavenger resin 774

scavenging reagents 781

Schiff ’s base 389, 807

Schuster acidic rearrangement 380

sealed tube 74

sealed vessels 562

sebacinic acid 671

selective alkylation 207

– 1,2,4-triazole 207

selective dealkylation 185

– of aromatic ethers 313

selective heating 220, 223, 230, 232, 622,

638, 640

– catalysts 223

– molecular radiators 230

– solvents 220

– susceptors 232

selective hydrolysis of nitriles to amides 315

selective monoalkylation 118

selectivity 627, 629ff, 638

semi-batch 64

semiconductor 136

semiconductor devices 891

semi-empirical calculations 181

sensitizer 418, 449ff

sequential irradiation 331

sequential reactions 789

sequential vaccum 966

sesquiterpene 962

SFME 969

Shikoku Instrumentation 641

short-range interactions 33
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silica 792, 805, 882

silica catalyst 623

silica gel 395ff, 528, 588, 592 f, 608, 621,

753, 795, 797, 802

silicon carbide 621

silver catalyst 634

silyl ketene acetals 312

silylation 585

simultaneous cooling 628, 689

simultaneous UV-visible and MW irradiation

877

single mode 68, 686, 697, 700 f, 719, 792

single-walled carbon nanotube (SWNT) 950

singlet-born radical pair 885

singlet excited state 885

skin depths 47

slower reacting systems 210

SmithSynthesizer 84

SN2, see nucleophilic substitution
SNAr, see nucleophilic aromatic substitution

sodium acrylate 680

sodium azide 807

sodium dodecylbenzenesulfonate 889

software technology 129

solid state 390

solid support 279 f, 792, 797

solid surfaces 15

solid tritium donors 832

solid-liquid PTC 279

solid-liquid solvent-free PTC 284

solid-phase chemistry 801

solid-phase organic synthesis 726

solid-phase peptide synthesis (SPPS) 898 f,

911, 914 f

– enolization 915

– microwave SPPS 911

– microwave-enhanced 898

– oxazolone formation 915

– properties of proteins 914

– racemization 915

solid-phase reactions 840

solid-phase synthesis 376, 727

solids 38, 40

solid-state synthesis 949

solubility in water 962

solubilized SWNTs 950

soluble ionic liquid supports 350, 757

solute-solute effects 33

solvent 525 f, 639

– nonpolar 639

solvent-free 64, 376ff, 492, 527, 586ff, 592ff,

608, 706, 793–810, 816, 965

solvent-free conditions 108, 210, 280, 374ff,

753

solvent-free microwave processes 109

– techniques 792

solvent-free PTC 948

solvent-free reactions 145

solvent-free synthesis 492ff, 510

– 1,8-cineole derivatives 510

– aziridines 492

– benzoxazines 514

– coumarins 511

– creatinine 500

– cyclic ureas 499

– dioxolans 503

– furans 498

– hydantoin 500

– imidazoles 500

– imidazolones 502

– imides 493

– lactams 493

– N-formylmorpholine 513

– oxazoles 503

– pyrazines 512

– pyrazoles 500

– pyridines 506

– pyrimidines 511

– pyrroles 495

– tetrahydrofuran 497

– thiazoles 505 f

– thiiranes 492

– thiophenes 499

– triazines 514

solvent-free systems 279

Sonogashira coupling 403, 728, 737, 756 f

Sonogashira coupling reaction 706

Sonogashira cross-coupling 850

Sonogashira reaction 318

Sonogashira-Nicholas reaction 737

sorbose 605

soxhlet 968

spatial distribution 71

spatial nonuniformity 74

specific activation 74

specific effects 52, 635

specific hydrogen bonding 880

specific microwave effect 164, 530

specific nonthermal effects 136

– microwave effects 137

Spencer 2

spices 959

spin dynamics 885

spin tray 883

spiro-fused heterocycles 400

spiro(indole-pyridol) thiazines 377

– 3-indolylimine 377

– 2-mercaptonicotinic acid 377
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split-and-mix 727

SPME 969

SPOS 726, 742, 744, 756, 769

SPOT-synthetic techniques 740

SPPS (solid-phase peptide synthesis) 899,

926

– Boc 900

– Fmoc 900

stabilization of the transition state

148

stable isotopes 820

standing wave effect 69, 73

static magnetic field 885

static permittivity 17 f

Staudinger 594

steam 963

sterilization techniques 890

– food 890

– surfaces 890

Stevens rearrangement 209

Stilbene Isomerization

Stille coupling 763, 844

Stille reaction 700

Stille-type cross-coupling 735

stirred vessel 63

storage of electromagnetic energy 9

styrene 654

N-substituted amides 294

2-substituted 2-oxazolines 166

substitution reactions 740

sucrose 584, 595, 598 f, 610

sugar labeling 598

sulfonic acid resin 782

sulfonyl chloride resin 773

N-sulfonylimines 160, 373ff, 375

– sulfonamides 375

sulfoximine 712

sultine 933

superacid 619

superconductivity 949

supercritical conditions 23

supercritical fluids 23

superheating 56, 74, 437, 449, 525, 622, 628,

635ff

– localized 635ff

superheating effect 137, 880

superheating of polar solvents 878

– hot-spot formation 879

– nucleation point 878

– superheating 879

superoxide radicals 891

supported reagents 362 f

– heterogeneous reactions 362

– inorganic oxide 362

– mineral-supported reagents 363

– solvent-free methods 363

Suzuki 735, 764

Suzuki coupling 129, 349, 403, 736, 750,

756, 768, 780, 844

– palladium-doped alumina 403

Suzuki-Miyaura reaction 686

Suzuki reaction 317, 349, 625, 765

SWNT (single-walled carbon nanotube) 950

symmetrical anhydride procedure 729

synergistic effect of UV and MW radiation

878

synthesis 165, 169, 172, 178, 203, 456 f, 459,

462, 465ff, 477, 479, 483 f, 492, 922

– acyl isothiocyanates 306

– alkyl p-toluenesulfinates 172

– aziridines 456

– creatinine 463

– cyclic ureas 463

– coumarins 373

– diaryl-a-tetralones 315

– dibenzyl diselenides 314

– esters 282

– furans 462

– hydantoin 463

– hydantoins 169

– imidazoles 466

– b-lactam 142, 312, 457

– longer peptides 922

– nitriles 336

– oxadiazoles 468

– oxazoles 466

– oxazolidines 466

– oxiranes 457

– pyrazines 483

– pyrazoles 465

– pyridines 469ff

– pyrido-fused ring systems 203

– pyrimidines 479

– pyrroles 459

– symmetrical disulfides 321

– tetrahydrofurans 462

– tetrahydropyrans 477

– tetrahydropyrimidine 479

– tetrazoles 469

– thiazoles 467 f

– thiazolidines 467

– thiazolidinones 352

– thiohydanthoin 463

– thiohydantoins 169

– thiophenes 462

– triazines 342,484

synthetic vanillin 307

synthewave 77, 596, 609
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synthewave 402 (S402) 282

synthewave 1000 (S1000) 282

synthos 70

syringaldehyde resin 755

systemic approach 43

systemic theory 44

t
tandem reactions 788ff

TBAB (tetrabutylammonium bromide)

280ff, 285 f, 294ff, 316 f, 321, 581ff, 588,

667, 689, 706
99mTechnetium (Tc) 854

temperature 21

temperature control 642

temperature gradients 626, 630, 633, 636,

638 f, 644

temperature gradients rather 625

temperature measurement 71

temperature profile 646

temperature sensor 71

TEMPO 660

TentaGel 745

TentaGel resin 735

TentaGel-support 707

terpenes 961

tert-amino effect 203

tert-butoxycarbonyl (Boc) 900

N-tert-butoxycarbonyl groups 368

tetrabutylammonium bromide, see TBAB
tetrahydroquinolones 202

tetrasubstituted imidazoles 802

tetrathiafulvalenes 938

tetrazole 562, 695 f, 707, 736, 749

tetronate synthesis 749

theoretical calculations 207 f

thermal 421

– decomposition 421

thermal conductivity 418

thermal conversion 9

thermal dependency 25, 45

thermal effects 136, 635, 878

thermal feedback 45

thermal fluctuations 56

thermal gradients 57

thermal path effect 54

thermal runaway 45, 69

thermochemical reaction 128

thermodynamic 63

thermodynamic effects 51

thermolysis 163, 421, 425ff, 436

– esters 425

– urea 436

thermostar system 100

thia-Fries rearrangement 380

– arylsulfonates 380

thialolone 811

1,3-thiazines 400

thiazole 393, 417, 431, 450ff, 811

thiazolidones 813

thienosultines 541

thiiranes 393, 395ff

– arylmethyl ketones 393

– epoxides 395

– [hydroxy(tosyloxy)iodo]benzene (HTIB)

393ff

thioamides 814

thiohydantoin synthesis 761

thionation of carbonyl compounds 168

g-thionolactones 168

thiophene 676

thiophene cycloadducts 934

thiosemicarbazides 307

thiourea 658, 800

– N-aryl 306

– N-acyl 306

2-thioxotetrahydropyrimidin-4-(1H)-ones 354

three-component condensation reaction 766

three-phase extraction 763

tiazole 428ff

tight ion pairs 154, 189, 304

time-dependent 886

titanium dioxide 883 f, 889

– TiO2aZrO2 884

Tipson-Cohen elimination 600

p-toluenesulfonic acid (PTSA) 364

toxic agents 888

transamination 761

transesterification 193, 757, 760

– PTC 193

– reactions 748

transfer hydrogenation 333, 772

transformation 729

transformation of 2-t-butylphenol 638

transimination 161

transition-metal catalysis 739

transition metal-free reaction 706

transition state 139, 155

– product-like 155

– reactant-like 155

transition temperatures 292

transparent 527

trehalose 609

triaryl phosphines 714

triarylimidazoles 802

2,4,5-triarylimidazoline derivatives 396

triazine 807, 809

triazine synthesis 741
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triazole 807 f

1,2,3-triazoles 562, 807

trichloroacetonitrile 552

trichloroethylene 645

triethylorthoformate 799 f, 811

N,O-bis-(trimethylsilyl)acetamide 585

triplet excited state 885

triplet-born radical pair 885

triplet-to-singlet interconversion 885

– mixing of states 885

tritiated formates 833

tritiation 821

tritium 821, 824 f, 828

tube 2

tubular-flow reactor 63

tungsten carbide 633

turbo-distillation 964

u
Ugi 805, 808, 814

Ugi-de-Boc cyclization 808

Ugi-de-Boc cyclization sequence 804

Ugi four-component condensation 745, 766

Ugi three-component condensation 773

Ullmann coupling 710 f

Ullmann reactions 713

ultrasound 622, 628, 860

ultrasound (US) 189

ultraviolet-visible 860

unimolecular reactions 154, 198

a,b-unsaturated aldehydes 805

a,b-unsaturated carbonyl compound 175

a,b-unsaturated ester 808

a,b-unsaturated ketones 812

unsaturated monosaccharides 599

a,b-unsaturated nitroalkenes 375

– amines 375

– ketones 375

– N-substituted hydroxylamines 375

– oximes 375

– substituted oximes and ketones 375

up-scaling 721

uracils 397

urea 800 f

v
vacuum-distillation 964

vacuum pyrolysis 329

valerophenones 880

validation 101

Vilsmeier reagent 197

vinyl acetate 646, 654

vinylation 767

N-vinylcarbazole 658, 948

vinylic nucleophilic substitutions 184

vinyl monomers 948

w
Wang aldehyde resin 782

Wang resin 729, 731, 746, 752

waste water 888

water 27, 689, 718

water distillation 963

wave-lengths 5

Welfon 751

Wilkinson’s catalyst 772

Williamson reaction 285

Wittig olefination 129, 155, 373, 748 f, 771

– phosphonium salts 373

Wittig reagent 771

Wittig strategy 391

Wolff-Kichner reduction 376

x
X-ray crystallography 903

p-xylene 645

o-xylene oxidation 618

y
Yb(OTf )3 801

z
Zeeman splitting 885

zeofen 383

zeolite 527, 619, 626 f, 631, 634, 640

zeolite HY 797, 802

zeolite HZ SM5 383

zink powder 196 f
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