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Foreword 

Part of the charm of synthetic organic chemistry derives from the vastness of the 
intellectual landscape along several dimensions. First, there is the almost infinite 
variety and number of possible target structures that lurk in the darkness waiting 
to be made. Then, there is the vast body of organic reactions that serve to 
transform one substance into another, now so large in number as to be beyond 
credibility to a non-chemist. There is the staggering range of reagents, reaction 
conditions, catalysts, elements, and techniques that must be mobilized in order to 
tame these reactions for synthetic purposes. Finally, it seems that new 
information is being added to that landscape at a rate that exceeds the ability of a 
normal person to keep up with it. In such a troubled setting any author, or group 
of authors, must be regarded as heroic if through their efforts, the task of the 
synthetic chemist is eased. 

Modern synthetic chemistry is a multifaceted discipline that greatly 
benefits from the development of unifying concepts. One of the most useful of 
these is the idea of the “functional group,” generally considered to be a specific 
collection of connected atoms that occur frequently in organic structures and that 
exhibit well defined and characteristic chemical behavior. The simplest and most 
common functional groups (e.g., C=C, CHO, OH, COOH, NH2) dominate the 
organization of entry-level organic chemistry textbooks and provide a framework 
for understanding the fundamentals of the subject. The more complex functional 
groups, formed using additional elements or by concatenation of simpler groups, 
play a similar unifying role. This volume, Name Reactions for Functional Group 
Transformations, provides a survey of important transformations that are 
characteristic of the whole range of functional groups and also serve to 
interconnect them. In the more than six hundred pages that follow, a highly 
qualified team of nineteen authors from academia and industry has provided an 
up-to-date account of forty-seven major classes of functional group 
transformations. The reviews are clear, concise, and well-referenced. This book 
serves as a fine companion to the first volume of this series, Name Reactions in 
Heterocyclic Chemistry. 

E. J. Corey 

November 13,2006 
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Preface 

This book is the second volume of the series Comprehensive Name Reactions, an 
ambitious project conceived by Prof. E. J. Corey of Harvard University in the 
summer of 2002. Volume 1, Name Reactions in Heterocyclic Chemistry, was 
published in 2005 and was warmly received by the organic chemistry community. 
After publication of the current Volume 2 in 2007, we plan to roll out Volume 3, 
Name Reactions on Homologation, in 2009; Volume 4, Name Reactions on Ring 
Formation in 201 1; and Volume 5, Name Reactions in Heterocyclic Chemistry-2, 
in 20 13, respectively. 

Continuing the traditions of Volume 1,  each name reaction in Volume 2 is 
also reviewed in seven sections: 
1 .  Description; 
2. Historical Perspective; 
3. Mechanism; 
4. Variations and Improvements; 
5. Synthetic Utility; 
6 .  Experimental; and 
7. References. 
I also have introduced a symbol [R] to highlight review articles, book chapters, 
and books dedicated to the respective name reactions. 

I have incurred many debts of gratitude to Prof. E. J. Corey. What he once 
told me - “The desire to learn is the greatest g@fi.om God” - has been a true 
inspiration. Furthermore, it has been my great privilege and a pleasure to work 
with a collection of stellar contributing authors from both academia and industry. 
Some of them are world-renowned scholars in the field; some of them have 
worked intimately with the name reactions that they have reviewed; some of them 
even discovered the name reactions that they authored in this book. As a 
consequence, this book truly represents the state-of-the-art for Name Reactions 
for  Functional Group Transformations. 

I welcome your critique. 

Jack Li 

October 24,2006 
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2 Name Reactions for Functional Group Transformations 

1.1 CBS Reduction 

1. I.1 Description 
The Corey-Bakshi-Shibata (CBS) reduction’ employs the use of borane in conjunction with 
a chiral oxazaborolidine catalyst to conduct enantioselective reductions of ketones. 

This reduction method has a number of advantages that include wide scope, 
predictable absolute stereochemistry, ready availability of the chiral catalyst in both 
enantiomeric forms, high yields, experimental ease, recovery of the catalyst (as the amino 
alcohol), and low cost of goods. The most common form of the chiral oxazaborolidine is 
derived from prolinol and has a methyl substituent on the boron atom (B-Me-CBS) 1. When 
one conducts a reduction on a novel system for the first time, this catalyst provides a good 
compromise of cost, enantioselectivity, and experimental ease. If sufficient control is not 
observed with this reagent, one can then systematically evaluate the numerous variations of 
this framework. 

he 
1 

1.1.2 Historical Perspective 

2 3 4 

The use of optically active borane reagents for asymmetric reductions was first reported by 
Fiaud and Kagan in 1969.’ These workers used the desoxyephedrine-boron complex 2 as a 
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reductant. However, the asymmetric induction was very poor and no greater than 5% ee in 
the reduction of acetophenone was observed. Borch observed similar results employing R- 
(+)- and S-(-)-a-phenethylamine-borane complexes 33 as the chiral reagent with a variety of 
ketones. 

Continuing on this tack, Grundon and co-workers4 were able to obtain optical purities 
in the range of 14-22% ee.  They achieved this improvement by employing 1 : 1 complexes of 
leucine methyl ester and diborane 4 in THF. Furthermore, their results were facilitated by the 
addition of one equivalent of BF3-etherate. Other chiral auxiliaries used include L-valine 
methyl ester and P-phenylalanine methyl ester. 

A major advance in the evolution of chiral boron reagents was reported initially by 
Itsuno and co-workers in 1981.5 Stereoselectivities up to 73% ee were observed using the 
1,3,2-oxazaborolidine derived from p-amino alcohols. Thus (9-valinol 5 in reaction with 
borane afforded 6 .  

5 6 

This result sat dormant in the literature until a thorough review of B- and Al-based 
reductants with chiral auxiliaries was conducted by the Corey group. They were intrigued by 
the work of Itsuno and began detailed studies of the reaction to understand the mechanistic 
and stereochemical underpinnings of this reduction reaction. Their efforts resulted in the 
CBS reduction6 in which improved chiral auxiliaries (7 + 8) were developed and a model 
was formulated to rationalize the stereochemical outcome of this reaction. 

7 a 

1.1.3 Mechanism 
,J%e great utility of this asymmetric reduction system is a result of the detailed and systematic 
analysis of its mechanism by the Corey group at Harvard and others.'f9 6* ' Using the Itsuno 
conditions as a starting point, the Corey laboratories obtained pure (after sublimation) 
oxazaborolidine 10 from the reaction of amino alcohol 9 with two equivalents of BH3-THF 
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at 35 "C. The structure of this intermediate was confirmed by FT-IR, 'H and "B NMR, and 
mass spectroscopy. 

9 

R 

10 

A solution of 10 in THF with acetophenone did not effect reduction even after several 
hours at 23 "C. Rapid reduction (less than one minute) was only observed after the addition 
of BH3-THF (0.6 equivalents) to afford (R)-1-phenylethanol in 94.7% ee. This stands in 
contrast to the reduction in the absence of 10 which required much longer reaction times at 
23 "C. 

Follow-up studies indicated one could reduce the number of equivalents of the 
oxazaborolidine species to make the process catalytic. With the establishment of this 
mechanistic foundation, it became possible to rationalize the outcome of this reaction 
knowing the structure of the catalyst. I'B NMR confirmed the formation of a 1:l complex 
between 10 and BH3-THF for R = H (ll), while for the species R = Me (11) a single crystal 
X-ray structure was obtained.8 The &-fused nature of this complex is a result of the concave 
shape of this bicyclo[3.3.0]octane framework. 

10 11 

Figure 1 illustrates the 3-dimensional nature of 11. The oxazaborolidine ring forms 
the horizontal core to this scaffold with the proline-derived five-membered ring forming the 
P-face back wall. The gem-diphenyl substituents create an additional aspect to the back wall 
on the p-face and a blocking group on the a-face. The borane moiety complexes to the 
nitrogen of the heterocyclic ring on the a-face due to the steric interactions it would 
encounter on the p-face. The only site "open" for a ligand to complex with this catalyst in on 
the a-face adjacent to the borane group. 
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Figure 1 

The formation of this complex between the pre-catalyst and borane, sets up this 
system for interaction with the carbonyl group by activating borane as a hydride donor and 
increasing the Lewis acidity of the endocyclic boron atom. The later effect serves as the 
point of coordination to the carbonyl oxygen atom. Once this complexation occurs to form 
12, the chirality of the scaffold restricts the orientation that the substituents on the carbonyl 
can adopt. In order to minimize steric interactions with the catalyst, the coordination must 
occur from the a-face (vide supra) and the small substituent (Rs) must be oriented in the p- 
face direction to minimize steric interactions with the substituent on the endocyclic boron 
atom, compared to the large substituent (RL). The consequence of these interactions is to 
place the hydride equivalent in an o timal position for delivery to the carbonyl carbon atom 
via a six-membered transition-state! The result of this hydride transfer is 13, in which the 
carbonyl has undergone a net reduction in an enantiocontrolled fashion. This orientation of 
the reduction can be predicted based on the relative sizes of the carbonyl substituents and the 
orientation they must adopt in the transition-state 12. The limited Hammett linear free energy 
analysis conducted and a measured kinetic isotope effect (kH/kD = 1.7) indicate that both the 
coordination of the carbonyl compound and the transfer of hydride are probably fast and 
comparably rate-determining. 

11 12 13 
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The decomposition of intermediate 13 to the isolated alcohol 14 can occur by one of 
two possible pathways. The first is a net cyclo-elimination that regenerates the catalyst and 
forms boronate 10. 

13 14 10 

The alternate pathway occurs by the addition of borane to 13 to form the six- 
membered BH3-bridged complex 15. This species then decomposes to regenerate the active 
catalyst 11. 

13 15 

1.1.4 

Figure 2 

Variations and Improvements or Modifications 

T o - ' .  m? * / 

97% ee 98% ee 
62% ee 

. 28%ee 82%ee 67%ee 
71% ee 

14 

76% ee 

BH3 

11 

Bu 
55% ee 

60% ee 

96% ee 

Various laboratories, in an effort to improve reaction yield and stereoselectivity, have made 
targeted modifications on the core structure of the oxazaborolidine catalyst.'h Figure 2 
illustrates the level of stereocontrol in the CBS reduction of acetophenone as the R-group was 
systematically investigated to assess the varying degrees of enantiocontrol. The best 
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compromise of stereocontrol and synthetic complexity was observed to be the phenyl 
substituent. 

With the heterocyclic substituent optimized, a similar investigation of the B-group 

Additional modifications of the framework have included ring size 16, ring fusion 17, 
was carried out. Examples of the substituents studied are shown in Figure 3. 

and ring substitution 18. 

n = 1,2,3,4 

16 17 18 

For example, (-)-P-pinene 19 has been used to construct such a modified catalyst." 
Oxazaborolidine 21 could be prepare in three steps from the monoterpene and was found to 
be an efficient catalyst for the reduction of ketones. Thus 22 could be reduced with pre- 
catalyst 20 and trimethoxyboron to alcohol 23. The chirality of 23 could be rationalized 
based on the transition-state structure 24. 

19 20 21 
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pre-catalyst 

93-98% ee 
22 23 24 

There are reports that extend the nature of the catalyst beyond an oxazaborolidine 
framework. One such example made use of a chiral guanidine catalyst." Proline-derived 25 
was converted to guanidine 26 in good yield. This species was capable of reducing ketones 
27 to alcohols 28 by the addition of BH3-SMe2. 

H H 

25 26 

OH 
5 mol% 

BH3-SMe2 

72-83% ee 
78-89% R 

28 
R 

27 

29 30 

In an attempt to improve the ability to recycle the catalyst, fluorous versions of the 
oxazaborolidine have been constructed." Pre-catalyst 29 could be prepared in five steps. 
This species was able to form the requisite chiral catalyst 30 in situ. Ketones 31 could be 
reduced to alcohols 32 in good to excellent chemical and optical yields. It was noted that aryl 
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ketones were observed to be more efficient in the reduction process. After the reaction was 
carried out, the catalyst could be recovered in 99% yield. 

10 mol% 
OH B Hs-TH F 

67-93% * R i A b  
71-93% ee 

31 32 

Polymer-bound versions of the oxazaborolidine catalysts have been con~tructed. '~ 
The linkage to the polymer has been reported on the phenyls of the heterocycle 34 or through 
a substituent on the nitrogen 36. These polymeric catalysts are recyclable and reuseable 
without significant loss of activity or selectivity. Placing the linker on the nitrogen appears to 
create steric interactions that weaken complex formation thus giving rise to diminished 
enantiocontrol in the reduction. Moving the point of attachment for the resin to the phenyl 
substituent provided a superior reagent. The reduction of aryl ketones 37 proceeded in good 
to excellent yields with poor to excellent optical purities in the formation of alcohols 38. 
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catalyst 

2 eq BH3-SMe2 R, 
R1 

57-1 00% 
6-95% ee 

2 eq NaBH4-TMSCI 

37 38 

In addition to the reduction of ketones (e.g., aromatic and aliphatic ketones, a-halo 
ketones, hydroxyketones, enones, and ketoesters), oximes can be reduced to the 
corresponding amine with this reagent. In general, ketone oxime ethers, such as 39, can give 
rise to mines  40 in excellent chemical yield with good to excellent optical 

Ph Ph 

100% S 

39 40 
69-99% ee 

This method was used in the preparation of conformationally constricted analogs of 
the neurotransmitter glutamate 41, such as (carboxycyclopropy1)glrcines (L-CCG I) 42, that 
could act as metabatropic glutamate receptor (mGluR) antagonists. Reduction of oxime 43 
using the oxazaborolidine derived from prolinol afforded amine 44. Conversion of the furan 
rings to carboxylic acids afforded the requisite target 42. 

41 42 

43 44 42 
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Proline-derived oxazaborolidines 45 have shown to be effective pre-catalysts with 
triflic acid as an activator to generate cationic Lewis acids.'8915 The optimal proportions of 45 
and triflic acid was found to be 1.2: 1. Protonation of 45 produced a 1.5: 1 mixture of 46 and 
47 as determined by low temperature 'H NMR. Their interconversion at low temperature 
(-80 "C) is slow on the NMR timescale. However, this interconversion increases as the 
temperature rises and at 0 "C this becomes rapid (TJ. Phenyl or o-tolyl were determined to 
be the best substituents for the R group in 45. For the Ar group of 45, phenyl and 3,5- 
dimethylphenyl were determined to be optimal. 

45 46 47 

This in situ formed cationic Lewis acid catalyst coordinates enals in a highly 
organized fashion (48) that allows for the execution of asymmetric Diels-Alder reactions. 
Thus for the initially disclosed acrolein examples, the Diels-Alder adducts 51 produced from 
enals 49 and dienes 50 could be isolated in good to excellent yields with very high optical 
purities. 

48 

+' -78 to-95°C /-- 
R2 58-99% 

51 50 91-07% ee 49 

The stereochemical outcome from these reactions could be readily rationalized by 
examining the interactions present in 48. The [3.3.0]bicyclic system provided a rigid convex 
scaffold that only allowed the enal to coordinate from the more exposed face of this 
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molecule. The carboxaldehyde hydrogen forms an H-bonding interaction with the endocyclic 
oxygen atom of the heterocyclic scaffold thus only allowing the diene to approach from the 
periphery of the complex. 

An extension to enones has been accomplished but opposite face selectivities were 
observed. To rationalize this result, an alternate transition-state structure 52 was formulated. 
Single crystal X-ray structure analysis examining the coordination of BF~etherate with 
enones and enoates was used to provide support for this novel mode of complexation. 

52 

Catalysts derived from triflic acid decompose at appreciable rates at or above 0 "C, 
which limits the utility of these reagents in Diels-Alder reactions. Switching to triflimide as 
the acid source resulted in protonation of 45 to produce 53.16 'H NMR from -80 to 23 "C 
showed the formation of three species including 53 and two diastereomeric tetracoordinated 
boron species in a ratio of 1 : 1.2. Additionally, 53 was found to have greater thermal stability 
and superior catalytic efficiency compared to 46/47 for less reactive dienes. This was 
illustrated in  the Diels-Alder reaction of 54 with 55 to produce adduct 56. 
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This last observation was capitalized on by the Corey labs in their efficient synthesis 
of Tamiflu@ (oseltamivir) 59. The emergence of the virulent strain of influenza, H5N1, 
coupled with the lack of supply due to the current synthetically challenging route, highlighted 
the need for such reagents that allow for the rapid and efficient construction of difficult 
targets. The reaction could be conducted on a multigram scale of 57 and 55 to generate 
sufficient quantities of the Diels-Alder adduct 58 to complete the target 59." 

10 mol% 

23 "C 
30 h 

0 

+ / i 1 0 C H 2 C F 3  7 ~ ' ~ t c o I C H 2 c F 3  

97% 0 
H2P04 >97% ee 

57 55 58 59 

Follow-up work by other groups examined alternate sources of generating Lewis 
acids from various oxazaborolidines (60 + 61)'' One report scanned the commonly used 
metal halides and found tin tetrachloride to be the best when coupled to valinol-based 
oxazaboroline. Thus, cyclopentadiene 61 reacting with methacrolein 63 using such a catalyst 
afforded the Diels-Alder adduct 64 in excellent yield and excellent optical purity. 

60 61 

1 mol% C02CHzCF3 

SnCI4 1 mol% 

2 h  
99% 

95% ee 

-78 o c  

62 63 64 

Rather than accessing the chiral pool via amino acid precursors for CBS catalysts, the 
(R,R)- and the (S,S)-sulfonamide derivatives of 1 ,Z-diphenyl- 1 ,Zdiaminoethane 
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(stilbenediamine, stien) 66 in complex with boron 65 or aluminum 67 have also been applied 
to the Diels-Alder rea~t ion . ’~  

Ph Ph Ph *MYh .)+? 
d c- 

RSO;~.~J-SO,R RS02,N H H  N‘S02R R S O ~ - - ~ \ + ~ ~ - S O ~ R  

X X 

65 66 67 

The use of these reagents was exemplified in the preparation of an advanced 
intermediate in the synthesis of prostaglandins 71. Diene 68 and dienophile 69 were allowed 
to undergo the Diels-Alder reaction catalyzed by a derivative of 67 to afford adduct 70.l9 
This intermediate was subsequently transformed into 71, a well-known precursor in the 
synthetic preparations of prostaglandins. 

PhY-tph BnO 
68 CFlS02”. ,“SOf2FI 

+ 
?‘ 
Me 

96% 

94% ee HO 

70 71 0 
69 

The Lewis acidic nature of these catalysts has permitted their extended use in the 
Mukaiyama aldol reaction. In this application of CBS reagents, one such example involved 
the condensation of ketene acetals 72 with aldehydes 73 to produce adducts 74.*’ 

hoTMs + RCHO 6 8 4 7 %  ALSO2 n R H g O E t  

OEt 84-98% ee 
72 73 74 

In a similar manner, the insect attractant endo-l,3-dimethyl-2,9- 
dioxabicyclo[3.3. Ilnonane 78 could be prepared?’ To this end, masked keto aldehyde 75 
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and silyl enol ether 76 underwent the CBS catalyzed Mukaiyama aldol reaction with a high 
degree of optical purity to generate 77. Deprotection and acid-catalyzed spiroketal formation 
afforded the desired product 78. 

n 
0 0  
h C H O  

75 + 

xs 
76 

n 

36% 
94% ee 

+ 0 0  ms - 1. TBAF 

2. TsOH 

77 78 

Using the boron complex of the stien system, enantioselective aldol reactions were 
also possible. Ester 79 could be converted to the corresponding boron enolate using a 
derivative of 65, which could then undergo an aldol reaction with aldehydes 73 to afford 80.22 

79 2. RCHO (73) 80 
93-97% ee 

1.1.5 Synthetic Utility 
The literature documents a myriad of examples of the synthetic utility of this reduction 
methodology. The following examples provide a limited glimpse into the scope of substrates 
that can undergo this type of reduction. 

Prostaglandin PGE2 81 elicits bone growth, so EP4 receptor antagonists, such as 82, 
would have utility in the pharmacological treatment of o s t eopor~s i s .~~  Standard reduction 
conditions investigated (Luche, L-selectride, or (R)-CBS) for the reduction of 83 to afford 84 
gave the wrong stereochemistry. Alcohol 84 with the desired stereochemistry could only be 
obtained upon use of the reagent (S)-CBS. 
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HO H O  

81 82 

1.8:l 

83 84 

Epothilone 85 possesses antimitotic properties similar to those of paclitaxel and could 
therefore have utility in the treatment of cancer. A key intermediate in the synthesis of this 
natural product is 86, a C1z-C21 subunit of 85.24 One approach to this compound employed 
the CBS reduction of ketone 87 to generate 88, an alcohol related to 86. 

85 86 

+,woTBs (R)-2-Me-CBS 

N BH3-SMe2 

OH 
98% 

95% ee 
0 

87 88 

The mis-processing of amyloid precursor protein (APP) by a-secretase, p-secretase, 
and y-secretase is proposed to be one pathway leading to formation of AP protein. One 
theory for the cause of Alzheimer’s disease (AD) is based on the idea that AP protein 
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aggregates to form amyloid plaques (a well-known hallmark of AD) that eventually 
precipitate in the brain, This deposition results in neuronal cell death. Inhibition of any one 
of these enzymes could be a treatment for AD, thus 89, a y-secretase inhibitor, is of 
pharmacological interest.25 Epoxy amine 90 is a key synthetic intermediate on the way to 89. 
Reduction of ketone 91 using a CBS reagent afforded alcohol 92. This alcohol is a single 
transformation away from 90. 

89 90 

ph, .Ph 

" OH 05% 

91 97% de 92 

Norepinephrine reuptake antagonists (NETS) have antidepressant activity and have 
been found to be effective in the treatment of attention deficit hyperactivity disorder 
(ADHD). (R)-tomoxetine (Strattera") 95 is a marketed drug with a label indication for 
ADHD. Control of the absolute stereochemistry of these compounds is critical in that the (9- 
enantiomer is nine times less potent. The CBS reduction could be used to set the desired 
chirality as demonstrated in the reduction of 93 to produce alcohol 94.26 This intermediate 
could then be readily converted into 95. 

Me0  QMe 

&a- +,E BH3-SMez * ec, / 0 
+CI 99% 6 5 % ee 

93 94 95 

Malfunction of hexosarninidase enzymes can lead to such diseases as Tay-Sachs or 
Sandhoff. The study of N-acetylhexosaminidase inhibitors, such as X 1NAc-Isofagomine 98, 
could provide greater understanding of the method of malfunction? Enone 96 could be 
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reduced by a CBS reagent to afford allylic alcohol 97. The bromine was required to provide 
differentiation of the faces of ketone to improve YO ee .  

Cbz 65% Cbz 

96 
89% ee 

97 98 

Endothelin and its related peptides play an important role in the biology of vascular 
smooth muscle. Antagonists of the endothelin receptor would be of great interest in the 
treatment of cardiovascular and pulmonary disease. One such compound is SB-209670 101 
and could be prepared from alcohol 100.28 This alcohol could be accessed via the CBS 
reduction of indenone 99 in excellent yield and excellent optical purity. 

OMe 

(R)-MeCBS 

BHj-THF 
90% 

94% ee 

99 100 
'0' 

101 

1.1.6 Experimental 
The two examples presented exemplify the utility of this reaction. One can access either 
enantiomer of the product through the proper choice of chirality contained in the CBS 
reagent. This reagent possesses great scope in that simple, as well as complex, substrates can 
be reduced with high efficiency, chemical and optical yields. Additionally, these examples 
illustrate the relatively simplistic experimental conditions required to conduct these reduction 
reactions. 
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(S)-CBS 

BH3-SMe2 

CHzCI, 
102 96% 103 

98.6% ee 

(R)-1-(3'-BromophenyI)-ethan0l(1O3)~~ 
Ketone 102 (10.8 g, 64.6 mmol) in 50 mL of CH2C12 at -20 "C was added dropwise over 2 h 
to a solution of (S)-4,5,6,7-tetrahydro- 1 -methyl-3,3-diphenyl- IH,3H-pyrrolo-[ 1,2-c]-[ 1,3,2]- 
oxazaborolidine-borane (0.9 g, 3.2 mmol) and BH3-SMe2 (5.1 mL, 51 mmol) in 30 mL of 
CH2CI2. The reaction mixture was stirred for a total 8 h before slowly adding to 50 mL of 
methanol at -20 "C. Once gas evolution ceased, the solvent was removed in V ~ C U O  and the 
residue purified by bulb-to-bulb distillation (94 "C, 0.5 mmHg) to afford 103 as a colorless 
oil. 

(R)-CBS n 

0 OH 

104 105 

Allylic alcohol ( 1  05)30 
To ketone 104 (196 mg, 0.395 mmol) in 7 mL of toluene was added (R)-CBS (0.43 mL, 
0.395 mmol, 1.0 M toluene). The mixture was cooled to -78 "C and catecholborane (0.79 
mL, 0.79 mmol, 1.0 M THF) was added dropwise. The reaction was stirred for 12 h before 
quenching with 0.8 mL of methanol and warmed to room temperature. The mixture was 
diluted with ether and washed with NaOH (1 N), saturated with NaHCO3, until the aqueous 
washings were colorless. The combined aqueous phases were back extracted 3 times with 
ether and the combined organic phases were washed with brine, dried (Na2S04), and 
concentrated in VCICUO. Purification by chromatography gave 105 (160 mg). 
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1.2 Davis Chiral Oxaziridine Reagents 

I .  2. I Description 
Davis oxaziridine reagents such as 1 have exhibited ample synthetic utility as oxidizing 
agents for the hydroxylation of enolates to provide a-hydroxy carbonyl compounds, such as 2 
with superb yield. When the oxaziridine is chiral and nonracemic, the hydroxylation has 
been shown to proceed with high stereoselectivity.] 

1. KHMDS - 

2 I 
1.2.2 Historical Perspective 
Prior to Davis and co-workers' introduction of trans-(*)-2-(phenylsulfonyl)-3- 
phenyloxaziridine (1) for direct enolate oxidation in 1984, there were several nonoxidative 
procedures for the formation of optically active a-hydroxy carbonyl compounds, but only one 
actively practiced oxidative method for the synthesis of such compounds.2 

The most commonly used nonoxidative method used by chemists prior to 1958 is the 
substitution reaction using either chiral a-amino acids (L = NH3) or a-halo amides (L = F, CI, 
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Br, or I) (equation 1). Another method relies on alkylation of a-hydroxy or a-alkoxy 
carbonyl compounds. The induction of diastereoselectivty, in these cases, is achieved 
through the use of chiral auxiliaries and other stereodirecting groups (equation 2). The third 
method frequently utilizes the nucleophilic addition of hydride or other carbanions to a- 
dicarbonyl compounds (equation 3). In addition to being laborious, nonoxidative methods 
are limited to the synthesis of acyclic compounds, which greatly reduces the magnitude of 
their synthetic practicality. 

In 1958, Rubottom and co-workers introduced an oxidative methodology, which first 
requires the conversion of a carbonyl compound to either an enol silane or silyl enol ether. As 
generated, the enol silane 3, for example, is then treated with m-chloroperbenzoic acid (m- 
CPBA) to form the a-hydroxy carbonyl compound 4 following epoxidation and de~ilylation.~ 

Despite high yield, the Rubottom oxidation is limited by the necessity for synthesis of 
the requisite silane ethers. The direct oxidation of enolates has thus emerged as the preferred 
method for the stereoselective formation of a-hydroxy carbonyl compounds because of the 
method's effectiveness for both acyclic and cyclic substrates. Davis's oxaziridine reagents 
have proved to be ideally suited for the one-step enolate hydroxylation process. The 
following chiral oxaziridine reagents have been utilized effectively in this protocol and will 
be showcased throughout the chapter. 

1.2.3 Mechanism 
Mechanistic interpretation for this reaction began with comparisons to alkene epoxidations 
using metal peroxides, dioxiranes, and oxaziridines. In 1982, Mimoun was the first to 
propose a general mechanism for the oxygen transfer from compounds containing a peroxide 
moiety (active site oxygen is part of a three-membered ring).4 Mimoun's mechanistic 
interpretation can be applied to the oxidation of a sulfide using an oxaziridine reagent. In this 
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case, coordination between the oxaziridine nitrogen and the substrate would lead to the 
formation of a four-membered ring as an inte~mediate.~ This cyclic intermediate would 
decompose resulting in the formation of the sulfoxide and imine products. 

'S' 
R\ n .. R. / R. 

)'" - R E.- R 
p + A\ - I 

- s\ J+  
R 

R 

In the following years, studies conducted by Sharple~s,~" B a ~ h , ~ "  Curci,'' and 
others" relied on reaction kinetics to formulate support of a S~2-type displacement by the 
nucleophilic substrate on the electrophilic oxygen atom of the three-membered ring. 
Similarly, the deoxygenation of oxaziridines, such as 1, is kinetically consistent with the 
aforementioned sN2 mechanism. 

Davis extensively studied reactions involving 1 and found that all results exhibited 
properties that suggest the oxygen transfer by oxaziridines is S N ~  in nature.12 When 
comparing the mechanism of the nucleophilic ring opening of oxaziridines to those of 
epoxides, aziridines, and thiiranes, it was found that attack at the nitrogen is favored when the 
substituent bound to the nitrogen is small and nonobtrusive. When this substituent is large as 
in 3, nucleophilic attack at the oxygen is favored, implicating an sN2 mechanism. 
Furthermore, when the rate of oxidation was monitored through the use of 'H NMR, Davis 
found the reaction to be second-order. Hammett subsituent constants were used to determine 
the correlation of substituent electronic effects. Additionally, analyses of NMR spectra 
produced no tendencies that were characteristic of the formation of zwitterion intermediates, 
which were included in Mimoun's mechanism. NMR spectra suggest that both A and B are 
possible transition states for the oxygen transfer; however, transition state B is limited to 
cases when the nucleophile is anionic. 

These detailed mechanistic studies have led to the following generalized mechanism 
of enolate oxation by oxaziridine reagents. In the hydroxylation of deoxybenzoin 10 to 
benzoin 15, the enolate anion 11 is formed by kinetic deprotonation with LDA. The enolate 
anion then performs a nucleophiiic attack on the oxygen of the oxaziridine 1 in a manner 
consistent with that proposed in transition state B. The hemiaminal 12 intermediate 
decomposes to form the alkoxide 14 and sulfonimine 13. The alkoxide is then quenched to 
provide alcohol 15.' 
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1.2.4 Synthetic Utility 
Readers are directed to a thorough review on the chemistry of Davis oxaziridine reagents 
through 1992. While this work will occasionally be referenced, the primary focus of this 
section will be on the chemistry from 1992 to the present. 

1.2.4.1 
Chiral auxiliaries have found abundant use in providing a template for efficient and highly 
diastereoselective enolate reactions. Concurrent with the development of chiral and 
nonracemic Davis oxaziridine reagents, the use of chiral auxiliaries to direct the 
stereoselectivity in these systems has been generalized. 

The first example of the use of chiral auxiliaries for diastereoselective a- 
hydroxylation was published in 1985. Davis and c o - ~ o r k e r s ' ~  demonstrated the efficient and 
highly stereoselective formation of a-hydroxyamides using the (+)-(S)-2-pyrrolidinemethanol 
(R = H) chiral auxiliary. Thus, treatment of 16 with LDA was followed by enolate oxidation 
with (*)-1 to provide 17 in high yield and high de (> 95%). An interesting reversal was noted 
when the sodium enolate of 16 was reacted under similar conditions. In this case, production 
of the (R)-product 18 was predominating with only slightly lower diastereoselectivity (93% 
de). In both cases, the chiral auxiliaries could be removed without racemization. The use of 
the related (+)-(S)-2-(methoxymethyl)pyrrolidine auxiliary (R = Me) provided inconsistent 
results with regard to solvent dependence, selectivity, and yield.13 

Asymmetric oxidation via chiral auxiliaries 
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1. LDA 

16 R = H; 85%, > 95% de 17 
OR OR 

\ 0 \ 1. NaHMDS, "2''  
R =  H;94%,>93%de 18 OR 

2. (*)-I 

The synthesis of acyclic tertiary a-hydroxy acids poses an additional challenge, in that 
a specific enolate isomer must be generated prior to reaction with the oxaziridine reagent. As 
a means of overcoming this challenge, Davis and co-workers utilized a strategy of double 
stereodifferentiation, wherein the chiral enolate was reacted with an enantiopure oxaziridine. 
This strategy proved successful for the synthesis of 20 from 19 when either enantiomer of 
(camphorsulfony1)oxairidine 5 was employed as the oxidizing agent in the presence of 
HMPA.I4 Interestingly, the use of racemic 1 as the oxidizing agent resulted in only modest 
diastereoselectivity (55% de), implicating the necessity for chiral, nonracemic oxaziridines in 
this system. 

I. LDA 

Expanding upon these results, Schultz et al. analyzed the oxidation of enolates 
produced via the Birch reduction of carboxylic acid derivatives." It was found that when 21 
was reduced and treated with (+)-5, 22 was obtained with only marginal yield and modest 
enantioselectivity. The enantioselectivity increased when 23 was deprotonated and then 
treated with (+)-5. 
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&N? OMe “H 

23 ‘OMe 

I. Li/NH3, THF, t-BuOH 

2.(+)-5 \57%, 85% de 

\ 
OMe 

1. KH, THF, rt 

2. (+)-5, -78 “C 

While more plentiful, alcohol-based chiral auxiliaries have been limited in their 
ability to direct the diastereoselective hydroxylation for the preparation of tertiary a-hydroxy 
acids. Among these, the best results in this series were obtained when oxidation of the 
enolate of chiral ester substrate 24 with (+)-5 yielded The use of (-)-5 as the 
hydroxylating agent, provided a reversal in stereoselectivity, providing (R)-25. Interestingly, 
when substoichiometric amounts (0.5 equiv) of (+)-5 were used, stereoselectivity improves 
(94% de), a fact attributed to the matching of the enolate geometry to the oxidant. This 
speculation is credible, as evidenced by the fact that oxidation with 0.50 equivalent of (-)-5 
produces (S)-25 in only 37% de in a stereochemically mismatched case. 

ph+oG 24 

LDA, THF 

76%, 66% de 

(+)-5, -78 ‘C 

Among chiral enolates, those derived from oxazolidinone carboximides, as developed 
in the Evans lab~ratories,’~”’ have shown the most generality in directing the hydroxylation 
with the racemic Davis oxaziridine 1. Pioneered in 1985, a variety of carboximide 
derivatives have been hydroxylated with consistently high levels of diastereoselectivity.” 
The high levels of selectivity are due, in part, to the facile and exclusive formation of the Z- 
enolate under these conditions. Importantly, these reactions are necessarily quenched by the 
organic soluble camphor sulfonic acid (CSA) to avoid formation of a product arising from 
intramolecular attack of the alkoxide oxygen at the oxazolidinone carbonyl under standard 
aqueous acidic workup methods. 
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A N X  
LJ0 

Ph 

,"' 
\ 

bh 

1. NaHMDS, THF, -78 'C 

3. CSA. THF 
2. 1, THF, -78 "C 

1. NaHMDS, THF, -78 "C 

2. I, THF, -78 'C 
3. CSA, THF 

1. NaHMDS, THF, -78 'C . 
2. 1, THF, -78 'C 
3. CSA, THF 

H 3 c 0 4 N K 0  

0 HO )-( 
68%, 92% de Me Ph 

HO 

86%, 98% de 

bh 
83%, 90% de 

The generality of this method has been demonstrated in a number of total synthesis 
In their studies aimed at the elucidation of the structure of capensifuranone, the 

Williams group utilized the 4-phenyl auxiliary for introduction of the hydroxyl substituent in 
27." While the stereocenter was eventually destroyed, this reaction is notable in that high 
stereoselectivity can be obtained with the 4-phenyl auxiliary, in addition to the auxiliaries 
used above. 

1. NaHMDS, THF, -78 "C 

2. 1, THF, -78 "C 

93%, 1 O : l  dr 

3. CSA, THF, -78 "C 

CH3 CH3 O K 
CH3 26 Ph 

In two separate syntheses of the microtubule stabilizing antitumor agent epothilone B 
(28), the CIS stereocenter was prepared using diastereoselective hydroxylation mediated by 
the carboximide auxiliary. White and co-workers relied upon the 4-benzyl auxiliary to effect 
the diastereoselectivity in the preparation of 30.22a Meanwhile, the generality of this reaction 
protocol is showcased by the high functional group tolerance demonstrated in the 
hydroxylation of 31 to give 32.22b 
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I I 

0 eP 1. NaHMDS, THF, - 7 8 T  

29 71% 

2. 1, THF, -78 "C 
3. CSA, THF, -78 'C OH 

30 Ph Ph 

28 
0 OH 0 

1. NaHMDS, THF, -78 'C 
c 

2.1,  THF, -84 "C 
3. CSA, THF, -78 "C 

Ph 
66%, > 94:6 dr 

OTBS 

1.2.4.2 Substrate directed diastereoselective hydroxylation 

1. KHMDS, THF 
2. 1 

I b I 
OMe 54% OMe 
33 34 

Several examples exist wherein the chirality of the substrate serves to influence the degree of 
diastereoselectivity obtained on oxidation with racemic and nonracemic oxaziridines. These 
examples are different from those above, since an auxiliary whose sole purpose is to direct 
the stereoselectivity is not present. The majority of these examples rely on cyclic 
stereocontrol to direct the facial selectivity. For example, in Meyers synthesis of the AB-ring 
of aklavinone, oxidation of the thermodynamic enolate derived from 33 resulted in the 
production of tertiary a-hydroxy ketone 34 as a single diastereomer in modest yield.23 The 
stereoselectivity is rationalized by invoking a transition state wherein pseudo axial addition to 
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the least hindered top face occurs preferentially, with addition to the bottom face blocked by 
the neighboring benzyl ether. 

Similarly, selectivity was observed in Weinreb's efforts toward the synthesis of the 
microbial immunosuppressive agent FR901483." In this case, axial addition was favored by 
reaction of the lithium enolate of amide 35 with racemic 1 to produce 36. An interesting 
reversal of stereoselectivity was observed when, on slight alteration of the synthetic 
sequence, the Boc-protected amide was subjected to similar conditions. For reasons not fully 
understood, equatorial alcohol 37 was produced in a 53% yield, the structure of which was 
confirmed by X-ray crystal analysis. 

35 36 37 
R = Bn, 60% R = Boc, 53% 

During the synthesis of baccatin 111 derivatives, Baldelli and co-workers used the 
diastereoselective 14~-hydroxylation of 38 to form 39 using 1 as the hydroxylating reagent. 
As part of this study, several solvents, bases, and oxaziridine reagents were tested for this 
reaction, of which a majority produced high yields2' Optimum results were obtained using 
KO'BU as the base in a THFDMPU (83:17) solvent system, though this is likely system 
dependent. The stereochemistry obtained was rationalized by a folded conformation of the 
terpene skeleton which precluded attack of the bulky oxaziridine reagents from the a-face. 
This example illustrates the generality of this approach and demonstrates its potential for use 
with highly congested and heavily functionalized substrates. 

KO'BU, THF/DMPU, 1 
w 

90% 

3a 39 

Using a similar strategy, Paquette and co-workers used this method for the a- 
oxygenation of 40 in the synthesis of precursors of the antitumor agent Tax01.~~ The a- 
hydroxy ketone 41 was produced by quenching the potassium enolate of 40 with 1, yielding a 
5: 1 mixture of the em and endo epimers of 41. 
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1. KN(SiMe&, THF 
2. 1, -78OC 

PMPO 

While the majority of examples of substrate control deal with cyclic sterocontrol, 
there are a few examples where diasteroselectivity is induced in an acylic system.27 A 
notable example of this was demonstrated during the synthesis of a fragment of tubulysin, by 
Wipf and co-workers.28 Utilizing a Davis reagent in their synthesis of an a-hydroxy-y-amino 
acid, the enolate of the y-amino acid derivative 42 was reacted with 1 to form the a-hydroxy 
derivative 43 as a single diastereomer in good yield. The stereoselective reaction has 
precedence in literature and likely involves a highly chelated dianionic species2' 

C02Me 
CbzXN )L 

H 
42 

2 n 1. NaHMDS, THF 
2. 1, THF, 1 h Cbz, 

C02Me Y 
-7BoC, 66% H .. 

43 

Further examples of acyclic stereocontrol in related amino acid systems make use of 
chiral and nonracemic oxaziridine reagents to induce high levels of stereocontrol. In 1992, 
Davis and coworkers synthesized the methyl ester of the Taxol C13 side chain using this 
method.30 Following enolization, the dianion of 44 was reacted with the Davis reagent 5 to 
yield the a-hydroxy p-amino acid 45 in 49% yield. While the yield was marginal in this 
particular example, the 86: 14 ratio of stereoisomers produced is impressive in this acyclic 
system. 

A similar protocol has been generalized in the Davies laboratories, relying on a highly 
diastereoselective tandem conjugate additiodhydroxylation strategy for synthesis of a- 
hydroxy-@-amino acid For example, the enolate produced via 
diastereoselective conjuagate addition of lithium benzylamide 47 to cinnamate 46 was 
quenched with (+)-(camphorsu1fonyl)oxaziridine (5) to give 48 in impressive yield and high 
diastereoselectivity. 
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I. 

Ph LNJh I 47 Ph 
Li * P h v O ' B U  

P h d O t B u  46 2. 48 OH 

86%, 92% de 

The above protocol was applied during efforts to assign the stereochemistry of the 
ACE-inhibitor mi~roginin.~' Following a similar procedure, conjugate addition of 47 to 49 
was followed by oxidation with 5 to provide 50 in 63% yield. The (2S)-isomer was isolated 
as a by-product in 4% yield, giving the reaction an overall diastereoselectivity of around 15:1, 
similar to that obtained above. 

d 0 ' B u  

I. ANJh 
Ph I 47 

Li 
c 

2. v 
63% yield 

so20 

When the above transformation was conducted in a stepwise manner, p-amino acid 
derivative 51 was deprotonated with LDA and reacted with 5 to produce 50 in 65% yield and - 92% de.38 

1. LDA, THF, -78 "C 
I 

then \I( 

@ *,N 5 
so20 

Ph 

50 

65%, 92% de 

The syntheses of a-hydroxy p-amino acids has also been accomplished using a 
perhydropyrimidin-4-one template to direct the stereoselectivity of the hydr~xylation?~ For 
example, the enolate of perhydropyrimidin-4-one 52 was diastereoselectively hydroxylated to 
obtain 53.40 Examination of several oxidizing agents and bases revealed LiHMDS and the 
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oxaziridine 5 as ideal choices for this transformation. Compound 53 can be hydrolyzed under - -  
acidic conditions to produce the enantiomerically pure a-hydroxy 0-amino acid. 

OH 

O Y V  n-Pr 

* YNVNCbZ 
1. LiHMDS, THF 

n-Pr 2. 5,  -20 "C, 72% 

Ph 52 Ph 53 

Substrate directed hydroxylation with Davis rea ents has also found utility in the 

synthesis of (+)-spongistatin 1 by Smith and co-workers relied on hydroxylation of the 
enolate of 54 with Davis reagent 7, which was followed by epimerization of the C5 to 
produce 55 in high yield.45 

synthesis of architecturally complex natural  product^.^ F 44 For example, efforts for the 

1. KHMDS 

54 78% 55 OH 

In the syntheses of (-)-lepadins A, B, and C, which exhibit strong cytotoxicity against 
human cancer cells, enolate oxidation relied on the chiral, nonracemic dichloro oxaziridine 6 
to deliver the product 57 in a stereoselective manner.46 Studies on this reaction demonstrated 
a higher stereoselectivity for the lithium enolate in comparison to a similarly generated 
sodium enolate. Their results also indicated that the reaction between 56 and 6 constituted a 
stereochemically matched case, whereas the use of racemic oxaziridine reagent 1 as well as 
use of the alternate enantiomer of 6 resulted in greatly reduced diastereoselectivity. 

BnO "Po ;:El, B " ; ) :  

4 Y  0 0 
SO20 6 

-\OMOM el%,  17:l dr -\OMOM 

56 57 

1.2.4.3 Enantioselective oxidation 
Enantioselective oxidation using Davis chiral oxaziridine reagents is not as well developed as 
its diastereoselective counterpart. However, a number of simple enolates have been 
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selectively hydroxylated, primarily in the Davis group.47 After screening a number of bases 
and oxaziridines, optimum conditions generally utilize NaHMDS as the base with one of the 
(camphorsulfony1)oxaziridine reagents (5 or 6) .  The impressive enantioselectivities for this 
protocol are demonstrated in the formation of 58,48 59:' and 6OS5O Extension of this protocol 
to more complex ketones, or toward the synthesis of tertiary a-hydroxy ketones, is limited by 
the inability to selectively form a sin le enolate isomer. While hydroxylation of aromatic 
ketones has been well-documented:', the majority of more complicated enantioselective 
hydroxylations are done on cyclic ketones or lac tone^.^^ 

F 

NaHMDS - L P h  
Ph Ph 

OH 
; T s N  58 84%, 95% ee 

so2 0 

c 
NaHMDS 

Ph Y GI 
OH 

59 61%, 95% ee 

60 71%, 89% ee 
so20 

1. LiHMDS 
2. 

so20 5 

82%, 86% ee 62 0 * 

Several examples exist in the literature in which cyclic ketone enolates are 
enantioselectively hydroxylated by chiral, nonracemic Davis oxaziridine reagents. In contrast 
to their acyclic counterpart, the enolate geometry is fixed in cyclic systems. During the 
preparation of enantiomerically pure (-)-blebbistatin, the enolate of the quinolone 61 was 
reacted with the Davis reagent 5 to afford the optically enriched 62 with 82% yield and 86% 
ee. The related reagent 6 was used in the synthesis of (+)-o-trimethylbrazilin, which was 54 
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accomplished by converting the enolate of 63 to the enantiomerically pure 64 in 50% yield.’5 
Similar procedures were used during the synthesis of the AB ring segment of da~nomycin.’~ 

1. NaHMDS 
2. 

&Me SO20 #,Y 6 &Me / 
/ OMe 64 / OMe - Me0 

50%. 94% ee / 63 
Me0 

A related procedure was utilized for the syntheses of Sch 42427 and ER-30346, mole 
antifungals, and (-)-tricycloillicinone; however, slight modifications in the experimental 
procedures were explored resulting in improved yield and ee. During the conversion of the 
enolate of ketone 65 to the chiral a-hydroxy ketone 66, Gala and DiBenedetto observed that 
the metal salts used in the reaction greatly influenced both the yield and the 
enant ioselect i~i ty .~~ Furuya and Terashima were also able to increase both yield and ee by 
carrying out the oxidation of the lithium enolate of 67 using Davis reagent 6 in a mixture of 
THF and DMF, which increased both the yield and ee of 68 by over 30% each.56 

1. NaN(SiMe&, THF 
metal salt 

80-90%; 80-95% ee 

1. LDA, THF, DMF 

2’ %;I6 s0:o E t o Y : H  

* 60 I 
TMS 44%,77%ee 

TM S 

EtoY-Yo 

CII 7 I 
I MS , ,..- 

The utility of Davis chiral oxaziridine reagents has been more recently applied to the 
synthesis of optically active a-hydroxy phosphonates. Two groups have been largely 
responsible for developments in this area. Principally, Wiemer and co-workers have 
demonstrated the highly enantioselective hydroxylation of a series of benzyl phosphonates. 
As shown below for 69, hydroxylation makes use of oxaziridine 6,  proceeding in moderate 
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yield to give 70, with high levels of enantioselectivity. The reaction works equally well with 
a variety of 4-substituted benzylphosphonates. 57 In an extension of this reaction to a more 
conformationally flexible molecule, the oxidation of dimethylfarnesylphosphate also 
proceeded with moderate enantioselectivity 

1. NaHMDS, -95 "C 

50%, 95% ee 

Finally, Schmidt and coworkers have similarly applied the hydroxylation of 
phosphonates for synthesis of some sialyltransferase inhibitors. Thus, the stabilized enolate of 
71 was selectively oxidized using dichloro(camphorsulphony1)oxaziridine (6) to produce the 
a-hydroxy diallylphosphonate in low yield but as a single stereoisomer. The reaction was also 
found to be effective for compounds containing a variety of ring s u b s t i t u e n t ~ . ~ ~ ~ ~ ~  

_/== 1. NaHMDS, THF 

C' , -78 'C 
36% 

1.2.4.4 Heterocyclic asymmetric oxidation 

CPi 
1.6 ODMBZ 1, CH 

,-si i-Pr* 
i-Pr 73 75% 

Davis chiral oxaziridine reagents have found ample synthetic utility in the asymmetric 
oxidation of sulfides to sulfoxides, providing excellent yields and high enantiomeric excess. 
Sulfoxides have seen growing importance in organic synthesis and the versatility of 
oxaziridine reagents enables them to be synthesized cleanly and efficiently.6' The sulfide 73 
was oxidized using the Davis reagent 1, which could easily transfer an oxygen atom to the U- 
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face of the tetrahydrothiopene ring to form the major product 74 in 75% yield.62 Similarly, 
the asymmetric oxidation of 75 using the Davis reagent 6 in carbon tetrachloride produced 
the sulfoxide intermediate 76 in 95% yield and 75% ee.63 

Y 0- 

75 76 
Sulfenimines undergo asymmetric oxidations to form sulfinimines via a reaction with 

Davis reagents. The sulfenimine 77 was oxidized by 9 to yield the sulfinimine 78 in 82% 
yield and 97% ee. Yields and enantiomeric excess varied based on the oxaziridine reagent 
used." 

82%, 97% ee 
77 78 

1.2.5 Experimental 
1. LDA 

2&!E 
so2 0 7 

THF, -78 'C 

OMe OMe 

79 80 

(-)-(R)-2-Ethyl-5,8-dimethoxy-2-hydroxy-1,2,3,4-tetrahydronaphthalen-l-one (80)65 
A solution of 58.5 mg (0.25 mmol) of tetralone 79 in 2 mL of THF was added dropwise to a 
stirred and cooled -78 "C solution of 0.3 mL (0.30 mmol) of a 1 M solution of LDA in 2 mL 
of THF. After the mixture was stirred at -78 OC for 30 min a solution of 116 mg (0.4 mmol) 
of (+)-7 in 5 mL of THF was added dropwise. The reaction was monitored by TLC, warmed 
to 0 'C as required, and quenched by the addition of 3 mL of saturated aqueous NH&I after 
0.5-1 h. The reaction mixture was extracted with diethyl ether (3 x 25 mL), and the 
combined organic extracts were washed with H20 (20 mL) and brine (20 mL) and dried 
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(MgS04). The solvent was removed under reduced pressure to give a white solid (170 mg), 
which was purified by preparative TLC (eluant pentane/ether/CHzC12, 3: 1 :1, Rf = 0.3) to give 
40.6 rng (66%) of 80: mp 74-75 OC (lit. colorless oil); IR and NMR spectral data are 
consistent with reported values. Anal. Calcd for C14H1801: C, 67.20; H, 7.20. Found: C, 
67.09; H, 7.22. 
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1.3 Midland Reduction 

1.3.1 Description 
The Midland reduction is the enantioselective reduction of a ketone (1 to an optically active 
alcohol (2) using the commercially available reagent alpine borane (3). 

OH 
3, THF 

1 2 

0 

UD to 99% ee 
Alpine-Borane 

3 

1.3.2 Historical Perspective 
In 1977, Midland and co-workers found that B-alkyl-9-borabicycle[3.3. llnonanes (4) were 
unique among trialkyl borane adducts (5) in that they rapidly reduced benzaldehyde (6a) at 
room temperature.* 

(+ 6a 

room temperature 

? 0""" 
7a 

100'C 

R= n-alkyl 

Extension of this methodology to an enantioselective variant soon followed. Jn 1979 
Midland showed that by using the chiral reagent derived from hydroboration of a-pinene by 
9-BBN (3), deuterium labeled benzaldehyde (6b) could be reduced to enantiomerically 
enriched alcohol 7b in 98% ee.3 Subsequent studies found that 3 was also useful for the 
enantioselective reduction of acetylinic ketones (8) to propargylic alcohols (9).4 



Chapter 1 Asymmetric Synthesis 41 

6b 7b 8 9 
j R’, R’ = alkyl, aryl up to 99% ee 

1.3.3 Mechanism and Stereochemical Rationalization 
Initial debate over the mechanism of the Midland reduction centered around the idea that this 
reduction could reasonably proceed via either a one-step (Path A) or two-step (Path B) 
mechanism as shown below. However, mechanistic investigations by Midland showed that 
the rate of the reaction was dependent on the concentration of the aldehyde, thus lending 
support to the reaction proceeding via Path A’. The subsequent development of the 
enantioselective variant of this reaction using 3 essentially eliminated Path B as a possible 
mechanism because it is not consistent with the optically active alcohols produced in the 
reaction. Thus, Path A is widely accepted as the mechanism for this reaction. 

The reduction of ketones with 3 affords chiral alcohols with a predictable 
stereochemical outcome. Transition state 10 is favored over 11 because the smaller group of 
the ketone (Rs) rather than the large group (RL) is “axial” and eclipsing the methyl group of 
the pinene subunit.6 While there is still some debate over the nuances of the transition state 
of this reduction, transition state 10 is a reasonable model that accurately predicts the 
stereochemical outcome of the reduction of ketones with 3. 
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10 11 
Favored Transition State Disfavored Transition State 

1.3.4 Variations and Improvements 
While Midland's initial studies focused on the reduction of aryl aldehydes and alkynyl 
ketones, expansion of the scope of this methodology was problematic. Attempted reduction 
of a variety of aldehydes afforded the corresponding alcohols only after long reaction times 
and in low enantiomeric excess. The moderate increase in the steric bulk of these non- 
acetylenic ketones is believed to account for the marked decrease in reaction rate. 
Furthermore, the slow reduction of these ketones is problematic because it allows for the 
retrohydroboration of 3 into more reactive and achiral 9-BBN. The reduction of the ketone 
with 9-BBN is then much more facile and leads to optically inactive products (Path B, section 
1.3.3). The initial solution to this problem was developed by H. C. Brown and Pai.' They 
found that by carrying out the reaction neat, instead of at 0.5 M in THF,the rate of the 
bimolecular reduction reaction increased enough so that the unimolecular retrohydroboration 
reaction was less competitive. Subsequently, Midland found that even better results could be 
obtained by increasing the pressure in the reaction v e ~ s e l . ~ , ~  It was proposed that the reason 
for the increase in both rate and selectivity was due to the fact that the bimolecular reduction 
process (Path A, Section 1.3.3) should be favored at high pressure while the dissociative 
retrohydroboration reaction (Path B) should be suppressed. Indeed, Midland found that by 
increasing the pressure to 6000 atm the reduction of a variety of ketones, including 
acetophenone (12), was achieved with neat alpine borane (3) to the corresponding alcohol 
(13) at noticeably faster rates and with improved enantioselectivity. 

OH 
1 atm: 7 days, 78% ee 

&P.%& 6000 atm: 1 day, 98.4% ee 

80% yield 
12 13 

The use of alpine-borane (3) has also been extended to include the reduction of acyl 
cyanides (14) to optically active P-amino alcohols (15)," as well as the reduction of a-keto 
esters (16) into the corresponding a-hydroxy esters (17)'' 



Chapter 1 Asymmetric Syntbesis 43 

I.3.5 Synthetic Utility 
Alpine borane (the Midland reagent, 3) has found broad use in the synthesis of complex 
natural products. As early as 1980, only one year after Midland’s seminal publication, 
Johnson and co-workers used 3 for the reduction of ketone 18 to afford alcohol 19 in 75% 
yield and 97% ee.I2 This material was used to complete the synthesis of 20, a cyclization 
precursor in Johnson’s total synthesis of hydrocortisone acetate. 

The Midland reduction has also been used in the large-scale synthesis of chiral 
glycines. Deuterium labeled anisaldehyde was reduced with 3 to provide deuteriated 
arylmethyl alcohol 21 in 82% ee.I3 This alcohol was then converted in 4 steps to N-Boc- 
glycine (22). 

Me0 
21 22 

23 umuravumbolide 
24 
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More recently, alpine-borane (3) was used as the first step in the total synthesis of 
umurawmbolide (24). Reduction of I-heptyn-3-one with 3 produced 23 in 75% yield and 
74% ee.14 

The synthesis of the DE ring system of upenamide (28) utilized a Midland reduction 
to set the initial stereocenter in the synthesis. Conversion of 25 to 26 proceeded in 74% yield 
and 93% ee.” This material was carried on through a series of transformations to achieve a 
synthesis of the DE ring system (27). 

0 
U 3 (neat), rt 

TBSO,,~ T B S O ~  

CHO 

25 26 27 

upenamide 
28 

1.3.6 Experimental 

Propargylic alcohol (26)” 
Alkynone 25 (5.09 g, 20.0 mmol) was added to neat (R)-alpine-borane (7.23 g, 28 mmol) at 0 
“C. The ice bath was removed after 30 min and the red solution was stirred at room 
temperature for 8 h at which time GC analysis showed complete consumption of starting 
material. Excess alpine-borane was quenched by the addition of propionaldehyde (1.08 mL, 
15 mmol) with external cooling (0 “C) followed by stirring at room temperature for 1 h. The 
solution was concentrated and subject to high vacuum at 40 OC for 4 h with stirring to remove 
a-pinene. The residue was diluted with THF (10 mL) and solutions of NaOH (3 M, 7.5 mL) 
and H202 (30%, 7.5 mL) (caution: highly exothermic) was added dropwise at 0 O C .  The 
resulting mixture was stirred for 4 h at 40 O C  and extracted with ether (3 x 60 mL). The 
combined organic extracts were washed with brine, dried (MgSOd), filtered, and 
concentrated. The residue was purified by flash chromatography (hexanes:ethyl acetate, 8: I )  
to give 3.78 g (74% yield, 93% ee) of 14 as a light-yellow oil. 
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1.3.7 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
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1.4 Noyori Catalytic Asymmetric Hydrogenation 

1.4.1 Description 
The demand to produce enantiomerically pure pharmaceuticals, agrochemicals, flavors, and 
other fine chemicals from prochiral precursors has advanced the field of catalytic asymmetric 
hydrogenation.' In 2002 worldwide sales of single enantiomer pharmaceutical products 
approached $1 60 billion.2 

Homogeneous catalytic asymmetric hydrogenation has become one of the most 
efficient methods for the synthesis of chiral alcohols, amines, a-and p-amino acids, and 
many other important chiral intermediates. Specifically, catalytic asymmetric hydrogenation 
methods developed by Professor Ryoj i Noyori are highly selective and efficient processes for 
the preparation of a wide variety of chiral alcohols and chiral a-amino acids.3 The 
transformation utilizes molecular hydrogen, BINAP (2,2'-bis(dipheny1phosphino)- 1,l ' -  
binaphthyl) ligand and ruthenium(I1) or rhodium(1) transition metal to reduce prochiral 
ketones 1 or olefins 2 to their corresponding alcohols 3 or alkanes 4, respe~tively.~ 

functionalized ketone 
1 Hz, (R)- or (S)-BINAP, 3 

Metal [Ru(ll) or Rh(l)] 

I functionalized olefin 

I 2 

This unique asymmetric transformation has become one of the most efficient, 
practical, and atom-economical methods for the construction of chiral compounds from 
simple prochiral starting material.' The transformation can offer either (R)- or (9- 
stereoisomer, can have exquisite substrate-to-catalyst (S/C) ratio (1 00,000: 1),  and by 
selecting the appropriate substrate and catalyst, generality can often exceed the merits of a 
biotransformation. Furthermore, the reaction can proceed with high turnover number (TON), 
turnover frequency (TOF), and enantiomeric excess (ee).  The operations of the reaction, 
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isolation, separation, and purification are simple, easily performed, and well-suited for mass 
production.6 

1.4.2 Historical Perspective 
In 1968, W. S. Knowles’ and L. Hornera reported independently the first homogeneous 
catalyzed asymmetric hydrogenation of olefins with chiral monodentate tertiary phosphine 
Rh-complexes, albeit in low enantiomeric excess (3-1 5% ee).9 A major breakthrough came in 
1971, when H. B. Kagan developed a Rh(1)-complex derived from a C2 chiral diphosphine 
ligand of tartaric acid.” The Kagan Rh(1)-complex asymmetrically hydrogenated dehydro 
amino acids leading to phenylalanine in 72% ee .  Subsequently, the pioneering work of the 
Knowles group at Monsanto established a method for the industrial synthesis of L-DOPA, a 
drug for treating Parkinson’s disease, using DIPAMP-Rh(1) catalyzed asymmetric 
hydrogenation as a key step.” The successful and practical synthesis of L-DOPA constitutes 
a fundamental progression in asymmetric hydrogenation technology, and for his discovery 
Knowles shared the 2001 Nobel Prize in Chemistry with R. Noyori and K. B. Sharpless.’2a 

In 1980, Professor Noyori and the late H. Takaya consequently designed and 
synthesized a bidentate phosphine ligand BINAP (2,2’-bis(dipheny1phosphino)- 1,l’- 
binaphthyl) 5, that contained an atropisomeric 1 ,l‘-binaphthyl structure as a chiral element 
for use in transition metal catalyzed asymmetric hydrogenation reactions (Figure 1). 

5 (R)-BINAP 
Figure 1 (R)- 2,2’-Bis(dipheny1phosphino)-1,1 ‘-binaphthyl5 

Rhodium(1) complexes of BINAP enantiomers are remarkably effective in various 
kinds of asymmetric catalytic  reaction^,^' including the enantioselective hydrogenation of a- 
(acy1amino)acrylic acids or esters4’ to provide amino acid derivatives, and the 
enantioselective isomerization of allylic amines to e n a m i n e ~ . ’ ~  Furthermore, Noyori’s 
discovery of the BINAP-Ru(I1) complex was a major advance in stereoselective organic 
synthesis. The scope and application of the BINAP transition metal catalyst system is far 
reaching. These chiral Ru complexes serve as catalyst precursors for the highly 
enantioselective hydrogenation of a range of functionalized ketones and olefins!b For his 
contribution to asymmetric hydrogenation, Noyori shared the 200 1 Nobel Prize in Chemistry 
with W. S. Knowles and K. B. Sharpless.lZb 
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1.4.3 Mechanism 
The BINAP ligand 5 (Figure 1) has numerous unique features. The diphosphine is 
characterized by full aromatic substitution, which exerts steric influence, provides 
polarizability, and enhances the Lewis acidity of the metal complex. The BINAP molecule is 
conformationally flexible and can accommodate a wide variety of transition metals by 
rotation about the binaphthyl C(1)-C( 1 ') pivot and C(2 or 2')-P bonds without a serious 
increase in torsional strain. The framework of the chiral ligand determines enantioselectivity 
but can also alter the reactivity of the metal complex. In addition, the BINAP binaphthyl 
groups are axially dissymmetric possessing C2 ~ymrnetry, '~ resulting in the production of an 
excellent asymmetric environment.lf 

H2 

m H z : h  7 (R)-BINAP-Rh L m H z : h  

6 8 (S) 
97% yield, 99% ee 

7 

In 1980, Noyori and co-workers reported cationic BINAP-Rh(1) catalyzing the 
hydrogenation of a-(acy1amino)acrylic acids and esters to give amino acid derivatives in 
> 90% ee.4c For instance, catalyst 7 converts (9-a-(benzamido)cinnamic acid 6 to (94- 
benzoylphenylalanine 8 in > 99% ee and 97% yield [substrate/catalyst molar ratio (W) = 
100, 4 atm, room temp., 48 h, EtOH]. This reaction gives excellent enantioselectivity, but 
proved to be less than ideal because of the unsaturated dihydride mechanism, which has been 
thoroughly investigated by Halpern, Brown, and co-worker~.'~ The catalytic asymmetric 
hydrogenation reaction mechanism of enamide 9 using C2-chiral diphosphine Rh complex 7 
to yield chiral a-amino acids 13 is shown in Figure 2. The Rh complex 7 forms a mixture of 
two diastereomeric substrate complexes with 9, which leads to the S or R hydrogenation 
product, depending on the Re/Si face selection at the a-carbon C(2) in 9. Hence, the 
enantioselectivity is determined by the relative equilibrium ratio and reactivity of 
diastereomer 10. Under the reaction conditions, the major and more stable diastereomer is 
consumed much more slowly than the less stable minor isomer because of lower reactivity 
towards H2. The thermodynamically favored Si-10 diastereomeric Rh complex, leading to the 
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R-enantiomer of 13, is weakly reactive and thus before hydrogenation can occur, it is 
converted to the highly reactive diastereomer Re-10. Diastereomer Re-10 ultimately gives the 
S-enantiomer 13 via decoordination and recoordination of substrate 9. Consequently, the 
observed enantioselectivity is a result of the delicate balance of the stability and reactivity of 
diastereomeric 10. Because of this inherent mechanistic problem, the optimum conditions 
leading to high enantioselectivity are obtainable only by careful reagent and reaction 
condition choices. The reaction must be conducted under low substrate concentration and low 
hydrogen pressure. The BINAP-Rh catalyzed reaction occurs very slowly, because the 
reactive substrate Rh-complex 10 is present in very low concentration under these 
hydrogenation conditions. Unfortunately, the scope of the olefinic substrate is narrow. Thus, 
the BTNAP-Rh catalyzed hydrogenation suffers from a mechanistic limitation and therefore 
remains far from ideal. Respectable enantioselection is obtainable only with Rh complexes of 
the ligand DuPhos, certain monodentate phosphates, and pho~phoamidites.’~,” 

2s 

P J  + 
04 

(P-P)Rh/ \+NH 

CO2H 

l+ 

p4 
P-P = (R)-BINAP 4 

(P-P)(H)2Rhl NH 

S = alcoholic solvent COiH 
11 

Figure 2 Mechanism of Rh-diphosphine catalyzed hydrogenation of enamide 9 
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A breakthrough in catalytic asymmetric hydrogenation came when the Rh(1) metal was 
replaced by Ru(I1). Hydrogenation of methyl (2)-a-(acetamid0)-cinnamate 14, in the 
presence of Ru(OCOCH&[(R)-BINAP] 15,4b,’8 affords methyl (R)-a-(acetamid0)cinnamate 
16 in 92% ee and > 99% yield [substrate/catalyst molar ratio (SIC) = 200, 1 atm, 30 O C ,  24 h, 
MeOH].I9 

H2 
15 (R)-BINAP-Ru 

c 

14 

C02Me 

E C O M e  

16 (R) 
> 99% yield, > 92% ee 

The asymmetric induction is opposite of that obtained with the (R)-BINAP-Rh 7 
catalyst. 19,20 This contrasting behavior was found to be caused by an unsaturated 
monohydride mechanism, which is facilitated by the Ru monohydride catalyst 18 formed by 
the heterolytic cleavage of HZ by precatalyst 17 (Figure 3)’’ Importantly, the metal hydride 
species 18 in this reaction is generated before substrate coordination, unlike the Rh chemistry 
involving the unsaturated dihydride mechanism (Figure 2)? The stereochemistry of the 
product is determined by the cleavage of the Ru-C bond in 21 by Hz. The enantiomeric ratio 
corresponds well to the relative stability of the diastereomeric substrate RuH complexes Si- 
and Re-20. The major Si-20 diastereomer is converted to the R hydrogenation product by 
migratory insertion followed by hydrogenolysis. The two hydrogen atoms incorporated in 
product 22 are from two different Hr molecules, as confirmed by isotope labeling 
 experiment^.^ This result stands in contrast to the standard Rh-catalyzed reaction, which uses 
only one H2 molecule per product. 
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(P-P) Ru(AcO)~ 
(R)-17 

- ACOH H21 
(P-P)RuH(ACO) 

NHCOMe (,+I8 Meo2CK 

H 

(P-P)(AcO)HRU, (P-P)(AcO)RU Yi: J, 
Me '0' Me 

03 
20 21 

P-P = (R)-BINAP 
Figure 3 Mechanism of Ru-complex catalyzed hydrogenation of enamide 19 

OH 0 

-0Me 
H2 

R uOMe 24 (RJ-BINAP-Ru b R 

23 

P-Keto esters are effectively reduced by halogen containing chiral precatalysts, 
including RuXz(B1NAP) 24 (X = CI, Br, [RuX(BINAP)(arene)]Y (X = halogen, Y = 
halogen or BF4),23 [NH~(C~H~)~][(RUC~(BINAP))~(~-CI)J~~ and other in situ formed halogen 
containing BINAP-RU complexes.25 Moreover, various P-keto esters are hydrogenated in 
alcoholic solvent with an S/C of up to 10,000 to give chiral P-hydroxy esters in high ee. 
Interestingly, the Ru(OCOCH3)2(BINAP) 15 catalyst, although excellent for the asymmetric 
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24, S = solvent 

t 
(P-P)RuHCISp 

R MOMe (R)-26 

l+ 

S / \H2 

(P-P)RuCIS, 
(P-P)CIHRu, 

29 
R 

27 

H+ 

O M J  25 

H R  
28 

P-P = (R)-BINAP 
S = solvent 

Figure 4 Mechanism of Ru-complex catalyzed hydrogenation of P-keto ester 23 
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hydrogenation of functionalized olefins, is ineffective in reactions of structurally similar 
ketones such as P-keto esters. 

A mechanistic model for the reduction of P-keto ester 23 is represented in Figure 4, 
wherein the actual catalyst is RuHCl 26 which is formed by the reaction between 24 and H2.26 
Initially, 26 interacts reversibly with P-keto ester 23 to form the o-type chelate complex 27, 
in which metal-to-carbonyl hydride transfer is geometrically difficult. However, after 
protonation at the oxygen, the electrophilicity of the carbon is increased and the geometry is 
converted from IS to n, which facilitates the hydride migration. The hydroxy ester ligand in 
the resulting product 28 is liberated by solvent. The cationic Ru complex 29 cleaves H2 and 
regenerates 26. Enantioselectivity of > 99:l is achieved in the hydride transfer step 27 to 28. 
A key step is carbonyl protonation of 27, caused by HCI generated in the induction step 24 to 
26.27 The list of potential substrates includes various ketones possessing a directive functional 
group such as a dialkylamino, hydroxyl, alkoxyl, siloxyl, keto, halogeno, alkoxycarbonyl, 
alkylthiocarbonyl, dialkylamino-carbonyl, phosphoryl, and sulfoxyl group, among other 
possibilities.’c,4a,28 

1.4.4 Variations and Improvements 

30 (S)-BIPHEMP: R‘ = Ph; R2 = CH3 
31 (S)-BIPHEP: R’ = Phi R2 = OCHj 

32 (S)-ePh-HexaMeO-BIPHEP 33 (S)-Ha-BINAP 

Ever since Professor Noyori demonstrated that BINAP transition metal complexes were 
highly effective for asymmetric hydrogenation, a vast number of chiral ligands and catalysts 
have been developed by many researchers in academia and industry.ld In particular, many 
researchers have devoted their efforts to designing and developing new efficient and selective 
chiral phosphorus ligands. A major feature in the design of the new chiral phosphorus ligands 
is the ability to tune the steric and electronic properties of ligands within a given scaffold. 
Modification of the electronic and steric properties of BIPHEMP 30 and MeO-BIPHEP 31 
led to the development of new and efficient atropisomeric ligands for ruthenium-catalyzed 
asymmetric hydrogenation. l a  In addition, Zhang et al. have recently disclosed an ortho- 
substituted BIPHEP ligand, o-Ph-HexaMeO-BIPHEP 32, for the rhodium-catalyzed 
asymmetric hydrogenation of cyclic enamide~.~’ Takaya has found that a modified BINAP 
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ligand (HB-BINAP 33) provides better enantioselectivity than BINAP in Ru-catalyzed 
hydrogenation of unsaturated carboxylic acids.30 

The chiral biaryl bisphosphine ligand SEGPHOS 34, developed by Takasago, 
possesses a smaller dihedral angle than BINAP. The ligand has provided greater 
enantioselectivity over BINAP in Ru-catalyzed hydrogenation of a wide variety of carbonyl 
cornpo~nds.~' 

OH 

34 WSEGPHOS 35 KetalPhos 

A number of chiral bisphosphane ligands have emerged based on the modification of 
DuPhos and BPE ligands,la which have proved successful for the rhodium-catalyzed 
asymmetric hydrogenation of functionalized olefins and ketones. The ligand with four 
hydroxyl groups, KetalPhos 35,32 enables the hydrogenation to be carried out in aqueous 
solution with high enantioselectivity. 

Zhang has developed a series of 1,4-diphosphane ligands with a conformationally 
rigid 1,4-dioxane backbone, as exemplified by T-Phos 36 and SK-Phos 37. These ligands 
have proved highly efficient and selective (> 99% ee)  for the asymmetric hydrogenation of 
arylenamides and MOM-protected P-hydroxyl e n a m i d e ~ . ~ ~  

PhzP P h z $ O ~ F  

H OMe 

36 (R, R, R, R)-T-PhoS 37 (R, R, R, R)-SK-PhOS 

Many chiral ferrocene-based bisphosphane ligands with great structural variations 
have been developed recent1 Togni and Spindler introduced non-C.?-symmetric ferrocene- 
based Josiphos type IigandsJ Josiphos 38 has been found to be effective for Rh-catalyzed 
hydrogenation of a-acetamidocinnamate, dimethyl itaconate, and P-keto esters. A class of 
non-C2-symmetrical ferrocene-based 1,5-diphosphane ligands (TaniaPhos 39) has also been 
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developed by Kn~chel .~’  These ligands have been effectively used in Rh- and Ru-catalyzed 
asymmetric hydrogenation of functionalized a-(acy1amino)acrylic acids and esters, p-keto 
esters, and imines. The TaniaPhos type ligands (39), which have a M e 0  group at the 
stereogenic carbon, have shown excellent applications in hydrogenation of several ketone and 
olefin substrates?6 

38 (R)-(S)-Josiphos 39 TaniaPhos 

Although the first P-chiral bisphosphane (DIPAMP) was developed by Knowles over 
30 years ago, the discovery of new efficient P-chiral bisphosphanes has been slow partly 
because of the difficulties in ligand synthesis. Pye and Rossen have developed a planar chiral 
bisphosphine ligand, [2.2]-PHANEPHOS 40, based on a paracyclophane ba~kbone.~’ The 
ligand has shown excellent enantioselectivity in Rh- and Ru-catalyzed hydrogenations. 

0 4 %  ’ OPR2 

@Ppb \ / g : : P h 2  / /  OPPhz PR2 

42 (S)-Cy,Cy-oxoProNOP: R = Cy 
\ \ Ph PPh2 

41 (S)-ph-eBINApO 43 (S)-Cp,Cp-oxoProNOP: R = CP 
40 (S)-[P,S]PHANEPHOS 

The discovery of highly efficient bisphosphinites, bisphosphonites, and bisphosphites 
for asymmetric hydrogenation has been relatively slow compared to chiral bisphosphane 
ligands, due to their greater conformational flexibility and instability. Zhang has recently 
reported on a series of o-BINAPO ligands with substituents at the 3 and 3‘ positions of the 
binaphthyl group. The ligand Ph-o-BINAPO 41 is an efficient ligand for hydrogenation of a- 
dehydroamino acid  derivative^.^' The o-BINAPO ligands have also been applied in Ru- 
catalyzed hydrogenation of p-aryl-P-(acylamino)acrylates and up to 99% ee’s have been 
obtained.39 

Several efficient arnidophosphine- and aminophosphine-phosphinite ligands have 
been reported by Agbossou and Caq~entier.~’ Amidophosphine-phosphinite ligands (9- 
Cy,Cy-oxoProNOP 42 and (9-Cp,Cp-oxoProNOP 43 are efficient ligands for Rh-catalyzed 
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hydrogenation of dihydro-4,4-dimethyl-2,3-furandione, and up to 98% eels have been 
obtained. 

1.4.5 Synthetic Utility 
Professor Ryoji Noyori developed and utilized the BINAP molecule as a chiral ligand to 
effect stereoselectivity in transition metal catalyzed asymmetric hydrogenation. The catalytic 
asymmetric hydrogenation reaction has been applied to a number of diverse functionalized 
ketones and olefins. The following illustrations represent the synthetic utility of the 
asymmetric hydrogenation reaction using the BINAP ligand, as well as new chiral 
phosphorus ligands. 

1.4.5. I Hydrogenation of dehydroamino acid derivatives 
A number of natural and unnatural amino acids are now available in >90% ee due to catalytic 
asymmetric hydrogenation of (2)- or (E)-a-(acy1amino)acrylic acids or esters, and this 
methodology is gaining practical significance in industry and academics.If In general, high 
enantioselectivity is achieved for Z-isomeric substrates of a-dehydroamino acids, where as 
hydrogenation of the E-isomeric substrates usually proceeds with slow rates and poor 
enantioselectivity.'Ibs4' Interestingly, the DuPhos-Rh system provides excellent 
enantioselectivity for both Z- and E-isomeric substrate 44 and gives a single hydrogenation 
product 45 regardless of starting Z- and E-isomeric substrate.41b 

I 
v C 0 2 M e  

H2 
NHAc (R, R)-Pr-DuPhos-Rh e C 0 2 M e  

b 

NHAC or 

--fCo2Me NHAc 

44 

45 
>99% ee 

Hydrogenation of P,P-disubstituted a-dehydroamino acids 46 remains a challenging 
problem. The less bulky Me-DuPhos- or Me-BPE-type ligands provide excellent 
enantioselectivity to give a variety of P,P-disubstituted products 47.42 

(R, R)-Me-BPE-Rh H2 L C O 2 M e  
h 

NHAc NHAC 

46 47 
98.2% ee 
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The asymmetric hydrogenation of P,P-disubstituted a-dehydroamino acid 48, in 
which the 0-substituents are nonequivalent, provides the opportunity to selectively construct 
two contiguous stereogenic centers as seen in 49. The Me-DuPhos and Me-BPE ligands 
facilitate the rhodium catalyzed hydrogenation of the E- and Z-isomers with excellent 
enantioselectivity .42 

H2 Ye - C0,Me 
ph+co2Me (R,R)-Me-BPE-Rh- Ph- 

N HAc NHAC 

48 49 
90.6% ee 

Furthermore, the asymmetric hydrogenation of the E- or Z-isomer of P-(acetylamin0)- 
P-methyl-a-dehydroamino acids (50 and 51, respectively) with the Me-DuPhos-Rh catalyst 
provides either diastereomer of N,N- rotected 2,3-diaminobutanoic acid derivatives (52 and 
53) with excellent enantioselectivity. 4 F  

50 

YNHAC H2 

51 

52 
96% ee 

53 
a 98% ee 

1.4.5.2 Hydrogenation of enamides 
The Ru-BINAP system has shown excellent enantioselectivity in hydrogenation of (2)-N- 
acyl-1-alkylidenetetrahydroiso uinolines 54. Thus, a series of chiral isoquinoline products 55 
can be efficiently synthesized. 4% 
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H2 
Me0 (RJ-BINAP-Ru 

c 

OMe 

OMe 

54 55 
99.5% ee 

Rhodium catalyzed hydrogenation of enamides has attracted much attention recently. 
With the development of more efficient chiral phosphorus ligands, extremely high ee’s can be 
obtained. Hydrogenation of tetra-substituted enamides, such as P,P-dimethyl-a-phenyl 
enamide derivative 56, has been reported with r-Bu-BisP* and t-Bu-MiniPhos providing 
amide 57 with excellent ee.45 

H2 NHAc 
(R,RJ-t-Bu-BisP*-Rh 

* 

56 57 
99% ee 

1.4.5.3 Hydrogenation of (pacylamino) acrylates 
Asymmetric hydrogenation of (0-ac lamino) acrylates provides 0-amino acids, an important 
constituent in many chiral drugs:‘Many Rh and Ru complexes with chiral phosphorus 
ligands such as BINAP,47 DuPhos?* BICP?’ BDPMI,” and MalPHOS” are effective for the 
hydrogenation of (Q-P-alkyl (P-acy1amino)acrylates. However, only a few chiral ligands, 
such as BDPM139,50 or TangPhos,” can hydrogenate (Z)-P-alkyl (0-acy1amino)acrylate 58 in 
over 93% ee.  

HZ 
catalyst C02Me 

Ph * Ph’NHAc 

58 59 

catalyst: (S)-X~I~I-O-BINAPO-RU, 59 (99% eel3’ 
catalyst: (S,S,R,R)-TangPhos-Rh, 59 (93.8% ee)52b 
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1.4.5.4 Hydrogenation of enol esters 
In contrast to many examples of highly enantioselective hydrogenations of enamides, only a 
few successful demonstrations exist for the asymmetric hydrogenation of enol esters. One 
possible reason is the acyl group of an enol ester has weaker coordinating ability to the metal 
catalyst than the corresponding enamide substrate. Both Rh and Ru complexes associated 
with chiral phosphorus ligands such as DuPhosS3 and Cz-T~naPhos,’~ respectively, are 
effective for the asymmetric hydrogenation of a-(acy1oxy)acrylate 60. 

H2 

c yR 
catalyst 

OAc 
YR 

OAc 

60 61 

catalyst: (R,R)-Et-DuPhos-Rh, 61 (>99% ee, R-confign., R = COzEt) 
catalyst: (S)-Cz-TunaPhos-Ru, 61 (97.7% ee, S-confign., R’ = I-Np) 

1.4.5.5 Hydrogenation of a-punsaturated carbonyls 
Significant progress has been achieved in the asymmetric hydrogenation of a$-unsaturated 
carboxylic acids with chiral Ru catalysts. In the case of hydrogenation of 62, high 
hydrogenation pressure and low temperature are required to achieve good enantioselectivity 
of (S)-2-(4-fluorophenyl)-3-methylbutanoic acid 63, a key intermediate in the synthesis of the 
calcium antagonist Mibefradil.’’ 

R~(0Ac)z 
[(R)-BIPHEMP] 

t 

F $COZH / F 

62 63 
94% ee 

Many chiral phosphorus ligands with Ru complexes have achieved excellent 
enantioselectivity in the hydrogenation of a$-unsaturated esters, amides, lactones, and 
ketones. The Ru-BINAP system is efficient for h drogenation of 2-methylene-y- 

MeOBIPHEP-Ru complex under high hydrogen pressure, 3-ethoxy pyrrolidinone 68 is 
hydrogenated to give (R)-4-ethoxy-plactam 69 in 98% 66.” 

butyrolactone 64 and 2-methylene-cyclopentanone 66.56, ? ’ With a dicationic (9-di-t-Bu- 
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64 65 
95% ee 

H2 

c , S t * \  

Bu 

(R)-BINAP-Ru 

66 67 
98% ee 

H7 

H (S)-di-&Bu- 
MeO-BIPHEP-Ru 

b 

Etd Etd 

68 69 
98% ee 

1.4.5.6 Hydrogenation of unsaturated alcohols 
Asymmetric hydrogenation of allylic and homoallylic unsaturated alcohols was not very 
efficient until the discovery of the BINAP-Ru catalyst. With Ru(BMAP)(OAc)z as catalyst, 
geraniol 70 and nerol 72 are successfully hydrogenated to give (9- or (R)-citronellol (71 and 
73, respectively) in high overall yield with good enantioselectivity of 98 and 99% ee.59 

-OH (S)-BINAP-Ru c -OH 

H2 

70 71 
99% ee 

H2 
(S)-BINAP-Ru 

* 

<OH 
72 73 

98% ee 
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1.4.5.7 Hydrogenation of ketones 
Hydrogenation of a-keto esters and amides has been studied with Rh and Ru catalysts. 
Several neutral Rh catalysts with chiral ligands such as MCCPM6' and Cy,Cy-oxoProNOP6' 
have demonstrated excellent reactivity and enantioselectivity in the hydrogenation of a-keto 
esters and amides. A cationic (BoPhoz)-Rh complex efficiently hydrogenates the cyclic a- 
keto ester, dihydro-4,4-dimethyl-2,3-furandione 74, with a high turnover number to afford a- 
hydroxy ketone 75.62 

74 75 
97.2% ee 

Asymmetric hydrogenation of P-keto esters has been very successful using chiral Ru 
catalysts and a detailed review on this subject is available.'e The BINAP-Ru catalyst gives 
high enantioselectivity on a variety of P-keto esters.22a Furthermore, a Josiphos-Rh complex 
is found to be effective for hydrogenation of ethyl 3-oxobutanoate 76 to afford P-hydroxy 
ketone 77 with good enantio~electivity.~~ 

H2 OH 0 

=OEt (R)-(S)-Josiphos-Rh L &OEt 

76 77 
97% ee 

The asymmetric hydrogenation of unfunctionalized ketones is a more challenging 
task, due to the lack of secondary coordination to the Enantioselective 
hydrogenation of simple aromatic and aliphatic ketones, 78 and 80, respectively, has been 
achieved with a XylBINAP-Ru complex in the presence of a chiral diamine such as daipensU 

H2 
0 fran~-R~CI2[(S)-Xyl- OH 

BINAP][(S)-daipen] 
PhKMe L PhAMe 

78 79 
99% ee 
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H2 
0 fmnS-RtClz[(S)-Xyl- OH 

BINAP][(S)-daipen] 
cycbhexylA Me c cydo-hexyl AMe 

80 81 
85% ee 

1.4.5.8 Hydrogenation of imines 
Currently, only a few efficient chiral catalytic systems are available for hydrogenation of 
imines. The recent development of trans-[RuC12(bisphosphine)( 1,2-diamine)] complexes has 
provided promise in this area.65 High enantioselectivity has been reported in hydrogenation of 
acetophenone N-arylimine derivatives 82 using a truns-[RuC1~(Et-DuPhos)][dach] system 
and up to 94% ee has been obtained under basic  condition^.^^ A truns-[RuCl2(MeO- 
BIPHEP)][anden] complex has also shown promise in the asymmetric hydrogenation of 
cyclic imines 84 with moderate enantioselectivity (88% 

H V P h  
H2 

DuPhos][(R,R)-dach] 
N.Ph tfanS-RUC12[(R,R)-Et- 

b PhAMe PhAMe 

82 83 
94% ee 

- &  H2 
trans-[RuCl2((S)-MeO- 
BIPHEP)((S,S)-anden] 

H 

84 85 
88% ee of product sign65 

1.4.5.9 Hydrogenation via dynamic kinetic resolution 
Many stereoselective reactions suffer from the disadvantage of producing the desired chiral 
product in 50% maximal yield. The lability of 2-substituted 3-OX0 carboxylic esters to 
undergo facial epimerization, coupled with the high chiral recognition of the BINAP-Ru(I1) 
complex, provides the possibility of stereoselective hydrogenation utilizing dynamic kinetic 
resolution.66 If the racemization of enantiomers 86 and 87 is rapid with respect to 
hydrogenation, then the hydrogenation would form one isomer selectively among the four 
possible stereoisomeric hydroxyl esters (88). 
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0 0  H2 OH 0 

(R)-BINAP-Ru c Rl+& 

R2 
R,J+OR3 

R2 

86 syn-88 

0 0  H2 OH 0 

(R)-BINAP-Ru c R l U O R 3  

R, 
R l V O R ,  

R, 

87 anti-88 

The stereoselective transformation constitutes an ideal asymmetric catalysis, which is 
capable of converting racemic starting material to a single chiral product possessing stereo- 
defined vicinal stereogenic centers in 100% yield. In dichloromethane containing a (R)- 
BINAP-Ru racemic ketone 89 is hydrogenated with high anti diastereoselectivity, 
to give a 99: 1 mixture of the trans-hydroxyl ester anti-90 (92% ee)  quantitatively.66 

89 

1.4.6 Experimental 

mot-Bu 
OBn 0 0 

anti80 
92% ee 

H2 
(S-BINAP)RUCIZ 

l l 0a t1~1 ,45~C,MeOH 06" OH 0 
c 

syn-90 
93% ee 

91 92 
76% yield, 96% ee 
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5-Benzyloxy-3-hydroxyy-pentanoic acid tert-butyl ester (92)67 
A sample of [((s)-BINAP)RuC12]2*NEt3 was prepared from RuC12COD (0.020 g, 0.07 mmoi) 
and (8-BINAP as previously described!' A solution of 91 (1 0.06 g, 36 mmol) in methanol 
(20 mL) was degassed with N2 and then added to a Schlenk vessel containing the catalyst. 
Stirring the mixture for 30 minutes gave a homogeneous orange solution. The mixture was 
acidified with 2 N HCI (0.24 mL), transferred by canula to a 125-mL pressure reaction vessel 
(Parr No. 465 l ) ,  and heated to 45 OC. The vessel was pressurized to 1 10 atm with Hz, and the 
temperature was maintained for 24 hours. The mixture was concentrated and purified by Si02 
chromatography (20% ethyl acetatehexane) to give alcohol 92 (7.63 g, 76% yield, 96% ee) 
as a slightly yellow oil. 
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1.5 Sharpless Asymmetric Hydroxylation Reactions 

1.5.1 Description 
The Sharpless asymmetric hydroxylation can take one of two forms, the initially developed 
asymmetric dihydroxylation (AD)] or the more recent variation, asymmetric 
aminohydroxylation (AA).' In the case of AD, the product is a 1,2-diol, whereas in the AA 
reaction, a 1,Zamino alcohol is the desired product. These reactions involve the asymmetric 
transformation of an alkene to a vicinally functionalized alcohol mediated by osmium 
tetraoxide in the presence of chiral ligands (e.g., (DHQD)z-PHAL or (DHQ)z-PHAL). A 
mixture of these reagents (ligand, osmium, base, and oxidant) is commercially available and 
is sold under the name of AD-mix p or AD-mix a (vide infra). 

I (DHQ)z-PHAL 

I AA I 
K20S02(OH)4 
(DHQ),-PHAL 

NHX HO 

* R,+R2 O r  R,%R2 
XNClNa or AcNBrLi 

R 1 4 A  

OH NHX 

I .  5.2 Historical Perspective 
Makowka3 first reported the use of osmium tetroxide for the dihydroxylation of alkenes. 
Later, Hofmann4 showed this process could be made catalytic in osmium when conducted in 
the presence of chlorate. While both Milas' and Criegee6 simultaneously reported that 
peroxides could be used to recycle the osmium, it was Criegee who reported the observation 
that amines, such as pyridine, dramatically accelerated the rate of the cis-hydroxylation 
reaction. The Criegee conditions became the standard method for osmium tetraoxide- 
catalyzed oxidation of alkenes until VanRheenen and co-workers' published improved 
conditions that employed tertiary amine oxides as oxidants. The first example that this 
dihydroxylation process could be carried out in an asymmetric fashion was reported in 1980, 
when Hentges and Sharpless' reported the chirality transfer from optically active cinchona 
alkaloids acting as chiral amine ligands. Refinements to this process ultimately led to the 
reaction conditions currently used and to reagents that are commercially available? The AA 
was an offshoot of this work, when it was determined that imido analogs of osmium 
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tetraoxide could react with alkenes to produce amino alcohols by a cis-addition reaction.” In 
October of 2001, the Royal Swedish Academy of Sciences awarded the Nobel Prize in 
Chemistry for the development of catalytic asymmetric syntheses. K. Barry Sharpless was 
awarded half of the prize “for his work on chirally catalyzed oxidation reactions.” I ’  

1.5.3 Mechanism 
In general, the mechanism for the AD reaction is depicted in Figure 1 .  Coordination of a 
ligand to osmium tetraoxide 1 generates complex 2. This species then reacts with alkene 3 
producing osmium glycolate 4 that can then decompose to the desired 1,2-diols 5 and the 
reduced osmium species 6. Catalytically active 2 can be regenerated from 6 by an external 
oxidant, such as ferricyanide. 

Figure 1 
Rl 

1 

5 i 
Os02(OH)Y2 + L 

/ 6  

2 Fe(CN)C4 2 Fe(CN)C3 

The specific details of how the transformation of 1 to 2 to 4 occurs still remain to be 
fully characterized. However, numerous studies have been reported in an attempt to provide 
the mechanistic details. The first rationalization, proposed by Boseken12 and Criegee,6’I3 was 
based on the similarity between osmylation and permanganate oxidations of alkenes. A 
concerted [3 + 21 reaction of the osmium tetraoxide and the alkene could produce the 
observed product. It was proposed that the ligand acceleration of this reaction was related to 
the rehybridization from tetrahedral to trigonal bipyramidal at the osmium center upon ligand 
coordination (1 to 2). The decrease in the 0-0s-0 bond angle would reduce the strain in 
transition-state 7 on the way to formation of the five-membered ring intermediate 8. 



Chapter I Asymmetric Synthesis 69 

1 

L 

2 7 8 

This mechanism fell out of favor with the observation of a nonlinear Eyring 
relationship between % ee and tempera t~re . '~  As a result, this rationalization was replaced by 
a mechanism that required a stepwise pathway through an osmaoxetane Ligand 
acceleration in the [2 + 21 mechanism could occur if rearrangement of osmaoxetane 10, via 
intermediate 11, to osmaglycolate 8 is facilitated by coordination of a ligand. The 
electrophilic nature of osmium in this species is also consistent with initial attack of the 
alkene at the metal center to form 9 and is inconsistent with an alkene x-bond attack of two 
partial negatively charged oxygen atoms in the [3 + 21 mechanism. 

0 II // I l k -  L q) 77 
8% - o= s, - 0-0s - oFos-o 

I 0  0 4 1'0 0' I 
L 0 19 L 

P\ - 
0'11'0 0 II 0 

0 0 

1 9 10 I 1  8 

By direct analogy, the mechanism for the AA can be adapted from the work 
associated with the AD reaction? The point of departure results from the change in the 
reagents required for the AA reaction. The catalytically active species is likely the 
imidotrioxoosmium (VIII) 12 (Figure 2). This complex is formed in situ from osmium 
tetraoxide and the stoichiometric nitrogen source (e.g., chloramines). Addition of alkene 3 
produces complex 13, the result of the asymmetric aminohydroxylation. The desired product 
15 is released from the metallic center along with regeneration of the catalytic species by 
addition of another equivalent of the nitrogen source to convert 13 to 14 followed by 
hydrolysis of 14 to generate 15. 
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Figure 2 
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For the generation of 13, all the uncertain that was found in the AD reaction can 
also be translated to this variation of the reaction.” The dichotomy between a [2 + 21 and a 
[3 + 21 mechanistic process remains for the AA reaction. The formation of 13 can be 
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rationalized using a [3 + 21 mechanism in which 16 undergoes the cycloaddition after 
coordination of a ligand to 12. Alternatively, the [2 + 21 pathway could proceed by x-bond 
complex 17 followed by the cycloaddition reaction to afford 18. Ligand complexation then 
precedes bond migration to convert 19 to 13. 

Computational chemistry approaches aimed at resolving this mechanistic dichotomy 
have only made the situation less clear.” Furthermore, one cannot study this reaction using 
the standard principle of microscopic reversibility as these reactions are irreversible. 
Consequently, the chemistry of rhenium complexes has been applied to those of osmium to 
provide some insight as to what possibilities are accessible for this metal. l 8  

1.5.4 
To improve the asymmetric induction in these reactions, numerous ligands were evaluated 
(over 500 have been tested in the Sharpless labs).Ig Within the cinchona alkaloid family, 
over 75 derivatives were screened. The best ligands have been found to be analogs of 
dihydroquinine 20 and dihydroquinidine 23. The result of these studies are the DHQ 21 and 
DHQD 22 ligands, respectively. 

Variations and Improvements or Modifications 

I 

OMe 

! 

dihydroquinine DHQ 

20 21 

Figure 3 
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I DHQD dihydroquinidine 

22 23 

/ 

Phenanthryl 
ether (PHN) 

4-methyl-2-quinolyl 
ether (MEQ) 

The nature of the chiral auxiliary has given rise to two generations of ligands. The 
first generation ligands consist of a single chiral auxiliary bonded to an aryl scaffold (Figure 
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3). The second generation ligands (Figure 4) consist of the aryl scaffold bonded to two chiral 
auxiliaries resulting in a C2-symmetric system. These modifications were based on the desire 
to improve the chiral induction and broaden the scope of alkene substitution patterns that 
could be accommodated by these catalysts. 

Figure 4 

Ph/ ‘Ph 

(DPW 

diphenylpyrimidine Phthalazine 
( P W  (PHAL) diphenyl pyrazinopyridazine 

x,-0 \ / 0-x, 

diphenyl phthalazine 
(DP-PHAL) anthraquinone 

(AQN) 

The most common and commercially available variation of this reaction makes use of 
the PHAL-based ligands, 24 (AD-mix p) and 25 (AD-mix a). Both reagents are a mix of an 
osmium source (K20~02(OH)4), an oxidant (K3Fe(CN)6),20 and a base (K2CO3) in 
combination with the chiral ligand. For AD-mix p this ligand is (DHQD)*-PHAL 24 and for 
AD-mix a this ligand is (DHQ)2-PHAL 25. 

AH OMe 

a Me0 Meo \ \ 

’ N’ 
dihydroquinine (DHQD),-PHAL 

20 24 
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dihydroquinidine (DHQ)2-PHAL 

23 25 

The lack of resolution by which mechanism the osmylation proceeds has resulted in 
two models to rationalize the face selectivity of the AD reaction. The commonality of these 
two predictive models resides in the basic principle that a chiral binding pocket is formed 
from the ligand’s aromatic groups. However, the shape and location of this pocket in the 
complex i s  not identical. 

The Cotey group at Harvard, based on a [3+2] mechanistic pathway, has proposed a 
U-shaped binding pocket constructed from two parallel methoxyquinoline moieties contained 
in the second generation Sharpless ligands (vide supra).” Thus, chiral ligand 26 coordinates 
an osmium center through one of the bicyclo[2.2.2]octane moieties. This places the oxidant 
in close proximity to the bound substrate as depicted in 27. The chiral volume generated by 
complex 26 permits the alkene substrate to come in contact in only one possible orientation 
28, thereby inducing chirality in the product. 

26 27 
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Ph- 

28 

The Sharpless group has proposed a more L-shaped conformation for the 
methoxyquinoline moieties of the ligand.22 Coordination of the osmium tetraoxide and 
binding of the alkene then generates complex 29. As before, the chiral environment in which 
the alkene is held results in the asymmetry imparted during the course of this transformation. 

,\ “0 

- glycol product 

29 
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The utility of the ligands for inducing asymmetry for different alkene substitution 
patterns has been explored. Since the binding pocket will vary in size and preference for 
which substituents it will best interact, a systematic analysis of this relationship has been 
conducted. There are six possible substitution patterns that can be found for an alkene and 
the best combination of substitution pattern and ligand for maximizing asymmetric induction 
is shown in Table I .  While there are specific ligands that are best for certain alkene 
substitution patterns, the PHAL ligand is the one that appears to have the best selectivity, in 
general. 

Conductin the AD reaction at pH 12 was found to improve the reaction rates for 
internal alkenes?' Additionally, the need for hydrolysis adjuvants, such as methane- 
sulfonamide, could be omitted. 

Additional modifications include the immobilization of the catalyst on an insoluble 
surface. Silica-anchored ligands have been reported based on the DPP 33 and PYR 34 
cores.24 Their use in AD reactions were comparable to the untethered versions of the chiral 
ligands. Alkenes substituted with alkyl or aryl groups and with internal and terminal double 
bonds gave diol products with yields ranging 51-93% and optical purities of 61-99% ee. 
The differentiation between 33 or 34 was the ability to readily recover and recycle the chiral 
ligands. 

For the AA reaction, the smaller the substituent on the nitrogen source, the more 
efficient the reaction became. Thus, there are three variations of this reaction based on the 
nitrogen source, sulfonamide 30, carbamate 31, or amide 32. 
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Na 
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R.,KN.Cl 

I 

Na 

31 
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Li 

32 

Polymer-based derivatives of PHAL 35 have been investigated in the AA reacti0n.2~ 
The utility of this ligand was evaluated relative to the free form using the reaction of 
cinnamate 36 to amino alcohol 37. This conversion, using the chiral ligand 28, afforded 37 in 
96% yield and 96% ee, while 35 effected this transformation in 91% yield and 87% ee. 

&oA Chloramine-M ligand ~ 

K 2 0 S 0 2  (OH14 
n-PrOH/H20 1 :1 

36 37 
20°C 24 h 

Despite the uncertainty in the exact mechanism for the AD reaction, a useful 
mnemonic to predict the direction of asymmetric dihydroxylation has been established.” If 
one places the carbon-carbon double bond of the alkene along the east-west axis of a 
compass, the substituents on the alkene point to the off-directional positions into the four 
quadrants shown in Figure 5. The SE quadrant is sterically most demanding, so there is 
sufficient room for only a hydrogen substituent. The diagonal position, NW, is slightly more 
accessible and can accept small substituents. The NW quadrant is more accommodating and 
will fit medium-sized groups. The largest groups are typically placed into the SW quadrant, 
but the nature of the substituent that can be accommodated is ligand dependent. For example, 
aromatic groups are favored at this position when employing PHAL ligands, whereas PYR 
ligands show a preference for aliphatic groups at this position (vide supra). 
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Figure 5 

Just as with the AD reaction, a mnemonic for the AA reaction has also been put 
forward (Figure 6). The same model predicts the identical sense of enantiofacial selectivity 
indicating the chiral ligands are behaving in a similar manner. 

Figure 6 

DHQD 
n 

U 

AD-mix a 

/ \  
DHQ HO NH1 

1.5.5 Synthetic Utifity 
Azasugars, in general, have shown promise as anti-cancer and anti-viral agents. The 
preparation of pyrrolidine azasugar 40 took advantage of the AD reaction.26 Diene 38 could 
be mono-dihydroxylated using the AD-mix a system to produce 39 in excellent optical 
purity. This compound was then taken on in three steps to 40 in an overall yield of 60%. 
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AD-mix a 
NaHC03 

Br OH 
MeS02NH2 t ~ "*q' 
70% 97% ee 

H,Olt-BUOH 1 :1 
OH Br H H  

OH 
Br O 0 C , l 6 h  

38 39 40 

The AD reaction was central in the preparation of (+)-cis-sylvaticin 41,27 a natural 
product found to have potent anti-tumor activity. The ability of this compound to inhibit 
ATP production by blockade of the mitochondria1 complex I was thought to be the origin of 
this biological outcome. The AD reaction, in this example, exploited the preference of this 
reaction for the oxidation of 1,2-trans-alkenes over monosubstituted alkenes. The E,E- 
isomer of tetradecatetraene 42 could be chemoselectively dihydroxylated at both internal 
alkenes, while the terminal alkenes remained untouched. Thus, 43 was generated in excellent 
chemical yield. 

41 

HO OH 

*- \ 
AD-mix a 

37% 
Q8% ee HO OH 

42 
> 90% de 43 

The AA reaction has been used in the preparation of the paclitaxel 44 side-chain 47." 
The structure activity relationship (SAR) associated with the anti-cancer activity of the 
scaffold embedded in this substituent is wellknown. Starting with the commercially available 
methyl cinnamate 45, on a one-third mole scale, the advanced intermediate 46 could be 
prepared in one step with essentially no workup. The ready access to 46 enabled the 
preparation of 47 which could be used in the semi-synthesis of 44. 
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A tethered aminohydroxylation (TA) reaction extends the utility of carbamate 
versions of the nitrogen source.29 Combining the nitrogen source with allylic or homoallylic 
alcohols enabled formation of products not previously accessible. Thus, exposure of 48 to 
the osmium reagent, in the absence of a chlorinating agent and base, led to cyclized amino 
alcohol 49. A similar result was observed for homoallylic alcohol derivative 50. 

U 

48 49 

If the reaction was conducted with 1 equivalent of osmium and in the presence of 
TMEDA, then the intermediate osmium azaglycolate 52 could be isolated. The structure of 
52 was confirmed by single crystal X-ray analysis. This observation demonstrated that the 
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reaction does indeed occur by syn-addition across the alkene and provides strong evidence 
that the Os(V1) species is oxidized by a N-sulfonyl derivative. 

52 

1.5.6 Experimental 
The two examples below provide representative experimental protocols for the AD" and AA 
reactions, respectively. There are several confirmed methods that have been reported in 
Organic Synthe~es.~' 

(2R)-4-(NJV-Diethylcarbamoyloxy)-5,5-difluoropent-4-en-1,2-diol (54)3' 

AD-mix p ODEC 

F OH 0 'C, 18 h, 88% F 

53 54 

A mixture of AD-mix (1 1.7 g, 1.4 1 g/mol) and NaHCO3 (1.8 g, 2 1.4 mmol) in t-BuOHIH20 
(82 mL, 1 : l  v/v) at room temperature was stirred vigorously until a solution was obtained. 
The reaction was cooled to 0 "C and diene 53 (1.82 g, 8.32 mmol) was added. Once the 
reaction was complete, as judged by TLC, the yellow mixture was quenched with NaS203 (1 2 
g) and stirred an additional 30 min to produce a grey solution. This was diluted with DCM (5 
mL) and the phases were separated. The aqueous layer was back extracted with DCM (3 x 
20 mL) and the combined organic phases were dried and concentrated in vacuo. The crude 
product was purified by silica gel chromatography to afford 54 (1.85 g, 88%) as a colorless 
oil. 
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K20~02(OH)4 CbZXNH AJok (DHOD)rPHAL 

t-BuOCI, NaOH 
n-PrOHIH20 OH 

5h, 67%, 99% ee 
55 56 

To a solution of benzyl carbarnate (6.6 g, 43.6 mmol) in n-propanol (56 mL) was added a 
solution of NaOH (1.71 g, 42.9 rnrnol) in 105 mL of water followed by freshly prepared fert- 
butyl hypochlorite (4.7 mL, 43.9 mrnol). To this mixture was then added a solution of 
(DHQD)z-PHAL (0.54 g, 0.56 mmol) in 49 mL of n-propanol. Finally, 55 (2.0 g, 14.1 
mmol) and K20~02(OH)4 (0.20 g, 0.56 mmol) were added. Once the reaction was 
completed, partially judged by the change in colour from the initially light green coloured 
reaction to a light yellow colour, the mixture was diluted with 30 mL of ethyl acetate. The 
aqueous phase was extracted with ethyl acetate (4 x 60 mL) and the combined organic phases 
were washed with brine, dried (Na2S04), and concentrated. The crude product was purified 
by flash chromatography to afford 56 (2.92 g, 67%) as a white solid. 

1 - 5 7  
I .  

2. 

3 .  
4. 

5 .  

6. 
7. 
8.  
9. 
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2.1 Eschweiler-Clark Reductive Alkylation of Amines 

2.1.1 Description 
The Eschweiler-Clarke reaction is the reductive methylation of amines 1, both primary and 
secondary, using formaldehyde (2) and formic acid (3).”2 This represents a specific 
application of the Leuckart-Wallach reaction. 

In contrast to other methods for the methylation of primary amines, for example, the 
use of methyl iodide, this method leads to good yields of the N,N-dimethyl tertiary amines, 
without the formation of quaternary salt p rod~cts .~  In comparison to reductive amination 
techniques, the reagents for the Eschweiler-Clarke reaction are cheap, and the reaction is 
easily scaled up! 

2.1.2 Historical Perspective 
In 1905, Eschweiler reported that the reaction of formaldehyde with primary and secondary 
amines in the presence of formic acid produced, on the application of high temperature, the 
methylated products.’ It was not until 1933, however, that Clarke el al. elucidated the 
mechanism of the reactione2 

Eschweiler illustrated in his report several examples, including a benzyl amine and 
diamines such as piperazine and ethylenediamine, and noted the complete methylation of the 
amines, without quaternisation.’ 

2.1.3 Mechanism 
The mechanism of the Eschweiler-Clarke reaction proceeds via the formation of an imine, 
followed by reduction by formic acid. That the methylation is attributable to the 
formaldehyde and the reduction to the formic acid has been confirmed using I4C-labeled 
isomers of each in a series of studiese5 Thus, the amine reacts with formaldehyde to produce 
an imine, and this is then reduced with the loss of carbon dioxide by formic acid. In the case 
of primary amines this process is then repeated to produce a tertiary N,N-dimethyl mine.  

In some cases the formation of carbonyl derivatives of the amines can reduce the 
useful yield.6 These products arise from the hydrolysis of the isomerised Schiff base 14. 
Interestingly, it has been shown that the final product is not derived from these carbonyl by- 
products. Cope e? al. showed that, in the case of methylation of optically active amines in 
which the asymmetric carbon is alpha to the amine, complete retention of configuration was 
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seen even when the appropriate carbonyl product was formed.' Thus the isomerized Schiff 
base 14 must be hydrolyzed faster that it isomerizes to Schiff base 8. 

.. a 
R-NH2 R" "H 

8 
1 6 7 

3 

1 l1 

12 

10 

13 

9 

I 
R+O NH2 

15 16 

Other side reactions are possible, usually leading to formamide  derivative^.^ In 
addition, Alder et al. have reported that in the Eschweiler-Clarke reaction of polyamines, 
methylation fragments of the original polyamine are frequently isolated? 

2.1.4 Variations 

2.1.4. I N-Alkylation of amides 
Lemaire et al. report an extension of the Eschweiler-Clarke reaction to allow the N-alkylation 
of amides.8 Although many other methods for this reaction do exist,g-" they tend to be 
inefficient on secondary and cyclic amides" or compounds with low N-H acidity.' In 
addition, this modification of the Eschweiler-Clarke reaction allows N-alkylation with a 
secondary alkylating agent, a reaction that would normally be impossible due to the 
competing elimination p roce~s .~  In the reaction, reductive alkylation is effected with an 
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aldehyde or ketone (see Leuckart-Wallach reaction) under hydrogen with Pd/C and sodium 
sulphate in a non-protic solvent.* 

H 

0 R2 
RYNyR' 

w 20 or 

@O 
PdlCINa2S04 

n = 1,3, ... 100 O C  ~ 2 ~ ~ 1  n = 1,3,.. 

17 or 
0 

G O  H HZ, 40bar 
19 

18 
21 

81 - 95% 

2.1.4.2 Solvent- and formaldehyde-free conditions 
Kosma et al. have developed a modification of the Eschweiler-Clarke reaction that avoids the 
use of toxic formaldehyde, and concentrated formic acid.12 In place of these reagents they 
propose the use of paraformaldehyde and oxalic acid, in solvent-free conditions; in addition, 
this process requires no purification steps. 

" O H o  ,2H20 
0 OH 

23 - (4 100% 

H *$o+, loooc I 

25 22 H 
24 

2.1.4.3 Reductive cleavage of cyclic amino1 ethers to n,n-dialhylamim-derivatives 

0 

Ph OH 

reflux, 7 h JN/ 

96% 
Ph H%H 

)rg \ I 
26 27 
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Page and Heaney et al. have reported the reductive ring opening of five- and six-membered 
amino1 ethers derived from formaldehyde as a general procedure to give N-methyl- 
derivatives in high yields.I3 

2.1.4.4 Exceptions and Unusual Results 

a-Amino amides 
Chen and Sung have recently reported a special case where the Eschweiler-Clarke 
methylation of a-amino amides leads to cyclocondensation  product^.'^ 

28 I 

H2CO 

HC02H 

90% 

Unexpected aromatic methylation of anilines 
Bobowski has noted that in the case of electron-rich anilines, aromatic methylation can take 
place during the Eschweiler-Clarke rea~tion. '~ It appears that the donation of the aniline lone 
pair is mechanistically involved in the production of a quinoid-like intermediate that is 
reduced in situ. 

30 31 
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2.1.5 Synthetic Utility 

32 33 

HPCO 

CI 
35 

CI mNH HC02H 

34 

HC02H c+" 36 H2Co 37 

The Eschweiler-Clarke reaction represents a synthetically useful method for the methylation 
of mines that avoids quatemisation and is easy to scale up. The reaction conserves 
stereocentres present elsewhere, and has been shown to be possible with less toxic reagents, 
in solvent-free conditions. 

Recently, the application of microwave conditions to reactions that normally proceed 
thermally, but with long reaction times,I6 has led to a much-hastened procedure for the 
Eschweiler-Clarke reaction.""* Harding et al." and Torchy et al." have implemented a 
microwave assisted Eschweiler-Clarke reaction with a 1 : 1 : 1 ratio of amine : forma1in:formic 
acid with severely reduced reaction times of 1-3 minutes, in yields of 70-100 %. 

In their studies toward the synthesis of antioxidants, Wijtmans et al. have carried out 
several methylations of 2-aminopyridines, both cyclic and acyclic, in quantitative yields 
using the Eschweiler-Clarke pro~edure.'~ 
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HzCO 

HCOzH 
iPrOH 

HpCO 

HCOpH 
iPrOH 

It is also interesting to note that the Eschweilerxlarke reaction can be used to form a 
“methylene bridge.” This has been noted many times and in particular can be viewed as a 
special case of the Pictet-Spengler reaction?’ 

HZCO 

H3C0 HCOzH H3C0)Q3NH HRCO 

I 
OCH3 

44 45 

This reaction has been used by Kametani et al. in the formation of the berberine 
bridge in their synthesis of codamine.*’ 

b 

H3CO HCOzH H3C0 I 88% 

HzCO 

100 OC 9 OCH, 5h 

OH 
OCH, 

OH 

46 47 

The “bridging partner” need not be aromatic, as has been reported by Cope et a1?2 
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H2CO 

2.1.6 Experimental 

8' ?r 

D 

H,CO 

HCOzH 

5-Bromo-l,4,6-trimethyl-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine'g 
A solution of 5-bromo-4,6-dimethyl-2,3-dihydro-lH-pyrrolo[2,3-b]pyridine (1.1 g, 4.56 
mmol) in a mixture of 10 mL 37% aqueous HCHO and 10 mL of 90% HC03H was refluxed 
for 18 h. On cooling, the mixture was reduced in vucuo and basified with 15 M aqueous 
KOH. The suspension was cooled in an ice bath, and the precipitate filtered, washed with 
water, and dried. Chromatography (3:l hexanes: EtOAc) gave the product as white needles. 

2.1.7 
I .  
2. 
3.  
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5. 
6. 
7. 
8. 
9. 
10. 
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2.2 Gribble Reduction of Diary1 Ketones 

2.2.1 Description 
The Gribble reduction of diaryl ketones refers to the sodium borohydride-trifluoroacetic acid 
(NaBHdTFA) reduction of diaryl ketones (1) to diarylmethanes (2).' The reaction is very 
general and is applicable to the reduction of diarylmethanols (3) and triarylmethanols (4) to 
the respective diarylmethanes (2) and triarylmethanes (9.2 

NaBH4 NaBH4 PH 
* Ar-CHTAr Ar-CH-Ar 

:: 
Ar - C- Ar 

1 3 
CFBCO~H 

2 
CF3C02H 

NaBH4 
Ar3COH - Ar3CH 

CF3C02H 
4 5 

Ar = aryl, hetaryl 

The use of NaB& in carboxylic acid media has been extensively 
Since hydrogen gas is evolved in these reactions, it is important to use pellets of 

N a B h  to minimize the surface area in contact with the TFA, and to employ inert gas 
conditions." 

2.2.2 Historical Perspective 
Following the discovery of the ability of NaBHJRCOzH to effect the reduction and N- 
alkylation of indoles,12 Gribble and co-workers found that diaryl ketones are smoothly 
reduced to diarylmethanes using NaB&/TFA.' A year earlier it was found that 
diarylmethanols and triarylmethanols are similarly reduced to the respective hydrocarbons.2 

methane (43%) and 4-nitrodiphenylmethanol(57%). Further treatment of the latter affords 
4-nitrodiphenylmethane in 84% yield.' The reduction is also poor with sterically crowded 
benzophenones, as 6-8 are essentially recovered unchanged with NaB&/TFA. Likewise, 
4,4'-bis(dimethy1amino)benzophenone (Michler's ketone) and decafluorobenzophenone fail 
to react under these conditions. 

The reduction is slow with 4-nitrobenzophenone giving a mixture of 4-nitrodiphenyl- 
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(ref. 1) 
NaBH4 

R & 1520°C TFA - R 

R % yield R % yield 

H 92 CN 90 
Me 89 NMe2 82 
OMe 88 NHPh 93 
OH 90 C02H 73 
F 82 C02Me 93 
Br 94 NO2 43 (+ 57% alcohol) 

(ref. 1) 

Me 

6 7 8 

2.2.3 Mechanism 
The mechanism of this reduction is presumed to involve reduction of the carbonyl group to 
the hydroxyl group, followed by TFA-promoted solvolysis to a doubly benzylic carbocation 
9, and subsequent borohydride (or acyloxyborohydride) quenching of the carbocation to give 
product hydrocarbon. The highly colored carbocations are visible as transient species? 

R NaBH4 
Ar -C- Ar 

1 

- 
TFA 

OH I TFA + 
Ar-CH-Ar - Ar-CH-Ar 

3 9 

B HQ - Ar-CH2-Ar 

2 

Consistent with this mechanism is the observed facile reduction of diarylmethanols 
and triarylmethanols with NaB&/TFA.* Other examples of products from the corresponding 
alcohols are 10-15. The corresponding cations leading to 10-15 are spectacularly colored in 
TFA (e.g., scarlet-red, red-orange, purple, dark blue, and blue-green). 
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NaBH4 

TFA 

15-20 'C 
93% 

(ref. 2) 

15-20 "C 

99% 

&QJ+jQj)& \ 10,97% \ 11,93% 12,90% Me Me w w w  \ / / Me \ / 

\ Me 

13, 97% 14, 89% 15,94% 

The reaction takes a different course with monobenzylic alcohols (e.g., Friedel-Crafts 
Some examples of dimerization or no reaction) and is very slow or fails in acetic acid. 

aberrant behavior are shown in Scheme 1. 

Scheme 1. 

NaBH4 ~ W M e  + & 
$Me TFA Me 

9% 29% 
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Me Me 

NaBH4 TFA ~ d M e  + % 
38-45% 24-32% ' 

(ref. 2) 

Ph ' Ph 
rPh+ \ a 

30% 70% 

2.2.4 Variations and Improvements 
The two main operational variations are (1) to add a solution of the substrate in 
dichloromethane to a mixture of NaB& pellets in TFA acid at 15-20 "C under nitrogen or 
argon, and (2) to add the N a B h  pellets to a solution of the substrate in TFA at 15-20 "C 
under nitrogen or argon.'72 Powdered N a B h  can be used but the greater surface area of this 
form of NaB& presents a greater danger of fire from the evolved hydrogen.2*" The author 
has never experienced a fire using NaB& pellets in conducting hundreds of such reactions in 
his laboratory. 

Whereas monobenzylic ketones and alcohols are not usually cleanly reduced with 
NaBWTFA, suitably activated substrates do undergo reduction to the corresponding 
hydrocarbons. An early example was provided by Snieckus in the reduction of tetralone 16 
to 17, following TFA-promoted C-3 epimeri~ation.'~ This deoxygenation also occurs readily 
with 3-acyl- 1 -(phenylsulfonyl)indoles 18.14 Interestingly, the corresponding 3-formylindole 
(18, RI = R2 = R3 = H) affords a complex mixture of uncharacterized products with 
NaB&/TFA, as does 2-acetyl-1 -(phenylsulf~nyl)indole.'~~ However, several formylazulenes 
are reduced to the corresponding methyl derivatives with NaB&/TFA (e.g., 20 to 2l).I5 

1. TFA, 50 "C - <TOMe 
0 'CONMe2 2. NaBH4 '''CONMez (ref. 13) 

0"Ctor t  

76% ' OMe 
OMe OMe 

16 17 
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NaBH4 w R373--&R4 
TFA, 0 "C to r t  

6599% 
18 I 9  

I 
SOpPh S02Ph 

R, = Me, Et, Ph, CH2CH2C02H, CH2CH2C02Et 
R2 = H, CI, Br, I 
R3 = H, Br 

O H 9 t - B u  TFA, NaBH4 CH2C12 * ' 9 t - B ~  

0 "C to 25 "C 

90% 
SMe 

21 
SMe 

20 

(ref. 14) 

(ref. 15) 

Likewise, activated benzylic alcohols can undergo deoxygenation depending on the 
level of activation as demonstrated by Nutaitis (22+23; 24-+25).16 In such cases the 
variation was used that involves the addition of TFA to a mixture of the substrate alcohol and 
N a B h  in THF, a procedure that generates the more reactive NaBH3(0COCF3) species6 

R - O C H 3  (ref. 16) 
R-O CH20 NaBH4 

TFA, THF 
22 23 

R % 23 R % 23 

4-NMe2 78 4-NO2 0 
4-OH 45 2-OMe 0 
4-SMe 41 4-CI 0 
4-OMe 19 4-Me 0 
3,4-diOMe 20 4-Ph 0 
2,5-diOMe 0 
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R 3 3 "  NaBH, ~ R 3 d R 2  

R4 TFA THF R4 
24 25 

Entry R1 R2 R3 & %25 

(ref. 16) 

1 Bu H H OMe 91 
2 Bu H OMe H 0 
3 Bu H OMe OMe 83 
4 Bu Et H OMe 82 
5 Bu H H NMe2 90 
6 Me Me H Me 68 
7 M e H  H H 0 

A comparison between entries 1 and 2 dramatically illustrates the expected effect of 
the methoxy group on stabilizing the intermediate carbocation. In some cases (e.g., entry 6 )  
olefin formation is observed.'6 

Despite the enormous success of the combination of NaBWTFA to reduce aryl 
ketones and alcohols to hydrocarbons (vide infiu, Section 2.2.5), there are notable failures as 
shown below (2633), most of which involve monobenzylic substrates with little or no 
special activation. For these substrates either complex mixtures obtain or no reaction occurs. 
The profound effect that the presence of a basic nitrogen atom can have on reactions 
involving N a B b  in carboxylic acid media was observed some years a g ~ ' ~ , * ~  and may pertain 
to most of these cases (i.e., 27, 28,30-32). 

8 

I , i NHCOCF3 t 
0 -  

& N 4  F N  @XzN 9; 
\ 

2919 (CH2)3Br 

\ ?  R R 

'OPh 27 (X = CH, N; R = H, CI)'* 28 (X = CH, N; R = H, C1)18 2617 
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Me2N 

OH 
Me OMe 

4 
30’’ 3121 ; 

Me 
32” 

Other reaction substrate variations that will not be covered in this chapter include the 
NaBHdTFA reductive cleavage of 1,4-epoxy- 1 ,4-dihydronaphthalenes2’ and benzylic 
ozonides:6 the tandem solvolysis-reduction of triarylmethyl chlorides~’ the cleavage of 
ferrocenyl ketone hydrazines,t8 and the reduction of benzophenones to diarylmethanols (!).29 

2.2.5 Synthetic Utility 
In addition to the NaB&/TFA reduction of simple benzophenones presented earlier,’ there 
are numerous examples of more complex diaryl ketones undergoing this transformation. The 
following compounds result from NaB&/TFA reduction of the respective diaryl ketones. 
The range of functional group tolerance is noteworthy, the yields are very good to excellent, 
and this reduction has proved to be very useful in synthesis. 

H C N  “ ‘ O w N H 2  &“ t CI 

/ OCH2C02Et 
\ 

Me0 OMe HO 
\ / 

OMe 
35 (62%)31 36 (69%)32 

34 (51 

I CI 
Me + CI 

HO 

37 (66%)33 C02Et 38 (R = H, CI, CN, OMe; 63-95Y0)~ 3935 Me 

The reaction leading to amine 3935 also affords some of the expected N-trifluoroethyl 
analog,12343 and some reduction of the isoquinoline ring is observed with 40.36 The reduction 
of three benzophenone-type carbonyl groups in a tricalix[5]arene proceeded in 95% ~ i e l d . 4 ~  
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& ,. 6 I b B r ~  C02H OM* 
S02Ph Bn 4 

N /  / 

40 (75%)% 
41 (89%)37 4238 43 

0 

H N w o M e  F 

0 )fS ' 4 

44 (91%)40 ' 

45 (R = OH, N02; 10-24%)41 

46 (X = CI, Br; 61-63%)42 

X 
OMe 

Fewer examples exist of successful monobenzylic ketone reduction but several are 
known. Indeed, the application of NaBJ&/TFA deoxygenation of keto porphyrins, and of the 
corresponding alcohols, has been very successful (e.g., 47+48).45 Similarly, pyrrole 49 is 
cleanly reduced to SO,& and both carbonyl groups in 51 are deoxygenated leading to 52 with 
the more reactive NaBH3OCOCF3 to reduce also the amide functionality!' Tricyclic thiepins 
and oxepins 53 are cleanly reduced to 54, as are the corresponding alcohols.48 

Me02C 
47 

NaBH4 

TFA, 0°C 

86% 

* (ref. 45) 

48 
Me02C 



Chapter 2 Reduction 101 

&(CH2)2CO*Et 

Y (ref. 46) 
Et02C % (cH2)2C02Et N a B h  Et02C 

Me TFA, 0 "C to rt Me 

49 65-99% 50 

0 

* V N  (ref. 47) 

NaBH30COCF3 

THF, reflux 
H a  *& H 51 60% 52 

NaBH4 

TFA, -10 "C 

73-74% 
53 (X = s, 0) 54 

(ref. 48) 

Acyl and diacyl ferrocenes are reduced to the corresponding a1 1 ferrocenes using 
NaBH4/TFA>9 although the contrary result has also been reported' An interesting 
deoxygenation is the conversion of hydroxyphenanthrene 55 to 56, presumably involving 
TFA-promoted tautomerization to a ketone intermediate." A similar low-yield deoxy- 
genation of 1- and 2-naphthol was observed by us nearly 30 years ago.'* 

NaBH4 * @  (ref. 51) 

Me TFA, 0 ° C  
Me 

Me 20% Me 

55 56 
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Me H Me Br H 

M e O m O M e  

R2 Br R4 
/ \ / Me Br Me 

57 (94%)% 58 (94%)54 R3 5955 

R1 R2 R3 %59 

H OMe OMe Me 93 

H H H Me 88 
m’ \ / OMe H OMe OMe OMe H Me H 96 95 Br X I  

60 (x = Br, 1; 94%)56 61 (49%)56 I 

Numerous applications of the NaBWTFA deoxygenation of diarylmethanols and 
related benzylic alcohols have been reported, especially those involving diarylmethanols. In 
addition to the examples shown earlier: diarylmethanes 57-64 have been prepared from the 
corresponding alcohols with NaB&/TFA. The site of reduction is shown as a bold H. 

X *x / \ @QpBr n 
H H 

62 (x = 1;  70%)% 
63 (X = Br; 64 (n = 1 4 ;  89-95%)57 

As we have seen, many hct ional  groups are tolerant of NaB&/TFA (e.g., 65-68) 
and naphthyl groups also serve as suitable substrates (e.g., 69-71). 

S02Me 
I 

Me0 
OMe OMe 

F OMe 
CF3 

66 (93%)59 67 (83%)60 
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Me0 OMe 

68 (97%)6' 

70 (71Y0)~~ 

Me0 Br 
69 (93%)62 

H 

In addition to intermolecular carbocation captures that were shown earlier (Scheme 
1),2 one must also be wary of intramolecular ambushes by, for example, adjacent phenyl 
groups (e.g., 72+73; 74-75). 

TFA 

93% 
73 

75 

(ref. 2) 

(ref. 59) 
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M e 0  
85 

M e 0  

17 (4 1 %)68 78 (65%)68 "h S 95 
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The NaBHdTFA deoxygenation reaction has been extended to more complex systems 
such as cavitands wherein four doubly benzylic hydroxyls are reduced (80% yield),65 to 
cyclophanes," and to numerous substrates having one or two heterocyclic rings. Nutaitis and 
co-workers have explored these heterocyclic carbinols in great depth.67368 Selected examples 
are shown (76-84), and it is observed that n-excessive heterocycles tolerate the NaB&/TFA 
conditions and are reduced nicely, but n-deficient heterocycles with a basic nitrogen atom are 
difficult substrates to reduce. For example, product 76 is not obtained where the heterocycle 
is 3-pyridyl, 2-oxazolyl, 2-benzothiazolyl, 2- and 4 4  I-methylimidazolyl), and 2-( l-methyl- 
benzimidazolyl) and starting material is recovered ~nchanged.6~ With a more activatin 

Nutaitis has extended this methodology to dihetarylmethanols resulting in reduction products 
81-84. 67 

Other studies of NaBH4mFA reduction of heterocyclic methanols have furnished 85- 
88 as well as a key intermediate en route to quinone-linked p~rphyrin.'~ Despite these 
successes a few failures have been reported involving heterocyclic methanols ( imida~o le~~  
and th i~phenes~~) ,  in addition to the inherent limitations discovered by N ~ t a i t i s . ~ ~ , ~ ~  

phenyl group reduction can be achieved with these n-deficient heterocycles (e.g., 77-80). B 
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87 (41 %)71 

The discovery that triphenylmethanol is reduced essentially quantitatively to 
triphenylmethane with NaB&/TFA2 has led to several applications of this facile reduction, 
including the synthesis of deuterated and C-13 labeled triphenylmethane~.’~ Other product 
examples are 89-93. Attempts to secure 91 on a large scale (25 g) led to alkene f~rmation,~’ 
which is often a side reaction of appropriate substrates.2 For example, a conjugated alkene 
accompanies 92.80 Alcohol 94 failed to react with NaB&/TFA, perhaps a consequence of the 
proximate nitrogen and electron-deficient benzene rings prohibiting carbocation formation.** 

Me0 
OMe 

OMe 90 (98%)78 92*O 
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Me0 OMe 
OMe OMe 

93 (78%)81 1 9482 

Several heterocycle-containing triarylmethanols have been deoxygenated with 
NaB&/TFA and some of the resulting products are shown (95-100). Other combinations of 
heterocyclic rings have been studied in this The preparation of 98 was 
performed on a 100 kg scale,85 but the tris-heterocycle 99 failed to afford the expected 
hydrocarbon .86 

98 (94%)85 

96 (39Y0)~~ 

?Me ?Me 

97 (70%)84 

H 

Me 

100 (46%)87 

As introduced in Section 2.2.4, monobenzylic alcohols are inherently poor substrates 
for reduction using NaBHdTFA. However, notable exceptions have been discovered and this 
tactic has a synthetic niche as illustrated with reduction products 101-105. Diastereo- 
selective introduction of deuterium was reported in the studies involving 
tetrahydroisoquinoline lOZg9 Note that alkene formation from the carbocation intermediates 
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leading to 104 and 105 would be prohibitive (Bredt's rule and ring strain). The NaBI&/TFA 
reduction of ferrocenyl alcohols has also been describedy2 as has the reduction of 
monobenzylic alcohols that are also further activated by an adjacent amide nitrogen 
(hydro~ylactarns).~~ 

&" dNa:) &::I \ 

Me 
\ 

Me0 / /  

101 OMe 103 ( 80%y9 102 (85%)89 

6" 
104 ( 98%)90 

F 
105 (84%)'' 

A few examples are known wherein a single heterocyclic ring provides the necessary 
carbocation stabilization for ionization and reduction to occur. In addition to the 
deoxygenation of hydroxy porphyrin~?~ two indole examples are known wherein a benzylic 
hydroxyl group is removed (106,107). 

Et02C & MeO2C@; Me0 

\ NH Me C02Me 

106 (41%)95 107 (72%)% 

2.2.6 Experimentai 
Due to the liberation of hydrogen gas from all reactions involving NaB& and carboxylic 
acids, proper precautions must be observed. The use of NaB& pellets and inert gas 
conditions is strongly recommended. The addition of powdered NaB& to TFA poses the 
greatest danger of ignition. 
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Diphen ylmethane' 
To magnetically stirred TFA (50 mL) at 15-20 "C under nitrogen was added N a B h  pellets 
(1.76 g, 46 mmol) over 30 min. To this mixture (pellets not completely dissolved) at 15-20 
"C was added diphenylmethanol (2.00 g, 10.9 mmol) in portions over 15 min. The mixture 
was stirred under nitrogen at 20 "C for 12 h (to complete dissolution of the NaBb).  The 
mixture was diluted with water, basified with NaOH (pellets), and extracted with ether. The 
ether layer was washed (Hz0 then brine), dried (Na2S04), and concentrated in vacuo to give 
1.77 g of a light yellow oil. Distillation gave pure diphenylmethane as a colorless oil (1.70 g, 
93%), bp 63-64 "Cl0.4 Torr. 

4-(Diphenylmethyl)-l,l '-biphenyl (90)78 
A mixture of a,a-diphenyl-1,l '-bipheny1-4-methanol (1.34 g, 4 mmol) and N a B h  powder 
(1.52 g, 40 mmol) was added in portions over 5 min to TFA (50 mL) at 0 "C under a stream 
of argon with vigorous stirring. Additional TFA (6 mL) was added, and 40 min later the 
solution was evaporated. To the residue was added H20 (100 mL) and the solution was 
extracted with hexane (300 mL). The organic layer was washed with saturated aqueous 
NaHCO3, dried (Na~S04), and evaporated to give the title compound (1.25 g, 98%) as a pale 
yellow solid, mp 112-1 13 "C (hexane); 'H NMR (CDCl3) d 7.58 (d, 2H, 8.4 Hz), 7.51 (d, 2H, 
8.4 Hz), 7.43 (t, 2H, 7.7 Hz), 7.3-7.4 (m, 5H), 7.1-7.3 (m, 7H), 5.59 (s, 1H). Anal. Calcd for 
C25H20: C, 93.71; H, 6.29. Found: C, 93.76; H, 6.21. 

1-Bromo-5-methyl-2-(4-methylbenzyl)benzene (57)53 
Crushed N a B h  pellets (2.10 g, 55.4 mmol) were added to TFA (49 mL) cooled in an ice 
bath under nitrogen. A solution of (2-bromo-4-methylphenyl)-(4-methylphenyl)methanol 
(2.69 g, 9.23 mmol) in CH2C12 (25 mL) was then added dropwise. After the addition, the 
mixture was stirred at rt for 14 h until all NaB& dissolved. The solution was diluted with 
H20 and made basic with NaOH pellets. The product was extracted into CH2C12, the solution 
was washed, dried, and concentrated. The residue was chromatographed to give the title 
compound as a colorless liquid (2.40 g, 94%); 'H NMR (CDC13) d 7.21 (s, lH), 7.07-6.99 (s, 
6H), 4.02 (s, 2H), 2.30 (s, 3H), 2.28 (s, 3H). Anal. Calcd for Cl~H15~~Br:  274.0357. Found: 
274.0369. 

3-Ethyl-2-chloro-l-(phenylsulfonyl)indole 14a 

To magnetically stirred TFA (25 mL) at 0 "C under N2 was added NaBH4 pellets (1 8 mmol, 3 
pellets) over 30 min. To this mixture was added dropwise over 30 min a solution of 3-acetyl- 
2-chloro-l-(phenylsulfonyl)indole (0.50 g, 1.50 mmol) in CH2C12 (25 mL). The mixture was 
stirred overnight at 25 "C, diluted with H2O (75 mL), and made basic by the addition of 
NaOH pellets at 0 "C. The layers were separated and the aqueous layer was extracted with 
additional CH2Cl2. The organic layer was washed (H20, brine), dried (Na2S04), and 
concentrated in vacuo to give after flash chromatography (hexane:CH2Clz, 60:40) the title 
compound (0.35 g, 73%), mp 82-83 "C; 'H NMR (CDCl3) d 8.4-7.2 (m, 7H), 2.7 (9, 2H, 7 
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Hz), 1.1 (t, 3H, 7 Hz). Anal. Calcd for C ~ ~ H I ~ N O Z S C ~ :  C, 60.09; H, 4.41; N, 4.38. Found 
C, 60.15; H, 4.43; N, 4.33. 
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2.3 Luche Reduction 

2.3.1 Description 
The Luche reduction involves a selective 1,2-reduction of a,P-unsaturated aldehydes and 
ketones using sodium borohydride in combination with cerium(II1) chloride, resulting in the 
formation of allylic alcohols.’ 

1 2 

2.3.2 Hisforical Perspective 
As of the late 197Os, a simple, reliable, and efficient method for the selective conversion of 
a,P-unsaturated ketones to allylic alcohols was notably absent from the literature.2 Prior to 
Luche’s discovery, previous attempts for selective reduction suffered from limitations such as 
contamination by the product of 1,4-addition, slow reactivity, expensive reagents, and often 
the requirement of inert reaction conditions. During the same time period, the utility of 
lanthanide reagents in synthetic organic chemistry was just being discovered. Previously, 
lanthanides had been used as shift reagents in NMR spectroscopy, and as catalysts in 
petrochemical reactions, epoxide rearrangements, optical resolution, and reactions of 
secondary amines with acetonitrile. This emergence prompted Luche to examine the 
influence of lanthanides on the sodium borohydnde reduction of a,P-unsaturated ketones. 

Of all the reagents tested during this time (CeCl3, SmCl3 and EuC13), Luche’s method, 
using CeC13 in combination with NaBH4, proved to be the most effective way to exclusively 
achieve the 1,2-addition of hydride to an a$-unsaturated ketone. Several advantages of this 
reaction were noted in the preliminary communication of this reaction. Primarily, the 
conditions of the reaction do not affect carboxylic acids, esters, amides, acyl halides, nitriles, 
or nitro groups. Also, the reaction can be done at room temperature and takes little more than 
five minutes. Steric hindrance has no effect on the rate of the reduction and therefore allows 
the preferential 1,2-addition on most molecules. Additionally, the presence of water has little 
effect on the selectivity of the reaction, thus allowing the use of the lanthanides in their 
commercially available hydrate form. Most notable among the results reported by Luche is 
the reaction of 2-cyclopentenone (1). In the absence of CeC13, the reaction proceeds to give 
exclusively the completely saturated pentanone. However, in the presence of CeCl3, the 
selectivity is reversed, as demonstrated by the production of a 97:3 ratio of 2-cyclopentenol 
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(2) to cyclopentanone. Recently, LiBH4, a more reactive reducing agent, has been used in 
combination with CeCl3, resulting in better stereoselectivity in an isolated case.3 

2.3.3 Mechanism 
The mechanism of the Luche reduction is complicated by a lack of understanding of the exact 
nature of the agent involved in the reduction process. However, some elegant studies by 
Luche have resulted in the following mechanistic interpretation, which seems consistent with 
the regio- and stereoselectivity seen in the reaction? The major role of the Ce3' cation 
appears to be as a catalyst for the degradation of B&- by the methanolic solvent to give a 
reducing agent with increased hardness (hard and soft acids and bases [HSAB] theory) 
relative to borohydride itself. This increased hardness of the species 3 results in 1,2-addition 
since the 2-position of the enone system is understood to be harder. As well, the high 
propensity for axial hydride addition under these conditions can be justified with this 
explanation, since harder reagents tend to favor axial attack on cyclohexanones? 

3 
n=O,  1,2;  p = n +  1 

A common interpretation of this reaction invokes the use of the cerium(lI1) chloride 
as a Lewis acid that bonds to the carbonyl system, to make 1,2-addition favored. However, 
lanthanoid ions are known to preferentially bind to alcohols rather than carbonyl groups.6 
Additionally, if the cerium did bind with the carbonyl, one would expect that as dilution with 
methanol was increased, the observed regioselectivity, presumably due to this complexation, 
should be reduced. However, experimental results do not support this hypothesis. Since 
cerium complexation with methanol would result in increased acidity of the methanolic 
proton, the following scheme appears to be the more likely course of the reaction. 

3 + ~ e ,  

O---_- H' 
- * 

RC? ,OR 0-R 

2.3.4 Synthetic Utility 

2.3.4. I Regioselectivity 
During the course of developing a synthetic method for the central eight-membered ring of 
Taxol, the preparation of alcohol 5 was required.' Thus, the Luche reduction of ketone 4 
proceeded smoothly to give 5 with undefined stereochemistry. This reaction best 
demonstrates the enhanced regioselectivity obtained in the Luche process. In addition to 
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having no substitution at the P-carbon of the enone system, this ketone suffers from 
significant steric hindrance by the geminal dimethyl substituents at CS. While 1,4-addition 
would normally be favored for this molecule, the use of CeCl3 and NaBI-J.4 overrides this 
preference, giving complete 1,2-~electivity. The heightened selectivity for 1,2-addition is 
completely general and is one of the defining features of the Luche reduction.899 

NaBH4, CeCI3.7H20, MeOH 

87% 

4 5 

The pronounced regioselectivity is further deomonstrated by selective 1,2-reduction 
of 6, a precursor to cis-2,7-dihydroxycycloheptanone.10 Once again, reduction of the 
sterically hindered ketone occurs preferentially over 1,4-hydride addition. In addition to the 
exclusive regioselectivity, this reaction was completely stereoselective in the production of 7. 
The stereochemical result is rationalized by considering conformation A. For steric reasons, 
the hydride reagent is relegated to attack at the exo-surface of the n-system. 

2.3.4.2 Cyclic stereocontrol 
The stereoselectivity seen in the reduction of the seven-membered ketone above has proved 
to be general. This particular result, rationalized by the propensity for pseudoaxial hydride 
addition under Luche conditions, proved useful in the convergent total synthesis of 
Gymnocin-A, a polycyclic ether toxin isolated from the red tide dinoflagellate-Karenia 
mikimotoi." The Luche reduction was used for the production of allylic alcohol 9 from 
ketone 8 in 84% yield. Luche conditions were similarly applied to the synthesis of the related 
polycyclic ether toxin gambierol.12 
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NaBH4, CeC13.7H20 

MeOH, 84% 

8 9 

The majority of examples found in the literature re arding the utilization of the Luche 
reduction deals with reduction of six-membered enones.' This is due to the reliable and 
predictable stereochemical outcome of these reactions. In the total synthesis of phytuberin, a 
phytoalexin of the Solanum genus, compound 10 was produced via conjugate addition to (-)- 
a-santonin.16 Unfortunately, all attempts to reduce the C3 carbonyl group stereoselectively to 
provide the a-hydroxyl group (as in 11) failed, possibly due to the highly sterically hindered 
p-face of the molecule. Instead, the P-alcohol was obtained with complete stereoselectivity 
via axial addition under Luche conditions. Subsequently, stereochemical inversion was 
accomplished using a Mitsunobu reaction to give the desired a-alcohol in 82% overall yield. 

8- 

PhS 

,$H3 

1. NaBH4, CeC13, MeOH, 91% 

2. PhsP, HCOzH, DEAD, THF, 96% 
CH3 C02Me 

0 &,\CH3 

CH3 COZMe 3. KzCO3, MeOH, 0 "C, 94% 

10 11 

A key step in the pre aration of a new gibberellin, GAgg, involved the reduction under 
Luche conditions of a A'(' '-2-one derivative to furnish the critical 2p-stereo~hemistry.'~ 
While the 2-0x0 group in 12 was resistant to reduction, presumably due to in situ ketol 
formation, the methoxymethyl ester derivative was reduced satisfactorily to the desired 2p- 
epimer 13 using the combination of CeCl3 and NaBI-4. This combination efficiently and 
selectively delivered the hydride to the more hindered a-face of the A-ring. This example 
further demonstrates the propensity for hydride delivery via axial addition under Luche 
conditions. 

r 

2. NaBH4, CeCI3, MeOH, -78'C to rt, 75% 

1. MOMCI, DMAP, i-Pr2NEt, CH2C12, 90% 

,,O MOM 

C02Me COZMe 
COzH CO~MOM 

12 13 
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Axial hydride delivery in the Luche reduction was employed as a key step in the total 
synthesis of (-)-mintlactone (16).18 Utilizing Luche conditions, (+)-pulegone (14) was 
reduced stereoselectively to give cis-pulegol (15) in 98% yield. Ozonolysis was followed by 
acylation and an intramolecular Wittig-Homer reaction to complete the short, efficient 
synthesis of the target molecule. 

NaBH4, CeC13.7H20 0 3 ,  CH2C12 

$0 MeOH,98% $OH 95% * 

14 15 

1. (EtO)2P(0)CH(Me)C02H, 

2. NaH, THF, reflux, 90% 

DCC, CH*CI2,85% 

OH 

0 

16 

Luche conditions have also been utilized in the synthesis of an electrophilic galactose 
equivalent, specifically for preparation of an 0-linked glycopeptide isostere in the laboratory 
of Randall L. Halcornb.'' To accomplish this goal, per-acetylated cyclohexone 17 was 
reduced using NaB& and CeCL to produce psuedoequatorial cyclohexenol 18. The reaction 
produced a 30: 1 ratio of diastereomers favoring the product of axial hydride addition. 

AcO 81 % AcO OH 
AcO 0 AcO 

17 

* 

NaBH4, CeCI3 

18 

Aco& 

Stereoselective Luche reduction of dihydropyrans has been widely exploited because 
of its synthetic In all cases, an overwhelming preference for axial attack is 
observed. An elegant example of this comes from the work of Hodgson and co-workers in 
their efforts toward the synthesis of the C5&71 fragment of p a l y t ~ x i n . ~ ~  Thus, Luche 
reductions of the meso-dipyranone 19 were highly stereoselective and gave the diol 20 as a 
955 ratio of diastereomisomers. The selectivity of this overall transformation is remarkable 
and reflects the high level of stereo- and regioselectivity for each individual reduction. 
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QMe OMe 

fl NaBH4,CeCI3* > 98% f l  
0 OTBS 0 0 OTBS OH 

OMe 19 OMe 20 

Similar results were observed in the synthetic efforts toward the c16<27 segment of 
bryostatin 1 ?5 The synthesis of the fragment utilized a Luche reduction as the final step. This 
particular reaction using NaBH4 and CeCb reduced from the least hindered side of the C20 

ketone in 21 producing a 90% yield of the single stereoisomer 22. The resulting c17-c27 
bryostatins produced in these studies have shown potential anti-cancer properties. 

OPiv 
NaBH4, CeCI3.7H20 

OPiv 

'"'OBOM 90% "'OBOM 

21 22 

The opposite stereochemical outcome is observed when reduction is performed on the 
fully oxidized 23.26 In their synthesis of uncommon sugars from furanaldehyde, Wang and 
co-workers discovered that the stereochemical outcome of the Luche reduction can be 
manipulated by changing the temperature of the reaction. As shown below, Luche conditions 
successfully reduced the fully unsaturated ketone producing intermediate 24 in 75% yield. At 
0 "C, a separable mixture of the two lactones 24 and 25 was obtained in a 2: 1 ratio. However, 
execution at -78 "C solely yielded lactone 24. 

NaBH4, CeCI3.7H20 D yy+ / 

HO"" yy / 0 YyO 5 75% HO 

23 24 25 

at 0 "C, 24:25 = 2:l 
at -78 "C, only 24 isolated 

An interesting, and general, reversal of stereoselectivity occurs in the reduction of 
ketones contained in 2,6-disubstituted aminal ring systems, such as 26. The reduction of 26 
efficiently produced the sin le diasteromer 27, an intermediate in the syntheses of (&)-azimic 
acid and (*)-deoxocassine! Speculation on the origin of the stereoselectivity suggests the 
presence of a sterically hindered axial approach of the hydride reagent due to the bulky, 
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pseudoaxially oriented 2,6-substituents. Thus, in what has proved to be uite general for this 
system, equatorial addition seems to be the favored c o m e  of reaction?8Q' This generality is 
fiuther demonstrated in the similar reduction of 28 to give 29, an intermediate in the 
syntheses of D- and L-deoxyma~ojirimycin.~~ 

* 
NaBH4, CeCI3 

MeO"" Q0 , ~. ,"" 
I 
Ts Ts 

MeC MeOH, -40 "C Me 

26 27 

NaBH4, CeCI3 

MeOH/CH2CI2, -78 "C 

86% Cbz OTBS 
EtO 

Cbz OTBS 

28 29 

While not as prevalent as reduction of six-membered cyclic ketones, stereoselective 
reduction in five-membered rings is also p o ~ s i b l e . ~ ~ - ~ ~  One example of this reaction was 
realized during efforts to synthesize C2-deuterated ribonucle~sides.~~ As a solution to 
problems they encountered using more traditional hydride reducting agents (NaB&), the 
Luche reduction was found to be successful (NaBD4 and CeCl3 in THF). The workup 
required quenching the reaction with acetic acid which reproducibly yielded 90% of the 
desired alcohol. 

?Bz YBZ 

NaBH,, CeCI3, THF ~~1OBz 
90% BzO' 

OH 
BzO' 

0 

Cerium(II1) chloride as well as some other lanthanide salts invert the stereoselectivity 
of the reduction of bicyclo[3.1 .O]hexane-2,4-diones and bicyclo[3.1 .O]hexane-2-ones 
compared to sodium borohydride in methanol alone. This reversal leads to the more favored 
attack of the hydride from the most hindered, concave face of these molecules to give exo-4- 
hydrobicyclo[3.1 .O]hexan-2-ones and exo-bicyclo[3.1 .O]hexan-1 -oh, respectively, in 
excellent  yield^.^' If Luche conditions are used on 30 at low temperatures, complete 
stereoselectivity is induced in the production of 31. 
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NaBH4, CeC13, MeOH * J Y q  
88% 

0 H 
30 31 

Luche conditions have also found synthetic utility in the preparation of steroid 
derivatives such as the shark repellent pavoninin-5 and aragusterol H, an antiproliferative 
agent.38 During the synthesis of pavoninin-5, the intermediate enone 32 is reduced to the 
enantiopure allylic alcohol 33 in 98% yield. P-Delivery of the hydride is rationalized by 
blocking of the a-face by the bulky chlosterol side chain. Additionally, the flattened D-ring 
reduces the steric hindrance of the C-18 methyl group. 

OTBS 

NaBH4, CeC13 

98% 

33 32 
TBSO 

2.3.4.3 Acyclic stereocontrol 
Aside from the well-documented ability of the Luche reduction to provide stereocontrol in 
cyclic systems, acyclic stereocontrol is also viable through this process.3w' A notable 
example of this was demonstrated in the synthesis of (+)-cannabisativine, a unique natural 
product found in the common marijuana plant.42 This synthesis necessitated a stereoselective 
Luche reduction to produce the diol 36 as a single diastereomer. The reaction proceeded in 
96% yield and with 95% de. The pronounced diastereoselectivity can be attributed to Cram's 
rule, in which the hydride ion is delivered from the least sterically hindered side of the 
intermediate 34. Reduction via the chelated intermediate 35 would also account for the 
observed stereochemical outcome. 
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Reduction of a,P-epoxy ketones under the Luche conditions with NaBHdCeC13 in 
MeOH has been shown to provide anti- (or erythro) a$-epoxy alcohols stereoselectively and 
in high yield.43 As a means of comparison, the stereoselectivity using only NaB& and 
MeOH produced a 29:71 ratio of diastereomers 37 and 38. In contrast, standard Luche 
conditions gave a much improved ratio of 7:93 (37:38). The stereoselectivity is likely 
achieved through a chelated intermediate, since similar selectivity was obtained using the 
related reducing agent, Zn(BH& 

& NaBH4, 94% CeCI3, MeOH 

\ 
37:38 = 7:93 THPO 

2.3.5 Experimental 
37 

39 40 

Methyl-((3aS,4S,6aR)-4,6a-dihydro-4-hydroxy-2,2-dimethyl-3aH-cyclopenta[dj [ 1,3]- 
dioxol-6-y1)acetate (40)33 
To a solution of 39 (0.63 g, 2.8 mmol) and CeC13.7H20 (0.89 g, 2.4 mmol) in MeOH (15 mL) 
at 0 O C  was added portion-wise NaB& (0.15 g, 3.9 mmol). The mixture was stirred at the 
same temperature for 1.5 h before the reaction was quenched with H20 (10 mL). Methylene 
chloride (30 mL) was added to the mixture, and the organic phase was separated. The 
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aqueous phase was extracted with CHZC12 (2 x 15 mL). The combined organic phases were 
washed with brine and dried (anhydrous NaZS04). Evaporation of the solvent afforded 40 as a 
clean product (0.64 g, 100%) as determined by NMR with no further purification necessary: 

4.58 (m, lH), 3.70 (s, 3H), 3.23 (s, 2H), 2.80 (br, lH), 1.41 (s, 6H); I3C NMR (62.9 MHz, 
CDC13) 6 171.0, 138.3, 133.3, 112.6, 84.3, 78.0, 73.5, 52.1, 33.4, 27.7, 26.8. Anal. 

‘H NMR (250 MHz, CDC13) 6 5.69 (s, lH), 5.01 (d, J =  5.4 Hz, lH), 4.77 ( t , J =  5.4 Hz, lH), 

(CllH1605) c, H. 
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2.4 Meerwein-Ponndorf-Verley Reduction 

2.4.1 Description 
The Meerwein-Ponndorf-Verley (MPV) reaction'-3 is the reduction of a carbonyl (1) to an 
alcohol (2) using an aluminum alkoxide catalyst, generally Al(Oi-Prh, and an alcoholic 
solvent such as i-PrOH. The alcoholic solvent serves as the hydride source for the reduction 
and in the course of the reaction is oxidized to the corresponding carbonyl. 

2.4.2 Historical Perspective 
The Meerwein-Ponndorf-Verley reduction is so named because of the simultaneous and 
independent contributions from the labs of Meerwein, Ponndorf and Verley. The first report 
to appear in the literature was from Meerwein and Schmidt in 1925 who showed that an 
aldehyde could be reduced to a primary alcohol by Al(OEt)3 in an ethanolic medium? 
Independently, Verley demonstrated that butyraldehyde could be reduced by geraniol and 
Al(OEt)3.' The following year, Ponndorf extended this reaction to include the reduction of 
ketones by using an easily oxidized secondary alcohol, such as i-PrOH, as the hydride source 
and Al(Oi-Pr)3 as the metal catalyst.6 

2.4.3 Mechanism 
In Meerwein's initial publication he recognized that the reduction of aldehydes (3) to 
alcohols (4) with Al(OEt)3 and EtOH was a reversible p roce~s .~  As the reaction proceeded 
EtOH (5) was oxidized to acetaldehyde (6) and the reaction slowed; however, when 
acetaldehyde was allowed to evaporate over time, full conversion of the starting aldehyde 3 
to alcohol 4 was observed. This implied that EtOH and acetaldehyde were in equilibrium 
with each other and that the aluminum alkoxide promoted their interconversion. The reverse 
of the MPV reduction, in this case the oxidation of EtOH to acetaldehyde, is known as the 
Oppenauer ~xidation.~ 

6 
P" A1(0Et)3 

5 6 
P" A1(0Et)3 

5 
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The mechanism of the MPV reductions has been extensively studied7-12 and while 
pathways involving radical intermediates' and aluminum hydrides have been proposed, the 
most widely accepted mechanism proceeds via a direct hydrogen transfer between the alcohol 
and the carbonyl fhctionality of 7 ( a ketone in this case). Coordination of the aluminum 
alkoxide with ketone 7 is thought to form complex 8, subsequent hydride transfer via a 
concerted six-centered transition state, and decomplexation affords the desired alcohol 
product along with acetone. Computational modeling" and experiments measuring kH/kD8,12 
both suggest that hydride transfer is the rate determining step of the reaction. 

L o ,  , o A  

An% 
A,(Oi-Pr)3 F - A I - 0  rate-determining 

* 'R2 A step 

R' 

9 

0 

R " b  R' R2 

7 8 

2.4.4 Variations and Improvements 
The original conditions for the MPV reduction (i-PrOH, Al(Oi-Pr)3) had the disadvantage of 
requiring long reaction times. Often superstoichiometric amounts of both the alcohol and 
aluminum alkoxide were required to drive the reaction to completion. However, in 1977 
Rathke discovered that the use of a small amount of protic acid, such as HC1 or trifluoroacetic 
acid, significantly increased the rate of the Oppenauer 0xidati0n.l~ Akamanchi and Noorani 
subsequently showed that this same concept could be applied to the MPV reduction. In one 
example, p-nitrobenzaldehyde (10) was reduced to the corresponding alcohol (11) using 
i-PrOH and Al(Oi-Pr)3 in 15 minutes when 2% of trifluoroacetic acid was used. In the 
absence of tifluoroacetic acid the reaction proceeded to only 36% conversion in 15 
 minute^.'^ 

AI(0CPr)S (1 eq) 
benzene, rt * 

15 min. O2N 

10 11 

with TFA (0.03 eq) 100% conversion 

O2N 

without TFA 36% conversion 

A variety of other metal alkoxides have been utilized in the MPV reduction. The 
most notable of these are the trivalent lanthanide alkoxides. Kagan and co-workers were the 
frst to publish the use of these reagents for MPV reductions. They showed that a variety of 
ketones and aldehydes, such as 2-octanone (12), could be reduced using i-PrOH and catalytic 
SmIz(0t-Bu) in good yield in 24 
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Sm12(Ot-Bu) (0.1 eq) 
i-PrOH (4 eq) 

12 
THF, 65 "C 

86% 
13 

There has also been significant effort toward the development of an enantioselective 
MPV red~ction.'~.'' The first reported example of an enantioselective MPV reduction was 
the reduction of (14) by rac-Al(Oi-Bu)3 in the presence of an enantiomerically pure alcohol 
(15) to afford alcohol 16 in 22 % ee.I8 

OH rac-Al(Oi-Bu)3 (0.5 eq) 

16 
22% ee U I 

14 15 
U 

Since this initial finding there have been significant improvements in the degree of 
asymmetric induction observed in these reactions, most notably due to the use of chiral Lewis 
acids. In one example Evans and co-workers developed a chiral samarium catalyst (17) that 
was capable of reducing aryl ketones (18) in the presence of i-PrOH with high levels of 
enantioselectivity. ' 

17 (0.05 eq), 
0 i-PrOH (25 eq) OH 

ArKMe 
18 

A r 4 M e  
19 

36-96% yield 
92-97% ee 

THF 
17 

In 2002 the Nguyen lab demonstrated that Al(0i-Pr)((R)-BINOL) was an effective 
catalyst for the asymmetric reduction of aryl ketones (20).20 This methodology was recently 
extended to include the enantioselective reduction of imines (22) to the corresponding m i n e  
(23).21 

(R)-BINOL (0.1 eq) 

AIMe3 (0.1 eq) * &  dR i-PrOH (4 eq) 

toluene 21 20 
43-99% yield 
30-80% ee 
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(R)-BINOL (1.2 eq) 
AIMe3 (1.2 eq) HN-P(O)P~Z 

R’ RiAR2 
22 i-PrOH (4 eq) 23 

R’, R2= alkyl, aryl toluene 79-95% yield 
94-96% ee 

2.4.5 Synthetic Utility 
In Woodward’s synthesis of reserpine (24),22-24 quinone (25) is reduced to the corresponding 
diol which undergoes rapid lactonization to form the desired product (26).23,24 

@ Al(Oi-Pr)3 rn 

i-PrOH 

0 C02Me 

25 

Q 
0 

0 
26 

24 OMe 

Me 

M e 3 0  i-PrOH Sm12 (10 (0.1 eq), eq), THF ~ 

Me 
DEIPSO 98% 

f 
OPMB 
28 

I < 29 

11 oPMB 

27 
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The synthesis of cytovaricin (27) by Evans utilized the SmI2(Ot-Bu) reagent 
develo ed by Kagan to accomplish the reduction of ketone (28) to alcohol (29) in 98% 
yield. 2 P  

2.4.6 Experimental 

c 

i-PrOH 

V 
25 26 

MPV Reduction of dione 2524 
The dione adduct 25 (440 mg) and aluminum isopropoxide (1.83 g) were dissolved in dry 
isopropanol (8 mL). The mixture was boiled gently, and acetone and isopropanol were 
distilled slowly from the reaction mixture through a short column. From time to time 
isopropanol was added to maintain a constant volume. After one hour no more acetone could 
be detected in the distillate. The reaction mixture was then concentrated under reduced 
pressure, treated with ice-cold 2 N hydrochloric acid, and extracted with methylene 
chlorideiether (1:3). The organic phase was washed with sodium bicarbonate and saturated 
sodium chloride solution, and concentrated. The residue was crystallized twice from 
acetonelether, to give 230 mg of colorless lactone 26. 

28 OPMB i 29 
OPMB 

Samarium catalyzed MPV reduction of ketone 2825 
To an argon-blanketed flask containing 6.32 g (1 1.2 mmol) of a solution of ketone 28 in 38 
mL of THF at 23 "C was added 8.60 mL (6.75 g, 112 mmol) of freshly distilled and argon- 
degassed isopropyl alcohol, followed by 16.8 mL (assumed 0.10 M in THF, 1.68 mmol) of 
samarium diiodide. After 3 h, the dark-blue solution was diluted with 300 mL of diethyl ether 
and was extracted with 200 mL of saturated aqueous NaHC03. The aqueous layer was 
extracted with 2 x 100 mL of diethyl ether, and the combined organic layers were 
sequentially washed with 150 mL of saturated aqueous sodium sulfite and 150 mL of brine, 
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dried (Na2SO4,), filtered, concentrated, and purified by flash chromatography 6.20 g (98%) of 
the desired equatorial alcohol 29. 

2.4.7 
1. 
2. 

3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
1 1 .  
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
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2.5 Staudinger Reaction 

2.5.1 Description 
h i d e s  react with tertiary phosphines under mild conditions to form iminophosphoranes (l), 
which are versatile synthetic intermediates that have found a number of applications.’-*’ 
Upon treatment with water, an iminophosphorane will hydrolyze to form a primary amine 
and phosphine oxide in what is referred to as the Staudinger reaction or Staudinger reduction. 

I 

In the literature, the term “Staudinger reaction” is actually associated with any process 
that involves the conversion of an azide to the iminophosphorane as its initial step. 
Hydrolysis is the typical fate of this intermediate, but iminophosphoranes (sometimes called 
phosphazenes) can also undergo a host of synthetically useful tandem reactions, most notably 
aza-Wittig-type reactions with carbonyl containing compounds. 1-4wo 

2.5.2 Historical Perspective 
The reaction is named after its inventor, Hermann Staudinger, who first described the 
reaction in 1919.5 The first major review of the Staudinger reaction appeared in 1981, and 
even though this review appeared over 60 years after Staudinger and Meyer’s seminal 1919 
Helvetica Chimica Acta article, its lack of reference to applications in synthetic organic 
chemistry illustrated that the power of this reaction took quite some time to be realized. The 
decades following this 198 1 review would see an increased interest in the transformation and 
numerous new applications of the classical Staudinger reaction would be published in the 
following  decade^.^ In fact, just one decade later, a second review by the same authors 
appeared, this time describing some of these emerging synthetic utilities that would continue 
to gamer interest and expand the scope of the reaction.” 

2.5.3 Mechanism 
The first step in the Staudinger reaction is the nucleophilic attack of the phosphane’s 
phosphorus atom onto the terminal nitrogen (N-3) of the azide to yield a phosphazide 
intermediate (2). Select phosphazides have been isolated and characterized but typically these 
intermediates are unstable and readily eliminate dinitrogen gas to generate 
iminophosphoranes 1 in a fashion suggested below. While the phosphazides that have been 
isolated have been found by X-ray analysis to exist in the s-trans configuration, it’s the s-cis 
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configuration that would allow for the nitrogen and phosphorus bond to form due to 
proximity. A number of computational studies have been aimed at studying the reaction 
pathway of the Staudinger reaction and the geometry of the resulting phosphazide 
intermediate which seem to agree upon a pathway such as that depicted here."-13 
Nucleophilic attack of the phosphazide's N-1 onto the phosphorus results in a highly strained 
four-membered ring that immediately extrudes nitrogen and the iminophosphorane. It is 
important to note that azides and the subsequent Staudinger reaction intermediates have many 
resonance structures, but only those resonance structures that serve to better explain reactivity 
are drawn. 

I 2 I I 

.. .. 
(s-cis configuration) 1, iminophosphorane 

Upon exposure to water, nucleophilic attack of water onto the iminophosphorane 
phosphorus atom leads to a cascade of proton transfers that ultimately yield the primary 
amine and phosphine oxide. 
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Hydrolysis: Y H 
0; 

: 0-H 

H I  r2 R-N-PR3 - R-NH;1 + O=PR'3 .. 
R-NZPR'3 U 

v 

1 5 

If the Staudinger reaction of an alkyl azide containing a pendant carbonyl group is 
heated under anhydrous conditions, the iminophosphorane can nucleophilically attack the 
carbonyl leading to cyclic imines (via the ma-Wittig mechanism) and liberate phosphine 
oxide as shown below. The reaction also works intermolecularly. 

9 
R'';'R' 

P 

R R" 
R 

6 7 8 

2. 4 Variations anc. ,.nprovements 
Although the classical Staudinger reaction is technically the simple conversion of an azide to 
an iminophosphorane, this name reaction is most often associated with the subsequent 
hydrolysis to afford primary amines (also called the Staudinger reduction). The French team 
of Vaultier, Knouzi, and Carrie published several papers on the exploration of the Staudinger 
reduction in the 1980s that seemed to kick-start interest in this area.14315 They discovered that 
water can be added together with the azide and phosphine in a one-pot process (as opposed to 
a two-step process shown below) without a drop in yield. This im rovement made this a 
transformation that is technically easier to perform in the laboratory." The team applied the 
protocol to a series of functionalized primary alkyl, secondary alkyl, tertiary alkyl, and aryl 
azides and all were reduced in very good to excellent yield (see amines 10-15). The azides 
were treated with 1 equivalent of triphenylphosphine and a slight excess of water in THF. 
The mild and chemoselective nature of this reaction became apparent in that nitro groups, 
olefins, esters, ketals, and so on were all unaffected during this study. This study also 
revealed the order of reactivity for azides being primary > secondary > tertiary. Primary and 
secondary azides can convert at room temperature but secondary azides require longer 
reaction times andor heat. Tertiary azides, being the most hindered, required both longer 
reaction time and heat. The authors conducted competition experiments to directly compare 
the reactivities of various azides using 1:l mixtures of two amines in the presence of 0.5 
equivalent of triphenylphosphine at room temperature for 12 hours. In primary versus 
tertiary and secondary versus tertiary experiments, the primary and secondary azides were 
reduced while the tertiary azide was unaffected. In a primary versus secondary experiment, 
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after 12 hours there was only 20% primary azide remaining while 80% of the secondary azide 
remained. 

When an azidoketone was treated with triphenylphosphine the authors noted that the 
iminophosphorane had reacted intramolecularly with the carbonyl to form a cyclic imine, a 
transformation which would later become an important variation of the reaction. 

two-step protocol: formation of iminophosphorane followed by hydrolysis 

THF 
R-N3 + PPh3 [ R-N;PPh3] % R-NH2 

(1:l) 

one-step protocol: water added to reaction mixture at onset 

PPh3 (1 eq) 
R-N3 R-NH2 

THF/H20 

[z&H2 

13,79% 
6 Phwov~~, 

02N DNH2 0 

10,90% 11,88% 12, 95% 

w N H 2  \ - p J H 2  - 0 

14,87% 15,92% 

One of the reasons that the Staudinger reduction is such a powerful synthetic tool is 
the fact that azides can be introduced into a molecule fairly easily.'2 In fact, some of the 
improvements to the Staudinger reduction over the years have included many one-pot 
protocols converting alkyl bromides, alkyl chlorides, alcohols, and acetates to azides 
followed by the in situ reduction to the corresponding amines using the Staudinger reaction. 

Numerous examples of the use of the Staudinger reduction in the synthesis of 
complex biologically active compounds appear in the literature (see Section 2.5.5) and 
synthetically useful variations have been developed. 

2.5.4.1 Variations to facilitate phosphine oxide removal 
There have been many attempts to develop alternative phosphines as well as various solid- 
phase methods in order to avoid the issue of the removal of the triphenylphosphine oxide by- 
product.'&'* The advantage of a solid-supported phosphine reagent is that a simple filtration 
would remove the oxide and thus simplify the workup. One example of this approach is the 
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non-cross-linked polystyrene supported triphenylphosphine reagent (16) whose synthesis and 
reactivity was recently described and found to be superior to a traditional PEG-supported 
triphenylphosphine resin and better than triphenylphosphine itself.16 This reagent allowed for 
high loading (1 mmol/g) and was shown to react rapidly in tandem Staudingedaza-Wittig 
reactions with aldehydes and ketones. The authors speculate that the faster reaction rate 
observed with 16 in comparison to triphenylphosphine could be due to the more electron-rich 
phosphine (due to the p-akoxy). 

16 

Another approach to simplify the Staudinger reaction and make it amenable to 
solution-phase parallel synthesis comes from the Merck Research Laboratories. In this work, 
a fluorous-tethered triphenylphosphine reagent (18) was found to effectively facilitate the 
reduction of a variety of azides and the spent fluorous reagent was easily removed using 
FluoroFlashTM SPE column chromatography." The azide group of 4-azidobenzoic acid 17 
was converted to the corresponding aniline in 93% isolated yield and very good yields were 
also obtained for a series of complex fimctionalized and hindered azides. Amines 20 thru 25 
were synthesized using this reagent and serve to highlight the high functional group 
compatibility this reaction has. 

I. p f P P h 2  

Dco2H FluoroF/ashTM 
* -  (18) 

& 

THF, rt, 1 h SPE H2N 
19,93% 

NH2 - (amine present in 
0 .kN? starting material) 

c6F13 N3 

17 2. H20,60 "C, 3 h 

p h p N H z  ' " H N ' ' ' G  'NO N 

o&NH, I - 0  NH2 
/ 

20,86% 21,91% 22.88% 
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23,92% 24,80% 25, 82% 

2.5.4.2 One-pot transformations to protected amines 
Carbamates are one of the most widely used protecting groups for amines and the 
development of one-pot conversions of azides to carbamates such as Boc, Cbz, and ally1 
further expanded the scope of utility of the Staudinger reduction. Treatment of the 
Staudinger reaction iminophosphorane intermediate 26 with 1.05 equivalents of 2-t- 
(butoxycarbonyloximino)-2-phenylacetonitrile (Boc-on) led to Boc-protected amines 28 thru 
32 in 87-100% overall yield." This process utilizes trimethylphosphine, which is more 
reactive than triphenylphosphine and provides an easier work-up because trimethylphosphine 
oxide is water soluble. It should be noted that the use of di-1-butyldicarbonate (Boc20) has 
been investigated but leads to lower yields in comparison. *' 

PMe3 (1.05 eq) 

toluene, rt 

1. Boc-on (1.05 eq) 

toluene, -20 OC to rt 

,,PMe3 RLN/Boc 
H 

27 

R-N R-N3 - 
2. H20 

0 I 

26 

P h o N * B o c  \ 0 L N , B o c  H Ph,O&. H Boc 

0 H 

28, 100% 29, 96% 30,90% 

31, 95% 32, 92% 

The same authors also published a simple one-pot protocol for the azide to carbamate 
transformation using a variety of chloroformates?' This preparation is excellent for azide to 
carbamate transformations (such as Cbz, Troc, and Alloc) that would clearly not be feasible 
via the one-pot catalytic hydrogenatiodprotection preparations due to functional group 
incompatibility. Trimethylphosphine is the phosphine of choice once again. As the rapid and 
room temperature conversion of 33 to intermediate 34 illustrates, the use of 
trimethylphosphine allows for excellent yields under mild conditions. 
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1. PMe3 rt, 1-2 (1 .O h eq) b (J+r;y""* (JAN- H 

phosphate 
89-92% cI @ buffer (pH = 7) 

2. CIC02R (1.1-1.2 eq) 

rt, 20-30 min 
33 34 35 

CIC02R = CICOZBn, CIC02Me, CIC02Et, CICO2CHZCCl3, and CICO2CHZCH=CH2 

2.5.4.3 One-pot transformations to monomethylamines 
Two synthetically useful one-pot protocols for the preparation of monomethylamines from 
azides were reported by Suzuki in 2001 and illustrated below.22 Monomethylamines are 
synthetically challenging motifs to prepare cleanly but in this discovery, paraformaldehyde is 
added to the Staudinger reaction iminophosphorane intermediate 26 followed by sodium 
borohydride reduction which results in a conversion of azides to the corresponding 
monomethylamines. This transformation actually takes place through an intermolecular 
tandem Staudingedaza-Wittig reaction and the resulting imine is reduced by the NaBK. In 
another method, the addition of iodomethane followed by hydrolysis afforded 
monomethylamines such as 39-41 in high yield. 

Method A: 

26 
Method 8: 

. .  . .  

toluene, CH2C12 
rt, 1.5 h 

26 

NaBH4 - R-N-CH3 R-N k 
36 37 

m - 
H20 

R-N. 'PMe3 - R-N-CH3 
kH3 I Q k 

38 37 
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Yield 
(Method A): 

Yield 
(Method 6): 

39 

68% 

81% 

40 

80% 

76% 

41 

86% 

81% 

2.5.4.4 One-pot tandem Staudinger/aza- Wittig reactions with carbonyls 
Under strictly anhydrous conditions, the iminophosphorane intermediate that is formed as a 
result of the Staudinger reaction can react with aldehydes and ketones in an intermolecular 
fashion (as in the synthesis of imine 36 described above) or intramolecularly with a variety of 
carbonyl containing functional groups to afford a host of products. Nitrogen containing ring 
systems such as cyclic imines (44) represent just one of the many products one can prepare 
and the reaction is particularly well suited for the facile synthesis of five, six, and seven- 
membered rings. In addition to aldehydes and ketones, carboxylic acids, esters, thio-esters, 
and amides can also react in an intramolecular fashion to trap an iminophosphorane to afford 
a variety of heterocycles. Examples from the current literature are described in Section 2.5.5. 

PR3 N=PR3 (;; (- cx ( A i  CiL X 516s7-memberedrings 

42 O 43 44 

2.5.5 Synthetic Utiliw 
There are several factors that determine the fate of the Staudinger reaction's 
iminophosphorane intermediate which, if appropriately set, can result in a huge variety of 
synthetic applications. One factor is reaction conditions: if the Staudinger reaction is run in 
the presence of water, hydrolysis to the amine will rapidly become the fate of the 
iminophosphorane intermediate. If the reaction is run under anhydrous conditions, the 
reactive intermediate can be involved in tandem reactions (typically with warming of the 
reaction mixture). The presence, position, and nature of substituents on the azide component 
play a role as well. Appropriately positioned carbonyl groups and hydroxyl groups on the 
azide, for example, can react with the iminophosphorane resulting in ring closure. Lastly, the 
iminophosphorane can react intermolecularly with a number of functionalized compounds 
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and many three-component reactions have been utilized to afford a variety of heterocycles. 
As mentioned earlier, the variety of heterocycles that can be assembled using the Staudinger 
reaction is enormous and has been reviewed elsewhere. 14’6-’o Another utility comes from the 
fact that azides can react with carboxylic acids or esters to form amides (or lactams 
intramolecularly) in the presence of phosphines. The field of chemical biology has recently 
embraced this application of the Staudinger reaction as a means by which to prepare 
bioconjugates and termed the process the “Staudinger ligati~n.”’~ The Staudinger ligation has 
been reviewed elsewhere and will not be discussed here. This review will provide examples 
of the most widely used applications found in the current literature and is by no means 
comprehensive. 

2.5.5.1 Preparation ofprimaly amines 

/,,OR 

HNAO 

45-111, R = N3 

45-IV, R = NH2 

45 

The literature is filled with examples of the use of the Staudinger reduction in the synthesis of 
biologically relevant molecules. Its mild reaction conditions and wide functional group 
compatibility make it an excellent method by which to introduce a primary amine into a 
complex structure. Nicolaou, for example, has used the reaction twice in his group’s effort 
toward putting the pieces in place for a method to synthesize the highly complex and 
synthetically challenging naturally occurring antiobiotic thi~strepton?~ The two N-H groups 
that are highlighted in compound 45 represent amides whose amine precursors were 



138 Name Reactions for Functional Group Transformations 

introduced via the Staudinger reduction. The amines were introduced during two separate 
steps in the multistep convergent synthesis of this analog of the natural product. 

The Chang research group has tuned the regioselectivity of the Staudinger reduction 
toward the synthesis of several aminoglycoside antibiotics including the kanamycin and 
neomycin cla~ses.~’ The synthesis of pyrankacin (49), a new class of aminoglycoside 
antibiotics, is another powerful example of the use of the Staudinger reaction in the synthesis 
of challenging biologically active molecules.26 The first use of the reaction is the 
regioselective low temperature, one-pot reductiodBoc protection of 46 to 47. Taking into 
account that electron-deficient azides have greater reactivity in the Staudinger reaction as 
compared to electron-rich azides and the steric environment surrounding the various azido 
groups, the authors speculate that the presence of the 4-chlorobenzoyl protecting group set up 
the proper environment to allow for the observed regioselectivity. Tri-azide 48 was then 
elaborated in several steps to afford pyrankacin. The remaining steps involved reducing the 
remaining azides to their corresponding amines upon addition of trimethylphosphine in 
aqueous THF, the simultaneous Cbz deprotection and alkene reduction, and lastly ion 
exchange chromatography. 

N3* 

o;o*N 3 

PMe3 (I .I eq) -- 

toluene, -78 O C  to rt 
84% 

steps - - 
46 47 

N3+A 1. PMe3, H20 

THF, 50 “C 
Vi 

N1 h 

I \ L N W N ” L D Z  2. H2, Pd(OH)2 

6 H  3. Dowex 1-X8 (CI-1 
48 
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49, pyrankacin (5 HCI) 

Benzodiazepines represent a common structural motif in drug discovery. A two-step 
method for the introduction of an amino group into the 3 position of 1,4-benzodiazepin-2- 
ones described by Merck involved selective positioning of a 3-azido group via deprotonation 
followed by trisyl azide quench?' This afforded 3-azidobenzodiazepine 51 that was then 
subjected to the Staudinger reduction to allow for the generation of multi-gram quantities of 
mine  52 in excellent yield. The reduction was carried out using 3 equivalents of 
triphenylphosphine in THF/H20 at room temperature. Amines 53-56 are representative 
examples from his work and the yields given are for the reduction step. 

R2 3. Acetic Acid rt, 24 h 

50 51 52 

In another example of the use of the Staudinger reduction toward the synthesis of 
medicinally active compounds, Danishefsky's group treated advanced intermediate 57 with 
trimethylphosphine and water in THF to afford epothilone analog 58 in 79% yield. This 
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work was part of an effort to synthesize new analogs of the potent cytotoxic macrolide in 
pursuit of new anticancer therapeutics.28 

Nq3+ F3C 
- PMe3 H2N-:+ F3C 

THF, H20 
0 79% 0 

OH OH 

57 58 

The Staudinger reduction has found its way into the synthesis of many biologically 
relevant molecules in both academia and industry. The following example, published in 2004 
from scientists at Abbott Laboratories, comes from their work toward synthesizing new 
farnesyltransferase inhibitors. Quinolone 62 is one example from this p~blication.~' In the 
synthesis of this particular inhibitor, bromide 59 was reacted with sodium azide to afford the 
corresponding azide in 70% yield. Addition of an excess of triphenylphosphine to compound 
60 in refluxing THF/H20 delivered the desired m i n e  61 in 83% yield. Reductive amination 
then afforded the final target compound 62. 

NaN3 PPh3 (3 es) 

THFIH20 
NC reflux, 1 h, 83% NC 

0 
reflux, 1 h, 70% 

NC 

61 59 60 

Scientists at Pfizer recently reported a synthesis of a series 3'-aminoadenosine-5'- 
uronamides that function as human-selective adenosine A3 receptor ag~nists.~' Compound 64 
is an example of a new highly potent and water-soluble analog.31 The 3'-amino group is 
introduced in this series via a Staudinger reduction using triphenylphosphine in the last step 
of the synthesis. No yield was reported however. 
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. .  

1. ~ NC J l p T N J  N 

AcOH, MeOH 
0 - 

2. NaBH3CN 
62 

N 
H 

\ 

.*-+. 
N\ bH 

64 63 

In another 2006 example, the Staudinger reaction was utilized in the synthesis of a 
series of novel oxazolidinones with antibacterial activity.32 The publication reports that 
analogs in this new series have superior activity compared to linezolid (marketed as 
ZyvoxTM). The Staudinger reaction is used to convert azides 65a and 65b to amines 66a and 
66b and, once in-hand, these intermediates are further elaborated. The nitrile was converted 
to its corresponding N-hydroxyacetamidine and the primary amino group converted to a 
series of carbamates, amides, thioamides, and thiocarbamates that were then screened against 
Gram-positive and Gram-negative organisms to measure their antibacterial activity. Two 
examples (67 and 68) of final targets are illustrated below. 

65a: R' = F, R2 = H 

65b: R1 = R2 = H 

66a: R' = F, R2 = H (78%) 

66b: R' = R2 = H (81%) 
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PPh3 

THF, reflux 
___) \ 

I 
N /  0 
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I 
N /  0 / 

2.5.5.2 Tandem intramolecular Staudingedaza- Wittig to form imines 
As mentioned earlier, the Staudinger iminophosphorane intermediate, acting as an aza-ylide, 
can undergo both intermolecular aza-Wittig transformations with carbonyl containing 
compounds as well as intramolecular am-Wittig reactions that can afford a variety of ring 
systems. There are an enormous number of variations of this application of the Staudinger 
reaction and an equally enormous number of examples found in the literature. In order to be 
brief, examples herein will be limited to the imine formation reaction, which is quite broadly 
found in the literature. The application of the Staudinger reaction to the area of heterocycle 
synthesis has been reviewed by two very prolific scientists in this arena, Shoji Eguchi and 
Pedro Molina, and these references are highly recommended. - 

In the first total synthesis of quinine 73, Gilbert Stork and co-workers constructed the 
pipendine ring system by refluxing azidoketone 69 in the presence of 1 equivalent of 
triphenylphosphine to form cyclic imine 71 in 8 1 % yield via iminophosphorane intermediate 
70.33 The imine was then reduced stereospecifically via an axial hydride delivery to afford 
piperidine 72 using sodium borohydride. The desired synthesis of alkaloid 73 was completed 
a few steps later. 

0 \ 

I 
N3 

69 
L 

\ A TBDPSO, 

NaBH4 
71 - 

72 91 % 

TBDPSO - 
71 

steps 
____) 

73, quinine 
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An example of the use of the tandem Staudingedaza-Wittig reaction to form a seven- 
membered ring comes from the total synthesis of the alkaloid (-)-stemospironine (76).34 In 
this example, azidoaldehyde 74 was treated with triphenylphosphine to form a seven- 
membered cyclic imine which was then followed by an in situ sodium borohydride reduction 
to afford 75. Treatment of the resulting amine with iodine initiated the formation of the 
pyrrolidino butyrolactone system of the final target. 

> c . i o 2 ~ ~ 3  1. PPh3, THF * > - c o 2 c H 3  H 

2. NaBH4, MeOH H NH 
N3 

Me0 
60% Me0 

0' 

75 H 
74 

12 
* 

CH2C12, Et2O 

30% 

H 

76, (-)-stemospironine 

Jiang and co-workers have utilized the tandem intramolecular Staudingerka-Witig 
reaction as the key step toward their synthesis of marine natural product hamacanthin B (79) 
and the antipode of hamacanthin A (82).35.36 In these examples, tributylphosphine was 
utilized to generate intermediate iminophosphoranes that immediately, upon heating, cyclized 
with the appropriately positioned carbonyl to afford the central ring systems 78 and 81. 

U 

I 

77 Ts 
H 82% I H 

Ts 78 
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79, hamacanthin B 

P B u ~  

NaOH 

88% 

toluene 

97% Br 
H 81 

82, antipode of hamacanthin A 

An interesting example of the construction of a five-membered ring via the 
intramolecular Staudingerlaza-Wittig reaction can be found in the work of the Forsyth group 
on the synthesis of the thiazoline rin contained within the aparatoxin family of potent 
cytotoxic marine natural products?' Their work involved the study of the mild 
Staudingerlcyclization reaction on model systems such as 83, shown below, that afforded the 
desired ring system in very good yields. 38,39 Once their methodology for the synthesis of 2,4- 
disubstituted thiazolines was well developed and understood, construction of a complex 
viscinal azido thioester 85 followed by addition of triphenylphosphine and heating to 50 OC in 
anhydrous THF led to the total synthesis of apratoxin A (87). 
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0 

R A S T c o 2 M e  

83 

Meox;/ t-Bu 

PPh3 - 
THF, 50 "C 

67-88% 84 

Meox;/ t-Bu 

PPh3 
u- 

85 86 

steps 

I 

87, apratoxin A 

Iminophosphoranes react with carboxylic acids and est rs to form amid s. Th - -  
intramolecular version of the process is more facile than the intermolecular version and is an 
excellent way to prepare large ring systems. Being less reactive than ketones and aldehydes, 
however, carboxylic acid derivatives require heat and longer reaction times in comparison. 
For example, the Staudingerlaza-Wittig reaction has been used quite often as the key step 
toward the construction of seven-membered ring systems of benzodiazepines such as 91.40 In 
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this exampIe, tributylphosphine was used to convert azido-ester 88 to iminophosphorane 89. 
Compound 89 was then heated in a sealed tube at 140 "C to afford iminoether 90 which was 
then converted to the desired bis-lactam 91 upon heating in water. 

d N T H 3  

P 

X toluene, 140 "C 
sealed tube, 24 h 

88, X = N3 

rt 89, X = N=PBu~ 

0 0 

H20, reflux 

H 

90 91 

The first total synthesis of the pharmacologically active natural products (-)- 
benzomalvin A and benzomalvin B also involved intramolecular Staudinger/aza-Wittig 
reactions of azides with carboxylic acid  derivative^.^' The synthesis of (-)-benzomalvin A 
(96) is an excellent example of the power of this transformation in that both the seven- 
membered benzodiazepin and six-membered quinazolinone ring systems were constructed in 
this manner. The transformation of 92 to 94 took place without isolation of the 
iminophosphorane intermediate in excellent yield using tributylphosphine to generate the 
iminoether followed by immediate hydrolysis. The second key ring system was constructed 
by treating azido-bis-amide 95 with 1.1 equivalents of triphenylphosphine to afford natural 
product 96 in 98% yield. 

1. KHMDS, THF 

2. 2-azidobenzoyl- 
chloride, 82% 

'Ph 

95 

PPh3 (1.1 eq) 

toluene, rt 
overnight 

then 
reflux, 8 h 

98% 

- 
'Ph 

96, (->benzomalvin A 
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In this last example, the 13-membered ring of the macrocyclic spermine alkaloid (-)- 
ephedradine A (orantine, 100) was formed as a result of the Staudinger/aza-Wittig 
sequence.42 Treatment of a i d e  97 bearing an activated ester with triphenylphosphine 
resulted in the successful formation of the 13-membered iminoether 98 under refluxing 
toluene conditions. Hydrolysis then afforded the desired lactam 99 in 73% yield. Removal 
of protecting groups finally revealed the natural product. 

Cbz/ 

-N3 

PPh3 (1 .I eq) 

toluene. reflux 
____) 

C b i  

CH&N/H20 
____) 

reflux 
73% from 97 

Cbz/ 
97 (Pfp - pentafluorophenyl) 98 99 

&OH 

steps 

99 - 
____z 

100, (-)-ephedarine A (orantine) 
H Y N ’  A/ N’ ‘c 

HN 

2.5.6 Experimental 
The Staudinger reaction is operationally simple and is run under mild conditions. Solvents of 
choice are usually toluene or THF. The formation of the iminophosphorane, 1, is typically 
rapid, quantitative, and can be followed by thin layer chromatography. Scanning the 
literature, it is clear that a number of different phosphines can be employed, but 
triphenylphosphine, tributylphosphine, and trimethylphosphine are the most common. 
Reaction times, reaction temperature, and stoichiometry vary and seem to be depended upon 
the steric and electronic environment of the particular azide. 
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General procedure for the synthesis of examples 10-1515 
To a 1 M solution of the azide in THF is added 1 equivalent of triphenylphosphine, one 
boiling stone to regulate the evolution of nitrogen gas, and 1.5 equivalents of water. The 
mixture was stirred for 12 hours, the THF was concentrated in vucuo, and the amine isolated 
by several different methods (a-c) depending upon the particular product. 
Method a: The crude reaction mixture was dissolved in anhydrous benzene and dry HCl gas 
bubbled through. The precipitated HCl salt was collected via centrifugation and then 
recrystallized. 
Method b: The crude residue was dissolved in a 1:l mixture of diethyl ether and petroleum 
ether. The precipitated triphenylphosphine oxide was filtered and carefully rinsed. The 
residue was then purified by bulb-to-bulb distillation. 
Method c: The crude residue was dissolved in benzene and the amine extracted with 0.3 M 
aqueous HC1. The aqueous layer was washed with benzene, neutralized with 1 M aqueous 
NaOH, saturated with sodium chloride, and extracted into diethyl ether. The ether layer was 
then dried over sodium sulfate and the resulting amine purified by distillation or 
recrystallization. 

-4 53 
rt, 24 h -4 101 

Preparation of amine 5327 
Treatment of a solution of azide 101 (100 mg, 0.339 mmol) in THF (1 mL) and water (70 pL) 
with triphenylphosphine (306 mg, 1.17 mmol) for 24 hours at room temperature followed by 
extractive work-up gave amine 53 (86 mg, 97%). 

PMe3 (1.05 eq) 1. Boc-on (1.05 eq) 
R-N3 - R-N ,,PMe3 - RNN/BOc 

toluene, rt toluene, - 20 OC to rt H 
28-32 2. H20 

26 

General procedure for the synthesis of examples 28-3219 
To a solution of the azide (1 mmol) in toluene (3 mL), under argon at room temperature, was 
added trimethylphosphine (1.05 mL of a 1 M solution in toluene). After 1 hour the flask was 
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cooled to -20 "C and a solution of Boc-on (259 mg, 1.05 mmol) in toluene (1 mL) was added 
via canula. After stirring for 5 hours at room temperature, 50-100 mL of dichloromethane or 
diethyl ether was added and the solution extracted with water (3 x) and brine. The organic 
phase was dried, concentrated, and filtered through a small pad of alumina (99:l 
dichloromethaneimethanol) to afford the desired carbamates 28 through 32. 

9 
' 

'0 

PPh3 

THF, reflux 

81 % 

b 

I 
\ 

I 
N /  N / 

I 
N /  0 / 

N3 
71 69 

Preparation of 7133 
To a solution of azidoketone 69 (130 mg, 0.22 mmol) in THF (20 mL) was added 
triphenylphosphine (62 mg, 0.24 mmol). The reaction mixture was reflwed for 3 hours, and 
the THF removed under vacuum. The residue was purified by flash chromatography (50% 
ether/hexanes/l% triethylamine) to give 71 (89 mg, 81%). 

H 

Br 
82% 

Br 

77 

Preparation of 7836 
To a solution of azide 77 (330 mg, 0.48 mmol) in dry toluene (25 mL) was added 
tributyphosphine (202 mL, 0.80 mmol). The mixture was stirred at room temperature for 2 
hours and then warmed to reflux for 20 hours under an argon atmosphere. After the removal 
of toluene, the residue was subjected to flash chromatography (silica, hexane/ethyl acetate 1: 1 
to 1:2) to give compound 78 (270 mg, 82%) as a yellow solid. 
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‘Ph 

95 

PPh3 (1.1 eq) 

toluene, rt 
overnight 

then 
reflux, 8 h 

98% 

b 

\Ph 

96, (-)-benzomalvin A 

Preparation of (-)-benzomalvin A (96)41 
To a solution of 95 (159 mg, 0.374 mmol) in toluene (10 mL) was added triphenylphosphine 
(108 mg, 0.41 mmol, 1.1 eq) in toluene (20 mL) at room temperature. The reaction was 
stirred at ambient temperature overnight then refluxed for 8 hours. The mixture was 
concentrated under reduced pressure to afford a solid residue, which was then purified by 
silica gel chromatography (1:l ethyl acetatehexane) to give 96 (140 mg, 0.367 mmol, 98%). 
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2.6 Wharton Reaction 

2.6. I Description 
The Wharton reaction is the transformation of a$-epoxy ketones 1 by hydrazine to allylic 
alcohols 2.14 It is also known as the Wharton transposition, Wharton rearrangement, and 
Wharton reduction. 

I 1 2 

2.6.2 Historical Perspective 
In September 1961, P. S .  Wharton of the University of Wiscosin at Madison and his student, 
D. H. Bohlen, published a Communication to the Editor in the Journal of Organic Chemistry 
titled Hydrazine Reaction of a,pEpoxy Ketones to Allylic  alcohol^.^ In that paper, they 
reported transformation of 4j3,5-epoxy-3-coprostanone (3) to allylic alcohol 4 by treating 3 
with two to three equivalents of hydrazine hydrate and 0.2 equivalent of acetic acid in 
ethanol. A couple months later, Wharton himself published another JOC Communication 
titled Stereospecific Synthesis of 6-Methyl-trans-5-cyclodecenone, delineating the utility of 
the aforementioned rea~t ion .~  After that, the organic chemistry community began to take 
notice because methods for this kind of transformation were not numerous. By now, not only 
has the Wharton reaction found widespread utility in organic synthesis, it is also 
immortalized in the pantheon of named reactions in organic chemistry. 

&OH 2. 1. reflux, NHzNHz*HzO 15 min &OH 

\ 
68% 

OH 4 
O O  

3, 4f3,5epoxy-3-coprostanone 

2.6.3 Mechanism 
The mechanism of the Wharton reaction is analogous to that of the Wolff-Kishner reduction. 
Addition of hydrazine to a$-epoxy ketone 1 gives rise to hydroxyl-hydrazine 6, which 
dehydrates to afford the intermediate, hydrazone 7. Tautomerization of hydrazone 7 then 
leads to diazene 8, a common intermediate as the Wolff-Kishner reduction. But different 
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from the Wolff-Kishner reduction, the diazene 8 pushes open the adjacent epoxide with 
concomitant release of nitrogen gas, giving rise to allylic alcohols 2. According to the 
mechanism, allylic alcohols 2 retains the configuration of the a$-epoxy ketone 1, a fact 
confirmed by numerous experimental data. 

7, hydrazone 
8,  diazene 

2.6.4 Variations and Improvements 
No sooner than Wharton’s landmark publications did Dodson of G. D. Searle discover a side 
reaction of the Wharton reaction.’ Treatment of 16a, 17-epoxypregnenolone (9) with 
hydrazine hydrate resulted in not only the expected allylic alcohol 10 (ca. 25% yield), but 
also a small amount of pyrazole 11 (ca. 10% yield) as well. It was speculated that the 
mechanism involved an intramolecular S N ~  displacement of the epoxide by the diazene (the 
anchimeric process) followed by dehydration.’ 

9, 16~,17-epoxypregnenolone 

Another deviation from the “normal” course of the Wharton reaction was recorded by 
Ohloff and Uhde of Firmenich in 1970.’ When olefinic epoxyketone 12 was treated with 
hydrazine hydrate, not only was the expected allylic alcohol 13 obtained, a bicyclic product 
14 was also isolated. The authors proposed that both products went through a common 
intermediate, vinyl anion 17. 
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16 17 15 

However, Gilbert Stork further scrutinized the reaction in 1977 and rejected the vinyl 
carbanion intermediacy because such a species (17) could not survive in the methanolic 
medium and would not be expected to add to an unactivated tri-substituted oelfin.” He 
proposed that the cyclization went directly through a concerted collapse of 16 to give or 
involve a free radical intermediate 18 formed spontaneously from the unstable diazene 16. 

An apparent failure of the Wharton reaction of a sterically hindered epoxyketone 19 
was recorded.” Instead of the expected allylic alcohol, its isomer, allylic alcohol 20, and 
allylic ether 21 were isolated. The Wharton allylic alcohol could be otherwise synthesized 
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using the Barton modification that involving an epoxy-zanthate and then a radical 
rearrangement of the resulting epoxymethylene radical.I2 

H H 
NH2NH2*H20 

0 EtOH, rt, overnight 
U 

19 
20, R = H, 43% 
21, R E  Et, 40% 

In 1989, Dupuy and Luche rendered a great service to the synthetic community by 
publishing their careful, systematic investigation and improvement of the Wharton reaction.2 
For stable epoxyhydrazones such as 12, they found that treatment of 12 with 2 equivalents of 
hydrazine hydrate and a drop of acetic acid in dichloromethane gave the corresponding 
epoxyhydrazone 15 in nearly quantitative yields. Although treatment of 15 with n-BuLi and 
LDA at -100 to -78 “C suffered very low yields, potassium diisopropylamine (KDA) and 
potassium t-butoxide afforded the desired allylic alcohol 13 in 68% and 76% yields, 
respectively. As far as unstable epoxyhydrazones were concerned, the classic Wharton 
conditions seemed inadequate in providing satisfactory results. A possible solution 
discovered by Dupuy and Luche was replacing epoxyhydrazone with a stable derivative, such 
as epoxysemicarbazole 23, in which case allylic alcohol 24 was obtained in 47% yield, 
whereas only 35% yield was obtained when using epoxyhydrazone. Last but not least, Dupuy 
and Luche discovered that free hydrazine consistently gave better yields than hydrazine 
hydrate. They prepared hydrazine in situ by treating the hydrazine salts with triethylamine in 
acetonitrile. 

22 23 24 

Unfortunately, for whatever reason, Dupuy and Luche’s improvements have not 
caught on. Most publications surveyed by this reviewer still used the “classic” Wharton 
conditions. 

2.6.5 Synthetic Utility 
Although yields for the Wharton reaction varied considerably, it has found widespread utility 
in steroids, terpenoids, alkaloids, prostagladins, and many other substrates. 
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The Wharton reaction owes its genesis to steroid chemistry. So it is fitting that it 
enjoys extensive applications in steroid chemistry. When epoxyketone 25 was refluxed in a 
mixture of hydrazine and KOH, isomeric allylic alcohols 26 a n  
and 26% yields, re~pectively.'~ 

27 were obtained in 41% 

Synthetic utility of the Wharton reaction in alkaloids can be exemplified by the 
oxygen transposition of epoxyketone 28 to allylic alcohol 29.j4 Many similar cases have been 
reported. 1 5 , 1 6  

,OH 

'0 NH2NH2*H20, MeOH 

TEOC < HOAc, rt, 52% 

28 29 

In terpenoid chemistry, the Wharton reaction of epoxyketone 30 provided an 
expedient entry to allylic alcohol 31, which was an intermediate toward scyphostatin, a 
natural product.I7 
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TESO"" 
NH2NH2*H20, MeOH 

HOAc, rt, 59% 
c TESO\"' 

30 31 

Advantage was taken of the Wharton reaction to carry out an oxygen transposition of 
32 to provide 33, which was only two steps away from 1 I-deoxy-prostaglandin FI, after de- 
silylation and hydrolysis.' 

(dirnethy1arnino)ethanol 
32% 

2.6.6 Experimental 

0 

NH2NH2.H20, MeOH 

HOAc, rt, 59% 
TESO"" TESO"" 

P 
'0 \' 

0 

30 31 

6-Hydroxy-lO-triethylsilyloxy-l-oxaspiro[4,5]dec-7-en-2-one (3 1)" 
To a solution of 30 (571.8 mg, 1.83 mmol) in methanol (90 mL) at room temperature was 
added drop-wise NH~NHz-HzO (0.18 mL, 3.7 mmol) and AcOH (0.21 A, 3.7 mmol). The 
reaction mixture was stirred at room temperature for 10 min. After diluting with saturated 
NaHC03 and saturated N h C l ,  the reaction was extracted with EtOAc. The organic layer 
was washed, dried over MgS04, and evaporated. The resulting residue was purified by 
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column chromatography (silica gel, hexane-EtOAc 3:l) to give 31 (319.5 mg, 59%) as a 
colorless oil. 
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3.1 Baeyer-Villiger Oxidation 

3.1.1 Description 
The Baeyer-Villiger oxidation is an oxygen insertion reaction whereby an aldehyde, 
cyclic or acyclic ketone 1 is treated with a suitable oxidant, e.g., an organic peracid 3, to 
form the corresponding formate, lactone or ester 2. The oxidation takes place in two 
discrete steps: (1) the attack of the peroxide on the carbonyl to provide the Criegee 
intermediate, followed by (2) rearrangement to the product ester. 

0 

. ,  or suitable 
1 oxidant 

R1 = alkyl, aryl, H 
R2 = alkyl or aryl 
R, = alkyl or aryl 

A variety of oxidants including inorganic or organic peracids, oxygen or 
hydroperoxides with metal catalyst or promoter, and isolated or partially purified 
enzymes with co-factors or whole cells have been successfully employed for this 
transformation. Key to the successful use of this reaction is having high predictability of 
the migrating group. It is empirically accepted that the migratory aptitude (the relative 
ease of a group to migrate) is in most cases based on the group’s ability to stabilize a 
positive charge although it is very important to not underestimate conformational, steric, 
and electronic factors which may influence the migration. 

3.1.2 Historical Perspective 

R1 R2 
0-0 0 x 0  I I  

I I R A 2  
I 

I 

dioxirane, 6 dimer, 7 
n -+ 

menthone, 4 5 

Baeyer and Villiger reported the oxidative ring cleavage of cyclic ketones (terpenes) in 
1899.’ A subsequent article2 appeared describing in more detail the reaction of Caro’s 
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acid (KHS05; sold today as Oxone@ a mixture of KHS05, KHso4, and K2S04) with 
ketones, in which Baeyer and Villiger also proposed the structure of Caro’s acid. In 
addition to discovering a new reaction, with the lack of analytical equipment in 
comparison to what is used today, it is striking that the product composition and structure 
could be determined. The mechanism proposed at that time postulated a dioxirane 
intermediate 6 and dimerization to form 7. The dimerized intermediate was dismissed 
years later when two isolated dimers (derived from benzophenone and cyclohexanone) 
were shown not to convert to  ester^.^ Over 50 years after the discovery of the reaction 
and much debate, the mechanism of the Baeyer-Villiger oxidation was elucidated by an 
enriched ”0 tracer experiment which distinguished three proposed mechanisms in a 
single experiment. The mechanisms were proposed by Wittig, Baeyer-Villiger, and 
C ~ i e g e e . ~  The experiment and apparent differentiation of the three mechanisms is shown 
below. Wittig’s proposed mechanism would lead to the formation of ester 13 and 
subsequently give rise to I8O enriched phenol 15 (after reduction of 13). The Criegee 
mechanism would give rise to I8O enrichment in the carbonyl oxygen of ester 16, thus 
leading to I8O enriched benzyl alcohol 17 after reduction of the esters 16. The original 
mechanism put forth by Baeyer and Villiger described going though a dioxirane 
intermediate that would give rise to a 1:l distribution of I8O enrichment in both the 
phenol and benzyl alcohol formed after reduction. The Criegee mechanism was 
supported by an enriched “0 content in isolated benzyl alcohol 17 and no I8O enrichment 
of the phenol 15. 

0 

PhKO’OH 
Y? 9 

PhKPh 
8 

+ 
P k O H  

18 

PhKOXPh 
16 

’U 

0 12 

During this time, a variety of organic peracids were developed and used for this 
reaction which led to better yields. In addition, the reaction was determined to proceed 
with retention of configuration of the migrating group. A superb historical review has 
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been written by Renz and Meunier on development and use of the Baeyer-Villiger 
~xidat ion.~ 

Predicting the migration ability of groups has also improved during the first 50 
years and continues to be discussed today. The development of alternative reagents 
which are more selective and mild continues. The development and application of 
catalytic systems whether enzymatic or metal mediated, which will predictably provide 
asymmetric oxidation products, have been successfully applied but remains in its early 
stages. 

3.1.3 Mechanism 

3.1.3.1 General Mechanistic Considerations 
The mechanism of the Baeyer-Villiger reaction is accepted to occur in two steps. Step 1 
results from peracid 20 addition to a ketone or aldehyde 19 to form a tetrahedral 
intermediate 21 (Criegee intermediate). Step 2 is the subsequent rearrangement of the 
tetrahedral intermediate, which involves the collapse of electrons on the hydroxyl of 21 to 
form a carbonyl with concomitant migration of a migrating group and the ejection of the 
acid unit (formerly the peroxy unit) thus forming a lactone or ester 22. The 
rearrangement requires the movement of six electrons. 

0 

20 

22 19 

Criegee Intermediate 

The establishment of the Criegee intermediate and mechanism was mentioned in 
the historical section. About 90 years after the discovery of the Baeyer-Villiger reaction, 
Curci and co-workers showed through tracer experiments, analogous to those 
employed by von Doering and Dorfman, that bis(TMS)peroxomonosulfate (bis-TMS 
Caro’s acid) promoted the formation of dioxirane intermediates like 6 and led to Baeyer- 
Villiger products 2L5 It has been noted that dioxiranes are generated in reactions of 
ketones with Caro’s acid at nearly neutral pH. Also, when the leaving group (Arc022 
contained powerful EWG, the formation of intermediate 6 was noted. Curci noted that 
the dioxirane mechanism prevailed, although it was not exclusive in all substrates tried. 
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While Curci suggested a radical mechanism, all the data did not support such a 
mechanism. 

Several co-workers have performed experiments showing that the Baeyer-Villiger 
reaction occurred with retention of configuration at the migrating center: first with 
racemic material comparing cis and trans 1 -acetyl-2-methylcyclohexane then 
subsequently with a steroid backbone, (S)-3-phenyl-2-butanone, and an em-norbornyl 
methyl ketone.336 In each instance, 94-100% retention of configuration was proved to 
occur. As a rule, the rate determining step for the Baeyer-Villiger oxidation has been 
thought to be the rearrangement step; there are exceptions in which the addition to the 
ketone was shown to be rate determininga6 Recently computations have supported that 
the rate determining step varied due to the variation in the keto-substituents, thus making 
the addition to the ketone rate determining.' A recent change in total synthesis was 
required when TFPAA could not attack the ketone due to steric reasons.8 

3.1.3.2 
The Baeyer-Villiger reaction can be catalyzed by acid or base. Electron-withdrawing 
groups (EWGs) attached to Ar of peracid 20, can facilitate the reaction (better leaving 
group), for example, rn-chloroperbenzoic acid or trifluoromethyl peracetic acid. As 
mentioned in the previous section, one needs to consider both steps when trying to 
promote this reaction. Sheldon has summarized the preference for migration in Baeyer- 
Villiger reactions in the following order: tertiary > cylcohexyl > secondary > benzyl > 
phenyl > primary > methyl.g For diaryl unsymmetrical ketones the more electron- 
releasing group typically migrates. An ortho effect has been noted for diaryl ketones; if 
the aryl group contains an ortho substituent, migration is hindered relative to an aryl 
group that does not have ortho substituents. Oftentimes, dialkyl ketones require more 
powerful oxidizing agents than peracetic or perbenzoic acid. An exception to this rule is 
the Baeyer-Villiger oxidation of cyclobutanones which will undergo reaction using 
hydroperoxides. Other groups that one would expect to stabilize a cation have also been 
utilized to direct migration in a Baeyer-Villiger reaction. Having a p-silyl group was 
suggested to be more directing than a secondary alkyl group (as shown in the conversion 
of 23 into 24),'' while P-stannyl groups were shown to promote fragmentation of a 
substrate and proved more powerfbl in directing than the t-butyl group (conversion of 25 
into 26)." 

Mechanism: Preference of Migrating Group 

1) mCPBA, CH2C12, 

$OBn 

26 

radical scav. 

2) BnBr, DBU, PhH 
SnBu3 

93% 24 SiMe3 ' 25 SiMe3 99% 
23 
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Contrarywise, electron-withdrawing substituents attached to potential migrating 
groups, specifically halogens, have been shown to inhibit migration when in competition 
with many different groups. In a series of non-, di-, and trifluorinated methyl alkyl 
ketones 27, the halogenated side proved to be less prone to migration than methyl.12 As 
one would suspect, due to the EWGs stabilizing the Criegee intermediate, the migration 
should be slower with these substrates. Only migration of the hexyl group was observed 
affording 28 under acidic conditions. Kitazume'' described that the LUMO (lowest 
unoccupied molecular orbital) energy level at the reactive site of the most stable 
conformer of each of the Criegee intermediates predicted the migrating group. In 
contrast, under slightly basic conditions (buffered), Uneyama and co-workers reported13 
the increase in reaction rate depending on the number of a-fluorine atoms. Another 
experimental and computational article has recently appeared in which Grein and 
Crudden concluded that the introduction of a fluorine or chlorine substituent decreased 
the experimental and theoretical rate of reaction for rn-CPBA promoted  oxidation^.'^ 

0 m-CPBA 0 eR BF3 OEt2_ c o y R  + Yo," 
CHC13, reflux 0 

27 28 29 

Recently, the CF3 group attached to the a-carbon was shown to retard migration, 
and a primary alkyl group migrated in preference to a secondary alkyl group containing 
the CF3 group." Contrary to this observation, substituents attached to carbon next to the 
ketone such as ether, acetate, N-alkyl, N-tosyl, and N-pthalimido are reported to facilitate 

Various benzoyl diethylphosphonates 30 were treated with benzoyl peroxide 
to give 70-85% yields of the benzoyl diethyl phosphates 31 in which the phosphoryl 
group migrates.I6 

PhC03H O 0  
R ,  Ph BPEt ;-OEt EtOAc, P h i  "*PhKO4g?Et 

31 0 70-85% 30 
R = H-, pF-, mCI-, pMeO- 

The study to predict the migrating group in the Baeyer-Villiger reaction has been 
scrutinized by several authors. As previously stated, conformational, steric, and 
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electronic factors have been noted as dictating which group migrates. These effects are 
called the primary stereoelectronic effect and the secondary stereoelectronic effect 
pictorially shown in 32.6~~ The primary stereoelectronic effect is the observation that for 
the migration to occur the peroxide bond is required to be antiperiplanar to the migrating 
group. Alternately, the primary stereoelectronic effect can be viewed as the alignment of 
the migrating group orbital with the CJ* of the proximal oxygen of the peroxide, e.g. (33). 

primary 
effect 

32 

The secondary electronic effect is the observation that for the rearrangement to 
occur, an oxygen lone pair should be antiperiplanar to the migrating group. Both of these 
effects impact the regioselectivity of the reaction and illustrate that a stereoelectronically 
preferred orientation of atoms is required to promote the rearrangement in the Baeyer- 
Villiger reaction. This orientation may be hindered by a surrounding steric environment. 

Examples of the primary stereoelectronic effect have been demonstrated in the 
literature. Chandrasekhar and Roy showed that rearrangement of 2-0x0-cyclohexyl- 
peroxyacetic acid 35, derived from acid 34, proceeded via intermediates 36 and 37 to 38 
in 62% overall yield.” Migration of bond a was the only bond which migrated being 
antiperiplanar to the peroxide; no product of migration of bond b was observed. 
Computational studies recently confirmed the preference for antiperiplanar migration 
versus gauche migration.I8 
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More recently, Crudden and co-workers have published experiments which 
support the primary stereoelectronic effect and go one step firther arguing that dipole- 
dipole interactions of the a- and a’-F biased the conformation of the peroxyester bond.” 
The “migration occurred primarily from the conformer in which the 0-0 bond of the 
peroxyester is oriented to minimize the overall dipole” (neutralization of dipoles). The 
carbon containing an equatorial F in Criegee intermediate 40 proved to migrate with 90% 
selectivity in comparison the carbon containing an axial F. Analysis of the configuration 
required for the rearrangement shows disalignment of dipoles in configuration 43, in 
comparison to 41 which predicts the major product 44. 

t-Bu &F0 
I 

F 
39 

m-CPBA - - 

- 
5% 

t - B u 4 0 H  1 ArYO 41 

F 
40 f 

oxo 

43 

- 
95% 

42 

44 

Noyori and co-workers have reported evidence for the secondary stereoelectronic 
effect2’ Oxidation of ketone 45 with trifluoromethyl peracetic acid (TFMPAA) provided 
most reactive conformers 46 and 48. In both of the preferred arrangements, a lone pair of 
electrons can be antiperiplanar to the migrating group, but due to non-bonding steric 
interactions, the a‘-conformer is more populated than the a-conformer; and therefore, 47 
predominates in the ratios shown in the table. The proximity of the R substituent to the 
hydroxyl of the Criegee intermediate became obvious after viewing 50. Note that when 
R = r-butyl, no reaction was reported. Sterics may impact the attack on the ketone but 
most certainly impact the arrangement of atoms necessary to promote rearrangement. 
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O Y F 3  

0 0, 

I- 0: &a' N 
Ho OH x 

46a' preferred 

PhosphatelEDTA 
buffer 

45 

CH20Bn 32 

48a'preGrred 

so\ 

H H  

""x" 
49 

While the primary and secondary stereoelectronic effects have been invoked to 
rationalize products:' there have been reports in series of polycyclic ketones in which 
regiochemistry of migration was not explained by these effects.22 

3.1.4 Variations and Improvements 
For over 100 years the Baeyer-Villiger reaction has been developed. The reaction was 
improved as chemists explored new and various oxidizing agents and conditions. 
Interestingly, while Baeyer and Villiger reported the formation of perbenzoic acid in their 
second aticle providing further support for the reaction that bears their names, they did 
not use this oxidant to promote the Baeyer-Villiger oxidation. As expected, many new 
reagents have been developed to improve selectivity. For example, oftentimes competing 
reactions may occur within the molecule which may contain an alkene, sulfur, pyridine, 
or amine which would be prone to epoxidation, S-oxidation, or &oxidation, respectively. 
There have been two comprehensive reviews6s23 on the Baeyer-Villiger oxidation of 
which one contained 420 pages of examples. In addition, reviews as recent as 2004 have 
appeared' as well as book chapters. The latest Organic Reactions publication included a 
list of oxidants, their preparation, and relative oxidizing power of a variety of peracids. 
Trifluoroperacetic acid (TFPAA), p-nitroperbenzoic acid (PNPBA), meta- 
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chloroperbenzoic acid (m-CPBA), permaleic acid (MPMA), mono-perphthalic acid 
(MPTA) or its magnesium salt (MMPP), potassium peroxymonosulfate (Caro’s acid, 
Oxone@), perfomic acid, peracetic acid (PAA), perbenzoic acid (PBA), silylated peracids, 
phenyl-peroxyselenic acids, sodium perborate, sodium per~arbonate ,~~ N-alkoxy- 
~arbonyItriazole/Hz02~~ and urea hydrogen peroxide complex (UHP)26 have been 
commonly utilized to promote the Baeyer-Villiger reaction. Some of these reagents are 
commercially available while others must be prepared. To date, m-CPBA has been one 
of the most utilized oxidants to promote the Baeyer-Villiger reaction due to its reactivity, 
commercial availability, and relative ease of use. Protic acids, Lewis acids, or resin 
bound acids have been added to an organic or inorganic peracid to promote the reaction. 
Additives such as these have been suggested to promote the attack of peroxide on the 
carbonyl as well as to facilitate the rearrangement step.639 Base with hydrogen peroxide 
or alkyl hydroperoxides have also been successfilly employed to promote the reaction. 
Phase transfer catalysis has been employed in basic peroxide reactions, Oxone@ reactions, 
and in using phenyl selenic acids. For some reagents like MMPP, a phase transfer 
catalyst was not required for a two-phase system.27 Water has also been reported to 
accelerate the reaction.2* 

3. I .  4. I 
A variety of metals have been used to promote the Baeyer-Villiger oxidation. Using 
catalytic metal complexes has allowed the use of inexpensive H202 or 0 2 .  Yamada and 
co-workers reported the use of a Ni(1I) complex with 0 2  to promote the Baeyer-Villiger 
oxidation on simple ketones. In this work was reported the use of (dipivaloy1methanato)- 
nickel(I1) to be a good complex with isovaleraldehyde or benzaldehyde under an 
atmosphere of 0 2  to provide good conversions of ketones to lactones or esters. These 
conditions proved to be amenable to promote the Baeyer-Villiger oxidation of a variety 
of ketones in 33-96% yield and is exemplified by the conversion of ketone 51 into 
lactone 52.29 

Metal Catalysis 

Me2CHCH2CH0 (3equiv), u \ /r 
51 Ni(dprn);! (1 rnol%) 52 j 

Subsequent to this disclosure, Bolm reported the use of Ni(oxa)z or Cu(OAc)2 to 
provide good yields of the lactone 52. Again, a similar set of keto-substrates were 
oxidized in 23-93% yield using these 0 2  promoted Baeyer-Villiger oxidation conditions. 
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The metal/ligand combination was the difference. Of course the Ni(oxa)2 scaffold was 
utilized as a model knowing that this could be transformed into a chiral ~atalyst .~ '  

51 

(CH2Ck?3 

0 2 ,  rt, 21 h 

PhCHO (3 equiv), 
b 

Cat. (1 mol%) 52 

r 

Murahashi reported a similar oxidation using Fez03 catalyst on a number of 
simple substrates in 56-98'30 yield and on a very important carbapenam intermediate 
54.31 Keto-lactam oxidation of 53 provided 54 in 93% yield with retention of 
configuration. 

PhCHO (3 equiv), OTBS 

Fe203 (1 mol%) 
93% 

+ 
>>:OPh PhH, 0 2 ,  R 

0 53 

The mechanism for these metal-catalyzed, 0 2  promoted oxidations was proposed 
to be metal-catalyzed 0 2  oxidation of the aldehyde 55 to form a peroxy radical species 56 
which adds to ketone 60 to provide a radical variant of a Criegee intermediate, 57. This 
intermediate would then extract a proton from the aldehyde 55 to provide the normal 
Criegee intermediate 58. Alternatively, the generated peroxy radical intermediate 56 
abstracts a proton from an aldehyde molecule providing peracid 59 which attacks the 
ketone 60 to provide the Criegee intermediate 58. 

W 

8 RCHO RCO* 

R,+RZO Intermediate 

OH '*O 

RCOjH 

60 

RCHO RCO* 
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As previously aluded to, Bolm has used Cu with a chiral oxazoline S,S-cat to 
promote the asymmetric formation of lactones from racemic ketones. This catalyst 
worked well only on 2-phenyl~yclohexanones.~~ 

r - _ - _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - -  

(CH2C1)2, 
Ph f-BuCHO (3 equiv), - Ph , 

02, rt, 21 h 
61 S, Scat (1 rnol%) 62 63 j 

I 

41%, I I 
I I 

1 S, S- cat I 
I I 

,________________----------------. 69% ee 

Strukul has recently shown that platinum catalyst [(triphosPO)Pt]*+ used to 
promote the Baeyer-Villiger oxidation with H202 operated by Lewis acid catalysis and 
promoted the leaving of the OH This dual catalysis property was considered 
unique to Pt catalysts. Chiral platinum systems have been applied to cyclic ketones to 
give moderate enantioselectivity of lac tone^.^^ 

Katsuki recently reported the use of Zr-salen complexes to promote the oxidative 
desymmetrization of 2-Ph-cyclobutanone 64. Katsuki utilized UHP and the C2- 
symmetric salen ligand, Zr-salen, which proved to be the best ligand screened. Reaction 
of ketone 64 with 5 mol% Zr-salen and UHP provided lactone 65 in good yield and 87% 
ee. These conditions also worked well with racemic bicyclooctanone 66 which provided 
a mixture of “normal” 67 and “abnormal” 68 Baeyer-Villiger pr0ducts.3~ The remaining 
ketone was recovered in 92% ee. 

67 68 
26%, 12%, 

82% ee >99% ee 
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Molybdenum and rhenium complexes have also been reported to promote the 
Baeyer-Villiger oxidation using 0 2 .  Although limited to cyclobutanones, Sharpless 
asymmetric epoxidation conditions have provided optically active lactones from 
hydroxymeth y lb~tanone.~’ 

Reaction of catalytic organoselenium with H202 has been used to promote 
Baeyer-Villiger oxidations via the formation of arylseleninic peracids. Ichikawa 
proposed that the transformation occurred by oxidation of the diselenide 70 to seleninic 
acid, which further oxidized to a seleninic peracid. The seleninic peracid then attacked 
the ketone (analogous to carbon peracids) forming a Criegee intermediate. 
Rearrangement of the intermediate then gave lactones or esters. Several simple ketones 
were reported with yields of 32-99% of the lactone as exemplified by the conversion of 
ketone 69 into lactone 71 in 85% yield using 70.36 

-5 30% H 2 0 2  (5 equiv) 

Ph 69 ff2% 71 

CHzCI2, rt, 24 h 

Ph 

/ 70,5mol% 

c 
Dubois recently reported a two cycle catalytic system whereby cyclohexanol was 

first oxidized to the ketone with an oxaziridine catalyst followed by subsequent reported 
oxidation catalyzed by the in situ generated seleninic peroxide to form E-carprolactone in 
70% yield.37 UHP was used as peroxide source. 

Binding of various metals to polymeric supports or clays has also been utilized to 
promote reported oxidations. Iron, tin, and tungsten have been reported on clays or on 
silicon supports. Oxone@ on SiOz was shown to convert a variety of ketones into esters at 
room temperature (70-99% conversion; typically 98% yield based on conversion). For 
example, oxidation of 72 with KHSOS-SiO2 gave lactone 73 in nearly quantitative yield. 
The authors suggested that the reaction was acid catalyzed by KHS04 present at the 
active surface of the reagent.38 

72 73 
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Iron(II1) on mesoporous silica (MCM-41) containing up to 1.8 wt% Fe using 0 2  

and benzaldehyde promoted Baeyer-Villiger oxidation of a variety of simple cyclic 
ketones to lactones in good conversion and yield.39 Similarly, the reaction of a variety of 
ketones with Sn on MCM-41 and H202 gave lactones in good yield and fair con~ersion.~' 
MCM-41 contains a larger diameter channel than Sn-beta, another support used to 
catalyze Baeyer-Villiger oxidations as well as other transformations. A comparison of 
Sn-beta/H202, SW'MCM-4 1M202, and m-CPBA has recently appeared. This work 
showcased yields using solid supports in comparison to m-CPBA. In particular, 
Sn/MCM41/H202 proved superior in promoting the Baeyer-Villiger oxidation of vinyl 
aldehydes:' For example, safranal 74 gave 68% conversion and only one product, the 
desired Baeyer-Villiger oxidation product 75; while rn-CPBA gave 39% conversion of 
which only 7% of 75 was observed along with other oxidative by-products. 

H202, SnlMCM-41, *$y 
t-amylOH, 100 "C 

74 15 min, 68% 75 

Lei recently reported using Sn-palygorskite (a natural clay mineral impregnated 
with Sn) and H202 to yield poor to good conversion and good selectivity of esters or 
lactones from cyclic or acyclic dialkyl ketone or alkyl aryl ketones.42 In both of the Sn 
cases, it was proposed that Sn acts as a Lewis acid. This has recently been supported by 
computational work which suggested that it was less probable for the Sn species to 
activate the per0xide.4~ Tungsten oxide on MCM-48 with peracetic acid (WO3/MCM- 
48MeC03H) was reported to promote Baeyer-Villiger oxidation of several cyclic 
ketones in good conversion and yield.44 The conversion of ketone 76 into lactone 77 is 
shown below for these recently-reported, Baeyer-Villiger reaction conditions. 

Conditions Yield % (conversion 

WOs, MCM-48 cat. conditions 

see table MeC03H, 60 "C, 12 h 

1 

76 
I 
77 FelMCM-41 

PhCHO (3 equiv), 
0 2 ,  rt 15 h 

75 (79%) 

30% H202 (1.5 equiv), 

Sn-palygorskite (cat.) 
dioxane, 90 "C ,  24 h -(44%) 
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3.1.4.2 Enqme Catalysis 
While the Baeyer-Villiger oxidation has been known for quite some time, the application 
of enzymes for this transformation was not reported in the synthetic realm until 1988.45 
There are two types of flavin-mediated, Baeyer-Villiger monooxygenases (MOs) 
classified by their co-factors. Type 1 enzymes are proteins using NADPH and are FAD 
dependent while type 2 Baeyer-Villiger MOs use NADH and are FMN dependent. 
Oxygen typically is the oxidizing source. Enzymes impose their stereoselectivity by 
creating a preference for the formation of a Criegee intermediate which, due to 
stereoelectronic requirements for the Baeyer-Villiger oxidation (previously described), 
rearrange to a preferred stereoisomer. With purified or partially purified enzymes, co- 
factors are required, thus setting up a two enzyme system. Whole cell biotransformations 
circumvent the need for the addition of co-factors, tedious isolation of the enzyme, 
storage or stability of the isolated or partially isolated enzyme. CHMO (cyclohexane 
monooxygenase), CPMO (cyclopentane monooxygenase), and PAM0 (phenylacetone 
monooxygenase) utilize FAD and have been used synthetically to perform a number of 
Baeyer-Villiger oxidations on several substrates. Additionally, enzymes were discovered 
from Pseudomonas putida that catabolize camphor (2,5-diketocamphane-l, 2- 
monooxygenase and 3,6-diketocamphane-l, 6-monooxygenase) and utilize FMN as 
prosthetic group. 

The most well-studied Baeyer-Villiger MO is CHMO, which is derived from 
Acinetobacter NCIB 9871. This was cloned into yeast and used to map the Baeyer- 
Villiger oxidation of substituted cyclohe~anones.~~ A variety of substituents at the 2-, 3-, 
or 4-position of cyclohexanone was shown to undergo selective Baeyer-Villiger 
oxidation to provide good to excellent % ee and good conversion and yield of both 
resolved ketone ent-78 and rearranged lactone 79 in the bioengineered, whole cell. 

rac-78 79 ent-78 

- R 79 Yield lee) ent-78 Yield (eel 

Me 25%(49%) - 
Et 39% (95%) 35% (298%) 
n-Pr 27% (97%) 33% (92%) 
i-Pr 21% (298%) 23% (96%) 
ally1 30% (198%) 39% (198%) 
~ - B u  30% (198%) 32% (98%) 

Ottolina and co-workers4’ showed the oxidation of a variety of diones selectively 
using isolated enzymes. The enzyme system proved quite sensitive to changes in 
oxidation state and substitution in the substrate. In this instance, glucose dehydrogenase 
(GDH) was used as the second enzyme system to replenish NADPH. The Baeyer- 



174 Name Reactions for Functional Group Transformations 

Villiger oxidation product 81 was isolated in good yield and excellent % ee and the 
recovered dione ent-80 was enantiomerically enriched. 

/ 

81, 35% 
6-phosphate GDH 6-phosphate (80% ee) (99% ee) 

rac-80 NADPH NADP+ 
gluconate ~ \ J glucose ent-80,43% 

The Baeyer-Villiger oxidation of a meso-diketone was recently reported by 
Gonzalo and co-workers using isolated PAM0.48 Again, GDH was used as the reducing 
agent for NADP’. For the reaction of dione 82, conversion to 83 was 88% after 1.5 h. 
The authors suggested the utility of such chemistry would be to prepare ephedrine and 
pseudoephedrine. 

+ 
Ephedrin 
Pent idnnnhndrino 

82 x 83 

Gluconated-phos GDH ‘Glucose-6-phos 

1.5 h, 82% ee, 
88% conversion 

Alphand described the Baeyer-Villiger oxidation of azabicycloheptanone using 
different strains of CHMOs. A difference in selectivity was reported among the strains 
used. One strain gave preferentially the “normal” Baeyer-Villiger oxidation product 85, 
while the TD63 strain preferred the “abnormal” Baeyer-Villiger adduct 86. The authors 
were able to prepare the Geisman-Waiss lactone, which has been used in the preparation 
of pyrrolizidine natural pr0ducts.4~ 
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Cbz Cbz Cbz Cbz 
rac-84 85 86 ent-84 

Geisman-Waiss lactone 

85 Yield (ee) 86 Yield lee) ent-84 Yield (eel 

(96% ee) (93% ee) (86% ee) 

(87% ee) (98% ee) (74% ee) 

Microorganism - 
A. calcoaceticus NCIMB 9871 36% 10% 41 % 

Acinetobacter TD63 11% 29% 45% 

The above report brings up an interesting and useful point about the Baeyer- 
Villiger oxidation promoted by enzymes. With the stereoelectronic requirement of the 
Baeyer-Villiger oxidation, how could one see different Baeyer-Villiger products 
(“normal” and “abnormal” or enantiomeric substrates both reacting) derived from the 
same enzyme? Initially, some believed that it was due to the use of only partially 
purified enzymes or multiple pockets within the CHMO. The oxidation of 
enantiomerically enriched bicycloheptanone 87 was found to give the “normal” Baeyer- 
Villiger product 88, while the treatment of the enantiomer 90 with the same enzyme 
provided instead the “abnormal” Baeyer-Villiger adduct 91, It was established that both 
enantiomers 87 and 90 were processed at the same site of the enzyme. In comparing the 
two Criegee intermediates 89 and 92, which must form from the products observed, it 
proved reasonable that both fit into the same active site only in different ways. The 
dotted migrating bonds of 89 and 92 give rise to the superimposition tricycle 93. 
Treating tricycle 93 under Baeyer-Villiger conditions gave the predicted migration of the 
dotted bond and further understanding of Baeyer-Villiger oxidations in CHMOS.~’ 
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87 n 88 
NADPH NADP 

same as above 
90 91 

- 
same as above 

H H 
93 94 

NADP 

\ 93 / -1- I ,  

The proposed mechanism of flavin-type Baeyer-Villiger MOs is shown. First 
reduction of the flavin 95 and attack on 0 2  provides 96. Peroxo-flavin 96 attacks ketone 
93 and forms the Criegee adduct 97. Rearrangement provides lactone 94 along with 
hydroxylated flavin 98. Dehydration returns to the beginning of the catalytic cycle. 
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Over the past few years, there have been reports of directed evolution of Baeyer- 
Villiger MOs and their application in synthetic chemistry. In the evolution and synthetic 
application of these mutated enzymes to previous and new substrates, Mihovilovic and 
co-workers have improved the selectivity of a variety of CHMOs and CPMOs toward the 
oxidation of bicyclic ketone rac-87. It was shown that rac-87 provides 99% ee of each 
lactone 88 and 91 as a 1:l mixture.50 In addition, it was shown that high % ee's and 
conversions could be obtained for a variety of substrates for the enzyme-promoted 
Baeyer-Villiger ~xidation.~'  

Due to the importance and utility of Corey lactone 88, some have strived to prove 
the utility of enzymes by showing that enzymatic transformations, like Baeyer-Villiger 
oxidations, can be scaled-up. To that end, Hilker, Alphand and Furstoss have worked 
diligently to design a system that would allow the preparation of large amounts of both of 
the lactones. They recently reported a 900 g run of rac-88 to provide a 58% yield of 
Baeyer-Villiger oxidation products. This utilized novel resin substrate feeding and 
product removing technology and shows that large scale Baeyer-Villiger oxidations 
using enzymes can be done.52 

CHMO-whole cell n 

pH= 7, air, 37 OC 
58% rac-87 

Application of dynamic kinetic resolution has also been reported in a whole-cell 
enzymatic Baeyer-Villiger process. While this was initially done using slightly basic 
conditions, Furstoss and Alphand have more recently reported the use of a weakly basic 
anion exchange resin to promote racemization of the slow oxidizing enantiomer 99 to the 
fast enantiomer Baeyer-Villiger oxidation using recombinant E. coZi to 
overexpress the CHMO from A. calcoaceticus provided excellent yield and % ee of 
lactone 101. 
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Lewatit MP62, EtOH, 
phosphate - P o  II 

It Recomb A. calcoaceticus U O B n  

101 
84% (97% ee) 

3.1.5 Synthetic Utility 
Although some of the synthetic utility has been described above, there are many facets of 
the Baeyer-Villiger oxidation which have not been described at a l l -one  of which is the 
late-stage revealing of a hydroxyl group in designing a synthesis. In the total synthesis of 
the marine spongiane diterpene, norrisolide 103, Theodorakis and co-workers utilized the 
Baeyer-Villiger oxidation to install the C19 oxygen as the final step of the synthesis. 
They were able to achieve selectivity in the oxidation of this highly oxygenated, olefinic 
ring system providing a 60% yield of the natural product by the Baeyer-Villiger 
oxidation of the acetyl group of l O Z S 4  

mCPBA, NaHC03, 

CHzC12, 0 "C, 4 h 
60% 

''O 

norrisolide, 103 102 

The oxidation of formyl groups accompaniec by subsequent functionc ization has 
showcased the utility of the Baeyer-Villiger oxidation. Franck reported the Baeyer- 
Villiger oxidation of naphthaldehydes as precursors to pharmacologically active quinone 
type compounds. This was exemplified by the conversion of aldehyde 104 into formate 
105, which after formate cleavage, was further oxidized to the quinone system 106.55 
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m-CPBA, 

CHzClz, rt 
90% 

104 105 
0 

106 

Chang and co-workers reported the Baeyer-Villiger oxidation of the formyl group 
of 107 to create a leaving group. Lewis acid promoted elimination led to aryl pyrrolines 
in good yield. Chang further illustrated the conversion of 109 into 110 which was further 
transformed into racemic baclofen 11 1, a therapeutically useful GABAb ag~n i s t . ’~  

2) BF3*OEt2 
Ts 61-70% 
107 

1) m-CPBA, CH$Iz, rt 
* gcH0 N 2) BFZOEt 

Cbz 
109 

108 

Cbz 
110 111, baclofen 

Use of the Baeyer-Villiger reaction to oxygenate a bridgehead has been done. 
Corey and Smith used this methodology in route to key intermediate 114 in the total 
synthesis of Gibberellic acid.” Baeyer-Villiger oxidation of 112 with dinitro-perbenzoic 
acid provided 113 in good yield. Corey noted that prior attempts to perform this 
transformation on a similar a-acetoxy bridgehead acetate had been reported to fail. 
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Knochel and co-workers5* reported Baeyer-Villiger oxidation of a-trisubstituted 
aldehydes 116 in the preparation oftertiary chiral alcohols 117. The fact that the reaction 
proceeds with retention of configuration of the migrating group permits the utility of this 
reaction. Several optically enriched, tertiary alcohols were prepared using this simple 3- 
step method from optically-enriched allylic tetrafluoroborates 115. 

1) mCPBA, NaH2P04, 

R3kcH0 2) KOH, MeOH, rt, I: 

R R2 CH2CI2, rt, 2h - 
R3 

116 'I5 R1 = Me, Ph, i-Pr 
R2 = pentyl, Et 
R3 = CH20Bn, hexyl, pentyl, Ph 

117 

93-99% ee 
65-93% 

3.1.6 Experimental 

5-Ethoxycarbonyl-5-(n-undecyl)-&valerolactone ( 1 19)'' 
A solution of 118 (3.836 g, 12.36 mmol) in anhydrous CHC13 (100 mL) was treated with 
NaHCO3 (1.922 g, 22.88 mmol) and rn-CPBA (70%, 4.288 g, 17.39 mmol). The mixture 
was stirred at rt for 20 h, diluted with saturated aqueous NaHCO3 solution (120 mL), 
vigorously stirred for 15 min, and extracted with CH2C12. The combined organic layers 
were washed in succession with water and brine, dried over Na~S04, filtered, and 
evaporated at reduced pressure. The yellowish residue was chromatographed (Si02, 
petroleum ether-EtOAc, gradient, 20:l to 1O:l) to give 119 (3.53 g, 88% yield) as a 
colorless oil: IR (film) h,,, 1750 cm-'; 'H NMR (CDC13) 6 0.89 (t, J = 6.6 Hz, 3H), 
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1.19-1.34 (m, 19H), 1.61-2.21 (m, 8H), 2.43-2.64 (m, 2H), 4.23-4.31 (m, 2H); I3C 
NMR (CDC13) 6 14.0, 14.1, 17.0, 22.6, 22.8,28.6,29.2, 29.2,29.4, 29.4, 29.5, 30.4, 31.8, 
38.6, 61.8, 86.0, 170.2, 171.9 (only 18 peaks shown in the spectrum); EI-MS: m/z (%) 
326 (M'), 253 (loo), 225 (44), 97 (22), 71 (22), 57 (359, 55 (76), 43 (57), 41 (46). Anal. 
Calcd for C19H3404: C, 69.90; H, 10.50. Found: C, 70.04; H, 10.58. 
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3.2 Brown Hydroboration Reaction 

3.2.1 Description 
The Brown hydroboration reaction is the addition of B-H across a n-system (1) in an 
anti-Markovnikov fashion. Most commonly, this reaction utilizes BHpTHF as the 
hydroborating reagent and is followed by an oxidation of the newly formed C-B bond to 
afford an alcohol product (2).' 

1) BH3*THF 
R/\/OH 

2 
'% 2) NaOH, H202 * 

1 

3.2.2 Historical Perspective 
In 1948 Hurd reported that diborane and ethylene, when heated together to 100 OC for 
four days in a sealed tube, generated triethylborane.* Ten years later H. C. Brown first 
demonstrated that hydroborations could proceed at room temperature if ethereal solvents 
were used.3 He showed that when diborane was passed through a solution of diglyme it 
formed a BHydiglyme complex. This complex was capable of hydroborating hexene (3) 
to form trihexylborane (4) within minutes. Since that discovery in 1959, the 
hydroboration reaction using BH3mTHF has become a common transformation in modern 
synthetic organic chemi~try.~ 

dig I y m e 3 -6- 
* LAn -- BHydiglyme 

diglyme, rt 
B2H6 

10 minutes 4 

3.2.3 Mechanism 
While there was initial debate between Pasto' and Brown6 about the mechanism of the 
hydroboration reaction, Brown's proposed mechanism6 is now generally accepted as the 
most likely pathway. Brown suggested that the reaction proceeds via an equilibrium 
between BHyTHF (5) and free BH3 (6).  The free BH3 then rapidly adds B-H across a n- 
system of the olefin (7) in an anti-Markovnikov fashion via an asynchronous, 4-centered 
transition state (8) to afford hydroboration product 9. 

+ 
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3.2.4 Variations and Improvements 
Although BHpTHF is the most commonly used hydroborating reagent, there are 
drawbacks to this reagent, which has led to the development of alternative hydroborating 
reagents. Variable regioselectivity is obtained in hydroborations when BHpTHF is used. 
This is especially prevalent in reactions involving 1,2-disubstituted alkenes such as 10. 
Over the last 45 years a variety of substituted boranes have been developed to improve 
the regioselectivity of hydroboration reactions.' By increasing the steric bulk around the 
borane, improved regioselectivity has been observed with sterically differentiated olefins, 
due to the preference of the large boron moiety to bond to the less sterically hindered end 
of the n-system in the transition state. 

Borane 11:12 
BH3*THF 57 : 43 
thexBH2 66: 34 
SiazBH 97: 3 
9BBN-H 99: 1 

Alkynes were also found to be viable hydroboration substrates. Hydroboration of 
an alkyne, followed by an oxidative workup affords a carbonyl containing product. 
BHpTHF and numerous other boranes have been used for the hydroboration of alkynes 
such as 1-phenyl-1-propyne (lS).' 

Borane 14: 15 
BH3 74 :26  

P h y  9-BBN 65:35 
13 14 15 0 ThexBHz 43 : 57 

SiaZBH 19:  81 

0 
1) Borane, THF 
2) NaOH, H2OZL Ph 

Ph- 

Evans and co-workers developed rhodium catalyzed hydroboration reactions, 
which enable the use of catechol borane and other boronate esters as hydroborating 
agents to afford organoboronic esters as prod~cts .~  These products have increased 
stability and can be used directly in palladium cross-coupling applications. However, the 
rhodium-catalyzed method is most effective for the hydroboration of monosubstitued 
olefins (i.e., 16), as lower reactivity is observed with more substituted alkenes. 

Catechol borane 

20 OC, 25 min 
P - p  Rh(PPh3)3CI 

C6H1 3- 
c ~ H , ~ ~ ~ ' o  

16 17 
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The first example of an enantioselective hydroboration used ipc2BH as the 
hydroborating reagent and afforded high levels of enantioselectivity in the hydroboration 
of cis olefins, such as 18." However, ipczBH hydroborates more hindered olefins with 
only moderate enantioselectivity, but it was found that monoisopinocampheylborane 
(ipcBH2) hydroborated trans-disubstituted (20)" and trisubstituted alkenes (22)12 with 
relatively high asymmetric induction. While there have been numerous other terpene 
derived hydroborating reagents ipczBH and ipcBH2 still serve as the benchmark for 
useful enantioselective hydroborating reagents in most cases. 

1) ipcBH2, THF, 0 OC 

18 2) H202, NaOH - L  
19 

98% ee 

20 21 j 22 
73% ee j 66% ee 

3.2.5 Synthetic Utility 
The product of hydroboration reactions are organoboranes which represent an especially 
useful class of substrates due to their ability to undergo a wide variety of synthetic 
transformations, a small sampling of which are shown below. The most ubiquitous of 
these manipulations is the oxidation of a C-B bond to generate the corresponding alcohol 
(24-25) through the addition of base and hydrogen peroxide to an ~rganoborane.'~ 
Aldehydes and esters can be accessed using Li(CC12C(O)CH3) (24426) and NzCHCOzEt 
(24+27), respe~tively. '~"~ Furthermore, the C-B bond can also be directly transformed 
into a C-N bond (24-28) through the addition of BC13 and an alkyl azide in what 
formally amounts to a hydroamination of an alkene.I7 Conversion of the C-B bond into a 
C-halogen bond (24-29) can readily be accomplished via the use of base and an 
electrophilic halogen source. Lastly, organoboranes can act as Michael donors in Lewis 
acid-catalyzed Michael additions (24430). 
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R 32 

Ar-X, 1 Pdo 

1 MeOH 

2 0 z M e  
R 34 

Recent advances in metal-catalyzed processes have further increased the utility of 
organoboranes. The coupling between aryl- or vinyl halides and alkenyl boranes 
(accessed from the hydroboration of an alk ne) using Suzuki cross-coupling reactions has 
found significant use in organic synthesis."The more challenging problem of using alkyl 
organoboranes in cross-coupling reactions has received a great deal of attention and 
recently significant advances in this area have been Palladium catalyzed 
carbonylations of organoboranes have also been demonstrated (31-+34)?3 Lastly, 
because of the recent discovery of air and moisture stable organotrifluoroborate salts, the 
direct functionalization of alkenyl boranes is possible. Molander has shown that these 
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potassium alkenyltrifluoroborate salts readily undergo epoxidation (31-+35)?4 further 
increasing the utility of organoboranes in synthesis. 

Recently Danishefsky and co-workers used a hydroboration reaction early in the 
synthesis of (-)-scabronine G (38):' Hydroboration of (36) using 9-BBN, followed by 
oxidative workup, afforded (37) in 92% yield as a single regioisomer. 

9-BBN, THF; - HO 
H202, NaOH, 0 OC 

92 % 
38 CHO 

(-)-scabronine G 
36 37 

A hydroboration reaction was used to convert alkene 39 to a regioisomeric 
mixture of alcohols 40 and 41. Product 4 1  was then carried on toward the total synthesis 
of Agelastatin A (42).26 

0 Ph 
39 

In 1979, Corey 

BH,*THF,THF; 0 Ph 7H3 * 40 

H202, NaOH OH 

'&% 
0 Ph agelastatin A 

'H 
Lph-- NH 

0 42 

41 

and co-workers utilized the hydroboration of 43 using 
disiamylborane to provide desired alcohol (44), after oxidative workup, in ve high 
yield. This material was used to complete a total synthesis of gibberellic acid (45). % 

disiarnylborane (3 eq) 

THF, rt, 17 h * c:q?J 
H202, NaOH 0-Ph 

44 
0-m > 95% 

43 
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45 
gibberellic acid 

3.2.6 Experimental 
Hydroboration of Tricycle 3926 
A solution of the olefin 39 (46 mg, 0.98 mmol) in THF (1 mL) was cooled to 0 'C, and 1 
M BHpTHF complex in THF (0.98 mL, 0.98 mmol) was added. The reaction mixture 
was allowed to warm to room temperature, and after 4 h was cooled back to 0 OC and 
diluted with methanol (4 drops), 1.5 M NaOH (1 mL), and 30% aqueous H202 (0.5 mL). 
The reaction mixture was diluted with water and extracted with CH2Cl2 (3 x 20 mL). 
The combined organic fiactions were dried over MgS04, filtered through a pad of silica 
gel (eluted with EtOAc), and evaporated to afford a mixture of alcohols 40 and 41 in 88% 
yield and not requiring any subsequent purification. 

3.2.7 
1. 

2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 

References 
[R] Smith, K.; Pelter, A. Hydroboration of C=CandAlkynes. In Comp. Org. Syn. (Trost, B. M. ,  Fleming, I., 
Eds.), Pergamon Press: Oxford, 1991; Vol. 8, p 703 (and references therein). 
Hurd, D. T. J. Am. Chem. SOC. 1948, 70, 2053. 
Brown, H. C.; Rao, B. S. S. J.  Am. Chem. SOC. 1959,81, 8428. 
Brown, H. C.; Rao, B. S. S. J. Org. Chem. 1957,22, 1136. 
Pasto, D. J.; Lepeska, B.; Cheng, T. C. J.  Am. Chem. Soc. 1972,94, 6083. 
Brown, H. C.; Chandrasekharan, J. J. Am. Chem. SOC. 1984,106, 1863. 
Brown, H. C.; Liotta, R.; Scouten, C. G. J. Am. Chem. SOC. 1976,98, 5297 (and references therein). 
Brown, H. C.; Scouten, C. G.; Liotta, R. J.  Am. Chem. SOC. 1979,101, 96. 
Evans, D. A.; Fu, G. C.; Hoveyda, A. H. J.  Am. Chem. SOC. 1992,114. 6671. 
Brown, H. C.; Desai, M. C.; Jadhav, P.  K. J .  Org. Chem. 1982,47, 5065. 
Brown, H. C.; Jadhav, P. K.; Mandal, A. K. J.  Org. Chem. 1982,47, 5074. 
Brown, H. C.; Mahindroo, V. K.; Dhokte, U. P. J.  Org. Chem. 1996,61, 1906. 
Johnson, J. R.; Vancampen, M. G. J. Am. Chem. SOC. 1938,60,121. 
Li, N. S.; Yu, S.; Kabalka, G. W. Organometallics 1997,16, 709. 
Soundararajan, R.; Li, G. S.; Brown, H. C. Tetrahedron Lett. 1994,35, 8957. 
Brown, H. C.; Carlson, B. A. J.  Org. Chem. 1973,38, 2422. 
Hupe, E.; Denisenko, D.; Knochel, P. Tetrahedron 2003,59, 9187. 
Miyaura, N.; Suzuki, A. ChemicalReviews 1995,95, 2457. 
Kirchhoff, J .  H.; Netherton, M. R.; Hills, I. D.; Fu, G. C. J. Am. Chem. Soc. 2002, 124, 13662. 
Netherton, M. R.; Dai, C. Y.; Neuschutz, K.; Fu, G. C .  J.  Am. Chem. SOC. 2001,123, 10099. 
Littke, A. F.; Dai, C. Y . ;  Fu, G. C. J.  Am. Chem. SOC. 2000, 122, 4020. 
Chernler, S. R.; Trauner, D.; Danishefsky, S.  J .  Angew. Chem. Int. Ed. 2001,40, 4544. 
Suzuki, A. J.  Organomet. Chem. 1999,576, 147. 
Molander, G. A.; Ribagorda, M. J.  Am. Chem. SOC. 2003,125, 11 148. 
Walters, S. P.; Tian, Y.; Li, Y.-M.; Danishefsky, S. J. J.  Am. Chem. Soc.2005, 127, 13514. 
Stien, D.; Anderson, G. T.; Chase, C. E.; Koh, Y.-H.; Weinreb, S. M .  J.  Am. Chem. SOC. 1999,121,9574. 
Corey, E. J.; Smith, J. G. J .  Am. Chem. SOC. 1979, 79, 1038. 

Julia M. Clay 



Chapter 3 Oxidation 189 

3.3 Burgess Dehydrating Reagent 

3.3.1 Description 
This is a mild and selective method of converting secondary and tertiary alcohols to their 
respective olefins by use of the stereospecific cis-dehydrating agent, methyl N- 
(triethylammoniumsu1fonyl)carbamate (Burgess reagent, 1)’ 

+ -  
+ 

w $*RR HNEt3 
R Et3NSOzNCOzCH3 (1) 

F++R 
H 

O k N  ‘ C02 Me 
H OH 

0’ 0 

The Burgess reagent is made by exposing chloromethanesulfonyl chloride to 
methanol at room temperature followed by the addition of triethylamine. Burgess reagent 
(1) is a white crystalline solid that is air and moisture sensitive. 

MeOH, Ph-H NEt3, Ph-H 0 
CI-S-N=C=O 

0 It, 91% O H  

1 

The reagent is commercially available as well as a version that is supported on 
solid phase. 

3.3.2 Historical Perspective 
The reagent was first disclosed in 1968 by Edward Burgessla In 1970, Burgess reported 
that the reagent, when exposed to secondary and tertiary alcohols, gave the corresponding 
olefins (e.g. 2-4). Furthermore, it was also observed that primary alcohols react with 
Burgess reagent (1) to yield urethanes 5.  Burgess reported that in many cases it was 
operationally convenient to exchange the triethylammonium counterion for a sodium 
cation of 2 in the more stable primary and secondary sulfamate ester salts. This allowed 
the dehydration reactions to occur at lower temperatures2 
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OH I. I, THF, 5OoC 

2. NaH, THF, 50 OC 
2 

70-90% 

- 4  1, THF, 30 OC 

3 70-90% 

* O d  
1, THF, 50 OC 

'+OH 

4 70-90% 

0 

- -NKO' 
+ 95 OC 

-0S02NC02CH3NHEt3 1 

95% t i H  

The use of Burgess reagent did not gain much attention until the late 1980s and 
early 2000s. 

3.3.3 Mechanism 
Burgess conducted a kinetic study of the dehydration of erythro- and rhreo-2-deuterio- 
1,2-diphenylethanols (6,8). The results were consistent with rate-limiting formation of 
an ion pair, followed by fast syn-&proton transfer. Geometrical constraints require that 
the abstracted hydrogen is syn with respect to the leaving group. 
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Therefore, erythro and threo-2-deuterio- 1,2-diphenylethyl-N-carbomethoxy 
sulfamates, upon decomposition, give a-deuterio trans-stilbene (7) and protio trans- 
stilbene (9), respectively. This is consistent with syn elimination and an El  mechanism. 
It is important to note that elimination can be accomplished in an anti fashion. However, 
it is still considered somewhat rare. The conversion of 10 to 11 is rationalized to be 
driven to anti-elimination by conformational effects3 

HO" &@ 
10 

1 
* @ \ 

I 
11 

Double bond formation can sometimes be less predictable when the resulting 
carbocation is highly stabilized. For example, the substrate 12, when exposed to Burgess 
reagent, produced 13 via a Wagner-Meerwein rearrangement. 

12 13 

Allylic alcohols also can either undergo elimination (El) or an sN1 

rearrangement. When 14 is exposed to 1 (sodium salt) and heated to 80 O C  neat, followed 
by treatment with water, 15 is isolated in 96%. When 14 is conducted in triglyrne at 75 
"C, diene 16 is the major product (73%). 
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,C02Me -- I &  1 bL 
16 14 15 

In the majority of examples, the dehydration will occur according to Zaitsev's 
rule. 

2.4 :I 

As mentioned previously, primary alcohols, when subjected to 1, form the 
corresponding carbamates, via an sN2 mechanism, to form the corresponding olefins. For 
instance, 17 forms an N-carbomethoxysulfamate salt intermediate that rearranges to 
urethane 18 when heated. When primary sulfamate esters (19) are formed in a sterically 
hindered environment, the El mechanism prevails followed by rearrangement via 
Wagner-Meerwein, to form olefin 20.' 

,C02Me 
Q - H L  95% 0"" 

17 18 

19 
84% 

20 

3.3.4 Variations and ImprovementdSynthetic Utility 
In 1992, Wipf reported the use of 1 to form 4,5-dihydrooxazoles (22) from P-hydroxy-a- 
amino acids (21).4 This procedure was found to be general in scope. Furthermore, it 
provided compounds devoid of elimination, P-lactam, or aziridine side products. The 
configuration of the chiral center bearing the sulfonate leaving group was inverted. The 
reaction is characterized as mild, effective under neutral conditions, and useful for highly 
fbnctionalized substrates that may contain easily epimerizable centers. This novel 
reaction was a key step for the total synthesis of the cyclic hexapeptide, westiellamide. 
During the total synthesis, Wipf demonstrated that by employing two intramolecular 
cyclizations, retention of configuration of the chiral center is obtained (23-26).5 
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1 

THF, 70 OC 

* 
1. 0.3 N HCI/THF, 30 min 

2. KzC03, pH 9.5,  2 h 

77% 25 81 % 

26 

Miller has used this method to invert the chiral center of a threonine residue while 
synthesizing the peptide fragment of pseudobactin (27-28): 

HO 1. 1, THF, 70 OC HB 

C ~ Z H N , ) ( ~ ~ '  I OkBU 2. 1 N HCI, THF * CbzHN J N G '  J 0 t - B "  
I H o :  i H 0 1  

3. K z C 0 3 ,  pH 9.5 
27 70% 28 

During the course of the total synthesis of (+)-curacin A (30), Wipf disclosed a 
nice conversion of an oxazoline (29) to a thiazoline (30) by double use of Burgess 
reagent .' 
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HO L 

THF, 21 OC, 9 h 0 

71% 

29 

. H2S, MeOH 

EtSN, 35 OC, 20 h 

66% 

THF, 21 OC, 1 h 
54% 

(+)-curacin A (30) 

I 

L 34 33 Ow NH 

Y O z M e  

THF, 70 OC 
NHBOC 81% 

I 

31 

F N H B o c  44% 

32 
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Meyers has shown that during the total synthesis of (-)-bistatramide C, the valine- 
serine derived dipeptide 31, when exposed to 1, forms the expected oxazoline 33 analog 
along with the elimination compound 32. 33 was further converted to the oxazole 34 with 
use of NiO2 or Mn02.' 

This protocol of using 1 to develop oxazolines, oxazoles, and thiazolines has been 
used extensively for the creation of chiral bis-oxazoline l igand~,~  cyclic eptide synthesis, 
and natural products that contain these important heterocyclic moieties. 

Wipf has also developed a polyethyleneglycol-linked Burgess reagent (35). The 
major advantages for this polymer bound reagent are improved ease of handling and 
greater yields in the synthesis of labile oxazolines (36) and thiazolines (37)." 

I f  

0 

0 
0 0  

CI-S-N=C=O 

H O ~ ° F O ~ o M e  PhH, rt H 

H dioxaneRHF (1:l) Rlr~L2 
m 

85 OC, 3 h R3 

x = o , s  37 
OH 

36 

When ureas 38 were exposed to Burgess reagent, the production of carbodiimides 
(39) was achieved. This intermediate was mixed with amines to form 2,3,5-trisubstituted 
4H-imidazolones (40).'* 
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A new method of generating nitriles (42) from oximes (41) has been 
accomplished using Burgess reagent.13 

The dehydration is stereospecific (syn) and produces the requisite nitriles (43-45) 
in good yield. 

OH H 
I 

25 OC 
52% 43 

58% 44 

63% 4s 

Burgess reagent is commonly known for dehydration reactions but has also 
recently been shown to act as an oxidizer. The conversion of benzoin to benzil in good 
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yield under mild conditions has been achieved using Burgess reagent.I4 This method 
seems to be superior to previous methods of oxidizing this type of framework (46-48). 

@ I (3eq), 

0 H OH DCM. 6 h 
67% 

1 (3eq), 25OC 

DCM, 6 h 
63% 

1 (3eq), 25 OC 

DCM, 6 h 
52% 

46 

47 

&P 48 

It has been mentioned earlier that when Burgess reagent is treated with primary 
alcohols the carbamate is formed rather than the dehydration product. The development 
of a “benzyl Burgess reagent” (49) was shown to convert primary alcohols to the 
corresponding amines that are conveniently protected with the Cbz group.I5 

- O + L  

49 

Below are a few examples (50 and 51), using this modified Burgess reagent. 
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@:Yo" / 

0 69% gN 0 yNHC bz 

51 

Nicolaou has developed novel Burgess reagents (49 and 52) to form orthogonally 
protected sulfamidates in a regio- and stereoselective manner. The new Burgess reagents, 
when exposed to chiral diols (53,55), afford cyclic sulfamidates (54, 56).16 

98:2 

Furthermore, the cyclic sulfamidates (54) have been shown to generate chiral p- 
amino alcohol 57 when subjected to aqueous hydrochloric acid in dioxane. 

NH 
Cbz, 

HCI in dioxane 

rt ,2 h \o 
92% \o / 

54 57 

Exposure of 1 to aliphatic expoxides (58) results in the corresponding 
sulfamidates (59). The sulfamidates can be further converted to cis-amino alcohols (60) 
with double inversion of configuration." 



Chapter 3 Oxidation 199 

1 (2.3 eq) 0,; /p NH4Bz, DMSo 
/S*O 

2. THFIH20IH2S04 
C02Me 

59 

64% * 

58 

0 

,,,$OH 

g''lNH 
C02Me 

0  ON^^ NaOMelMeOHw 

"'"H 
C02Me 

60 

It was fbrther shown that aromatic epoxides, when exposed to 1, result in the 
formation of seven-membered ring systems (61-62). 

Me0 

1 (2.3 eq) 

72% 

92:8 
61 62 

Hudlicky et al. created a chiral version of the Burgess reagent (63), that was 
exposed to meso-aliphatic epoxides, to afford a 1 : 1 mixture of cis-fused sulfamidate 
diastereoisomers (64, 65, M* = menthol chiral auxillary) in modest yield." 

0 ? 02'' 
. " " 2 C d N b  O=S-O 'M OpC HN,,,o ,s-0 

64 65 

b0~~0s02~Et3 n 63 36% 

The cis-sulfamidates 64 and 65 were converted to trans-benzoates 66 and 67 via 
inversion at the oxygenated carbon with ammonium benzoate. 
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64 65 66 67 

Using the concept of sulfamidate formation, Nicolaou used glucose derivatives to 
synthesize a-and P-glycosylamines (68 and 69) in a stereoselective manner using 
Burgess reagent.lg 

OBn 

BnO"' 
OBn 

68 

1 (2.5 eq) 

THFlDCM (4:l) 
reflux, 6 h 

88% 

+ 

BnO"" 

69 
alp (8: 1) 

Direct conversion of anomeric alcohols (70) to amines (71) was also 
accomplished using Burgess reagent to carbohydrate derivatives. 

A convenient enantioselective synthesis of (9-a-trifluoromethylisoserine via the 
cyclic sulfamidate was accomplished in high yield. Treatment of (5')-diol (72) with 
Burgess reagent in refluxing THF afforded the cyclic sulfamidate 73 in 53% yield. 
Hydrolysis of 73 with 6 N HCl gave (9-a-CF3 isoserine 74 as its hydrochloride salt.20 
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0 

1, THF MeoZC~N+NH(OMe)Me 
' -0 "CF, 

0=% 
0 51% 

H O d N H ( 0 M e ) M e  HO "CF3 

72 73 
0 6 N HCI 

+ CiHH2N+oH 
100°C, 12 h HO 'CF, 

90% 74 

The formation of Burgess-type reagents (75) from chlorosulfonyl isocyanate 
(CSI) has recently been disclosed. The one-pot synthesis works well with primary, 
secondary, and tertiary alcohols and amines containing an active hydrogen." 

ROH 

Toluene 
CSI L 

1. pyridine, 0 OC 0 

* ROKNHS0zNR,R2 

75 
2.  NHRqR2,O OC 

0 

A one-pot conversion of Bayliss-Hillman adducts (76) into carbamates of 
unsaturated p-amino acids was accomplished using Burgess reagent." When the 
sulfamate ester 77 is heated, the ester undergoes pyrolysis, extruding SO3 to provide the 
carbamate 78. When 77 is treated with NaH, followed by heating, an allylic 
rearrangement occurs to provide carbamate 79 in high yield. Examples with the phenyl 
ring substituted at the 4-OMe, 3-NO2, 4-C1, and 2-CI position were shown to undergo 
either transformation in high yield. The 4 N 0 2  phenyl substituent provided both products 
in - 20% yield. 

When carboxylic acids (80) are ex osed to 1 under microwave irradiation, mixed 
sulfocarboxy anhydrides (81) are formed! Subsequent treatment of the anhydrides with 
amines at elevated temperatures (microwave) yield acyl ureas (83) and amides (84). The 
ratio of the two products appears to be temperature controlled. For instance, when the 
anhydride 81 is exposed to primary or secondary amines at 150 OC, the acyl ureas are 
formed via the urethane 82. If 81 is exposed to primary or secondary amines at 80 "C, the 
corresponding amides are formed. 
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OMe 

OANH yo& O q M e  

OMe 95OC ~ f l 0 . e  

85% 

76 77 78 

1. NaH, THF i 2. heat, H20 

0 0  0 0  

1 (1.4eq), DlEA R,KO:\S/:NKOMe R2R3NH (1 5eq) 
RlC02H 

150 OC, 8 min 

80 8OoC, microwave 5 min b [ 8 1 k ' ]  microwave * 

L 82 J a3 
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84 

3.3.5 Synthetic Utility via Dehydration of Secondary And Tertiary Alcohols 
The Burgess reagent can dehydrate secondary and tertiary alcohols to the respective 
olefins under neutral conditions and low temperatures. This is in contrast to many other 
dehydrating type reactions/conditions that usually require acidic conditions that are 
accompanied with rearrangements and high temperatures. Thus the Burgess reagent has 

24,lC,l d found great utility in the synthesis of molecules that contain multiple fknctionality. 
For instance, Rigby used Bur ess reagent for the formation of alkene 85 during the total 
synthesis of (+)-narciclasine. Z.? 

OAc OAc 

reflux 

OAc 0 OAc 0 

85 

Burgess reagent was found to be the only effective dehydroxylation method 
during a key intermediate for the total synthesis of fredericamycin A (86-87).26 The 
dehydration protocol produced the alkene in quantitative yield. However, if compound 86 
is exposed to Burgess reagent in refluxing benzene, no reaction occurs. 

86 87 
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Formation of the desired alkeneone (88) was accomplished with Burgess reagent 
during the synthesis of 7 , l l  -dihydroxyg~aianolides.~' 

1, Benzene L ow 
0 reflux 

OH 98% 
88 

Treatment of 89 with Burgess reagent in acetonitrile first provided the sulfamate 
90 in 91% yield. Heating in toluene at 100 OC in the presence of NaH furnished minovine 
91 (39%) and its isomer 92 in 53% yield.28 

89 90 

CH3 \CH, 

39% 53% 

91 92 

Dehydration of seven-member rings can often lead to complications due to ring 
contraction via cationic rearrangement. After many dehydrating reagents were tried, 
Burgess reagent was found to convert 93 into 94 and 95 in a 1 :2 ratio in 90% yield.29 
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3.3.6 Experimentat' 

NC NC 
HO 6A tH : \\\.I 1, Toluene 

OBn 5OoC OBn 

60% 

96 97 

A solution of 96 (150 mg, 0.55 mmol) in dry toluene (3 mL) was added under nitrogen to 
a suspension of 1 (1 33 mg, 0.59 mmol) in dry toluene (2 mL). The reaction mixture was 
stirred at 50 "C for two days and concentrated in vucuo. The residue was taken up in 
water (1 0 mL) and dichloromethane (25 mL) and the aqueous layer was separated and 
extracted with dichloromethane (3 x 25 mL). The combined organic layers were dried 
with MgS04 and concentrated in vucuo. The residue was purified by column 
chromatography (cyclohexane/ethyl acetate, 9:l)  to give enol97 as a white solid (84 mg, 

1.34 (td, J =  13.8, 3.5, lH), 1.72 (m, lH), 1.84 (m, lH), 2.02-2.13 (m, 2H), 2.23 (m, lH), 
2.51 (dt, J =  13.8, 3.5, lH), 2.85 (d, J =  13.6, lH), 4.49 (d, J =  10.3, lH), 4.58 (d, J =  
10.3, lH), 4.99 (d, J =  8.2, lH), 5.12 (t, J =  3.8, lH), 7.27-7.46 (m, 5H). 

60%). mp = 107 OC. [CY.]D = -30.4 (C = 0.35, CHCl3); 'H NMR (400 MHz, CDC13): 6 = 

3.3.7 
I .  

2. 
3. 
4. 

5 .  
6. 
7. 

8, 
9. 
10. 

11. 

12. 
13. 
14. 
15. 
16. 

17. 
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3.4 Corey-Kim Oxidation 

3.4.1 Description 
The Corey-Kim oxidation uses N-chlorosuccinimide (NCS) and dimethylsulfide (DMS) 
followed by triethylamine (TEA) addition to convert primary and secondary alcohols to 
aldehydes and ketones, respectively.' 

1. NCS, DMS 

2. TEA 
- 

2 

1. NCS, DMS 0 - 
2. TEA 

4 

Aldehydes and ketones are prepared in this manner by premixing the NCS and 
DMS at low temperature (0 "C initially then cooling to -25 "C as in the original 
publication) before adding the alcohol substrate followed by TEA a short while later. 
The yields are generally very good to excellent and optimal solvents are toluene and 
CH2C12. Polar solvents should be avoided as methyl thiomethyl ethers can form in such 
an environment as a side-product and lower the yield of the reaction. There is a high 
degree of functional group compatibility with this mild reaction and overall reaction 
times typically vary from 30 minutes to 2 hours. 

3.4.2 Historical Perspective and Improvements 

/s, 

toluene, 0 "C 
Q 

S 

-OH 

- 
-25 "C. 2 h 

2. TEA,97% 7 
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In a 1972 communication, E. J. Corey and C. U. Kim described the first example of this 
mild oxidation method and expressed their hope that this discovery would find 
widespread use.' The oxidation of 4-tert-butylcyclohexanoI (6) to corresponding ketone 
7, for example, was achieved in 97% yield by the in situ generated sulfonium chloride 
complex 5. This complex is now commonly referred to as the "Corey-Kim Reagent." 
The complex is not stable at temperatures above 0 "C for extended periods of time and its 
rate of decay over time has been followed by continuous FT-IR.' 

By this manner, several additional primary and secondary alcohols were oxidized 
to their corresponding aldehydes and ketones in high yield. ' 

1 .  NCS, DMS 
toluene, -25 "C 

2. TEA, 94% dH ___) 

9 

0""" 
8 

1. NCS, DMS 
toluene, -25 'C 

2. TEA, 91% 

10 11 

Efforts to develop an odor-free variation of the Corey-Kim oxidation resulted in 
the development of several modifications that avoid the usage of odorous and volatile 
DMS. In 2002, a high molecular weight fluorous version was described and at about the 
same time a separate research group described their odorless The fluorous 
version, in addition to using a less volatile sulfide, is environmentally friendly in that the 
fluorous reagent is recyclable. Isoborneol (12) was converted to ketone 14 in 88% yield 
and 72% of the polyfluorinated sulfide (13), referred to as "fluorous dimethyl sulphide," 
was recovered after continuous fluorous extraction. As in the original Corey-Kim 
communication, the NCS and sulfide were stirred at 0 "C before cooling to -25 "C, 
adding substrate, and ultimately TEA. 

The other variation utilizes readily obtainable, inexpensive, and odorless dodecyl 
methyl sulfide (16) to afford oxidized products in excellent yields: For example, after 
adding testosterone (15) to a stirring solution of NCS and 16 at -40 "C, the desired 
ketone 17 was obtained in 97% yield after TEA addition. 
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I. NCS 

/s4CeF1 3 
13 

toluene, 2 h &OH - 
0 

14 2. TEA,88% 12 

1. NCS 

0 

17 
2. TEA,97% 

15 

In an effort to follow modem trends toward green chemistry, a new odourless, 
water-soluble DMS equivalent (19) that is recyclable was introduced by the same group.5 
Up to 89% of this new morpholino sulfide can be recovered using simple acidbase 
extraction techniques. Yields using this new DMS alternative are excellent and vary 
from 85% to 99% depending upon substrate, stoichiometry, and solvent choice. For 
example, the transformations illustrated above (12 to 14 and 15 to 17) were repeated 
using sulfide 19 and yields of 94% and 91%, respectively, were reported. In addition, the 
highly successfd oxidation of benzylic alcohol 18 and allylic alcohol 21 were carried out 
at low temperatures. 

1. NCS 

18 

rH / 

21 

20 
2. TEA, -40 "C, 14 h, 98% 

1. NCS, 19 

CH2CI2, 2 h, -40 "C 

2. TEA, -40 "C, 14 h, 96% 
22 
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3.4.3 Mechanism 

(Corny-Kim reagent) 1 

24 

25 14 (deuterated 19) 

It is plausible that the first steps in the mechanism of the Corey-Kim oxidation involve 
the initial $42 reaction between the sulfide nucleophile and the NCS that bears the 
electrophilic chlorine to form an intermediate sulfonium chloride species and a 
succinimide anion that in turn attacks the newly formed electrophilic sulfonium to yield 
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the Corey-Kim intermediate (5), or what is more commonly called “Corey-Kim 
reagent.”’ As shown below, the Corey-Kim intermediate is then attacked by the 
nucleophilic alcohol substrate to afford a succinimide anion and an oxonium species that 
is deprotonated by the succinimide anion to furnish alkoxysulfoxonium salt 23. The role 
of triethyl amine is to then deprotonate 23, setting off a cascade of events that ultimately 
liberate the desired product, DMS, and TEAsHCI. As illustrated below, a proton from 
one of the S-methyl groups is removed, providing ylide 24 that in turn intramolecularly 
deprotonates the proton alpha to the oxygen atom. The carbonyl group then forms, thus 
liberating the oxidized substrate and DMS. 

In the case where a nonsymmetrical sulfide such as 19 is used, deuterium labeling 
studies using 2-deuteroisoborneol 25 indicate that it’s the S-methyl group rather than the 
S-methylene that is deprotonated (second to last step of mechanism) and the fact that the 
deuterium label from the alcohol is transferred to this position supports the last step in the 
hypothesized sequence of events that is proposed. Spectral analyses confirm that the 
selectivity for S-methyl deprotonation is in fact 95:5.  

3.4.4 Synthetic Utility 
3.4.4. I Preparation of aldehydes and ketones 

. .  

2. TEA, 84% Plf 

26 27 28 

Pf = g-phenylfluoren-Q-yl= 

The mild reaction conditions of the Corey-Kim oxidation reaction make it an 
excellent choice when the oxidation of an alcohol that is contained within a complex 
synthetic intermediate is needed. Rapoport has shown this oxidation method to be usefd 
to prepare aldehydes from primary alcohols in several multi-step syntheses. For example, 
treatment of alcohol 26 with NCS and DMS in toluene provided aldehyde 27 that was 
ultimately used to construct the (-)-enantiomer of the C-9-amino acid constituent (28) of 
immunosuppressant drug cyclosporine as well as the naturally occurring (+)-enantiomer 
after a slight modification.6 
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The same research group also utilized the Corey-Kim reaction to prepare 
aldehyde 30 fiom alcohol 29 in the total synthesis of polyhydroxylated indolizidine 
alkaloid castanospermine (31) and its C-6 e ~ i m e r . ~  

1. NCS, DMS 

toluene, -25 "C 

2. TEA, 92% 
___t 

HO"' 

29 

Pf = 9-phenylfluoren-9-yl 

30 31 

The [2 + 21-cycloaddition reaction was used to explore synthetic routes toward 
key intermediates that could be applied in carbapenem antiobiotic synthesis and in the 
preparation of such intermediates, chemists at the Sagami Research Institute utilized the 
Corey-Kim reaction.8 In this example, secondary alcohol 32 was converted to ketone 33 
in 95% yield. 

1. NCS, DMS TBDMS, 
TBDMS, 

toluene 

2. TEA, 95% 

Q H H I  
1. NCS, DMS TBDMS, 

TBDMS, 

\ 

32 33 

3.4.4.2. 
While a variety of alcohols are excellent substrates for the traditional Corey-Kim 
oxidation, alcohols capable of forming stabilized carbocations such as allylic and 
benzylic alcohols can undergo a side-reaction to form alkyl chlorides. In fact, the Corey- 
Kim reagent and conditions, with slight modification, have been used to convert allylic 
and benzylic alcohols to their corresponding chlorides in very high yield as shown 
below.' Alkyl bromides can also be prepared if N-bromosuccinimide is used in place of 
N-chlorosuccinimide. 

OH CI 

Preparation of benvl and allyl halides 

DMS, NCS 

-25 'C, 4 h, 95% 

34 35 
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DMS, NCS 

-25 "C, 4 h ,  95% 

36 37 

Referring back to the mechanism discussed earlier, if the unstable sulfoxonium 
intermediate 23 is allowed to decompose, that is, if triethyl amine is not added to trigger 
the carbonyl formation, then alkyl chlorides result. 

3.4.4.3 Preparation of 1,3-dicarbonyls 
The Corey-Kim conditions have also been applied to 3-hydroxycarbonyl compounds to 
afford 1,3-dicarbonyls and this variation is curious in that in some cases stable 
dimethylsulfonium dicarbonylmethylides are isolated which have to be further treated 
with zinc-acetic acid to afford the desired dicarbonyl product. In 1988, Yamauchi 
showed that the outcome of the addition of 3-hydroxycarbonyls to the Corey-Kim 
reagent varied depending upon the C-2 substitution pattern." As illustrated by the 
examples below, if the C-2 position is unsubstituted such as in 38, the dimethylsulfonium 
dicarbonylmethylide 39 was isolated whereas the desired oxidation product 42 was 
produced if there was at least one substituent (R3 or h) present at C-2. Other cases of 
non-C-2-substituted 3-hydroxycarbonyls fhishing stable dimeth lsulfonium methylides 
and their conversion to the desired diketones have been reported. IY 

R2 

OH 0 Corey-Kim Reagent Zn/AcOH 

CHzC12, -78 'C, 1 h ~~j/l/jlR~ - CHzClz 
'1 

then Et3N, -78 "C, 1 h ,s\ 0 "C to rt, 12 h 

38 
(0-98 %) 

39 
(0-99 O h )  

Corey-Kim Reagent 0 0  
CHzC12, -78 "'2, 1 h 

then EtsN, -78 'C, 1 h 

(52-99 %) 
41 (R3, R4 = mono- or disubstituted) 42 

40 

Noting the greater reactivity of the newly formed dicarbonyl products for the 
Corey-Kim reagent present in excess, the authors propose the following mechanism in 
which the C-2 of the dicarbonyl enol ether tautomer attacks the electrophilic sulfonium 
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atom of the Corey-Kim reagent giving adduct 43, whose acidic proton is removed by 
TEA to generate the stable ylide 39.'' 

&tR2 
O R '  ) q-.< bJ - 

0 
0 CI 

$. 
0 

/s\ 

39 

+ TEA-HCI 

An example of the successful application of the Corey-Kim oxidation of a 3- 
hydroxyketone to yield a 1,3-diketone in natural product synthesis is illustrated by the 
total synthesis of (+)-jatrophone. l 2  As shown below, the presence of the C-2 methyl 
group of 44 allowed for the clean conversion to desired diketone 45 in one step (Le., no 
need for reductive desulferization). The Corey-Kim oxidation was then actually used a 
second time in the sequence to introduce another ketone and ultimately afforded the 
desired macrolide diterpene 46. 

44 

steps 

1. NCS. DMS T M S ~ -  

-25 "C to rt, /O< 
30 min TMS 
(97 %) 

45 

0. / 

'11 

Jatrophone (46) 

3.4.4.4 Preparation of a-hydroxyketones and a-diketones 
Corey and Kim first described the use of NCS and DMS for the conversion of 1,2-diols 
into a-hydroxyketones in 1974, two years after their initial communication and gave the 



Chapter 3 Oxidation 21s 

conversion of 1,2-diol 47 to a-hydroxyketone 48 in 86% yield as an e~amp1e.I~ The 
authors comment that glycol cleavage, which could occur using the harsh oxidation 
conditions frequently employed at the time, was not observed because such an 
elimination process would involve a seven-membered cyclic transition state (B) whereas 
a-hydroxyketones form as a result of the proposed favored five-membered ring cyclic 
transition state (A) as shown below. 

1, NCS, DMS 
toluene, -25 "C, 3 h 

* Ph%Lh 
Ph%y 2. EtSN, 86% 

47 48 

A B 

The Corey-Kim protocol was successfidly applied late in the multi-step total 
synthesis of ingenol (51) to convert diol 49 to a-ketol 50 where it was the less hindered 
hydroxyl group that was selectively oxidi~ed. '~  The newly formed ketone was then used 
to construct the allylic alcohol moiety of ingenol after several steps. 

steps 1. NCS, DMS 
toluene 

OH - 2. EtjN, 75% 0 " 49 50 51 

An example of the construction of a 1,2-diketone from a 1,2-diol comes from the 
total synthesis of (+)-cephalotaxine (54) where the Corey-Kim conditions were used to 
convert diol 52 to diketone 53 in 89% yield while other oxidation methods were reported 
to have failed to affect this conver~ion.'~ The more accessible ketone was then converted 
to the enol ether and LAH reduction afforded the racemic natural product 54. 
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2. EtsN, 89% 
HO 

OH 0 
52 53 54 

3.4.5 Experimental 

TMS, 
1. NCS, DMS 0 0 OH 

____) 

2. EtjN, 92% 

SnBu3 

epi-44 epi45 

Synthesis of e ~ i - 4 5 ' ~  
To a solution containing 0.25 g (0.187 mmol) of N-chlorosuccinimide in 35 mL of 
toluene at -25 "C was added 0.18 mL (2.45 mmol) of dimethylsulfide. The mixture was 
stirred at -25 "C for 30 minutes, followed by the addition of 0.35 g (0.46 mmol) of 
alcohol epi-44 in 18 mL of toluene over 10 minutes. Stirring continued for 3 hours, 
followed by the addition of 0.28 mL (2.01 mmol) of triethylamine in 18 mL of toluene 
dropwise. The cold bath was removed, and the contents were warmed to room 
temperature and maintained for an additional 30 minutes. The mixture was diluted with 
water and extracted with ether. The organic layer was dried over sodium sulfate. 
Removal of solvent and column chromatography of the yellow oil on silica gel with 10% 
ethyl acetatehexanes gave 0.32 g (92%) of product epi-45 as a mixture of diastereomers. 

A 
1 .  0 N-(CH&SCHs 

dP HO & 2. TEA 0 

- (19) 

NCS, CH2C12 
______+ 

4 0  "C to rt 
56 

91 % 55 
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General procedure for the Corey-Kim oxidation using recyclable 19' 
To a solution of N-chlorosuccinimide (63.76 mg, 0.48 mmol) in anhydrous CH2C12 ( 2  
mL) under nitrogen at 4 0  "C was added 19 (104 mg, 0.48 mmol) in CH2C12 (2 mL) 
dropwise. The reaction mixture was stirred at -40 "C for 30 min before the addition of 
alcohol 55 (0.32 rnmol) in CH2C12 (2  mL). After the reaction had been stirred for 2 h at 
-40 "C, freshly distilled triethylamine (0.14 mL, 0.95 mmol) was added and the reaction 
mixture was stirred at the same temperature for a further period of 2.5 h. It was then 
allowed to warm to room temperature for 8 h with continued stirring before being poured 
into aq. 1 N HCI (60 mL) and extracted with ethyl acetate (3 x 30 mL). The organic 
component was washed again with aq. 1 N HCI (50 mL) brine and dried over sodium 
sulfate. The solvent was evaporated in vacuo to afford pure ketone 56 in 91 % yield. 

General procedure for the recovery of 19' 
The aq. 1 N HCI solution collected after work-up was made alkaline (pH > 9) using aq. 5 
M NaOH and extracted with diethyl ether (3 x 30 mL), dried (sodium sulfate) and 
concentrated followed be Kuegelruhr distillation (145 "C, 1.5 mmHg) to afford pure 19 
(77%). 

3.4.6. 
I .  

2. 

3. 
4. 

5 .  
6. 
7. 
8. 
9. 
10. 
1 I. 
12. 
13. 
14. 

15. 
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3.5 Dess-Martin Periodinane Oxidation 

3.5. I Description 
The Dess-Martin periodinane oxidation utilizes 1,1,1 -triacetoxy- 1,l -dihydro- 1,2- 
benziodoxol-3( lH)-one (2) as an oxidant for the conversion of primary and secondary 
alcohols (1) to their corresponding aldehyde (3) and ketone products, respectively. 

AcO. ?@. OAc 

I '  2 0  

The oxidation procedure has found wide utility due to the mild conditions employed, 
high degree of functional group compatibility, ease of workup, inexpensive materials utilized, 
efficiency, and predictability. 

3.5.2 Historical Perspective 
The oxidation of primary and secondary alcohols to aldehydes and ketones, respectively, 
utilizing 1 , I ,  1 -triacetoxy-1 , l  -dihydro-l,2-benziodoxol-3( 1 H)-one (2) was first disclosed by 
D. B. Dess and J. C. Martin in 1983.' The synthesis of the iodo-oxidizing reagent 2 was 
readily prepared from 2-iodobenzoic acid (4). Formation of 5 with potassium bromate in 
sulfuric acid gave the cyclic tautomer of 2-iodoxybenzoic acid (IBX) (5) in 93% yield. 
Compound 5, common1 referred to as IBX, is also an efficient oxidizing agent that has 
received much IBX is sparingly soluble in most organic solvents but is readily 
soluble in DMSO. IBX was subjected to acetic anhydride in acetic acid at 100 OC to form 
I,l,l-triacetoxy-l,l-dihydro-1,2-be~iodoxol-3(lH)-one (DMP, 2) in 87% yield.3 

I 

4 

DMP (2) is sparingly soluble in hexane or ether, but very soluble in chloroform, 
methylenc chloride, and acetonitrile. DMP is commercially available and decomposes slowly. 
DMP is heat and shock sensitive and shows an exotherm when heated to temperatures of 130 
'C or greater. 
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Using aliphatic and benzyl alcohols as examples, Dess and Martin demonstrated that 
oxidation occurred smoothly at room temperature, in methylene chloride, using a slight 
excess of 2 (1.05-1.1 eq). Although strong acid (i.e., TFA) was found to catalyze the 
reaction, it is usually not necessary. Below are a few examples of oxidations listed in the first 
disclosure.’ 

PH 

0 
-OH 

HO 

b 

2, CHC13, rt 

TFA, 30 rnin 

90% 

2, CHCI3, rt 

TFA, 60 min 

93% 

O Y H  
2, CHC13, rt 

60 rnin 

91 % 

Oxidation of the above substrates were characterized by short reaction times and 
efficient conversion to expected products. Over-oxidation of substrates was not observed. 
Furthermore, the work up procedure was much easier and straightforward than other 
oxidation methods such as PCC, PDC, or Swem oxidation. The Dess-Martin reagent is also 
less toxic than the chromium-based oxidizing reagents. 

3.5.3 Mechanhm 
The generally accepted mechanism is outlined below. The hydroxyl group of the substrate 
acts as the nucleophile to react with 2, forming 6, after ejection of one acetate group. The 
acetate molecule allieviates the positive charge formed on oxygen, providing one equivalent 
of acetic acid and producing intermediate 7. Next, intermediate 7 collapses to form products 
via elimination of the alpha proton of the substrate and disassociation of an acetate ligand. 
The products produced from the collapse of 7 are the oxidized product, by-product 8, and two 
equivalents of acetic acid. The rate of reaction has been shown to be dependent on rate of 
conversion of 7 to 8. Studies from Dess and MartinlS2 and Schreiber4 have shown that the 
rate of dissociation of the acetate ligand of 7 is dependent upon the electron donating ability 
of the alkoxy substituent present in intermediate 7. For example, Dess and Martin observed 
an increase in the rate of oxidation of ethanol when two equivalents of ethanol were added to 
2 at room temperature to form 10. 
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slow 

25 OC 

Name Reactions for Functional Group Transformations 

OAc . 
F - ( H , C )  + 2  HOAc+ a. R 

-HOAC 0 

9 10 

Fast 

25 OC 

OEt 

8 11 

The dissociation rate of the acetate ligand of 10 was very fast (instantaneous) to form 
11 and acetaldehyde, while the dissociation rate of the acetate ligand of 9 occurred in two or 
more hours at room temperature, forming 8 and oxidized product. 

3. S. 4 Variations and Improvements 
In 1993, Ireland’ reported an improved procedure for the preparation of the Dess-Martin 
reagent (2). At the time, the reagent was not commercially available and the original 
procedure outlined by Dess and Martin produced reagent that varied in activity from batch to 
batch. The key step of the synthesis was the conversion of 5 to 2. By using a catalytic 
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amount ofp-toluenesulfonic acid, the acetylation of 5 occurred within 2 hours in 91% yield. 
This procedure was accomplished routinely on 100 g scale. 

AcO, PAC I 

* P ? O A C  

AQO, 

H2S04 0.5% TsOH 

93% 91% 
5 80°C,2h 2 0  

b " O Z H  KBr03 * 
4 

Since residual bromine associated with IBX can cause the material to be explosive at 
high temperature (> 150 "C), oxone in water has been used to oxidize 2-iodobenzoic acid (4) 
to make very pure IBX (5).3 

In 1994, Schreiber4 reported inconsistencies with batches of Dess-Martin reagent. In 
particular, an old lot of reagent was found to be an effective oxidizer, while newer batches 
were not as efficient. It was noted that when water was added to the Dess-Martin oxidation 
procedure, the rate of the reaction was accelerated. This observation led to the conclusion 
that the "old" Dess-Martin reagent was being partially hydrolyzed to compound 5, 0- 
iodoxybenzoic acid (IBX), which was a more effective oxidant. 

IBX based oxidations are considered a variant of the Dess-Martin oxidation and many 
interesting chemistries have been conducted using this reagent. IBX is stable to moisture and 
oxidations can be performed in an open flask without use of inert atmosphere or dry solvents. 
The reagent dissolves readily in DMSO (up to 1.5 M) and is insoluble in sulfalone, N,W- 
dimethylformamide, acetonitrile, chloroform, methylene chloride, acetone, and 
tetrahydrofuran. It is possible to use tetrahydrofuran as a co-solvent for compounds that do 
not readily dissolve in DMSO or when low temperatures are required. 

Frigerio and Santagostino6 have shown that 5, in DMSO, oxidizes primary alchohols 
to aldehydes at room temperature without over oxidation. Secondary alcohols are cleanly 
oxidized to ketones. Sterically hindered alcohols are oxidized at room temperature in a few 
hours (6 ---f 7). 
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*&  5 (1.1 eq) 

DMSO, rt, 2.5 h 

100% 
0 

7 

OH 

6 

IBX (5) oxidizes y,b-unsaturated alcohols to the corresponding carbonyls in good 
yield (8 + 9). 

5 (1.1 eq) +JH 
DMSO, rt, 4.5 h 

91 % 
9 

?OH 

8 

Furthermore, the oxidation of chiral primary alcohols proceeds without epimerization 
(10 + 11). 

DMSO, 5(1.1eq) rt, 2.5 h *dH 
AcO H 

H 98% 

10 11 

AcO 

It is important to note that tertiary alcohols do not interfere with IBX oxidations. 
Furthermore, it has been shown that pyridine and hran rings and double bonds, both 
conjugated and isolated are not affected with IBX. 

Frigerio and Santagostino6 also demonstrated that 5 smoothly oxidizes 1,Zdiols to a- 
ketols or a-diketones without oxidative cleavage of the glycol bond (12 -+ 13; 14 + 15). The 
IBX oxidations were conducted in DMSO solution at room temperature. 

* 

OH 5 (2.5 eq) 

OH DMSO, rt, 3.5 h 

13 

a 
12 
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OHOH 5 (I .5 eq) fl DMSO, rt, 1.5 k 
14 15 

Use of 5 provides a new route for the conversion of 1,Cbisprimary diols or 1,4- 
primary-secondary diols to y-lactols. The conversion of the primary-secondary diol (16) to 
the y-lactol (17) implies that the oxidation of the primary hydroxyl group is considerably 
faster than the secondary hydroxyl moiety. This convenient and efficient process is superior 
to previous methods of forming the y-lactol in one step.' 

5 (1.2 eq) 

OH -. . 
16 17 

Nicolaou' has studied this oxidative agent extensively and has shown that IBX is 
useful in many oxidations other than simply converting alcohols to aldehydes and ketones. 
For example, IBX chemoselectively forms benzylic imines rapidly at room temperature in 
DMSO (18 ---f 19). It has also been demonstrated that primary amines can be oxidized to 
ketones (20 - 21) via the imine intermediate. 

/ o " { - C N  5 (1.1 eq), DMSO w 

Me0 25 OC, I 0  rnin 
18 98% 

5 (1.1 eq), DMSO 

25 OC, 48 h 
79% 

* 

20 

Me0 m"-cN 
19 

21 

When the primary amine is "doubly benzylic" the yield increases with a shorter 
reaction time, indicative of facile benzylic oxidationhydrolysis (22 + 23). 
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22 23 

To gain insight into the mechanism of this reaction, r-butylamine was mixed with IBX 
(5) at room temperature for 48 hours in DMSO. Intermediate 24 was isolated from the 
reaction and not the “dehydrated” product. 

24 

This suggests that 24 represents the local energy minimum along the course of the 
reaction. Nicolaou has also shown that IBX conveniently cleaves dithioacetals and 
dithioketals to their corresponding carbonyl compounds (25 + 26; 27 - 28) in high yield. 

25 
99% 26 

5 (2 eq), DMSO/H20 (9:l) 

25 OC, 2 h 

27 
84% 

20 

Nicolaou utilized IBX to effectively carry out oxidations adjacent to carbonyl 
functionalities (to form u,p-unsaturated carbonyl compounds) and at benzylic and related 
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carbonyl centers to form conjugated aromatic carbonyl systems. For example, cycloheptanol 
(29) was converted to the synthetically challenging cycloheptadienone (30) in 76% yield.9 

HO 0 

5 (4 eq) 

DMSO, 80 OC 
29 76% 30 

This protocol was employed to make tropinone (31) from cyclohepatanol in a “one- 
pot” reaction. The overall yield was 58%. 

- G o  
5 (4 eq) 

DMSO, 80 OC, 22h 

add K2C03 followed by 
MeNH3+Cr, 3h 

58% 

29 then cool to 25OC, 31 

b 
Some other examples of this powerful oxidation protocol are shown below: 

c 5 (4 e9) 
* 

DMSO, 70 OC, 2 h 

89% 

8 
k 

5 (3 es) d DMSO, 80 OC, 48 h 

69% 
5 (4 es) 

%OH DMSO, 70 OC, 12 h 
84% 
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Benzylic methyl positions were shown to oxidize to the corresponding aldehydes 
using IBX, presumably through a single electron transfer (SET) mechanism. Over-oxidation 
to the corresponding carboxylic acid was not observed, even with electron-rich substrates. 
Some examples are shown below: 

5 (3 es) a DMSO, 85 "C, ;2 h 
85% 

5 (3 es) n""" 
Br DMSO, 80 OC, ;6 h Br 

73% 

The rate of oxidation using IBX (5) has been determined to follow the trend: primary 
alcohols oxidize faster than secondary alcohols which oxidize much faster than the benzylic 
moieties. 

Nicolaou further discovered that IBX can form heterocycles with certain N-aryl 
amides.'' The mechanism is postulated to be SET based and the aromatic ring plays an key 
role in the initial SET process (compounds that do not have the N-aryl moiety do not undergo 
the cyclization process). THF in the solvent system is also postulated to quench the reaction 
by providing the source of hydrogen atom transfer. The utility of this protocol is outlined 
below: 

q 0 2 M e  0 

M e O e N H  - 96% 

H 
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79% 
Br 

Optimal conditions for the reactions above were to heat the anilides with IBX (2 eq) 
[in a mixed solvent system consisting of THF/DMSO (10: l)], in a pressure tube at 90 OC for 
8-12 hours. The reaction mixtures were then cooled to room temperature and 2 equivalents 
of additional IBX was added, followed by reheating the mixture to 90 OC for 8 hours. The 
extra equivalents of IBX were used to ensure that reactions went to completion. 

Applying the conditions listed above, Nicolaou demonstrated that carbamates (32, 33) 
and ureas (34, 35) could be cyclized to form oxazolidinones and cyclic ureas, respectively 
(see below). 

c 

& o A  90% 
33 

H e  

L 

90% 34 

35 

L 

70% 

Ureas prepared from primary allylic amines slowly decomposed under the conditions 
listed without providing any cyclized products. Furthermore, the synthesis of amino sugars 
by the IBX-mediated cyclization protocol was also accomplished. This method was found to 
be stereoselective. A few examples are listed below: 
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H 

A c O W \ \ " ' g " . P M P  AcO" 66% - Acom~"o*o AcO"' 1'" 

\,,OBn 'QQP" bMP 

c 

0 

kN'PMP 0 

71 % 
PM P, 

H 

Another modification of the Dess-Martin periodinane oxidation is the use of ionic 
liquids such as hydrophilic [bmim]BF4 and hydrophobic [bmim]BFs to increase the rate of 
reaction." These solvents are more environmentalIy friendly than conventional organic 
solvents and avoid the use of high boiling polar organic solvents such as DMSO or DMF. 

3.5.5 Synthetic Utilty 
Due to the mild reaction conditions, high chemoselectivity, and convenience of use, the 
Dess-Martin reagent is the method of choice for oxidation of complex, sensitive, and 
multifunctional alcohols.'* For instance, it has been shown that hydroxyl groups can be 
oxidized in the presence of sulfur (36 + 37) with no racemization of the ~tereocenter.'~ 
Natalie et al.I4 have shown interesting selectivity with the DMP reagent. For example, 
oxidation of 1,4-dihydropyridine 38 to the corresponding pyridine analog (39) with DMP 
occurs in 55% yield. However, in the presence of a P-carbinol moiety (40), the alcohol is 
oxidized more rapidly than the dihydropyndine ring (41). It is also important to note that 
elimination of the hydroxyl group was not observed. 

H 

2, DCM 

0 O C  to rt 
90% 

b 

36 37 
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2 (1.8 eq) c E t o 2 c a o 2 E t  

DCM. rt. 2 h . .  
55% 

38 39 

%02Et I I  
DCM, 2 (1.05 rt, eq) 2 h %CO2Et I I  

H 93% H 

40 41 

When DMP was impregnated onto HNO&ilica gel, “solventless” oxidations of 1,4- 
dihydropyridines under microwave irradiation (- 5 min), produced the respective pyridines in 
excellent yield.” 

The Dess-Martin periodinane oxidation is the method of choice for complex 
molecular systems. For example, during the total synthesis of the antitumor agent OSW-1, it 
was observed that oxidation of the alcohol (42) provided the aldehyde in 86% yield. Under 
Swern conditions, the aldehyde (43) was obtained in an inseparable mixture with another 
epimer.I6 

2 (1.3 eq) 

DCM, rt, 3 h 

86% 

c 

TBDPSO TBDPSO 
43 42 

The DMP conditions have been used successfully in /3-lactam synthesi~.’~ For 
instance, 44 was subjected to DMP (1.4 eq) to produce 45 in 72% yield. Previous attempts to 
convert the alcohol to the aldehyde with Swern conditions’* and PCCI9 were unsuccessful. 
Only Jones oxidation conditions2’ provided the desired product, albeit in 15% yield. 
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DMP 

DCM, rt 

72% Me0 

44 45 

Another example where DMP reagent worked well while other oxidation methods 
proved unsuccessful was with the angucycline antibiotic framework.*’ Oxidation of the 
secondary alcohol (46) to the desired ketone (47) adduct proceeded smoothly using DMP. 
However, compound 47 was found to be labile under other oxidation conditions (Swern, 
PCC, PDC) causing the epoxide to open and subsequent aromatization of the “B” ring to 
occur. 

@ DMP DCM,rt M0 / 

87% 
OH 0 OMe OH 0 OMe 

/ 

46 47 

Similar to IBX, the synthetic utility of DMP goes beyond the standard selective 
oxidation of primary and secondary alcohols. A simple and mild method of decarboxylative 
bromination of a$-unsaturated carboxylic acids has been developed using DMP in 
combination with tetraethylammonium bromide (TEAB) at room temperature.22 It was 
observed that electron donating groups attached to the phenyl ring of the a$-unsaturated 
carboxylic acids undergo fast decarboxylationhromination in excellent yields (48 + 49). 

* JyBr ‘--. C0zH 2 (1.1 eq), TEAB (1.1 eq) 

DCM, rt, 0.25 h Me0 
92% 49 

Me0 r 
48 

Electron withdrawing groups attached to the phenyl ring of a,&unsaturated 
carboxylic acids undergo slow decarboxylatiodbromination in moderate yields (50 -.f 51). 
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L 

\ C02H 2 (1.1 eq), TEAB (1.1 eq) 

O'N DCM, rt, 14 h 

51 02N /Q-- 50 65% 

Aliphatic groups next to a$-unsaturated carboxylic acid moiety also undergo fast 
decarboxylationhromination in good yields (52 ---f 53). 

+ L B r  
2 (1 .I eq), TEAB (1 .I eq) 

DCM, rt, 0.5 h 
F C 0 2 H  

52 82% 53 

The formation of predominately "E" alkenes can be formed from a one-pot sequential 
deprotection-oxidation-Wittig reaction utilizing the DMP reagent. The deprotection of silyl 
ethers of aryl, allylic, propargylic, and unactivated alcohols (54) by acetic acid associated 
with the DMP reagent is followed by oxidation of the primary alcohols by DMp.23 The 
resulting aldehydes are then converted directly to their corresponding a$-unsaturated esters 
(55) in one-pot with stabilized phosphoranes. A general scheme is shown below: 

2, CHzClp, rt 

PhjP=CHCO2R 
54 55 

R-0-SiMe3 + R - b R '  

It was shown that activated silyl ethers proceed in high yield (56 + 57) whereas non- 
activated silyl ethers (58 - 59) proceed in moderate yields and require much longer reaction 
times. 

- 0"""'" p - S i M e 3  2, CH2C12~ 

Ph3P=CHCOzEt 

20 h, 94% 
56 57 (E:Z = 20: l )  

* FCozMe e o S i M e 3  2, CH2CI2, rt 

Ph3P=CHC02Me 

3 days, 70% 
58 59 (E:Z = 4.51)  
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Nic~laou '~  demonstrated that imides can be formed when primary and secondary 
amides are heated with DMP in a mixture of fluorobenzene and DMSO at 80-85 O C  (60 -, 
61). It is envisioned that the amide oxygen atom of the substrate attacks the iodine atom of 
one equivalent of DMP (2), followed by expulsion of an acetate group and intramolecular 
rearrangement to give rise to imine intermediates that are further oxidized by an additional 
equivalent of DMP. An extensive range of functional groups are tolerated, including 
aromatic halides, olefins and acetates. It was also shown that carbamates are inert, as well as, 
benzylic positions to these oxidation conditions (62 -+ 63). 

0 
2 (2eq), Ph-FIDMSO 

L 

0 85 OC 

60 86% 61 

63 

To showcase this method, the antibiotic fumaramidmycin (64), was synthesized in 
two steps from commercially available phenethylamine. Oxidation alpha to the nitrogen of 
the amide moiety was accomplished in high yield and high selectivity. 

~ " " 2  

0 

73% 
n 

Ph-FICH2CIzIH20 DMP (2 ea) (40:20:1) w (yypA- 0 

85OC, 14 h 
96% 64 

Nicolaou also showed that DMP can react with P-carbonyl structural motifs to furnish 
vinylogous carbamates (65) and ureas (66). The reaction conditions have been shown to 
favor the cis-configured product, which is likely due to the stabilization provided by the intra- 
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molecular hydrogen bond present in the putative mechanistic intermediate. The hydrogen 
bond is anticipated to be reinforced by use of nonpolar solvents. 

2 (5eq), Ph-F/DMSO * d N d 0 4  0 

d N a O A  H 85 OC H 

65, UE (25/1), 98% 

0 0 

B z H N - - C N a  2 (5eq), P~-F/DMSO- B z H N d N a  

85 OC 
66, UE (25/1), 29% 

Furthermore, upon exposure of DMP to primary amines at room temperature, the 
corresponding nitrite compounds were formed (67, 68).24 

2 (2-3 eq), DCM - DCN 25 OC M e 0  

95% 67 
M e 0  

2 (2-3 eq), DCM 

25 OC 
84% 

68 

The production of polycyclic heterocycles via DMP oxidation of unsaturated anilides 
has been shown to be possible.25 When substrate 69 was subjected to 4 equivalents of DMP 
and 2 equivalents of water at room temperature, the polyheterocycle 70 was produced. A 
small amount of thep-quinone by-product (71) was also observed. 
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0 

2 (4eq) * a$ ’jJH &gp I I  

H20 (2 eq), DCM ’ 0 CH 

23 OC, 15 h 0 
69 70, 44% 71,7% 

When the reaction is heated to reflux in benzene, the quinone by-product (71) is not 
observed, presumably due to the thermal instability of the quinone. A wide variety of 
functional groups on the aryl moiety are tolerated. These groups range from electron 
withdrawing nitro and trifluoromethyl groups, to halides and electron rich substituents. 
Electron rich groups such as the methoxy group did provide desired products, but in low 
yields. The reaction pathway involves a fleeting o-imidoquinone system that engages the 
proximate olefin in an inverse electron demand hetero-Diels-Alder reaction to furnish the 
polycycles. 

As was stated previously, if the reaction is conducted a room temperature with 
electron donating substituents attached to the phenyl moiety, anilides are converted to p- 
quinones. 

Nicolaou26 took advantage of this “side reaction” to rapidly synthesize at metabolite 
(BE-10988) from a culture broth of a strain of Actinomycetes. This concise approach is 
another testament of the power and versatility of the DMP oxidation protocol. 

Me02C 

h 
B Z H N d S  2 (4 es) B z H N ~ s  ____) NH3 

H 2 0  (2 eq), DCM ‘ 23 OC, 12 h 0 
67% BE-I osaa 

Urethanes (72) and ureas (73) can also be used to produce novel polycycles when 

- exposed to DMP (2). 

2 (2 eq) ~ 2s 
0 3  

reflux, 35 rnin H 
H20 (2 eq), benzene 

72 
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H20 (2 eq), benzene 
reflux, 30 rnin 

73 56% 

A rapid oxidative deoximination reaction using DMP (2) proceeds selectively in the 
presence of alcohols, 0-methyl oximes, tosyl hydrazones, acid sensitive groups, and with 
electron rich and poor moieties in high yields. The reaction is conducted at room 
temperature, is rapid (within 20 min), with no over-oxidation observed due to the high 
chemoselectivity of DMP (2):' 

R ~ ~ ~ O H  2 (1 .O5 eq) - R1)=O 
R2 DCM, rt, 20 rnin R2 

88-100% 

DMP (2), like IBX (5), has shown to be a mild and effective method for the removal 
of thioacetals and thioketals.*' For example, 74 was converted to the desired a$-unsaturated 
ketone (75) in 91% yield after 12 hours. No detectable loss of the TBDPS ether or olefin 
isomerization was observed. 

OTBDPS OTBDPS 

rt, 2 h 

74 91% 75 

3.5.6 Experimentid 

-6  2, CHzC12, rt 

2 h, 86% 

76 77 
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A solution of cyclooctanol(76) (0.9 g, 7.0 mmol) in dichloromethane (10 mL) was added to a 
stirred solution of 2 (3.5 g, 8.3 mmol) in dichloromethane (30 mL). After 2 hours, the 
solution was poured into a separatory funnel containing 1 N aqueous sodium hydroxide (70 
mL) and diethyl ether (1 50 mL). The layers were separated and the ether layer was extracted 
with water (2 X 50 mL). The ether layer was dried over magnesium sulfate and the ether 
removed under vacuum. Kugelohr distillation of the remaining oil gave cyclooctanone (77) 
(0.76 g, 6.02 mmol, 86%): mp = 34-37 OC. 
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3.6 Tamao-Kumada-Fleming Oxidation 

3.6. I Descrbtion 
The Tamao-Kumada and Fleming oxidation reactions involve the oxidation of specific silyl 
groups to provide a hydroxyl group with retention of configuration.’ 

I ” 
3.6.2 Historical Perspective 
Research by Tamao and Kumada led to the 1983 discovery that tetra-coordinate 
organosilicon compounds could be easily cleaved by 30% hydrogen peroxide, with retention 
of configuration at the carbon center to give the corresponding alcohols. This reaction 
proved to be simplistic, highly regioselective, and compatible with a wide range of functional 
groups, while introducing the first successful procedure for the direct conversion of 
allylsilanes to allylic alcohols without allylic transposition.’ The Tamao-Kumada oxidation 
also provided synthetic possibilities that were not available with trimethylsilyl  compound^,^ 
while benefiting from H202 being an inexpensive and mild reagent, providing for clean 
reaction conditiom2 

The oxidative cleavage was compared to several oxidative methods, including those 
using MeOH/THF, t-BuOOH, mCPBA, and NaHCO3, but was found to proceed best with the 
addition of DMF, KF, and KHC03.2 Extensive studies performed by Tamao and Kumada 
indicated that the H202 oxidation proceeds smoothly only if the substrate carries at least one 
electron withdrawing group on the silicon. As shown below in a general case, treatment of 1 
with the reagent mixture described above would result in the preparation of 2 with retention 
of configuration at the carbon stereocenter. The isolation of the desired alcohol is facile 
owing to the aqueous solubility of the alcohol by-products. 

Shortly after the initial report by Tamao and Kumada, Fleming and co-workers 
reported a similar use of silanes as masked hydroxyl  group^.^ In contrast, the Fleming 
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oxidation utilizes silanes containing a phenyl substituent rather than the electron withdrawing 
group required for oxidation under Tamao conditions. As a result, the Fleming protocol 
requires substitution of the phenyl substituent with a halogen, or other electron withdrawing 
group prior to the oxidation step. As shown below, treatment of 3 with HBF4 results in the 
formation of a silyl fluoride, which is oxidized by mCPBA, in the presence of base to give 
alcohol 2. Once more, the reaction proceeds with retention of configuration. Under the 
appropriate conditions, this two-step process can be achieved in a single pot.' 

An extensive review has been written which covers in detail the oxidation of the 
carbon-silicon bond under both Tamao and Fleming oxidation conditions.6 One virtue of the 
use of these procedures as compared to the related oxidation of organoboron compounds is 
the fact that the silicon groups can often be carried through several synthetic steps while 
masking the hydroxyl functionality. 

3.6.3 Mechanism 

R-SiF2 
I 
R 

2ROH - 

s = solvent 

c 
c 

Due to a lack of kinetic measurements under the appropriate conditions, the mechanism of 
the Tamao-Kumada oxidation is not well known. However, on the basis of their studies, 
Tamao and Kumada have suggested the following mechanisms6 Most importantly, the silicon 
group is first activated for attack by basic peroxide. Following attack, an alkyl group 
transfers to the oxygen of peroxide, displacing a molecule of water and regenerating the 
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pentacoordinate silicon geometry. Once all the alkyl groups have been oxidized, hydrolysis 
of the resulting silyl ether provides for the formation of the product alcohol. 

The Fleming oxidation is a two-step process with the second step finding mechanistic 
similarities in the Tamao oxidation. Principally, treatment of the phenyl(dimethy1)silyl group 
with HBF4 provides for an electrophilic addition of H’ to the phenyl group to give 5. Attack 
of the fluoride ion cleaves the carbon-silicon bond, restoring aromaticity in the formation of 
benzene. 

The newly formed Si-F bond in 6 enables the oxidative cleavage in the next step in a 
manner similar to what is observed in the Tamao oxidation. Thus, displacement of the 
fluoride with perbenzoate anion 7 results in 8. Peroxide 8 can rearrange by a mechanism 
similar to the Baeyer-Villiger oxidation to yield 9. This process can be repeated twice more 
resulting in 10. Finally, hydrolysis of 10 produces the desired alcohol. 

7 

I I 
Ar Ar lo 

3.6.4 Variations and Improvements 
Since the discoveries by Tamao and Fleming of their respective oxidative cleavage reactions, 
several other silicon reagents have been developed that act as hydroxyl group  surrogate^.^ 
The figure above is not meant to be exhaustive, but provides representative examples of 
substrates which can undergo these oxidation reactions. The cleavage mechanism for 
oxidations using these substrates 11-237-2’ proceeds in a similar manner to that described 
above. 
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3.6.5 Synthetic Utility 
The Tamao-Kumada and Fleming oxidations have found wide synthetic utility in the 
oxidation of a variety of silyl g r o ~ p s . ~ ~ ~ ~ ~ ~ ~  However, the true virtue of these reactions lies in 
the manner in which the silyl group is introduced into the molecule to be oxidized. A number 
of creative strategies have been developed for this process, some of which will be highlighted 
below. 

The palladium-catalyzed cyclization and hydrosilylation of functionalized dienes was 
recently introduced by the Widenhoefer group.3o Unfortunately, general conditions were only 
achieved utilizing trialkylsilanes in the hydrosilylation procedure. As these are largely 
unsuitable for the Tamao or Fleming oxidation procedures, several different silanes were 
explored for use in this two-step process. Pentamethyldisiloxane (PMDS) was found to be 
amenable to both the palladium catalyzed cyclizationhydrosilylation and oxidation 
 procedure^.^' Thus, high regio-, diasterio-, and enantioselectivity results when diene 24 is 
treated with PMDS using catalytic 26 and 27. Following the oxidation, alcohol 25 is 
produced with high yield over the two-step process. 
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1. 26/27 (1 : 1, 5 mol%) 
HSiMe,0SiMe3 

CH&, -10 OC 

2. KF/CH3CO3H Me 
" 93% (98% de, 75% ee) 

24 25 

After considerable experimentation, a similar hydrosilylation protocol was used as a 
key step for the syntheses of jatrophatrione and citlalitrione by Paquette and co -worke r~ .~~  
Following the stereoselective reduction of a tricyclic ketone with lithium aluminum hydride 
to provide alochol 28, silylation and platinum catalyzed hydrosilylation were effected to 
produce 29. Finally, the carbon-silicon bond was successfully cleaved to generate diol30 in 
an impressive 93% yield. 

1. Me2SiHCI, Et3N 

2. HZPtCI,, HMDS, THF 

80% 

H3c*cH3 HO, 

H202, KF, KHC03 - H3C ' z t H " ~ ~ 3  

DMF (93%) En0 
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A highly general procedure relies on the use of a silicon tethered radical cyclization 
process to provide for introduction of a hydroxymethyl substituent using the Tamao 
 condition^.^^"' Pioneered by Nishiyama3' the synthesis of regioisomeric diols, as in 33, from 
readily available ally1 silyl ethers, such as 31, was achieved via radical cyclization and 
oxidization. The predominance of the 5-ex0 cyclization is hrther demonstrated by the 
formation of 36 by this same process. 

0, ,CH3 nBu3SnH, AlBN 4 'CH3 
benzene, reflux 

- Ph- 

Br 
31 

* h',"H 

30% H202, KF 

DMF, 60 OC OH 

85% 33 

O-si, dPh 
H3C' CH3 

32 

30% H202, KF 
c 

83% 

,CH3 nBu3SnH, AlBN 

35 36:37 91 :9 
34 

Radical cyclization has also proved to be a useful tool for the Shishido group in their 
syntheses of triptoquinones B and C and t r ip to~al lo l .~~  Triptoquinone B and C have been 
shown to exhibit inhibitory activity on interleukin-1 and are both candidates for the treatment 
of rheumatoid arthritis. Shishido has accomplished synthesis of all three of these compounds, 
implementing the radical cyclization of bromomethyldimethylsilyl ether 39, derived from 
optically enriched alcohol 38, to give 40. Finally, the Tamao-Kumada oxidation step 
provides the natural product, triptocallol(41). 
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Br 

MeOH:THF=l :I 

40 41 
HO CH3 

Finally, a radical cyclizatiodoxidation protocol was utilized as the final step in the 
Crimmins synthesis of the natural product (-)-talaromycin AU4' Silylation of allylic alcohol 
42 produced 43, which cyclized upon treatment with Bu3SnH and AIBN to provide 44. 
Oxidation of the crude residue resulting from the cyclization reaction resulted in the 
formation of (-)-talaromycin A (45). 

~ ~ B r C H 2 S i ( C H 3 ) 2 C l  QT Bu3SnH, AIBN 

EtSN, DMF CGHs, 80 OC 
OH 93% 

42 BrAp I0  43 
H3C CH3 

30% H202 

CH30H, Na2C03 
84% 

OH 45 
H3C CH3 44 

Denmark and Cottell combined a novel silicon-tethered cycloaddition with a later 
oxidation for the synthesis of (+)-I -ep ia~s t ra l ine .~~ Treatment of the nitroalkene with MAPh, 
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an aluminum-based Lewis acid, resulted in a [4 + 2]/[3 + 23 tandem nitroalkene cycloaddition 
between 46 and 47 to give the cycloadduct 48. Standard functional group transformations 
produced 49, which was efficiently oxidized under Tamao conditions to generate 50. 

b 

TSQ d o n  H, 0-N" HzOz, KHCOj 

TBSO - p i  TBSO Ph - H -  THF, H20 
55 o c ,  90% i-Pr-Si--6 

CPr 49 50 

Several organometallic reagents have found utility as nucleophilic hydroxymethyl 
equivalents.2s6 One such reagent, (2-pyridy1dimethylsilyl)methyl lithium (51), has been 
developed by the Yoshida This reagent, prepared by deprotonation of 2- 
trimethylsilyl pyridine, has found utility in alkylation and carbonyl addition reactions. As 
demonstrated in the reaction of 52 and 54, under Tamao conditions, oxidation proceeds 
efficiently to provide alcohols 53 and 55. It is noteworthy that the oxidation occurs with 
substrates prone to undergo a Peterson elimination reaction. Another noteworthy utility of 
this particular silane is found in its ability to serve as a phase tag.4s Because of the basic 
properties of the pyridine nucleus, purification of 2-pyridylsilylated compounds is easily 
accomplished using acid-base extraction. 
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30% H202 

KHCOj, KF . 
OH 

MeOHnHF 

50 OC 53 
95% 

30% H202 

KHC03, KF - HO-Ph 

MeOHRHF 

50 OC 
98% 

55 

Weinreb and co-workers made use of a nucleophilic hyroxymethyl equivalent in the 
synthesis of the marine alkaloid lepadif~rmine.~~ A highly stereoselective addition to a- 
methoxybenzamide 56 was achieved using the silylmethyl cuprate derived from Grignard 
reagent 57. Exposure of 58 to Fleming oxidation conditions provided 59 in high yield. 

\ /  

57 

2.35% H202 

59 MeOH, THF 
heat, 95% 

56 ~ 1 ~ 0 ,  -78 o c  to rt 58 
87% 

One advantage of a synthetic sequence requiring oxidation of the carbon-silicon bond 
is the large number of silyl groups which can be oxidized under either Tamao or Fleming 
 condition^.^ This aspect was particularly important in the Barrett synthesis of the natural 
product (-)-pramanicin, a compound that has been shown to be active against the acapsular 
form of Cryptococcus neoformans, a microorganism that is a causative agent of meningitis in 
AIDS patients.47 During these synthesis efforts, several different silyl groups were employed 
in the Fleming oxidation process. Only when a silane was used which should be oxidized 
under Tamao conditions was successfully acheieved. Thus, treatment of 60 under standard 
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conditions resulted in the preparation of 61. Of note is the fact that the silyl group was 
introduced via a stereoselective conjugate addition, a concept which has found wide utility in 
the l i t e r a t ~ r e . ~ ' ~ ~ ' ~ ~  

H3c*NBoc m-CPBA, KHFz L H&*NBoc 

(EtO)Ph2Si '- DMF, 0 to 25 'C HO '-- 
60 *-oTBS 70% 6, *-OTBS 

3.6.6 Experimental 

62 63 

(2-Hydrogylmethyl-6.vinyl-l-azaspiro[4.5]dec-l-yl)-phenylmethanone (63)46 
To a solution of allylsilane 62 (140 mg, 0.37 mmol) in CH2C12 (5 mL) was added 
BF3.2AcOH (150 pL, 0.73 mmol) at room temperature. After 15 min, the mixture was 
diluted with saturated aqueous NaHC03 (5 mL) and extracted with CH2C12. The organic 
extracts were dried over MgS04 and concentrated under reduced pressure to give the 
fluorosilane. To the solution of the fluorosilane in a mixture of MeOH (5 mL) and THF (5 
mL) was added NaHCO3 (16 mg, 0.20 mmol) at room temperature. After 15 min, H202 (35 
wt % solution in water, 500 pL) was added to the reaction mixture. After being refluxed 
overnight, the mixture was diluted with saturated aqueous NH&I (10 mL) and extracted with 
CH2C12. The organic extracts were dried over MgS04 and concentrated under reduced 
pressure. The residue was purified by flash column chromatography (1 : 1 EtOAdhexanes) to 
afford alcohol 63 (89 mg, 95%) as a white solid. Recrystallization from EtOAc/CH2C12 
provided X-ray quality crystals: mp 169-170 "C; IH NMR (300 MHz, CDCl3) 6 7.33-7.27 
(m, 5 H), 5.77 (dt, J =  17.4, 8.9 Hz, 1 H), 3.61 (br t, J =  7.7 Hz, 1 H), 3.20-3.09 (m, 2 H), 
2.89 ( td , J=  13.0, 3.5 Hz, 1 H), 2.29 (br s, 1 H), 2.18 (br t , J =  7.2 Hz, 1 H), 1.84-1.67 (m, 6 
H), 1.46-1.24 (m, 4 H); I3C NMR (75 MHz, CDCls) 6 170.4, 139.7, 139.2, 128.7, 128.3, 
126.1, 115.7, 69.6, 63.6, 62.3, 42.7, 37.4, 30.9, 29.8, 25.8, 24.9, 23.9; CIMS (ApCI+) 
(relative intensity) 300.1 (MH+, 100); HRMS (APCI+) calcd for C19H~N02 (MH') 300.1963, 
found 300.1958. 
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3.7 Martin's Sulfurane Dehydrating Reagent 

3.7. I Description 
Martin's sulfurane (1) enables quick and efficient elimination of secondary and tertiary 
alcohols 2 to yield alkenes 3 along with production of diphenyl sulfoxide (4) and alcohol 5.'*2 
This highly reactive dehydrating reagent is effective at room temperature and below, and 
reactions are often complete in less than one hour. Primary alcohols rarely react to yield 
alkenes and instead are transformed into ethers. The title reagent is available from numerous 
commercial sources and can be prepared in large quantities according to several published 
 procedure^.^ 

1 2 3 4 5 

3.7.2 Historical Perspective 
James C. Martin (known as J. C. to his friends), a professor at the University of Illinois a1 
Urbana-Champaign, studied the structure and reactivity of hypervalent sulfur compounds 
during the 1960s and 1970s. One sulfur-containing molecule that proved especially 
interesting to Martin was perester 6. In 1962 he described the decomposition of this 
compound into sulfoxide 8 and isobutylene (9) via sulfurane 7.4 Nine years later, Martin 
published the first report of the reagent that would eventually bear his name.' This 
remarkably stable, crystalline sulfurane (compound 1) rapidly exchanged alkoxy ligands with 
added alcohols. Martin quickly exploited this reactivity to show that addition of alcohols 
containing P-hydrogens yielded sulfurane intermediates that dehydrated to provide alkene 
products in high yields (like his initial report of the conversion of 7-9). Martin studied the 
reactivity of sulfurane 1 between 1971 and 1975 and discovered that, in addition to 
dehydrations, it promoted formation of cyclic ethers and sulfilimines and facilitated cleavage 
of secondary amides. 
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6 7 

- q E H  + A  
0 

8 9 

3.7.3 Mechanism6 

14 11 13 6 

The mechanism commences with rapid exchange between the alkoxy ligands on 
sulfurane 1 and the reacting alcohol 2 to yield sulfurane 13 and alcohol 5. Ionization of the 
other fluorinated alcohol yields alkoxide 11 and key alkoxysulfonium ion 14. The structure 
of the alkoxy substituent in 14 (originally the starting alcohol) determines the ultimate course 
of the reaction. Reactions with tertiary alcohols follow option # 1  below (R' and R2 = C) and 
eliminate via an El pathway. Carbocation 15 is converted into alkene 3 upon reaction with 
alkoxide 11. Secondary alcohol starting materials also yield the desired alkene products 3 but 
only after an E2 elimination (option #2). The requisite antiperiplanar geometry in this step 
enables stereospecific alkene generation from chiral secondary alcohols. Primary alcohols do 
not furnish alkenes and instead participate in s N 2  reactions that provide ethers like 16 (option 
#3). 
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14 4 15 3 5 

14 11 4 3 5 

Option #3 R3 R4 
0 

F3C CF3 
R’, R2 = H 

@OxPh - ph/$-ph + ph,o$H 
F3c CF3 R 

14 7 4 16 

3.7.4 Variations and Improvements 
Although widely used as a dehydration reagent, Martin’s sulfurane is also known to facilitate 
amide cleavage reactions, ’ cyclic ether (including epoxide) formations, * and sulfilimine 
syntheses.’ In the 1970s Martin demonstrated all of these transformations in his series of 
papers outlining the reactivity of the title sulfurane. 

Secondary amides react selectively to yield esters and sulfilimines, which can then be 
converted into the corresponding amines. For example, amide 17 reacts with sulfurane 1 to 
furnish ester 19 and sulfilimine 18 which yields amine 21 upon reaction with either 
hydrochloric acid followed by base or hydrogen gas and catalytic palladium on carbon. Thus, 
this reaction can function both as an ester synthesis and an amine deprotection. Bulky 
secondary amides do not immediately undergo cleavage and instead yield imidates that, upon 
treatment with aqueous acid, furnish amines and esters. For example, combination of 
Martin’s sulfurane (1) with amide 22 provides imidate 23 that can be easily converted into 
amine 25 and ester 24. Primary amides provide N-acylsulfilimines, while tertiary amides are 
completely ~nreactive.~ 
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5 

Sulfurane 1 reacts with a variety of diols to yield cyclic ethers; the most efficient 
transformations involve formation of epoxides and oxetanes. This process occurs via an 
intramolecular SN2 mechanism and, thus, is only possible for 1,2-diols that can exist in an 
antiperiplanar orientations Eschenmoser successfully deployed this strategy to form epoxide 
27 from diol26." 
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26 I Martin's sulfurane 

Sulfilimines are produced upon reaction of Martin's sulfurane with primary a m i n e ~ . ~  
This transformation was recently exploited for the synthesis of nucleoside sulfilimines. I '  

Cytosine 28 was easily converted into the corresponding sulfilimine 29 in 88% yield after 1 h 
at room temperature. 

TBDMSO' 
28 

Martin's 
sulfurane 

L - 
rt, l h  

88% TBDMSO' 
29 

Shiori demonstrated that some P-hydroxy-a-amino acids furnish oxazolines upon 
exposure to Martin's sulfurane.I2 For example, amino acid 30 reacts in 94% yield to provide 
oxazoline 31. This transformation proceeds via an intramolecular St42 reaction of the amide 
oxygen onto the carbon bearing the secondary alcohol. 

B O C H N ~ ~ & ~ ~ C O ~ M ~  Martin's 

CH2C12, rt o =  0 -  
30 94 % 31 

Ph7 
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3.7.5 Synthetic Utility 
Martin’s sulfurane is frequently employed in organic synthesis and is an especially valuable 
reagent in natural product total syntheses. In this context, it has been used to produce acyclic 
alkenes and dienes along with a variety of cyclic alkenes. 

3.7.5.1 A,cyclic alkenes 
Terminal alkenes, both mono- and disubstituted, have been prepared using the title reagent. 
In Wood’s recently disclosed synthesis of welwitindolinone A isonitrile, he achieved a 
selective deh dration of the less hindered secondary alcohol in 32 to yield monosubstituted 
alkene 33. Mori obtained terminal disubstituted alkene 35 in 93% yield from 
phosphorylated tertiary alcohol 34 in the penultimate step in his total synthesis of acoradiene 
(36), the aggregation pheromone of the broad-horned flour beetle.I4 

Martin‘s 
sulfurane - 

32 33 

Martin’s 
sulfurane 

34 
0 

35 36 

Trans-disubstituted alkenes are readily available from secondary alcohols as 
demonstrated in several recent applications. A variety of norneolignans 38, prepared and 
evaluated for antimalarial and antispasmodial activity, are attained after treatment of alcohols 
37 with Martin’s sulfurane and triethylamine in refluxing toluene for 1 4 8  h. l 5  

Regioselective syntheses of trans alkenes using 1 have been reported both by Movassaghi 
and Evans. Movassaghi used Martin’s sulfurane in the late stages of his total synthesis of 
galbulimima alkaloid-13 to prepare unsaturated imine 40 from alcohol 39 in 81% yield.16 
Evans prepared alkene 42 in quantitative yield from alcohol 41 as part of an investigation into 
the synthesis of the phorboxazole nucleus.” 
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sulfurane ~ 

R3' Et3N, toluene R3 

R" Martin's 

37 38 
reflux, 1-48 h R2 R R2' 

Marlin's 
sulfurane 

PhH, rt 
81 % 

___) 

OJ 

39 40 

41 100% 
95:5 E:Z 

42 

Seconday and tertiary alcohols readily react with Martin's sulfurane to yield 
trisubstituted alkenes. These eliminations preferentially provide more highly substituted and 
conjugated olefins. In his recent synthesis of monopyrrolinone-based HIV-I protease 
inhibitors, Smith used sulfurane 1 as art of a three-step carbonyl addition4imination- 
hydrogenation sequence (43--.44+45).lg The sulfurane-mediated elimination step proceeded 
in 99% yield. Martin's sulfurane is the reagent of choice for introducing acyclic unsaturation 
at the AZ4 position from a C24 alcohol in a variety of sterols." For example, 46 reacts 
quantitatively with Martin's sulfurane to furnish the desired alkene 47 in 97% yield and only 
3% of the undesired A23-isomer. 
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/OTIPS {OTI PS {OTIPS 

C02Et 
*<\'\ 

1 ) Martin's I "'8 
COzEt sulfurane 

2) HC02NH4 
PdlC, MeOH 

I 

58% 
43 44 85% 45 

1O:l astrans 

4 24 T CH2C12, suCurane 0 'C, 1 min * 

BZO 97% BzO 
46 47 

Martin's sulfurane induces stereospecific eliminations on amino acid residues in (a- 
methyldehydrobutyrine (48),20 and (Z)-2-amino-2-butenoic acid (50);' respectively. Various 
other elimination conditions including the Burgess reagent, Ph3P and DEAD, SOC12 and 
Et3N, and DAST were investigated and Martin's sulfurane was superior. The requisite 
antiperiplanar geometry for the E2 elimination-mediated by the title reagent stereospecifically 
yields the desired Z stereoisomers. Shiori used the same strategy to dehydrate a depsipeptide 
fragment in 94% yield.21 

Martin's BocHN 
BocHN sulfurane 

HN CH2C12, rt HN 

6 3% Allyl02C 

50 51 
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Gais reported a detailed study of asymmetric eliminations using Martin’s sulfurane to 
produce trisubstituted alkenes.” Using tertiary alcohols 52 containing three different chiral 
auxiliaries, Gais selectively generated both possible alkene stereoisomers (53 and 54). Ratios 
of the two products, which ranged from 99: 1 to 14:86, depended on the structure of the chiral 
auxiliaries, reaction temperature, and solvent polarity. Like all tertiary alcohol eliminations 
with Martin’s sulfurane, these reactions proceed via carbocation intermediates. Gais 
proposed that the selectivity arose from deprotonation of the most sterically accessible of the 
two prochiral protons a to the ester carbonyl. 

su lfurane - 
CHCI,, -60 “C 

82-91% 

H 

OAux‘ 

H B 0 u “0 
“‘8. H e;o 

52 53 54 

Martin’s sulfurane has proved remarkably effective for the synthesis of acyclic 
alkenes; however several groups have reported failed elimination reactions using this reagent. 
Carreira attempted to form a trisubstituted alkene using Martin’s sulhrane in his synthesis of 
spirotryprostatin B.23 He ultimately achieved success by a revised synthetic approach based 
on a Julia-Kocienski olefination. In Martin’s synthesis of ambruticin S, he reports successful 
model studies using Martin’s sulfurane to yield vinyl sulfones, but in the real case none of the 
desired product was ~btained.’~ Similar to Carreira’s report, Martin’s group was able to 
produce the desired alkene by employing a Julia olefination. Donohoe was unable to convert 
a tertiary alcohol into an exocyclic olefin using Martin’s sulfurane, DAST, or the Burgess 
reagent and ultimately was forced to develop a completely different strategy to complete his 
synthesis of the 20s proteasome inhibitor elusto-lactacystin p-la~tone.’~ 

3.7.5.2 Acyclic dienes 
Not surprisingly, Martin’s sulfurane mediates the production of acyclic dienes from allylic 
and homoallylic alcohols. In Heathcock’s synthesis of altohyrtin C, secondary homoallylic 
alcohol 55 reacted with sulfurane 1 to yield the desired (E)-alkene 56 in greater than 84% 
yield.26 Interestingly, Tse generated diene 58 from tertiary allylic alcohol 57 in 95% yield 
with only 5% of the undesired trisubstituted diene isomer.27 
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3.7.5.3 Macrocyclic alkenes and dienes 

MQ __3 sulfu rane 

\ CHZC12 MOM0 

2h 
60 

HO 
59 .-p 90% 

0.5 M HCI 
HzO, MeOH, 2 d 

69% 

HO p& 61 OH OH 

Martin's sulfurane is widely used for the production of cyclic alkenes. Surprisingly, it has 
seen limited use in the production of macrocyclic alkenes. In the penultimate step of 
Danishefsky's synthesis of aigialomycin (61), Martin's sulfurane reacts with homobenzylic 
alcohol 59 to provide conjugated alkene 60 in 90% yield.28 The subsequent global 
deprotection step completed the total synthesis. Xu was unable to generate a macrocyclic 
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diene using Martin's sulfurane and instead eliminated the starting tertiary alcohol using 
thionyl chloride and ~yridine. '~ 

3.7.5.4 Alkenes in eight- and nine-membered rings 
Martin's sulfurane has been successfully used to generate alkenes in both the nine-membered 
ring of the neocarzinostatin chromophore and the eight-membered ring of taxusin. Myers 
completed his total synthesis of the neocarzinostatin chromophore (63) with a dehydration of 
alcohol 62 in 83% yield.30 Myers also used Martin's sulfurane to introduce unsaturation into 
the five-membered ring in the neocarzinostating skeleton (see Section 3.7.5.6). Kobayashi 
and Hjrama employed a sulfurane-mediated dehydration in their formal total synthesis of the 
neocarzinostatin ch r~mophore .~~  They obtained late-stage synthetic intermediate 65 after 
treating tertiary alcohol 64 with Martin's sulfurane. Paquette generated a B-ring alkene (67) 
via a selective elimination of the less sterically hindered alcohol in 66 as part of his total 
synthesis of t a ~ u s i n . ~ ~  Surprisingly, Arseniyadis's group was unable to convert a secondary 
alcohol into an alkene in the eight -membered ring of the taxoid framework even with 
triethylamine in refluxing dichloromethane for 20 h.33 

Martin's 
sulf urane 

PhH, rt 
____) 

83 % 

OCH3 HN,, 



Chapter 3 Oxidation 259 

Martin's 
sulfurane 

PhH, rt 
TBSO 

66 67 

As part of his synthetic studies toward the synthesis of manzamine A, Winkler used 
Martin's sulfurane to form an alkene in an eight-membered ring.34 Alcohol 68 was 
selectively converted into alkene 69 in 64% yield via elimination of the only hydrogen trans 
to the secondary alcohol. 

Martin's 
su lfuran e 

W 64% 

68 69 

3.7.5.5 Alkenes in six-membered rings 
By far the most common cycloalkene generated using Martin's sulfurane is cyclohexene. 
Isolated six-membered ring alkenes and cyclohexenes in fused polycyclic systems are all 
generated with regularity using the title reagent. 

Paquette reacted secondary alcohol 70 with Martin's sulfurane to furnish cyclohexene 
71 in 78% yield.35 In Nicolaou's total synthesis of everninomicin 13,384-1, he created 
several dihydropyrans from anti elimination of the corresponding secondary alcohols.36 For 
example, alcohol 72 provides alkene 73 upon exposure to Martin's sulfurane and 
triethylamine in hot chloroform. 

70 71 
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Martin's 

P M B 0''' 

87% 
OH 

72 73 

Several research groups have studied eliminations of tertiary alcohols on highly 
oxygenated cyclohexanes. As part of his synthesis of valienamine, Shing discovered that 
alcohol 74 provides only cyclohexene 75 in 90% yield with no evidence of the two other 
possible alkene products while exocyclic alkene 77 is the only product upon exposure of 
alcohol 76 to Martin's sulfi~ane.~' Shing explains these results by proposing that the acetal 
in 76 blocks the ring protons for attack by the requisite base. While preparing difluorinated 
analogs of shikimic acid, Whitehead selectively generated cyclohexene 79 in 84% yield from 
tertiary alcohol 78.38 Usami reported a similar elimination of tertiary alcohol 80 to furnish 
cyclohexene 81 in 71% yield.39 

Martin's &iBn TBnOH f i  Martin's 

OBn suifurane - sulfura ne 

74 7s 76 77 

Martin's h sulfurane 
HO,,, COzCH:, 

78 

80 

79 

Martin's - sulfurane 

71 % 

81 
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Martin's sulfurane has proved effective for introducing unsaturation into the steroid 
B-ring. Rao and Wang successfully generated alkene 83 from elimination of secondary 
alcohol 82.40 In another application for a polycyclic system, Heathcock applied this strategy 
in his total synthesis of isos~hizogamine.~~ Treatment of secondary alcohol 84 provided late- 
stage synthetic intermediate 85 in 74% yield. Boger attempted an elimination of a tertiary 
alcohol in an alkaloid synthesis using Martin's sulhrane but was unable to obtain any of the 
desired alkene.42 

TBDMSO d2 
OH 82 

Martin's 
sulfurane - 
Et20, rt 

80% TBDMSO 

83 

Martin's 
sulfurane H3C0 

CHzCI,, rt 
H3C0 H,CO 

74% 

a5 
O U 0  

84 

3.7.5.6 Alkenes in five-membered rings 
Martin's sulfurane has been used to prepare a variety of cyclopentenes for use in the total 
syntheses of complex natural products. Myers effectively employed the title reagent to 
prepare synthetic intermediates for use in his total synthesis of the neocarzinostatin 
chromophore.43 (For dehydrations to yield alkenes in the nine-membered ring of this 
compound, see Section 3.7.5.4.) One example is reaction of tertiary alcohol 86 to furnish 
alkene 87 in 93% yield. In Phillips's total synthesis of cylindramide A, he employed a 
conjugate addition-reduction-elimination sequence 4$38-89) to generate the 
bicyclo[3.3.0]octane structure found in the natural product. Evans used Martin's sulfurane 
to convert secondary alcohol 90 into protected lepicidin A aglycon 91 in greater than 81% 
yield.45 Subsequent installation of the two requisite sugar moieties completed the synthesis 
of lepicidin A. 
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3.7.6 Experimental 

78 79 
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Preparation of (2‘S,3’S)-Methyl-3-O-t-bu~yldimethylsilyl-4-O,~O-(2’,3’)-dimethoxy- 
butane-2 ‘,3’-diyl)-shikimate (79)38 
A solution of Martin’s sulfurane (0.949 g, 1.41 mmol) in CH2C12 (5  mL) was slowly added 
under an atmosphere of nitrogen to a stirred solution of 78 (0.41 g, 0.94 mmol) in CH2C12 (10 
mL) at rt. The resulting pale yellow solution was stirred for 24 h when the residual solvent 
was removed in vacuo to yield the crude product as a pale yellow oil. Purification by flash 
column chromatography (SiOz; EtOAc-petroleum ether (40:60)) followed by recrystallization 
(CH~OH-HZO) furnished the title compound (79) as a colorless solid (0.33 g, 84%), mp 74- 
75 “C; (Found: C, 57.7; H, 8.7. C20H3607Si requires C, 57.7; H, 8.7). 
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3.8 Oppenauer Oxidation 

3.8.1 Description 
The aluminum-catalyzed hydride shift from the a-carbon of an alcohol component 2 to the 
carbonyl carbon of a second component 1 is named the Meenvin-Ponndorf-Verley reduction 
or Oppenauer oxidation depending on the isolated product. If aldeh des or ketones 4 are the 
desired products, the reaction is viewed as the Oppenauer oxidation. ry-3 

1 9  

1 2 3 4 

The most extensive application of the Oppenauer oxidation has been in the oxidation 
of steroid molecules. The most common aluminum catalysts are aluminum t-butoxide, i- 
propoxide, and phenoxide. While only catalytic amounts of the aluminum alkoxide are 
theoretically required, in practice at least 0.25 mole of alkoxide per mole of alcohol is used. 
Acetone and methyl ethyl ketone have proved valuable hydride acceptors due to their 
accessibility and ease of separation from the product, whereas other ketones such as 
cyclohexanone and p-benzoquinone are useful alternatives, due to their increased oxidation 
 potential^.^ Although the reaction can be performed neat, an inert solvent to dilute the 
reaction mixture can reduce the extent of condensation, and, as such, benzene, toluene, and 
dioxane are commonly utilized. Oxidation of the substrate takes place at temperatures 
ranging from room temperature to reflux, with reaction times varying from fifteen minutes to 
twenty-four hours and yields ranging from 37% to 95%. 

3.8.2 Historical Perspective 
The reversible nature of the above reaction was demonstrated by Verley' in 1925 and shortly 
thereafter by Pondorff,' but it was not until 1937 that Oppenauer showed that unsaturated 
steroid alcohols 5 could be oxidized to the corresponding ketones 6 through action of 
aluminum t-butoxide in the presence of a large amount of acetone in excellent yields.' 

acetone, r d u x  
HO 

5 6 
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The oxidation was accompanied by migration of the double bond from the p,y to the 
a$ position. The resulting a$-unsaturated compound has a characteristic absorption in the 
ultraviolet region of the spectrum and therefore the Oppenauer oxidation has been used as a 
test for localising double bonds in a variety of steroidal  compound^.^-'^ 

3.8.3 MechanZrm 
The enerally accepted mechanism for the Oppenauer oxidation involves a cyclic transition 

as originally proposed by both W~odward '~ and Oppena~er. '~ 

2 7 

0 

R3AR4 

4 

8 

9 

Exchange of the aluminum alcoholate with substrate 2 leads to alkoxide species 7 and 
subsequent coordination of the hydride acceptor (ketone) gives access to the cyclic transition 
state 8. Intermolecular hydride transfer from the alkoxide to the acceptor gives rise to species 
9, from which the product, ketone 4, is delivered, following decomplexation. The resulting 
aluminum species can reenter the catalytic cycle by further exchange of the alcoholate. In 
some cases, two moles of aluminum alkoxide are involved, one attacking the carbon and the 
other the oxygen, a conclusion that stems from a reaction order of 1.5 in a lk~xide. '~  For 
simplicity the alkoxide has been depicted as a monomer; however, in reality, it exists as 
trimers and tetramers and it is these that 

3.8.4 Synthetic Utili@ 

3.8.4. I Saturated alcohols 
Although it was originally implied that Oppenauer's method could only be applied to 
alcoholic groups activated by unsaturation, more recent studies have proved this to be 
incorrect. A variety of steroidal alcohols in which the double bond is three or more carbons 
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removed from the hydroxyl group have been oxidized using benzene and acetone, including 
y-chloestenol and a -e rgos t en~ l . ’~~’~  The steroid alcohol 10 bearing an acid-labile dienone 
group was converted to the corresponding ketone 11 in 55% yield.” Another example where 
the oxidation has been successfully applied to the saturated steroids is in the conversion of 
diene 12 to ketone 13, a key intermediate in the synthesis of the cortical hormone 11- 
dehydrocorticosterone.” 

acetone, 
0 

55% 
10 11 

\ Ph \ Ph 

12 

AI(Ot-Bu)S 
* 

acetone, 
PhH, reflux 

86% 

& 
0 

13 

Among the non-steroidal alcohols applied to the Oppenauer oxidation are the cis and 
trans a-decalols (14), which give excellent yields of the corresponding a-decalones (15).’* 
Oxidation of phenolic compounds bearing pendent aliphatic secondary alcohols can be 
readily performed without prior protection of the phenolic alcohol fi~nctionality?~ Acid- 
sensitive acetal 16 is smoothly converted to the corresponding ketone 17, by exploiting a 
modified experimental procedure.3224 

*d Al(Oi-Pr)3 

acetone, 
PhH, reflux 

14 80% 15 
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I Al(Oi-Pr)3 I 
benzophenone mA 15OoC * 

Continuous 

37% 
16 distillation 17 

3.8.4.2 Unsaturated alcohols 
Following the pioneering studies of Oppenauer,' this procedure has been used to oxidize a 
plethora of unsaturated steroidal molecules and, in general, proves to be a su erior method 
with respect to both yield and convenience to the previously utilized methods3 As such, the 
method has found use in the manufacture of a number of hormones, including testosterone (6, 
R = OH), progesterone (6, R = COCH3), and desoxycorticosterone (6, R = 
COCHzOCOCH3).25 As mentioned earlier, the oxidation of A5-3-hydroxysteroids 5 is 
accompanied by migration of the double bond from the P,y to the a$ position. In the 
oxidation of compounds bearing two conjugated double bonds (e.g., 18) only the P,y-double 
bond migrates (to give 19).1326 In general, the Oppenauer oxidation is tolerant of a wide range 
of functionalities in the oxidation of unsaturated steroids, with substituents includin a l l ~ l , ~ ~  

and ethynyl groups,29 halides,Ig acetal~,~'  mercaptals, ke t a l~ ,~ '  and epoxides. 3 8  

I 8  19 

A number of non-steroidal unsaturated alcohols have been oxidized using the 
Oppenauer procedure.233 For example, bicyclic alcohol 20 was oxidized to the corresponding 
ketone 21, with concomitant migration of the double bond.33 The oxidation of the allylic 
alcohol derivatives such as 22 has been extremely useful in the preparation of a number of 
vitamin A  analog^.^^"^ The reaction is also applicable to open-chain structures, for example 
octatrienol23, which gave access to the corresponding ketone in 80% yield.38 

d-f.K1 Al(Ot-Bu)S 

acetone, 
PhH, reflux 

20 76% 21 
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OH CH3 - 
23 

22 

3.8.4.3 Polyhydroxyl Compounds 
Simultaneous oxidation of two alcohol functionalities can be performed in both saturated and 
unsaturated compounds. For example, oxidation of diol24 was achieved in 30% yield to give 
diketone 25.33 Steric factors can play a large effect and can result in other reaction processes, 
such as rea~~angernent.~ Oxidation of saturated steroid 26 (R = C6H1102) furnishes diketone 
27, with inversion taking place at C-5:’ whereas oxidation of unsaturated steroid 28 (R = 
C ~ H I I )  also yields diketone 27, in which the double bond has been formally reduced.40 The 
oxidation of steroids containing two cis alcohols at the C-3 and C-5 positions is hindered by 
the formation of an unreactive aluminum chelate.41 

acetone, 
PhH, reflux OH 

30% 
24 

acetone, 
PhH, reflux 

OH 
26 27 

25 

p3& R 

7 

acetone, 

6H 
28 

The Oppenauer oxidation has also proved particularly useful in the partial oxidation 
of polyhydroxyl compounds and the order of oxidation appears to almost be the reverse of 
chromic anh~dr ide .~  In many cases the selectivity is achieved by the unique steric 
environment of hydroxyl groups within the steroid molecules. Activation of one of the 
hydroxyl groups by unsaturation makes the differentiation even more facile.42 

3.8.4.4 Primary AIcohols 
An important advantage of the Oppenauer oxidation of primary alcohols to aldehydes, over 
several traditional methods, is that over-oxidation towards carboxylic acids is prohibited. 
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Initially, the application of the Oppenauer method to the oxidation of primary alcohols 
proved problematic, due to the condensation of the product aldehydes with the hydride 
 acceptor^.^ The use of easily reducible oxidants like quinone and cyclohexanone, however, 
facilitated the conversion of primary alcohols to aldehydes.43 For example, benzyl alcohol 
gave 5040% of the corresponding aldehyde and furfuryl alcohol gave 20% of furfural. 
Aliphatic alcohols, however, gave very poor yields. Alternatively, by employing a modified 
procedure, which involved full conversion of the alcohol substrate to its aluminate, and slow 
distillation of the product in the presence of a high boiling hydride acceptor, a variety of 
primary alcohols were converted into the corresponding 

3.8.5 Variations 

3.8.5. I The “modifred Oppenauer oxidation” 
Although the traditional Oppenauer conditions utilized aluminum catalysts, alternative metal 
alkoxides, for example, chloromagnesium alkoxides, are competent in the tran~formation.~ In 
1945, Woodward devised a new system, which involved the use of potassium r-butoxide, and 
benzophenone for the oxidation of quinine (29) to quinone (30).13 This was termed the 
“modified Oppenauer oxidation.” The traditional aluminum catalytic system failed in this 
case due to the complexation of the Lewis-basic nitrogen to the aluminum centre. The 
synthetic flexibility of this procedure was extended by the use of more potent hydride 
accept01-s.~~ 

- 
benzophenone 

benzene 

29 30 

3.8.5.2 Cadytic Oppenauer oxidations 
As stated earlier, theoretically, only catalytic amounts of the aluminum catalyst are required. 
Although aluminum has a high charge density and therefore good Lewis acidic character, it 
displays relatively poor ligand exchange abilitie~.~’ This limits its catalytic use. Although the 
addition of protic acids has been found to enable catalytic turnover, the aldol condensation 
sidereaction is prevalent.48 The alkali metal alkoxides show high ligand exchange rates, but 
their low charge density or small coordination number causes a low a~tivity.~’ 

The hard-Lewis acidities, high ligand exchange rates and large coordination numbers 
of lanthanide complexes have enabled their application to both the Meenvin-Ponndorf- 
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Verley reduction and Oppenauer ~xidat ion.~ '  For example, 10 mol% of Sm(Ot-Bu)Iz has 
been used for both oxidations and reductions in THF at 65 0C.49 Another samarium(II1) 
catalyst, formed in situ, has been used in the catalytic oxidation of octan-2-01 and several 
allylic alcohols.50 

Following several reports on modified aluminum alkoxide  catalyst^,^'-^^ a highly 
active aluminum catalyst 31 was reported by Maruoka and co-workers which allowed the 
conversion of carveol (32) to carvone (33) in excellent yield (94%).54 The oxidation of a 
variety of allylic, benzylic and aliphatic primary and secondary alcohols, as well as 
terpenoids and steroids, was demonstrated. 

0' 
1.2 eq. 

31, 1 mol% t-BuCHO 

A 
32 

21 OC, 0.5h A toluene 
21 'C, 0.5 h 

94% 
33 

Other catalytic s stems employed include ruthenium or i r i d i ~ m , ~ ~ ! ~ ~  boron," and 
heterogeneous catalysts. 4 7  

3.8.5.3 Cascade reactions 
As mentioned previously, one common sidereaction of the Oppenauer oxidation is the aldol 
condensation of the product with the hydride acceptor. Simultaneous Oppenauer oxidation- 
aldol condensations have therefore been employed toward the synthesis of a,P-unsaturated 
carbonyl  compound^.^ For example, geraniol (34) in the presence of acetone and an 
aluminum alkoxide gave vionone (35) in good yield.'* 

0 

acetone, 
PhH, reflux 

34 35 
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-MgBr Et20,25 OC 
36 - 

8 
37 

PhCHO 

Et20, 25 OC, 5 h 1 69% 

0 
39 

By utilizing the applicability of halomagnesium alkoxides in the Oppenauer 
oxidation, a one-pot, alkylation-xidation has been reported using Grignard  reagent^.^' For 
example, butylmagnesium bromide (36) and crotonaldehyde (37) gave access to oct-2-en-4- 
one (39), following addition of benzaldehyde as a hydride acceptor. 

3.8.6 Experimental 

acetone, 
PhH, reflux 

14 80% 15 

cis-a-Decalone (1 S)22 
To a solution of cis-a-decalol (14, 1 .S g, 9.9 mmol) in dry benzene (150 mL) and dry acetone 
(100 mL) was added aluminum i-propoxide (3.0 g, 14.7 mmol). The mixture, protected with a 
calcium chloride drying tube, was refluxed for 12 h. The reaction mixture was allowed to 
cool to ambient temperature and washed with 30% sulfiric acid (2 x 100 mL) and water until 
neutral. The organic extract was dried over anhydrous sodium sulfate and the solvent 
evaporated under reduced pressure. Fractional distillation of the product gave cis-a-decalone 
(15, 1.2 g, 80%) as a colorless oil (b.p. 1 16 O C  (1 8 mmHg)); n~" 1.4939. 
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3.9 Prilezhaev Reaction 

3.9.1 Description 
The Prilezhaev reaction is the formation of epoxides by the reaction of alkenes with peracids. 

1 2 3 4 I 
The Prilezhaev reaction'-4 is a common reaction used in organic chemistry for the 

epoxidation of an alkene 1 by reaction with a peracid 2 to yield an epoxide 3. Although the 
reaction is often used it is not commonly referred to as the Prilezhaev reaction in the 
literature. 

3.9.2 Historical Perspective 
Nikolai Aleksandrovich Prilezhaev (1 872-1 944) was a Russian chemist. A biographical 
reference was published in 1973 in Zhurnal Obschei Khimii.' The reaction was first 
published in 1910. The Prilezhaev reaction has wide utility and has been reviewed.4v7 

3.9.3 Mechanism 
The hydroxy oxygen of a peracid has a higher electrophilicity as compared to a carboxylic 
acid. A peracid 2 can react with an alkene 1 by transfer of that particular oxygen atom to 
yield an oxirane (an epoxide) 3 and a carboxylic acid 4. The reaction is likely to proceed via a 
transition state as shown in 5 (butterfly mechani~m),~,~ where the electrophilic oxygen adds to 
the carbon-carbon doublebond and the proton simultaneously migrates to the carbonyl 
oxygen of the a ~ i d . ~ . ~  The rate of the reaction increases in the order: R = CH3 < C6H5 < m- 
CIC6H4 < H < p-NO2C6Hs < CO2H < CF3, which is related to the pKa of acid (RC02H): 4.8; 
4.2; 3.9; 3.8; 3.4; 2.9; 0. The lower the pK,, the greater the reactivity is (i.e., the better the 
leaving group). 

R 



Chapter 3 Oxidation 275 

The butterfly mechanism (usual representation) is illustrated in 5 and was described 
by Bartlett. The representation has been refined by Houk to a trans antiperiplanar 
arrangement of the 0-0 bond and reacting alkene, with n-p* stabilization by reacting lone 
pair in plane 7.6 The synchronicity of epoxide C-0 bond formation and an overall transition 
state structure was postulated using ab initio calculations and experimental kinetic isotope 

3.9.4 Variations and Improvements 
m-Chloroperbenzoic acid is often used as the epoxidation reagent; it is commercially 
available, quite stable, and easy to handle. Various other peracids are unstable and have to be 
prepared immediately prior to use. The separation of the reaction products-that is, the 
oxidation product and the carboxylic ac id-can  usually be achieved by extraction with mild 
aqueous base. 

The epoxidation reaction usually takes place under mild conditions and with good to 
very good yield. Functional groups that are sensitive to oxidation should not be present in the 
starting material; with carbonyl groups a Baeyer-Villiger reaction may take place. 

In general, the stereochemistry of olefin is maintained and the reaction is 
diastereospecific. The reaction rate is insensitive to solvent polarity implying concerted 
mechanism without intermediacy of ionic intermediates. Generally the less hindered face of 
olefin is epoxidized. An example of the facial selectivity has been reported by Brown, and 
the less hindered face of 8 epoxidized to form 9 or 10 depending on the substitution of 8.’ 

8 9 10 

R= H 20 min, 25 ‘C 99% 1 Yo 
R=CH3 24 h, 25 ‘C < 10% 90% 

The chemoselectivity of the Prilezhaev reaction has been studied and the most 
electrophilic reagent or most nucleophilic C=C reacts fastest. 

The substitution and stereochemistry of the olefin has been studied and the most 
substituted double bond reacts fastest and the cis isomer reacts faster than the trans isomer.” 
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Specific examples demonstrating the chemoselectivity are shown below. In the 
synthesis of 12 and 14, the most substituted double bonds in substrate 11 and 13 are 
preferentially epoxidized.'2 

A A -lO°C, 1 h 

11 
cis : trans 1 : 1 

12 

In the total synthesis of reserpine, Woodward and co-workers selectively oxidized the 
double bond of 15 that is on the exposed convex face of the molecule. Attack from the 
concave side of 15 is hindered.I4 

HOlC 

@ H O W  - 0::; 
C6H5C03H 

C6H6 - dioxane 

15 16 
OH 25 OC, 24 h OH 
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Concave face 
hindered toward 
peracid attack 

Convex face 
open to peracid 
attack 
17 

Work has been done with salen catalysts to enable enantioselective epoxidations with 
m-CPB A. Highly enantioselective Kochi-Jacobsen-Katsuki epoxidation of unfunctionalized 
olefins with Mn(TI1)-(salen)-based chiral catalyst provides an efficient route to optically 
active epoxides. It has been noted that m-CPBA in the presence of N-methylmorpholine N- 
oxide at low temperature (e.g., -78 "C) suppresses bond rotation leading to high 
enantioselectivity even when the substrate is a c y c l i ~ . ~ ~ ~ ~ ~  

m-CPBA 
Catalyst 1 
(4 mol%) 0" NMO L + 
CH2C12 
-78 OC 86% 
30 min 88% ee 

18 19 

20 
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3.9.5 Synthetic Utility 
In synthetic studies directed toward the natural product gymnodimine, Kishi and co-workers 
epoxidized compound 21 using m-CPBA to yield 22.’’ 

* 
mCPBA, CH2CI2 

Si- 
0 OC to rt, 16 h 

82% 
21 22 

In synthetic studies toward the natural poduct diazonamide A, Nicolaou and co- 
workers utilized several Prilezhaev reactions. Two examples are shown below; compounds 
23 and 25 were epoxidized using m-CPBA to yield 24, and 26, respectively.” 

p p 
\ 

mCPBA, CH2CI2 o y o  

NaHC03, 8 h 

97% 0 0 
I 
24 

NC-0 
mCPBA, CH2CI2 

NC- 

NaHC03, 6 h 
73% 

25 26 

In synthetic studies on isoprenoid aziridines, Coates and co-workers utilized several 
Prilezhaev reactions to synthesize epoxides which were reacted with diethylaluminum azide 
to form azid~hydrins.’~ Two examples are shown below; compounds 27 and 29 were 
epoxidized using m-CPBA to yield 28 and 30, respectively. 
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27 28 

* 
m-CPBA, CH2C12 

NaHC03, 
AcO AcO 

29 

0 "C 45 min to rt 1 h 
86% 

30 

Martin and co-workers utilized the Prilezhaev reactions to synthesize epoxides 32 and 
33. Epoxidation with m-CPBA gave in 96% yield an inseparable mixture of epoxides 32/33 
in a 2:3 ratio.20 

32 33 
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3.9. ti Experimental 

m-CPBA 

Ph Ph . .. 
34 35 

l,l,l-Trifluoro-2-ethoxy-2,3-epoxy-5-phenylpentane (35)' 
A 250-mL, round-bottomed flask, equipped for magnetic stirring and with a condenser fitted 
with a calcium chloride drying tube, is charged with 9.76 g (40 mmol) of l,l,l-trifluoro-2- 
ethoxy-5-phenyl-2-pentene 34, and a solution of 14.79 g (60 mmol) of 70% meta- 
chloroperoxybenzoic acid in 170 mL of dichloromethane. The resulting mixture is heated 
under reflux with stirring for 20 h, cooled, and concentrated to 50-60 mL under reduced 
pressure. The residual liquid is diluted with 200 mL of pentane and the supernatant liquid 
from the resulting suspension is passed through a short silica gel column. The residual solids 
are washed twice with 50 mL of a 1O:l mixture (v/v) of pentane-diethyl ether, and the wash 
solutions are passed through the same column. The column is then eluted with 100 mL of a 
5: 1 (vh)  mixture of pentane-diethyl ether. The combined eluants are concentrated under 
reduced pressure and the residual liquid is purified by bulb-to-bulb vacuum distillation (oven 
temperature 120-1 30 "C at 10 mm) to provide 9.36-9.88 g (90-95%) of pure l , l ,  l-trifluoro- 
2-ethoxy-2,3-epoxy-5-phenylpentane (35) as a clear, colorless liquid, bp 90 OC (1 0 mm).2' 
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3.10 Rubottom Oxidation 

3.10.1 Description 
The Rubottom oxidation' is the peracid-mediated oxidation of trimethylsilyl enol ethers to afford 
a-silyloxy- or a-hydroxy aldehydes or ket0nes.2,~ Use of an aqueous workup generally affords the 
hydroxy compounds, whereas nonaqueous workups provide the silyloxy derivatives. For example, 
the enolsilane 1 derived from cycloheptanone was converted to 2 in 77% yield by treatment with 
rn-CPBA followed by workup with 10% aqueous sodium hydroxide. Omission of the aqueous 
workup afforded 3 in 85% isolated yield.'a 

* 
&OR 6 1 

2 R = H :  77% 

OSiMe, 

mCPBA 

Workup (anhydrous or aqueous) 

3 R =  SiMe3: 85% 

3.10.2 Historical Perspective 
The first exam les of enolsilane oxidations were described independently by Brook,lb Hassner,lc 
and Rubottom' in late 1974-early 1975. Brook reported that oxidation of enolsilanes derived 
from cyclic and acyclic ketones with m-CPBA affords a-silyloxy ketones in good yields; 
subsequent hydrolysis of these products provided the corresponding alcohols. Rubottom noted that 
either a-silyloxy ketones or a-hydroxy ketones could be obtained depending on the nature of the 
workup (nonaqueous vs. aqueous). Hassner observed that enolsilanes derived from both aldehydes 
and ketones are suitable substrates for these transformations. Subsequent studies by Rubottom and 
others led to significant expansions of this methodology along with a more complete 
understanding of the mechanism of these rea~tions.2'~ 

3.10.3Me chanism 

4 5 

H,O+ - 
6 7 
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The mechanism initially proposed for the Rubottom oxidation involved epoxidation of the 
enolsilane to afford intermediate silyloxyoxirane 4. It was suggested that this intermediate 
undergoes acid-mediated cleavage to afford stabilized carbocation 5, which is transformed to the 
a-silyloxy ketone 6 via 1,4-silicon migration. Hydrolysis of 6 by aqueous acid in a subsequent 
step generates the a-hydroxy ketone 7.'b31S Attempts to provide support for this mechanism via 
isolation of intermediate silyloxyoxiranes derived from simple ketones proved difficult due to the 
lability of these compounds. However, Brook demonstrated that the related heteroc clic 
silyloxyoxirane 8 was isolable and was transformed to ketone 9 upon treatment with p-TsOH. yb 

Ph, ,Me 

OZSiPh3 8 

Ph, ,Me 

TsOH 
L 

EtzO -OSiPh3 

74 % 
9 

Further support for the mechanism described above was obtained in subsequent studies by 
several groups. Direct evidence for the initial epoxidation event in the Rubottom oxidation of an 
acyclic enolsilane was first obtained by Weinreb, who described the isolation of silyloxyoxirane 
10 and demonstrated its conversion to a-silyloxy ketone 11 upon treatment with PPTS.4 The 
isolation of a macrocyclic bis(sily1oxyoxirane) has also been reported.s 

CHpC12 
63% 

0 - 
10 11 

Indirect evidence for silyloxyoxirane intermediates was also provided by Hassner, who 
described the isolation of 14" in the Rubottom oxidation of 12. This product could potentially 
derive from the silyloxyoxirane 13 via an acid-mediated s N 1  or sN2 mechanism." The possible 
formation of silyloxyoxirane intermediates analogous to 4 in Rubottom oxidations of enolsilanes 
derived from ketones has also been discussed! 

1 

'F/OSiMe3 m-CPBA * 

Ph 

12 
i 

13 14 8 
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Me"\" 

Meozc% Ph0zS 

MeOzC@ Me""' + 

PhOzS 0 OSiMe3 Me3Si0 

17 18 
Evidence for the intermediacy of stabilized carbocations analogous to 5 was provided by 

Paquette, who examined the isolation and acid-mediated rearrangement of silyloxyoxirane 15. 
Treatment of this species with benzoic acid led to the formation of two isomeric a-silyloxy 
ketones (17 and 18).' The formation of ketone 17 likely derives from a pinacol rearrangement of 
carbocation 16. 

3.10.4 Stereochemistry 
The stereochemical outcome of the Rubottom oxidation reaction is generally believed to be 
controlled by the stereoselectivity of the epoxidation step, with the subsequent rearrangement to 
the a-hydroxy ketone occurring with retention of configuration at the a-stereocenter.2'8 This issue 
was addressed further in an elegant study recently disclosed by Danishefsky? 

The Rubottom oxidation plays a key role in Danishefsky's synthesis of 
guanacastepine (see Section 3.10.6). During studies on the Rubottom oxidation of potential 
intermediate 19 a surprising stereochemical outcome was observed, as the hydroxyl group was 
installed on what appears to be the more hindered p-face of the molecule to generate product 21. 
As shown below, one possible explanation for the stereochemical outcome of this transformation 
would involve epoxidation of the a-face followed by epimerization of the newly formed 
stereocenter via a deprotonatiodreprotonation sequence (Path B)." However, when deuterated 
enolsilane 20 was subjected to the Rubottom oxidation conditions (DMDO followed by AczO) 
product 22 was formed with complete retention of the deuterium label.' The result of this 
experiment suggests that the reaction proceeds as shown in Path A such that epoxidation occurs 
on the p-face and rearrangement proceeds with retention of configuration. In contrast, if the 
reaction were to occur via epoxidation of the a-face to generate 23 (Path B) with subsequent 
conversion to 22 through ring-opening (23-24), proton transfer (24-25), and 
deprotonatiodreprotonation (25-22), generation of mixtures of 21 and 22 through partial (or 
complete) loss of deuterium would be expected. 
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Path A 
P 

2 1 R = H  
22 R = D (no loss of deuterium) 1 9 R = H  

2 0 R = D  4 
j Path B : Deprotonation/ 

i Reprotonation 

3.10.5 Variations and Improvements 
Many variations of the Rubottom oxidation employ oxidants other than m-CPBA in order to 
execute the transformation under mild conditions or to allow for enantioselective synthesis. Use of 
dimethyl dioxirane (DMDO) for the oxidation of enolsilanes has become a popular alternative to 
traditional conditions for Rubottom oxidations. This mild oxidant has been used to facilitate the 
isolation of 2-silyloxyoxiranes, which are stable under the essentially neutral reaction 
conditions." For example, treatment of 26 with DMDO at 4 0  "C afforded 27 in 99% yield.Ilb 
These compounds can subsequently be converted to 2-hydroxyketones, as described above, or can 
be used in other transformations.'* Chiral dioxiranes generated in situ from chiral ketones and 
oxone have also been employed in enantioselective Rubottom oxidations developed independently 
by Shii3a and Adam.i3b As shown above, enolsilane 28 was transformed to a-hydroxyketone 29 in 
80% yield and 90% ee.i3a 

OSiMe3 
DMDO, CH2C12/acetone 

4 0  "C, 3 h 
99% 

26 0 27 

cat. ~ o - ~ ~ ~ ~ ~ ~  

Oxone, K2C03 
CHsCN, 0 "C OH 

80% yield, 90% 66 

0 
'"0 * F ' h T  

Ph E 
29 

28 
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In addition to dioxiranes, a wide variety of other oxidants have also been employed in 
Rubottom oxidations including t-butyl hydroperoxide, oxone, and benzoyl peroxide.’ However, 
use of these other oxidants is much less common than use of rn-CPBA or DMDO. Chiral 
Mn(sa1en)~omplexes’~~ and the Sharpless asymmetric dihydroxylation system’4b have also been 
used in asymmetric versions of the Rubottom oxidation. 

1) m-CPBA ~ P 3 J  PhH0SiMe3 Ph OSiMe3 2) H ~ O *  OH OH 

31 
30 81 % 

AoMe 1) m-CPBA H11C5 HoHo OMe 
H11C5 OSiMe3 2)Et3N.HF * 

33 32 81 % 

! 1) m-CPBA 

Pr OTBS 3)Et3N*HF Pr Me C02Me 

36 

- MeHco2Me 2)KF 

(Meo’2PYCopMe 
34 OTBS Me 

Pr Po LiHMDS 
35 47% (4 steps) 

Rubottom oxidation reactions have been conducted on enolsilanes derived from a number of 
different carbonyl derivatives including carboxylic acids and  ester^.'^ For example, the Rubottom 
oxidation of bis(trimethylsily1)ketene acetal 30 provided a-hydroxy carboxylic acid 31 in 8 1 YO 
yield. Use of alkyl trimethylsilyl ketene acetal substrates generates a-hydroxy esters, as seen in 
the conversion of 32 to 33.j6 The synthesis of P-hydroxy-a-ketoesters (e.g., 36) has been 
accomplished via Rubottom oxidation of enolsilanes such as 35 that are prepared via 
Homer-Wadsworth-Emmons reactions of aldehydes and ketones with 2-silyloxy 
phosphonoacetate reagent 34.” The a-hydroxylation of enolsilanes derived from P-dicarbonyl 
compounds has also been described, although in some cases direct oxidation of the P-dicarbonyl 
compound is feasible without enolsilane formation.18 

The oxidation of dienyl enolsilanes to the corresponding a-hydroxy ketones has also been 
developed and explored by Rub~ttom.~’ For example, diene 37 was cleanly converted to ketone 38 
under standard conditions. As expected, high selectivity for oxidation of the more electron-rich 
double bond was observed. As illustrated by the conversion of 37 to 39, acylation of the crude 
alcohols was achieved in high yields after removal of rn-chlorobenzoic acid and the hexane 
solvent employed for the oxidation. 
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OTMS OTMS OTMS 
1) m-CPBA 

2) Et3N*HF, 
Et3N,Ac20 

98% 39 

2) Et3N*HF 

37 
82% 

38 

A double hydroxylation of enolsilanes under modified Rubottom oxidation conditions has 
been developed by Nakamura and Kuwajima.” As shown below, treatment of enolsilane 40 with 
m-CPBA in the presence of excess KHC03 generates doubly oxidized product 41 in 72% yield. 
The mechanism of these transformations is believed to involve eliminatiotdepoxide opening of the 
intermediate silyloxyoxirane 42 followed by a second oxidation of the resulting enolsilane 43. 

OTIPS 2.5 equiv m-CPBA 
10 equiv KHC03 + 

CH2C12, O’C @ 72% 

40 1 m-CPBA 

KHC03 mCPBA 

42 8’ 43 * 

41 I 
OTIPS 

P 
3.10.6 Synthetic Utility 
The Rubottom oxidation has found widespread application in organic synthesis. A few recent 
examples of the use of this methodology for the construction of complex molecules are described 
below. As noted above, the stereoselectivity in these reactions is usually controlled by steric 
effects, which dictate the face-selectivity of the epoxidation step. The chemoselectivity is 
generally controlled by electronic effects, as the electrophilic oxidants react more rapidly with the 
electron-rich enol ether than with other double bonds in the substrate. 

The regio- and stereoselective installation of a hydroxyl group adjacent to a ketone 
was accomplished through use of the Rubottom oxidation in Paquette’s synthesis of (+)- 
epoxydictymene.21 As shown below, the tricyclic ketone 44 was converted to hydroxy ketone 45 
in good yield (72%) over three steps. A stereoselective and chemoselective Rubottom oxidation 
was also used by Taber in the synthesis of the antitumor agent (-)-fumagillin.22 Treatment of 
enolsilane 46 with m-CPBA followed by addition of TBAF/NH&I afforded the desired alcohol 48 
in 55% yield. The buffered fluoride workup allowed for cleavage of the secondary triethylsilyl 
ether 47 generated in the oxidation without concomitant deprotection of the remote primary r- 
butyldimethylsilyl ether functionality. 
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O k  OTBS 

___) 2)TBAF c"' 
55% "'OH 

NH4CI 

0 

p 1) TBS m-CPBA b 

OTES 

46 

1) LDA, TMSCl 
2) m-CPBA, NaHC03 

3) K2C03, MeOH 
c 

72% 0" -Me' 
45 

1 

_1 

47 48 

The Rubottom oxidation of enolsilane 49 was achieved in the presence of neighboring 
diene and allylic ether functionality to provide 51, an intermediate in Crimmins's synthesis of (+)- 
milbemycin D." The primary silyl ether product 50 was sufficiently labile that deprotection 
occurred upon slow chromatography on silica gel to yield 51. Similarly, Danishefsky noted that 
electron-poor diene finctionality was well tolerated in the stereoselective Rubottom oxidation of 
ketone 52.24 Enolsilane formation followed by DMDO expoxidation, rearrangement, and acylation 
afforded keto-alcohol 53 in 82-90% yield. This compound was subsequently converted to the 
natural product guanacastepene A. 

,OTBS 
TMSO % 4 )  
TMSO \ 

49 L 50 J 51 

2) DMDO 
82-90% 

52 53 
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OTMS 

6-Hydroxy-3,5,5-tirnethyl-2-cyclohexen-l-one (54)3 
An oven-dried flask was cooled under a stream of nitrogen and charged with dry hexanes (300 
mL) and 4,6,6-trimethyl-2-trimethylsiloxycyclohexa-1,3-diene (53) (10.0 g, 47.5 mmol). The 
solution was cooled to -15 "C in an ice/CH,OH bath and treated with a slurry of 85% rn-CPBA 
(10.6 g, 52.3 mmol) in hexanes (50 mL). The resulting mixture was stirred for 15 min at -15 "C, 
then was warmed to 30 "C and stirred for an additional 2 h. The mixture was then filtered through 
a fkitted funnel and concentrated in vucuo. The resulting oil was dissolved in anhydrous 
dichloromethane (1 50 mL) and treated with triethylammonium fluoride (1 1.5 g, 95.0 mmol). The 
reaction mixture was stirred at rt for 2 h, then was transferred to a separatory funnel and 
sequentially washed with saturated aqueous NaHC03 (2 x 100 mL), aqueous HCI (100 mL, 1.5 
M), and saturated aqueous NaHC03 (2 x 50 mL). The organic phase was dried over anhydrous 
magnesium sulfate, filtered, and concentrated in vucuo. The crude product was purified by 
distillation (bp 73-75 "C, 1.3 Tom) followed by trituration with pentane. The resulting crystalline 
product was dried under a stream of nitrogen to afford 4.8 g (66%) of the title compound, mp 
44.5-45 "C. 
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3.11 Swern Oxidation 

3. I I .  I Description 
The Swem oxidation is the oxidation of alcohols to the corresponding carbonyl compounds 
using oxalyl chloride and dimethylsulfoxide and a base, usually triethylamine, at low 
temperatures. 

(COCI),, DMSO 

-78 O C  
1 2 

R1 = alkyl, R2 = H, alkyl 

3.11.2 Historical Perspective 
Oxidations using dimethyl sulfoxide activated by various reagents began with discoveries by 
Kornblum and co-workers that primary tosylates and certain a-bromo ketones could be 
converted into aldehydes and glycoxals, respectively, by treatment with dimethyl sulfoxide as 
the oxidising agent.' This was followed by the discovery several years later by Pfitzner and 
Moffatt that alcohols could be oxidised to carbonyl compounds with dimethyl sulfoxide, 
dicyclohexylcarbodiimide (DCC) and phosphoric acid at room temperature.* Eventually the 
method developed by Swem and co-workers, involving activation of dimethyl sulfoxide with 
oxalyl chloride, came to be the most synthetically useful and widely applied of these mild 
oxidation  procedure^.^^ 

4 6 
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Initially, Swem et al. reported the oxidation of sterically hindered alcohols to 
carbonyls with a dimethyl sulfoxide-trifluoroacetic anhydride complex.’ These reactants 
included primary alcohols such as 2,2-dimethyl-l -phenyl-propanol3 and secondary alcohols, 
for example, 2-adamantanol4. 

A few years later the Swem laboratory then developed an “activator” which they 
claimed to be the most successful in activating dimethyl sulfoxide toward oxidation, namely, 
oxalyl chloride. Since oxalyl chloride reacted violently and exothermically with dimethyl 
sulfoxide, successful activation required the use of low temperatures to form the initial 
intermediate.6 Swern et al. reported the oxidation of long chain primary alcohols to 
aldehydes which was previously unsuccessful by first converting to the sulfonate ester (either 
mesylate or tosylate) and then employing the dimethyl sulfoxide-acetic anhydride procedure. 
They found that long-chain saturated, unsaturated, acetylenic and steroidal alcohols could all 
be oxidised with dimethyl sulfoxide-oxalyl chloride in high yields under mild conditions. 

Cholesterol 

3.11.3 Mechanism 
The mechanism of the Swem oxidation has been studied in depth and the formation of an 
initial adduct 7 from the reaction between dimethyl sulfoxide and oxaIyI chloride which then 
collapses to give a dimethylchlorosulfonium species 8 is clearly indicated by mechanistic 

Reaction of 8 with an alcohol then produces the alkyoxysulfonium ion 9 which 
upon treatment with an amine base gives the ylide 10. Subsequent proton extraction gives the 
carbonyl product 2 with the release of dimethyl sulfide. 

Formation of the dimethylchlorosulfonium species 8 and its reaction with alcohols 
and also the conversion of the ylide 10 to the product are both rapid at -78 “C. Additionally, 
formation of (methy1thio)methyl ethers, a common side reaction in these procedures, is 
minimised. The reactive reagent 8 can also be formed directly by the reaction of dimethyl 
sulfide with ~hlorine’”~; however, the high ields and convenient procedure using the Swem 
reagents makes it particularly advantageous. Y 



Chapter 3 Oxidation 293 

0 

7 

10 2 

3.11.4 Variations 
Modifications to the Swem procedure ofien include a change of base from the requisite 
triethylamine. In their synthesis of naphthoic acid, Eustache and co-workers attempted to use 
Swern conditions to oxidise the 1,5-diol 11 to the corresponding dicarbonyl 12." Although 
evidence of the formation of the keto aldehyde intermediate was verified through 'H NMR, 
decomposition of the compound made further manipulations difficult. Eventually, a modified 
one-pot, two-step procedure was developed, involving oxidation followed by base-induced 
cyclisation to give the desired product. 

11 
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12 

Similarly, diisopropylamine is sometimes substituted for Et3N owing to its more 
hindered nature. Occasionally however, neither of these bases will provide the optimum 
yield for a reaction, as shown by Chrisman and Singaram." A range of bases were compared 
in the oxidation of p-amino alcohols, such as 13. The results are tabulated. 

tertiary amine 

45 min to 24 h 
-7a0c tor t  * 

13 14 

Tertiary amine base % recovered 13 YO yield 14 
N,N-Di isopropylethylamine 33 65 
Triethylamine 24 68 

DABCO 14 86 
N-Ethy lpiperidine 5 93 

Pyridine 98 1 

Thus the conditions for the Swem reaction are amenable to modifications to give 
optimum yields. The authors conclude that the optimum yields of the a-amino carbonyls 
were obtained when the steric demands of the tertiary amine were between Hunig's base and 
DABCO. 

An unavoidable by-product of the Swem reaction is the volatile dimethylsulphide 
which, on account of its unpleasant smell, is a reagent regulated by offensive odour control 
laws. This makes large scale chemistry problematic, especially in industry. To overcome 
this, several methods exist to perform the Swem oxidation under odourless conditions. For 
example, Node et al. outline a protocol for the Swem oxidation which uses dodecyl methyl 
sulfoxide in place of methyl sulfoxide," while Crich and co-workers have developed a 
fluorous Swem oxidation reaction that uses tridecafluorooctylmethyl sulfoxide 17.1383b This 
reagent can be recovered via a continuous fluorous extraction procedure and recycled by 
reoxidation with hydrogen peroxide. Additionally, the fluorous DMSO is crystalline, 
odourless and soluble in CHzC12 to -45 "C. 
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15 16, fluorous DMS 17, fluorous DMSO 

Vederas et al. report one of the first examples of a recyclable, soluble polymer- 
supported sulphoxide which can be used as an alternative to DMSO without loss of 

NalO, 

99% 

The optimum molecular weight of the poly(ethy1ene glycol) (PEG) polymer was 
determined to be 2000. At this weight the polymer was solid at room temperature and 
therefore can easily be precipitated from the reaction mixture. Alcohols such as benzoin and 
cholesterol were oxidised in comparable yields to those reported in the literature. 

Although vigorously dry conditions are not necessary to instigate oxidation, alternate 
products have arisen through the use of wet dimethyl sulphoxide. For example, during 
Kende's synthesis of a taxane triene, Swern oxidation converted diol 20 to dialdehyde 21 in 
85% yield." When the dimethylsulphoxide used in the reaction was moist, however, up to 
40% of a crystalline by-product was formed. X-ray analysis proved the crystalline product to 
be chloroaldehyde 22. The preceding and subsequent stereochemical assignments could then 
be unambiguously confirmed. 
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A more recent modification was reported by Giacomelli and De Luca wherein oxalyl 
chloride has been replaced by 2,4,6-trichloro[ 1,3,5]triazine (cyanuric chloride, TCT) as the 
activator.I6 The authors cite the dangerous toxicity and moisture sensitivity of oxalyl 
chloride as a motive for their work, the exclusion of which also means that the reaction can 
be carried out between -30 and 0 "C. Alcohols and N-protected a-amino alcohols were 
converted to the corresponding ketones and aldehydes. 

The mechanism of this modified procedure is thought to proceed in the same manner 
as that of the classic Swern oxidation with the formation of an oxosulphonium ylide. The 
structure of the oxidation reagent is depicted below. 

A mention should be made of the different activating agents that can be employed in 
Some of these are name reactions in their own right; oxidation reactions with DMSO. 

however, they are stated here as useful alternatives to the Swern reaction. 
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The Kornblum oxidation was the first reported oxidation reaction using DMSO. a- 
Bromo ketones such as 23 were converted to the corresponding glycoxals in good yield.' 
Less reactive halides, such as most benzylic halides and aliphatic halides, can be oxidised by 
conversion to the tosylate derivative with silver tosylate and then oxidising in situ with a 
sodium bicarbonate-DMSO mixture. '7,'8 

&Br __c DMSO & 
Ph 85% Ph 

23 24 

i .  Ag(OTs)2, 0 
MeCN, 0- 5 "C wYr ii. NaHC03, 
DMSO, 150 'C 

25 26 

27 28 29 
60% 22% 

30 Kornblum 
oxidation 
product 

Zn-S 1- 
16 

- R g R 2  === '$R2 
0 

OH 
Rearrangement 
product 

30 31 32 
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Variations of this method have been studied based on the halide to tosylate conversion 
which clearly indicates electrophilic catalysis, such as the silver salt-DMSO oxidation of 
 halide^.'^ A more recent example involves the direct conversion of rerr-P-bromo alcohols to 
ketones using zinc sulfide and DMS0.21 tert-P-Bromo alcohols cannot undergo oxidation to 
the corresponding carbonyl via a free-radical mechanism due to the absence of an a-proton.20 
A mixture of the Kornblum oxidation product and a product resulting from rearrangement of 
the sulfur ylide is obtained. The proposed mechanism involves the formation of the 
oxysulfonium ylide 30 which undergoes proton abstraction to give the expected oxidation 
product via path A. Path B shows the rearrangement of the ylide 30 to give an enol ether 
which tautomerises to give the resultant ketone product. 

The Parikh-Doering protocol involves the use of a sulphur trioxide-pyridine complex 
and DMSO in the presence of triethylamine.22323 There are several advantages to this method: 
general applicability for the oxidation of primary and secondary alcohols, rapid reaction 
times at room temperature, and a particularly attractive feature is the selective oxidation of 
allylic alcohols to a,&unsaturated carbonyl compounds. This can be achieved in the presence 
of secondary hydroxyl groups as in the case of 1 1 P-hydroxy-4,17-pregnadien-3-one 33 which 
was oxidised to the corresponding a$-unsaturated aldehyde 34 in 70% yield.22 Additionally, 
production of the methyl thiomethyl ether derivative by-product which can arise from the use 
of acetic anhydride-DMSO oxidations is negligible and purification is straightforward, unlike 
that with the DCC-DMSO method. 

OH 
I 

SOs-PYr 

70% 
DMSO, Et3N 

33 34 

The Pfitzner-Moffatt oxidation utilises 1,3-dicyclohexylcarbodiimide as the DMSO 
activator in the presence of acid to afford oxidation of alcohols to c a r b o n y l ~ . ~ ~ ~ ~ ~ ~ ~  Initial 
work was carried out on steroids and thymidine residues although the procedure has since 
been found to be applicable to a large range of alcohols. In the following example, the 
Pfitzner-Moffatt method was used as an alternative to the Swern reaction which had resulted 
in the formation of an unwanted a-chloroketone (see later).26 Other oxidation procedures 
were attempted (PDC, PCC, Dess-Martin periodinane); however; the Pfitzner-Moffatt gave 
the best, albeit modest, yield. 
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- +CI 

- qXs 
1. NaBH4, 94% 

2. Swem, 54% 
TS 

36 

1. NaBH4, 94% 

2. i .  DCC, DMSO, pyr, rt 
35 

ii. TFA, 0 'C to rt, 18 h, 44% 
37 

Alcohol oxidations using acid anhydrides, such as acetic anhydride and benzoic 
anhydride, and phosphorus pentoxide with DMSO, have also been found to proceed in mild 
conditions to give the corresponding carbonyl compounds in good  yield^.^^-^' The method is 
general and is especially useful for sterically hindered hydroxyl groups; however, the 
reactions often suffer from concomitant formation of methylthiomethyl ether by-products. 

3.11.5 Synthetic Utility moH I. (COC1)2, DMSO 
-60 'C, 45 rnin 

2. EtsN,-60 'C, 
OMe OMe 08' 15 min, then rt 

39 38 81 % 

 OH -60 1. (COCIh, O C ,  45 rnin DMSO . 
2. EtsN,-60 'C, 

OMe OMe 0tPH 15 min, then rt OMe OMe 0 
40 59% 41 

The Swern oxidation can be employed to oxidise secondary alcohols in the presence of 
tertiary alcohols. In the total synthesis of 1 I-deoxydaunomycinone, Ghera and Ben-David 
found that reagents developed specifically for this purpose, CIrDMSO or NCS-Me2S,9b 
failed to give the desired pr~ducts.~' Additionally, reagents which were reported to effect the 
monooxidation of primary-tertiary vicinal diols, SO3-pyridine complex or the Fetizon 
reagent (Ag~CO3-celite)~' gave only recovery of starting material. When the Swern 
conditions were employed, triols 38 and 40 were converted to the desired diketones in 81% 
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and 59% yield, respectively. The effectiveness of the reaction was found to depend 
significantly on the use of an appropriate excess of the oxidation reagents and defined 
reaction times. 

Modifications of the Swem procedure can result in the chemoselective oxidation of 
alcohol functionalities in the presence of disulphide bonds, which themselves are highly 
susceptible to further ~x ida t ion .~ ' -~~  Fang et al. report the first such examples of oxidizing 
secondary alcohols to the corresponding ketones without cleavage or oxidation of the 
disulphide bond.35 Implementation of the standard Swem protocol, after experimenting with 
various other oxidants, gave the desired products; however, these reactions were low yielding 
and also resulted in side products through cleavage of the disulphide bond. Eventually, it 
was found that the yield was significantly improved if the reaction was quenched with water 
at low temperature instead of quenching at room temperature, as is standard in the Swem 
procedure. Consequently, the reaction was maintained at -78 "C for 2 h after addition of 
triethylamine, to ensure complete substrate consumption, and then a mixture of water and 
THF was added drop-wise while maintaining the reaction temperature at below -60 "C. 

96% 

u OH 
42 

OTMS 

MeO*C*oTMS 

OTMS 
44 

u o  
43 

OTMS 75% 
9 MeO,C- '0 

~ T M  s 
45 

OTES 69% c -0 - 
OTES OTES 

46 47 

Many examples exist wherein a silyl enol ether is deprotected and oxidised in a one- 
pot procedure using Swern conditions. Godfroid and co-workers report the selective 
oxidation of primary TMS or TES protected 1,2-diols, 1,3-triols, and polyhydroxy 
compounds to the corresponding silyloxy aldehydes even when using excess Swem 
reagents.36 

Hindered silyl groups such as dimethyl-r-butylsilyl ethers have been shown to be 
completely stable to Swem  condition^.^' 
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TBDMSCS”’ 
48 

80% - 

Employing the Swem conditions can also result in the formation of a$-unsaturated 
compounds. For example, oxidation of the tryptamine derivative 50 resulted in the a$- 
unsaturated aldehyde 52 instead of the expected product 5 ~ ~ ’  

51 50 52 

Using one equivalent of the Swern reagents resulted in regeneration of the starting 
material while using excess reagent gave the unsaturated aldehyde. This presumably 
proceeded via the standard Swem oxidation of alcohol 50, followed by removal of the acidic 
a-proton to generate the extended conjugated system as shown. 

Another noteworthy side reaction arising from using the Swem conditions is the 
production of electrophilic chlorine which can give rise to a - c h l o r o k e t ~ n e s . ~ ~ ~ ~ ~  When a 
mixture of 2:1 P-hydroxy esters 53a,b were subjected to standard Swem conditions, a single 
product was obtained in high yield. X-ray crystallography confirmed the structure to be 
chloroketone 54. 

53a,b 54 

The likely reactive species and source of electrophilic chlorine is thought to be 7 
andlor its decomposition product 8, which reacts with the enol of the ketone or P-ketoester, 
that is, the expected oxidised product. This side reaction can be avoided by employing one 
equivalent of the oxalyl chloride or by using either trifluoroacetic anhydride or acetic 
anhydride with DMSO. 
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CI- 

7 8 

In their synthesis of Baylis-Hillman adducts as potential alkylating agents, Lawrence 
ef af. attempted the oxidation of diol 56 under standard Swern conditions, with unexpected 
re~ults.~'  Instead of the required a-methylene-a-keto ester, the formation of an allylic 
chloride 57 was detected. The substitution is thought to take place via a conjugate- 
elimination process through enolate 59 involving the ester group, which is clearly implicated 
since the Swern oxidation of related alcohols such as 60 proceeds as expected. 

OH 0 

___) H 
DABCOTM 

0 0 OH 

55 56 

DMSO, (COCI)? p + m  
CI 

- EtO 
EtjN 

0 
57 

CI- 
58 59 

I I 
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The versatility and efficiency of the Swern conditions means that they can also be 
applied to various functional groups to effect different transformations other than just 
oxidations of alcohols. For example, primary amides have been converted to nitriles using 
the Swern reagents as dehydrating agents.42 Although different activators of DMSO were 
tested, for example, the S03.pyridine complex and TFAA, oxalyl chloride was found to be 
the best based on the yield of the final product. 

Swern 
EtozC CONH~ conditions- E Q C  w. 

AcO OAc 

The Swern conditions were applied to a number of substrates with different functional 
and protecting groups, such as sugar derivatives, protected amino acid derivatives, tartaric 
acid derivatives, and optically active synthetic intermediates. Both acid-sensitive (epoxide, 
acetonide, silyl, NBoc, NCBz) and alkaline-sensitive groups (Ac, Bz, ester, silyl) were found 
to be completely unaffected. The proposed mechanism begins with tautomerisation of the 
amide to the hydroxy imine, followed by reaction with the dimethylchlorosulfonium species. 
The resulting oxysulfonium species 63 collapses when treated with base to regenerate DMSO 
and produce the nitrile. 

Alkylhydrazines were also found to cleanly oxidise to the corresponding hydrazones 
under Swern  condition^.^^ The reaction works on unactivated hydrazines with primary, 
secondary, and branched alkyl groups. TFAA was used in place of oxalyl chloride. 

84% 

Ph 
I 

NHCBz 
N. 

H N - ~ ~ ~ ~ z  

65 66 
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The Swern oxidation is also an excellent system for the oxidation of secondary 
amines into iminese4”& In particular, the method is compatible with small ring systems such 
as azirine~.~’ Optically active 2H-azirine-2-carboxylic esters from the corresponding 
aziridines were synthesised by employing the Swern conditions and proceeded with complete 
retention of configuration at the C2 stereogenic centre. 

r 1 

67 68 69 

Interestingly, both cis and trans aziridine isomers gave the same azirine ester 68, 
surprising as the C2 proton is more acidic than the C3 proton and would also result in 
conjugation with the ester functionality. The intermediate 69 is shown for the cis aziridine. 
R groups included alkyl chains and phenyl substituents and yields varied from 54% to 86% 
with higher yields obtained via the trans aziridines. 

Mekonnen and co-workers present an intriguing route to 3-monosubstituted 
imidazo[ 1,2-b]pyridazine derivatives which are important motifs in several therapeutically 
interesting  molecule^.^^^-^ The key step involves a novel one-pot cyclisatiodoxidation 
reaction under Swem oxidation  condition^.^' 

R1 

Swern 73a,b 

N=N CI 

+ reflux conditions + 

70 

72a-b 

74a.c 



Chapter 3 Oxidation 305 

77 78 CI-' 

CIL 
79 80 

Condensation of dichloropyridazine 70 with various 2-hydroxyethylamines led to the 
monoadducts 72a-b. Oxidation of the secondary hydroxyl functionality was then attempted 
using Swern oxidation conditions; this, however, unexpectedly resulted in 
imidazopyridazines 74a-b. Since the endocyclic nitrogen of a heterocyclic amidine is 
reported to be a poor nucleophile toward carbonyl compounds, the formation of 
imidazopyridazine 74 could not be caused by the in situ cyclisation of the preformed ketones 
73. The authors also found that heating ketone 73b under reflux in ethanol did not result in 
cyclisation product 74b. Thus the mechanism is believed to occur via the intramolecular 
attack of a pyridazine nitrogen onto an activated tetrahedral sulfinium intermediate, with the 
Swern reagent acting as a Lewis acid. 

The presence of an inductively electron-donating alkyl group resulted in formation of 
the ketone alone, while the geometrically more constrained cyclohexylidine 72c gave 
exclusively the cyclisation product. This suggests that the oxidation of intermediates 72 is 
influenced by inductive effects as well as geometric considerations. 

Kobayashi and co-workers report an interesting ring openin reaction which occurs 
when the Swem conditions are applied to pyrazine-fused bicycles?' Exo-cis diol 81 when 
treated with DMSO and oxalyl chloride gave alcohol 82 in 63%. The same product was 
obtained in the same yield using trifluoroacetic anhydride instead of oxalyl chloride. 
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conditions 
83 % 

R 

81 

R = CH=CH-CH=CH, 
82 

A proposed mechanism, involving an intramolecular Cannizzaro reaction, is outlined 
below. The mechanism is not conclusive especially as the vicinal diols 87-90 have been 
reported to give the expected a-diketones under Swem  condition^.^^^^ 

83 84 85 86 

87 88 89 90 

3. I I .  6 Experimenial 

HO 

91 

OAH 

92 

4-(2,2-Dibromovinyl)-5-(3-(4-methoxybenzyloxy)-propyl]-2,2-dimethyl-[ 1,3]-dioxolane 
(92)54 
To a solution of oxalyl chloride (2.45 g, 1.69 mL, 19.30 mmol, in dry CH2C12 (100 mL) at 
-78 "C was added drop-wise dry DMSO (3.02 g, 2.74 mL, 38.65 mmol) in CH2CI2 (20 mL). 
After 30 min, alcohol 91 (4.0 g, 12.89 mmol) in CH.$& (20 mL) was added over 10 min 
giving a copious white precipitate. After stirring for 1 h at -78 "C the reaction mixture was 
brought to -60 O C  and Et3N (7.18 mL, 51.59 mmol) was added slowly and the reaction 
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mixture was allowed to warm to room temperature over 30 min. The reaction mixture was 
poured into H 2 0  (1 50 mL) and the organic layer separated. The aqueous layer was extracted 
with CH2C12 (2 x 50 mL) and the combined organic layers were washed with HzO (3 x 50 
mL), brine (50 mL), dried ( N a 2 S 0 4 ) ,  and passed through a short pad of silica gel. The filtrate 
was concentrated to give the aldehyde 92 (3.9 g, 94%) as a pale yellow oil, which was used 
without further purification. 
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3.12 Wacker-Tsuji Oxidation 

3.12. I Description 
The Wacker oxidation is one of the longest known palladium-catalyzed organic reactions. It 
is the industrial process where ethylene is oxidized to acetaldehyde with oxygen in the 
presence of a catalytic amount of palladium and copper salt as the redox co-catalyst.’ There 
are plants that produce thousands of tons of acetaldehyde per year. Many reviews exist on 
this topic.*“ 

0 2 ,  PdC12 (Cat) I =  CuCl2 (Cat), H20 

Jiro Tsuji carried out many mechanistic and synthetic studies on the initial Wacker 
oxidation process.’-’’ It is now known as the Wacker-Tsuji oxidation for the oxidation of 
terminal olefin 1 to the corresponding methyl ketone 2 with oxy en in the presence of a 
catalytic amount of palladium and one equivalent of copper salt.12-”Nowadays, the Wacker- 
Tsuji oxidation is a standard methodology for transforming the terminal olefin to the 
corresponding methyl ketone.” The reaction is so widely used that Tsuji declared that a 
terminal olefin could be viewed as a masked methyl ketone.” 

02, PdCI2 (cat) 
/== 

1 1 eq. CuC12, DMFM20 
2 

3.12.2 Historical Perspective 
In 1962, Juergen Smidt and co-workers at Wacker Chemie published an article titled “The 
Oxidation of Olefins with Palladium Chloride Catalyst,”’ which heralded the birth of the 
Wacker oxidation. Although it was discovered as an industrial process, it is now widely used 
in organic synthesis in both laboratory and industrial scales. Since 1976, Jiro Tsuji’s group at 
Tokyo Institute of Technology intensively investigated and expanded the reaction. 
Considering the audience of this book are mostly synthetic chemists rather than chemical 
engineers, this review will focus on the Wacker-Tsuji oxidation. 

3.12.3 Mechanism 
The mechanism of the Wacker-Tsuji oxidation has been intensively investigated by both 
academia and industry and it is now very well elucidated. In the 2002 book Handbook of 
Orgamopalladium Chemistry for Organic Synthesis, edited by Ei-ichi Negishi, Ptrick M. 
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Henry at Loyola University in Chicago wrote a comprehensive chapter on “The Wacker 
Oxidation and Related Asymmetric Syntheses, ” in which he summarized important 
developments in deciphering the mechanism of the Wacker ~xida t ion .~  Accordingly, as 
shown in the catalytic cycle below, complexation of alkene 1 with the Pd(I1) catalyst provides 
complex 3. Nucleophilic attack of 3 by water gives rise to the key hydroxypalladation 
intermediate 4 as the o-bonded (~hydroxyal~l)-palladium(I~ species, which undergoes a 
hydride shift to deliver methyl ketone 2 and palladium hydride species L,PdHCI. Subsequent 
reductive elimination of L,PdHCI then generated the palladium(0) species LnPd(0) and HCI. 
Without reoxidation of Pd(0) to Pd(II), the reaction would have stopped there. But in the 
presence of Cu(II), L,PdC12 is regenerated and CuC12 was concomitantly reduced to CuCI, 
which is reoxidized by molecular oxygen. 

I 

GPd reductive 
elimination 

\i, complexation 

\ 

L,PdHCI 

L = ligand 
or solvent 

R 
2 

H 

The aforementioned catalytic cycle is well accepted for its beauty and simplicity, but 
is far from definitive. As our understanding grows on this useful reaction, many alternatives 
have been proposed. For instance, a q3-allylpalladium complex was suggested in 1981 as an 
intermediate of the Wacker oxidation.’* In 1996, Murahashi’s group reported the first 
isolation and characterization of a palladium+opper heterometallic complex bearing p4-0x0 
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atom derived from molecular oxygen." Thus heterometallic complexes 5 and 6 were isolated 
and characterized from the reaction of PdCh(MeCN)z and CuCl in HMPA. Not unexpectedly, 
treatment of I-decene with 5 afforded 2-decanone in 99% yield, providing further credence to 
the theory. Similarly, a Cu-0-Pd-0-Cu cationic working catalyst was proposed for Cu(I1)- 
Pd(I1)-exchanged Y-zeolites for the heterogeneous Wacker oxidation.20 

0 2  
PdCI2(MeCN), + CuCl + HMPA b 

CICH2CH2CI 

P ~ & U ~ C I , ~ O ~ ( H M P A ) ~  + [ (HMPA)~CUCI~(P~CI~)~]"  
5 6 

3.12.4 Variations and Improvements 
Numerous variations and improvements exist for the Wacker-Tsuji oxidation. Herein, only 
two major categories are discussed: anti-Markovnikov products and the Wacker-type 
oxidation. 

3.12.4.1 Anti-Markovnikov products 
Reversal of the regioselectivity has been observed for the Wacker-Tsuji oxidation of alkene 
systems. Mechanistically, the regiochemistry of the Wacker-Tsuji oxidation stems from the 
Markovnikov addition (which takes place for the vast majority of the cases) versm the anti- 
Markovnikov regioselectivity; although methyl-ketone 2 is often the major product and 
aldehyde 7 is the minor product. However, abnormal regiochemistry has been observed 
where aldehyde 7 is the major or even sole product in the Wacker-Tsuji oxidation. 

r C H O  

7 
k + R  

0 2 ,  PdC12 (a t )  /=== 
1 1 eq. CuC12, DMF/H20 

2 

Feringa from The Netherlands was the first to report an abnormal Wacker oxidation in 
1 986.2' Dec-1 -ene was oxidized in the presence o fa  tertialy alcohol to a mixture of aldehyde 
8 and methyl ketone 9. Surprisingly, aldehyde 8 was isolated as the major product (8/9 = 
70130). Even more strikingly, styrene was transformed exclusively to its corresponding 
phenylacetaldehyde under the same conditions. Feringa proposed that the aldehyde formation 
involved an oxygen transfer reaction via initial cycloaddition of the nitro-palladium complex, 
followed by P-hydrogen elimination. 
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air -CHO 

(MeCN)2PdCIN02 8 
w 

CUCI2, f-BUOH 
3OoC, 3 h 

Also in 1986, Bose’s group in India observed a reversal of regiochemistry for the 
Wacker oxidation of 3-vinyl-4-s~bstituted-2-azetidinones.~~ For instance, vinyl-lactam 11 
was converted to the corresponding aldehyde 12 exclusively in 70% yield. The authors 
suggested that palladium coordinated with the carbonyl of the lactams as well as the olefin 
double bond, which influenced the regioselectivity of the hydration step. This was the first 
time the “heteroatom coordination” theory was put forward and it has been widely adopted 
since then. 

11 12 dye PdCI2(MeCN), CuCI,HMPA 

15 
02,52% 

l4 t 
13 

16 17 

Hosokawa et al. clearly spelled out the “heteroatom coordination” theory in 
explaining their region-selective formation of aldehydes.20 Terminal olefin 13 was converted 
to a mixture of aldehyde 14 and methyl ketone 15, with aldehyde 14 as the major product 
(14115 = 70130). The authors explained that Pd(I1) coordinated with both oxygen of the amide 
as well as the olefin as depicted in intermediate 16, which blocked the normal Markovnikov 
hydration position and the addition of the “peroxide” took place at the terminal position as 
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depicted in intermediate 17. Interestingly, addition of water to the reaction would give the 
ketone 15 as the major product. 

Pellissier and colleagues reported that terminal olefin 18 underwent a Wacker 
oxidation to give methylketone 19 as the major product in 85% yield and aldehyde 20 as the 
minor product in 7% yield.23,24 However, when the configuration of the neighboring lactone 
was switched like in substrate 21, the yield for the anti-Markovnikov addition product 23 was 
35%. The authors proposed the assistance of the neighboring oxygen contributed to the 
regiochemistry . 

Pd(OAC)z, HC104 

\ :  
/ CHSCN 

18 19,85% 20,7% 

Hm Pd(OAc)z, HC104 

21 22,45% 23,35% 

In a unique case, 1,s-diene 24 was converted to the corresponding aldehyde 26 
possibly via the intermediacy of 25.25 The authors believed that intermediate 25 was formed 
with the participation of the other double bond. In the same vein, diene 27 was converted to 
the corresponding aldehyde 28 in 73% yield, 

0 2 ,  PdC12, CUCl 
b 

DMFIHZO, rt, 24 h, 60% 

24 

HO 
PdL, 

25 

- 9  OHC 

26 
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0 2 ,  PdCIp, CUCI 

DMFIHzO, rt, 24 h, 75% CHO 

27 28 

Under standard catalytic conditions (10% PdC12, 1 eq. CuCl, 0 2 ,  in DMF/H20), the 
Wacker oxidation of 4-methoxystyrene proceeded to give a mixture of the two possible 
products. As expected, the Markovnikov product, methylketone 31 was predominate and only 
a small amount of aldehyde 30 was isolated (31:30 = 8.4:l). However, Spencer and co- 
workers performed the reaction in the absence of the reoxidant CuCl and observed a reversal 
of the usual regioselectivity.26 Thus, reaction of 4-methoxystyrene with 2 equivalents of 
PdC12 gave aldehyde 30 as the major product. The authors explained the regioselectivity by 
the involvement of a possible 4-palladium-styrene complex 29. 

r 1 OHC, O Y  

2 eq. PdCI2, O2 

0, 0, 

0, 30 31 

29 30:31 = 9.8:l 

3.12.4.2 The Wacker-type oxidation 

Wacker-Type Additim 

Nuc + Pd(llj + - X R Nuc, 

‘x R 4- R Pd(ll)X 

The Wacker-type addition is the anti-addition of (most commonly) a heteroatom and a Pd(1I) 
species across a C-C double bond. The Wacker-type oxidations are Pd(I1)-catalyzed 
transformations involving heteroatom nucleophiles and alkenes or alkynes as ele~trophiles?~ In 
most of these reactions, the Pd(I1) catalyst is converted to an inactive Pd(0) species in the final 
step of the process, and use of stoichiometric oxidants is required to effect catalytic turnover. 
For example, the synthesis of furan 33 from a-allyl-j3-diketone 32 is achieved via treatment of 
the substrates with a catalytic amount of Pd(0Ac)z in the presence of a stoichiometric amount 
of CuC12.** This transformation proceeds via Pd(I1) activation of the alkene to afford 34, which 
undergoes nucleophilic attack of the enol oxygen onto the alkene double bond to provide 
alkylpalladium complex 35. P-Hydride elimination of 35 gives 36, which undergoes 
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isomerization and loss of Pd(H)(CI) to yield the furan product 33. The Pd(H)(CI) complex 
undergoes reductive elimination of HCI to generate Pd(O), which is subsequently reoxidized to 
Pd(I1) by CUCI~. 

Pd(OAc)z, CUCI:, P h y :  
\ Ph Y P h  dioxane, 80 "C 

CH3 33 
72% 

32 

Ph%h PdC'2 F ' h 5 I - l  -HCI 

0 0  

PdC12 
34 32 

tautornerization phqi + Pd(H)(CI) - W O )  

36 H-P$* CH3 
ph?: CI 33 

The synthesis of a variety of other heterocycles has been achieved using similar 
methodology. For example, benzopyran derivative 38 was readily prepared from 2-ally1 phenol 
37;29 note that the Pd(0) precatalyst is oxidized to Pd(I1) by air before the reaction commences. 

Pd(d ba)z 

KHC03,air, 
P a 

37 DMSOlH20 38 
80% 

Nitrogen heterocycles are also accessible from Wacker-type transformations, and the 
Hegedus indole synthesis is a quintessential example of the Wacker-type ~xidation.~' In 
1976, Hegedus el  al. described the synthesis of indoles using a Pd-assisted intramolecular 
amination of olefins, which tolerated a range of func t i~na l i t i e s .~~*~~  For example, addition of 
39 to a suspension of stoichiometric PdC12(CH3CN)2 in THF produced a yellow precipitate, 
which upon treatment with Et3N gave rise to indole 40 and deposited metallic palladium. 
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b 

PdC12(CH&N)2, THF 

Me02C N H2 then, EtSN, 84% Me02C 
H 

40 39 

Hegedus proposed that the mechanism of this transformation proceeds through a 
Wacker-type reaction that is promoted by Pd(I1). As shown below, coordination of olefin 39 to 
Pd(I1) results in precipitate 41, which upon treatment with Et3N undergoes intramolecular 
trans-aminopalladation to afford intermediate 42. As expected, the nitrogen atom attack occurs 
in a 5-exo-trig fashion to afford 43. P-Hydride elimination of 43 gives rise to exocyclic olefin 
44, which rearranges to indole 40. The final step of this mechanism leads to the formation of 
catalytically inactive Pd(0). However, addition of oxidants such as benzoquinone allows for 
catalytic turnover. 

"I I 

41 BY 

. .  
42 43 

H 
Me02C 

Pd(0) + 
Me02C 

H 
44 40 

Another Wacker-type oxidation is the oxidative cyclization reaction, which is the 
intramolecular union of two arenes with formal loss of H2 promoted by a Pd(I1) species 
[typically P ~ ( O A C ) ~ ] . ~ ~ - ~ ~  In an early example of this transformation, treatment of 
diphenylamines 45 with Pd(0Ac)z in acetic acid yielded carbazoles 46.37 The role of acetic 
acid in such oxidative cyclization processes is to protonate one of the acetate ligands, which 
affords a more electrophilic cationic Pd(I1) species, thereby promoting the initial electrophilic 
palladation of the aromatic ring. 
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45 46 
X = H, CH3; R = CH3, CH30, CI, Br, NO2, C02H 

Overall, this transformation leads to the conversion of Pd(I1) to Pd(O), which consumes 
one equivalent of expensive Pd(0Ac)z in most cases. However, progress has been made 
toward the development of catalytic versions of this transformation, in which catalytic turnover 
is effected by employing a second oxidant that serves to convert Pd(0) back to Pd(I1). For 
example, Knblker described the oxidative cyclization of 47 using catalytic Pd(OAc)2 to afford 
indole derivative 4K3’ The reoxidation of Pd(0) to Pd(I1) was accomplished using excess cupric 
acetate in a manner analogous to the Wacker ~xidation.~’ 

Under the Wacker-type oxidation conditions, 4-trimethylsilyl-3-alkyn- 1-01s 49 were 
Similarly, palladium(I1)-mediated oxidative cyclization converted to y-butyrolactones 

of N-acyl aminoalkynes 51 provided a novel entry to y-lactams 52.41 

R j  OH Pd(ll), CUCI~, 0 2  R1 0 
R 2 V 0  

50 
R 2 L T M S  CH3CN/1 N HCI (9:l) - 

49 3674% 
R1, R2 = H, Ph, alkyl, cycloalkyl 

?OR4 

* R z R V  
R1 NHCOR4 Pd(ll), CUCI~, 0 2  

R3 
R2T-TMs CH3CNIl N HCI (9:l) 

R3 3 4 7 4 %  
51 R,, R2, R3 = H, Ph, alkyl, cydoalkyl 52 

= OCHj, OBn, Ot-Bu, CH3 

In their endeavor toward the total synthesis of zaragozic acids, Perlmuuter et al. in 
Australia took advantage of the intramolecular Wacker-type oxidation.42s43 In 1999, they 



318 Name Reactions for Functional Group Transformations 

reported the synthesis of the dioxabicyclo[3.2. lloctane core utilizing a chiral auxiliary.42 In 
2004, they produced the dioxabicyclo[3.2.l]octane core 54 from the linear substrate diol 53 
applying the classic Wacker oxidation  condition^.^^ 

5 mol% PdC12, CuCI2 

0 2 ,  DME, 50 ‘C, 3 h, 89% 
OH 
53 54 

In 2003, Stoltz at CalTech described a palladium-catalyzed oxidative Wacker 
cyclization of o-allylphenols such as 55 in nonpolar organic solvents with molecular oxygen 
to afford dihydrobenzofurans such as 56.44 Interestingly, when (-)-sparteine was used in 
place of pyridine, dihydrobenzofuran 56 was produced asymmetrically. The ee reached 90% 
when Ca(OH)2 was added as an additive. Stoltz considered it a “stepping stone to asymmetric 
aerobic cyclizations.” In 2004, Muiiiz carried out aerobic, intramolecular Wacker-type 
cyclization reactions similar to 55-46 using palladium-carbene catalysts.45 Hiyashi et ul. 
investigated the stereochemistry at the oxypalladation step in the Wacker-type oxidative 
cyclization of an o-a l ly lphen~l .~~ Like o-allylphenol, o-allylbenzoic acid 57 underwent the 
Wacker-type oxidative cyclization to afford lactone 58.47 -= PdCTFN2, MS 3 A 0 2  

pyr., Tol., 80 OC, 1 h, 87% 
55 56 

02, 5% Pd(OAc)? ~ 

NaOAc, DMSO, 80% 

57 58 

3.12.5 Synthetic UtiIiq 

3.12.5.1 Methodology 
Not surprisingly, the most prevalent utility of the Wacker-Tsuji oxidation is to convert 
terminal alkenes to the corresponding methyl ketones. Thus under the standard conditions, 
terminal alkene 59 was oxidized to methyl ketone 60 in 74% yield!’ In addition, the 
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Wacker-Tsuji oxidation also works for carbohydrates as represented by transformation 
61--162 .49 

PdC12, CuCI, 0 2  6 
‘ ’ \ DMFIHzO, rt, 24 h ‘ 

OMe 74% 

59 60 
OMe 

61 62 

So far we have only discussed the Wacker oxidation of terminal olefins; the 
regiochemistry for internal alkenes could be tricky because it often proceeds without 
regioselectivity. However, when ally1 ether 63 bearing a neighboring oxygen function (p- 
methoxyl group) was subjected to the Wacker oxidation conditions, ketone 64 was isolated as 
the predominant product.50 The regioselectivity can be easily accounted for using the 
“heteroatom coordination” theory. Moreover, the Wacker oxidation of homoallyl acetates 
showed similar regioselectivity. On the other hand, the regioselectivity of the Wacker 
oxidation of internal alkene 65 seemed to be governed by the availability of an allylic 
hydr~gen.~’ In a study of competition between the formation of ketones 66 and 67, increased 
electron on the aromatic ring density was shown to favor 66. For instance, when X = 4-CF3, 
the ratio was 67/66 = 1/19, but when X = 2,4,6-OCH3, the ratio became 67/66 = 2.3/1. There 
must be a strong driving force for attack of the oxygen atom adjacent to the methyl group, 
and this was ascribed to an agnostic interaction between allylic hydrogen atoms and the 
palladium atom. 

PdCI2, CuCl2 
02,50 OC, DMF 

* Ao/ -0’ 
63 65% 64 

& x - w  
air 

PdCIp, CuClp 
* x-, I 

DMF 
65 66 67 
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Palladium(I1) complex supported on cyano-functionalized polyimide beads (PI-CN) 
was used in the Wacker oxidation of oct-1-ene to the corresponding methyl ketone 9.’* The 
PI-CN- supported Pd complex offered enhanced thermo-oxidative stability. 

In 2002, Rawal developed a tandem reaction via multifunction palladium catalysis 
combining haloallylation and the Wacker-Tsuji oxidation.53 For example, internal alkyne 68 
first underwent a bromoallylation to give a l,Cdiene, which was subsequently oxidized to the 
methyl ketone 69 without addition of the palladium catalyst. 

1. 1 eq. ally1 bromide 
3 mol% PdBrz(PhCN)z 
DME, 0 OC, to It, 6 h 

TBSO 
- 

2. I eq. CUCI, 02 Br 69 DMUHZO, It, 24 h 
68 

66% 

In Leighton’s total synthesis of dolabelide D, the Wacker-Tsuji oxidation diene 70 
was achieved chemoselectively to produce methyl ketone 71.’4255 Furthermore, addition of 
(-)-sparteine as a ligand prevented olefin isomerization and led to selective formation of 
methyl ketone 71 from the terminal olefin in good yield.’6 

QPMB 0.25 eq. PdClz 
1.5 eq. CuClz - L 

Spencer and gaunt developed a palladium-catalyzed amidation rea~tion.’~ When 
enone 72 was treated with carbamate Cbz-NH2, in the presence of a catalytic amount of 
Pd(II), the Wacker addition intermediate underwent a protonolysis rather than the 
conventional P-hydride elimination process. As a consequence, amidation adduct 73 was 
obtained as the sole product. 
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0 10 mot% PdCh(MeCN)2 
Ph 

+ Cbz-NH2 

73 CH2CI2, rt, 20 h, 96% Ph 
72 

One of the exciting developments of the Wacker-type oxidation is the asymmetric 
synthesis of the reaction. For instance, using a new chiral bis(oxazo1ine) ligand L* = 3,3’- 
Disubstituted 2,2’-bis(oxazolyl)-l, 1 ’-binaphthyls (boxax), a catalytic asymmetric Wacker - 
type cyclization converted allyl-phenol55 to dihydrofuran 74 with 67% ee.” 

[Pd(CH3CN)4l(BF4)zt L’ 

4 eq. p-benzoquinone yJ-&9 q 
MeOH, 60 OC, 2 h, 90% 

74 55 

3.12.5.2 
Paquette was one of the first to apply the Wacker oxidation in the total synthesis. In his 
synthesis of 18-oxo-3-virgene, a constituent of the waxy surface resins of tobacco, a Wacker 
oxidation was deployed to convert a terminal alkene to the corresponding methyl ketone.” In 
an efficient total synthesis of (k)-laurene (77), alkene 75 was oxidized to keto-aldehyde 76 at 
ambient temperature.@ In Smith’s total synthesis of calyculin, a modified Wacker oxidation 
with substoichiometric cupric acetate transformed terminal alkene 78 to methyl ketone 79 
without concurrent acetonide hydrolysis.61s62 

Total synthesis of natural products 

. .  

75 76 77 

~- - -  . -  - -  - -  - -  -~ 
02, 20 mot% CU(OAC)~ 

10mol% PdC12 

DMNH2O (TI) O K o  79 
0 

70 84% 

Classic Wacker-Tsuji oxidation was used in the total synthesis of copalol (80+81)63 
and a formal total synthesis of dysidiolide (82+83).64 
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wo overnight, 89% 
81 

82 83 

As mentioned in Section 3.12.4.1, the anti-Markovnikov product may be produced as 
a minor product, or a major product, or even the sole product. In the first total synthesis of 
1 I-thia steroids, oxidation of terminal alkene 84 gave a mixture of ketone 85 and aldehyde 86 
with the ketone as the major product (86/8S = 8/1).6’ Similarly, in the total synthesis of 
macrosphelides H and G, macrolide 87 was oxidized with 5 equivalents of PdC12 to ketone 88 
and aldehyde 89, also with the ketone as the major product (89188 = 15/1).66 Interestingly, the 
classic Wacker conditions (0.1 eq. PdC12, 1 eq. CuC1, DMF/H2O = lO:l, 0 2 ,  rt, overnight) 
gave the ketone/aldehyde ratio 89/88 = 5/1 although no rationale emerged. 

84 

Pd(OAC)z, HC104 
benzoquinone 

96% 

L 

CHjCN, H20,12 h 
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DMFR120 (7:l) 
81 % 

In a synthesis toward cyclopenta[ 14,151- 19-norsteroids, a Wacker oxidation gave the 
methyl ketone and the aldehyde in a 1:l ratio.67 Therefore, 14p-acetonyl A15-17-ketone 90 
was oxidized to methyl ketone 91 and aldehyde 92 in a 1 : 1 ratio in 91% yield. 

PdC12, CUCI, 0 2  

c 

DMF/H20,65 OC 
Me0  & 90 91 % 

Another extreme of the regioselectivity of the Wacker oxidation was found in the 
oxidation of olefin 93.68 As shown below, in the synthesis of (k)-B(9a)-homo-C-nor-3- 
methoxy- 12-oxa- 17-vinylestra-l,3,5( 10)-trienes, olefin 93 was converted to aldehyde 94 as 
the sole product. The regiochemical outcome could be readily explained by the “heteroatom 
coordination” theory. 
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Pd(OAC)z, 0.3 HC104 
benzoquinone 

CH3CN, H20,74% 
Me0 Me0 

93 94 

The Wacker-Tsuji oxidation has been applied in the synthesis of alkaloids as well. In 
an enantioselective total synthesis of (+)-monomorine I, alkene 95 was oxidized to ketone 96, 
which was converted to (+)-monomorine I (97J6’ In addition, the synthesis of ABE tricyclic 
analogs of methyllycaconitine used a Wacker oxidation-aldol strategy to append the B ring to 
the AE fragment.‘’ 

PdCb, CUCI~ ,  0 2  
,C bz 

BnxN OCbz 

DMFm20, ao o c  
* 

/ 

95 OBn 91 % 

96 OBn 97 L 
0 

DMFlH2O (811) 
C02Et r t  24 h, 39% COzEt 

98 99 

Finally, in Mander’s synthesis of the hexacyclic himandrin skeleton, amino-alkene 
100 was oxidized to its corresponding methyl ketone, which was trapped by nucleophilic 
addition of the amine.” Dehydration of the adduct then delivered enamine 100, which 
possessed all six rings of the himandrine skeleton. 

n-BUdNCI, PdC12, CUCI, K2C03 0 2  L- M O M 4  

CHJCN, A, 16 h, 85% 
100 H 
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Ethyl (1R*,5S*)-3-etbyl-9-oxobutyl)-3-azabicyclo[3.3.1]nonane-l-carboxylate (99)” 
A mixture of copper(1) chloride (445 mg, 4.50 mmol) and palladium(I1) chloride (133 mg, 
0.75 mmol) in DMF (10 mL) and water (2 mL) was stirred vigorously until the initially 
brownish solution became green (approximately 2 h). A solution of the terminal alkene 98 
(1 .I0 g, 3.75 mmol) in DMF (5 mL) was then added and oxygen was bubbled through the 
mixture with stirring for 18 h. After this time, water (100 mL) was added and the mixture 
extracted with ethyl acetate (5 x 100 mL). The combined organic extracts were washed with 
brine (3 x 100 mL) then dried (MgS04) and the solvent removed in vucuo to leave the crude 
product. Purification by flash chromatography (4: 1 hexaneEtOAc) afforded the title 
compound 99 (449 mg, 39%) as an orange oil. 
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3.13 Woodward cis-Dihydroxylation 

3.13. I Description 
The Woodward cis-dihydroxylation' involves the oxidation of an olefin to a cis-diol via a 
two-step reaction sequence. First, treatment of an olefin 1 with 12, AgOAc and wet HOAc 
gives monoacetate 2. Hydrolysis of 2 under basic conditions then affords cis-diol3. 

3.13.2 Historical Perspective 
In 1958, Woodward and Brutcher reported a study on the cis-dihydroxylation of steroid 
intermediate 4.' They attempted to use OsO4 as the oxidant, but obtained the undesired cis- 
diol diastereomer 5 with that reagent. Thus, they developed a two-step dihydroxylation 
sequence using 12, AgOAc, and HOAc followed by KOH. Not only did this procedure work 
remarkably well, it afforded the desired diol diastereomer 8 in which dihydroxylation had 
occurred on the more sterically hindered Q face of 4. Thus, treatment of 4 with 12, AgOAc, 
and HOAc afforded a mixture of acetates 6 and 7. Basic hydrolysis of 6 and 7 with KOH in 
methanol then gave diol 8 in 71% yield after recrystallization. 

4 5 

6, R' = Ac, R2 = H 
7,  R' = H, RZ = Ac 

4 3.5 h 
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KOH 

23°C 

71 % overall 8 

3.13.3 Mechanism 
The proposed mechanism of the Woodward cis-dihydroxylation is based on the divergent 
stereochemical outcomes of the dihydroxylation of 4 with OsO4 and I ~ H O A C . ’ ~  It is 
proposed that the initial step in the dihydroxylation with I*/HOAc is formation of iodonium 
ion 9 on the less hindered side of the steroidal skeleton, opposite from the angular methyl 
group. Nucleophilic opening of 9 with HOAc via axial attack gives iodoacetate 10. When 
the reaction mixture is heated, cyclization of 10 occurs with displacement of the iodide to 
generate carbocation 11. Capture of 11 with water then affords orthoester 12, and collapse of 
12 gives a mixture of acetates 6 and 7. Finally, treatment of 6 and 7 with KOH in MeOH 
affects hydrolysis of the acetates affording diol8. 

11 12 

CH3 OH 

__c H3c@r % MeOH ‘ 3 1 p o ~  

0 
6 a 

(and 7 )  
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3.13.4 Variations and Improvements 
There have been several modifications to the Woodward cis-dihydroxylation. In one report, 
N-bromoacetamide was used in place of 12, and in some cases this led to diol products with 
higher diastereoselectivity.' Efforts have also been focused on using different reagents in 
place of AgOAc. Reports in this area have included the use of diacetoxyiodine phosphonium 
salts,6 poljmer-supported diacetoxyiodine ammonium phosphinic acid,' and 
Cd(OAc)*' as substitutes for AgOAc. It was recently reported that the combination of 
NaI04 (30 mol%), LiBr (20 mol%), and HOAc could be used to generate regioisomeric 
mixtures of acetates from olefins, which upon hydrolysis afforded diol products." 

* 
HOAc, 80 "C, then H20, EtOH 

reflux 

7&75% overall 

12, TlOAC 

15 13 H20, reflux 14 

NaOH 

17 

0 1 2 ,  TlOAc 

HOAc, reflux 

16 13 
6570% overall 

One of the most useful modifications of the Woodward dihydroxylation was 
published by Cambie and Rutledge.I2 This modification employs TlOAc in place of AgOAc 
and describes complementary procedures for the synthesis of cis-diols (Woodward reaction)' 
and trans-diols (Prevost reacti~n). '~ Thus, treatment of cyclohexene 13 with TlOAc and 12 in 
HOAc at 80 O C ,  followed by the addition of water, affords acetate 14. Hydrolysis of 14 then 
gives cis-diol 15 in 70-75% yield. On the other hand, exposure of cyclohexene 13 to TIOAc, 
12, and HOAc at reflux in the absence of water affords bis-acetate 16, which upon hydrolysis 
gives trans-diol 17. 

The addition of water to the reaction mixture is required for the formation of cis-diol 
15. This observation can be rationalized by considering the proposed mechanism of the 
reaction. It is postulated that carbocation 18 is an intermediate along the reaction pathway 
(see intermediate 11 in Section 3.9.3). In the presence of water, 18 is presumably trapped to 
give orthoester 19, which can then collapse to give cis mono-acetate 14. However, in the 
absence of water attack of acetic acid on 18 leads to trans bis-acetate 16. Thus, this 
modification serves as a nice compilation of methods for the synthesis of either cis- or trans- 
diols. 
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18 19 14 

3.13.5 Synthetk Utility 
Deslongchamps. in his synthesis of momilactone A (24), needed to convert olefin 20 to a diol 
via dihydroxylation on the more sterically hindered face of the m~lecule . '~  To accomplish 
this transformation, Deslongchamps used a variation of the Woodward cis-dihydroxylation. 
Thus, treatment of 20 with N-bromoacetamide (NBA) and AgOAc in HOAc generated 
bromide-acetate 21, an intermediate in the modified Woodward cis-dihydroxylation. 
Oxidation of 21 and olefination of the resulting aldehyde then gave 22. Exposure of 22 to 
HOAc and H20 at 90 "C followed by KzCO3 in MeOH generated a diol intermediate, which 
cyclized under the reaction conditions to generate lactone 23. The remaining hydroxy 
substituent in 23 was then used in a dehydration reaction to access momilactone A (24). 

1) Dess-Martin 

periodinane 

AgOAc, HOAc 2) Ph3PCH3Br 

KHMDS 

20 21 58% overall 

- 
OAc HO 

23 "C, 75% 
Me02C Me02C Br 

22 23 
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Burgess 

reagent 

4&50% 

P 

0 

rnornilactone A (24) 

3.13.6 Experimental 

4 3.5 h 6 , R 1 = A c , R 2 = H  
7 , R 1 = H , R Z = A c  

KOH 

MeOH - . . ' p H  
23°C 

71 YO overall 8 8 71 YO overall 

dl-anti-trans-4,4a,4b,5,8,8a-Hexa hydro-l,8a-dimethyl-6P-7P-dihydroxy3(3H)-phenanth- 
rone (8)' 
Ten grams (0.0438 mole) of dl-anti-trans-4,4a,4b,5,8,8a-hexahydro-l,8a-dimethyl- 
2(3H)phenanthrone 4 was dissolved in 200 mL of glacial acetic acid (analytical reagent, 
99.5%) in a three-neck flask equipped with reflux condenser and thermometer. After 
addition of 16.43 g (0.0986 mole) of silver acetate, 11.69 g (0.0461 mole) of finely powdered 
iodine was added in small portions to the vigorously stirred reaction mixture over a 0.5 hour 
period at room temperature. When all of the iodine had been consumed (0.5 hour) 19.70 mL 
of aqueous glacial acetic acid (0.0438 mole of water, prepared by dilution of 2.0 mL of water 
up to 50 mL with glacial acetic acid) was added. The reaction mixture was then heated at 
90-95 "C for three hours with vigorous stirring. At the end of this time it was cooled, treated 
with excess sodium chloride, and filtered free from insoluble salts. The precipitate was 
thoroughly washed with hot benzene. The filtrate was evaporated at the water-pump, taken 
up in methanol, filtered, neutralized with several milliliters of a methanolic potassium 
hydroxide solution, and then treated with 3.1 g of potassium hydroxide dissolved in methanol 
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(to affect hydrolysis of acetates 6 and 7). Hydrolysis was allowed to proceed overnight under 
nitrogen at room temperature. In the morning, the reaction product was neutralized carefully 
with dilute hydrochloric acid at ice-bath temperature. Methanol was removed at the water- 
pump and then under oil-pump vacuum to give a crystalline residue, which weighed 12.20 g. 
The crude glycol was dissolved in a large volume of ethyl acetate which was then 
concentrated until solid separated, at which time the solution was cooled gradually to ice-bath 
temperature attendant with the separation from solution of a large mass of fine needles. After 
filtration there remained 7.48 g (65%) of p-cis-glycol 8, m.p. 184-185 "C. A second crop of 
p-cis-glycol, 0.71 g (6%) mp 181-183 "C, was obtained from the mother liquors making the 
overall yield 71%. After several recrystallizations from ethyl acetate the p-cis-glycol 8 
melted at 184.6-185.2 "C (fine needles), gmaxalC 290 mp (E 26,986). 

Note: For an experimental procedure using TlOAc, see ref. 12. For an experimental 
procedure using N-bromoacetamide, see ref. 14. 
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CHAPTER 4 OLEFINATION 
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4.1 Chugaev Elimination 

4.1.1 Description 
Alkyl xanthates 2 are prepared by treatment of an alcohol 1 with a base and carbon 
disulfide, followed by exposure of the resulting sodium salt with an alkylatin agent.' 
Pyrolysis of the xanthate 2 to give an alkene 3 is called the Chugaev elimination. f.4 

Although other xanthates have been used, methyl xanthates (R3 = Me) are by far 
the most commonly employed in the Chugaev elimination. For the preparation of the 
xanthate, a variety of bases have been used including sodium hydride, sodium hydroxide, 
sodium amide, and sodium/potassium metal. In the case of pure chiral alcohol 
stereoisomers, epimerisation of the alcohol stereocentre, under the basic conditions, can 
occur (with the corresponding xanthates leading to different products). Purification of the 
xanthate, prior to pyrolysis, is often a problem and it is usual to pyrolyze the crude 
xanthate directly. Pyrolysis of the xanthate is often carried out by distillation. Depending 
on the pyrolysis temperature, pressure, and the boiling point of the olefin, the product 
will either distill with the other products (COS, thiol) or remain in the reaction flask. 

4.1.2 Historical Perspective 

4 5 

Chugaev discovered the formation of olefins from the pyrolysis of xanthates in 1 899,5 in 
connection with his studies on the optical properties of xanthates6 and other compo~nds.~ 
He subsequently employed the reaction in his structural investigations of terpenes and 
steroids, demonstrating its utility as an olefin-forming reaction and as a tool for structural 
determination. For example, he converted cholesterol into methyl cholesteryl xanthate (4) 
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by action of carbon disulfide and methyl iodide and subsequently heated it to 200 "C to 
yield olefin 5.' 

The reaction is particularly useful for the conversion of sensitive alcohols to the 
corresponding olefins without the rearrangement of the carbon and is 
analogous to the thermal decomposition of carboxylic esters of alcohols and related 
 derivative^.^ 

4.1.3 Mechanism 
The mechanism of the Chugaev elimination involves a cyclic, concerted transition state 
as originally proposed by Barton'' and Cram.I2 

6 7 I 
RSH + COS 

Upon heating, xanthate 6 eliminates via a pericyclic, syn elimination to yield 
olefin 7, along with a thiol and COS as by-products. The P-hydrogen is removed by the 
more nucleophilic and less hindered C=S sulfur atom. Confirmation of the sulfur atom 
involved in closing the ring was obtained by a study of 34S and I3C isotope e f fec t~ . '~  The 
mechanism of the reaction is designated Ei in the Ingold terminology. It is important to 
note that there are some reports of an anti elimination pathway for the Chugaev 
elimination. However, it is likely in these examples that the starting material was impure, 
containing a mixture of stereoisomers and that the product distribution arose from syn 
elimination of each stereoisomer present.2 

4.1.4 Synthetic Utility 

4.1.4.1 Primary alcohols 
Examples involving the pyrolysis of xanthates of primary alcohols are relatively few in 
number. The preparation of small molecular weight alkenes, for example, 1 -pentene and 
isopropylethylene, using the Chugaev elimination has been demon~trated.'~ More 
recent1 , the heating of xanthate 8 furnished derivative 9, containing an exocyclic double 
bond. Compound 9 was subsequently converted to the insect-antifeedant 
dihydroclerodin. 
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dodecane 

216 O C ,  48 h 
74% 

8 9 

4.1.4.2 Secondary alcohols 
The Chugaev elimination of secondary alcohols may proceed in more than one direction 
to give structural isomers. In addition, the formed olefin may be cis or trans depending 
on the degree of substitution. At least three factors determine the direction of 
elimination: (a) the statistical, whereby the carbon atom carrying the greatest number of 
hydrogen atoms provides more chances for formation of the cyclic transition state; (b) the 
thermodynamic, whereby the more stable of the various possible olefins is preferred, and 
(c) the steric, which affects the energies of the possible transition states2 

The configuration of the olefin is determined, in part, by the stereochemistry of 
the xanthate. In acyclic compounds the P-hydrogen atom and the xanthate group must be 
co-planar, and this requirement determines the configuration of the double bond formed. 
For example, pyrolysis of the S-methyl xanthate of erythro-l,2-diphenyl- 1 -propano1 (10) 
gave exclusively trans stilbene 11, whereas threo-xanthate 12 gave exclusively cis 
stilbene 13.16 Interestingly, elimination took place at 130 "C for erythro-xanthate 10, and 
at 145 "C and for threo- 12, showing that the interference between the two phenyl groups 
increased the activation energy for the latter pyrolysis. 
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The utility of the Chugaev elimination for the formation of olefins without 
rearrangement of the carbon skeleton can be observed upon pyrolysis of the xanthate of 
alcohol 14.” The desired vinyl cyclopropane (15) was isolated in reasonable yield (42%) 
along with a small amount of the rearranged xanthate. Alternatively, acid-mediated 
dehydration with sulphuric acid yielded a variety of rearranged products in low yield. 
Ester pyrolysis (of the acetate of 14) also furnished a variety of compounds, with the 
major product being cyclopentene 16. 

In the pyrolysis of the xanthates of cyclic secondary alcohols the xanthate group 
and P-hydrogen atom must be cis to each other in order to achieve the co-planarity of the 
transition state. The reaction thus becomes a useful tool for determining the configuration 
of cyclic P-substituted alcohols and has been employed in the study of terpenoid 
compounds.’ For example, pyrolysis of xanthate 17 smoothly gave 2-methylindene 18 in 
80%.’* In the Chugaev elimination of xanthate derived from substituted cyclohexanol 19, 
the tmns relationship of the P-hydrogen and the xanthate moiety favours the formation of 
isomer 20, whereas for cis derivative 22, formation of the more stable, conjugated 
product 21 is preferred.Ig 

DJ 

- 
i i)  A 

16 60% 
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A - 
20,12% 21, 88% 22 

>my 0 To::- 4)y 

q2Eq.q 69% 

OH 

23 24 

i) NaH, CSp; Me1 
ii) 230 OC I 

26,33% 
27 

25, 67% 

37% yield 

As mentioned previously, the Chugaev elimination has found parti'cular use in the 
field of terpenoid chemistry, not only in structural studies, but also in synthesis. For 
example, a tandem Claisen rearrangement-ene reaction of geraniol derivative 23 gave 
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access to alcohol 24, which was dehydrated using the Chugaev method. This gave a 
mixture of olefins, which were separated and the desired compound 25 exposed to 
lithium metal in liquid ammonia, to furnish terpene 27.2' 

Multiple Chugaev eliminations of several xanthates within the same molecule are 
possible. For example, trio1 28 was smoothly converted to the corresponding methyl 
xanthates and subsequently heated to yield ellacene (29), a precursor to the 
polyquinenes." The Chugaev elimination of xanthates derived from 1,2-diols, however, 
often yields other products such as cyclic thionocarbonates.2 dOH ;:,a;02; * 

i i )  HMPA, 
230 OC, 90% 

28 29 

4.1.4.3 Tertiary alcohols 
The behaviour of tertiary alcohols in the Chugaev elimination mirrors that of primary and 
secondary systems; however, relatively few examples have been reported. The S-methyl 
xanthate of dimethylcyclopropylcarbinol 30 was pyrolyzed to give the olefin in 24% 
yield.22 

xylene 

130 OC 

S 

HoK,,. 
30 24% 31 

The dehydration of cyclic systems is equally possible. As mentioned previously, 
the elimination is sensitive to steric effects. For example, in the case of cyclohexanol 
derivative 32a, Chugaev elimination yielded 39% of 33a and 10% 34a. For 32b and 32c, 
46% of 33b and 6% of 34b, and 36% of 33c and 10% 34c were received, re~pectively?~ 
These results indicate the elimination proceeded as to avoid the formation of a double 
bond e m  to the ring. Interestingly, the temperature required to affect the transformation 
was 200 "C for 32a and 32b, whereas it dropped to 100 "C for 32c. This is due to the 
increasing bulk adjacent to the xanthate, decreasing the stability of the xanthate with 
elimination providing relief of the steric crowding. 



340 Name Reactions for Functional Group Transformations 

R’8xsMe A * R8 +. K 
32a, R’ = R2 = H 33a, R‘ = R2 = H 34a, R1 = R2 = H 
32b, R’ = CH3, R2 = H 
3 2 ~ ,  R‘ = R2 = CH3 

33b, R’ = CH3, R2 = H 
33c, R’ = R2 = CH3 

34b, R‘ = CH3, R2 = H 
3 4 ~ ,  R’ = R2 = CH3 

4.1.5 Variations 
Due to the simplicity of the Chugaev elimination, few variations have been reported, 
although obviously it is possible to draw comparisons with other pyrolytic elimination 
 reaction^.^ For all the example cases mentioned above, the S-methyl xanthates were used; 
however, other xanthates have been applied to the transformation. For example, the effect 
of the S-alkyl group on the stability of the xanthate for the (-)-menthy1 xanthates has 
been rep~rted.’~ An S-isopropyl group stabilizes the xanthate relative to an S-methyl 
group, whereas an S-benzyl group decreased stability. An S-p-nitrobenzyl group hrther 
decreased stability, suggesting that electron-withdrawing groups on the thiol sulfur atom 
decrease the activation energy for the Chugaev elimination. Rate studies on the 
decomposition showed that an increase in the electronegativity of the S-alkyl group 
decreased the stability of the xanthate in the following order: C2H5 > CH3 > c6HscI-I~ > 

Replacement of the S-methyl portion by an amide group resulted in an increase in the 
stability of the xanthate.26 

In terms of modified operational procedures for the transformation, in their route 
to (-)-kainic acid, Ogasawara and co-workers performed a tandem Chugaev elimination- 
intramolecular ene reaction and found sodium hydrogen carbonate to be a beneficial 
additive.” Derivative 35 was heated in refluxing diphenyl ether and in the presence of 
sodium hydrogen carbonate. This furnished tricyclic system 36, which was converted to 
(-)-kainic acid. They later extended this procedure for the synthesis of the acromelic 
acids.28 

p-CH30C6H4CH2 > p-ClC6H&H2 > (C6Hs)zCH > p-OzNC6H4CHz > (C6H5)3C.” 

S 

NaHC03, Ph20 

280 OC, 25 min 

J 
35 



Chapter 4 Olefination 

4.1.6 Experimental 

341 

i) NaH, CS2, THF; 
Mel, 18 h, 51%. 

ii) dodecane, 
216 OC, 48 h 
74% 

- 

37 9 

(4aS,6R,7S,7aR,1 laR,2'S,3a'R,6a'S)-7-(Hexahydrofuro[2,3-b]furan-2'-yl)-3,3,6,7- 
tetramethyl-1 l-rnethyleneoctahydronaphtho[l,8a-dj [ 1,3]dioxine (9)" 
To a stirred solution of the crude alcohol 37 (100 mg, 0.25 mmol) in THF (20 mL) was 
added sodium hydride (1 00 mg, 60% in mineral oil) at 0 "C. The reaction mixture was 
stirred for 2 h, followed by addition of CS2 (1 mL), and the reaction mixture was stirred 
for an additional 1.5 h. After this period, Me1 (0.5 mL) was added and the reaction 
mixture was allowed to come to room temperature and stirred overnight. Then ether (20 
mL) was added, followed by ice-water (10 mL). The aqueous phase was extracted three 
times with ether. The combined organic layers were washed with brine, dried, and 
evaporated. The residue was purified by flash chromatography (1 0% EtOAchexanes) to 
give 8 (61 mg, 0.13 mmol, 51%) as a colorless oil: n~~~~ 9.7 (c 1.25 CH2C12). 

A solution of degassed and freshly distilled dodecane ( 5  mL) and 8 (6 1 mg, 0.13 
mmol) was heated for 48 h at reflux temperature (216 "C). Then the solvent was 
evaporated until 1 mL of the volume remained, followed by flash chromatography (10% 
EtOAc/hexanes) to give 9 (35 mg, 93 pmol, 74%) as a colorless oil: n~"' 13.2 (c 0.43 
CH2Cl2). 

4.1.7 
1. 
2. 
3. 
4. 

5.  
6. 
7. 
8. 
9. 
10. 
11. 
12. 
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4.2 Cope Elimination Reaction 

4.2. I Description 
Pyrolysis of the oxide of tertiary amine 1 yields olefin 2 and hydroxylamine 3. This 
olefination method is known as the Cope elimination reaction.'-3 

-. 
1 2 3 

The amine oxide starting material may be prepared from the corresponding 
tertiary amine and 35% aqueous hydrogen peroxide in water or methanol. If a stronger 
oxidizing agent is required, 40% peroxyacetic acid or monoperoxyphthalic acid may be 
used. The excess peroxide is quenched, prior to concentration by addition of platinum 
black. Alternatively, common peroxy acids such as rn-CPBA may be used for the 
oxidation, with the excess oxidant destroyed by addition of sodium bicarbonate. The 
solution of amine oxide is then concentrated under reduced pressure to give a syrup, 
which is then pyrolyzed by heating. Although the reaction resembles other pyrolytic 
eliminations, such as the Chugaev elimination and ester pyrolysis, often lower 
temperatures (< 150 "C) are required. 

4.2.2 Historical Perspective 
Although a few exam les of the pyrolytic decomposition of amine oxides can be found in 
the early literature,>the synthetic and mechanistic importance of the reaction was first 
recognized by Cope and co-workers.' They showed that amine oxide 4 smoothly 
decomposed at 85-1 15 "C to styrene (5) and dimethyl hydroxylamine (6).  

Since these pioneering studies, the reaction has proved a versatile method for 
introducing unsaturation under mild conditions. It can also be used as a method for 
accessing N,N-disubstituted hydroxylamine derivatives. 
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4.2.3 Mechanism 
The mechanism of the Cope elimination involves a cyclic, concerted transition state. 

Upon heating, amine oxide 7 eliminates via a pericyclic, syn elimination to yield 
olefin 8, along with hydroxylamine 3 as by-products. The mechanism of the reaction is 
designated Ei in the Ingold terminology. The ring size of the cyclic five-membered 
transition state differs from the six-membered transition state of the Chugaev elimination 
or ester pyrolysis; however, the reactions all produce similar products. Interestingly, the 
Cope elimination displays enhanced stereochemical and orientational specificity 
compared to other pyrolysis methods. This is probably due to the relatively mild 
conditions of the reaction, derived from a high measure of resonance stabilization (and 
hence double bond character) in the transition state.7 

4.2.4 Synthetic Utility 

4.2.4.1 Acyclic amines 
Evidence for the syn elimination mechanism was obtained by the decomposition of threo 
and erythro derivatives of 2-amin0-3-phenylbutane.~ The threo isomer 9 reacts 
predominantly to give the cis conjugated alkene 10 in a selectivity of 400 to 1 .  For the 
erythro form 11, the trans isomer 12 is favoured by a ratio of at least 20 to 1 .  The threo 
isomer 9 also reacts more readily due to the lower steric pressure in the transition state. In 
general, acyclic amines could undergo elimination to form either a cis or trans olefin, but 
the more stable trans form is obtained.* 

A 

H3C CH3 
CH3 

9 10 

A 

CH3 

11 12 
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For simple alkyl-substituted amine oxides, the direction of elimination seems to 
be governed almost entirely by the number of hydrogen atoms at the various p positions. 
For example, the decomposition of amine oxide 13 yields 92% of 2-phenyl-2-butene (14) 
and 8% of 3-phenyl-1-butene (15).' 

-0. 

ph4 p h g r H r ) 2  - A >=(" + 
Ph 

H3C CH3 H3C 
CH3 

14 16 13 
For more complex examples, Cerero and co-workers used the Cope elimination to 

prepare enone 17, a key intermediate in Paquette's approach to the taxanes, from amine 
oxide 16.9 

H3C.f: DMSO * H 3 C 6  

\ O  
120 oc 
80% 

(H3C)2+N, 17 
0- 

16 

4.2.4.2 Cyclic amines 
Alicyclic amine pyrolysis has been shown to follow the pattern of cis elimination. For 
example, in the case of menthyl and neomenthyl compounds 18 and 19, respectively, the 
corresponding olefins 20 and 21 were obtained.""' Neomenthyl compound 19 has only 
the cis hydrogen atom at the 2-position available and therefore only olefin 20 is formed, 
whereas menthyl compound 18 has cis hydrogen atoms at the 2- or 4-positions and both 
olefins 20 and 21 are isolated. 

18 20 21 
64 : 36 
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20 21 
100: 0 

When an exocyclic branch in which the double bond may be formed is present, 
the product stability parallels the direction of elimination, except in the cyclohexyl 
compounds." For example, cyclopentyl and cycloheptyl derivatives 22 and 24 give 
predominantly the endocyclic olefins 26 and 30, whereas cyclohexyl derivative 23 gives 
27 almost exclusively. For the cyclohexyl derivative, elimination to form an endocyclic 
product (28) would require elimination through a planar five-membered transition state, 
introducing unfavoured eclipsing interactions between groups at the 1, 2, 3, and 6 
positions. 

97.2 : 2.8 28 23 27 

29 15.2: 84.8 30 

OBn 

B n o T O T B D P S  

BnO' N+(CH3)2 

OBn 

_____) 45 'OC B n O ~ o T B D p S  

BnO 
63% 

-0 32 

31 
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More recently, Vasella and co-workers used the Cope elimination to prepare 
derivative 32, an important intermediate toward the synthesis of conformationally biased 
mimics of mannopyranosylamine~.'~ 

4.2.4.3 Heterocyclic amines 
Pyrolysis of N-methylpiperidine oxide (33) results in no reaction; however, on increasing 
the ring size, seven- and eight-membered cyclic amines undergo ring opening readily. For 
example, derivatives 34 and 35 form the ring-opened products 36 and 37 in 53% and 
79%, respe~tive1y.l~ 

33, n = 1 
34, n = 2 
35, n = 3 

36, n = 2 
37, n = 3 

N-Methyl-a-pipecoline oxide (38), which contains a six-membered rin reacts to 
give a mixture of the elimination product 39 and saturated bicyclic system 40.' Only the 
trans isomer forms the products; the cis isomer does not undergo elimination. 

38 39 40 

N-Methyl and N-ethyl tetrahydroquinoline oxide are re orted to yield 
tetrahydroquinoline plus formaldehyde and acetaldehyde, respectively. IF 

4.2.5 Variations 

4.2.5.1 Preparation of unsymmetrical hydroxylamines 
As an alternative to an olefination method, the Cope elimination can be used as a 
preparative method for unsymmetrical hydroxylamines. Addition of unsymmetrical 
secondary amine 41 to a$-unsaturated compounds gave access to compound 42, which 
underwent oxidation and Cope elimination to yield the unsymmetrical hydroxylamine 
product 44. ' 
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0 

42 41 

monoperphthalic 
acid 1 

4.2.5.2 Base-Catalyzed Elimination 
Another aspect to Rogers's work on the synthesis of unsymmetrical hydroxylamines 
(Section 4.2.5.1) is that the elimination step is base catalyzed (occurring at room 
temperature).I6 Salts of amine oxides derived from P-aminopropionic esters 45 or nitriles 
46 undergo the reaction, which involves a retro-Michael addition, facilitated by the 
formal positive charge on nitrogen. 

45, R3 = COzEt 
46, R3 = CN 

44 47, R3 = C02Et 
48, R3 = CN 

4.2.5.3 
As the name suggests, the reverse Cope elimination reaction involves formation of a 
tertiary amine oxide from a hydroxylamine and ~ l e f i n . ' ~ ~ ' ~  For example, reaction of N- 
methylhydroxylamine (49) with 2,2-diphenyl-4-pentenal (50) in ethanol at room 
temperature gave amine oxide 51 in 51% yield, together with the expected nitrone 52. It 
has been suggested the mechanism of the reverse Cope reaction could be a radical chain 
rea~tion'~.'~; however, more recent studies have confirmed the mechanism is analogous to 
the concerted Cope eliminati~n.'~ 

The reverse cope elimination reaction 



Chapter 4 Olefination 349 

P h v  MeNHOH (49) 

Ph GHO EtOH 
HO 

50 CH3 CH3 

52 

51 % I 
Ph 

51 

More elaborate examples have been reported; for example, the synthesis of 
bicyclic systems from two consecutive reverse Cope reactions have been demonstrated.'* 
Thus, upon treatment with sodium cyanoborohydride (pH 4), 1,8-nonadien-5-0ne (53) 
underwent two consecutive reverse Cope reactions to yield the two epimeric N-oxides 
54a and 54b. Reduction of these compounds with hexachlorodisilane gave indolizines 
55a and 55b in 41% yield from 53. 

NaCNBH3 
* 

/ m\ pH4- 
53 

H H 

CI3SiSiCl3 

41% H3C CH3 H3C CH3 

55a 4 5 :  55 55b 
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4.2.5.4 
A general method for the parallel solid-phase synthesis of hydroxypiperazine derivatives 
60 based on an oxidation-Cope elimination strate of the polymer-bound 
phenethylamine linker with rn-CPBA has been reported.'The phenethylamine linker 
proved useful due to its high stability in the oxidation step, allowing the solid-supported 
amine oxides 59 to be separated from the impurities, prior to cleavage of the products 
from the polymer backbone. This therefore gave access to the hydroxypiperazines 60 in 
high purity following elimination. 

Cope elimination for the cleavage of solid-phase linkers 

4.2.5.5 The sila-Cope elimination reaction 
Based on a silicon analo of the Cope elimination, Langlois and Boc devised a silaCope 
elimination for use in the synthesis of natural products?' They later used this 
methodology in the formal synthesis of Manzamine C?3 Oxidation of intermediate 62 
gave a diastereomeric mixture of N-oxides 63a and 63b, which were thermolyzed 
directly. For each diastereomer, syn elimination occurred; for 63a the desired sila-Cope 
rearrangement occurred to give 64, whereas for 63b a normal Cope elimination occurred 
to give 65. Reductive cleavage of the N-O bond gave access to amine 66, which was 
further converted to cyclic amine 67, a key intermediate to Manzamine C. 
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MeCN, 
80 OC, 2 h 

351 

Bn H SiMe2t-Bu 

@(CH2)40SiMe2t-Bu \ 

62 

m-CPBA 

r 1 

CH2CI2,O OC, 2 h 

-':, JB\ SiMe2t-Bu 
0- 

Bn-* / H SiMe2t-Bu 

w ( C H 2 ) 4 0 S i M e 2 t - B u  \ + W ( C H . ) r O S i M e 2 t - B u  \ 

L 

63a 
J 

63b 

OSiMe2f-Bu OH (CH2)40SiMe2t-Bu 
Bn, I B n e S i M e 2 t - B u  

(CH2)40SiMe2t-Bu + 

64 (65%) 65 (35%) 

Na-napthalene, 
THF, 2 h I Ts 

&(CH2)40SiMe2t-Bu - -- 

66 
67 
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4.2.6 Experimental 

OBn OBn 

68 
83% 

31 

OBn 

145 OC D B n O p o T B D P S  

BnO 63% 

32 

1L-( 1,4/5)-3,4,5-Tri-O-benzyl-l-( [(leri-butyl)dipbenylsilyloxy]methyl)cyclopent-2- 
ene-3,4,5-triol (32)13 
A solution of 68 (780 mg, 1 . 1  1 mmol) in CH& (3 mL) was treated at 0 "C with m- 
CPBA (206 mg, 1.19 mmol) and stirred at ambient temperature for 15 min. Evaporation, 
chromatography (basic A1203 , activity I; EtOAc then CHzCl2 : MeOH, 6 : 1) , and drying 
in YUCUO gave 31 (662 mg, 83%), which was immediately used for the next reaction; Ry 
(EtOAc : acetone, 1 : 1, A1203 ) = 0.5. Neat 31 (660 mg, 0.92 mmol) was heated at 
145 OC for 15 min. Chromatography (hexane : EtOAc, 15 : 1 to 6 : 1) gave 32 (383 mg, 
63%); Ry(Et0Ac : cyclohexane, 8 : 1) 0.54; : nD2O0 -7.8 (c 0.485, CHCb). 

4.2.7 
1. 
2. 
3. 
4. 
5. 
6. 
7. 

8.  
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
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4.3 Corey-Winter Olefin Synthesis 

4.3.1 Description 
The Corey-Winter olefin synthesis is a two-step transformation of a diol 1 to an olefin 
3.’-3 A cyclic thionocarbonate 2 is prepared from the diol 1, and subsequent heating of 2 
with phosphite affords olefin 3. 

K 
0 0  

k’ R’ k2 
2 3 I ’  

4.3.2 Historical Perspective 

S 

.c> w P(OMe)3 H 

P h C H F  Ph /\Ph A Ph Hrh 
4 A 5 92% 6 

In 1963, Corey and Winter disclosed their discovery of a new method for the 
stereospecific synthesis of olefins from 1,2-diols.’ Treatment of meso-hydrobenzoin 4 
with carbonyldiimidazole in toluene at reflux gave the corresponding cyclic 
thionocarbonate 5 with quantitative conversion. Exposure of 5 to trimethylphosphite then 
afforded cis-stilbene 6 in 92% yield. trans-Stilbene could be obtained by starting with 
the corresponding trans-diol. This two-step reaction sequence could also be used for the 
synthesis of cyclic olefins. Treatment of trans-cyclodecanediol 7 with 
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thionocarbonyldiimidazole gave the desired cyclic thionocarbonate 8, and exposure of 8 
to trimethylphosphite generated trans-cyclodecene 9 in 8 1% yield. 

4.3.3 Mechanism 
Formation of cyclic thionocarbonates from diols seems fairly straightforward 
mechanistically. However, the mechanism of decomposition of the thionocarbonates to 
generate olefins is more complicated.'-* Based on the original mechanistic hypothesis by 
Corey and Winter,' the conversion of thionocarbonate to olefin is believed to proceed via 
a carbene intermediate.'" Nucleophilic attack on thionocarbonate 10 by 
trimethylphosphite gives zwitterion 11, which loses trimethylthionophosphite to give 
carbene 12. Cycloreversion' of 12 then affords olefin 13 in 85% yield along with carbon 
dioxide. This mechanistic hypothesis is supported by subsequent pyrolysis studies of 
norbornadienone ethylene k e t a l ~ . ~  

+P(OMe), 
S'? 

AJ 
0 0  

H3C CH3 

54 
H3C*CH3 

0 0  

H3C CH3 

H3C*CH3 __c 

A 

10 11 

H3C 
-3 

H 3 C B C H 3  - HCH3 
85% H3C CH3 

13 
H3C CH3 

12 

However, evidence opposin the intermediacy of a carbene species in the Corey- 
Winter olefin synthesis also exists?5 Thermal decomposition of hydrazone salt 14, which 
is proposed to proceed via carbene 12, leads to a mixture of products 13, 15, and 16.7 
Thus, an alternative mechanism has been proposed for the Corey-Winter reaction that 
invokes a phosphorus ylide. In this mechanistic scenario, initial reaction of 
thionocarbonate 10 with trimethylphosphite affords zwitterion 11. Cyclization generates 
17, and nucleophilic attack on this intermediate by trimethylphosphite then gives ylide 
18. Breakdown of 18 affords olefin 13, trimethylphosphite, and carbon dioxide. It is also 
possible that ylide 18 is generated directly via nucleophilic attack on carbene 12 by 
phosphite. Evidence for an ylide intermediate has been obtained from trapping 
experiments with trithiocarbonates and ben~aldehyde.~ 
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K 
H3C-f_CrCH3 

0 0  

H3C CH3 
14 

* 
290 “C 

H2CWCH2 H 2 C j + H 3  

H3cHcH3 H3C CH3 H3C CH3 H3C CH3 
13 15 16 

50% 15% 5% 

+ 
JP(OMe)3 

P(OMe)3 
H 3 C e C H 3  - H3C-f-GCH3 - 

s- P(OMe)3 

CK 
H3C-f-6CH3 

0 0  

H3C CH3 A H3C CH3 H3C CH3 
10 11 17 

- H3c)=4cH3 + P(OMe)3+ C02 
H3C CH3 

13 
H3C CH3 

18 

+ .. 
H3c)=4H3 + P(OMe)3+ CO, 
H3C CH3 

13 
12 18 

4.3.4 Variations and Improvements 
There have been several modifications to the Corey-Winter reaction, the most significant 
of which was published by the Corey group in 1982.’ Corey and Hopkins reported that 
by using a diazaphospholidine in place of trimethylphosphite, thionocarbonates could be 
converted to the corresponding olefins at significantly lower temperatures. Thus, 
thionocarbonate 20 was prepared from diol 19 in 93% yield, and subsequent treatment of 
20 with diazaphospholidine 21 afforded olefin 22 in 88% yield. Several complex 
examples were disclosed in which olefins were generated in 70-94% yield.’ 
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20 ' 

\ 

88% 22 

It has also been shown that olefins can be prepared from thionocarbonates via the 
corresponding iodothiocarbonates.".' For example, treatment of thionocarbonate 23 
with methyl iodide affords iodothionocarbonate 24 in 95% yield. Exposure of 24 to n- 
BuLi then gives olefin 25 in 99% yield. Several exam les employing these reaction 
conditions are reported with yields of 72-96% overall.' This olefin synthesis does 
require three steps and only terminal olefin products are reported. Finally, it has also 
been shown that olefins can be generated from the corresponding cyclic sulfates using 
either magnesium iodideI2 or triphenylph~sphine/iodine.'~ 

0 

CH3l T B D P S O , , v  n-BuLi 

95% 99% 
___) 

24 25 23 

4.3.5 Synthetic Utility 
The Corey-Winter reaction has found use in complex natural product synthesis. In one 
example, treatment of thionocarbonate 26 with diazaphospholidine 21 afforded diene 27 
in 82% yield. This diene was ultimately used in a total synthesis of (-)-tax01.14 
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26 s;ook 
0 y N \  

28 

H3C0, JcH3 

&-y 
30 

BHT, THF 

23 "C, 40 h 

82% 
27 

29 

0. 

31 

Overman and co-workers used the Corey-Winter reaction in total syntheses of 
two complex alkaloids. Treatment of thionocarbonate 28 with trimethylphosphite gave 
didehydrostemofoline 29 in 66% yield. Under the same conditions, isodidehydrostemo- 
foline 31 was obtained from thionocarbonate 30 in 64% yield.'' 

The Corey-Winter reaction has also been used in a formal synthesis of the AIDS 
drug (-)-abacavir (35).16 Thionocarbonate 33 was prepared from diol 32 in 78% yield. 
Then, treatment of 33 with phospholidine 21 afforded olefin 34 in 65% yield. The 
preparation of 34 constitutes a formal synthesis of (-)-abacavir (35). 

Yh 
OAc H3C,N,P,N,CH3 

u 
21 

THF 

40 "C, 4 h 

1 OAc 

b 

* y?:& ,,OH CI OAr(F)5 

pyridine, DMAP 

23 "C, 5 h 
AcO 

33 
78% 65% 

AcO 9\ bH 

32 
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YAc 

AcO ’p 
34 

ffJ N 

TBsok9 
b H  b H  

36 

NH2 

(-)-abacavir (35) 

NHZ 

S 

DMAP 

20 ‘C, 2.5 h 

92.5% 

ffJ 

TBsow 
OK0 S 

37 

NH2 

I )  HZ, Pd/C 

2) TBAF 

56% overall 
38 39 

The Corey-Winter olefination was used on kilogram scale in the synthesis of 
2’,3’-dideoxyadenosine (39).17 Exposure of diol36 to thiophosgene gave thionocarbonate 
37 in 92.5% yield, and subsequent treatment of 37 with P(OMe)3 generated olefin 38 in 
60.5% yield. Olefin 38 was then converted in two steps and 56% yield to 2’,3’- 
dideoxyadenosine 39. Remarkably, the adenosine amino substituent did not require 
protection during this synthetic sequence. Overall, 905 g of 39 was prepared via this 
route. 

The Corey-Winter olefin synthesis has been performed on P-lactam  derivative^.'^ 
This olefination was employed in cases where traditional Wittig-type olefination of the 
corresponding aldehyde led to disappointing results. In one example, treatment of 40 
with carbonyldiimidazole and exposure of the resulting thionocarbonate to P(OMe)3 
afforded olefin 41 in 81% yield. 
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Finally, Paterson and Schlapbach employed the Corey-Winter olefination to 
generate a trisubstituted olefin in their studies toward a total synthesis of 
disc~dermolide.'~ In this example, diols 42 and 43 were treated with thiocarbonyldi- 
imidazole to give the corresponding thionocarbonates. Exposure of this mixture of 
thionocarbonates to phospholidine 21 at 50 "C generated olefin 44 in 81% yield. 

- -  
TBSO OH 

42 

B"oJ+c& 

TBSO OH 

2) 21 

50 "C, 5 h 

81 % overall 

43 

4.3.6 Experimental 

120 'C 

66% 

28 

TBSO 
44 

29 

Didehydrostemofoline (29)" 
A solution of thiocarbonate 28 (14.0 mg, 30.3 pmol; prepared from the corresponding 
diol and thiophosgene) and P(OMe)3 (1.0 mL, 8.48 mmol) was heated to 120 "C in a 
sealed tube for 12 h. After cooling to room temperature, the mixture was diluted with 
EtOAc (10 mL) and washed with saturated aqueous NaHCO3 (4.0 mL). The phases were 
separated and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined 
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organic layers were dried (Na2S04) and the solvents and P(OMe), were removed in 
vacuo. The 'H NMR spectrum of the crude product showed the desired product 28. 
Chromatography of this residue (5050 Et0Ac:hexanes + EtOAc) gave 7.7 mg (20 
pmol, 66%) of pure didehydrostemofoline 29. 

21 
40 "C 

88% 

trans-3,4-Didehydro-3,4-dideoxy-l,2,5,6-di-0-isopropylidene-D-threo-hexitol (22):9 
To a stirred solution of 262 mg (1.0 mmol) of diol 19 and 293 mg (2.4 mmol) of 4- 
DMAP in 4.0 mL of dry methylene chloride at 0 "C under argon was added 108 pL (162 
mg, 1.2 mmol) of 85% thiophosgene in carbon tetrachloride and the contents were stirred 
for 1.0 h at 0 "C. Silica gel (2.0 g, Merck) was added and the mixture was allowed to 
warm to 25 "C. After removal of the methylene chloride in vacuo, the remaining solid 
was loaded onto a column of 6.0 g of silica gel and eluted with 50% ethyl acetate in 
hexane. Concentration in vacuo afforded thionocarbonate 20 (284 mg, 93%) as a 
colorless solid: mp = 152-156 "C, TLC Rf 0.51 (50% ethyl acetate in hexane), IR 
(CHCl3) 1320 cm-' (C=S), 'H NMR (CDC13, 80 MHz) 6 1.34 (6H, s), 1.46 (6H, s), 4.15 
(6H, m), 4.66 (2H, m). 

A suspension of thionocarbonate 20 (1 64 mg, 0.54 mmol) in 0.29 mL (3 10 mg, 
1.6 mmol) of 21 under argon was stirred at 40 "C for 20 h. After cooling to 25 "C, the 
contents were directly chromatographed on a column of 20 g of silica gel (elution with 
5% ether in methylene chloride) to afford 108 mg (88%) of pure trans 22 as a colorless 
solid: mp 80-81 OC, TLC Rf0.55 (17% ether in methylene chloride), 'H NMR (CDC13, 
80 MHz) 6 1.35 (s, 6H), 1.39 (6H, s), 3.55 (t, J =  7.7 Hz, 2 H), 4.05 (dd, J =  8.0, 6.2 Hz, 
2 H), 4.45 (m, 2H), 5.77 (m, 2H), aDZo +56.7" (c 3.2, CHCl3). 
Note: The modified Corey-Winter reaction, using 21, can also be run without solvent.I6 
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4.3.7 
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4.4 Perkin Reaction 

4.4.1 Description 
The Perkin reaction,' which is normally applicable only to aromatic aldehydes, is usually 
effected by heating a mixture of the aldehyde, an acid anhydride, and a weak base to form 
cinnamic acids2 

2 3 4 1 

4.4.2 Historical Pers ective 
In 1868, W. H. Perkin described a synthesis of coumarin by heating the sodium salt of 
salicylaldehyde with acetic anhydride. Further study of this reaction led to the 
development of a new general method for preparing cinnamic acid and its analogs, which 
became known as the Perkin rea~t ion.~ 

? 

4.4.3 Mechanism 

O co, 
-0Ac 

2 5 1 

8 7 

The Perkin reaction is believed to proceed by forming an enolate anion 5 from the acid 
anhydride 2, which subsequently reacts with the aldehyde 1 to form an alkoxide 6. The 
ensuing intramolecular acylation affords P-acyloxy derivative 8, which undergoes 
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acylation and elimination to form the cinnamic acid ester 9. Hydrolysis of ester 9 affords 
the cinnamic acid 4. The kinetically favored stereoisomer formed in the elimination step 
has the carboxyl group trans to the larger group at the beta carbon atom. When tertiary 
amines are used as catalysts, the first stage of the proposed mechanism involves the 
formation of a ketene 14, which reacts with 4-nitroberkaldehyde (15) yielding a p-lactone 
16, which cleaves to the unsaturated acid 17.4 

15 16 17 

4.4.4 Variations 
Simple aliphatic aldehydes and ketones cannot be used as the carbonyl component in the 
Perkin reaction. Knoevenagel’ reported the successful condensation of aldehydes and 
ketones with malonic acid in the presence of ammonia or amines. The most satisfactory 
method uses pyridine as a catalyst and is known as the Doebner modification.6 Thus, 
acetaldehyde 18 reacts with malonic acid (19) in the presence of a pyridine catalyst to 
afford the acid 20 in 60% yield. 

CH&H=CHC02H 
PYr. 

CH3CHO + CHz(COzH)2 
2OoC, 60% 

18 19 20 

Although acetic anhydride is often used in the Perkin reaction as the acid 
anhydride component, other acid anhydrides can be used in the Perkin reaction as well. 
Oglialoro reported that sodium phenylacetate 21 and acetic anhydride give a- 
phenylcinnamic acid 22. The Oglialoro modification generates a mixed anhydride in situ 
and is a convenient preparative method that obviates the necessity of using the arylacetic 
anhydride as a starting material? 

1 21 
\=/ 22 
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Fittig (Fittig synthesis) discovered that aromatic and aliphatic aldehydes (i.e., 1) 
react readily with sodium succinate 23 and acetic anhydride at 100 ‘C, to give y-phenyl 
and y-alkyl paraconic acid (i.e., 24) in satisfactory yield. The acid loses carbon dioxide 
upon heating to form a P,y-unsaturated acid 25.’ 

(CH3C0)20 o@ - ,CO*H 
A 100 OC, 55% 

O C H O  - + cc02Na 
CO2H 

1 23 24 25 

4.4.5 Synthetic Utility 
In general, the Perkin reaction is limited to aromatic aldehydes. The activity of 
substituted benzaldehydes in the Perkin reaction is similar to the trends observed in other 
reactions involving the carbonyl group. A halogen (28) or nitro (34) group in any 
position increases the rate of reaction and the yield; a methyl group (26) in any position 
decreases the rate and yield, and this effect falls off in the order: ortho > meru >para.’ A 
methoxy group in the ortho position (30) has a small favorable influence, but in the para 
position (32) it has a definite unfavorable effect on the rate and yield. 

d H  + (CH3C0)20 CH3COONa * 
+OH 

X 1 80°C X’ ’ 
X 

H (1) 
4-methyl (26) 
4-chloro (28) 

2-methoxy (30) 
4-methoxy (32) 

4-Nitro (34) 

Yield % 

45 (4) 
33 (27) 
52 (29) 
55 (31) 
30 (33) 
82 (35) 

The Perkin reaction has been carried out on aldehydes with aromatic rings other 
than phenyl, including biphenyl, naphthalene, furan, and indole series using 
tripolyphosphate (TPP as the catalyst. However, the Knoevenagel modification is more 
usehl in these cases.’, d 
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TPP YN 
RCHO + CNCHzC02Et - RCH=CC02Et 

36 37 38 
75-80 OC 

Yield 91% 85% 88% 

Cinnamaldehyde (39), which is a vinylog of benzaldehyde, gives excellent yields 
of P-styrylacrylic acid (40) under Perkin reaction conditions3 or Knoevenagel conditions? 

CH3C02Na 

165 OC 
(CH3CO)Zo W 

/ \  Q-CHO + 60% --COzH 

PY. 40 
CH2(COOH)z 

39 reflux, 12 h 
56% 

Brady el al. demonstrated that the intramolecular reaction of ketoacid 41 with 
sodium acetate in the presence of acetic anhydride forms the benzofuran 42." 

0 
NaOAc 

A c ~ O  

e n C 0 * H  74% 

41 42 

The Perkin reaction has been used to synthesize trifluoromethyl-containing 
building blocks that are very usefil in the pharmaceutical and agrochemical industries. 
For example, 2,2,2-trifluoro-1-(4-methylphenyl)ethanone (43) reacts with acetic 
anhydride, when heated in the presence of sodium acetate, to produce 3-polyfluoroalkyl- 
E-cinnamic acid 44." 

NaOAc 

A@, 93% A &:H 

43 44 
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It has been reported that microwave irradiation shortens the reaction time of the 
Perkin reaction by 60-fold over classical heating. Cesium salts (acetate, carbonate, 
fluoride) with a small amount of pyridine were found to be the best catalysts.'* Thus, p -  
hydroxybenzaldehyde (45) reacted with acetic anhydride using cesium acetate as a 
catalyst to provide the a, 0-unsaturated acid 46 in 85% yield. 

CsOAdpy. 

AGO, A e ; Q H  / 

HO HO 85% 
45 46 

4.4.6 Experimental 

1 2 4 

Preparation of cinnamic acid (4)' 
A mixture of 21 g (0.2 mol) of freshly distilled benzaldehyde (l), 30 g (0.3 mol) of 95% 
acetic anhydride (2), and 12 g (0.12 mol) of freshly hsed potassium acetate is refluxed in 
an oil bath at 170-175OC for five hours, using an air-cooled condenser. The hot reaction 
mixture is poured into about 1200 mL of warm water, part of which is used to rinse the 
reaction flask. Any unreacted benzaldehyde is removed by steam distillation. The 
residual liquid is cooled slightly, 3 4  g of decolorizing carbon is added, and the mixture 
is boiled gently for 5-10 minutes. The decolorizing carbon is removed by filtration and 
the clean filtrate is heated to boiling. Concentrated hydrochloric acid (12-14 mL) is 
added carefully, and the hot solution is cooled rapidly while stirring vigorously. After the 
cinnamic acid (4) has completely crystallized, the crystals are collected by vacuum 
filtration, washed with several small portions of water, and then dried. The acid obtained 
in this way melts at 131.5-132 "C and is pure enough for most purpose. The yield is 16- 
18 g (55-60%) 

4.4.7 
1. 
2. 
3. 
4. 
5 .  
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4.5 Perkow Reaction 

4.5. I Description 
The Perkow reaction has been used to generate a wide range of vinyl phosphates. 
Reaction of trialkyl phosphites with a-halogeno-ketones provide vinyl  phosphate^.'-^ 
Alkenes are produced via reduction of the dialkyl enol phosphate using either sodium or 
lithium in liquid ammonia. 

1 2 3 

4.5.2 Historical Perspective 
In 1952 Perkow discovered a new type of rearrangement in which trialkyl phosphites 
react with a-aldeh~de.~,’ This “anomalous Arbuzov reaction,” which resulted in the 
formation of dialkylvinylphosphates, subsequently became known as the “Perkow 
reaction.”’ The reaction of trialkyl phosphites with alkyl halides (Arbuzov reaction) 
proceeded to yield dialkoxy alkyl phosphonates.’ The alkyl halide undergoes a 
nucleophilic displacement to yield the nonisolable alkyl trialkoxy phophonium halide.’ 
The halide can then attack an alkoxy group to give phosphonate ester and RX. An 
increase in temperature favors the Arbuzov reaction leading to phosphonates (sN2 
displacement). 

0 
P(OR)3 + RIX - [R1P(OR)3]+ X- - R’-p-oR + RX 

OR 

4.5.3 Mechanism 
Many different mechanisms have been proposed for the Perkow reaction.24 It involves 
nucleophilic attack of the phosphite at the carbonyl carbon and affords a zwitterionic 
intermediate 5 which rearranges to form a cationic species 6 that subsequently 
dealkylates to give the corresponding vinyl phosphate 7. The conversion proceeds via a 
Michaelis-Arbuzov cleavage of an alkoxy group by halide ion as shown. 
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7 

B ~ r o w i t z ~ ' ~ "  has proposed several facts about the Perkow reaction. The rate 
determining reversible step involves the addition of the phosphite to carbonyl and an anti- 
elimination step. He has also reported the determination of relative stereochemistry of E 
and 2 isomers of vin 1 phosphate arising from the Perkow reaction of a-haloketones with 
trialkyl phosphites." Halide ion loss is not the rate determining step in the Perkow 
reaction. The steric hindrance of the carbonyl group presumably precludes enol 
phosphate formation. At least one aliphatic alkoxy group is necessary for the Perkow 
reaction. Triphenylphosphines are unreactive toward chloral, whereas monoalkyl 
diarylphosphite yields enol phosphate esters readily indicating that electronic release 
from the alkoxy group strongly assists the elimination of the halide ion? The reactivity of 
various carbonyl compounds increases with the affinity of nucleophiles. Aldehydes react 
more readily than ketones while a-haloesters are unreactive. A change in the halogen 
atom chlorine to iodine decreases the yield of enol phosphate although the overall 
reactivity is in the usual order I > Br > C1. 

4.5.4 Variations and Improvements 
The Perkow reaction includes the reactions of phosphites P(OR)3, phophonites P(OR)2R, 
and phosphinites ORPRz with the spectrum of mono-, di-, and tri- a-halo, a-OMes, and 
a-OTos carbonyl compounds. Chloral reacts with trimethyl phosphite exothermally at 
room temperature, but most ketones require the reaction mixture to be heated, usually to 
85-1 10 OC. The reactions are best carried out in a solvent, which can be ether, alcohol, or 
other non-reactive species. Halogen reactivity is stated to be I > Br > C1, at least for 
those cases where carbonyl addition is rate determining. The most commonly used 
trialkyl phosphites are triethylphosphite (TEP) and trimethyl phosphite (TMP), which is 
somewhat less reactive.I3 In phosphites containing one or two phenoxy groups, the alkyl 
group is replaced. Trialkyl phosphites having different alkyl groups usually eliminate the 
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smallest group as the halide. Chloral and bromal react most readily and the reactivity 
decreases as the number of halogen atoms on the a-carbon atom decreases. Ketones react 
less readily than aldehydes and esters.I4 

8 9 

A mixture of E and 2 isomers of enol phos hates (11) are produced from 2,2- 
dibromo-1 -phenyl-ethanone (10) in moderate yields. 15I15-1.8 

Br ?\  OR^ 
/ ‘“\OR3 R” = Me, R2 = H, R3 = Me, 82% 

R’ = OMe, R2 = H, R3 = Me, 80% 

R’ R’ = = CI, R2 = R2 CI, = R3 H, R3 = Me, = Me, 75% 75% $ / - R2 f$ 
R2 

R’ R’ 

10 11 

Diethylphosphite and thiophosphite anions react in a modified Perkow reaction to 
yield the enol phosphite and thiophosphates (13). \Et0)2POK is prepared from 
diethylphosphite and t-BuOK (X = 0, 72%, X = S, 42%).’ 

12 13 

The phosphorylation of 14 with (Et0)2P(O)CI, (Et0)2PCl, (EtO)sP, MeP(O)C12, 
and P(NEt2)3 has been studied.20 Thus, treating 14 with (Et0)2PCI in Et2O in the 
presence of Et3N at room temperature for 8 h gave 15 in 79%. 
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Perkow reaction of ketone (16) with P(OEt)3 and P(0Et)Phz afforded the vinyl 
phosphate 17 and vinyl phosphinate 18, respectively.2' 

16 17 

BzO,,, * 
18 

P(0Et)PhZ 

48% 
16 

TBDMSO 

Tris(trimethylsilyl)phosphites, analogous to trialkylphosphites, undergo Perkow 
reaction with a-halo carbonyl compounds to give vinyl phosphates?*" Reaction of a- 
chloroketone 19 with trimethylphosphite produces dimethyl enol hosphate 20, which is 
further converted to bis[trimethylsilyl] esters 21 using Me3SiBr?Pb 21 is also produced 
directly from a-chloroketone 19 on reacting with P(SiMe3)s. 

20 21 

Phosphoenolpyruvates 26 are conveniently prepared from pyruvic acid and 
dimethyl-trimethylsilyl phosphite 24 through the Perkow r e a ~ t i o n ? ~ ' ~ ~  
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0 q O S i M e 3  

TMSBr p O S i M e 3  
- 0. ,0SiMe3 Br+SiMe3 

0 
22 24 25 26 

Enol adenosine 5’-phosphate derivatives (28, 29, 30) are formed by the Perkow 
reaction of a-chloromethyl ketone with an in sib-generated adenosine-5‘-yl 
bis(trimethylsily1)phosphite (27). Among these reactions, the use of a-chlor0-2’,4’- 
difluoroacetophenone gave predominantly the enol phosphate derivative over the 
Arbuzov reaction product and the carbonyl adduct, which were formed as  by-product^.^^ 

RO, 
I. ,P-? , 
I \ 

-Si-O ,Si 

27 

R =  

0 

b- -Si. 
I 

29 

w OBz OBz 

30 

Sal’keeva et al. studied the reactions of ethyl and t-butyl phosphorodiamidites 
with chloroacetone, bromoacetone, and a-chloroethyl acetate. The reaction pathway is 
determined by the structure of the intermediate quasiphosphonium compound responsible 
for the formation of the Arbuzov products as well as for the occurrence of the anomalous 
reaction yielding vinyl phosphate (Perkow product)?6 The yield of the Arbuzov product 
increases from chloroacetone to bromoacetone, because the anions of low basicity are 
more rapidly ionized, which facilitates the formation of the ionic form of the 
intermediate. Also t-butyl phosphorodiamidite forms via Arbuzov reaction as the major 
product, because the second stage of the S N ~  reaction is accelerated.26 

31 32 34 



374 Name Reactions for Functional Group Transformations 

Reaction of benzodioxaphosphorinone (35) with dibromoketoester by selective 
ring cleavage gives the enolate of vinyl phosphate 36, the latter cyclized upon distillation 
to give cyclic vinyl phosphate 37. A CND0/2 study of HzP(O)OC(CF,)=CHCOMe as a 
model for the product vinyl phosphates is carried out and they are formed predominantly 
in the thermodynamically preferred 2-configuration. Processes for cyclization of these 
vinyl phosphates into 2-vinylalkoxy-2-oxo-4H-1,3,2-benzodioxaphosphorin-4-ones were 
examined (37).27*28 

37 

3-Chloro-2-oxopentanoates (38 are transformed into phophoryloxyalkanoate 39 
by means of standard Perkow reaction. 1, 

0 
PhH "'$.OXCO2Me 

91% 
reflux, 2h MeO' \b 

Et 
CI 

E R  = 30i70 
38 39 

Trieth lphosphite readily reacted with chloral to give diethyl-2,2-dichlorovinyl- 
phosphate. 3 0 , J  



Chapter 4 Olefination 315 

Di-(methyl/ethyl /isopropyl)indolylphosphite 40 reacted with chloral to provide 
vinylphosphites 41-43: 2 

CI 41 R' = Me, 57%, R 2 =  H 
42 R l =  i-Pr, 69%, R2 = H 
43 R1 = Et, R2 = CH2NMe2, 73% 

R'O' 
40 

Oxazaphospholidine 45 reacts with a-haloacetophenone 45 to give a mixture of 
vinylphosphonamide diastereomers 47. The product ratios depend on the nature of the 
halides.33 

f l  

45 o c  

X =  I, 51%; X = CI, 90%, X = Br, 57% 
44 45 46 

4.5.5 Synthetic Utility 

4.5.5.1 Rearrangement to fl-ketophosphonates 
Diethyl enol phosphate 47 rearranges to P-ketophosphonates 49 upon treatment with 
LDA.34 This reaction probably proceeds via cleavage with LDA to give an enolate 
phosphonium ion pair 48 which then interacts to give the anion under equilibrium 
 condition^.^^ The reaction mixture is quenched with acetic acid. The enol phosphate 47 is 
prepared by Perkow reactions from the corresponding a-halocycl~hexanone.~~ 
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Perkow reaction of bromoketone 50 produces vinyl phosphate 51, which is stable 
and used for further reactions?' 

OEt 

50 51 

Treatment of a-chloro-a-acyl-lactone 52 with P(OEt)3 affords the enol phosphate 
56, whereas reaction with NaP(O)(OEt)z gives 53.35 53 is treated with alcoholic KOH to 
give the open chain compound 54, which is further cyclized on acidification to the 
phostone 55.35 53 is treated with KOH/ether and the product acidified with HCI-CHCL 
to give 55. Treatment of 55 with PCls produces the corresponding acid chloride, which is 
converted with p-MeC&NH2 into characteristic p- toluidide~.~~ 

- KOHlether 

N l  i HCIICHC13 

HCI Ho2C COR 
EtO-P-OEt OH 

EtO 0 

* gEts KO-P=O 9::K- ;Go 0' 'OEt 

52 
- OEt 

54 55 

Dialkyl enol phosphate of lactone 58 undergoes rearrangement to p- 
ketophosphonate 59 upon treatment with LDA at -100 OC. The enol phosphate of lactone 
57 is made by (1) treatment of lactones with LDA to give the lithium enolate, (2) 0- 
phosphorylation of the enolate with dialkyl chlorophosphoridate in THF-HMPA under 
kinetic conditions, or (3) a one step conversion without isolation of the intermediate enol 
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phosphate (58).36 Similarly, several enol phosphates of acyclic esters are rearranged to p- 
phosphonate esters as shown.36 

RO, ,OR 

- 6: 
O O  - 0 ; P ; O R  

OR 
57 58 59 

4.5.5.2 
Enol phosphate 60, enol phosphinate 61, and enol phosphonate 62 react with MeLi or 
BuLi to give a lithium enolate, which is then monoalkylated to 63 in 62-78% yield with 
various primary and secondary alkyl halides.” Some starting ketone is formed and some 
polyalkylation occurs, the latter especially with MeI.” Little or no dialkylation occurs 
with alkyl halides larger than ethyl. Enol phosphates give more starting ketone than enol 
phosphinates, perhaps because of a side reaction involving displacement of the -OR 
group from phosphate by the alkyllithium.” Phenyllithium or phenylmagnesium 
bromide gives a poorer alkylation yield as well as the undesired by-product biphenyl. 
The method of forming enolates shown competes with the cleavage of enol trimethylsilyl 
ethers and the direct formation of enolates from ketones with LDA.37,38 

Cleavage of enolates with C-alkylation 

Z 
R’Li <Go ~ +L i -0 

60, Y = Z = OEt 
6 1 , Y  = Z = P h  
62, Y = Ph; Z=OR 

R2 
R’ = Me, BU 

R2 = Me, Et, i-Pr, Bu 

63 

3-Chloro-2-(diethoxyphosphoryI)oxy-1-propene (64) is used by Welch in a “one- 
pot” annelation of cyclohexanone to provide 66.39 Chloropropenylphophonate (64) is 
prepared from 1,3-dichloroacetone and trimethyl ph~sphite.~’ 

I . l O % H ~ l  w0 0 OLi 

2 . 5 %  KOH 

65 66 
Pd(PPhs)4, THF 
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Other conversions lead to cis-jasmone and to methylenomycin (67 and 68).40 

cis-jasmone methylenomycin 

67 68 

4.5.5.3 
Enone 69 is converted to the less substituted alkene 71 via the intermediacy of the enol 
phosphate 70.4' The sequence shown involves reduction with Li/NH3 (liquid) followed by 
phosphorylation of the resulting lithium enolates with diethyl phosphorochloridate to give 
70, which is then treated with LiEtNHdt-BuOH. Application of such methodology to 
steroid conversion has been reported by Ireland and Pfister4' and Kanata et d4* 

Reductive removal of phosphate to alkenes 

I 

69 70 71 

Corey and Wright have utilized reductive conversion of a vinyl diethyl phosphate 
(73) to an alkene 74 in a synthesis of colneleic ester via the enol esters 72.43 

72 

73 
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74 

4.5.5.4 Synthesis of a-trijluoromethylated ketones 
A series of 1 -aryl-3,3,3-trifluoro-l-ethanones 77 have been synthesized from the reaction 
of FOzSCFzCOzMe with P-bromoenol phosphate 76 in the presence of CuI in moderate 
yields. Enol phosphates are versatile intermediates in organic synthesis.” 

?b,OMe 

O’ h M e  F02SCF2C02Me 

&HBr CuIIDMF, 80°C 

R = Me, OMe, CI, Br 
55-65% / 

R R 

75 76 77 

4.5.5.5 Double Perkow reaction 
The reaction of 1,4-dibrom0-2,3-butanedione 78 with two moles of trimethyl phosphite 
produces the 2,3-diphosphate 79 via a double Perkow reacti0n.4~ 

78 79 

Corey et al. have used the enol phosphates 80 to synthesize the limonoid 
intermediate 81 and limonoid 81~’ They have also developed a general preparative 
scheme via enol phosphates for the synthesis of limonoids, which are biosynthetically 
derived from t r i t e r p e n e ~ . ~ ~  

80 81 
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Limonoid 
82 

4.5.5.6 Ring enlargement 
The reaction of 2-tert-butoxy-5,6-benzo-l,3,2-dioxaphosphinin-4-one (83) with chloral 
involves expansion of the six-membered hetero ring to form 2-hydroxy-3-trichloro- 
methyl-6,7-benzo- 1 ,4,2-As-dioxaphosphepin-5-one-2-oxide (85) as a single diastereomer. 
The product was chlorinated with thionyl chloride to obtain (RT,SR)-2-chloro-3-trichloro- 
methyl-6,7-benzo- 1,4,2 A5-dioxaphosphepin-5-one-2-oxide (86).46 

FI 
o.,,o + + 8OoC, PhH no-'( 

'13 P -CH=CMe2 

83 84 85 

U 

0 
86 

4.5.5.7 Pharmaceuticals 
Enol phosphates are used in the syntheses of various members of the carbapenam family 
of antibiotics. The azabicycloheptanedione 87 is enol-phosphorylated to 88, which reacts 
with thiol 89 to ield an intermediate ester. The ester is then hydrogenolyzed to yield 
carbapenam 90.4' Similar enol phosphates have been converted to useful intermediates 
for the synthesis of related carbapenam 
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CI 

base 
* 

87 88 

c 

hydrogenolysis 

89 90 

4.5.5.8 Agrochemicals 
Tetrachlorvinphos (91, stirophos, Gardona2 has been shown to have the 2 configuration 
by X-ray analysis as previously mentioned. The insecticide methylbromfenvinphos (93) 
was found to be the 2-stereoisomer by single crystal X-ray analysis.” Related 
insecticides bromfenvinphos (92) and chlorfenvinphos (94) have been synthesized.523s3 

?Me OR 
O=P-OMe O=P-OR 92 Bromfenvinphos, R = Et; X = Br 

cl*cl clex 94 Chlorfenvinphos, R = Et; X = CI 
CI 

93 Methylbromfenvinphos, R = Me; X =Br 

Tetrachlorvinphos 
91 

Mevinphos (96, Phosdrin@) is prepared from methyl 3-chloroacetoacetate in 
reaction with trimethyl phosphite. Mevinphos (Phosdrin? is a mixture of Z and E 
stereoisomers in which the Z isomer was found to be 100 times more active.54 In contrast 
to mevinphos, E and 2 isomers of bromfenvinphos (92) and chlorfenvinphos 94 show 
no significant difference for a number of biological properties for insecticides? ?he less 
toxic Clodrin (98) is synthesized from the 1 -phenylethoxy ester of 3-chloracetoacetate 97 
which is used for control of ectoparasites in horses, cattle, sheep, and swine.s4 
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95 
Mevinphos 

96 

Ph 

97 
Clodrin 

98 

Phosphamidon (99, 2-chloro-2-ethylcarbamyl-1-methyl-vinyl dimethyl phos- 
phate) has a broad spectrum of activity against biting and sucking pests and spider 
mitesUs4 A cyclic enol phosphate is prepared from 100. They are heptenophos (101, 
Hostaquick@), a systematic insecticide, and acaricide (anti-tick and anti-mite agent) with 
a short residual effect.54 

o w  P(OMe)3 
CI __c ’ oe\-OMe 

OMe 
CI Heptenophos 

Phosphamidon 
99 100 101 

Zwierzak et al. prepared enol phosphates containin the a-carboalkoxy and a- 
carbamoyl groups (103), and they showed fungicidal activity. 9 6  

0 
?\ ,OR 

Ar+Z P(OMe)3 A r b p b ~  
Z 

- CI 
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Malinowski and Kroczynski have concluded that the 2-carboalkoxy grou in a 
series of dimethyl and diethyl enol phosphates 104 enhance insecticidal activity! The 
most effective insecticide and acaricide in their series is 105.” 

O ~ ~ ’ o ~ C 0 2 R ‘  
(OR’) Ar 

= -CeH4-4-CI 105 

R2 = Me 
R2 = Et 

104 

Two series of cyano-substituted ethyl thiopropyl enol phosphate insecticides (107 
and 108) are synthesized by D’Silva via phosphorylation of a precursor ketone 106.5* 
Some of the compounds are effective against the two-spotted mite.58 

OEt 

106 

R = H, alkyl, thioalkyl, halo 
trihalomethyl 

107 108 

4.5.6 Experimental 

G C 0 2 M e  + P(OMe)3 - PhH Meo\p00TC02Me 

UZ = 30170 

reflux, 2h MeO’ \$, 

91% Et 
CI 

38 39 

A mixture of methyl 3-chloro-2-oxopentanoate (38) (0.02 mol) and trimethylphosphite 
(0.026 mol) in benzene (920 mL) was heated under reflux for 2 hours. The resultant 
mixture was cooled to room temperature and the solvent was evaporated to yield the 
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crude methyl 2-(dimethoxyphosphoryloxy)-2-pentenoate (39) in 9 1 YO yield as a mixture 
of isomers (E/Z = 30/70), which was purified by vacuum distillation. Both the structure 
and ratio of the isomers were unambiguously established by using 'H and 31P NMR 
spectroscopy. Configurational assignments for (E)  and (2) were made mainly on the 
basis of 4 J p ~ ~ ~ ,  which revealed characteristic larger values for (E)  than for (2) isomers.29 
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4.6 Ramberg-BIcklund Reaction 

4.6.1 Description 
The Ramberg-Blcklund reaction is the base-mediated conversion of a-halosulfone 1 to 
olefin 1 with extrusion of S02.'-* It is also often referred to as the Ramberg-Blcklund 
rearrangement. The thermodynamically stable E-olefin is often obtained when a weak 
base (e.g., NaH) is used whereas a strong base often results in the Z-olefin. 

I I 

2 

4.6.2 Historical Perspective 
During WWII, Swedish chemist Ludwig Ramberg (1 874-1940) at the Organic Chemistry 
laboratories of the University of Uppsala and his student Birger Blcklund (1 908-1997) 
discovered the base-mediated conversion of a-halosulfones to regio-defined alkenes. 
They published the work in a little known journal Arkiv For Kemi, Mineralogi Och 
Geologi (Archives for Chemistry, Mineralogy and Geology) with the title "The Reactions 
of Some Monohalogen Derivatives of Diethyl Sulfone" in 1 940.9 That ground-breaking 
work turned out to be Dr. Ramberg's last contribution to chemistry shortly before his 
death. Over the last six decades, organic chemists have devoted much effort in 
improving the synthetic utility of the reaction. Many dedicated a great part of their 
careers and some even committed their whole careers to this field. Largely thanks to 
their efforts, the Ramberg-Blcklund reaction is now widely used in the organic synthesis 
as evidenced by the large number of referenced reviews 1-8. 

4.6.3 Mechanism 

R1 /-T + o=s=ot 
extrusion R 2 

thiirane dioxide intermediate 
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The mechanism of the Ramberg-Backlund reaction is rather straightforward. When a- 
halosulfone 1 is treated with a strong base, deprotonation rapidly takes place to give a- 
anion 3, which undergoes a backside displacement (intramolecular nucleophilic 
substitution, SNi) to provide thiirane dioxide 4 (also known as episulfone) as the key 
intermediate." The SNi reaction with loss of halide is the rate-limiting step. Finally, the 
unstable 4 releases sulfur dioxide and the ring strain to deliver alkene 2. 

Thiirane dioxide 4 as the reaction intermediate was unambiguously confirmed 
after it was isolated from the Ramberg-Backlund reaction. In 1989, the Taylor group at 
the University of York isolated thiirane dioxide 6 as the major product when they treated 
a-iodosulfone 5 with 1.2 equivalents of potassium r-butoxide at low temperature (-78 to 
0 oC).",'2 Not surprisingly, thiirane dioxide 6 was readily converted to alkene 7 (in 88% 
yield) in the presence of potassium t-butoxide at warmer temperature (-20 OC to room 
temperature). 

f-7 
0 0  f-3 

KOt-Bu ~ @Ph '< * 

+ '& Ph 
THF, -78 OC 3- 

0 2  

5 
0 2  

6,69% 7,28% 

4.6.4 Variations and Improvements 
In 1969, Meyers er al. at Southern Illinois University published a significant 
improvement that was synthetically more convenient and useful than the original 
Ramberg-Blcklund conditions.13 The Meyers modification involves in siru halogenation 
of the sulfone, which, without isolation of the a-halosulfone, is converted to the alkene 
directly. When dibenzyl sulfone 8 was treated with KOH in the presence of a mixture of 
CC14 and t-BuOH as solvent, the E-olefin 9 was obtained exclusively. Unfortunately, the 
convenience of the Meyers modification is sometimes offset by sidereactions due to 
polychlorination. 

Although the Meyers modification has been widely used to conveniently carry out 
the Ramberg-Backlund reaction, Chan and co-workers at The Chinese University of 
Hong Kong further modified the one-pot halogenative Ramberg-Blcklund reaction in 
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1994.14 The trick of the Chan modification is the use of alumina-supported potassium 
hydroxide to increase the activated surface. Therefore, unactivated sulfone 10 was 
treated with KOWA1203 and CF2Br2 in t-BuOH at reflux to provide alkene 11. For 
another un-activated sulfone 12, the reaction needed to be heated to 50-80 "C and 
consequently CF2Br2 was no longer suitable because of its low boiling point (bp = 22-23 
"C). Franck et ul. replaced CF2Br2 with BrCFzCFzBr (bp = 47 "C) and obtained alkene 
13 in 60% yield.I5 Since the Chan modification is further improvement of the Meyers 
modification, it is now often known as the Meyers-Chan modification. 

KOH/A1203 
QsJ) CF2Br2, refiux 

0 2  90% 

10 11 

KOH/AI203 

0C16H33 

BrCFzCFzBr, reflux OMe 

s&Oc i d 3 3  - BnO 
0 2  60% BnO 

BnO& BnO 

12 13 

The third halogenative Ramberg-Backlund reaction is the Vedejs modification.'6 
He treated substrate 14 with NaH and C2C16 in DME at room temperature and obtained 
alkene 15 in 1:l ratio of E1Z. However, the Vedejs modification, albeit mild, is limited to 
sulfones in which the a-position bears a single hydrogen, an ester, and another 
substituent as exemplified by transformation 1 6 U  .I6 It does not work for simple, un- 
activated sulfones. 

0, NaH, CI3C-CC13 CO2Et 

;& 
DME, rt, 54% -sYco2Et 14 15,Z:E = 1:l 

NaH, C13C-CC13 

C02Et DME, rt, 3 h, 75% C02Et 
16 17 

\ 
C02Et 

16 17 

DME, rt, 3 h, 75% \ 
C02Et 

The fourth modification, discovered by Hendrickson in 1985,",'* uses triflinate 
(trifluoromethanesulfinate) in place of the halogen as the leaving group as depicted by 
1844 .I8 Similarly, Matsuyama used p-toluenesulfinate as the leaving group as 
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represented by transformation 2024 . I 9  Since preparation of the substrate itself is 
lengthy, it seems to be a quite convoluted way of making simple alkenes, which may 
explain why there has been only one application by Fuchs in the literature thus far.” 

C02Et C02Et 

1.2 eq. KOt-Bu, THF 

0 OC, 1 h ,  83% F,C” 

O r 4  18 19 

- K S ~  DMSO, rt, 48 h 
60% 

3 

0 2  0 2  

21 
20 

Numerous variants of the Ramberg-BBcklund reaction exist. The most prevalent 
are the vinylogous and Michael-induced Ramberg-Blcklund reactions. Decarboxy- 
lative, epoxy-, and tandem Diels-Alder Ramberg-BBcklund reactions are also found in 
the literature. 

The substrate for the vinylogous Ramberg-Bilcklund reaction has an additional 
adjacent double bond to participate in the rearrangement, which gives rise to a diene. 
Block at SUNY Albany carried out many vinylogous Ramberg-Backlund rea~tions.’’-*~ 
In one case, irradiation of 1-octene and bromomethanesulfonyl bromide (22) in a Pyrex 
tube afforded an adduct, which upon treatment with triethylamine or 1,5- 
diazabicyclo[4,3,0]-non-5ene (DBN) gave bromomethyl 1 -octenyl sulfone 23 with the 
major isomer as E. Exposure of 23 to potassium t-butoxide produced 1,3-nonadiene (24) 
in 59% yield after d i~ t i l l a t ion .~~  

KOf-Bu, 7 : l  Hot-BuTTHF 
n-C4H9/\\/LL.S-Br - ~ n - C 4 H 9 m  

23 u2 -20 OC, 1 h ,  59% 24,Z: E = 83:17 
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In 1977, de Waard at the University of Amsterdam conceived and prosecuted a 
novel approach that he dubbed “the Michael-induced Ramberg-Backlund (MIRB) olefin 
~ y n t h e s i s . ” ~ ~ ’ ~ ~  The reaction of dienyl sulfone 25 with one equivalent of sodium 
phenylsulfnate produced the Michael-induced Ramberg-Backlund product 26 in 40% 
yield. 

Taylor and Evans extended the substrate for the MIRB to other nucleophiles 
including methoxide, thiol, and amines in place of de Waard’s sulfinate?6 For instance, 
Michael addition of benzylamine to bromo-vinylsulfone 27 gave the adduct as bromo- 
sulfone 28, which upon treatment with a base led to the Ramberg-Bkklund reaction 
product 29 in 83% yield. 

27 28 

H 
~ Ph-N-Ph 

KOt-Bu, THF 

29,E :Z = 95:5 rt, 83% 

Decarboxylative Ramberg-Biicklund reaction is relatively rare. Sulfonyl ester 30 
was subjected to the Myers’s conditions to produce olefin 32, likely from intermediate 
31. It was established that decarboxylation of 30 did not take place in the absence of 
CC14.27 

Epoxy-Ramberg-Backlund reaction is also uncommon. In place of iodide, 
sulfonate, or sulfinate leaving groups, Taylor and his colleagues chose epoxide as the 
leaving group in the Ramberg-Biicklund reaction.’* As shown below, exposure of 
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epoxy-sulfone 33 to 2 equivalents LiOt-Bu in THF at room temperature delivered allylic 
alcohol 34 in 69% yield with excellent stereoselectivity. 

2 eq. LiOt-Bu 

THF, rt, 69% 
* 

OH 

34,E:Z = 92:2 

Recently, a tandem Diels-Alder Ramberg-Backlund reaction was developed by 
Block and c o - ~ o r k e r s . ~ ~  Using chloromethanesulfonyl-ethene (35) as the dienophile and 
cyclohexa- 1,3-diene as the enophile, the Diels-Alder cycloaddition produced adduct 36. 
A subsequent Ramberg-Backlund reaction then converted 36 to diene 37.29 

KOf-BU, THF 

rt, 51% 37 

@s-cI 35 
0 2  

36 
0 100-1 30 oc, toluene 

12-1 6 h, 97% 

4.6.5 Synthetic Utility 
The Ramberg-Blcklund reaction is now widely utilized in organic synthesis. It has been 
applied in synthesizing cyclobutenes, cyclopentenes, cyclohexenes, phenanthrenes, large 
ring systems, dienes, enynes, polyenes, alkynes, and many natural products. 

4.6.5. I Cyclobutenes 
Paquette was the first to make cyclobutenes by taking advantage of the Ramberg- 
Backlund rea~tion.~',~' Treatment of sulfone 38 with potassium t-butoxide led to 
cyclobutene 39 in 61% yield after distillation regardless of the configuration of the 
chlorine atom on the substrate (38). The ease with which cyclobutene ring formation 
occurred in this example was particularly noteworthy. In the same fashion, cyclobutene 
42 was obtained from the Ramberg-Blcklund reaction of either epimer 40 or 41.32 

m KOt-Bu, THF 

39 

d3 -78OC,61% 

38 
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KOt-Bu, THF 

-75 to 0 OC, 5 h 
41 

KOf-Bu, THF 

42,35-49% 

aBr -75 to 0 OC, 5 h * 

40 

Epoxypropelladiene 45, a condensed ring system, was prepared by treatment of 
dichloro-sulfone 44 with potassium t-butoxide in THF in 22% yield, whereas 
intermediate 44 was made from chlorination of disulfide 43 followed by oxidation.33 
Although there is no foreseeable utility of the molecule 45, it shows that chemists can 
make almost anything if we so desire. 

43 

NCS, then 
- 

AcOOH, 31% 

44 

KOf-BU, THF 
.Ir 

-15 OC. 22% 

45 

4.6.5.2 Cyclopentenes, cyclopentenones, and cyclopentadienes 
In 1968, E. J. Corey and his student Eric Block conducted a Ramberg-Blcklund reaction 
of bromo-sulfone 46 and obtained A'*5-bicyclo[3,3,0]octane (47) in 8 1% yield.34 
(Interestingly, this work planted the seed for Block's life-long fascination with the 
Ramberg-Blcklund reaction in his independent career.) Also in 1968, Paquette carried 
out the same reaction of the chloro-sulfone analog of 46 in refluxing aqueous KOH 
solution for 48 hours and produced 47 in 75% yield with 25% of recovered starting 
material.35 Similarly, typical Ramberg-Blcklund conditions converted bromosulfone 48 
to olefin 49 in 71% yield.36 

*a NaH, f-BuCH20H 

MeO(CH2CH2)4Me 
70 OC, 1 h, 81% 47 46 

KOt-Bu, THF 

Br -15 OC to rt, 71% 

40 49 
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Cyclopentenone 51 was easily prepared by treatment of halosulfone 50 with 
sodium acetate, a weak base.37 On the other hand, masked cyclopentenone 53 was 
synthesized from sulfone 52 using the Myers modification." 

NHBoc 
NHBoc 

NaOAc, reflux, 10 h 
0 48%forX =CI 

X THF-H20-MeOH * Q" 62%forX=Br 
0 2  

51 50 

R KOt-Bu, CC14, Hot-BU omo - L R  
\s' 50 OC, 20 h, 5044% \=/ 

0 2  

52 53 

There are not many examples of making cyclopentadienes using the Ramberg- 
Backlund reaction, possibly because of concurrent side reactions. In a rare case, 
treatment of chlorosulfone hexene 54 with one equivalent of n-BuLi led to 
cyclopentadiene 55 after exposure to dilute acid.38 

1. 1 eq. n-BuLi, THF, -78 OC 

2. dilute acid, 30% Ph Ph 
0 2  

54 55 

4.6.5.3 Cyclohexenes andphenanthrene 
Cyclohexenes can be prepared using the Ramberg-Blcklund reaction of the seven- 
membered sulfones. Sulfone 56 was converted to highly oxygenated cyclohexene 57 
using the Meyers m ~ d i f i c a t i o n . ~ ~  Not only were the hydroxyl groups tolerated, but a 
combinatorial library was also prepared-a testimony of how robust and reproducible the 
reaction is. Moreover, when the diol on 56 was replaced with a di-azide, the Ramberg- 
Backlund worked just as well to produce the corresponding di-azo-hexene (see 
transformation 116-117 in Section 4.6.6).40 Similarly, cyclohexadiene 59 was 
synthesized from sulfone 58 applying the Meyers-Chan m~dification.~' 
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O2 56 57 

0 2  

KOH/Al2O3, CF2CBr2 

59 
pho Hot-BWTHF (3:1), 78% 

58 

A rather delicate Ramberg-BSlcklund reaction was carried out by Rigby et al. in 
their total synthesis of (+)-e~tradiol.~~ As depicted below, sulfone 60 was deprotonated 
with potassium t-butoxide at -1 05 OC followed by treatment with N-iodosuccinamide 
(NIS) to give the iodo-sulfone, which was fiu-ther treated with potassium t-butoxide at 
-105 OC to deliver the benzo-fused tetracycle 61 in 60% yield along with some over- 
oxidized product 62 (by excess NIS). 

1. KOt-Bu, -1 05 OC 
Bs 2. NIS (excess) - 

3. KOt-Bu, -1 05 OC 
so2\ Fi 

\ 

H TMS 
60 

TMS & s +  TMS &Bs / 

61,60% 62 

Instead of halides as leaving groups, Hendrickson used triflinate (-S02CF3) as the 
leaving group to carry out the Ramberg-Bilcklund reaction (the Hendrickson 
modification). For instance, treatment of sulfonyl-triflinate 63 with n-BuLi provided 
cyclohexene 64 in 70% yield.43 



Chapter 4 Olefination 395 

n-BuLi, THF 

-78 to -20 o c  
63 70% 64 

Early in his academic career in 1964, Paquette carried out the Ramberg-Backlund 
reaction of chloro-sulfone 65 to make phenanthrene 66.44 He discovered that 
conformational requirements of a-sulfonyl carbanion prolonged the reaction time (5 
days) in some cases. In 1986, a plying the Meyers modification, Staab et al. converted 
sulfone 67 to phenanthrene 68.4'The two chlorine atoms on 68 were the result of over- 
chlorination where tetrachloro-sulfone was generated in situ. 

2 N NaOH 

dioxane, 92% w 0 2  65 66 

KOH, CC4/HO&Bu (1:l) 

0 to 20 oc, 1 h, 53% 

67 
62 CI' 'CI 

68 

4.6.5.4 Large ring systems 
In the same fashion as transformation 58-49, 2-phenyl-cyclohepta- 1,4-diene (70) was 
easily obtained from eight-membered sulfone 69 using the Meyers-Chan m~dification.~' 
The more elaborate cycloheptene 72 was prepared from sulfide 71;' with 
benzenesulfinate as the leaving group. In addition, eight-membered oxocene 74 was 
prepared from sulfide 73 in 52% yield.46 Similarly, the nine-membered oxonene was 
synthesized using the same Ramberg-Btlcklund olefination process in 48% yield.47 

p>i<o KOH/A1203, CF2CBr2 
c 

Hot-BuflHF (3:1), 80% 

69 70 
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1. 1.5 eq. NCS, CCI4, 0 OC, 2 h 
2. 1.5 eq. m-CPBA, CH2C12, 0 to 25 OC, 3 h 

3. 1.2 eq. KOt-Bu, THF, 0 OC, 1.5 h 

73 52% 74 

To prepare simple monocyclic conjugated enediynes as substrates for the 
Bergman cyclization, Nicolaou took advantage of the Ramberg-Blcklund r e a ~ t i o n . 4 ~ ' ~ ~  
Chloro-sulfone 76 was prepared from cyclic sulfide 75, which in turn was assembled by 
treating the bis-propargyl bromide with Na2S. Simple treatment of 76 with potassium t- 
butoxide led to enediyne 76 in yields ranging from 24% to 62%. 

CI 

h - - 1. m-CPBA, CH2C12, -78 OC 

W 2 ) "  - - (CH2)n 02s 
S 

2. SO2CI2, pyr., CH2CI2, -78 OC - - 
3. m-CPBA, CH2C12, 0 "C 

76 75 

n = 3,32% 
1.2 eq. KOf-Bu n=4 ,62% 

(CH2)n n = 5 2 4 %  
n = 6,49% 
n = 7,32% 

76 n = 8,44% 

b 

THF, -78 OC Q- 

KOH/AI203, CF2Br2 

2)12 HOt-Bu/CH2CI2, rt, 2 h 

77 78 

Chan et al. prepared many cyclophanes using (what else?) the Chan 
modification.5035' In one instance, the Ramberg-Blcklund reaction of bis-sulfone 77 
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produced bis-olefin 78, which was then hydrogenated to the corresponding cyclophane in 
28% yield for the two steps.” 

Large ring heterocycles have also been synthesized using the Ramberg-Blcklund 
reaction. Preparation of [2.2]-(2,6)pyridinopha-l-ene (80) from bromo-sulfone 79 is one 
exampleY5* and trans-olefin 83 from sulfide 81 is another via the intermediacy of chloro- 
sulfone ~ 2 . ~ ~  

o2 NaOH, aq. dioxane @ 
/ rt, 2 h, 43% / 

\ Br \ 

79 80 

Boc 
Boc 

2. rn-CPBA, 5 8% CH2C12, rt 

1. NCS, CCI4, reflux 

~ (-1 K0t;;;;SO 

0 2  CI 6 
81 82 83 

If one thought that the Ramberg-Backlund olefination always worked for the 
synthesis of carbocycles, he certainly would be mistaken. Paquette encountered his first 
challenge when he first began his exploits with the synthesis of phenanthrene 
(transformations 6566 In 2005, another Ramberg-Blcklund reaction 
challenged him again?4 Utilizing the Myers modification, sulfone 84 was heated for 2 
days at 50-80 O C  and no desired olefin 85 was observed. Only the starting material was 
recovered, possibly because the configuration and/or the conformation of 84 did not 
allow the formation of the episulfone intermediate. 

) in 1 964.44 

KOH, CC14 

PivO OTBDPS 
OTBDPS Hot-Bu, 50-80 OC OPiv 

OPiv no reaction 

84 a5 
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4.6.5.5 Dienes, eneynes, andpofyenes 
Dienes are straightforward to prepare using the Ramberg-Blcklund reaction. The only 
requirement is that a double bond is already present on the substrate. We saw earlier 
examples such as dienes 24, 26, 55, and 70. Moreover, Block's bromomethane-sulfonyl 
bromide (22) was a powerful reagent for generating substrates to make dienes, eneynes, 
and polyenes. As shown below, addition of 22 to olefin 86 under photolysis gave the 
adduct which underwent an elimination of HBr under the influence of Et3N to provide 
bromosulfone 87. Treatment of 87 with potassium t-butoxide then delivered diene 88?3 
In the same vein, cyclohexenes 89 and 91 were conveniently converted to dienes 90 and 
92, respectively. 

Et3N, CH2C12 
Br-SMBr 22 

/----/ 0 2  
* u hv, -20 OC, 30 rnin - 0 OC, 15 rnin 

86 CH2Cli 

KOt-BU, 7:l HOt-BuTTHF 

0 2  -20 O C ,  I h 
88 

LSnBr 

87 
74% for 3 steps 

ELN KOt-BU M/ 

41% 

89 90 

91 92 

Block's building block 22 is also amenable to prepare eneynes. Photo-induced 
addition of 22 to alkyne 93 gave the adduct 94, which was converted to eneyne 95 with 
the aid of potassium t -b~toxide .~~ The same sequence was applied to terminal alkyne 96 
to afford eneyne 97. 
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Bf""Br 22 KOt-Bu 
0 2  Hot-BUTTHF 

02S,Br 

94 
hv, -20 OC, CH2Cl2 46% 

95 
93 

As far as polyenes are concerned, the Ramberg-Biicklund reaction is an extremely 
powerful tool in putting the double bonds together. Herein just two examples are listed. 
Cao applied the Chan modification on a group of allylic dienylic sulfones and achieved 
the stereoselective synthesis of substituted all-truns-l,3,5,7-octatetraenes as exemplified 
by transformations 9899 .55 Polyene 101 was produced from sulfone 100 using the 
Chan modification as well.'6 

SiMe3 
KOH/A1203, CF26r2 

P h w S - S i M e 3  * ph- 
0 2  CH2Cl2, 87% 

99 98 

100 

CH2CI2,40 OC, 70% 
101 

4.6.5.6 Natural products 
One measure of a methodology's utility is its applications to the total synthesis of natural 
products. Since the sulfone substrates can often be assembled convergently, the 
Ramberg-Backlund reaction has been used in the total synthesis of many natural 
products. 

In a formal total synthesis of steroid brassindole, sulfide 102 was used as the 
substrate of the Ramberg-Biicklund rea~tion.~' Chlorination of 102 followed by 
oxidation with m-CPBA, and treatment of the resulting chloro-sulfone with potassium I- 
butoxide, provided symmetrical olefin 103. 
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1. 1 eq. NCS, CC14, 90 OC, 15 rnin 
2. 3 eq. mCPBA, 6 eq. NaHC03, CH2C12, rt, 3 h 

* TBDPSO 
3 . 4  eq. KOt-BU, THF, -78 OC, 2 h ,  78% 

H i  

0 1 0  KOH/AI2O3, CF2Br2 *a$ 
t-BuOH, CH2CI,,5 OC to rt 

qH 
R2 R3 26-84% 

R1 
0 2 s .  

104 105 

In a synthesis of exo-olefinated deoxoartemisinin, the Chan modification was 
applied to convert sulfone 104 to exo-olefin 105.58 

Hart assembled olefin 109 convergently from benzyl bromide 106 by taking 
advantage of the Ramberg-Backlund rea~tion.~' As depicted below, the sN2 
displacement of benzyl bromide 106 with thiol 107 led to sulfide 108. Oxidation of 108 
to the sulfone, followed by the Myers modification delivered alkene 109, an intermediate 
for the synthesis of C-aryl glycosides related to chrysomycins. 

\ OMe 
Br 

OMe OTs 

106 

S 

DBU, PhH, 83% * $$ 
OMe OTs 

108 



Chapter 4 Oletination 40 1 

1. rn-CPBA, 94% & 
* 

2. KOH, CC14,t -BuOH, 69% 
\ /  

OMe OTs 

109 

Trost left the key operation at the end of his route to (+)-solamin, a natural 
product with a range of activities such as cytotoxicity, antimalarial and 
immunosuppressant activities. Applying the Myers modification, sulfone 110 was 
converted to butenolide diol 111 in good yield after desillylation.60 

1 .  t-BuOK, t-BuOH 
CCI4, rt, 65% - 

2. TsOH, H20, EtOH 
rt, 95% 

110 

HO 

Ill 

The trophy probably should go to Boeckman for his exploit in the total synthesis 
of (+)-eremantholide using the Ramberg-Backlund reaction as the final key operation.6' 
Treatment of di-halide 112 with TMS2S/NaOMe led to the required 10-membered-ring 
sulfide 113 in 45-50% yield. After that, the Ramberg-BLcklund reaction was employed 
to effect the crucial ring contraction of 113. Sequential treatment of 113 with 6 N HCl, 
oxone, and Amberlyst-15 resin afforded the sulfone enol ether, which was exposed to 
LiHMDS and C1$2CC13 to provide a single diastereomeric chloro-sulfone 114 in 57% 
yield. Treatment of 114 with potassium t-butoxide in DME/HMPA at 70 OC led to an 
82% yield of the olefin, which was treated with 6 N HCVTHF to deliver (+)- 
eremantholide (115) in 85% yield. 
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I 3 1 eq. TMS2S, 2 eq. NaOMe ~ !$ 
Br 

THF (3 x M), 0 OC, 4 h 0 

\ o  45-50% \ o  

112 113 

1. 6 N HCllTHF (l:lO, v/v), rt, 4 h 
2 . 4  eq. oxone, MeOH/H20, rt, 6 h 

3. Amberlyst-15, 3 A MS, CH2C12, rt, 4 
4. 1.1 eq. LIHMDS, THF, -78 OC, 10 min 

then C2cl6, 57% CI 

114 

I ,  2.2 eq. KOt-Bu, 10 eq. HMPA 
DME, 70 O C ,  5 min, 82% 

) ! x x o  
2. 6 N HCIlTHF (l:lO, v/v), rt, 4 h, 85% 

115 

4.6.6 Experimental 
A quick perusal of current literature revealed that the Chan modification of the Ramberg- 
Backlund reaction seems to be more prevalent than the Myers modification in the latest 
publications. 

4.6.6.1 The Chan modification 

KOH/AI2O3, CF2Br2 
SiMea P h w  S-SiMe, * Ph- 

0 2  CH2C12, 87% 
99 98 
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Preparation of (lE~E,SE,7E)-l-phenyI-8-trimethylsilyl-l,3,5,7-octatetraene (99)” 
The sulfone 98 (1 mmol) was added to a stirred suspension of alumina-supported KOH 
(10 mmol of KOH) in CF2Br2/CH2C12 (1:lO 10 mL) at 0 OC. The mixture was then stirred 
for 2 h. The reaction mixture was filtered through a pad of Celite and the filtered cake 
was washed thoroughly with CH2C12. The filtrate was concentrated in vacua to give the 
crude octatetraene 99. Flash chromatography over silica gel (hexane) afforded the 
1,3,5,7-octatetraene 99 as a yellow oil (87%, Found: C, 80.02; H, 8.53. C17H22Si requires 
C, 80.25, H, 8.71). 

4.6.6.2 The Myers modijication 

KOH, CC4 

HOt-BulH20 * M e O ~ ~ N ~ O M e  - 
rt, 2 h, 90% 

M e O a N b o M e  

O2 116 117 

Preparation of (+)-( 1S,2R,3R,4R)-2,3-diazido-1,4-dimethoxycyclohex-5-ene (1 1 7)40 

To 0.20 g (0.70 mmol) of 116, CC14 (2.9 mL), t-BuOH (1.9 mL) and H2O (0.3 mL) were 
added under N2. After complete dissolution of 116, 1.94 g of finely powdered KOH were 
added and a vigorous stirring was continued for 2 h. Finally, H2O was added and the 
reaction mixture was extracted with CHzClz giving 0.14 g (0.60 mmol, 90%) of 117 as 
yellow oil. It was purified by flash chromatography (Si02; CHzClz/light petroleum 3: 1). 

4.6.7 
I .  
2. 
3. 
4. 
5 .  

6. 
7. 
8. 
9. 
10. 
11.  
12. 

13. 
14. 
15. 
16. 
17. 
18. 
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4.7 Shapiro Reaction 

4.7.1 Description 
The Shapiro reaction ’ is the conversion of arylsulfonylhydrazones to alkenes via 
treatment with alkyllithium reagents or alkali metal a m i d e ~ . ~ ’ ~ ’ ~ ’ ~  The reactions proceed 
via alkenyllithium intermediates, which can be transformed to the alkene upon 
protonation or can be captured with other electrophilic reagents. For example, the 
tosylhydrazone 1 derived from 2-methylcyclohexanone was converted to 3- 
methylcyclohexene (2) in 98% yield upon treatment with two equivalents of 
butyllithium.’ 

NNHTs I. 2 equiv n-BuLi 

2. H20 

98% 2 
b 1 

4.7.2 Historical Perspective 
The base-mediated conversion of arylsulfonylhydrazones to alkenes was first observed by 
Bamford and Stevens in 1952.6 In a representative transformation, tosylhydrazone 3 was 
converted to cyclohexene (4) in quantitative yield after refluxing for 90 minutes in an 
alkoxide solution derived from dissolution of sodium in ethylene glycol. These reactions 
are believed to proceed via intermediate diazo compounds, which are transformed to 
alkenes by thermal elimination processes. 

TsHN, 

-0 Na 

ethylene glycol 
197 “C 
100% 

4 e 3 

In 1967 a significant extension of this chemistry was developed by Shapiro, who 
reported that treatment of sulfonylhydrazones with methyllithium or n-butyllithium at 
room temperature leads to the formation of vinyllithium reagents.’ Subsequent studies by 
Shapiro and others led to widespread use of this transformation. 

4.7.3 Mechanism 
The mechanism of the Shapiro reaction is believed to involve initial deprotonation of the 
NH proton fiom tosylhydrazone 5 to generate 6, which undergoes a second deprotonation 
adjacent to the hydrazone group to afford dianion 7. Elimination of lithium p-toluene- 
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sulfinate from 7 provides 8, which yields vinyllithium species 9 upon loss of N2.24 
Evidence in support of this mechanism has been obtained through deuterium labeling 
experiments that indicate one a-hydrogen (deuterium) atom is lost in the transformation,’ 
and through trapping of the intermediate dianion with various electrophile~.~” 

H ti ti 
S02Ar fi *rO2Ar 

‘7 Li - b  n-BuLi 6. 5 * 8. 6 7 

S02Ar 

n-BuLi 

8 9 

4.7.4 Regiochemistry and Aikene Stereochem’stry 
In most cases the regiochemistry of the Shapiro reaction is controlled by steric factors, 
with the second metalation occurring at the less-substituted a-carbon atom of the 
hydrazone.24 For example, a-methyl ketone 10 was transformed to disubstituted alkene 
11 in 69% yield as a sin le re ioisomer via conversion to a tosylhydrazone followed by 
treatment with n-BuLi. However, the regiochemical outcome of Shapiro reactions 
involving a,&unsaturated hydrazones is difficult to predict in the absence of data 
obtained from reactions of structurally related substrates, as the second metalation can 
occur at either the a’- or y-position. 

4 g  

OTBDPS 1. TsNHNH2, MeOH, THF ’& BDPS 

OMe 3. aqueous workup 0 OMe 
2. n-BuLi, THF, -78 ‘C -> rt 

- 
: k  

11 69% 10 

Most Shapiro reactions of acyclic sulfonylhydrazones or cyclic sulfonylhydra- 
zones derived from larger rings proceed with selectivity for the formation of the E- 
vinyllithium reagent. For example, the trisylhydrazone generated from 4-heptanone (12) 
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was converted exclusively to E-alkene 14 through sequential treatment with n- 
BuLimMEDA followed by chlorotrimethylsilane. This selectivity is likely due to 
chelation between the alkyllithium base and the metalated hydrazine nitrogen atom, 
which facilitates deprotonation on the adjacent side of the molecule with the bulky 
substituent position away from the hydrazine (e.g., 13). However, branching at the 
hydrazone a-carbon typically leads to diminished selectivities." 

TMS 
I 

4.7.5 Variations and Improvements 
The conditions originally employed for the Shapiro reaction involved treatment of the 
sulfonylhydrazone derivative with an alkyllithium reagent in hexane or ether solvent. 
Although these conditions are quite effective for the conversion of sulfonylhydrazones to 
alkenes (e.g., 142), efforts to capture the intermediate vinyllithium reagent with 
electrophiles other than Ht are often met with limited success due to competing 
deprotonation of the solvent or the sulfonyl aryl group by the basic vinyllithium species. 
For example, treatment of 15a with >2 equiv of n-BuLi in hexane followed by quenching 
with D20 provided 16 in quantitative yield but with only -10% deuterium incorporation. 
A solution to this problem was developed independently by Shapiro and Bond that 
employs TMEDA (tetramethylethylenediamine) as an additive for Shapiro reactions?," 
As shown below, use of TMEDA (4.0 equiv) as a cosolvent led to the conversion of 15b 
to 16 in quantitative yield with 95% deuterium incorporation. 

15b: Ar Ph Additive = none: 100% yield, 10% D-incorporation (from 15a) 
Additive = TMEDA: 100% yield, 95% D-incorporation (from 15b) 

As mentioned above, one significant problem with the use of phenyl- or 
tosylhydrazones in the Shapiro reaction is competing deprotonation of an ortho-position 
on the aromatic ring. This side reaction often leads to diminished yields andor the 
requirement for 23 equivalents of the alkyllithium base. This problem has been addressed 
through the use of trisylhydrazones (trisyl = 2,4,6-triisopropylphenyl), which do not 
contain aromatic protons that are easily metalated." For example, trisylhydrazone 15c 
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was converted to a,@-unsaturated aldehyde 17 in 61% yield via treatment with s-BuLi 
followed by quenching with DMF,” whereas the analogous reaction of tosylhydrazone 
15a conducted with added TMEDA provided a very low yield (10%) of 17.’* 

I5c: Ar =Tris From 15a: 10% yield (TMEDA additive) 
From 15c: 61% yield (no additive) 

The two modifications described above have allowed for the efficient capture of 
vinyllithium intermediates generated in Shapiro reactions with a wide variety of 
electrophiles. For example, the alkyllithium reagent 20 prepared from treatment of 
trisylhydrazone 18 with n-BuLi was effectively trapped with benzaldehyde (62% yield, 
21), 1 -bromobutane (58% yield, 22), and bromine from 1,2-dibromoethane (43% yield, 
23).” Similarly, formation of 20 from tosylhydrazone 19 followed by trapping with C02 
afforded 24 (52% yield). The reaction of intermediate 20 (generated from 19) with 
cyclohexenone provided 25, the product of 1,2-addition, in 61% yield.13 

n-BuLi 
N 

TrisNH, 

Ac6H13\\ 18 

TsNH,~ n-BuLi 
TMEDA /” 

AC6H13 19 

/,-- Bu 
22 

Ac6H 1 3 

24 
52% 

\cyclohexenone Y H  
25 

61% 
%HI3 

The Shapiro reaction has also been used to convert sulfonylhydrazones into 
alkenylstannanes or alkenylboronic acids, which have been employed in Pd-catalyzed 
Stille or Suzuki coupling reactions. 1 4 , ’ ’  For example, Keay has described a one-pot 
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procedure for the conversion of trisylhydrazone 26 to alkene 27 via sequential treatment 
with n-BuLi followed by B(Oi-Pr)s. Exchange of the hexane solvent for toluene followed 
by addition of a palladium catalyst, Na2CO3, and 3-bromonitrobenzene afforded 27 in 
55% yield. 

- .& 1. n-BuLi, TMEDA, hexanes 

2. B(Oi-Pr)3 

3. Remove hexanes, add toluene 
4. cat. Pd(OAc)2, PPh3 

NHTris 
NO2 Na2C03, 3-bromonitrobenzene 27 

(3r, 26 

55% 

The dianion generated through treatment of a sulfonylhydrazone can be alkylated 
at the a-position to yield more highly substituted  derivative^,^ which undergo Shapiro 
reaction upon treatment with an additional equivalent of base.16 This protocol allows for 
the construction of alkenes that derive from deprotonation at the more hindered position, 
as the monoanion is configurationally stable at low temperature and the deprotonation 
occurs on the methylene adjacent to the sulfonyl group. For example, treatment of 28 
with s-BuLi followed by addition of pentyl iodide generates intermediate 29, which is 
converted to alcohol 30 in 52% overall yield through a second deprotonation followed by 
Shapiro reaction.I6 A variety of electrophiles can be used in the second step, including 
iodine and alkyl 

- 
,NHTris 1. s-BuLi 

1. s-BuLi 

2. C5Hlll * [&::Il] 2. HCHO 
52% 

A 
28 

The a-alkylation of sulfonylhydrazone dianions with disulfides followed by 
Shapiro reaction has been used to effect the 1,2-transposition of carbonyl  group^.'^,^^ As 
shown below, treatment of tosylhydrazone 31 with n-BuLiRMEDA followed by addition 
of dimethyl disulfide and deprotonation with an additional equivalent of n-BuLi provided 
vinylsulfide 32.’’ Exposure of this compound to mercuric chloride in hot aqueous 
acetonitrile provided ketone 33 in 75% overall yield. 
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1 .-n BuLi, TMEDA 
2. MeSSMe 
3. n-BuLi 
4. aqueous workup 

92% 
Me Me 

33 32 
Me 
31 

5 mol% LDA 

93% yield 
34 s99:l Z:E 35 

i-Pr2N-H 

- styrene 

i-Pr2N-Li 

- N2 

As noted above, the classical Shapiro reaction requires the use of 22 equiv of base 
to effect the conversion of an arylsulfonylhydrazone to an alkene. However, in recent 
work Yamamoto has described a catalytic version of the Shapiro reaction that employs 
aziridinyl hydrazones and is effective with only 5-30 mol% of added base.2' As shown 
above, treatment of hydrazone 34 with 5 mol% of LDA affords a 93% isolated yield of 
35 with >99: 1 stereoselectivity. This reaction is believed to proceed via metalation of 34 
with LDA to yield 36. This intermediate decomposes with loss of styrene and nitrogen to 
provide vinyllithium reagent 37, which is protonated by diisopropylamine, regenerating 
the LDA base. Unfortunately this method is not amenable to the capture of the 
intermediate vinyllithium species with electrophiles. 

4.7.6 Synthetic Utility 
The Shapiro reaction has frequently been employed in the construction of complex 
molecules. A few recent applications of this method to the synthesis of natural products 
are described below. 

The conversion of ketone 38 to alkene 40 in the context of Winterfeldt's synthesis 
of (-)-myltaylenol was accomplished in two steps using classical conditions for the 
Shapiro reaction.22 The tosylhydrazone 39 was generated cleanly from 38 in near 
quantitative (98%) yield. Treatment of 39 with excess n-BuLi provided 40 in 90% yield. 
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-+ n-BuLi 

HO 

H~NNHTs c & ~. 

H 
38 - 39 ‘NHTS 40 

A synthetic route that provides rapid access to the tetracyclic core of ingenol was 
recently described by Cha in which a Shapiro reaction is used for the construction of a 
key C-C bond.23 As shown below, treatment of trisylhydrazone 41 with two equivalents 
of t-BuLi followed by addition of hindered ketone 42 provided allylic alcohol 43 in 75- 
88% yield. The carbonyl addition occurred with high diastereoselectivity for approach of 
the nucleophile from the less hindered face. Alcohol 43 was converted to the tetracyclic 
core of the natural product (44) via a 7-step sequence. 

41 

1. t-BuLi 

42 \OTBS 
43 .. 

75-88% 

w 44 

The Shapiro reaction has also been employed as a key step in Sorensen’s 
synthesis of (-)-hi~pidospermidin.*~ As shown below, Shapiro reaction of 45 followed by 
transmetalation to Mg and trapping with pyruvate derivative 46 provided 47 in 55% yield 
as a single diastereomer. 

F;JHTris 
1. n-BuLi 

2. MgBr2*OEt2 

Me 

55% yield 

Me 
47 

6 3. 0 

Me yzb 46 onediastereomer 
45 

Me 

Several approaches to the synthesis of taxol and the taxane skeleton have 
employed Shapiro  reaction^.^' An interesting route to the taxol A-ring that illustrates the 
utility of dianion fbnctionalization prior to alkene generation was recently described by 
K0skinen.2’~ As shown below, treatment of tosylhydrazone 48 with 2.2 equiv of n-BuLi 
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followed by sequential addition of methyl iodide, another 4 equiv of n-BuLi, and 
paraformaldehyde provided allylic alcohol 49 in 62% yield. 

1.-n BuLi 
2. Me1 

3.-n BuLi 
4. paraformaldehyde 

62% 
48 49 

4.7.7 Experimental 

N, NHTris O Y H  
1. n-BuLi, TMEDA 

2. DMF 
51 

U 
50 

3-Met hylcyclohexene-2-carboxaldehyde ( 5  1)' ' 
A solution of s-BuLi in hexanes (48.7 mL, 53.6 mmol, 1.1 m in hexanes) was slowly 
added to a solution of 50 (10.0 g, 25.5 mmol) in hexanes/TMEDA (100 mL, 5050 v:v) at 
-78 "C. The resulting mixture was then warmed to 0 "C and stirred until nitrogen 
evolution had ceased. Neat NN-dimethylformamide (2.05 g, 28.0 mmol) was added and 
the mixture was warmed to room temperature and stirred for 1 h. The resulting mixture 
was poured into water, transferred to a separatory funnel, and the layers were separated. 
The aqueous phase was extracted with ether, the combined organic phases were extracted 
with water until neutral (to remove excess TMEDA), and then dried over anhydrous 
MgS04, filtered, and concentrated in vacuo. The crude product was purified by 
distillation to afford 1.99 g (63%) of the title compound as a colorless oil, bp 88-90 "C 
(26 Torr). 

4.7.8 

1 
2 
3 
4 
5 

6 
7 

8 
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4.8 Zaitsev Elimination 

4.8.1 Description 
The Zaitsev elimination’ may also be known by the spelling of Saytzeff. The Zaitsev 
elimination reaction is the formation of an alkene by the dehydrohalogenation of an alkyl 
halide or the dehydration of an alcohol. Zaitsev’s rule states that the alkene formed in 
greatest amount is the one that corresponds to removal of the hydrogen from the P-carbon 
having the fewest hydrogen substituents. Another way to state it that is in elimination 
reactions, the major reaction product is the alkene with the more highly substituted (more 
stable) double bond. This most-substituted alkene is also the most stable. The original 
report was about the regioselectivity of the P-elimination reactions of alkylhalides and 
was expanded to include the p-elimination from alcohols. 

1 

H3cHcH3 + CH3CH2 ”kH H 
H CH3 

Zaitsev product 

2 3 

4.8.2 Historical Perspective 
The Zaitsev elimination, first reported in 1875 by the Russian chemist Alexander Zaitsev 
(1841-1910), was published in Justus Liebigs Annalen der Chemie and the German 
spelling of his name, Saytzeff, was used.’ Several historical accounts of Alexander 
Zaitsev have been reported.’ The olefin forming E2 elimination has been re~iewed.~  

Zaitsev first studied chemistry at the University of Kazan under Aleksandr 
Butlerov and earned his diploma degree in 1862; he studied in Western Europe under 
Hermann Kolbe and Charles Wurtz.’ Zaitsev earned his Ph.D. degree in 1866 from the 
University of Leipzig under Kolbe.’ 

He returned to the University of Kazan and published his paper on the formation 
of alkenes from alcohols in Justus Liebigs Annalen der Chemie in 1875.’ It is in this 
paper that the generalization that became known as Zaitsev’s rule was first published, and 
led to his lasting fame in sophomore organic chemistry. “The alkene formed in greatest 
amount is the one that corresponds to removal of the hydrogen from the P-carbon having 
the fewest hydrogen substituents.”’ The dehydrohalogenation of alkylhalides to form 
olefins was reported by Zaitsev in 1875; the reaction was latter expanded to include p- 
elimination of alkyl halides and alcohols to form alkenes.’ 
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4.8.3 Mechanism 
The P-hydride elimination reactions can be classified into three distinct mechanisms 
which are the E2, El ,  and Elcb mechanisms3 

The E2 mechanism involves a bimolecular transition state in which removal of a 
proton that is p to the leaving group is concerted with the departure of the leaving group.3 

B: 7 

trans J 
anti periplanar 

4 5 6 

4 

X 

Alternatively, if the dihedral angle is zero degrees (eclipsed X and H) the 
elimination can also take place.3 

7 8 

The eclipsed conformation is 3.0-3.3 kcal/mol higher in E, so the elimination 
takes place primarily through the rmns antiperiplanar arrangement. 

The E l  mechanism is the unimolecular ionization of the reactant and elimination 
is completed by the removal of the b proton. When A and E are large groups the major 
product will have the trans ~rientat ion.~ 

n 

9 10 
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The Elcb like the El  mechanism involves two steps but the order is reversed. 
Proton abstraction precedes expulsion of the leaving 

11 12 

An example of the Zaitsev elimination is the formation of pentene fiom 2- 
bromopentane. A mixture of pentene isomers are produced.435 

- CzHkH + CzH%cH3 H H  + 

H3C,,, - HBr 
c z ~ v /  Br 

H " t i  H CH3 
51 % 18% 31 % 

13 
Zaitsev products 

14 15 16 

The syn-elimination transition states are very much destabilized relative to the 
anti-elimination transition. In the anti-elimination the conformation that leads to the 
trans product is more stable that the cis by approximately 1 kcal/mol and the trans 
product is formed to a greater extent. 

AE = 0.9 kcallmol 17 18 

6 kca' EtONa 

E;*;e H B r a H  51% Me 

c* Br 

H" 
trans 

20 19 
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The least substituted product or anti-Zaitsev product is also formed. The 
mechanism is shown below.3 

51 % 

21 22 

4.8.4 Variations and Improvements 
The Zaitsev elimination reaction is commonly used in organic synthesis and since it has 
been known for over 130 years many examples are known in the literature. 

The formation of olefins from acyclic alcohols or alkyl halides often results in a 
mixture of olefin stereoisomers. When cyclic halides or alcohols are substrates a more 
controlled mixture of products is observed. 

The dehydrohalogenation of alkyl halides is a very general reaction and can be 
accomplished with chlorides, bromides, and iodides. Fluorides generally undergo a 
Hoffman elimination. The order of leaving group reactivity is I > Br > C1 > F. Hot 
alcoholic KOH is the most frequently used base6, though stronger bases (OR-, NH2-, etc.) 
can be used' or weaker bases (amines) ma be used*. The bicyclic amidines (DBU or 
DBN) are good reagents for difficult cases!" Dehydrohalogenation using the non-ionic 
phosaphazine bases is even faster." Phase transfer catalysts with -OH have been used." 
As previously mentioned certain weak bases in dipolar aprotic solvents are effective 
reagents for dehydrohalogenation. Among the most often used for synthetic purposes are 
LiCI, LiBr, or Li2CO3 in DMF.13 Dehydrohalogenation has also been effected by heating 
of the alkyl halide in HMPA with no other reagent pre~ent . '~  

Dehydration of alcohols can be accomplished in several ways6 Both sulphuric 
acid and phosphoric acid are common regents, but in many cases these reagents lead to 
rearrangement or ether formation. If the alcohol can be evaporated, vapour phase 
elimination over A1203 is an excellent method since side reactions are greatly reduced. 
Many other dehydrating agents have been used on occasion: PzOS, 12, ZnClz, Ph3BiBr~A2, 
BF3-etherate, DMSO, KHS04, anhydrous CuSO4, and phthalic anhydride among others. 
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Secondary and tertiary alcohols can also be dehydrated without rearrangement simply by 
refluxing in HMPA. Nearly all of these reagents follow Zaitsev's rule. 

4.8.5 Synthetic Utility 

4.8.5.1 Dehydrohalogenation of acyclic halides 
2-Pentene can be prepared by the action of alcoholic potash on 2-iodopentane15 or 2- 
bromopentane16 by dehydration of 2-pentanol" or 3-pentanoli8 by pyrolysis of the 
acetate of 3-pentan01.'~ The potassium ethoxide mediated dehydrobromination of 2- 
bromopentane (23) yields a mixture of products. The 1-pentene (26) is formed in 3 1 % 
while the trans isomer (24) and cis isomer (25) of 2-pentene are formed in 5 1% and 18%, 
respectively. 

23 24 25 26 

4.8.5.2 
In 1994, Ito et al. utilized a Zaitsev elimination in the synthesis of 28.20 The reaction 
utilized the base KOH to accomplish a double elimination of bromide from 27 to form 
diene 28. 

Synthesis of strained ring systems 

F 3 c ~ ~  
OH 
P O  

KOH 

EtOH, H20 

27 28 

4.8.5.3 Synthesis of valuable intermediates 
Fuchs recently reported an economical and environmentally friendly syntheses of 2- 
(phenylsulfonyl)-1,3-~yclohexadiene (30) and 2-(phenylsulfonyl)-1,3-cycloheptadienes.2' 
These compounds are valuable intermediates to several groups of researchers. 
Dehydrobromination of intermediate 29 was accomplished by Hunig's base and 5 mol% 
Pd catalyst in acetonitrile to yield 2-(phenylsulfonyl)- 1,3-~yclohexadiene (30). 
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S02Ph SOpPh 

-0 
CPr2NEt, MeCN 

Pd(PPh& 100% 

30 
“‘-4 

29 

Practical synthesis of enantiopure spiro[4.4]nonane C-(2’-deoxy) ribonucleosides 
was accomplished using a LiBrLizCOs mediated dehydrobromination of intermediate 
31.” 

LiBr, ~ i 2 ~ 0 3  TBsQ 

DMF, 120 OC Br 
80% 

31 32 

4.8.5.4 Natural product synthesis 
Tadano et al. utilized a Zaitsev elimination in the synthesis of ( i ) -myc~epoxydiene.~~ 
The vicinal dibromo adduct 33, as a diastereomeric mixture to potassium t-butoxide, 
provided a 9-oxabicyclo [4.2.l]nona-2,4-diene derivative 34 in a 58% yield. 

B r m e ~ ~ ~ ~ p ~  t-BuOK, t-BuOH 

Br 
75 OC, 58% 

33 34 

Corey et al. utilized a Zaitsev elimination in the synthesis of (*)- 
myc~epoxydiene.’~ The vicinal dibromo adduct 35, as a diastereomeric mixture to 
potassium t-butoxide, provided a 9-oxabicyclo [4.2.1]nona-2,4-diene derivative 36 in a 
35% yield. 

DBU; benzene 2 tOzCH3 reflux; 35% 2 h - ($02CH3 \ \  

CH3 

92-94% ee 
CH3 

\ \  

35 36 
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In 2005 Nicolaou et al. in the synthesis of thiostrepton utilized reaction of 37 and 
DBU at ambient temperature to form allylic epoxide 38 in 96% yield.25 Meoy DBU * M e O Y  

rt, 96% / /  

M~ OTBS M~ OTBS 

37 38 

4.8.6 Experimental 

b 
t-BuOK, DMSO 

88% Br 
39 40 

3,3-Dirnethylcyclobut-l-ene (40)26 
1 -Bromo-3,3-dimethylcyclobutane (39) (49.3 g, 302 mmol) was added in one portion to a 
stirred solution of t-BuOK (52 g, 463 mmol) in anhydrous DMSO (460 mL), kept at 
20 "C (cold water bath) under nitrogen. The mixture was stirred at ambient temperature 
for 20 min, the volatile material was bulb to-bulb-distilled (T bath 50 "C/20 Torr) into a 
-78 "C (dry ice/acetone bath) cold, pointed-bottom Schlenk flask. After the distillation 
was complete, the crude product was transferred by cannula from the cooled collecting 
flask into a separating funnel, washed with water (2 x 20 mL), brine (10 mL), and placed 
in a storage bottle containing a small amount of BHT (ca. 10 mg) and molecular sieves (4 
A) (ca. 1 g). The colorless liquid weighed 21.9 g (88%). It was pure 3,3- 
dimethylcyclobut-1 -ene (40) according to its 'H NMR spectrum. 

4.8.7 
1. 
2. 
3. 

4. 
5. 
6. 
I. 
8. 
9. 
10. 
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5.1 Fukuyama Amine Synthesis 

5.1.1 Desciption 
The Fukuyama amine synthesis represents a general protecting group strategy for the 
formation of a wide variety of secondary amines (5) including differentially protected 
primary amines."' It utilizes a nitro sulfonamide (3a-c), often abbreviated as Ns or nosyl, 
to protect a primary amine 1. This sulfonamide is easily formed by reaction between any 
primary amine 1 and sulfonyl chloride 2a-c to give 3a-c. Alternatively, the parent 
(unsubstituted) sulfonamide can be alkylated with any alkyl halide to give 3a-c. This Ns 
protected amine (3a-c) cleanly undergoes alkylation with any alcohol activated by 
DEAD (diethylazodicarboxylate) and PPhs to give 4a-c. 

SOZCl 

R-NH2 1 + bX 
Y 

pyr. or 
lutidine 

~ R-NHNs 
l a :  X=N02, Y=H 3a-c 
2b: X=H, Y=NOz 
2 ~ :  X,Y=NOz 

R'-OH 
DEADIPPh, 

or 
R'-X, K2C03 

DMF 

HSCH2C02H or PhSH 
Ns with base (2a-c) H 

R,N. R' C R"-R' 

5 4a-c O r  n-PrNH2 ( 2 ~ )  

The major advantage of this method is apparent during nosylate removal. Thiols, 
such as thiophenol or HSCH~COZH, remove the nosyl group in the presence of a base.3 
Using HSCHzCOzH and Et3N to deprotect the nosyl group is advantageous in that the 
nitrophenylthioacetic acid that is generated may be easily removed with an aqueous base 
wash during workup. The nosyl protecting group is ideal for secondary amine synthesis 
in that it is orthogonal to most other common protecting groups. It is also quite stable to 
acidic (1 0 equiv HCI in MeOH at 60 OC for 4 hours) and basic (10 equiv NaOH in MeOH 
at 60 "C for 4 hours) conditions. In general, 2,4-dinitro-benzenesulfonamide (4c) is much 
more easily installed and removed, as even excess n-PrNH2 may serve to deprotect the 
secondary amine. Mono-nitrobenzenesulfonamides (4a-b) typically require PhSH and 
KzC03 in DMF at room temperature for removal. From a commercial perspective, the 
mono-nitrobenzenesolfonamides are less expensive and more readily available on scale. 
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5.1.2 Historical Perspective 
The ubiquitous role of amines in both nature and in a vast variety of biologically 
important synthetic molecules gives this functionality a place of special prominence and 
interest in organic chemistry. Therefore, much effort and attention has been exerted 
toward developing methods for the selective synthesis of primary, secondary, and tertiary 
amines. In particular, the selective synthesis of secondary amines and orthogonally 
protected primary amines is quite important as these are often featured as valuable 
synthetic  intermediate^.^ 

Outlined below is a brief summary of these efforts along with their limitations. 
The traditional method of amine synthesis is simple alkylation of a primary amine with 
either an alkyl halide or activated alcohol (LG = leaving group). Although this method 
appears simple, the formation of over-alkylated products, such as tertiary and quaternary 
amines limits this method’s utility to the synthesis of either “bulky” secondary amine 
products, or electronically deactivated ones. Another well established methodology is 
reductive amination of an aldehyde. While this procedure is quite efficient and general, it 
can in certain instances suffer from the formation of unwanted tertiary amines if the 
secondary amine product is sufficiently nucleophilic to undergo reaction with another 
equivalent of aldehyde. The metal hydride reductant employed may also not be 
compatible with other functionalities present in the molecule, such as electron deficient 
olefins and esters. Amide reduction is another option for forming secondary amines, but 
it too suffers from very harsh reducing conditions (LiAlK, i-BuzAlH, or borane). A 
modern, palladium-catalyzed means of forming aryl amines has been intensively 
investigated by the groups of Buchwald and Hartwig.6 Palladium complexes catalyze the 
reaction between aryl sulfonates and halides with a wide variety of amines to give 
substituted anilines under exceedingly mild conditions. This procedure is limited to sp2 
carbon atoms in the electrophile and is therefore of limited use in forming purely 
aliphatic secondary amines. 

harsh conditions alkylation or 
condensation 

0 
I ’  

reductions H 
*‘* reductive 

R - N H ~  aminations - RXN. R’ R’AN,~ 
H + R’-CHO 

Pd(0) catalyzed 
arylation, allylations - ~ 

R’-X limited R-NHP+ R’-X 
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Given the limitations described above, a selective and reliable secondary amine 
synthesis with broad applicability and functional group tolerance requires a protecting 
group strategy. This approach would first introduce a protecting group on a primary 
amine or treat a protected ammonia derivative with an electrophile. This protected 
primary amine would then react with another electrophile, such as an alkyl halide or 
activated alcohol, giving a protected secondary amine which can be easily deprotected. 
Central to this method is the appropriate choice of protecting group. It should prevent 
over-alkylation but still allow the amine to be nucleophilic enough to react with one 
equivalent of the electrophile. Ideally, it should be orthogonal to common amine 
protecting groups like carbamates, benzyl, and ally1 as this would provide access to 
differentially protected primary amines and allow for other sensitive protecting groups in 
the molecule to survive. 

@ R‘-LG 63 

This strategy was first realized by S. M. Weinreb and co-workers when they 
showed that a variety tosyl (tosyl = p-toluenesulfonyl) protected primary amines 6 could 
react with alkyl alcohols under Mitsunobu conditions to give the tosylated secondary 
amine 7.’ In addition, they showed that BocNH(Ts) amines (6)  may also react to give the 
differentially protected primary amine 7. They also demonstrated ring closures using the 
Mitsunobu conditions on an N-tosyl amino alcohols. The drawback to this reported 
methodology is that the tosyl group is removed under strong reducing conditions with 
sodium naphthalenide to give 5.8 

S. M. Weinreb et. at. 

R’-oH T” NaNp 41-80Oh - RON. 
R”-Rl R’ overall 

R-NHTs - 
7 5 

6 DEAD 
PPhz R = alkyl 

or Boc 

An improvement with regard to protecting group was later made by T. Tsunoda 
and co-workers.’ They employed a trifluoroacetamide protecting group (8) and showed 
that it too can be alkylated with an alcohol 9 under modified Mitsunobu conditions with 
TMAD (N,N,N‘,N’-tetramethylazodicarboxamide) and n-Bu3P. The trifluoroacetamide 
group of 10 is easily removed with 1 M NaOH (aq.) in methanol at ambient temperatures 
to give amine 11. The more basic Mitsunobu conditions are required as the pK, of the 



Chapter 5. Amine Synthesis 421 

trifluoroacetamide is - 13.6 versus the more acidic tosylated analog (TsNHMe) with a 
pK, of - 11.7. 

T. Tsunoda et al. 

F3CKNAPh - F3C KN4Ph HN-Ph 

9 
0 

1M NaOH 
0 -OH 

8 H  TMADln-Bu3P 10 MeOH 11 

5.1.3 Mechanism 
Based on the aforementioned examples, it is the facile removal of the nosyl protecting 
group developed by Fukuyama that makes this methodology useful. Treatment of a nosyl 
protected amine with a variety of thiols, or other nucleophiles, gives the Meisenheimer 
complex 12. Upon loss of S02, this generates the desired secondary amine 5 along with a 
thioether 13a-c which must be removed. 

5.1.4 Synthetic Utility 

5.1.4.1 Preparation of secondary and differentially protected primary amines 
This protocol appears to be fairly general for the reaction of any nosylated amine and 
alcohol.2 Fukuyama showed that this methodology could be used to generate 
differentially protected primary amines b reaction with various alkyl and aryl alcohols 
under the standard Mitsunobu conditions.' This generates PMB, Ph, Bn, Boc, Alloc, and 
Cbz protected amines 5 after removal of the Ns group with a thiol. As with most 
Mitsunobu reactions, this alcohol (14) displacement by the nosylate goes with complete 
inversion of configuration regardless of the substituents on the nosylate. Chiral alcohol 
15 is cleanly inverted to give protected amines 16 without any loss of enantiopurity. 

R-NHNs RSH R'L~.R R = alkyl, aryl 
H 
5 

R = PMB, Ph, Bn, BOC 
Alloc, or Cbz 

R-OH - - 
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i R-NHNs RSH 

E ~ O ~ C ~ O H  DEAD Et02C 
-- 

H 
PPh3 16 15 

R = PMB, Boc, Alloc, or Cbz 

Furthermore, Fukuyama has shown that the order of deprotection of these 
differentially protected primary amines is irrelevant. The nosylate 4 may be removed first 
with a thiol followed by acidic removal or hydrogenolysis of the second protecting group 
giving 17. The reverse order works equally well with acidic or hydrogenative removal of 
the first protecting group of 4 followed by denosylation with thiol to give 17. 

HZ/Pd(O) 

R = Boc, Alloc, or Cbz 

NHZ 
,R Acid R\yH - RSH R \  

R'\N - 
4 Or 18 NS 17 

HZ/Pd (0) 

5. I .  4.2 Preparation of nitrogen heterocycles 
The Fukuyama m i n e  synthesis can also be performed on nosylated amino alcohols in an 
intramolecular sense and thus represents a powerful means of macrocyclization." His 
group has shown that halo alcohols 19 can react with sulfonamide 20 under Mitsunobu 
conditions to give nosylated amino halide 21. This is then cleanly alkylated with Cs2C03 
giving Ns-protected nitrogen macrocycles 22. Interestingly, the order of reaction with 
halo alcohols 19 can be reversed by first reaction with NsNHBoc (23) and K2CO3. 
Removal of the Boc moiety then gives nosylated amino alcohols 24. The ring closure is 
then accomplished with DEADPPh3 giving 22. 

for n = 1-3 67-74% 6246% 
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1. NS-NHBOC 23 

2. TFA 
19 24 

for n = 1-3 6245% 5742% 

5.1.4.3 Application to total synthesis 
The Fukuyama amine synthesis has seen wide application in the context of natural 
product synthesis. Complex polyamine natural products that highlight the orthogonal 
nature of the nosyl protecting group, such as lipogrammistin-A I' and various spider 
toxins,I3 have been efficiently synthesized. This protocol has also been used in the 
context of medicinal chemi~try, '~  gluc~sylamines, '~ and blasticidin amino acids.I6 

Et Et 

M B U  - 
I V I C  

The most challenging application of this nosy1 protecting group strategy has been 
with densel hnctionalized polycyclic alkaloid natural products. These include 
FR900482, " flustramines, I *  lentiginosine, queuine, 2o aspidosperma alkaloids, '' and 
aspidophytine.22 Perhaps the most impressive achievement in total synthesis using the 
nosylate protecting group is Fukuyama's synthesis of vinblastine, a dimeric alkaloid with 
potent anti-cancer proper tie^.^^ Vinblastine is composed of two major alkaloid fragments, 
vindoline and a catharanthine derivative. Fukuyama uses his nosylate methodology to 
couple indole alcohol 25 with nosyl amine 26 under Mitsunobu conditions to give 
fragment 27 which is then taken on to vindoline. Despite the complexity of vindoline, the 
nosylate is easily removed with pyrrolidine and this triggers a rearrangement and 
intramolecular Diels-Alder reaction to give the polycyclic tertiary amine of vindoline. 
The other half of vinblastine is made by alkylating NsNH2 20 with indole alcohol 28 to 
give fragment 29. This nosyl amino epoxide undergoes macrocyclization with epoxide 
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ring opening by simple base treatment to give 1 I-member ring 30. Fragment 30 is later 
coupled with vindoline to give vinblastine using an efficient electrophilic aromatic 
substitution. 

- NsNH2 
DEAD *' I 
PPh3 MsO 

Boc C02Me 

OH 

NsNy'r'Et I vindoline 

HO 
A k E t  

K2C03 - 
DMF 

'BDPS 

vinblastine 

...-- 
Me 

5.1.4.4 Application to solid phase synthesis 
Due to the stability of the nosyl protecting group and its orthogonal nature, it has been 
rapidly adopted to solid phase synthesis where the mild deprotection conditions in the 
final stage of a linear synthesis provide Ns with a distinct advantage over other common 
amine protecting groups. Solid phase has proved to be quite usehl for the synthesis of 
Ns-protected polyamine toxins where final purification can be a challenge due to the 
highly polar nature of polyamines. 24 The Fukuyama amine synthesis has also been 
applied to the solid phase synthesis of N,N-disubstituted a-amino acids where the mild 
Ns removal conditions provide access to any type of desired substitution on the nitrogen 
of the amino acid.25 Solid phase synthesis of diverse chemical libraries which incorporate 
the nosyl protecting group strategy have also been reported.26 

5.1.4.5 Limitations and side products 
Despite the broad scope of the Fukuyama amine synthesis, there are possible 
complications that may arise. Common to any Mitsunobu reaction, there is the issue of 
purification that is often required in order to remove the copious amounts of P h P O  that 
are generated. This can be difficult, but modifications to the phosphine base employed 
can mitigate this problem (vidu infia). The Mitsunobu alkylation also oftentimes 
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generates the product 34 resulting from addition of the hydrazine that is generated from 
DEAD to the activated alcohol 32.7a This can be a problem if the alcohol is of high value, 
or the limiting reagent. Once again, minor modifications to both the base phosphine base 
and the diazo compound can diminish this side product. 

COzEt 
+ R‘-N 

H R-OH(32) pG 

31 PG PPhS/DEAi 

R0 N . 
R”*R! 

34 HN-CO2Et 
33 

major minor 

As depicted below, alkylation of nosyl amines, such as 36b, can also suffer from 
competing intramolecular reactions of the Ph3PDEAD activated alcohol. 27 In this 
instance, rather than giving the expected amino piperidine product 37, alcohol 35 
undergoes an intramolecular reaction to form a highly strained aziridine intermediate that 
then is opened by nosyl amine 36b to give the observed pyrrolidine 38. 

Me,,, Me,,, 

HO QN)’Me PPh,,DEAD- Me , Ns.N\,\@N,Me Ph Me’ 

NsNHMe (36b) 

h e  
38 Ph 37 35 Ph 

expected observed 

Problems may also occur during the installation of the nosyl moiety during the 
reaction of a primary amine 1 and nosyl chloride 2c.Zb A cyclic Meisenheimer complex 
39 is formed followed by loss of SO2 to give nitro aniline 40 as a minor product during 
nosylation. None of this side product is observed with the less reactive mono-nitro 
sul fonates (2a-b) . 

R 

Complications may also arise during the thiol deprotection of the nosyl group.28 It 
was observed that during the p-Ns deprotection of a Tax01 intermediate, 9% of an 
impurity was generated which results from thiol substitution at the nitro center of 
nosylate 4b. A study of this phenomenon revealed that this is a general problem withp- 
nosylate 4b deprotection using i-Pr2NH and PhSH in DMF with varying amounts of 41 
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being formed depending upon the secondary amine substrate. This problem was not 
observed with o-nosylated amines (4a). 

.--. 

4b ko, 
I s Ph major 

5. I .  5 Variations 

5.1.5.1 Phosphine oxide removal 
Other researchers have made improvements to and expanded the scope of the original 
Fukuyama amine synthesis as described above. For example, it has been reported that a 
combination of PyPhzP and DTBAD (di-tert-butylazodicarboxylate) activates a variety of 
primary and some secondary alcohols 42 to react with NsNH2 (20) giving nosy1 amines 
43 with consistently excellent yields2' Importantly, the phosphine oxide and DTBAD by- 
products that are generated are easily removed from 44 as the DTBAD decomposes to 
isobutene, nitrogen, and C02 upon acid quench. The PyPh2P=O is also readily removed 
by an aqueous acid wash. 

OH NsNH2(20) NHNs K2C03 NH2 - R l A R 2  
42 DTBAD R'AR2 43 PhSH 44 

7&97% 80-99% R1 = alkyl, aryl 
R2 = H or Me 

5. I .  5.2 Regioselectivity 
The regioselectivity of the Fukuyama amine synthesis has also been examined. As shown, 
the NsCl (1 equiv) preferentially reacts with the primary amine of 45 despite the presence 
of a rather nucleophilic secondary nitrogen of the pyrrolidine to give 46 as the sole 
product .30 

- dNHNS NsCl (1 equiv) 

NaHC03, THF 
45 6""' H 87% H 46 
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5.1.5.3 Chemoselectivity 
The Mitsunobu alkylation conditions of 48 also exhibit high chemoselectivity when 
subjected to reaction with diol 47.3' In this example, judicious choice of phosphine and 
diazo compound dictate which alcohol is activated. Using n-Bu3P in combination with 
TMAD (N,N,N:N'-tetramethylazodicarboxamide) gives primarily reaction with the 
primary alcohol yielding 49. Whereas, Me3P and ADDP (1,l '-(azodicarbony1)- 
dipiperidide) allow for reaction at the secondary alcohol with another equivalent of 48 
giving a fully protected di-amine 50. 

M e 8  Ns Ns - P h w N T N 4 P h  
50 

ADDP 
48 

Even compounds containing both a free amine and reactive phenol can be 
selectively nosylated under the right  condition^.^^ Tyrosine 51 when treated with NsCl 
using lyophilized Na2CO3 in a 8:1 mixture of THFDMF gives predominantly N-Ns 
product 52 with only minor amounts of N, 0-di-Ns product 53. This was found to be very 
dependent upon solvent and base choice as other solvent-base combinations gave 
mixtures of products. 

NsCl 

mHIozMe (lyophilized) Na2C03 m H Z 2 y e  m H r e  

53 
85% 6% 

NsO 51 THFlDMF (8:l; Ho 52 
HO 

5.1.5.4 Preparation of protected hydroxylamines 
The Fukuyama amine synthesis can also be applied to protected hydroxylamines and 
hydr~xamates.'~ Various protected hydroxylamines 54 undergo clean reaction with NsCl 
giving 55. This N,O-protected hydroxylamine 55 may then react with a variety of alkyl 
halides to give hl ly  protected hydroxylamines 56. 
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R-Br eR 

THP, 2,4-(MeO)#n 5‘40% >go% 

Et3N 
54 RO-NHZ - RO-NHNs - 

NsCl 55 cSzc03 R”,Ns 
R = Bn, allyl, t-Bu 56 

5. I .  5.5 
An interesting deprotective-acylation strategy for the nosyl moiety has also been 
reported.34 This modification made use of the Meisenheimer complex 12 that is generated 
when the nosyl group is treated with a nucleophile. In this literature example, 
nucleophilic acylating agents are utilized rather then the standard thiol nucleophile, which 
results in a wide variety of acylated amines being generated. For example, treatment of 
nosyl amine 57 with a hydroxamic acid results in a non-symmetric urea 58. Treatment of 
57 with a dithiocarbamic acid gives thioureas (59). Subjecting 57 to thioacids gives 
amides 60, whereas treatment with a dithioacid gives the expected thioamides 61. 

Nosy1 deprotection and functionalization 

5.1.6 Experimental 
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N-(4-Metho~y-benzyl)-2-nitro-N-(3-phenyl-propyl)-benzenesulfonamide (63)2c 
A solution containing 6.81 g of 4-methoxybenzylamine (62, 49.6 mmol), 100 mL of 
CH2C12, and 6.93 mL of triethylamine (49.6 mmol) was cooled to 0 "C in an ice-water 
bath. To this was then added 10.0 g of 2-nitrobenzenesulfonyl chloride (2a, 45.1 mmol) 
over a period of 5 min. The mixture was then allowed to warm to room temperature, 
stirred for 15 min, and quenched with 100 mL 1 N HCl. The aqueous layer was then 
extracted with CHzClz (2 x 100 mL), and the combined organic layers were washed with 
50 mL brine, dried with MgS04, filtered, and concentrated under reduced pressure to give 
14.2 g (98% yield) of the crude sulfonamide. This crude sulfonamide was then 
recrystallized from 500 mL of 1 :1 Et0Ac:hexanes to give 13.15 g (91% yield) of pure N- 
(4-methoxybenzyl)-2-nitrobenzenesulfonamide; mp 123 "C; IR (neat) 33 12, 294 1, 1543, 
151 1 ,  1363, 1337, 1243, 1160 cm-I; 'H NMR (CDC13, 400 MHz) 6 3.76 (s, 3H), 4.25 (d, 
2H, J =  6.2 Hz), 5.63 (br, t, lH, J =  6.2 Hz), 6.75 (d, 2H, J =  8.5 Hz), 7.13 (d, 2H, J =  8.5 
Hz), 7.63-8.03 (m, 4H); I3C NMR (CDC13, 100 MHz) 6 47.4, 55.3, 114.0, 125.2, 127.7, 
129.2, 131.1, 132.7, 133.3, 134.0, 159.3. 

A flask was then charged with 10.0 g of N-(4-methoxybenzyl)-2- 
nitrobenzenesulfonamide (31.0 mmol), 12.9 g of powdered K2CO3 (93.1 mmol), and 40 
mL of anhydrous DMF. To this stirred mixture was added 5.19 mL (34.1 mmol) of 3- 
phenylpropyl bromide over a period of 5 min. This mixture was then heated to 60 "C and 
allowed to stir for 70 min. After cooling to room temperature, the reaction was diluted 
with 250 mL of water, and extracted with ether (3 x 250 mL). The combined organics 
were washed with 100 mL brine, dried with MgS04, filtered, and concentrated under 
reduced pressure to give a pale, yellow oil which may then be purified by silica gel 
column chromatography (eluted with EtOAchexanes, gradient of EtOAc from 10-40%). 
This provided 13.5 g (99% yield) of title compound 63 as a thick, pale yellow oil. 

(4-Methoxy-benzyl)-(3-phenyl-propyl)-amine ( 64)2c 
A solution containing 7.82 mL of thiophenol (76.5 mmol) and 20 mL of CH3CN was 
cooled in an ice-water bath to 0 "C. To this solution was added 10.9 M NaOH (7.02 mL, 
76.5 mmol) over a 10 min period. After an additional 5 min, the cooling bath is removed 
and 13.5 g of N-(4-methoxy-benzyl)-2-nitro-N-(3-phenyl-propyl)-benzenesulfonamide 
(63, 30.6 mmol) in 20 mL CH3CN was added over 20 min. The reaction was then heated 
to 50 "C for 40 min. After cooling to room temperature, the mixture was diluted with 80 
m L  water, and extracted with CH2C12 (3 x 80 mL). The combined organic extracts were 
washed with 80 mL brine, dried over MgS04, filtered, and concentrated under reduced 
pressure. The crude material was then purified by silica gel column chromatography 
(eluted with CH2C12NeOH, gradient of MeOH from 0-2% then 95:2.5:2.5 = 

CH2Cl2:MeOH:i-PrNHz) to give 7.81 g of 64 along with its hydrochloride salt. This oil 
was then dissolved in 120 mL of CH2C12 and washed with 1 M NaOH (2 x 80 mL), 40 
mL brine, dried over MgS04, filtered, and concentrated under reduced pressure. Bulb-to- 
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bulb distillation (0.25 tom with 150 "C oven) provided 7.08 g (91% yield) of title amine 
64. 
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5.2 Gabriel Synthesis 

5.2. I Description 
The Gabriel synthesis involves the formation of primary amines from alkyl halides by 
using potassium phthalimide, thus preventing over-alkylation. 

I 2 3 4 

5.2.2 Historical Perspective 
The Gabriel synthesis was established in the late 1880s by the German chemist Sigmund 
Gabriel.’-3 Tt i s  a classical method for forming primary amines and involves alkylation of 
potassium phthalimide followed by cleavage of the phthaloyl protecting group. Since its 
instigation as a reliable amination method, the experimental procedure has undergone 
several improvements, in both the alkylation and phthalimide cleavage steps. The most 
important of these have been to change the somewhat harsh conditions originally 
employed to more facile, milder reaction conditions. Principally, novel aminating agents 
in place of phthalimide, and alternative conditions for cleavage, for example, 
hydrazinolysis, have been investigated to this effect. 

5.2.3 Mechanism 
Potassium phthalimide 1 is an “NH2” synthon which, after alkylation, is no longer 
nucleophilic and therefore does not react any further. The alkylated phthalimide is 
cleaved by reaction with base leading to the requisite amine 3 and phthalic acid 4 as a by- 
product. 

1 
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c-,", 
8" 

'R 
OH 

K+ 

R-NHz 5 

4 

5.2.4 Variations and Improvements 
The Gabriel synthesis has been successful in amine synthesis where other methods have 
failed thus making it, even after a century, one of the most useful preparations of amines 
available.425 One such amine, 2,6-difluorobenzyl amine 8 (2,6-DFBA), has been used in 
the synthesis of various medicines; however, its preparation has often been lengthy.6a-d A 
more straightforward synthesis from 2,6-difluorobenzyl chloride 6 using the Gabriel 
method has been described.' A phase-transfer catalyst was used to obtain the N-(2,6- 
difluorobenzyl) phthalirnide 7 in a 95% yield. Hydrolysis with aqueous KOH and the use 
of Dean-Stark apparatus gave 2,6-DFBA which was dried with solid KOH thus avoiding 
repetitive extraction of the amine with ether. 

5 6 

7 8 

Alternative methods to remove the phthaloyl group have been developed over the 
years as the classical method is often deemed too harsh, sometimes leading to 
degradation of other functionalities present. An example is the two-stage one-pot method 
using sodium borohydride followed by acetic acid reported by Ganern and co-workers.* 
Previously, NaBH4 reduction of phthalimides has been described but these examples 
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were highly solvent and concentration and workup dependent?* Ganem and co-workers 
found that the reduction of phthalimides with NaB& proceeded smoothly in high yields 
in a 6:  1 2-propano1:HzO solvent system. The o-hydroxymethyl benzamides 12 could 
then be cyclised with aqueous acetic acid to form a lactone with concomitant release of 
the desired primary amine. 

@\R.-?!!!!( ($YR 1 N Y H R  A PH 5 

0 0 0 80°C 

0 + RNH2 

10 11 12 13 14 

R groups included long chain alkyls, benzyl group, and several L-amino acids. 
Gratifying, the phthalimide structures of the a-amino acids were deprotected without loss 
of optical activity, which may otherwise be expected from an acid reflux step. 

A commonly used modification of the Gabriel synthesis is the Ing-Manske 
procedure." Instead of removal of the phthaloyl group with aqueous base or acid, the 
Ing-Manske modification utilizes hydrazinolysis. It has been used in the synthesis of 
optically active a-amino acids 17, as illustrated by Guifa and Lingchong." 

&CQRI Br TBAB, 70 OC, THF 4 h @AR COzR' 

0 0 
1 15 16 

L 
R = CH3, C2H5, nC3H7, nC4H9 RYCozR' R' = C2H5, bornyl 

NH2HZ.Hz0, EtOH 

NHZ 
reflux, 2 h 

overall yields 17-47% 

As well as amines, the Ing-Manske modification has also been used to synthesise 
The hydroxyamines thus obtained 0-substituted hydroxylamines, for example, 20.'* 

were subsequently condensed with steroids to form 0-alkyloximes. 
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N-hydroxyphthalirnide - 
@:-(cH214Br EtBN, DMF 

g : - K +  Br(CH2)4Br 

0 0 

1 18 

19 20 

"R 

0 
R'NH2 - 

0 
21 

-OH/ 

- 
OH @:Rl 

0 
" 22 23 

+ RNH2 

R' = NH1, OH, CH3 

0 

24 

Several kinetic studies on the second step of the Gabriel synthesis, namely, 
phthalimide cleavage, have been carried out; as a result improved procedures were 
d e ~ e l o p e d . ' ~ ~ ' ~  In particular, kinetic studies carried out by Ariffin's group on the 
hydrazinolysis of phthalimides led to the conclusion that increasing the pH of the reaction 
mixture after complete consumption of the starting phthalimide 21 to form 22 will result 
in increased rates of formation of RNH2.I5 The general scheme is outlined. If the base, 
sodium hydroxide, is added at the start of the reaction, the rate of formation of 24 
increases, thus decreasing the yield of RNHl through a competing pathway. 

Cleavage of the phthaaloyl group to give the primary amine in the second step of 
the Gabriel mechanism usually requires rigorous conditions which are not always 
compatible with the functionalities already present in the compound. To overcome this, 
many reagents have been put forth as alternatives to the phthalimide in the Gabriel 
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reaction.I6 An example is sodium diformylamide 25; the NJV-difotmylalkylamines 26 
thus formed can be hydrolysed under mild conditions." 

+ R-X 
H 

N a+ 
25 2 

CH3CN or DMF 
rtto 120% 
70-95% 

1. EtOH, 80-120 OC 
2. HCI 
3. NaOH, 67-92% 1. HCI 

2. NaOH 
RN(CH0)P RNHi 

72-93% 27 26 

94-96% I 
RNH,*HCI 

28 

The synthesis can be carried out in a number of ways. A one-pot reaction in 
ethanol followed by hydrolysis with hydrochloric acid and sodium hydroxide 
successively gives rise to the primary amines in yields between 67% to 92%. 
Alternatively, reaction in anhydrous solvents gives the N,N-diformylalkylamines 26 
which can be hydrolysed as previously, or simply treated with hydrochloric acid to give 
the corresponding hydrochloride salts. R groups included alkyl chains, allyl, benzyl, 
bromobenzyl, esters, and ketones. 

Similarly, in their synthesis of y-aminobutyric acid analogs, Allan and co-workers 
use a modified Gabriel reagent in order to avoid using basic conditions, which would 
have led to the ring opening of the tetronic acid ether." Consequently, the potassium salt 
of bis(t-butoxycarbony1)amine 33 was utilised to give the protected amine 30. Amine 31 
was then unmasked, converted to the salt, and the tetronic acid deprotected in one step 
using HBr-acetic acid at room temperature. The bis(t-butox carbony1)amine potassium 
salt was first developed by Carpino as an amine equivalent.'' A convenient preparation 
has been described by Grehn and Ragnarsson from commercially available starting 
materials, and is outlined below.20 
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f-BUO - 1-BUO 
(f-BuOCO)2N K+ HBr-AcOH 

a0 71% * 0 15% 

Br’ ‘N(OCOt-Bu)Z 

29 30 31 

B0c20 (2.2 eq.) DEAEA (I .2 eq.) 
CH3CN, rt, 15 h ,BOc 

Boc HN, 
NH2 CH3CN,rt ,6h 

32 33 
DEAEA = 2-diethylaminoethylamine 

An additional advantage of the di-t-butyl imidocarbonate is selective removal of 
one Boc protecting group, leaving a primary Boc-protected amine. Allylic halides and 
mesylates when treated with the imidocarbonate and K2C03 in butanone or diglyme lead 
to the NJV-Boc-protected amines 35.2’ Subsequent reaction with TFA (1.5-2 eq.) gave 
the Boc-protected amines 36. Propargylic and homoallylic amines could also be obtained 
with this method; in these cases using Cs2CO3 instead of K2C03 gave better yields. Some 
representative examples are shown. Regiochemistty and alkene geometry remained 
intact indicating that displacement of the leaving group by the iodide catalyst, and 
subsequently the imidodicarbonate, occurred via an S N ~  reaction. 

p 4 B r  
B o c , ~ ~  91% 

TFA (1 5-2 eq.) 

CHZCI;! 
80% 

Lil 

- 
34 35 36 -OMS 

94% 

Zwierzak and co-workers have reported on the use of a phosphoramidate as an 
alternative to the phthalimide in the Gabriel synthesis.22a-c However, several drawbacks 
to their method led to revisions in the original method. In particular, the use of toxic 
benzene as a solvent, deprotection by gaseous HCI in benzene, and low yields were 
discouraging. The modified procedure reaction involves nucleophilic amination by 
diethyl N-sodio-N-(t-butoxycarbonyl phosphoramidate 37 with tetrabutylammonium 
bromide as a catalyst in acetonitrile?’ Carrying out the reactions in tetrahydrofuran led 
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to lower yields of the ammonium tosylates 39. The phosphoramidates 38 could be 
deprotected to the ammonium tosylates without purification. R groups include alkyl 
chains, cyclohexyl, benzyl, and alkyne containing chains, although the reaction is limited 
to primary organic halides; N-alkylation of secondary alkyl bromides led solely to 
recovery of starting materials. 

0 0  

(EtO)Z/'x'_NKOf-Bu +Na 
RBr, Bu4NBr ( I0  mol%) 

MeCN, reflux, 3 h 
b 

37 

B 9 oxalyl chloride 
P P 

( E ~ o ) ~ / ~ ~ N  ISi(CH3)3 

(EtO)2' 'NHz CCI4, 0 OC (EtQZ' 'N, 
Ce0 

40 41 

t-BUOH 9 O  NaOCH3 37 43 - 
CC14, rt (EtO)2/p~NAOf-Bu C W H ,  rtD 

H 
42 

Preparation of the phosphoramidate 37 is outlined.22a Zwierzak also describes the 
use of diethyl N-(trimethylsily1)-phosphoramidate 43 as a Gabriel reagent.24 In a similar 
method to the above, N-alkylphosphoramidates could be obtained using this reagent in 
good yields. 

In their synthesis of a Pirmenol metabolite, Goel and Purchase found that the 
phthalimide derivative 44 did not undergo addition reactions with organolithium 
reagents." Alternative Gabriel reagents such as phosphoramidates or sulfonamides have 
also been found to interfere with organolithium reagents. Ultimately, dibenzylamine was 
employed which did not impede the desired 2-pyridyllithium addition. The benzyl 
groups were then conveniently removed under mild conditions by catalytic transfer 
hydrogenolysis (CAT)26 using ammonium formate in methanol and 10% Pd/C as a 
catalyst. Protection of the ketone as the cyclic ketal avoided by-products. 
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44 Pirrnenol 

46 45 85% 

flN(CH2Phi2 NH,HCO,, cat. 10% Pdl: @ N H 2.H C I 

A N  CH30H, reflux A N  

47 48 

The conditions to couple the phthalimide group with primary halides have also 
been modified to obtain the best yields. The most common method by which this step 
has been altered is by utilizing Mitsunobu In a recent example, the 
conversion of diol49 to the corresponding diamine was attempted using several methods. 
Employing the Mitsunobu conditions resulted in the best yields.28 Thus, reaction of diol 
49 with phthalimide in the presence of PPh3 and DEAD gave diimide 50. Treatment with 
hydrazine followed by hydrogenation gave diamine 51. The absolute configuration of the 
norbornene backbone, confirmed by X-ray analysis, was unchanged by the Mitosunobu 
and Gabriel-type amine synthesis. 

qHoH phthalimide, DEAD, THF PPh3 w qpl: 1. 2. NHZNH2*H,O H2, PdIC YNHZ 
54% 95% NH2 

49 50 51 

Allylic amines 54 have also been synthesised using the Mitosunobu protocol. Sen 
and Roach describe the formation of such amines from dlylic alcohols.29 The phthaloyl 
group can be removed cleanly by hydrazine at room temperature, while for more bulky 
groups (e.g., nerol, farnesol) phthaloyl cleavage was better effected with methylamine. 
Deprotection with methylamine was found to be exceptionally mild, and in substrates 
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containing several double bonds, geometric integrity was preserved. In addition the 
products were obtained in high purity thus eliminating the need for further purification. 

DIAD, PPh3 NH2H2 or CH3NH2 
phthalirnide 

THF, rt, 4 h q N P h t h  R3 76-a8% R3 
R2 

R3 . ~. 

76-98% 

52 53 54 

5.2.5 Synthetic Utility 
The preparation of a phthalimide-containing resin to be used under Mitsunobu conditions 
means that primary mines can be generated cleanly after cleavage by hydrazinoly~is.~~ 
With this goal in mind, the resin linker 57 was obtained in > 90% yield via the synthesis 
outlined below. An example of the resin in use is shown with N6-bemyladenosine 58, 
where the less hindered hydroxyl group was successfully converted to the amine 59 in 
85%. 

1. (NH4)2C03 

2. TrCI, DIPEA, Ho 

55 56 
0 

CH&N 0 

I. Aminomethyl resin 
PyBOP, DIPEA, DMA 
2. AczO, DIPEA, CH2Cl2. \N 
3. TFA, reflux 0 

> 90% 57 

,Y+N I. resin X. ,,N--T+N 
/I PPhB,DEAD, 

N THF 

2. NHzH2, 
EtOH. 
CH2CI2 

J " I ,  nu 

59 85% 58 
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The formation of aminals via the Gabriel reaction can arise on changing the 
solvent from toluene to dimethylformamide, in the presence of sodium salts of N- 
 heterocycle^.^' In this unique example, 63 could be prepared in useful quantities in a 
more practical techni ue than with previous methods which required high heat and/or 
pressure conditions?2aqb The required phthalimide derivatives 62 was also formed but in 
low yields. 

60 

+ 
Na 

61 

DMF 
____) 

70-1 00 O C  
6-14 h 

0 

0 0 

64 56% 

63 5-20% 

66 

67 68 69 

The mechanism for formation of 64 was proposed as follows. The N-vinyl- 
phthalimide 63 can undergo nucleophilic addition with the sodium salt of imidazole 
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present in the reaction mixture to form the ring-opened phthalimide 65, which then 
tautomerizes to the imine 66. A second nucleophilic addition takes place, leading to ring 
closure with loss of the nitrogen heterocycle to give aminal 64. A number of N- 
containing heterocycles gave rise to these aminal derivatives. 

Arguably one of the most valuable exploitations of an amination reaction is in the 
formation of amino acids. Wu and Zhang have employed chiral reverse micelles as 
asymmetric microenvironments for enantioselective synthesis of 2-phthalimides-esters 
72.33 Hydrazinolysis and hydrolysis of the esters then lead to a-amino acids. It was 
found that asymmetric induction varied according to the reaction temperature, the alkyl 
chain of the surfactants, and the structure of the surfactants. 

, . ,. 
.b Br' X 

0 

1 70 71 

* @"N$ OEt 2. hydrolysis * H 2 N R  0 OH 

RX, KOH, 

chiral reverse micelle 

1. hydrazinolysis 

0 0  40-60% 
72 ee 21-59% 73 

RX: CH31, CH3CH2CH21, CC3H7Br, PhCHzBr 

Although the ee's and yields were not particularly high, optically active amino 
acids were successfully synthesized and, perhaps more importantly, the reaction scheme 
illustrates the versatility of the Gabriel amination, well over a hundred years after its 
conception. 

5.2.6 Experimental 

NPhth 0 
/oJA& - /o++o, 

0 Br 0 NPhth 0 NH2 

74 75 76 
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Dimethyl a,6-diphthalimidoadipate (75p4 
A mixture of dimethyl a,bdibromoadipate (69 g, 0.21 mol) and potassium phthalimide in 
dimethylformamide (260 mL) was heated at 90 "C for 40 min. The reaction mixture was 
then cooled, diluted with CCL (300 mL) and H20 (1200 mL) and extracted with CCld (2 
x 100 mL). The combined organic extracts were washed successively with aqueous 
NaOH (200 mL, 0.1 M) and H20 (200 mL), then dried over sodium sulfate. After 
concentration under reduced pressure, the addition of ether (300 mL) induced a rauid 
crystallisation. Recrystallisation with- EtOAc gave the phthalimide derivative 75 (8f  g, 
90%). 

a,&Diaminoadipic acid (76) 
A. By Acid Hydrolysis 
A mixture of dimethyl a,&diphthalimidoadipate 76 (50 g), hydrobromic acid (100 mL, 
40%), and glacial acetic acid (100 mL) was heated under reflux until a clear solution 
resulted (10 days). On cooling, most of the phthalic acid crystallized. After filtration, the 
filtrate and water washes were concentrated under reduced pressure practically to dryness. 
The residue was dissolved in H20 ( I  00 mL), filtered, and neutralized with concentration 
ammonia. After crystallization at 0 "C for 12 h, a,&diaminoadipic acid (17.3 g, 91.2%) 
was obtained. 

B. By Treatment with Hydrazine 
A mixture of dimethyl a,ti-diphthalimidoadipate 75 (4.64 g, 0.01 mol), CH30H (50 mL), 
and aqueous NH2NH2 (1.2 rnL, 0.02 mol, 85%) was heated under reflux for 1 h. After 
cooling, H2O (25 mL) was added, the methanol removed under reduced pressure. 
Concentrated HCI (25 mL) was added to the residual aqueous suspension and the mixture 
heated under reflux for 1 h. After cooling to 0 "C, crystalline phthalhydrazide was 
removed by filtration. The filtrate was then concentrated under reduced pressure to 
remove the hydrochloride acid and the moist residue was dissolved in H20 (50 mL). A 
small amount of insoluble matter was removed by filtration and the clear filtrate was 
neutralized with 2 M NaOH. After cooling at 0 "C for 12 h, a,&diaminoadipic acid 76 
(1.4 g, 79.5%) was obtained. 
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5.3 Leuckart-Wallach Reaction 

5.3.1 Description 
The Leuckart-Wallach reaction''2 is the reductive amination of carbonyl compounds 1 in 
the presence of excess formic acid (3) as a reducing agent. The Eschweiler-Clarke 
reaction represents a specific example of this reaction, where the carbonyl compound is 
formaldehyde. 

The advantages in this reaction lie in economy and simplicity; however long 
reaction times, sealed tube conditions, and high temperatures remain major drawbacks. 
In addition, formation of the N-formyl derivative is frequently seen, and the selective 
synthesis of a primary amine from ammonia is difficult.3s4 

5.3.2 Historical Perspective 
In 1885, R. Leuckart reported that the reaction of ammonia and primary or secondary 
amines with ketones (and aldehydes) was possible with ammonium formate, to produce 
the corresponding primary, secondary, or tertiary amine.' This reaction became known 
as the Leuckart reaction. In 1891, Wallach reported that the use of excess formic acid led 
to an improvement in yield, and that the reaction could be carried out at lower 
temperaturesS2 The Leuckart-Wallach reaction was born. Wallach went on to apply this 
reaction to a wide variety of carbonyl compounds, including alicyclic and terpenoid 
 ketone^.^ 

5.3.3 Mechanism 
The mechanism of the Leuckart-Wallach reaction has been the subject of much 
discussion and is generally accepted to proceed via the reaction of the amine with the 
carbonyl functionality to give an a-amino alcohol, which dehydrates to give an iminium 
ion3 The reduction of this iminium is effected by formic acid."* 

Although a radical mechanism has been proposed," more recently a rate-limiting 
C-H bond cleavage step has been invoked," and it is generally accepted that the formic 
acid acts as a hydride donor.g This is consistent with the observation of production of 
carbon dioxide and reduction product in equivalent quantities." 
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cg 
d "'$OH - -H 

3 
R3-N 'R4 .. 

R,-N,H H 

2 R4 6 7 8 
aarnino alcohol iminium ion 

5.3.4 Variations 
In 1931, Ingersoll et al. noted that formamide could act as an intermediate, and 
consequently ammonium formate could be replaced with formamide in the Leuckart 
reaction,I2 and in 1968, Bach carried out Leuckart-Wallach reactions on cyclic aliphatic 
ketones with dimethylformamide in high yields, and with reaction times of only 8-16 h.13 

8 - 16h 
10 11 12 

Kitamua et ul. have identified a useful catalyst for the Leuckart-Wallach reaction 
that can be used to form primary amines at lower temperatures, and in a higher yield than 
the standard  condition^.'^ The reaction uses 0.5 mol% [RhCp*C12]2 and a 1 5  
substrate:ammonium formate ratio. 
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0 

13 7OoC, 7h 14 

In addition, this catalyst has been used to selectively aminate a-keto acids to form 
a-amino acids.I4 

15 7OoC, 7h 16 

Martinez et al. have carried out several studies into the Leuckart-Wallach reaction 
on 1 -substit~ted-2-norbornanones.~~”~ The expected products result from 2-norbonanone 
and (lR)-N-(3,3-dimethyI-2-oxo-l -norbornyl)acetamine, but the reaction of (lR)-N-(7,7- 
dimethyl-2-0x0- 1 -norbornyl)acetamine gives rise to an unexpected intramolecular 
transamidation via a Wagner-Meenvein shift.15 

17 18 

- H2NCHO 

HCOzH 
CH3COHN NHCHO 1 5OoC 

19 20 

5.3.5 Synthetic Utility 
The Leuckart-Wallach reaction was originally used in wide scope for the reaction of 
aliphatic and alicyclic ketones with ammonia and primary and secondary arnines.’-’ In 
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the original cases, however, the only aldehyde attempted was formaldehyde and, to a 
lesser extent, ~aleradehyde.’~ In 1950, DeBenneville and Macartney reported that the 
Leuckart-Wallach reaction with aliphatic aldehydes and secondary amines is initiated at 
a lower temperature than in the case of ketones and aromatic aldehydes.” A wide range 
of aliphatic aldehydes were reacted, and the products were isolated in high yields; the 
reaction temperature was maintained between 50 and 95 OC. 

21 22 23 

More recently the reaction has been applied widely to the reaction of 
heteroaromatic carbonyls and heteroaromatic amines. Musumarra successfully reacted 
thiophene-2-carbaldehyde with pyramid-2-yl amine in a moderate yield, but with a 
reaction time of only 7 hours.’* 

24 25 26 
Recently, the application of microwave conditions to reactions that normally 

proceed thermally, but with lon reaction times, has led to a much-hastened procedure for 
the Leuckart-Wallach reaction!’ Loupy et al. have carried out the reductive amination of 
various aromatic ketones using a 1 :3:3 ratio of carbony1:formamide:formic acid under 
microwave irradiation for 30 minutes to produce the corresponding amines in high 
yields.” In comparative studies the authors report considerable improvements in yield 
with microwave use. 

0 HCONH, NHCHO 

* 99% 
HCOPH 

microwave 
30 min 

27 202 OC 28 

Similarly, the use of the microwave to accelerate the Leuckart reaction has been 
employed in the synthesis of pyrimidines2’ and the stereoselective synthesis of endo- 
tropanamine.” 
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5.3.6 Experimental 

Dimethyl-(3,5,54rimethyl- hexy l)-amine” 
Dimethylamine was added dropwise to formic acid and heated to 60 OC. One equivalent 
of 3,5,5-trimethyl hexanal was added dropwise over the course of one hour, and the 
reaction mixture heated until no further carbon dioxide was evolved (about one hour). 
The reaction mixture was poured onto dilute HCI and washed with ether. The aqueous 
layer was basified with aqueous NaOH and extracted with diethyl ether. The combined 
extracts were concentrated in vucuo to yield an orange oil, which was distilled to a 
colourless oil, 84%. 
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6.1 Fischer-Speier Esterification 

6.1. I Description 
Esterification of acids is achieved by refluxing with excess alcohol in the presence of 
hydrogen chloride or other acid catalysts.' 

6.1.2 Historical Perspective 
In 1895, Fischer and Speier reported that carboxylic acids were esterified with alcohol in 
the presence of acid catalysts (i.e., HCI, H2S04, 

O/C02CH2CH3 H2S04 
+ CH3CH20H 

A, 2 d, 76% 

4 

6.1.3 Mechanism 

1 

5 6 

- H' HO OH + Hf 

R X ?  
- - 

R1 
9 
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Protonation of the carbonyl oxygen in acid 1 activates it toward nucleophilic attack by the 
alcohol 2, furnishing the tetrahedral intermediate 8. A facilitated proton transfer between 
the hydroxyl moieties 8-10, followed by the loss of a water molecule, provides 11. 
Finally, the loss of a proton from 11 yields the ester 3. 

6.1.4 Synthetic Utility 
Many acid catalysts have been employed in the Fischer-Speier esterification process, 
such as dry HCl,3-5 H Z S O ~ ~  and MeSO3H.9 Adams4 reported that esterification of 
acetonedicarboxylic acid 12 with alcohol 13 (saturated with HCl) provided the diester 14 
in about 40% yield. 

12 13 
3943% 

14 

It is known that, when equimolar quantities of reactants are used, the equilibrium 
in the esterification reaction lies quite short of completion. General methods to obviate 
this and shift the equilibrium in favor of the product include using an excess of alcohol or 
acid reagents, adding a water scavenger, or simply collecting the desired ester product by 
distillation. In the esterification of adipic acid 15 with alcohol 13,6 the reaction was 
driven to completion by azeotropic removal of the water produced in the reaction. The 
ester 16 was obtained in 97% yield. 

w C 0 2 E t  
H02C-C02H + EtOH H2S04 EtO2C 

toluene, A 

15 13 9597% 16 

Newman has described a method for esterification of certain sterically hindered 
acids. This method consists of dissolving the acid to be esterified in 100% sulfuric acid 
then pouring the solution into the desired alcohol.” 

100% H2S04 
MeOH Q... + 78% 

17 18 19 

Unlike the conventional Fischer esterification process, which does not allow for 
functionality in the molecule that is sensitive to the strong acidic conditions of the 
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reaction, the boron trifluoride etherate reagent is mild enough to convert functionalized 
acids cleanly to their esters. Other functional groups present in addition to the carboxyl 
moiety are not affected. Thus this method offers a general method for the facile 
esterification of functionalized carboxylic acids.’ ‘ - I4  

* a C 0 2 M e  

BF3. Eta0 

QCOZH + MeoH A , 4 h , 8 1 %  

18 21 20 
Polymer protected AlC13 and organotin dichloride have been used as catalysts as 

well in e~terification.~’.’~ 

24 22 23 

26 22 25 

6.1.5 Experimental 

CHsOHlHCl 
* 

A, 3 h ,  87% 
I I 

27 28 

Preparation of N-methyltryptophan methyl ester hydrochloride (28)” 
N-Methyltryptophan (95 g) was dissolved in a freshly saturated solution of methanolic 
hydrogen chloride (850 mL). The mixture which resulted was heated to reflux for 3.5 h 
and then allowed to cool to room temperature. The crystalline product which formed 
upon cooling was collected by filtration ‘to provide N-methyltryptophan methyl ester 
hydrochloride (1 02.2 g, 87%). 
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6.1.5 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11 .  
12. 
13. 
14. 
15. 
16. 
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6.2 Mukaiyama Esterification 

6.2. I Description 
The formation of esters from carboxylic acids by using N-alkyl-2-halopyridinium salts, 
such as 2-chloro- 1 -methylpyridine iodide (1) and alcohols, was first reported by 
Mukaiyama and, thus, the reaction is defined as the Mukaiyama esterifrcation. The active 
ester (2) forms esters in good yield under mild conditions when subjected to alcohols. 

0 

RqKOHR2 
R20H 

TEA 

L 2 

Reagents such as 1 are coined Mukaiyama reagents and have demonstrated a great 
deal of synthetic versatility by converting carboxylic acids and alcohols into esters, 
amides, lactones, lactams, thiol esters, acid fluorides, olefins, allenes, carbodiimides, 
isocyanates, isothiocyanates, and nitriles.' 

6.2.2 Hislorical Perspective 
In 1975, Teruaki Mukaiyama published two pa ers. One described the synthesis of 

iodide (1) as the coupling reagent. 

carboxylic esters,2 and the other, carboxamides, P by using 1 -methyl-2-halopyridinium 

6.2.3 Mechanism 

* 
' I  + 
1 -NH(Et)31 

+ 
-NH(Et)3Cr 

NU-H (4) 

2 
A 

I 
6 5 
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When 1 is subjected to the carboxylate anion of 3 (TEA, RICO~H), 2-acyloxy-l- 
methylpyridinium iodide (2) is formed. The hydrogen halide (HCI) is scavenged with 
triethylamine. A nucleophile (NuH) (4) such as an mine  or alcohol in the presence of 
TEA adds to the carbonyl center of 2, yielding the desired product 5 and the by-product, 
1 -methyl-2-pyridone (6).  

6.2.4 Variations and Improvements 
Although Mukaiyama reagent is commonly referred to as 1, 2-halo-benzoxazolium and 
benzothiazolium (7 and 8, respectively) species are also referred to as “Mukaiyama 
reagents.”‘ 

RI = Methyl, Ethyl, Phenyl 

X = CI, Br, F 

Y = I ,  BF4, TsO, FSO3 

The reagent 7 (where R1 = Ethyl, X = C1, Y = BF4) has been shown to convert 
primary and secondary alcohols to their respective  chloride^.^ Note that this 
transformation proceeds with inversion of the stereocenter. 

c 
7 

CI OH 75% HO 

The reagents 9, 10, 11, and 12, developed by X U , ~  are very effective coupling 
reagents for the synthesis of peptides containing sterically hindered amino acids, such as 
a,a-dialkylated or N-methylated amino acids. 

8, N Br 8, N F  QBr 8, N F  

) BF4- < BF4- < SbC16- < SbC16- 

9 10 11 12 
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The main reactive intermediates of the pyridinium salt mediated couplings are the 
corresponding acyl halides and acyloxypyridinuim salts of the N-protected amino acid or 
peptide. 

A polymer supported version of 1 (13) was synthesized by TaddeL6 

The butyl chain serves as a spacer to separate the reactive center of the molecule 
from the surface of the resin. This resin was used for the synthesis of p-lactams (14 to 
15). 

0 13, v"wb Q opa ' \  

TEA, DCM, sonication N \  
0 

14 60% 16 

Reagent 13 was also used under microwave conditions to create a library of 
esters.' Another polymer supported version of Mukaiyama's reagent (16) was disclosed 
by Swinnen.' 

Wang resin served as the polymer support. Reagent 16 is a very effective coupling 
reagent for the synthesis of esters (17) and amides (18). 
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16, TEA 

DCM, rt 
I I 

NO2 92% NO2 

17 

H../ 

16, TEA ~ Z H  ’ 6 DCM,rt-  

80% 18 

A fluorous tagged version of 1 has also been prepared and used as a “separation 
friendly” Mukaiyama condensation reagent (19) for amide formation.’ 

pF6- b, C9F19 

19 

6.2.5 Synthetic Utility 
As mentioned previously, 1 is very useful to form active esters of carboxylic acids which 
can then form esters or other functional groups under mild conditions. The reagent rarely 
causes epimerization of chiral centers and is a very effective coupling reagent. These 
valuable attributes have led many to use this reagent in the total synthesis of natural 
products. During the total synthesis of balanol, Nicolaou used 1 to couple key fragments 
together via an ester bond, to provide the fully functional group protected version of 
Balanol (20).” No racemization was observed and the coupling was accomplished in 
good yield. 
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1 (1.3 eq). DMAP (0.5 eq) 

TEA (20 eq), DCM. 25 OC 
5h 

79% U 
20 

The use of 1 with w-oxocarboxylic acids 21, in the presence of 0-acetyl quinidine 
(1 0 mol%, 22, NRs) to produce chiral p-lactones (23), has been demonstrated by Romo." 

When 21 is exposed to 1, with triethylamine, ketene 24 is produced in situ. This 
strategy is attractive since it does not employ a ketene generator or activated aldehydes to 
form the ketene intermediate. 22 adds to 24, producing 25, which engages the aldehyde in 
an intramolecular aidol reaction to yield 26. 26 then spontaneously cyclizes to p-lactone 
23 with concomitant regeneration of the chiral catalyst 22. 

Mukiayama's reagent (1) has also been used as an effective coupling reagent of 
acids with resin bound secondary amines (27).12 

The newly formed resin bound amides are liberated from the solid phase by acidic 
conditions to provide the free amides (28) in good yield without further purification. It 
has also been shown that carboxylic acids containing an aldehydic moiety (i.e., 4-formyl 
benzoic acid) give the expected amides (no imine formation) in 90% yield and with 95% 
purity (e.g., where R = phenethyl). 

Reagent 1 has been used to rovide rapid access to a variety of 3-substituted 
coumarins (29 and 30) in good yield. *P 
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72% 
30 

It was first disclosed by Amin14 that the synthesis of p-lactams could be 
accomplished by using 1 as a ketene generator. Jun had modified the procedure by 
utilizing chiral oxazoldin-2-ones (31), 1 , and trans-imines (34) to conduct stereoselective 
synthesis of cis-p-lactams (35).15 

35 
U 

Active ester formation of 31 with 1 (32) was followed by in situ dehydration to 
the ketene intermediate 33. The non-concerted [2 + 21 cycloaddition of 33 with trans- 
imine 34 underwent a symmetry allowed con rotation that led to the cis-p-lactam 35 in 
modest yield. 

The synthesis of a 400 member library of aryl substituted 2-iminohydantoin 
tripeptide compounds has been accomplished by subjecting resin bound thioureas (36) 
with 10 equivalents of 1 in the presence of excess triethylamine in DMF for 18 hours.I6 
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37 b 2) cleavage from resin 

Compound 1 serves as a dehydrothiolation reagent, which is followed by 
intramolecular cyclization to yield resin bound 24minohydantoins. Release of the 
products (37) from solid phase was accomplished with a solution of 20% hexafluoro-2- 
propanol in dichloromethane. 

The use of 1 to form the key intermediate lactam 38 via an intramolecular 
cyclization has been employed en route to the total synthesis of the alkaolid (&)-pinnaic 
acid." 

1, DIEA, ACN 

70 OC 
80% OAc 

38 

6.2.6 Experimentat 
A general procedure is as follows. To 1-methyl-2-chloropyridinium iodide (1.2 mmol, l), 
was added a mixture of amine ( 1  .O mmol), carboxylic acid (1 .O mmol), and triethylamine 
(2.4 mmol) in dichloromethane (10 mL). After being refluxed for 1 hour under argon, the 
mixture was cooled to room temperature and ether (20 mL) added. The mixture was then 
washed with 5% aqueous hydrochloric acid solution ( v h ,  50 mL) three times followed by 
water (1 x 50 mL). The organic layer was concentrated under reduced pressure and the 
carboxamide product was isolated by silica-gel column chromatography. 
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6.2.7 
I .  
2. 
3. 
4. 

5. 
6. 
7. 
8. 
9. 
10. 
11. 

12. 
13. 
14. 
15. 
16. 
17. 
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6.3 Ritter Reaction 

47 1 

6.3. I Description 
The Ritter reaction occurs when a stable carbenium ion 1 reacts with a nitrile 2 in the 
presence of an acid. Hydrolysis of the adduct then leads to an amide 3.IP2 

1 2 3 

The carbenium ion may of course arise from many different starting materials, 
and though the proton source was originally a strong mineral acid, recent  modification^^'^ 
have tackled this potential limitation. The nitrile may be aromatic or aliphatic. The 
reaction usually requires moderate (40-50 "C) temperatures (which may occur naturally 
on reaction), and yields are normally high (80-100%). 

6.3.2 Historical Perspective 
In 1948, Ritter and his student Minieri reported that the reaction of alkenes 4 with 
mononitriles 2 in the presence of concentrated sulfbric acid, followed by aqueous workup 
gave amides 3.' The report was illustrated with many examples, indicating a reaction of 
high reproducibility and wide applicability. In the paper immediately following this one, 
Ritter expanded on this report and detailed the mechanism further.2 

4 2 3 

6.3.3 Mechanism 
The first step in the Ritter reaction is the formation of a carbenium ion 1. Thus any 
substrate capable of generating a stable carbenium ion is a suitable starting material. In 
the case of tertiary alcohols 5, the mechanism begins with an acid mediated El  
elimination of the hydroxyl to give the requisite carbenium ion 1. Nucleophilic attack by 
the nitrogen lone pair on the nitrile 2 leads to the formation of a nitrilium ion intermediate 
7 and hydrolysis by simple aqueous workup then produces the amide 3. 
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10 3 

6.3.4 Variations 
The problems with the Ritter reaction are associated either with the starting material 
(unstable carbenium ions, hygroscopicity) or with the reaction conditions (strong acid 
required, competing side reactions). Attention has focused on improving the reaction 
with respect to these potential limitations. 

6.3.4.1 
A major problem of the Ritter reaction is the requirement of such a strong acid. Recent 
modifications have tackled this problem in various ways. Voge13 reported a modification 
of the Ritter reaction involving the use of CF3S03H to promote oxa-ring opening and 
concomitant reaction with acetonitrile to produce the amino-conduritol derivative 16. 

Weaker acids to promote rearrangements 

TfOH m: ,,/, 

R 

14 
R 

15 

,\OAC 

’/I MeCN HzO * % 
84% AcHN R 

16 

Tillequin4 implemented an electrogenerated acids (EGA)6 method to produce a 
similar product to that seen in the example above. In this method, electrolysis generated 
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a base at the cathode and the area surrounding the anode becomes acidic. The conditions 
overall are neutral, and yet an acid-mediated process is rendered possible. 

CH3CN, LiC104 
Pt electrode 

E = 2.5 V 

OZN 6 H20 56% - &  02N - N 
6H 

17 18 

6.3.4.2 
The ease of formation of carbenium ions from substrates such as tertiary alcohols means 
these are ideal starting materials for the Ritter reaction. However, formation of such an 
ion at a less substituted centre is much less facile, if not impossible. There has been a 
large amount of work that focused on the stabilisation or promotion of carbenium ion 
formation at such centres. 

Stabilisation of the carbenium ion 

6.3.4.3 Transition metal stabilisation 
The carbenium ion intermediate can be stabilised with transition metals. However the 
resulting complex must be unstable enough to allow further reaction. This approach has 
important implications for the Ritter reaction, allowing the conversion of primary and 
secondary alcohols to stabilised carbenium species, a transformation that would 
otherwise be impossible. Several examples of this type of modification of the Ritter 
reaction exist, and notably in these complexed systems the reaction takes place with 
complete stereocontrol. 

In 198 1, Jaouen reported the applicability of this approach to the Ritter reaction of 
primary and secondary alcohols using Cr(C0)3 cataly~is.~ 

,,OH 

& MeCN 
89% 

MeOCHN 

dH 
19 20 

Iqbal* has similarly reported the efficient Co(1II)DMG complex-catalysed 
conversion of allylic alcohols 21 in the presence of nitriles to the corresponding 
allylamides 22 and 23. Usehlly, this reaction is carried out in the absence of acid. 
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NHAc N HAc Co( I II) OH 

R 1 4 R 2  MeCN * R l 4 R 2  R 1 b R 2  

21 22 23 

6.3.4.4 Heteroatom stabilisation 
Various heteroatoms have been used to facilitate carbenium ion formation at less 
substituted centres, including halogens,”’ ’ nitrogen,I2 selenium,I3 and sulfur.’4 These 
reactions generally proceed via activation of the alkene, through formation of a cyclic 
cationic intermediate 25.” 

24 25 26 27 

In most cases these reactions proceed without stereocontrol, but Toshimitsu has 
shown that the reaction of P-hydroxy sulfide 28 with aqueous trifluoromethanesulfonic 
acid gave amide 30.16 

6.3.4.5 Cascade reactions implementing the Ritter reaction 
Recent examples of the Ritter reaction have combined this useful synthetic tool with 
other reactions and rearrangements to produce complex reaction sequences. For 
example, Bishop has reported the combination of the Ritter reaction with the 
Wagner-Meenvein rearrangement, which can result in complex and sometimes 
unpredictable reaction sequences.” The use of the Ritter reaction to trap cationic 
intermediates in the CAN-mediated dimerization of alkoxystyrenes has recently allowed 
the synthesis of a-aminotetralin derivatives by Nair.” 
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R’ 0- 
41 

CAN 

RCN 
RT 

4C- 82% 

* 

0 0 

R’ dAR 
42a 42b 

6.3.5 Synthetic Utility 
Carbenium ions can be produced from numerous different functionalities via many 
different techniques, and consequently the Ritter reaction represents an extremely 
versatile technique for the formation of amides. For example, we have above illustrated 
the formation of a stable carbenium ion from alcohols and alkenes, and Reddy has 
reported the use of an ester as a source of the necessary carbenium ion.5 In this case, t- 
butyl acetate (12) was converted to the corresponding cation with catalytic concentrated 
sulphuric acid and was 
commendable success. 

A F N  

11 

reacted with a wide variety of aromatic nitriles 11 with 

K,X 
12 

H2S04 
___) 

42 OC 
2-5 h 

88- 95% 

Ar 
H 

13 

It is also worthwhile to note that the hydrolysis of amides produced in the Ritter reaction 
leads to amines, and thus the Ritter reaction provides a synthetically useful way to 
convert tertiary alcohols to tertiary amines. 

6.3.6 Experimental 

N-Formyl-a,a-dimethyl-P-phenet hylamine’ 
To glacial acetic acid (500 mL) is added sodium cyanide (110 g, 2.0 mol) in small 
portions and the temperature of the mixture is maintained at room temperature. A cooled 
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solution of concentrated sulfuric acid (272 mL, 4.9 mol) in glacial acetic acid (250 mL) is 
added slowly, again maintaining the temperature at room temperature. a,a-Dimethyl-P- 
phenethyl alcohol (300 g, 2 mol) is added over 20 minutes, during which time the 
temperature of the mixture rises slowly to 3545". The reaction mixture is stirred for an 
additional 90 minutes and allowed to stand overnight. The amber-coloured mixture 
containing some solid sodium sulfate is aerated with nitrogen for 2 hours, poured into 3 L 
of ice water, and the supernatant oil separated. The aqueous phase is neutralized with 
sodium carbonate and extracted with dietheyl ether. The ethereal extract is combined 
with the original oily supernatant, neutralized with sodium carbonate, and dried over 
anhydrous sodium sulfate. The solvent is removed under reduced pressure, and the 
residue is distilled to yield 230-248 g (65-70%) of product, bp 137-141" (2 mmHg). 
Redistillation of the ether-containing fore-run yields up to an additional 14 g of material. 
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6.4 Strecker Amino Acid Synthesis 

6.4.1 Description 
The Strecker reaction’ describes the synthesis of a-amino acids from aldehydes (and 
ketones) with ammonia and cyanide equivalents by hydrolysis of the resultant a- 
aminonitrile intermediates. 

This three-component coupling reaction, with its greater than 150 year history, 
continues to enjoy great utility. It is the most efficient synthesis of non-natural amino 
acids due to its generality, simplicity, and low cost. These attributes are particularly 
attractive to process chemists where the cost of goods is a key driver for the scale up and 
development of chemical matter. Initial studies around this reaction gave rise to racemic 
versions of the product. However, more recent examples of the Strecker reaction have 
focused on asymmetric variations to provide optically active a-aminonitriles or a-amino 
acids. 

6.4.2 Historical Perspective 
Adolph Strecker (1 822-1 871) first reported’ his work on the reaction of acetaldehyde and 
ammonia with hydrogen cyanide in 1850. The intermediate was hydrolyzed to afford 
alanine, the first synthetically prepared a-amino acid. Its name was derived from the 
nature of its starting material, aldehyde. While Friedrich WBhler’s (1 880-1 882) 
synthesis of urea in 1828 from a solution of potassium cyanate and ammonium chloride 
led scientists to begin questioning the Vitalism t h e ~ r y , ~  the work of Strecker and others 
certainly contributed to the death knell of the privileged status that “organic” compounds 
held at the time. Later, Emil Erlenmeyer (1825-1909) in 1875 showed that the 
intermediate was probably the a-aminonitrile, which resulted in this reaction becoming a 
general synthesis of amino acids. In 1880 Johann Tiemann (1 848-1 899), of the Reimer- 
Tiemann reaction, altered the synthetic protocol by reversing the order of addition and 
showed that the cyanohydrin of the carbonyl compound could react with ammonia to 
produce the same intermediate. Improved yields were obtained with this modification 
compared to Strecker’s original procedure. Zelinskii-Stadnikov firther modified the 
reaction conditions by the use of potassium or sodium cyanide with ammonium salts as 
replacements for the volatile hydrogen cyanide and ammonia. For aldehydes that 
exhibited reduced reactivity, the Knoevenagel-Bucherer modification makes use of 
bisulfite adducts to improve reactivity and provide access to the desired product. 
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6.4.3 Mechanism 
The mechanism of the Strecker reaction has received considerable attention over its life- 
spana4 The conversion of a carbonyl compound into an a-amino acid, by this method, 
requires a two-step process. The first step consists of the three-component condensation 
of cyanide and ammonia with the carbonyl compound 1 to produce an intermediate, a- 
aminonitrile 3. The second step involves the hydrolysis of the nitrile hnctional group to 
reveal the latent carboxylic acid 4. Whereas the second step is fairly straightforward and 
can be done under basic or acid conditions, the first step is more involved than one may 
expect. The widely accepted sequence for the first step is the nucleophilic addition of 
ammonia to the carbonyl carbon to produce the corresponding imine derivative 2. Once 
formed, this initial species is captured by the cyanide anion to generate the requisite a- 
aminonitrile 3. 

1 2 3 4 

Although this is the generally accepted mechanism for the Strecker reaction, and 
the reaction sequence eventually must pass through these species (2 + 3), the order of 
addition of the reagents can change the initial course of events. If cyanide is added first 
or the ammonia and cyanide are added together, a competition for the electrophilic 
carbonyl carbon is set up. The favored reaction product (kinetic), in the short-term, from 
this competition is cyanohydrin 5. However, the relative lack of stability of this 
fhctional group results in 5 collapsing back to starting material 1, which over time 
ultimately leads to 2. Once formed, this intermediate is consumed by cyanide and drives 
the equilibria to a-aminonitrile 3. One may compare the Strecker reaction to the 
Mannich reaction. In the Mannich reaction, ammonia is condensed with an aldehyde 
(such as formaldehyde) and an active methylene compound (such as an enolate), whereas 
in the Strecker reaction, the active methylene compound is replaced with cyanide anion. 

6.4.4 
The classical Strecker reaction'-2 was typically conducted using alkaline cyanide in 
aqueous solution with ammonium salts. While these conditions have proved to be very 

Variations and Improvements or Modipcations 
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usehl for the preparation of a-amino acids, the reagents and the nature of the solvent 
places practical limitations on the scope of this rea~t ion.~ For example, as the complexity 
of the carbonyl component increases, its water solubility decreases, thus limiting the 
generality of the Strecker reaction and the diversity of the products produced. 

One solution to this limitation was the introduction of cyanide sources that are 
soluble in organic solvents. The initial illustration used diethyl phosphorocyanidate 
(DEPC)6 for the conversion of 6 to a-aminonitrile 7. This stood in contrast to the 
classical Strecker reaction conditions which afforded no desired product. 

Trimethylsilyl cyanide (TMSCN), in conjunction with a Lewis acid catalyst, was 
found to be of greater practical value compared to DEPC in performing these reactions.’ 
Thus, using non-aqueous reaction conditions, carbonyl compounds 8 could be 
transformed into their corresponding a-aminonitrile derivatives 9. In these examples, 
greater reactivity was observed for the carbonyl compound if it contained electron- 
donating groups rather than electron-withdrawing groups. Additionally, aldehydes gave 
greater yields than ketones (77-99% compared to 5-50%, respectively). 

R1 TMSCN 

Po 
cat. Znl, R4 

R2 

8 9 

The introduction of TMSCN has greatly expanded the interest in the Strecker 
reaction as witnessed by the number of modifications of this reagent’s use in forming a- 
aminonitriles. Various groups have investigated alternative Lewis acid catalysts for this 
process with the goal of improving various attributes of the reaction. Lewis acids, 
including Inch, BiCb, Pr(OTf)3, and RuCh, have been reported to have efficacy in 
catalyzing the reaction of carbonyl 1 and amine 10 to the desired product 11.* The Lewis 
acids were found to be powerful tools for catalyzing the nucleophilic addition to an 
imine. The mild reaction conditions facilitated the reaction of alkyl and aryl aldehydes 
with amines at room temperature in standard organic solvents with good to excellent 
yields over several hours. 



480 Name Reactions for Functional Group Transformations 

CN 
0 TMSCN ) + Rz-NH, - A N - R z  

Rl  Lewis acid R i  

1 10 11 

A recent report' described the use of scandium triflate in conjunction with 
tributyltin cyanide, a more water stable cyanide source compared to TMSCN. These 
reaction conditions could be carried out in both organic and aqueous solutions. It was 
observed that rare earth triflates are stable Lewis acids in water. Thus, a variety of 
aldehydes 1 and amine 12 were converted to a-aminonitriles 13 in excellent yield. The 
spent reagent could be completely recovered and, along with the scandium reagent, 
recycled for subsequent use. 

rt 

83-94% in MeCNfioluene 
1 12 79-94% in H 0 13 

Montmorillonite KSF clay" has also been found to catalyze the nitrile addition to 
aryl imines generated from aldehydes 1. The mild reaction conditions and excellent 
yields contribute to the utility of this variation. The clay can be recovered and recycled, 
which allows this reaction to be classified as green chemistry. 

CN 
0 TMSCN ) + R2-NH, - AN.~z 

KSF-CH2CIz R1 H R l  

1 10 85-94% 
11 

Even iodine has been reported" to act as a mild Lewis acid for these 
transformations. It was able to catalyze the formation of a-aminonitriles 11 with greater 
catalytic activity than the other Lewis acids using reduced catalyst loading to afford the 
desired product with shorter reaction times and in good to excellent yields. 

72-94% 
1-8 h 

1 10 

. .  
11 
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(Bromodimethy1)sulfonium bromideI2 was found to also provide better 
conversions of 1 and 10 to afford 11, with increased reaction rates and lower catalyst 
loading compared to the other Lewis acids. 

CN 
0 TMSCN )I + R2-NH2 - ,Ap2 

0 0  
Me2SBr Br R1 H R1 

11 lo 77-92% 1 

1-2 h 

The application of ultra~ound'~ to the Strecker reaction was shown to improve the 
product outcome of this reaction. Treatment of aminoketone 14 using the classical 
Strecker reaction conditions afforded only the cyanohydrin. The desired product 15 
could be produced after 12-13 days of stirring in acetic acid. Ultrasound conditions not 
only improved the yield of this reaction, but accelerated the reaction times by about 
12-fold. 

Yield (%) 

R = H  62 
A 'pb" 

Bu 60 88 
Ph 73 99 
Bn 79 99 

The use of cycl~dextrins'~ has provided the ability to conduct the Strecker 
reaction with TMSCN in water via supramolecular catalysis involving reversible guest- 
host interactions. Activation of imine 16 by complexation with the hydroxyl groups 
present in cyclodextrins was found to work best with P-cyclodextrin. This chemically 
"green" reaction could be applied to ketones as well as aldehydes. 

TMSCN 
N-R3 p-CD R2 CN 

1-2 h 
16 17 
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One may consider the Strecker reaction as the prototypical multicomponent 
rea~ti0n.I~ Three reactants, an amine, a carbonyl compound, and a source of cyanide, 
come together in a single reaction vessel to afford a single product, an a-aminonitrile. 
Variations on this reaction process include the Bucherer-Bergs, Petasis, Ugi, and 
amidocarbonylation reactions. 

For the Bucherer-Bergs reaction,16 similar reaction partners to the Strecker 
reaction are involved. The one major point of divergence is the addition of a “carbon 
dioxide” source. Thus the final product from this reaction is hydantoin 19, which could 
be hydrolyzed to give a Strecker-like product, if so desired. Mechanistically, a reaction 
sequence analogous to the Strecker reaction can be invoked to generate a-aminonitrile 18 
from carbonyl compound 8. In the presence of the carbon dioxide source, the a- 
aminonitrile product 18 is trapped and results in the formation of cyclized product 19. 

8 18 19 

The utility of this reaction was exemplified in the preparation of aldose reductase 
inhibitors for the treatment of diabetes.” Exposure of 8-azachromanone 20 to the 
Bucherer-Bergs reaction conditions afforded the spirohydantoin 21, 

KCN 

20 21 

In its most general form, the boronic acid Mannich or Petasis reaction” involves 
the reaction of boronic acid 22, a carbonyl compound 8, and an amine 23 to produce 
secondary amines 24. If one uses a-keto acid 25 for the carbonyl component then the 
corresponding product from the Petasis reaction was a-amino acid 26. The key 
mechanistic step was proposed to occur intramolecularly with alkyl migration from 
intermediate boronate ester 28 formed from amino1 27. 



Chapter 6. Carboxylic Acid Derivatives Synthesis 483 

R*KCO,H 

25 R5 

R4yN'&,02H 

R2 

23 "\ 22 

26 

0 

H 
23 

27 

r 1 

L 

28 

The Ugi reaction" is a four-component condensation requiring a carbonyl 
compound 8, an amine 29, a carboxylic acid derivative 30, and an isocyanide 31. The 
product from this mixture is a-aminoacyl amide 32 that again could be hydrolyzed to an 
a-amino acid. Pharmaceutically valuable thiazoles 33 have been elaborated from 
intermediates formed by this reaction sequence?' 

0 

TMSCN 

Nal MW 

32 33 
31-92Yo 66-91 YO 

a 31 

An alternate route to a-amino acids involved the chemistry of 
amidocarbonylation.*' Originally communicated by Wakamatsu,22  pin^^^ confirmed the 
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general utility of this process. The reaction employs the use of a cobalt catalyst to 
facilitate the condensation of aldehyde 1, an amine 34, and carbon monoxide to afford N- 
acyl-a-amino acids 35 in a single step. 

1 34 35 

The observation that palladium could also catalyze this process enhanced the 
scope of amidocarbonylation rea~tions.2~ This method provided ready access to the 
arylglycine building block 39, from benzaldehyde 37 and amide 38, required for the 
synthesis of the chloropeptins 36 that have been shown to possess anti-HIV activity. 

5 0  0 
0 

CI CI \ CI CI CI 
OH OH OH OH 

36 

I 

R = H, CI 90% OH 

37 38 39 
The Strecker reaction has seen a renaissance in its utility in recent years with the 

development of methods for preparing a-amino acids 17 asymmetrically. Specifically, it 
is the asymmetric addition of cyanide to imine 16 which has been the focus of this 
attention. 
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16 17 

One could envision the generation of the asymmetric center of a-aminonitrile 17 
in one of two possible modes, not considering approaches using resolutions techniques. 
The first mode is more traditional and employs the use of a chiral auxiliary as part of the 
imine. The second takes advantage of the great strides made in asymmetric catalysis, 
whether mediated by transition metals or by the more recent organocatalysts. 

The first example of a substrate-controlled asymmetric Strecker reaction was 
reported by Harada.25 The reaction was conducted using aldehyde 1 and D-(-)-a- 
methylbenzylamine 40. Hydrolysis of the a-aminonitrile and hydrogenolysis unmasked 
the amine to afford a-amino acid 4. 

1 40 9-58% 4 
22-58% ee 

Later, Ojima26 repeated this work but used the improved reaction conditions (vide 
supra) of TMSCN and Lewis acid catalysis. The best results were obtained with ZnClz 
rather than AIC13 and the enantiomeric excesses were in the range 55-70%. 

1. ZnCI, Rl 

R1 2. H @ *  H2N&02H 
+ TMSCN 

41 4 3. H2IPd 

97-1 00% 

Carbohydrates2’ have also been utilized as chiral auxiliaries in these reactions. 
Tetra-0-pivaloyl-P-D-galactosylamine 42 was determined to provide optimal levels of 
chiral induction for the addition of cyanide. Thus, 43 was constructed from the 
intermediate imine formed from carbonyl component 1. 
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R1 
R1 OPiv OPiv 

75-90 % 

1 42 dr> 10:1 43 

Enantiopure sulfinimines (thiooxime-S-oxides) 44 have been reported to facilitate 
the asymmetric Strecker reactione2' Davis found that typical cyanide sources, such as 
potassium cyanide and TMSCN, did not possess sufficient reactivity for addition to the 
sulfinimines. Product 46, however, could be obtained using the more Lewis acidic 
Et2AlCN. Not only did the coordination of the aluminum to the oxygen of the 
sulfinimine activate the imine toward nucleophilic addition, this complexation also 
facilitated the delivery of the nitrile (see 45). These results triggered numerous 
modifications and variations that have enhanced this approach to chiral a-amino acids. 

44 45 46 

47 8 48 49 

0 
x,= ( 

NHZ 

-CHzOH 

glycinol 8591% 

glycinarnide 51-93% 

dr 2: 1-25:l 

dr up to 99:l 

Amino acid derivatives have also shown efficacy as chiral auxiliaries for 
substrate-controlled Strecker reactions. Since they can be readily accessed in both 
enantiomeric forms (R  and 9, these types of chiral auxiliaries can serve as a 
straightforward method of generating optically enriched a-amino acids. To this end, 
phenylglycinol and phenylglycine amide 47 have been employed in this fashion.29 
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Reaction with carbonyl compound 8 produced optically active imine 48 that could add 
cyanide to afford the chiral a-aminonitrile 49. 

For the phenylglycinol auxiliary, cyclization of the alcohol moiety onto the 
intermediate imine limits the utility of this auxiliary. This side reaction could be 
eliminated by use of phenylglycinamide, which also provided products of higher optical 
purity. 

An interesting variation on the use of chiral amine auxiliaries was reported by 
tail lade^.^' This group took advantage of the chiral pool and transformed optically 
active monoterpene 50 into amino-based chiral auxiliary 51. Exposure of 51 to 8 
ultimately gave rise to 52. 

50 51 8 52 

42-67% 
dr 62: 38-79:2? 

Enders’s chiral hydrazones 53 have also been employed to address the problem of 
asymmetric ~ynthesis.~’ His (S)-1-amino-2-methoxymethylpyrrolidine (SAMP) exhibits 
the ability to control the diastereoselective addition of TMSCN to chiral hydrazones 53 
that gave rise to chiral a-aminonitriles 54. 

R,-CN 
75-93% 

53 de a8-91% 54 

The first report of catalyst-controlled Strecker reactions was based on a report by 
1n0ue~~ with the disclosure that cyclic dipeptide 55 could catalyze the asymmetric 
formation of cyanohydrins 5 from aldehydes 1. This group showed that the 
corresponding acyclic version of the catalyst did not possess any catalytic activity. The 
cyclic catalyst behaved best for aryl and heteroaryl aldehydes. 
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OH 
catalyst 

0 (2 mol%) )1 + HCN - 
53-97% ee 

R1 30-97% RiACN H 
1 6 55 

cycle[( S)-phenylalanyl-(S)-histidyl] 

While this catalyst could not be applied to the Strecker reaction, Lipton was able 
to modi this species and was the first to report an asymmetrically catalyzed Strecker 
reaction?; He reasoned the imidazole did not possess sufficient basicity and prepared the 
corresponding guanidine derivative, cyclo[(S)-phenylalanyl-(9-norarginyl] 56. 

m y K N H *  

NH 
N O  
H 

56 
cyclo[(S)-phenylalanyl-( S)-norarginyl] 

catalyst 
(2 mol%) 

A s ” 8  + HCN- . .-._ v 
70-97% 
64-99% ee 

58 
R1 

R1 57 

The transformation of imine 57, derived from aromatic aldehydes, afforded 58 
with good to excellent enantiocontrol. This observation stands in contrast to imines 
related to 57 prepared from heteroaryl or alkyl aldehydes. In these cases, products related 
to 58 could be obtained but did so with poor optical purity (10-32% ee). 

With these results in hand, the Corey labs were able to utilize a readily available 
chiral Cz-symmetical bifinctional guanidine catalyst 59.34 They rationalized the origin of 
the enantioselectivity to a pre-transition state assembly of the catalyst 59, the imine 60, 
and cyanide. Additionally, DFT modeling studies using the B3LYP method gave rise to 
two competitive pathways for the catalytic Concomitant hydrolysis of the nitrile 
and deprotection of the amine converted 61 to amino acids 62. 

59 
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60 5048% ee 61 62 

88-99% 

From their extensive mechanistic studies on the asymmetric dihydroxylation 
reaction, the Corey group extended the utility of these catalysts to the Strecker reaction.35 
Treatment of their dihydroxylation catalyst with trifluoroacetic acid generated a stable 
crystalline solid 63 that was demonstrated to catalyze the asymmetric Strecker reaction. 
The N-ally1 moiety was found to be preferred to benzyl as a protecting group for the 
nitrogen atom. Thus, when 64 was treated with catalyst 63, nitrile product 65 could be 
obtained in excellent yield. A solvent effect on the YO ee was noted such that CH2C12 was 
optimal compared to toluene that may compete with the aldimine for the catalyst’s 
binding site. 

63 

0 Ne 10mol% 
HCN 

____) 

86-96% 
80-99%ee R1 

64 65 

Concomitant with these efforts, Jacobsen was extending the utility of his salen 
catalysts.36 Initially, the aluminum-based salen catalyst 68 was found to afford Q- 

aminonitriles 67 from imines 66 with excellent enantioselectivities. 
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n 

/ 
37-99% ee 't-Bu f-Bu 

66 67 68 

Upon fhrther studies that employed a strategy of catalyst optimization via 
combinatorial chemistry methods, it was subsequently found that the metal was not 
required for catalysis and suitably functionalized chiral Schiff bases, such as 69, were 
sufficient. 

Ne 2rnol% 0 
HCN 

TFAA 
- F3C 

OMe 

R I '  
65-92% R-CN 

70-91% ee 
f-BU 

66 67 69 

Along similar lines, a titanium complex of a tripeptide Schiff base 72 was found 
to be an efficient catalyst for the transformation of 70 into 71?7 

b 

Ph 10 mol% Ti(OiPr), 

HN JAPh TMSCN 

82-97% R,+N 
85-99% ee 

Rl 

70 71 72 

The great versatility of binol as a chiral ligand has been extended to the Strecker 
reaction. Shibasaki3* has developed bifunctional catalysts employing the use of this 
species. After the reportewd use of an aluminum variation of this catalyst 75 for the 
asymmetric formation of cyanohydrins, aluminum and gadolinium derivatives of 78 were 
shown to efficiently catalyze the addition of cyanide to imines. 



Chapter 6. Carboxylic Acid Derivatives Synthesis 491 

CI-A( 
0 

* R A C N  X :o% / 

HN.FIu 
9 mol% 

TMSCN 

70-95% ee 
66-97% 

R 

73 74 75 

9 ph Gd(O/Pr)3 ( l o  mOl%) 
z b ' P h  20 mol% 

TMSCN 
R1 R2 

58-94% 
51-98% ee 

76 77 

Ph 

HO 
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Kobayashi has extended this chemistry and has reported a zirconium version of 
this binol catalyst.39 He has described binuclear catalyst 79 in which the optimized 
version, essential for asymmetric induction, made use of (R)-6-bromobinol and (R)-3- 
bromobinol. 

HN 1. Mel, K2CO3 
____) 

Bu3SnCN R ~ C N  2. HzO2IHOQt 

74-99% ee 
55-98% 94% 

80 81 
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82 83 

Heterobimetallic binol catalyst based on titanium, aluminum, and scandium have 
also been reported:’ The results showed that the titanium catalyst was not effective. 
While the aluminum catalyst was better, it turned out that the scandium derivative was 
the most efficient. 

N-Ph catalyst HN-Ph 

HCN R,+FX2 
CN 

or 
TMSCN 

A 
R1 R2 

84 86 

M = SC“‘ 20-95% 
45-95% ee 

6.4.5 Synthetic Utility 
Under the assumption that the Earth’s primitive atmosphere was “reducing,” Miller in 
1953:’ exposed a mixture of methane, ammonia, water, and hydrogen to an electric 
discharge. This mixture of gases simulated primordial Earth conditions and the electric 
discharge simulated lightning events proposed to have existed at the time. After running 
continuously for a week, the resulting gimish was analyzed and glycine 88, a-alanine 89, 
p-alanine 92, aspartic acid 91, and a-aminobutyric acid 90 could be isolated. These 
products could all be rationalized based on the Strecker reaction. This seminal study 
gave rise to the field of prebiotic chemistry and studies to understand this chemistry 
continue to be evaluated.42 
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89 
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COZH 
92 
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Lactacystin 97 inhibits cell proliferation and induces neurite outgrowth as a result 
of proteosome-mediated peptidase inhibition. In one approach to this target, the a,a- 
disubstituted a-amino acid contained in this molecule was assembled using an 
intramolecular asymmetric Strecker reaction.43 Esterification of a-hydroxyketone 93 
with Boc-L-Phe afforded ester 94. Deprotection of the Boc group and intramolecular 
imine formation preceeded the addition of cyanide to produce 95. Ozonolysis and 
treatment with conc. HCI gave rise to the desired amino acid 96. This advanced 
intermediate constituted a formal total synthesis of lactacystin 97. 

OPiv 

Boc-L-Phe 1. TFA 
OPiv 2 . MgS04 ~ 

AcONa 
3. NaCN 

56% 0 

95 

HO O y p i v  - 
93 94 

1. 03 

2. HCI 

HOHO 

96 97 

Cyclomarin A 98 exhibits cytotoxicity towards cancer cells and has anti- 
inflammatory activity. It is a cyclopeptide isolated from an uctinomycete and has 
attracted the attention of synthetic chemists due to the number of non-natural amino acids 
present in this structure. The (2S,4R)-D-hydroxyleucine 103 contained within the target 
has been prepared by using the Davis chiral auxiliary (vide Condensation of an 
enantiopure p-toluenesulfinamide 100 with aldehyde 99 afforded sulfinimine 101. 
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Exposure to EtzAlCN afforded the desired amino nitrile 102. 
hydrolysis of the nitrile was accomplished with methanolic HCI to produce 103. 

Deprotection and 

* *  ‘,,, ,o ‘0 
B n O d  

~ BnO-, 
* *  + 99 04% ~ ‘ ~ x p - ~ o t  
‘,,, ,o 

H2N’SxpTol 101 

100 

EtZAI C N 
_____) 

92% 
91% de 

C02Me 

102 
86% 

103 

A series of cyclobutane derivatives that possess neurokinin-1 (NK 1) receptor 
antagonist activity has been rep~rted.~’ These compounds could not be prepared utilizing 
the classical Strecker reaction conditions, as the intermediate a-aminonitrile 105 could 
not be hydrolyzed. Thus, ketone 104 was exposed to the Bucherer-Bergs reaction 
conditions to produce the corresponding hydantoins 106 and 107. The related a-amino 
acids, 108 and 109, respectively, could be generated by hydrolysis. 
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I OF N’ 
CF3 106 H 

0 

108 109 

Synthetic use of the a-aminonitrile intermediates from the Strecker reaction have 
also been In this manner, it was possible to assemble the core scaffold of 
the indolizidine alkaloids 112. Treating 110, which contained the amine component and 
a dimethoxyacetal as a latent carbonyl component, with cyanide under acidic conditions 
initiated an intramolecular cyclization to afford the Strecker reaction intermediate a- 
aminonitrile 111. While one could hydrolyze the nitrile functionality to unmask a 
carboxylic acid, in this case, the nitrile was used to introduce the requisite sidechains 
needed in the construction of the indolizidine alkaloids 112. 

Me0 &+be&) H’ 99% R 

OMe CN 

110 111 112 
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6.4.6 Experimental 
Hydrogen cyanide (HCN) is highly toxic and must be kept in a well-ventilated hood and 
handled with protective gloves. 

For the classical Strecker reaction conditions, there are multiple references in the 
literature that one could use to conduct this reaction.'747 The following two examples 
illustrate the modified Strecker reaction using TMSCN and an asymmetric variation of 
this reaction. 

$? CN 
TMSCN, NHj 

Zn12 
97% 

CI CI 

113 114 

2-Amino-2-(3-chlorophenyl)acetonitrile hydrochloride (1 14)7 
To a mixture of 113 (5.6 g, 40 mmol) and TMSCN (5.0 g, 50 mmol) was added a 
catalytic amount of ZnI2. The mixture was stirred for 15 min before adding a saturated 
solution of ammonia in methanol (30 mL). The reaction was heated to 40 C and stirred 
an additional 2 h before removing the solvent. The crude product was diluted with ether, 
dried (MgSO& and filtered. HCl was bubbled through the filtrate and 114 (8.1 g, 97%) 
precipitated as an off-white solid. 

0 ,,,- 1. HCN 

2. TFAA 
98% 
99% ee 

115 116 \ 
63 

(S)-N-Allyl-N-(cyano(m-tolyl)methyl)-2,2,2-trifluoroacetamide ( 1 1 6)35 
To a solution of 115 (0.2 mmol) and 63 (0.02 mmol) in CHzClz (1 mL) under nitrogen at 
-78 "C was added TMSCN (0.4 mmol) and isopropanol (0.4 mmol). The reaction 
mixture was stirred for 40 h before treating with TFAA. The solvent was removed in 
vacuo after flushing with nitrogen gas that was passed through bleach to remove any 
remaining HCN. The crude product was chromatographed on silica to afford 116 in 98% 
yield and 99% ee. 
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6.5 Yamada Reactions 

6.5.1 Description 
Diethyl phosphoryl cyanide or diethyl cyanophosphonate (3) activates carboxylic acid (1) 
and serves as a coupling agent with amine (2) to provide amide or peptide (4).'-3 

1 2 4 

6.5.2 Historical Perspective 
Diethyl cyanophosphonate is also known as diethylphosphoryl cyanide, diethoxy- 
phosphoryl cyanide, diethylphosphorocyanidate, diethyl cyanophosphate, and DEPC.'-3 
It can be readily prepared from triethyl phosphite and cyanogen bromide.2 It is very toxic 
and corrosive and it must be handled in a fume hood. The reagent is moisture sensitive 
and should be stored under nitrogen in a refrigerator. 

6.5.3 Mechanism 
The addition of NEt3 to carboxylic acid 1 generates carboxylate anion which attacked at 
phosphorus of diethyl cyanophosphonate and subsequently displaces -CN to produce 
activated carboxylic acid phosphate ester 5. Nucleophilic addition of amine 2 to 
phosphate ester 5 gives the amide 4 and diethylph~sphate.'-~ 

1 2 6 4 7 

6.5.4 Variations and Improvements 
DEPC serves as a coupling agent for the synthesis of simple amides, esters, a- 
aminonitriles, and aryl thiocyanates; it is also used as an efficient coupling agent for 
racemization-free peptide synthesis. Amides of various types can be obtained by the 
simple mixin of carboxylic acids and amines with DEPC in the presence of 
triethylamine.8 Both aromatic and aliphatic acids easily react with aromatic and aliphatic 
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amine~ .~  The reaction is rapid, clean, and usually free of contamination from side 
products. The widely used coupling agent DCC did not give any trace of N- 
cyclohexylbenzamide from benzoic acid and cyclohexylamine, proving the superiority of 
DEPC to 1,3-dicyclohexylcarbodiimide (DCC). 

8 9 10 

DEPC in combination with NEt3 has proved to be a new efficient reagent for the 
direct C-formylation of active methylene compounds with carboxylic acids and also for 
the N-acylation (peptide bond formation), S-acylation (thioester formation) and 0- 
acylation (esterification)!” Reaction of DEPC with carboxylic acids 11 in the presence 
of triethylamine produces transient acyl cyanides, which in the presence of alcohols or 
thiols results in the formation of the corresponding esters (12) or thioesters (13). 

0 

KOR2 
R ~ O H  

I- R’ 

11 13 

Although esterification yields are not generally satisfactory, the advantage of this 
method is that the reaction proceeds under mild and almost neutral conditions. The 
method can be efficiently applied to the synthesis of thioesters in high yields with little 
racemization, as demonstrated by the formation of the ethylthiol ester of benzoyl-l- 
leucine. Thioesters are directly and conveniently prepared from carboxylic acids and 
thiols with diphenyl phosphorazide DPPA) or diethyl phosphorocyanidate (DEPC) in the 
presence of NEt, in DMF solution. Both aromatic and aliphatic carboxylic acids easily 
couple with aromatic and aliphatic thiols, especially when DEPC is a condensing agent. 
A highly functionalized penicillin thiol ester is obtained by DPPA, but the DEPC proved 
fruitless in this particular base. DCC is relatively superior to DPPA and DEPC in the 
coupling of 3-phenylpropionic acid (14) with benzenethiol, but far inferior in the 
formation of S-ethyl3-ben~enepropanethionates.~ 

6 
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O=P(OEt)ZCN 

NB3, DMF, 

14 15 16 

Homologated hydroxy carboxylic acids 19 are pre ared from carboxylic acids 
17 via hydrolysis of intermediate dicyanophosphates (18). In general, homologation is 
achieved by addition of HCN to aldehyde followed by hydrolysis of the resulting 
cyanohydrins. This is complementary to the c anohydrin route but the DEPC method 
involves fewer steps and gives superior results. 

t? 

J 

Peroxycarboxylic acid esters are utilized as initiators for radical polymerization 
and are interesting intermediates for the decarboxylation of carboxylic acids. They are 
generally prepared by the acylation of hydro peroxides with acid chlorides, acid 
anhydrides, or imidazolides in the presence of a base. Condensation of carboxylic acids 
(20) with t-butyl-hydroperoxide (21) has been smoothly achieved by the use of diethyl 
phophorocyanidate and NEt3 under mild conditions giving t-butyl peroxycarboxylates 
(22) in good yield.' 

t DEPC 
RCOZH + +,OH - R - 5 - 0 - 0  

20 21 22 
Et3N 0 

6.5.5 Synthetic Utility 

6.5.5. I Amides 
Amides of various types can be obtained by the simple mixing of carboxylic acids and 
amines with DEPC in the presence of NEt3. Amide 25 is prepared from l-phenyl-2- 
piperidinylethylamine (24) and methoxy ethoxy acetic acid (23) using DEPC in 90% 
yield." 
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Ph pNH2 1. O=P(OEt)2CN 0 

O +  NEt3, DMF, 83Nb \o/\/OJ”H 

Ph 

23 24 25 

\O-oAOH 0 
2 .  HCI, H20, NaHC03 

An intermediate amide 27 required for the synthesis of alkaloids suaveoline and 
norsuaveoline is prepared via the coupling of amine 26 and monoethyl malonate in the 
presence of DEPC.” 

@ Et02CCH2CO2H &y&; / /  
(Et0)2P(O)CN 

/ EtsN, DMF, 0 OC H O  

26 27 

Amidation of pyrazine 2-amino-3-carboxylic acid (28) with t-BuNH2 using DEPC 
provides amide 29 in the presence of NEt3 but failed with base diazabicycloundecane 
(DBU).I2 DEPC effectively coupled amino ester 30 with 28 to give amide 31 in 95% 
yield but the coupling reaction failed with DCC.’3p’4 DEPC served as an effective 
coupling agent for the preparation of amide 33 from methyl pyrrolidine carboxylate (32) 
and pyrazine carboxylic acid 28.13 

OMe 

“xco2H N NH2 O=P( OEt)&N 
NEt3, 95% 

29 28 31 
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Diamide 36 has been used as a precursor for making a novel phase transfer 
cata1y~t.I~ Diamide 36 is prepared from diaminedichloride (34) and mandelic acid (35) in 
the presence of DEPC.” 

I 

Br 
34 35 

Br 
36 

DEPC promoted the condensation reaction of thiophene carboxylic acid (37) and 
hydroxyethanol amine to give amide 38 in 63% yield.16Amide 38 is a key intermediate 
used in the synthesis of thienopyrimidines. 

EtO 

O=P(OEt)2CN 

NEtj, DMF, 63% 

OEt 
37 38 

Unsaturated aryl carboxylic acid 40 is readily coupled with amino ethyl acetate 
(39) to afford amide 41 in 95% yield, which is a key intermediate for the synthesis of a 
thirteen-membered cyclic peptide skeleton.” 

NEt3, DMF, 95% 
Ph 

OH 

0 0 
39 40 41 



Chapter 6. Carboxylic Acid Derivatives Synthesis 505 

The prodrug (44) for suicide gene therapy is prepared via condensation of 
difluorobenzoic acid (42) with di-t-butyl L-glutamate HCl (43) in the presence of 
DEPC.'* 

DEPC is an effective coupling agent for the condensation reaction of 
benzyloxyethylamine (45) and the dimethoxybenzoic acid derivative (46), and provides 
the aryl amide 47 in 77% yield.Ig 

Ph 

O=P(OEt)zCN 

COZH NEt,, DMF, 77% Me0 
OMe 

Ph 
45 46 47 

Total synthesis of the antibiotic globomycin is achieved via macrolactonization, 
from the key intermediate 50. Coupling of hydroxy acid 48 and amide 49 is mediated by 
DEPC without protection of the hydroxyl group in 48.20 

48 49 
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* 
O=P(OEt)ZCN 

NEt,, DMF, 1 h, rt 

99% 0 
50 

The primary amine 52 is coupled with benzothiophene carboxylic acid (51) to 
give the desired amide 53; its antimicrobial activity has been evaluated.2' Amide 53 
shows good antimicrobial (in vitro) and inhibitory activity (in vivo) against P.  oryzate.2' 

r n C 0 2 H  + q& NW3, O=P(OEt)ZCN DMF, 60% * d : .  \ / 

NHZ 
51 52 53 

Bisamide 56 is prepared by coupling of the diacid 55 with l-(S)-2-(R)-I-amino-2- 
indanol (54) using DEPC as an activating agent.22 The bindin data for 56 compare very 
favorably with the established HIV therapeutic agent indinavir. 5 2  

Ph 

54 55 56 

The key intermediate 59 required for the synthesis of sulfobacin A (59) is 
achieved successfully via a coupling reaction of aliphatic acid 57 and amino ester 58 
using DEPC?3 Sulfobacin A is biologically active sulfonolipids isolated from the culture 
broth of Chryseobacterium sp. NR 2993 in a soil sample collected from Japan. 
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-. u 
b H  NEt3, DMF, 92% ' . '  > 0 

b H  
57 58 59 

Hygomycin A is a fermentation-derived natural product first isolated from 
Streptomyces hygrospicus in 1953. Hygomycin A shows a broad spectrum of activity 
against gram-positive and gram-negative bacteria. The protected diol of hygomycin A 
(62) is synthesized by coupling of furanoside (61) with aminocyclitol (60) without 
epimerization at ~ - 4 . ' ~  

60 
04 

61 

The natural product bengamide A (65) is synthesized via coupling of 3-amino- 
hexah dro-2-azepinone (64) with optically active polyhydroxy alkanyl carboxylic acid 
(63). Bengamide A was first isolated from choristid sponge and shows anti-infective 
activity. 

Z Y  
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CPr 

Me0 CF3CO2H D HO J--$)& 
O=P(OEt)zCN 00 

O K  
>o<2H 0 - + H O I ~ ~ Q ~  N H ~  NEt3, DMF, 82% 

H 

i-Pr 
63 64 65 

Synthesis of the spermidine alkaloid (-)-(4R)-dihydroisomyricoidine involves the 
intramolecular cyclization of an amino acid 66 in the presence of DEPC which leads to a 
13-membered amino lactam 67.26 

66 67 

Cyclamen01 A is one of the very few noncarbohydrate and nonpeptide natural 
products that inhibits leukocyte adhesion to endothelial cells. Bis-vinyl iodide (70), a 
precursor for cyclamenol A, is prepared from iodo acid 68 and amine 69.27 

O=P(OEt)2CN 

NEt3, DMF, 74% 
OH 0 

70 

A key component required for the synthesis of an antitumor alkaloid (73, 9- 
demethyl-tubulosine) is obtained in 82% yield v ia  amidation of heterocyclic acid 71 and 
5-benzyloxy-tryptamine (72).'* 9-Demethyltubulosine increases the survival time of 
mice infected with leukemia L1210 or P388. 
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73 

Acylation of tricyclic amine 74 with furoic acid in the presence of DEPC yields 
the analog of the a1 -blocker prazoicin (75, pyrimidobenzoxathiepin deri~ative)?~ 
However, 75 did not show any significant al-blocking action on in vitro biological 
evaluations. 

\ 
Me0 * s J  NH2 NEt3, DMF, 82% 

74 75 

A stereoselective synthesis of tilivalline, a metabolite from klebsiella, has been 
achieved via intermediate 78 by coupling 3-hydroxyanthranilic acid (76) with pyrrolidine 
acetal(77).30 

0 
OMe 

MeO-OMe 
- O=P(OEt)ZCN 

N H z N  s , t s 6 (  

NEts, DMF, 77; 

OMe NHZ 

76 77 78 
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Dichlorovinylamide (81) is a key intermediate used in the synthesis of the 
alkaloid lennoxamine which is prepared via coupling of amine 79 and aryl acid 80 using 
DEPC.31 Lennoxamine was isolated from the Chilean barberries Berberis durwinii and 
belongs to a group of isoindolobenzazepine alkaloids. 

Me0 

O=P(OEt)&N Me0 

0 OC, rt, 2 h OMe 
79 80 81 

A series of cholic amides 84, 87 and 90 are synthesized from cholic acids 82, 85 
and 88 and a-amino esters 83, 86 and 89 using DEPC.32 Condensation reaction of 
muricholic acid (82) with taurine or glycine methyl ester (83) provides amide 84.33 A 
novel amide 87 is prepared by coupling of cholic acid 85 to amino acid ester 86, using 
DEPC as a coupling agent.34 

HCt 0 O=P(OEt)ZCN, NEt3, DMF, 1 :rt 

KOH, MeCN, 30 min, reflux 
H2S04, H20, 0 Oc, 20 min, rt 

89% 

Me0 
HO" OH 

OH HO" 
OH 

82 83 84 

0 

& + H2N"' M F  NEt3, DMF, I hrrt #" - -  - -  d 2 H  

I I H I  H I 

85 86 87 
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0 O=P(OEt)&N Meor NEt3, DMF, 70< 
H2N"' Ph 

HO" OH 
HO"' '"OH 

OH OH 

88 89 90 

The indole derivative (92) is obtained by coupling of tryptamine and unprotected 
hydroxy acid (91) by means of DEPC to give 3-indolylethyl amide in 65% yield.3s No 
considerable antibacterial activity against Staphylococcus aureus was observed. 

OH NEtS, DMF, 62% 

90 91 92 

The antiviral marine natural product 93, [(&)-hennoxazole A] is synthesized by a 
convergent approach and the final step includes the coupling of oxazole carboxylic acid 
(95) and pyran derivative (94) using DEPC.36,37 Hennoxazole A is active against herpes 
with peripheral analgesic activity comparable to that of indomethacin. 

..OH 
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+ 

OMe 
94 95 

O=P(OEt)ZCN 

NEt3, DMF, 86% 

Bu$ F- 

96 

The first macrocyclic st ~~ Did derivative intended for use in molecular recognition 
chemistry has been synthesized by direct cyclodimerization of amide 99, which in turn 
was prepared from acid 97 and amine 98 using DEPC.38 

OAc 

0 NHZ 
97 98 
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O=P(OEt)zCN 

NEt3, DMF, 82% 

“OAc 

HO 

( 

Me0 
99 

Coupling of amino cyclohexene derivative 100 with 6-bromopiperonylic acid 
(101) provides amide 102, which is a key intermediate for the synthesis of 
phenanthridone alkaloid lycoricidine (103).39 

+ 
Br MeO-O,,, 

101 
HZN 

100 

OH 

b 

MeO-O,,, 
O=P(OEt)ZCN 

NEtB, DMF 

0 

103 

89% 

102 

Diazonamide A is a potently antimitotic natural product and its penultimate step 
involves the couplin of macrocyclic amine 104 with (9-a-hydroxy isovaleric acid and 
DEPC in 90% yield. .%,,I 
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-NAO u 
O=P(OEt)*CN 

L 

THF, 90% 

+ 
*OH HO 

104 105 

106 

Semi-synthesis of a Dhotoactivatable redox Drotein is accomDlished from mono 
porphyrin carboxylic acid (107) and a-aminometh;l-2,2-bipyridine '(bipy) (108) using 
DEPC.42 

107 108 



Chapter 6. Carboxylic Acid Derivatives Synthesis 515 

HCI, AcOEt 

109 

A hydrophobic vitamin B 12 derivative (1 11) is synthesized from monocyano- 
cobyrinic acid hexamethyl ester (110) using DEPC.43 The cyanide ion from DEPC is 
trapped by the cobalt complex as an axial ligand?3 In this condensation reaction DEPC 
is a superior coupling agent compared to DCC.43 

O=P(OEt)ZCN 

NH2(CH2)2Si(OMe)3 
* 

DMF 24 h, 0 OC 

88% 

M e 0  L o  ' L O M e  

[(CN)(H20)Cob(lll)6C1 ester]C104 

MeO, ,OMe 

110 111 

6.5.5.2 Peptides 
There are two known methods for the formation of peptides from carbonyl and amino 
components. One method involves the use of adducts of phosphorus and 
tetrahalomethanes as coupling agents.44 The other involves the use of coupling agents 
such as DEPC and diphenylphosphoryl azide (DPPA)?5a Both DPPA and DEPC have 
been shown to be effective peptide coupling agents in solution and solid-phase peptide 
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~ynthesis.4'~ Using these reagents, synthesis of porcine motilin, comprising 22 amino 
acids, is successfully a~hieved.4'~ Comparisons of the cou ling agents such as DPPA and 
DEPC with DCC are often made in peptide chemi~try.~ ' ,45c DECP is more useful for 
more nucleophilic amines containing electron-donating substitutents in an aromatic ring, 
whereas phosphorus trichloride is effective for less nucleophilic amines. Studies of 
selected coupling methods for the attachment of amino acid derivatives to cis- and trans- 
4-aminocyclohexanecarboxylic acid have shown DEPC to be the reagent of choice as 
coupling agent.46 

A study directed toward racemization during peptide coupling of L-proline t-butyl 
ester 112 with benzyloxycarbonyl-l-phenylalanyl-l-valine 113 revealed that, among 
different coupling agents, DEPC coupling afforded the least racemi~ation.~' 

0 

Ph 

0 
O=P(OEt)&N 

Ph 

112 113 

I 

114 

Under mild conditions, DEPC promotes the coupling of N-protected amino acid 
(1 15i8 with N-substituted amino piperidine 116 to afford substituted piperidine amide 
117. Amide 117 shows N-type calcium channel antagonism and it is endowed with 
potent action on pain and neuropathic pain. 

+ 

F 

O=P(OEt)*CN 
EtjN, DMF, 0 'C 

12 h, rt, 70% 
Q 

O T F  \ 
I 

F 
115 116 117 
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The synthesis of an asymmetric glycocluster polypeptide required a component 
120 which has been prepared by coupling of the amino sugar 118 with p-alanine 
derivative 119 using DEPC.49 

OBz 

118 119 120 

Dolastatin 10 (123), a potent antineoplastic and tubulin inhibitory substance, was 
isolated from an Indian Ocean sea hare Dolabella auricularia. Dolastatin 10 (123) is 
prepared by the coupling of Dov-Val-dil (121) with Dap-Doe (122) using DEPC in 97% 
yield.5s52 

121 122 

O=P(OEt)zCN 

NEts, DMF 
97% 

123 

Coupling of N-protected amine 124 and thiazole carboxylic acid (125) is 
accomplished using the coupling agent DEPC to provide intermediate 126, which is 
hrther cyclized to give dolastatin 3 (127), a unique cyclic pentapeptide containing three 
common amino acids, Pro, Leu, and Val, and two unusual heterocyclic amino acids, the 
achiral (G1y)Thz and the chiral (Gln)Thz.S3 
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126 127, Dolastatin 3 

P-Keto acid 128 and dipeptide 129 are successfully coupled in the presence of 
DEPC to afford dolastatin 18 (130, Dhex-(9-Leu-N-Me-(R)-Phe-Doe) in 60% yield.52 
The structure of cell growth inhibitor dolastatin 18 is confirmed by X-ray crystal studies. 

HOAO 

+ O=P(OEt)ZCN 

NEt3, DMF, 60% 

128 
eo 129 
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130, dolastatin 18 

Antibiotics 
Boc-(S)-2-aminobutanoic acid (132) is cou led with (3-serine methyl ester HC1 (131) 
using DEPC to afford the dipeptide 133:'Dipeptide 133 is a building block for the 
synthesis of a cyclic peptide keramamide B. 

0 
0 Me 

L n - P r  + Et%C02H O=P(OEt)2CN 

0.5 h, 0 OC * 
Me0 I 

RH* HN'fot-Bu NEt3, DMF, 74% 

0 
131 132 133 

The synthesis of the penicillin bulgecin (136) hybrid is achieved from benzhydryl 
6-amino enicillanate (134) via coupling with pyrrolidine carboxylic acid ester 135 using 
DEPC. 5 P  

134 
'Ph 

135 
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Ph 

NEt3, DMF, 70% 

Ph Ph 

Ph 

136 

N-Carbobenzoxyampicillin phenacyl ester (139) is conveniently prepared by the 
condensation reaction of N-carbobenzyloxy-D-phenylglycine (138) with phenacyl 6- 
amino-penicillanate 137.3 

H2N k! 
O=P(OEt)2CN ~ 

NH Ph 

' j -0 

Ph 

NEtB, DMF, 61 % + 

Ph 
0 0 

137 138 139 

Anticancer agents 
4-(3-Substituted-2-quinoxalinylamino)phenylacetyl-l-glutaate (142) is prepared via 
coupling of acid 141 and diethyl glutamate (140) and has been evaluated for anticancer 
a~tivity. '~ 

" O F 0  

Etd 

NEtB, DMF, 2 h, 73% 

EtO U O E t  

O Y N H  

Fn;lNJy F H 

140 141 142 
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The methotrexate (MTX) analog (145) is prepared by condensin 
pyridopyrimidone carboxylic acid (143) with glutamic acid dimethyl ester (144). 
Testing of amide 145 in vitro against CCRF-CEM leukemia cells revealed that it is 
inactive. 

f i  

0 p.( ' 

QOMe NEt,, DMF, 82% Y O M e  

143 144 145 

A key intermeditate 148 for the synthesis of cleavable prodrug, carboxypeptidase 
A is prepared via coupling of N-Boc-L-Om-L-Phe t-Bu ester 147 and 4-amino-4-deoxy- 
1-formylpteroic acid (146).58 

,Ot-BU 

O=P(OEt)2CN 

NEt(i-Pr),, DMF, 
NaHCO,, 87% H2N 

Ot-BU 
148 

DEPC activates the coupling reaction of amido carboxylic acid 149 and 
tetracyclic amine 150 to produce dipeptide 151 in 88% yield.59 
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149 

OH 

150 

Antitumor agents 
Synthesis of an analog of the antitumor drug methotrexate (154) is accomplished via 
condensation of the amino diester (152) and 4-amino-4-deoxy-N-methylpteronic acid 
(153) in the presence of DEPC.60,6' 

154 

Preparation of the peptolide lyngbyabellin A (155) involves the synthesis of a 
thiazole derivative intermediate (158) via coupling of Boc-glycine 157 with thiazole 
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amine 156 using DEPC.62 Lyngbyabellin A was isolated from the marine 
cyanobacterium Lyngbya mujuscule collected at Apra Harbour, Guam. It exhibits 
attractive cytotoxic properties against the human cancer cell lines and shown to be a 
potent disrupter of the cellular microfilament network. 

o$o~,-.N$ Me 

NH 
0 

\ I  

155, lyngbyabellin A 

t-BUO HCI, Dioxane A N Y  Of-Bu 

kCO,H A~ NEt3, O=P(OEt)2CN DMF, 65% * MeOQ\& Et M e O + ; T E t  Me -k HN 
S Me 

156 157 158 

Thrombin inhibitors 
The synthesis of the macrocyclic thrombin inhibitor cyclotheonamide B (161) is achieved 
via coupling of amine 159 and ornithine containing tetrapeptide acid 160.63 
Cyclotheonamide B, isolated from a marine sponge Theonella, strongly inhibit various 
proteinase, particularly thrombin, and is the first macrocyclic thrombin inhibitor having 
two novel amino acid residues: a vinylogous tyrosine and a-keto homolog of arginine. 
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159 

NEt3, DMF, 77% 

Oy Ot-BU 

160 

Nazumamide A (164), a thrombin inhibitory linear tetrapeptide of marine origin, 
is effectively constructed using DEPC.64 Stepwise incorporation of each amino acid 
residue is efficiently carried out by use of DEPC as a coupling agent. 

Md 
162 163 
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- Ph-0 
HCI, Dioxane 

O=P(OEt)$N 
NEt3, DMF, 97% 

OzN NH 
164 

Cytotoxic depsipeptides 
The intermediate 167 required for the total synthesis of doliculide, a potent cytotoxic 
cyclodipeptide, is achieved via coupling of amine 165 and acid 166 using DEPC.65 
Another key component amide 169, required for the synthesis of doliculide, is also 
prepared from acid 168 using DEPC.66 

(CH2)8C02H O=p(OEt)2CN t - B U X N H  p-T i - t -Bu I 
b 

-Si-t-Bu NEt3, DMF, 77% )-(CH2).3 
?’ K N H 2  + 

0 I 
t-BU 

165 166 167 

168 
t-BU 

‘Si 
/ ‘p 

O=P(OEt)2CN 

NEt3, PhMe, 98% 

Ph 
0 

169 
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Synthesis of arenastatin A (172), an extremely potent cytotoxic depsipeptide, 
involves the coupling of P-alanine 2-(trimethylsily1)ethyl ester (170) and the D,O- 
methyltyrosine derivative (171) using DEPC.67368 

H2Na O=P(OEt)2CNt MeO 
CO2H 

NEt3, DMF, 82% 

Ph ,Si' 
\ 

Me0 + P 
0 ,Si' 

\ 

170 171 172 

Didemnins were isolated from a Caribbean tunicate Trididemnum solidum. These 
structurally unique cyclic depsipeptides have quite interesting cytotoxic, antiviral, and 
immunosuppressive activities. The synthesis of the didemnins A, B, and C (173-175) 
involves the key component 178, which is prepared from acid 176 and amine 177 using 
the coupling agent DEPC.6' 

173, Didernnin A: R = H 

174, Didernnin B: R = H3C 
0 0 

H3C OH 

CH3 176, Didernnin C: R = H3C% 
0 

OCH3 
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Renin inhibitors 
The structurally modified renin inhibitor 181 is prepared by the coupling of amine (179) 
and the histidine derivative (180) using DEPC.70a Dipeptide is evaluated for its 
susceptibility to cleavage by the serine protease chymotrypsin. 

oYof-Bu 
i-BU 

0 ‘3 “ ‘ Z ( O E t ) 2 C N  

WN NEt3, DMF, 79% 
+ O=S-N 

Me 
179 180 181 

Renin inhibitory peptide 184 is repared from methyl butyl amine 182 and y- 
protected hydroxy acid 183 using DEPC. POb 

Of-Bu 

4, 
Md 

\ /  

+ 
i-Pr 

,S i Et 

182 183 184 
0 ‘f-Bu 

Linear renin inhibitory peptide 187 is synthesized by coupling of pyridine 
derivative 185 and substituted pyrrolidone carboxylic acid 186 using DEPCa7’ 
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n - B u k i y p h  

OANH 
,\ i-Pr 

o =  

185 186 187 

Renin inhibitor containing pseudopeptide component 190 is prepared via DEPC 
coupling reaction of acid 188 and amine 189.72 

188 189 

PhJ '0 
CBu 

NH2 
190 

The synthesis of microginin, an angiotension converting enzyme inhibitory 
pentapeptide, involves the multiple steps wherein DEPC is used as coupling agent?3 A 
key component 193 required for the synthesis of microginin is obtained from N-protected 
amino acid (191) and amine 192. 

Me 0 

NEtS, DMF, 85% f-BUO 

193 

Ph -0 
0 

191 192 
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The N-Boc pentapeptide Phe-Phe-Phe-difluorostatone-Leu-Phe-NHz has been 
found to be a potent inhibitor of human renin which is obtained from a building block 
196. Peptide 196 is prepared from amine 194 and amino acid 195 using DEPC.74 

A A 

Angiotensinogen analogs such as renin inhibitory peptide requires a key 
intermediate 199, which is prepared from imidazole carboxylic acid 197 and amine 198 
in the presence of DEPC.75 

I 

197 

O=P(OEt)zCN 
L 

NEt3, CH2CI2, 73% 
t-BUO 

h- 
0 

198 

199 

Antifungal agents 
Amide 202 is a key intermediate for the synthesis of various antifingal compounds 
(TAK-456 and TAK-457). Amide 202 is prepared via the coupling reaction of 
substituted triazole amine 200 and glycine derivative of tetrazole 201 using DEPC.76 
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200 201 
O A O E t  
202 

Geodiamolide A (203) and jaspamide (204) are cytotoxic antifungal cyclic 
depsipeptides of marine sponge origin. The key component 207 required for their 
synthesis is achieved via coupling of acid 206 with mine  205 using DEPC.77 

203 

t-BU, 
,Si o \  

205 206 
6 

207 
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Folk acid analogues 
A series of 5,s-dideaza analogs of folic acid such as isofolic acid aminopterine have been 
evaluated as inhibitors of thymidylate synthase. Coupling of 1 O-thia-5,8-dideaza-pteroic 
acid (208) with di-r-Bu-glutamate (209) using DEPC affords amide (210).78 

H02C qNH + 1JH2 
NH2 Of-BU 

-77 
0 

208 209 

P 
OAOt-Bu OANANH2 

210 

The quinazoline analog of folic acid, 212 is synthesized from substituted 
diaminoquinazoline (21 1) and amino diester 209 using DEPC.79 Several quinazoline 
analogs of folic acid bearing CI or Me at C-5 are evaluated as inhibitors of the four 
human gastrointestinal adenocarcinoma cell lines in v i m .  

+ t-BUO -0 f -Bu 
HCI NH2 

HO2C 

211 

NEt3, O=P(OEt),CN DMF, 3% * o a N ; &  CI NH2 

t-BuO 

0 
212 
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5,8-Dideaza analogs of folk acid (214) are prepared via coupling of 
dideazapteroic acid (213) with di-f-Bu-l-glutamate using DEPC.80 2-Desamino-5,8- 
dideazaisofolic acid is found to be 4-6 fold cytotoxic toward L1210 leukemia cells than 
their 2-NH2 counterparts and to be poor inhibitors of mammalian thymidylate synthase. 

213 

t-BuO 

NEt,, O=P(OEt)2CN DMF, 79% $ p O J w  0 

0 
0 Ot-Bu 

214 

Condensation of the substituted quinazoline carboxylic acid (215) with the 
polyglutamyl derivative (216) using DEPC as coupling agent provides quinazoline 
antifolates (217).8' 

Ot-BU 
HO2C 

215 216 
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oYot-Bu 

NEt3, O=P( DMF, 0 Et)2C 87; N '\,[PNb 
YH 

\ 
Ot-Bu 

OA N N H2 

217 

Tripeptide 220 is prepared from amino pyrrole 218 and pyrrole carboxylic acid 
219 using DEPC and NEt3.** 

H 

* 

OZN 

HN 

O W C  

M k  

J 2 0 t - B ~  

0 

218 219 220 

Synthesis of the bicyclic dodecapeptide theonellamide F is achieved via cyclic 
peptide 224 which in turn is prepared from building block 223. The key intermediate 223 
is prepared by coupling of tetrapeptide 221 and a p-alanine derivative (222).83 

I 
22 1 222 
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- ~ ~~ 

N(CPr)2Et, DMF, 56% 

NHBoc 

0 

Br 
224 

The pentapeptides avellanins A and B (228) are isolated from fungus Hamigeru 
avellunea, which cause remarkable increase in blood pressure in rats and mice. They are 
synthesized in a stepwise manner from dipeptide 225 and acid 226 using DEPC.84 
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228 avellanin A (R = Et), avellanin B (R = Me) 

The mammalian folypolyglutamate synthetase inhibitor 230 is prepared from 2- 
desamino- 1 0-thiapteroic acid (229) via coupling with glutamate using DEPC.” 

~ N H  + 

0 

229 
HO2C 

O=P(OEt)&N 

NEt3, DMF, 31% 
0 

230 

Stereoselective total synthesis of AI-77-B (234), a gastro protective substance, is 
achieved from intermediate 233 via coupling of amino coumarin (231) and acid 232 
using DEPC? 

O=P(OEt)2CN 

NEt3, DMF, 70% 
OH 0 NC 

23 1 232 233 
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234 (AI-77-B) 

The oxazole derivative 237 is a key component for the synthesis of cell permeable 
phosphatase inhibitors calyculins A and B and it is prepared via coupling of alkylamino 
oxazole 235 and N-protected acid 236.87 

CO2H 

235 236 
t-BUO 
237 

The pyrrolopyrimidine antifolate masked ornithine analog 240 is prepared from 
methyl esters of lysine 238 and substituted benzoic acid 239 using DEPC.88 

H - Of-BU 

+ 

EtO 
238 239 

E t O q o  

O=P(OEt)ZCN 
HCI, AcOEt HzN 

b 

NEt3, DMF, 100% 

0% 
Ot-BU 

240 
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Condensation of the hydroxy acid (241) with glycine t-butyl ester hydrochloride 
(242) smoothly proceeds in the presence of DEPC and NEt3 to give the amide (243).*9 
Amide 243 is used as an intermediate for the synthesis of topostin B567 (244) and 
topostin D654 (245); both have proved to be novel inhibitors of mammalian DNA 
topois~rnerase.~~ 

244 245 

Tyrosine kinase inhibitors are prepared from key intermediate 247 via 
condensation of tryptophan (246) and benzylamine using DEPC.90 

EtOzCCF3 

PhCHZNHZ 

O=P(OEt)&N 

H 

NHz NEt3, DMF, 80% 
C02H NH 

246 247 

The dipeptide 250 is repared from amino adenine 248 and Boc-D-Ala 249 using 
DEPC as the coupling agent!' The amino acid carrying the adenine in the side chain has 
been employed for the synthesis of the naturally occurring dipeptide NK374200, a novel 
insecticide agent isolated from the culture of the hngus Tuluromyces SP.~' 
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248 249 250 

Chromogenic and fluorogenic peptidase substrate 252 is prepared from u-amino 
acid 251 and amine using DEPC.” H-Gly-Ot-Bu is condensed with Boc-L-glu(0Me)-OH 
using DEPC.” 

0 0 0 LNH, + Me0 *O2” O=P(OEt)2CN M ~ O ~ N H  
f-BUO HNyot-Bu NEtB, DMF, 100; t-BuoyNH 9 

0 0 Ot-BU 
251 252 

Synthesis of the cyclic hexapeptide echinocandin D (256) involves a key 
intermediate tetrape tide 255 which is prepared from 253 and N-linoleyl-N-Boc ornithine 
(254) using DEPC.’ Echinocandin D, isolated from Aspergillus ruglosus, is a member of 
a family of lipopeptides possessing high antifungal activity. 

P 

+ 

253 254 
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O=P(OEt),CN 

NEt3, DMF, 

HO 

Me0 

0 
255 

6.5.6 Experimental 

28 32 33 
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Methyl (2S)-N-(2-aminopyrazinecarbonyl)pyrrolidine-2-carbo~late (33)13 
To a mixture of 3-aminopyrazine-2-carboxylic acid (22) (714 mg, 5.13 mmol) and L- 
proline methyl ester hydrochloride (32) (1020 mg, 6.16 mmol, 1.2 equiv) in dry DME 
(30.0 mL) was added dropwise DEPC (93 %, 1.00 mL, 6.16 mmol, 1.2 equiv) and 
triethylamine (1.70 mL, 12.2 mmol, 2.4 equiv), respectively, at 0 "C. The resultant 
solution was stirred at 0 "C for 1 h and at 40 'C for 1 h under nitrogen. The mixture was 
diluted with ethyl acetate (500 mL) and washed with water (2 x 50 mL), saturated 
sodium hydrogen carbonate solution (2 x 50 mL), water (2 x 50 mL), and saturated 
sodium chloride solution (50 mL) successively. The combined organic layer was dried 
(MgS04) and evaporated under reduced pressure to afford the crude product, which was 
purified on a silica gel column chromatography using A and H (1:2, v/v) as an eluent to 
give amide derivative 33 (oil, 1259 mg, 5.03 mmol, 98%). A mixture of syn and anti 
rotamers (57:43); yield 98 %; Rf = 0.18 (A:H 1:l ); oil; [a]~" = -52.3' (c 0.68, CHCI3). 

128 
eo 129 

O=P(OEt)&N 

NEt3, DMF, 60% 

130, dolastatin 18 

Dolastatin 18 (2, Dhex-L-Leu-N-Me-D-Phe-Doe 1 30)52 
A solution of 2,2-dimethy1-3-oxohexanoic acid (128, 30 mg) in DCM (3 mL) was added 
to a stirred solution of tripeptide 129 (92 mg) in DCM (2 mL), and the mixture was 
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cooled to 0 "C under argon. Triethylamine (1 mL) and DEPC (0.05 mL) were added, and 
the mixture was stirred for 2.5 h, warming to room temperature. Removal of solvent 
yielded a creamy oil that was fractionated by flash chromatography ( 5 :  1 hexane-acetone) 
to give dolastatin 18 (130, 40.5 mg; 0.065 mmol). Further purification on SephadexLH- 
20 [hexane-toluene-methanol (3: 1 :I)] gave a colorless solid that crystallized from 
acetone-hexane in a cluster of needles: mp 108-109 "C; [ a ]~ '  44 (c 0.05 CHzC12). 

O=P(OEt)ZCN 

NH2(CH2)2Si(OMe)3 
c 

DMF 24 h, 0 OC 
88% 

Me0 

[(CN)(HzO)Cob(lll)6Cl ester]C104 

MeO, ,OMe 

Meo? 

Me0 A0 0 AOMe 

110 111 

Vitamin B12 derivative (1 1 1)43 
A hydrophobic vitamin B 12 derivative (1 11) was synthesized from monocyanocobyrinic 
acid hexamethyl ester (110) [(CN)(H~O)Cob(III)6Clester]Cl04. In 10 mL of dry DMF, 
50 mg (0.047 mmol) of [(CN)(H~O)Cob(III)6C lesterlC104 was dissolved and the brown 
solution was cooled to 0 "C using an ice-bath under nitrogen atmosphere. To the solution 
was added 15 mg (0.092 mmol) of diethylphosphoryl cyanide (DEPC). After stirring for 
30 min at 0 "C, 18.1 mg (0.08 mmol) of 3-(trimethoxysily1)propylamine and 16 mL 
(0.096 mmol) of triethylamine were added and hrther stirred for 6 h at 0 "C, then 15 h at 
room temperature under nitrogen atmosphere. To the resulting purple solution was added 
60 mL of dichloromethane and washed with water (3 x 60 mL). After drying over 
anhydrous Na2S04, the dichloromethane extract was concentrated to dryness. The 
product was reprecipitated from benzene upon addition of hexane to afford a purple 
powder. It is noteworthy that DEPC is a superior reagent for this condensation reaction 
compared to other reagents, such as N,N-dicyclohexylcarbodiimide. The product was 
characterized by UV-VIS, NMR, IR, and HR mass (FAB) spectroscopies. Yield 88%. 
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6.6 Yamaguchi Esterification 

6.6.1 Description 
The Yamaguchi esterification utilises 2,4,6-trichlorobenzoyl chloride, also known as the 
Yamaguchi reagent, to form esters from carboxylic acids and alcohols. 

0 

KO.% Rz-OH 

c i a ,  

DMAP, C H J P ~ ,  R1 

CI reflux 

0 2 CI 

RKOH Et3N, CHzCl2 * R1 
1 

1 1  3 4 I 

6.6.2 Historical Perspective 
Prior to the esterification pioneered by Yamaguchi and co-workers few examples existed 
for the preparation of large ring lactone systems.14 Yamaguchi recognised that to 
overcome the unfavourable entropic factors leading to the formation of polymers the ring 
closure of such systems would need to be rapid. The method also needed to be mild so as 
to be applicable to complex natural systems without adversely affecting other 
functionalities present. 

Yamaguchi and co-workers then screened a number of acid chlorides for the 
formation of the mixed anhydride with two features in mind: (1) the component should be 
a good leaving group, and (2) the carbonyl group of the component should be sterically 
hindered from nucleophilic attack?’6 Eventually, 2,4,6-trichlorobenzoyl chloride was 
deemed to be the best in terms of rate of reaction and yield. 

6.6.3 Mechanism 
The carboxylic acid coupling partner is initially deprotonated by triethylamine typically, 
forming the carboxylate ion which then reacts with the acid chloride to give a mixed 
anhydride. This forms the first part of the two-step procedure. The acylating agent 
dimethylaminopyridine (DMAP) is then added, which reacts with the mixed anhydride to 
form an acyl pyridinium salt with the elimination of an aromatic carboxylate anion. The 
second coupling partner, the alcohol, then reacts with the acyl pyridinium salt to give the 
desired ester. 
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. N' 
\ 

R2- dW , H 
'N' 
I 

6.6.4 Variations and Improvements 
Variations in the Yamaguchi protocol include changing the concentration of DMAP and 
altering the dilution of the reaction mixture. Arguably the most significant variation to 
the Yamaguchi procedure is the Yonemitsu modification. In their synthesis of 9- 
dihydroerythronolide A, Yonemitsu et al. were able to affect coupling to obtain the 
macrolide structure by modified Yamaguchi reaction only.' Other methods such as 
Corey's pyridothio ester formation were unsuccessfuL8-" In this case, the modification 
involved considerably increasing the equivalents of DMAP. 

OMM OMM 

CO2H 

(ii) 2,4,6-C13C6H2COCI 
EkN. THF " .  

L 

(ii) DMAP (25 eq.), 
PhCH3, reflux, 39 h 

27% 

5 6 
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OH OH (ii) 

CO2H 
( i i )  DMAP (2 eq.), 
PhCH3, reflux, 39 h 

98% Mes DMP 

7 8 

The yield was still low; however, the authors then reported the total synthesis of 
Erythonolide A by the macrocyclisation of a slightly different substrate, 7." The 
excellent yield was attributed to a suitable conformation of 7 and a more efficient 
formation of the acylpyridinium salt. A more detailed study on the macrocyclisation of 
such substrates by employing different conditions discusses different coupling reagents 
and varying equivalents of triethylamine.I2 It is demonstrated that the Yamaguchi 
reaction can be carried as a one-pot procedure. 

A recent example employing the Yonemitsu modification is demonstrated in 
Paterson's total synthesis of (-)-Baconipyrone C.13 Initially, the Keck modification of 
the Steglich esterification was attempted for the coupling of the two fragments to give the 
complete backbone of the natural product. This however, resulted in the epimerisation of 
a remote stereocentre, giving an unseparable mixture of diastereoisomers. The 
Yonemitsu-Yamaguchi procedure gave similar results. However, by modifying the 
Yonemitsu-Yamaguchi protocol further, by warming the mixture from -78 to 0 "C over 
10 min, then rapid quenching with NaHC03 solution, the desired ester was obtained with 
less than 10% epimerisation detected. 

VmP 0 OH 0 

9 
+ ,- o /  

2,4,6-C13CeH2COCI 
EkN, DMAP, PhCH? 

-78 to 0 OC, 
10 rnin., 73% 

11 

R, = H, R2 = Me 

Shiina and co-workers report the result of coupling reactions carried out by using 
benzoic anhydride and its derivatives in place of the Yamaguchi coupling reagent.I4 
These can provide useful alternatives to the conventional Yamaguchi conditions. In 
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addition, DMAP can be used as both the base and the activator for the dehydration 
condensation step, thus nullifying the need for a separate base such as triethylamine. 
Consequently, the coupling can be carried out in one step. 
the use of 2-methyl-6-nitrobenzoic anhydride (MNBA, 
membered-ring lactones. 

The example illustrated shows 
13) in the synthesis of eight- 

In a similar fashion, Dhimitruka and SantaLucia argue that the use of 2,4,6- 
trichlorobenzoyl chloride is not always necessary and that other inexpensive acid 
chlorides can be employed." This is attractive especially when dealing with scale-up 
reactions. The authors also postulate the formation of a symmetric aliphatic anhydride to 
explain the regioselectivity of the Yamaguchi esterification. The mechanism assumes 
that aliphatic carboxylates are better nucleophiles than aromatic carboxylates and 
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alcohols, and is illustrated below. Thus, since the mechanism is based on competing 
reactivities, there is no need for a two-step method or excess DMAP. 

Variations in the Yamaguchi protocol also involve differing the order of addition. 
For example, in the synthetic studies toward bafilomycin A, the C1-Cl1 and C12-Cl7 
fragments were coupled by first premixing the acid 15 with DMAP (2 eq.) in toluene at 
room temperature, then adding triethylamine (4 eq.) and 2,4,6-trichlorobenzoyl chloride 
(2 eq.) successively, then finally adding the alcohol 16 in toluene.16 An excellent yield 
was obtained. 

OTES 

15 
+ 

OH 

89% . 

16 

6.6.5 Synthetic UtiIity 
Due to the prevalence of many macrolide natural products, Yamaguchi’s esterification 
has been used extensively in the total syntheses of such compounds. Increasingly, 
Yamaguchi’s method has succeeded where other notable esterification conditions have 
failed. A recent example involves the coupling of two monomers to form the clavosolide 
A dimer.” The Corey-Nicolaou protocol mentioned previously gave only a 30% 
conversion whereas the Yamaguchi esterification resulted in a clean reaction with a 66% 
yield. 

Yamaguchi reagents 

- 

125 OC, 6 h 
66% 

1 9  
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6.6.6 Experimental 

HO Leo,,, 
20 

+ ,  - 
96% 

22 

21 

4-Methyl-hex-2-enedioic acid, 6-[4-iodo-2-methyl-l-(2-methyl-[1,3]dioxolan-2-yl- 
methyl)-pent-3-enyl]ester 1-methyl ester (22)'* 
To a solution of carboxylic acid 20 (74 mg, 0.432 mmol) in toluene (4 mL) was added 
triethylamine (0.1 80 mL, 1.29 mmol). 2,4,6-Trichlorobenzoyl chloride (68 mg, 0.432 
mmol) was introduced and the resulting mixture was stirred for 1 h at ambient 
temperature. A solution of alcohol 21 (128 mg, 0.392 mmol) and DMAP (48 mg, 0.392 
mmol) in toluene (4 mL) was added and the reaction mixture was allowed to stir for 1 h. 
Evaporation of the solvent followed by flash column chromatography of the residue 
(hexanesEtOAc 4:l + 1% Et3N) provided ester 22 as a colorless oil (200 mg, 96%). 

6.6.7 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
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7.1 Balz-Schiemann Reaction 

7. I .  I Description 
The Balz-Schiemann (BS) reaction (often called the Schiemann reaction) describes the 
preparation of an aromatic diazonium fluoborate 1 followed by its thermal decomposition 
to afford the corresponding aryl fluoride 2.14 

I 
- L-. .I . .. . . 

2. HBF4 

1. HN02 heat I ArNH? - ArN9BFA - ArF + N2 + BF3 

1 2 

The two-step BS reaction has several variations in both the diazonization step to 
afford 1 and the decomposition step to give the aryl fluoride 2. 

7.1.2. Historical Perspective 
In their landmark publication, Balz and Schiemann’ reported the syntheses of 
fluorobenzene, 4-fluorotoluene, 2,4-dimethylfluorobenzene, 1 -fluoronaphthalene, and 
4,4’-difluorodiphenyl. Diazotization of the appropriate aromatic amine with nitrous acid 
(NaNO2, HCl), followed by the addition of fluoroboric acid gave the corresponding aryl 
diazonium salts (6247% yields). Thermal decomposition of the dry aryl diazonium salts 
gave the aryl fluoride (97-100% yields). Only 2-, 3-, and 4-nitrophenyl diazonium 
fluoroborates, which were prepared in 76100% yields, failed to yield the expected 
nitrofluorobenzenes upon thermolysis. 

An interesting account of the life of Giinther Schiemann on the occasion of his 
100th birthday was published in 1999.6 

7.1.3 Mechanism 
+ H+ 

NaN02 + H+ - HN02 -NO 
-H20 

3 4 

‘il+ H+ 
ArNH2 + NO+ - Ar-N-N=O Ar-NH-N=O 

A 
+ + -H+ 

Ar-NH-N=OH - Ar-NH=N-OH __ Ar-N=N-OH 

H+ + -H20 + - Ar-N=N-OH2 - Ar-N=N 
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The mechanism of the diazonization step is well established7 and involves the sequence 
shown on the previous page. 

Nitrous acid (3), which is generated from sodium nitrite and aqueous acid, 
undergoes dehydration under the acidic conditions to form nitrosyl cation 4. Reaction of 
4 with the aryl amine eventually affords the aryl diazonium salt after tautomerization and 
dehydration. The addition of fluoroboric acid sets the stage for the second step leading to 
aryl fluoride. 

There is strong evidence that the mechanism of the decomposition of the aryl 
diazonium fluoroborates involves an aryl cation intermediate that rapidly collapses to the 
aryl fluoride and boron trifluoride by reaction of the aryl cation with tetrafluoroborate.8-'2 
Aryl radicals do not appear to be involved. For example, whereas iodoacetic acid is an 
effective aryl radical trap in several hydrodediazonization reactions, it does not interrupt 
the normal (ionic) pathway involved in the Schiemann reaction.'Ib 

+ 
Ar-N=N BF4- Ar' N2 BF4- * Ar+BF4- - Ar-F + BF3 

1 5 6 

Theoretical calculations support the intermediacy of a singlet aryl cation 6 
preceded by an ion-molecule pair (5).13 

7.1.4 Variations and Improvements 
Variations and improvements in both steps are known. For example, the simple 
expedient of using tetrahydrofuran as the solvent to prepare diazonium tetrafluoroborates 
greatly improves the yields in several cases.I4 

The preparation and use of diazonium fluorosilicates is superior in a few cases to 
diazonium fluor~borates.'~ For example, the synthesis of methyl 5-fluoronicotinate 7 
was only successful using the diazonium fluorosilicate me th~d . '~  

7 

More prevalent than diazonium fluorosilicates in so-called modified Balz- 
Schiemann reactions have been diazonium hexafluorophosphates.'6 In some cases these 
latter diazonium salts give higher yields of aryl fluorides. Some examples are shown 
below, with the normal Balz-Schiemann reaction yields using diazonium tetrafluoro- 
borates given in parentheses.'6a 
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-k 
N2BF4- 

110-170°C 6 
R R R 

1. NaN02, HCI ~ &JJ 

2. HPF6 

8 9 10 

R 9, % 10, % 

79 (46) 
77 (84) 
97 (50) 

1 00 (64) 

77 (0) 
100 (85) 
100 (100) 
97 (90) 

78 (19) 
64 (0) 
77 (81) 
79 (75) 
20 (-1 
70 (67) 
63 (58) 
71 (70) 

The combination of boron trifluoride etherate and tert-butyl nitrite," in place of 
the conventional conditions (NaNO2, HCl, HBF& followed by decomposition of the 
diazonium salt in chlorobenzene afforded 5-fluorobenzo[c]phenanthrene (1 l).17b 
Nitrosonium tetrafluoroborate has been used to diazotize 8-amino-1 -tetralone (12) en 
route to 8-fluoro-l -tetralone (13)." 

11 

1. NOBF4 
acetone .) 

2. toluene 
I10 "C 

12 41 % 13 
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Another modification of the BS reaction is to employ a triazene and HF as the 
source of f l~or ide . '~  For example, aminotamoxifen (14 was transformed into 
fluorotamoxifen (16) via triazene 15 using this milder method.2 b 

1. NaN02, HCI 

/ NH2 2. 0 Me2N(CH2)20 
\ 

Me2N(CH2)20 

H 

69% 15 14 

Ph?fEf 

16 

Other deaminative fluorination techniques include the use of pyridinium 
poly(hydrogen fluoride)-sodium nitrite2' and silicon tetrafluoride-tert-butyl nitrite?2 

Several variations for the decomposition of aryl diazonium tetrafluoroborates are 
available. One of the most widely used is a photodecomposition method first described 
by two grou s in 1971 .23324 For example, 4,5-difluoroimidazole (17) was prepared using 
this method. Ps 

+ -  
F 

1. HBF4 

2. NaN02 0 'C 
H H 2 0  H H 

8% 36% 
17 

Other photoinduced fluoro-dediazonizations have been described, and in some 
cases excellent yields of aryl fluorides are obtained as shown for 18 and 19.26 In these 
examples the aryl diazonium salts were prepared using 3-methylbutyl nitrite in boron 
trifluoride etherate and hydrogen fluoride (1 :I)?' 
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hv + -  

BFoEt20, HF - a: 
18 

99% 

hv 

HO QN2 BF4 pyridine-HF HO 
I I 

CH3 94% CH3 

19 

Several catalysts are known to facilitate the decomposition of aryl diazonium 
tetrafluoroborates, including the combination of crown ethers and copper powderz8 and 
the employment of ionic liquids.29 An example of each is depicted below for the 
synthesis of 20 and 21. It should be noted that the former method leads in most cases to 
reduction of the aryl diazonium salt and not to introduction of fluorine. 

+ -  
y z  BF4 

CU, 18-C-6 

CHzC12, 40 "C 

60% 
20 

&, 1. NOBF4 - A  
 NO^ 2. [emim][BF4] uNo2 

3. 50°C 
95% 21 

The incorporation of radiolabelled fluoride-1 8 employs a clever modified BS 
reaction using the decomposition of aryl diazonium tetrachloroborate 22 in the presence 
of 18F, as shown.30 
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+ -  
y 2  BC4 

n-Bu4NOH, laF- + 0 
heptane 

I reflux I 
CH3 CH3 
22 19% 

7.1.5 Synthetic Utility 

(ref. 31h) 

1. A c ~ O  
2. Hz, PdlC ~ 

3' NaN02 AcHN 110°C A d N  

47% H2N HBF4 
83% 

HF, HBFd 
(ref. 359 

NH2 a q W F  
NaN02 

43% 
OH OH 

c 
180-200 "C 

Me02C HPFe Me02C sand Me02C 
79% 42% 

40% 52% 
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As we have seen to some extent in the previous section, the range of aryl and heteroaryl 
fluorides that are available from the BS reaction is truly enormous. Noteworthy are the 
several BS s ntheses of fluorinated heterocycles such as pyridine~,~' quinol ine~,~~ 
isoquinolines! naphth ridine~:~ p~rines,3~ benzo uinolines,36 benzo~innolines~~ 

Some representative recent examples are depicted here. 
A wide variety of fluorinated aromatic and polyaromatic systems are accessible 

via the BS synthesis, such as 11, 13, 16, and 18-21 presented earlier. Other examples are 
fluorinated me~itylenes,~~ several polyfluorinated benzenes,44, 4-chloro-2-fluoronitro- 
benzene:' bromofluorotoluenes,46 7-fl~oroindanone,'~ fluorinated pol cyclic aromatic 
hydrocarbons,'7s47 4-trit Ifluorobenzene:8 fluorinated diary1 thioethers?d;luorophenols:' 
fluoronorepinephrines:' fluorinated  estrogen^,'^^^^ and an unusual meta~yclophane?~ A 
selection of these compounds is shown here. 

thiophenes,38 pyrazoles,"selenazoles~o benzimidazoles, 1 ' and a pyrrol0[2,3-b]pyridine.4~ 

F 

Me$; F ,hF F 

Me 

ref. 43 ref. 44d 

& @; 
/ I  

/ /  

F \ 

ref. 47a ref. 47c 

ref. 45 

ref. 49 

Br bMe 
ref. 46 

M eO 

ref. 52a 

The BS reaction is an excellent method for the introduction of radioactive 
Exam les include "F-labeled 

and 5- 
fluorine- 18 into molecules of biological interest. 
haloperidol 23 ,54 fluconazole (24);' 5-fluoro-L-dopa (25): amino 
fluorouracil.' 0 
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Some specific reactions are illustrated below for the syntheses of 2,3,6- 
trifluorochlorobenzene (26),44e 7-fluorobenz[a]anthracene (27),47a and 4- 
tritylfluorobenzene (28):' 

+ 
N2 B< 

50%aq HBF4 @: heat @I 

F 
67% overall 

F F 

6 NaN02 * 
5-10 "C F 

F 

26448 

& 1. 2. NOsEt20 NO2 * & - xylene KF 

\ / /  \ / /  
3. HBF4 reflux 

N2 BF; 91 % 
NH2 90% + 

+ 
1. HCI, acetone 

2. aqNaN02 
3. HPF6 130 Torr 

heat 

V h ) 3  65% W h ) 3  82% 

F 

2747a 

7.1.6 Experimental 
The reader is referred to the synthesis of 4,4'-difl~orobiphenyl,~' 4-fluorobenzoic acid,sg 
fluorobenzene,6' and 1 -brom0-2-fluorobenzene,~' published in Organic Syntheses, and to 
the syntheses of 3-fluorotoluene, 3-nitrofluorobenzene, 4-fluorobromobenzene, 4- 
fluoroanisole, 2-fluoronaphthalene, 3-fluoropyridine, and 4,4'-difluorobiphenyl published 
in Organic Reactions.' 

Due to the potential explosive nature of aryl diazonium salts, the reader is urged 
to consult the original literature before attempting any BS synthesis. For example, a great 
difference exists in the stability of the diazonium tetrafluoroborates derived from the 
isomeric aminopyridines, aminoquinolines, and aminoisoquinolines. Thus, whereas the 
diazonium tetrafluoroborate from 2-aminoquinoline decomposes as it forms at room 
temperature, the same diazonium salt from 3-aminoquinoline is stable enough to be 
isolated and dried, decomposing only at 95 0C.32 



560 Name Reactions for Functional Group Transformations 

2,6-Dic hlor0-3-fluoropyridine~'~ 
To a stirred solution of 3-amino-2,6-dichloropyridine (16.3 g, 0.1 mol) in tetrafluoroboric 
acid (42%, 300 mL) was added dropwise an aqueous saturated solution of sodium nitrite 
(6.9 g, 0.1 mol) at 5 "C. The resulting precipitate was filtered off, washed successively 
with cold water and Et20, and dried under reduced pressure (3 Torr) below 80 OC, giving 
14.8 g (57%) of 2,6-dichloro-3-pyridinediazonium tetrafluoroborate, mp 167-1 69 OC; IR 
(KBr) 2260 cm-I. Anal. Calcd for C S H ~ B C ~ ~ F ~ N ~ :  C, 22.94; H, 0.76; C1,27.09; F, 29.03; 
N, 16.05. Found: C, 22.91; H, 0.77; C1,27.13; F, 29.24; N, 16.14. A mixture containing 
the diazonium salt (1 3.1 g, 0.05 mol) and anhydrous MgS04 (13.1 g) was heated at 
170-200 "C under reduced pressure (4-10 Torr). The product distilled and/or sublimed 
during the reaction course and was collected under cooling with dry ice/acetone, and 
taken up in CHCl3. The organic solution was washed with 1 N NaOH, dried (K2CO3), 
and concentrated to dryness. The residue was crystallized from hexane-Et20 (1 : 1) to give 
5.6 g (67%) of the very sublimable product, mp 44-46 OC; 'H NMR (CDCl3) 6 7.47 (lH, 
dd, J =  8.5, 7.0 Hz), 7.27 (lH, dd, J =  8.5, 3.3 Hz). 

4-C hloro-2-fl~oronitrobenzene~~ 
Sodium nitrite (3.4 g, 49 mmol) in water (10 mL) was added dropwise to a stirred 
solution of 5-chloro-2-nitroaniline (8.0 g, 46 mmol) in concentrated hydrochloric acid 
(280 mL) cooled at 5-10 "C over 60 min. After further stirring at the same temperature 
for 60 min, hexafluorophosphoric acid (40%, 33.8 g) was added and the obtained mixture 
was stirred at 0-5 "C for 2 h. The precipitate was collected by filtration, washed 
sequentially with cold water, ethanol, and ether, and air dried to give a slightly yellow 
solid (12.4 g). The dry diazonium salt (Caution: explosive at high temperature) was 
added in portions to dichlorobenzene at about 150 "C with stirring over a period of 20 
min. Decomposition of the salt proceeded smoothly and the same temperature was 
maintained for a further 1 h. After cooling to room temperature, the reaction mixture was 
poured into Na2CO3 solution and partitioned. The organic layer was washed with water, 
dried (Na2S04), and distilled at reduced pressure with a Vigreux column. The distillate 
of 133-136 "C/30 Torr was collected to give the product (4.1 g, 50%), mp 46-48 "C; 'H 
NMR (CDCI3): 6 8.05 (lH, dd, J =  8.7, 8.2 Hz), 7.34-7.26 (2H, m). Anal. Calcd for 
C6H3ClFN02: C, 41.05; H, 1.72; N, 7.98. Found: C, 41.1 1; H, 1.74; N, 7.92. 

8-Fluoro-1-tetralone ( 1  3)" 
8-Amino-1-tetralone (0.62 g, 3.85 mmol) in dry acetone (10 mL) was added to a mixture 
of NOBF4 (0.59 g, 5.1 mmol) in acetone (10 mL) at -20 OC. After 45 min, more 
nitrosonium tetrafluoroborate (-0.67 g, 5.73 mmol) was added to the mixture. The 
reaction was continued (30 min) until TLC analysis showed no starting material. The 
mixture was poured into anhydrous CHCl3 (50 mL) and stirred for 30 min. The mixture 
was dried (MgS04) and the solvent was removed under vacuum. The solids were added 
portion-wise to a solution of toluene at reflux. Heating was continued for 15 min 
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whereupon the mixture was cooled to room temperature and filtered through Celite. The 
solids were flushed with CHC13 and the concentrated residue was purified on a column of 
silica gel. The product 13 was eluted with 60% Et0Ac:hexane to give a yellow oil, 0.26 
g (41%); 'H NMR (CDCl3) 6 7.39 (IH, dt, J =  7.8, 4.8 Hz), 7.03 (IH, d, J =  7.5 Hz), 6.96 

(2H, m). Anal. Calcd for CloH9FO: C, 73.16; H, 5.53. Found: C, 73.08; H, 5.53. 
(IH, dd, J =  8.7, 11.4 Hz), 2.95 (2H, t, J =  5.7 Hz), 2.63 (2H, t, J =  6.3 Hz), 2.13-2.05 
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7.2 Buchwald-Hartwig Amination 

7.2.1 Desciption 
The Buchwald-Hartwig amination is an exceedingly general method for generating any 
type of aromatic amine from an aryl halide or aryl sulfonates.'72 The key feature of this 
methodology is the use of catalytic palladium modulated by various electron-rich ligands. 
Strong bases, such as sodium tert-butoxide, are essential for catalyst turnover. 

The most noteworthy feature of this palladium-catalyzed amination is the wide 
tolerance of nitrogen nucleophiles. Depending upon the proper choice of ligand for 
palladium, most primary and secondary amines of all types are well received. This 
reaction even works for much weaker nitrogen nucleophiles, such as amides, carbamates, 
sulfonamides, imines, oximes, and hydrazines. As for the aromatic component, a new 
generation of ligands for this reaction has even allowed for room temperature reactions of 
aryl chlorides and hrther expanded the synthetic utility. Given the relatively mild 
reaction conditions and broad scope, the Buchwald-Hartwig amination is one of the 
premier methods for constructing the nitrogen-aryl bond. 

7.2.2 Historical Perspective 
Aromatic amines are prevalent in a wide variety of natural products and are ubiquitous in 
therapeutic agents and other synthetic, bioactive molecules. As such, a number of 
classical methods exist for creating this bond. Among the most common are SNAr 
reactions and copper catalyzed Goldberg-Ullmann type reactions. Although these 
reactions offer much literature precedence, they can often be limited by harsh reaction 
conditions, poor hnctional group tolerance, narrow substrate scope, or undesired side 
products. A modern alternative is the analogous Ni(0) catalyzed process, but this protocol 
often requires careful catalyst handling under an inert atmosphere? 

The first paper that demonstrated the feasibility of a palladium-catalyzed 
amination was a report by T. Migita and co-workers: They demonstrated that a tri-ortho- 
tolyl phosphine palladium chloride catalyst will catalyze the cross-coupling of N,N- 
diethylamino-tributyltin with bromobenzene. The process can be thought of as an amino- 
Stille cross-coupling. 
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1983 T. Migata eta/. 

n-Bu3SnNEtz + ArBr ArNEt, + n-Bu3SnBr 

10 mol% 

tol., 100 "C, 3 h 

16-81 % yield 

[ ( O - ~ O I ) ~ P ] ~ P ~ C I ~  

A stoichiometric, intramolecular variant of the Buchwald-Hartwig amination was 
reported by D. L. Boger and J. S. Panek as early as 1984 in the synthesis of 
lavendamycin.' They showed that 1.2 equiv of Pd(PPh3)4 could effect the intramolecular 
cyclization of an amino bromide 1 to the desired heterocycle 2. The absence of an 
external base to sequester the generated HBr rendered this reaction super-stoichiometric 
in palladium. 

1984 D. L. Boger and J. S. Panek 

C02Me 

Me 
Pd(PPh3)4 (1.2 equiv) 

84% yield 
Br 1 THF, 80 'C, 21 h 

Contemporaneously with each other, S. L. Buchwald and J. F. Hartwig were both 
examining the mechanism and working to optimize the original amino-stannane coupling 
reported by T. Migita. Hartwig was able to isolate and characterize by X-ray 
crystallography a catalytically competent Pd-amine intermediate (trans-[(o- 
tolyl)3P](NHEt2)PdC12. Buchwald and A. S. Guram were able to improve the orginal 
Migita procedure by developing a way to generate the amino-stannane in situ. This 
procedure worked well for the coupling of secondary amines and anilines with aryl 
bromides. 

1994 S. L. Buchwald and A. S. Guram ArBr 
80 "C 1-2.5 mot% 

R' Arpurge R' [(~-tol)~P]~PdCl~ R' 
n-Bu3SnNEtz + HN, - n-Bu3Sn-Ns - APN'. 

R3 -HNEtz R3 tol., 105 "C, 3 h R3 
55-88% yield 
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1995 S. L. Buchwald, A. S. Guram, and R. A. Rennels 
1935 J. F. Hartwig and J. Louie 5' 

Br cat. [ (CAOI)~P]~P~CI~ R 1 - a N - ~ 3  
~3 NaOt-Bu (Buchwald) 

R l - 0  + HN, 

Or 
LiHMDS (Hartwig) 

Buchwald was able to eliminate toxic tin by first attempting the cross-coupling 
with B(NMe2)3 in~tead .~  Key to this "amino-Suzuki" alternative was the use of NaOt-Bu 
as a stoichiometric base. Subsequently, they found that boron was not necessary and 
simple amines would readily couple. At the same time, J. F. Hartwig and J. Louie reached 
the same conclusions. Based upon their examination of the catalytic cycle of the Migita 
reaction, Hartwig reasoned that amines could cross-couple in a catalytic sense if a base 
was present to turn over the palladium by deprotonating the Pd-amine intermediate giving 
an intermediate palladium amido species. They used LiN(SiMe3)z (LiHMDS) to 
accomplish this purpose, thereby generating LiBr and HN(SiMe3)2. 

7.2.3 Mechanism 
L"*IPd(O) 

H 

Ar 
L,Pd, 

F 
NR* 

E 
RJ.%-l 

,NR2(R3) 
L, Pd 

'Ar , Ar 

NaX+ Hot-Bu ~6,' + NaOf-Bu 
R3 

The generally accepted catalytic cycle for the Buchwald-Hartwig amination mirrors that 
of other palladium catalyzed cross-coupling reactions. l o ,  ' I  l 2  There is an oxidative 
addition (A to B), followed by an exchange on palladium (B to C), and finally a reductive 
elimination (C to D and A). The main difference involves the exchange step. In a Suzuki, 
or Stille, reaction this step proceeds through a discrete transmetallation event, whereas 
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the Buchwald-Hartwig amination requires stoichiometric NaOt-Bu with which to 
deprotonate the Pd-amine complex giving C, thereby also forming NaBr and t-BuOH. 

The Pd/BINAP catalyzed Buchwald-Hartwig amination has been extensively 
studied using reaction calorimetry to determine the kinetics along with isolation and 
characterization of some of the proposed intermediates.' l a  Using this and several other 
lines of evidence, a general rate equation can be derived for this particular catalyst 
system. It's instructive to note that for this transformation, the rate depends upon 
dissociation of BINAP from (BINAP)zPd to form the active Pd(BINAP) catalyst, and the 
rate of oxidative addition to ArX. The amine and base do not play a significant role in the 
overall kinetics. 

For some combinations of ligands and palladium, amines containing a-protons 
are prone to 0-hydride elimination (C to F), giving an imine (E) and de-halogenated 
arene (G)  as the major side products. For the first generation of ligands, this was a 
particular limitation. Chelating phosphines (second generation) and the latest third 
generation ligands have eliminated this side reaction as a major concern, although some 
difficult aminehaloarene combinations still suffer from this pathway. 

7.2.4 Synthetic Utility 

7.2.4.1 First generation ligands: mono-dentate ph  osph ines 
The early examples of the Buchwald-Hartwig amination typically utilize (o-tol)# as the 
ligand for palladium with NaOt-Bu as the stoichiometric base.', l 3  The reaction is 
typically conducted at 100 "C in toluene. For aryl bromides, electron rich (EDG = 
electron donating group) and electron neutral aromatics substituted at either the para or 
meta positions work quite well, whereas electron withdrawing groups (EWG = electron 
withdrawing group) give lower yields. The amines are primarily limited to secondary 
acyclic (aliphatic and aromatic) and cyclic. Primary amines can participate with some 
aryl bromides, but they tend to give high levels of de-halogenated arene and imine side 
products. 

R1-g: HN:R3 R2 

R' = EWG or EDG 
amine = 2" cyclic or acyclic 

2-5 mol% 

NaOt-Bu, tol. 

67-89% yield 

[ ( o - ~ o I ) ~ P ] ~ P ~ C I ~  
* 

100 "C, 2-4 h 

Aryl iodides may also couple with a variety of amines using the aforementioned 
reaction conditions and phosphine ligand. l 4  In general, the reaction is limited to 
secondary cyclic and acyclic amines. Primary amines give very poor yields unless the 
aryl iodide contains an ortho methyl group. 
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0.5 mol% Pd2(dba)3 5' 
R 1 - 3 :  HN: R2 

2 mol% P(cbtol), * R l - D N ' R 3  

/ R3 NaOf-Bu, dioxane 
65-1 00 'C, 2-24 h 

18-79% yield R' = EWG or EDG 
amine = 2' cyclic or acyclic 
amine = 1' aliphatic: low yield, unless R' ortho 

Interestingly, the intramolecular variant of this transformation works best with 
palladium tetrakis as the ~atalyst?,'~ A combination of NaOt-Bu and K2C03 serves as 
the base, although Et3N as solvent may also be used. 

N(H)Bn cat. Pd(PPh3)., 

I or Br NaOt-BulK2C03 or Et3N 
tol., 22-100 'C Bn 

n = 1-3 83-96% yield 

Evidence of an undesired p-elimination pathway can be demonstrated when 
enantioenriched a-phenyl pyrrolidine is subjected to the standard reaction conditions. 
Although this amine couples in 60% yield with bromobenzene, the resulting product is 
racemic. This indicates that the palladium-amido intermediate is in equilibrium with an 
imine. 

PdAdba)~ 
P (0-to l)3 

* QPh 
0% ee NaOt-Bu, tol. 

60% yield 

QPh + ArBr 
98% 88 

100 "C Ar H 

N-Aryl piperazines can be synthesized using this catalyst and unprotected 
piperazines." Key to this protocol is the use of excess piperazine to favor mono-arylation 
versus the di-arylated product. Moderate yields of the mono-arylated product can be 
obtained with a variety of aryl bromides. The major side product is the de-halogenated 
arene caused by the p-elimination pathway. 



Chapter 7. Miscellaneous Functional Group Manipulations 569 

eq'"J 1047% yield 

These amine coupling conditions have been adapted to the solid phase by a group 
at Merck in order to prepare a library of substituted anilines.16 The aryl bromide is 
attached to the solid phase through an amide linkage. Para and metu substituted solid 
phase aryl bromides were found to couple efficiently with secondary amines. This 
methodology was later extended to primary aliphatic amines as well using the second 
generation of phosphine ligands. 

7.2.4.2 Second generation ligands: chelating phosphines 
A major advance and expansion in reaction scope was made when Buchwald and 
Harhvig reported that common chelating phosphines, in particular, BINAP and DPPF, 
allowed for the general arylation of primary aliphatic amines. Buchwald found that ruc- 
BINAP with palladium could efficiently catalyze the coupling of a variety of aryl 
bromides and primary amines of all types, aliphatic, aromatic, allyl, and benzyl. 
Important to this reaction is the pre-mixing of Pdz(dba)3 and BINAP (1.5/1 = BINAPPd). 
Primary amines branched at the alpha position required more forcing reaction conditions 
(higher temperature, more catalyst, and longer times). Secondary cyclic amines and 
substituted anilines gave high yields, but secondary acyclic aliphatic amines proved to be 
difficult substrates. 

0.25 mol% Pd2(dba)3 R2 

Br R2 0.75 mol% rac-BINAP R I - ~ N - R ~  C& PPhz 
R3 NaOf-Bu, tol. PPh2 

.'-a+ HN: 

80 "C, 2-39 h 
R' = EWG or EDG 
amine = 2" cyclic or acyclic: low yields with acyclic aliphatic 
amine = 1' aliphatic or aromatic: high yields 

66-98% yield 

BINAP 

Although these conditions are quite general for a wide variety of aryl bromides, 
the use of a strong base (NaOt-Bu) can be incompatible with base sensitive, enolizable, 
substituents (R'). To address this limitation, Buchwald was able to replace NaOt-Bu with 
Cs2C03. This allowed for aryl bromides substituted with an ester, nitrile, nitro, ketone, or 
aldehyde to couple cleanly with primary amines and cyclic secondary amines. 
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1 4  mol% 
Pd(OAc)2/BINAP (1 :1.5) 

L 

CSZCOJ, tol. 
100 "C. I S 2 6  h 

R2 
l a""' 

54-92% yield 

R' = Base sensitive: NOz, COzR, CN, C(O)R, CHO 
amine = 2" cyclic or acyclic: low yields with acyclic aliphatic 
amine = 1 aliphatic or aromatic 

A 1 iodides may also couple with primary amines using BINAP or tol-BINAP as 
a ligand.'Importantly, the more reactive aryl iodides undergo this cross coupling at 
lower temperatures than with the first generation catalyst (22-40 "C in THF). As with 
aryl bromides, this catalyst system does not perform well with acyclic aliphatic secondary 
amines, but appears quite general for cyclic secondary and primary amines. 

R 1 - 3 .  I 
0.5-2.5 mol% Pdz(dba)3 

1.5-7.5 mol% BINAP or Tol-BINAP 

NaOt-Bu, THF 
22-40 "C. 3-29 h 

R1 = EWG or EDG 
amine = 2" cyclic or acyclic: low yields with acyclic aliphatic 
amine = 1" aliphatic or aromatic 

71-88% yield 

The versatility of this catalyst was demonstrated by Loeppky H A  showei. that 
cyclopropylamine reacts well with many aryl bromides. This proved to be a great 
improvement over a traditional multi-step reductive amination methodology. As before, 
this catalyst proved robust enough to work well on the solid phase for the cross-coupling 
of primary amines to immobilized aryl bromides.20 

1 mol% Pd2(dba)3 
3 mol% rac-BINAP ArHN 

ArBr .""b NaOf-Bu, tol. b 
80 "C, 24 h 

43-99% yield 

Hartwig's group has developed chelating ferrocene ligands for this amination?' 
They demonstrated that readily available DPPF serves as a competent ligand for the 
palladium catalyzed amination of primary aliphatic and aromatic amines. The coupling is 
conducted in THF and works equally well for both aryl iodides and bromides. Secondary 
amines were not extensively reported. 
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X = Br or I 
R' = EWG or EDG 

5 mol% (DPPF)PdC12 
15 mol% DPPF 

NaOt-Bu, THF 
100 "C (sealed), 3 h 

80-96% yield 
(1 1 examples) 

-PPh2 

&PPh2 

DPPF 

amine = 2" acyclic (one example) 
amine = 1" aliphatic or aromatic 

Buchwald and co-workers examined a P,O-chelating ferrocene ligand, rac-PPF- 
OMe." This ligand is general for secondary acyclic and cyclic amines of all types. 
Primary amines were not reported with this ligand. The aryl bromides work best with 
either electron donating or electron withdrawing R'. Electron neutral aryl bromides tend 
to give lower yields of the N-arylated product. 

Me 
0.25-2.5 mol% Pd2(dba), R2 

R I O T  H Z z  0.75-7.5 rac-PPF-OMe - .laN'"' &Ee 
& NaOt-Bu, tol. 

80 "C, 4-12 h 
52-93% yield 

R3 / 

rac-PPF-OMe 
R1 = EWG or EDG: lower yields with neutral aromatic 
R1 = neutral aromatic, or base sensitive: used Cs2C03 
amine = 2" cyclic or acyclic: aromatic or aliphatic 

R1 x NH, 2' 

R2 

RlANSAr 
Ar-Br H 

Pd( I I)salt/L 4046% yield 
L = BINAP or DPPF 94-99%ee 

NaOt-Bu, tol. R2 

70-1 00 "C R?XN*Me 

Ar 
43-63% yield 

96%ee 

7242% yield 
>99%ee 

As mentioned previously, the first generation (o-tol)3P ligand gave partial to 
complete racemization for alpha-chiral a m i n e ~ . ~ ~  The exception is the intramolecular 
variant in which the enantiopurity of the starting amine is maintained. As shown, the use 
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of chelating phosphines (BINAP or DPPF) limits epimerization through the p-elimination 
pathway for secondary and primary chiral amines. 

Buchwald has also shown that the easily synthesized DPEphos ligand is an ideal 
catalyst for the arylation of anilines with aryl bromides.24 Even di-ortho substituted 
aniline and aryl bromide can be efficiently coupled. Furthermore, Buchwald has reported 
that readily available, and cheaper, PdC12 may serve as the Pd source rather than 
Pd(0Ac)z. 

0.05-5 mol% Pd(OAc), or PdCI2 

NaOf-Bu or Cs2C03, tol. 

80-96% yield 

R l a y  R 2 a N H 2  0.075-7.5 mol% DPEphos 

R1 = EDG or neutral aromatic 
R2 = EDG or EWG, also with ortho substitution 

80-1 00 'C, 2-21 h 

DPEphos 

Others have explored modifications of BINAP and DPPF. Boche and co-workers 
used a water soluble sulfonated BINAP type ligand in order to conduct this amination in 
a water/MeOH mixture using NaOH as the base.25 Beletskaya and co-workers have 
examined the effects of mono-oxide DPPF type ligands on the amination.26 

A useful advance in ligand design was made by van Leeuwen who reports that 
Xantphos serves as an excellent ligand for the arylation of anilines. 27 Sterically 
encumbered aryl bromide 3 cross-couple quite easily with 4 giving aniline 5 using 
Xantphos as a ligand. 

kr+ 
3 

aNH2 OMe 

4 

*&6 0.5 mol% Pd(OAc)2 
0.75 mot% Xantphos 

NaOt-Bu, tol. 
80 'C, 68 h 
97% yield 

qQ5 PPh2 PPh2 

Xantphos 

The Beletskaya group has extensively examined the mono- versus di-arylation of 
diamines.28 Using excess diamine 6, they have shown that even an aryl dibromide can be 
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mono-aminated with minimal (8%) double amination. An aryl iodo bromide was shown 
to mono-aminate at the iodide position, leaving the bromide intact. Other permutations 
upon this theme were also reported with varying degrees of success. 

2-4 mol% Pd,(dba), H 

- Y-Q? 
3-6 mol% DPPF 

NH2 NH2 NaOf-Bu, dioxane 
y-3: 

100 "C, 3-12 h 
3 equiv NH2 

X = Y = Br: 71-93% yield (8% double amination) 
X = I and Y = Br: 72% yield 
X = Br and Y = CI: 75% yield (15% double amination) 
X = Y = I: 57% yield 

Beletskaya has also published an example of bis-amination using two different 
amines and a dihaloquinoline 7.29 The reaction is catalyzed by a modified version of 
DPPF (Ll). Addition of 1 equiv of morpholine followed by piperidine gives 
diaminoquinoline 8, where the more reactive aryl bromide position reacts first with the 
morpholine. The process can be reversed by adding piperidine and then morpholine to 
give 9. They also report a sequential amination followed by Suzuki cross-coupling in 
which the same reactivity pattern is obeyed using L1 as a ligand for palladium. 

7 

A 
1. 0, ,NH 

NaOt-Bu 
dioxane 1 I. cNH 

I I 

PAr2 & PAr, 

LI Ar = o-CPr phenyl 

n 
2. O-NH o+J 78% 

The palladium catalyzed amination of aryl triflates has proved to be a more 
challenging problem. Aryl triflates are less favored to undergo oxidative addition as 
compared to aryl bromides and iodides. Another, more daunting, challenge with aryl 
triflates is their proclivity to react with NaOt-Bu at sulfur to give a sodium phenoxide as 
the major by-product. Buchwald's laboratory reported that with fairly electron rich 
(EDG) and neutral aryl triflates, they could use NaOt-Bu as a base with minor amounts of 
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phenol by-product being generated.30 Later, they developed a more general solution by 
replacing NaOt-Bu with Cs2CO3. Under these reaction conditions, with BINAP, both 
electron rich and electron poor aryl triflates gave good to excellent yields of the expected 
substituted anilines with minimal phenol side products. Secondary cyclic and primary 
amines were among the best substrates, as was seen in other Pd(B1NAP) catalyzed 
reactions. This methodolo has also been used to aminate a 2-triflatropone with an array 
of functionalized anilines. F 

cat. Pd( OAc)'/B I NAP 5' 
OTf RZ (PIPd =1.5/1) RiaN."‘ .'a+ HNs R3 CS*COJ 

+ RiaoH THF, dioxane, or to1 
65-100 "C, 4-16 h 

46-92% yield / 

main side 
product 

R' = EDG, EWG, or base sensitive 
amine = 2" cyclic or acyclic (benzylic) 
amine = 1 O aliphatic or aromatic 

Hartwig's solution to aryl triflate amination was by slow addition of the aryl 
triflate to a solution of Pd(DPPF) catalyst, amine, and N a 0 t - B ~ ~ ~  This procedure works 
well for primary amines and secondary cyclic amines, but yields can be lower if the aryl 
triflate contains R' = Me or is base sensitive. 

5' 1.5 mol% Pd2(dba)3 
OTf ~2 3-4 mol% DPPF 
+ H", 

R~ NaOt-Bu, tol. 

addition 42-97% yield 

RlgJ / 

slow 80-100 'C, 2-5 h 

R1 = EDG or EWG 
amine = 2" cyclic 
amine = 1" aliphatic or aniline 

7.2.4.3 
The preceding examples demonstrate that the Buchwald-Hartwig amination is a versatile 
strategy for the amination of aryl bromides, iodides, and triflates. The use of chelating 
phosphines (BMAP and DPPF) has allowed for the eficient arylation of most primary 
amines and cyclic secondary amines. The original Migita catalyst, [(o-t01)3P]2PdCl2, was 
found to be adequate for many secondary acyclic amines. An improvement to these 
previously described catalyst systems would be to lower reaction temperatures, tolerate a 
more diverse range of haloarenes (such as aryl chlorides and heterocycles), and lower 
catalyst loadings. To this end, bulky phosphines, such as t-Bu3P, have been shown to 

Third generation ligands: bulky phosphines and N-heterocyclic carbenes 
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catalyze many other palladium catalyzed cross-couplings at ambient temperatures with 
low loadings of palladium. 

The first to demonstrate t-Bu3P for the Buchwald-Hartwig amination was Koie 
and c o - w o r k e r ~ . ~ ~  They reported the mono-arylation of unprotected piperazine by using 6 
equivalents with aryl bromides. A ligand screen revealed that f-Bu3P in a 4:l ratio with 
Pd gave the arylated piperazine in high yields. The reaction still required high 
temperature (120 "C) and ortho-substituted aryl bromides gave poor yields. They did 
report one example coupling chlorobenzene with piperazine, but no isolated yield was 
recorded. 

cat. Pd,(dba), or Pd(OAc)2 

R I A  gBr y N H  
(t-Bu)jP (P/Pd = 4/1) 

,- + H N J  NaOf-Bu, 0-xylene 
I 

120 "C, 3 4  h 
22-94% yield 6 equiv 

R1 = EDG or EWG: poor yields for POMe and 0-F 

Koie expanded this methodology to the coupling between N-phenyl anilines and 
di-bromobenzene~.~~ With the exception of 1,2-dibromobenzene, these reactions all gave 
the expected di-aminated products. They also showed that tribromobenzenes and even 
aryl chlorides could be efficiently aminated under these conditions. 

0.05 mol% Pd(OAc)p 
Br Arl (f-Bu),P (PIPd = 4/1) Bra + HN, ~ l . 2  NaOf-Bu, 0-x-ylene * A r \ N G ' T A r l  

120°C,3-4h 
77-92% yield 

Tribromides also give high yield 
No reaction for 1.2-dibromobenzene 

Hartwig was able to show that ligand stoichiometry with palladium has a 
profound influence on catalyst activity.35 Decreasing the amount of t-Bu3P such that P/Pd 
= 0.8/1 gives a catalyst which allows for room temperature amination of aryl bromides 
with most secondary amines (cyclic and acyclic) and anilines. They reported that the 
arylation of primary aliphatic amines with unhindered aryl halides was not amenable to 
these conditions. They did find that various azoles could be arylated using this catalyst at 
elevated temperatures. 
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1-2 mol% Pd(dba)2 F2 
(t-BU),P (PIPd = 0.811) - R I G N . ' " '  

R ' G ?  HNF R3 NaOt-Bu, tol. 
22 'C, 1-6 h 
81-99% yield 

R' = EDG or EWG 
amine = 2" cyclic or acyclic: aromatic, aliphatic, or azoles 
amine = 1' anilines: no aliphatic 

Buchwald and co-workers have developed a library of bulky, electron rich mono- 
dentate phosphine ligands based on a bi-aryl backbone.36 The other two substitutents on 
the phosphine are usually either cyclohexyl or r-Bu moieties. The unique feature of this 
bi-aryl substituent is that it is quite easy to tune both the steric bulk and electronics of the 
ligand via substitution on the orrho aryl ring (e.g., see ligand L3). They began by 
screening for the room temperature amination of aryl chloride. Initially, L2 and L3 were 
found to be capable ligands for this amination, but the preparation of these ligands 
required a lengthy multi-step synthesis. They subsequently found that L4 and L5 were 
excellent ligands for the palladium catalyzed amination of aryl chloride, bromides, 
iodides, and triflates. Using a slight excess of L4 to palladium (L4Pd = 1.5 /I), 
Buchwald reports that many aryl bromides react at room temperature with a diverse set of 
cyclic and acyclic secondary amines. Some aryl bromides containing base sensitive 
functionality required higher temperature (80 "C) and K3P04 rather than NaOt-Bu. 
Primary aliphatic amines were not reported, but primary anilines, allyl amines, and 
benzyl amines were found to undergo escient arylation. 

PCy, MezN 

1-5 mol% Pd(OAc)z 7' 
R l o y  HdRz L4 (PIPd = 1.5II) - R 1 G N * R 3  

/ R3 NaOt-Bu. tol. .. 
22-00 'C,' 20 h 
52-96% yield 

R' = EDG or EWG 
amine = 2" cyclic or acyclic: aromatic, aliphatic, or azoles 
amine = 1' anilines, allyl, or benzyl: no aliphatic 
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Aryl iodides also could react with amines of all type at room temperature when 
NaOt-Bu was used as base with this class of l i g a n d ~ . ~ ~  For most examples, either L3 or 
L5 was utilized, although Xantphos was found to be a usefbl ligand for some select 
examples. Base sensitive aryl iodides could be effectively aminated by using Cs2CO3 
instead, although higher temperatures were generally required. Buchwald has also shown 
that this class of bi-aryl phosphines can be attached to the solid phase through an ether 
linkage on the ortho aryl This allows for simple purification of the aniline 
products without phosphine contamination, along with catalyst recycling without adding 
additional palladium. 

0.5 mol% Pd(OAc)2 

~3 NaOt-Bu or Cs2C03 

I RZ 2 mol% ~ 3 ,  ~ 5 ,  or Xantphos 
* HN, 

dioxanelt-BuOH or THF 

70-1 00% yield 

R1 = EDG or EWG: Cs2C03 if base sensitive 
amine = 2" cyclic or acyclic: aromatic or aliphatic 
amine = 1' amines: anilines or aliphatic 

22-120 "C, 2-20 h 

R' 

7' 
R3 

.N. 

This ligand class is quite usefbl for the synthesis of unsymmetrical alkyl diary1 
amine~.~ '  Typically, a primary aliphatic amine is first arylated using the Pd/BINAP 
catalyst system. The second arylation is then carried out with L6, Xantphos, or PPF-OMe 
(with Cs2CO3 if a base sensitive aryl bromide). Ligand choice for the second arylation 
depends upon the electronic nature of the N-alkylaniline and Ar'Br as outlined in the 
table. They were unable to couple 2-bromobenzaldehyde, 4-(4'-bromophenyl)-2- 
butanone, or 4'-bromoacetophenone with N-alkylanilines (alkyl > Me). 

k'-Br k2-Br  
1 mol% Pd(OAc)z I mol% Pd(OAc)2 or Pd2(dba)3 

BINAP (PlPd = 1.5ll) Ligand (PlPd = 1.5lI) ,Ar' 

NaOt-Bu or CszC03 Ar2 
R-NH, - R-N' R-N, 

NaOt-Bu, tol. H 
R = alkyl 80 "C tol., 80 "C 

Ar'(R)NH 
e- poor e- rich 

e- poor -1 
PPF-OMe with CszCOJ 

if base sensitive 

Ar2Br MezN L6 gPph2 e- rich 
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It has also been reported that 1,2-dibromobenzene can be sequentially aminated 
with two different amines!'As before, the first amination of an aryl bromide with an 
alkyl amine is catalyzed by PdBINAP. The second amination of the product 
bromoaniline can then be catalyzed by either Pd/BMAP or PdL3 with a variety of cyclic 
secondary or primary amines. 

H2N 'Ph RNH2 
4 mol% Pd2(dba)3 H 4 mol% Pd2(dba), H 

mBr 8 mol% BINAP mNvPh 8 mol% L3 or BlNAP mNvPh 
u~~ ' NaOt-Bu, tol. or D& 

80-1 35 'C, sealed 
R 

u~~ NaOt-Bu, tol. 
135 "C, sealed 

R = 2" cyclic or 1' aliphatic and aromatic 

The Buchwald ligands can also be applied to the catalytic amination of a variety 
of aryl sulfonates. Aryl triflates containing diverse fbnctionalities (except for R' = C1 or 
Br) are coupled with most amines using Pd/L4.36 Electron rich or neutral aryl nonaflates 
(ArONf = ArOS02(CF2)3-CF3) are aminated using L3 or L4 as a ligand for palladi~m.~' 
Electron deficient and base sensitive ArONf can be aminated using the Xantphos ligand. 
Interestingly, ArONf where R' = C1 or Br can be selectively aminated using either L3 or 
BMAP. Milder tertiary amine bases such as DBU (1,8-diazabicycl0[5.4.O]undec-7-ene) 
or MTBD (7-methyl-l,5,7-triazabicyclo[4.4.0]dec-5-ene) may replace NaOt-Bu for the 
amination of aryl nonaflates under microwave conditions with L7 (XPhos). 

cat. Pd(0Ac)' or Pd2(dba)3 5' 
OSO'R R2 Llgand R I G N . " "  

R3 NaOf-Bu or K3P04 
22-105 'C 

amines = 2' cyclic or acyclic: aromatic or aliphatic 
amines = lo aromatic or aliphatic 

R' 
base 

EDG EWG sensitive CllBr 

(Xblos$:: -0Tf 

-0Nf L4/L3 Xantphos Xantphos L3lBINAP i-Pr 

-OTS* 

i-Pr * tol.lt-BuOH using Cs2COs, K2CO3, or KOHIHpO 
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Aryl bezenesulfonates and aryl tosylates (ArOTs) are cheap and easily prepared 
compared to their triflate counterparts. Buchwald reports that these useful sulfonates can 
be catalytically aminated using L7 (XPhos) as a ligand.4' A variety of base and solvent 
combinations using t-BuOH was found to be necessary depending upon the nature of the 
aryl tosylate and amine. In all of the aforementioned examples, a sterically and 
electronically diverse library of bi-aryl phosphine ligands allowed Buchwald and co- 
workers to specifically optimize reaction conditions for most ArX/amine combinations. 

A variation upon this theme has been reported by A. S .  Guram and c o - w o r k e r ~ . ~ ~  
They introduced an oxygen containing moiety at the ortho position of the aryl phosphine 
ligand to create a series of P,O-chelating ligands. Extensive screening revealed LS was an 
ideal ligand for the amination of aryl bromides and iodides with most secondary amines 
and primary anilines. As with Buchwald's bi-aryl phosphines and t-Bu3P, primary 
aliphatic amines were poor substrates. For aryl chlorides, L9 proved to be best as it could 
efficiently couple aryl chlorides with all classes of amines. 

'2 L8: ArBr and Arl with 2" arnines (acyclic and cyclic) 
also with 1' anilines, no aliphatic 

also with aliphatic and aromatic 1' amines 
@R2 L9: ArCl with 2" amines (acyclic and cyclic) 
R = Ph (L8) 
R = Cy (L9) 

PPh2 

L12 L11 

Arl, ArBr, ArCI, ArOTs 

LIO 

+ 
2" cyclic arnines (poor for acyclic) 
1' aliphatic and anilines 

Hartwig has found that bulky ferrocene ligands are quite versatile ligands for the 
amination of aryl chlorides, bromides, iodides, and tosylates at room temperature in many 
cases.44 Ligands L10, L11, and L12 serve as highly activating ligands for palladium and 
allow for the coupling of primary aliphatic amines with any ArX. As with second 
generation chelating phosphines, secondary acyclic aliphatic amines are poor substrates. 

Hartwig was able to address the limitations of the aforementioned ferrocene 
ligands by using Q - p h o ~ . ~ ~  This is the first bulky mono-dentate phosphine ligand which 
was shown to be effective for primary aliphatic amines as well as many secondary cyclic 
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and acyclic amines and exhibits perhaps the broadest reaction scope to date. Notable 
limitations are the couplings of acyclic aliphatic secondary amines with ortho aryl 
halides, or electron rich aryl halides. These problematic substrate combinations tend to 
give de-halogenated arene as the major product. 

Ph poor yields 
General for ArBr and ArCl 

with all amines 

J. G. Verkade has synthesized a series of bicyclic triamino phosphines that are 
potent o-donors to palladium, yet can be modified to incorporate a variety of steric 
encumberance!6 It was found that ligand L13 could promote the catalytic amination of 
both aryl chlorides and bromides with secondary cyclic amines and anilines. L13 was not 
as effective for aliphatic secondary acyclic amines and primary aliphatic amines. The 
scope was improved with ligand L14, but as with other third generation ligands, primary 
aliphatic amines were prone to giving de-halogenated arene. 

L13 L14 
ArBr, ArCl Arl. ArBr, Arc! 
Good with: Good with: 

2" cyclic, acyclic 
anilines and anilines 

Poor with: Poor with: 
2' acyclic and 1 O aliphatic 

1' aliphatic 

2" cyclic and 

Verkade was able to aminate aryl bromides and chlorides where R' contains an 
acidic proton (phenol, amide, or ketone) by simply using 2.4 equiv of LiHMDS rather 
than the usual 1.4 equiv. NaOr-Bu!6a This procedure works well for cyclic secondary 
amines and anilines of all types, but gives poor yields for primary aliphatic and secondary 
acyclic amines. 
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cat. Pd(OAC), 7' 
Br Or R2 cat. L13 (UPd = 2: l )  * &L3"'"' ma+ HN'~3  LiHMDS, THF/tol. 

80 "C, 24 h 
52-95% yield 

R' = Contains acidic proton (e.g., phenol, amide, ketone, etc.) 
amine = 2" cyclic: no alipahtic acyclic 
amine = 1 O anilines: no aliphatic 

Verkade's P,N-ligand L13 also catalyzes the Heck reaction of aryl iodides. It was 
thus shown that the Buchwald-Hartwig amination could be appended to a Heck reaction 
using Pd/L13.47 The operation is performed by first adding an aryl iodide to the catalyst 
solution and an aminostyrene 10 at 60 "C. This gives an intermediate N-aryl 
aminostyrene 11 to which 2 equiv of a second aryl iodide is added at 110 "C. This gives a 
second arylation of the aminostyrene as well as the Heck arylation of the olefin (12). 

Arl-I 
2 mol% 

4 rno 

NaOf-Bu. to H2N 

Ar2-l Pd2(dba)3 
I% L13 \ \ (2 equiv) 

_ _ .  ._I. 
6 0 k ,  3 h H 79% yield 
78% yield 

- ArlXN k>"- / 11 I IOOC,  16h ArlXN 

A? 

S .  P. Nolan's laboratory and others have published extensively on the use of N- 
heterocyclic carbenes (NHC) as ligands for a variety of palladium catalyzed 
 transformation^!^^^^ The key feature of N-heterocyclic carbenes is their strong o-donorlx- 
acceptor character. These electronic properties act to both activate palladium towards 
oxidative addition and stabilize the Pd(0) oxidation state. The modular nature of this 
ligand motif allows for both steric and electronic modification. Early results from Nolan 
showed that ortho-substituted aryl groups on nitrogen provided the requisite steric bulk, 
and saturation of the imidazole backbone gave a more activating ligand.48b3c The reported 
nomenclature is such that SIPr = Saturated Imidazol i-PrzPh and cin = cinnamyl. The 
most recent reports have shown that the palladium pre-catalyst can have a large effect on 
reactivity!8a After screening a number of combinations, (SIPr)Pd(cin)CI emerged as the 
most active catalyst with the broadest substrate scope for the Buchwald-Hartwig 
amination. Almost all the reported aminations of aryl chlorides and bromides were 
complete in less than 90 min at room temperature. Once again, primary aliphatic amines 
were not reported, but all other secondary and primary aromatic amines were arylated in 
high yield. Many of these NHC type ligands are available as their HCl salt from 
commercial vendors and these can be used in combination with Pdz(dba)3. 
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1 mol% 
R2 (SIPr)Pd(cln)CI 

22 ' C ,  1-90 min 
83-99% yield 

R3 KOt-BU, DME 
R 1 - g  + HN, 

X = Br or CI 
R' = Me or CI 
amine = 2" cyclic or acyclic: aliphatic or aromatic 
amine = 1" aniline or benzyl: no aliphatic 

Ph 

M. L. Trudell and Cheng synthesized a chelating bis-NHC ligand (L15) that was 
optimized specifically for the synthesis of N-heteroaryl-7-azabicyclo[2.2. llheptane~.'~ 
They demonstrated that this ligand could aminate various pyridyl bromides and chlorides 
to give the desired product in low to moderate yields. 

4 mol% Pd2(dba)3 N*N-Ar 

R l ~ B r  + H~N+iCi 4mol% L15 & llEMe 2c,- 

N'@N-Ar 
& NaOt-Bu, dioxane 

100 "C. 1-2 d 
L15 

Ar = 2,4,6-triisopropylphenyl 
36-71 % yield 

From the preceding discussion of third generation ligands as well as the chelating 
phosphine ligands, most ArWamine combinations can be coupled given the correct 
choice of ligand and reaction conditions. Beller and co-workers have reported a general 
ligand screening approach for specific examples of Buchwald-Hartwig am in at ion^.^'^ 
Hartwig has used fluorescence resonance energy transfer (FRET) to design a high 
throughput assay for amine arylation which screened a fairly diverse library of known 
palladium l i g a n d ~ . ~ ' ~  These screens show that many of the aforementioned ligands are 
quite comparable, with the specific limitations mentioned throughout with regard to 
amines. From a practical perspective, ligand choice is often dictated by the specific 
nature of ArX and amine (as outlined above and summarized later), as well as ligand 
availability, cost, and convenience. 
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7.2.4.4 Coupling of aryl chlorides 
The amination of aryl chlorides is desirable due to their prevalence and lower costs as 
compared to aryl bromides and iodides. Aryl chlorides are less prone to oxidative 
addition to palladium(0) and therefore require more activating ligands. An early example 
of ArCl amination was reported by M. Beller and co-workers. 52 They found a 
palladacycle derived from Pd(0Ac)z and (o-tol)3P, for example, trans-di(pacetat0)- 
bis[o-(di-o-tolylphosphino)benzyl]dipalladium(II). This catalyst allows for the amination 
of electron deficient aryl chlorides (13) with piperidine in the presence of catalytic LiBr 
and KOt-Bu as the stoichiometric base. The high temperature required (135 "C) also 
gives rise to a minor amount of the meta aminated product 15, likely due to aryne 
formation. It is unclear from this example whether a true oxidative addition to the aryl 
chloride is occurring, or whether the para product 14 also results from aryne formation, 
as a 1 : 1 mixture of products 14 and 15 also results without palladacycle present. 

1 mot% palladacycle 
20 mol% LiBr 

135 "C, 1 d 
KOt-Bu, tot. 

with Pd catalyst: 7: l  (74% yield) 
no Pd catalyst: 1:l (79% yield) 

Bulky phosphines, such as (t-Bu)3P, were shown to provide a palladium catalyst 
which is able to aminate ar 1 chlorides at room temperature with secondary amines of all 
type along with anilines. 353&4,55 Primary amines give very low yields , except if coupling 
an o-tolyl aryl chloride. In addition, Hartwig has shown that NaOH may be used as a base 
under biphasic conditions (toluene/aq. NaOH) with a phase transfer catalyst 
(C16H33NMe3Br). 

M. Beller has also developed a similar bulky mono-dentate phosphine ligand, 
di( 1 -adaman@)-n-butylphosphine, for the coupling of aryl chlorides. 56 Although 
(Ad)zP(n-Bu) allows for the arylation of bulky anilines and secondary amines, as well as 
t-BuNHz, the reaction temperatures are significantly higher (1 00-120 "C). In addition, 
electron neutral or rich aryl chlorides couple best, whereas electron deficient aryl 
chlorides were not extensively reported. 
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HNR, 

HN(R)Ar 

H,NR 
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EDG EDG EDG EDG nla EDG nla nlah EDG 

EDG EDG EDG EDG EDG EDG nla EDG EDG 
EWG EWG EWG EWG EWG Ek% 

n/ab dad nlae nla' eEDG EDG EDG EDG n/ah EDG 

&% EWG 

L16 
(~-Bu)~P' (Ad)2P(n-Bu)C L3 L4' L9 ~ 1 7  Q-phos' LIE0 L13Q (SiPr)Pd(un)Cf 

a Conducted at 22-70 "C with either NaOl-Bu, or KOHIH,Ofiol. with cat. C16H33NMe3Br at 90 "C. 

limited to t-BuNH, or (Ad)NH2. ' Not broadly applicable, limited to BnNH, or hexyiamine with etoiyl 
chloride. '22-80 "C. Used K3P04 in DME if R' is base sensitive. g Used LiHMDS if R' acidic. 

Not broadly applicable, limited to do ly i  chloride. 120 'C. Not broadly applicable, 

<70% yields for EWG and EDG. 22 "C in DME 

L13 7 (SIPr)Pd(cin)CI 
Ph 

The Buchwald series of bulky phosphines containing the tunable bi-aryl moiety 
have also been shown to allow for the efficient amination of aryl chlorides as well." In 
particular, P a 3  catalyzed the reaction between secondary cyclic amines and most aryl 
chlorides at 80 "C. Secondary acyclic amines and anilines tend to couple best with neutral 
to electron rich aryl chlorides. Primary aliphatic amines are quite limited to either the 
amination of o-tolyl chlorides, or more activated primary amines such as benzyl amine. A 
better ligand for this transformation was reported to be L4 as the amination could be 
conducted at room temperature in many cases5* Base sensitive R' required the use of 
K3P04 rather than NaOt-Bu. Most amines work well with this catalyst system, except for 
unactivated primary aliphatic amines (e.g., n-hexyl amine). Ally1 amine, hydrazines, 
imines, benzyl amine, and (EtO)ZCH2NHZ all couple well with aryl chlorides under the 
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standard reaction conditions. A thermally stable palladacycle of L4 may also serve to 
catalyze the amination of aryl chlorides. 

The P,O-ligand developed by A. S. Guram (L9) is a versatile ligand for the 
amination of aryl chlorides as most classes of amines work Primary amines have a 
more limited scope and tend to couple best with electron neutral to rich aryl chlorides, 
especially those with ortho substitution. 

M. Beller reports an improved hosphine ligand for aryl chloride amination based 
on N-phenyl indoles, L16 or L17.* This class of ligands allows for the catalytic 
amination of aryl chlorides with primary aliphatic amines and anilines. Secondary cyclic 
amines also couple, but secondary acyclic amines were not reported. 

As stated previously, Q-phos shows perhaps the broadest scope for the 
Buchwald-Harhvig a m i n a t i ~ n . ~ ~  Aryl chlorides are efficiently aminated by all amine 
classes. The only coupling which gave poor yields was between ortho substituted aryl 
chlorides and acyclic secondary aliphatic amines. Typically, reaction temperatures of 70- 
100 "C are required and base sensitive aryl chlorides can be aminated by replacing NaOt- 
Bu with K3P04. 

Chelating ferrocene phosphine L18 was reported by Hartwig to efficiently 
catalyze the amination of most aryl chlorides with any ty e of primary aliphatic amine, 
imine, or hydrazine at 80-100 "C with NaOt-Bu in DME? Base sensitive aryl chlorides, 
or those containing acidic protons, may be aminated using LiHMDS as the stoichiometric 
base. Impressively, catalyst loadings as low as 0.005 mol% can be used. 

The Verkade P,N-ligand L13 catalyzes the amination of aryl chlorides at 100 "C 
with a variety of secondary cyclic amines and Aliphatic primary and 
secondary amines give the expected aminated products in lower yields (< 70%) and do 
not aminate electron rich aryl chlorides. 

Hartwig initially demonstrated that SIPr carbene ligand with Pd(dba)2 is an 
excellent catalyst for the amination of ArCl with secondary cyclic amines, secondary 
acyclic amines, and anilines6* Primary amines were low yielding, except with benzyl 
amine. Nolan's catalyst, (SIPr)Pd(cin)Cl, gave room tem erature amination of aryl 
chlorides in DME with all secondary amines and anilines?' Primary aliphatic amines 
were reported to work well starting with Pdz(dba)3 and IPr-HCI using KOt-Bu in 
dioxane. Typically, electron neutral and electron rich aryl chlorides are the best 
substrates. 

7.2.4.5 Coupling of aromatic heterocycles 
The palladium-catalyzed amination of heteroaromatic halides, or the arylation of 
heteroaromatic containing amines, is complicated by the Lewis basicity of the 
heteroatom. The heterocycle may thus act as a ligand for palladium and cause catalyst 
inhibition and/or poisoning. R. Dommisse demonstrated that by using excess KzC03 with 
the PdBINAP or L5 catalyst system, a series of pyridyl chlorides could be efficiently 
aminated by either anilines or amin~pyridines .~~ 
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cat. Pd (OAC)~ 
cat. BINAP or L5 

CITQ+ H2NQ K2C03 (20 equlv) CI 

x = c Or N also 
3,5-dichloro 

1 I 0  "C, tot., 1-2 d 
41-93% yield 

Other previously described catalysts were found to be tolerant of pyridyl halides 
as coupling partners. M. Beller's adamantyl phosphines were able to catalyze the 
coupling of protected piperazines and various chloropyridines in order to prepare a small 
library of bioactive c0mpounds.6~ Buchwald and Wagaw report that either Pd/BINAP or 
dppp (1,3-bis(diphenylphosphino)propane) was a good catalyst for coupling pyridyl 
bromides and chlorides with all classes of amines using the standard NaOl-Bu 
conditions. 65 Buchwald ligand L4 was also broadly applicable to aminating pyridyl 
chlorides with most amines?6 Lower yields and di-arylation were a problem for aliphatic 
primary amines using L4. Microwaves with ligand L5 and Pd were also shown to couple 
2 and 3 chloropyridines with anilines.66 

Beller's improved catalyst system using ligands L16 or L17 could efficiently 
aminate chloropyridines with only secondary cyclic amines and ani l ine~?~ The ferrocene 
ligand L18, as reported by Hartwig, provides a catalyst which allows for smooth 
amination of 2 and 3 chloropyridines with primary aliphatic amines, anilines, and a 
variety of weak nitrogen nucleophiles.60 Verkade briefly described the use of li and L13 
for the amination of chloropyridines with secondary cyclic amines and anilines!6d Nolan 
demonstrated that NHC ligand L19 was ideal for the cross-coupling of halopyridines with 
cyclic secondary amines and anilines?8b 

L i  8 
Bmines 

imine 
hydrazine 
amides 

BINAP L4 Li6lL17 
amineS @nine& amines 

x$J + 2'cyclic 
cl+Q + 2' 2'cydic acyclic CIQ + 2°C anilines 

anilines anilines 
X = CI or Br 1" aliphatic 1' aliphatic 

2' acyclic 

L i  3 L19 

L1 a X = CI or Br 
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L7 L20lL21 

amines 

anilines 
A + 2” amines cyclic c l e N \ k R  + 2’ acyclic OR 
N+N anilines X 

X = O o r S  
R = Me, Ph, CI R = Me (L20) 

R = i-Pr (L21) 

(t-BU)jP 

- N  amines :’ ‘‘.L \ , c l  + 20 cyclic 
c.&;* x 2” acyclic 

anilines 
X = S, N, 0 

Buchwald’s XPhos ligand (L7) works well to catalyze the amination of 5 -  
bromopyrimidine with anilines and secondary cyclic amine~.~’ Buchwald also found that 
ligands L20 and L21 were the best ligand for the palladium-catalyzed amination of 
benzothiazoles with secondary amines and anilines. Hartwig reports that (t-Bu)3P was 
excellent for the catalytic amination of 2-chloroheteroaryl compounds with secondary 
amines and a n i l i n e ~ . ~ ~ ’ ~ ~  As with other examples 
primary aliphatic amines were not reported. 

X = Br, CI 
R: A=A 

using bulky mono-dentate 

R3 A=A, 

* A = C H , N  Or 
Or 

.. . cat. Pd2(dba)3 

H 

phosphines, 

The Merck process research group found that Xantphos was the best ligand for 
the palladium-catalyzed cross-coupling of aminoheterocycles and aryl bromides, or 
halopyridines. 69 Depending upon the reaction partners, CszC03, Na~C03, K3P04. or 
NaOt-Bu was used as the base. 

An interesting double amination of 2-chloro-3-iodo-pyridine (16) with 2- 
arninopyridine (17) catalyzed by Pd/BINAP or Pdmantphos, which gives 
dipyridoimidazoles (M), was described by B. U. W. Maes and co-workers. 2- 
Aminopyrazine was also found to be a capable coupling partner.70 The mechanism is 
most likely an initial amination at the 3-iodo position followed by an intramolecular 
amination at the 2-chloro position. 
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cat. Pd(OAc), 
cat. BINAP or 

Xantphos 

16 17 

The bulky mono-dentate phosphine ligands ( ~ - B u ) ~ P ~ ~ ,  7' and L20/L2167 also 
catalyze the amination of halothiophenes and halofurans with secondary cyclic amines or 
anilines. Di-halothiophenes can also be di-aminated under these conditions. PdBINAP is 
a good catalyst choice for the amination of electron deficient halothiophenes with 
primary aliphatic amines and aniline~.'~ 

(t-BU)sP L2OlL21 BlNAP 
r-:?, 

amines amines amines 

anilines anilines 
'9' + 2ocyclic 

X = Br, CI 
A = S , O  

X = Br, CI X = Br, CI, OTf 

2-halo heterocycle 
give low yields 

7.2.4.6 Applications 
The Buchwald-Hartwig amination has been widely adopted for the synthesis of natural 
products, and especially by medicinal chemists for building libraries of bioactive 
compounds. The broad substrate scope afforded by readily available ligands ensures that 
most aromatic amines can be accessed by this methodology. In the realm of natural 
products, the early stoichiometric example reported by Boger and Panek for the synthesis 
of lavendamycin demonstrates the utility of this tran~formation.~ In a similar manner, B. 
B. Snider used an intramolecular Buchwald-Hartwig amination of 19 toward the 
synthesis of (-)-Asperlicin and (-)-Asperlicin C.73 It is interesting to note that the original 
(o-tol)3P ligand often performs best for intramolecular cyclization reactions. 

S. P. Nolan and co-workers described the use of a Pd/NHC complex for an 
intramolecular aminatiodcyclization with an aryl chloride (21). They used this 
methodology as an approach to the Cryptocaryu alkal0ids.7~ 
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'.; (IMes)Pd(allyl)CI 
BnO*NHCI 91 I 6 mol% 

c 

NaOt-Bu. DME 

Y O  
O-f 

80 'C, 14 h 
99% yield 

cryptaustoline 
cryptowoline 

A general route to phenazines (27) was reported by T. Kamikawa in which both 
an intermolecular and an intramolecular Pd/BINAP catalyzed amination was utilized." 
The intermolecular reaction gave the expected product 26 in quantitative yield, whereas 
the intramolecular step was much less efficient (50% yield 27), giving undesired furan 28 
as a side product. 

C02Me C02Me 
a t .  Pd(0Ac)Z 

cat.BlNAP ---c 
OMe - 

25 Ph 
cs2co3, tol. NO2 

bBr+ H 2 N P O M e  

24 Ph 100 "C, 99% yield 
NO2 

23 

C02Me C02Me C02Me 
cat. Pd(OAc)2 & L ; q O M e  &>m 

b : r q O M e  NH2 26 Ph lOO"C, Cs2CO3, 50%yield tol. 27 Ph 3: 1 28 Ph 

Buchwald was able to exploit his XPhos (L7) ligand for the catalytic di-amination 
of 4,5-dichlorophthalic acid methyl ester (29).76 This protocol can be used for the rapid 
synthesis of a small library of 4,5-dianilinophthalimides for the treatment of Alzheimer's 
disease. 

NHz 0.5 mOl% Pd~(dba13 Me02C COZMe 

31 0 1.1 mol% L7 

I IO 'C ,  1 d 
KsP04, tol. 

30 84-g2%yiel,j Ar-NH HN-Ar R 29 

Many other examples from the literature have used the Buchwald-Hartwig 
amination to rapidly access bioactive anilines. S .  Morita formed aripiprazole 32 and its 
metabolite by distinguishing between an aryl chloride and bromide during the amination 
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catalyzed by Pd/BINAP. 77 An efficient synthesis of naturally occurring a-carboline 
skeleton 33 utilized an intramolecular amination with PdIBINAP.'' BINAP was also used 
to synthesize norastemizole (34) by catalyzing the amination of a 2-chlorobenzimidazole 
with primary a m i n e ~ . ~ ~  Other benzimidazoles (35)" and imidazolpyridines (36)8' have 
been finctionalized via palladium-catalyzed amination. A P-carboline (37) was aminated 
with benzylamine using catalytic Pd/BTNAP.82 Other carbolines (38) have also been 
formed using an intramolecular a m i n a t i ~ n . ~ ~  Fairly complex C8-adenosine adducts (39) 
were synthesized using Pd/BINAP-catalyzed a m i n a t i ~ n , ~ ~  as well as the synthesis of C8- 
deoxyguanosine adduct (40) of the food mutagen IQ.85 

A2 36 

Norastemizole 

- $02NMe2 

@ 
30 

BnNH2 (2 equiv) n 

rac-41 

3 
.Br 1 mol% Pd2(dba)3*CHC13 

mol% (S)-[2.2]Phanephos 

TI(PF6) (2 equiv) 
NaOt-Bu, tol. 
50 "C, 10 h 

- 
n 

U 

(S)-[2.2]Phanephos 

n n n n 

Br NHBn NHBn NHBn 
U U U 

42 43 44 
U 
(RP1 

42% yield 
93% ee 
(s = 12) 

The Merck process group was able to use the Buchwald-Hartwig amination as a 
means to resolve ruc-4,12-dibromo[2.2]paracyclophane 41. 86 They report that (5')- 
[2.2]Phanephos was able to perform a catalytic, asymmetric amination of ruc-4,12- 
dibromo[2.2]paracyclophane 41. This kinetic resolution selectively aminated (42), de- 
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halogenated (43), or di-aminated (44) the (59-4,12-dibromo[2.2]paracyclophane 41, 
leaving the (R)-4,12-dibromo[2.2]paracyclophane 41 in 42% yield (93% ee, s = 12). 
Enantiopure (R)-4,12-dibromo[2.2]paracyclophane 41 may then be used to synthesize 
(R)-[2.2]Phanephos. 

I. P. Beletskaya's group has extensively examined the synthesis of macrocycles 
via the Buchwald-Hartwig amination by the reaction of long chain diamines with di-halo 
arenes.*' High dilution is often required as dimers and other oligiomers are major side 
products. Yields are moderate at best (2040% yield of 45 or 46), but this methodology 
allows access to ma-crown ethers and modified macrocycles of lithocholic acid (47)." 

NH 45 

/ /  

+ linear and 
cyclic oligiomers 

H 

Both Buchwald and Hartwig have explored the use of palladium-catalyzed 
amination for the synthesis of dendrimers and polyanilines. Dendrimers, such as 48, can 
be easily assembled through sequential arylation of arninoaniline~.~~ These dendrimers 
are useful in creating metal-organic frameworks and often can exhibit interesting 
electronic effects, such as diradicals, and as optical materials. Polymeric anilines 49 are 
of intense interest due to their unique electrical conducting properties. Using the 
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Buchwald-Hartwig amination, a wide variety of controlled length polyanilines may be 
synthesized with tailored properties?' 

7.2.4.7 Ligand summary 
Proper ligand selection is key to a successful Buchwald-Hartwig amination. It may also 
provide a starting point for screening. Many of the Buchwald bi-aryl phosphine ligands 
are commercially available and can serve as a useful screening tool due to their wide 
ranging substrate tolerance and versatility. Outlined in the table below is an approximate 
guide for ligand selection based on the preceding examples. Many ligands can service 
multiple classes of substrates, but particular emphasis has been placed on readily 
available ligands. 

Conditions: 
1.4 equiv NaOf-Bu 
toluene, 22-1 10 OC (Use Cs2C03 if R is base sensitive) 

Arl ArBr ArCl ArOTfa 

""3 
HNRZ 

H N (R) Ar 

HiNR 

L31L5 L4 L4 L4 
Xantphos (~-BU)~P (~ -BU)~P 

Xantphos (~-BU)~P 

BINAP BINAP L4 BINAP 

LSILS L4 (~-Bu)~P L4 

(t-Bu),P (t-Bu)BP DPPF 

BINAP BlNAP L18 BINAP 
DPPF DPPF Q-phos DPPF 

a Use Cs2C03 or slow addition of triflate 
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rac-BINAP 

7.2.5 Variations 

7.2.5.1 Ammonia equivalents 
The use of ammonia as a nitrogen source for the palladium-catalyzed amination would be 
advantageous as it provides access to anilines from any aryl halide. Buchwald’s initial 
strategy to achieve this was to use commercially available benzophenone imine as an 
ammonia surrogate.” Despite the weak basicity of the imino nitrogen, the imine was 
found to undergo arylation with a variety of aryl chlorides, bromides, iodides, and 
triflates using either ligand L4 or BINAP. Mild acidic hydrolysis, or hydrogenolysis, 
liberates the free aniline. 

NH 

PhAPh 
cat. Pd2(dba)3 cat. HCI 

NaOf-Bu / Ph Or PdIC 
cat. BINAP or ~4 w R a N , y - P h  wet THF - R e N H 2  

hydrogen01 ysis 
X = CI, Br, I, OTf 

D. G. Putnam described di- or mono-allylamine as a masked ammonia 
eq~ iva len t .~~  The amination proceeds well with aryl bromides or halopyridines using 
either (DPPF)PdCIz or [(o-tol)~P]2PdCl~. Deprotection was accomplished using standard 
Pd/C hydrogenolysis conditions. 
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X H2Ne 1. 5 mol% (DPPF)PdCI2 
or [ ( e t ~ l ) ~ P ] ~ P d C l ~  .QNH2 '-@ + O ; N W ) z  2. PdlC, MsOH, EtOH * 

X = CI, Br 
A=CH.  N 

Nitrogen gas may serve as an ammonia equivalent by first capturing nitrogen with 
TiWLi/TMSCl, which gives a L,Ti-N(SiMe& complex (DPPF)Pd or (BINAP)Pd 
catalyze the amination of aryl bromides and triflates with this titanium amide complex in 
low yields after an acidic workup. Di-arylation is the major byproduct. 

R - a :  

X = Br, OTf 

L,Ti-N(SiMe3)2 
50 

2.5 mol% Pd2(dba)3 
5-10 mol% DPPF or BINAP 

NaOt-Bu, tol. 
680% yield 

(0-36% di-arylation) 

Hartwig was able to show that LiHMDS could serve as both an ammonia 
equivalent and as the stoichiometric base for the amination reaction catalyzed by Pd(t- 
Bu)3Peg4 The reaction conditions tolerate many aryl bromides and chlorides, but due to 
the size of LiHMDS, orrho-substituted haloarenes are not acceptable. As before, acidic 
workup reveals the aniline by cleavage of the N-Si bond. 

2-5 mol% Pd(dba), 
2-5 mol% (~-BU)~P R - a N H 2  

22 "C, tol., 7-20 h 
R - 3 :  LiN(SiMe3)2 

X = Br, CI 64-99% yield 
R = m o r p  acidic workup 
no ortho 

Buchwald and Huang addressed the aforementioned limitations of using LiHMDS 
by employing a smaller silyl amine, namely, Ph3SiNH2.9' Aryl bromides and chlorides 
were easily aminated using ligand L5. They also report that LiNH2 provides di- and tri- 
arylated ammonia after acidic hydrolysis using ligand L4. 

0.5 mol% Pd2(dba)3 R &: LiN(SiMe3)2 1.2 mot% L5 

8598% yield 
ph3SiNH2 100 "c, tOl., 20 h 

X = Br. CI 
acidic workup 
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Hartwig next described a milder basic ammonia equivalent, Zn(HMDS)2, as both 
the ammonia equivalent and as base.96 Key to this transformation is the LiCl additive. In 
this manner, aryl bromides, chlorides, and triflates may be transformed to their aniline 
analogs after acidic hydrolysis. As with LiHMDS, ortho-substitution is not tolerated. The 
advantage of Zn(HMDS)2 is that the attenuated basicity allows for base sensitive nitro, 
nitrile, ester, and ketone functionalities to be tolerated. 

1-3 mol% Pd(dba)2 

LiCl (0.6 eauiv) 

1-3 mol% ( ~ - B u ) ~ P  R - D N H 2  R - a :  ZnN(SiMe3)2 

X = Br, CI, OTf 
R = m o r p  80-97% yield 
no ortho acidic workup 

50-90 "C, THF; 1-20 h 

A major advance in ammonia arylation was made by the Hartwig g r o ~ p . ~ '  They 
report that ammonia itself could be arylated using ferrocene L18 as ligand. By keeping 
the reaction dilute (0.05 M) under a pressurized ammonia atmosphere (80 psi), di- 
arylation could be greatly suppressed in the coupling with various aryl halides and 
triflates. As a convenient alternative, they also found LiNH2 (10 equiv) at 0.05 M 
haloarene in DME gives the desired unsubstituted aniline using L18. 

1 mol% (L18)PdCI2 c R e N H 2  
90 "C, DME 

NH3 or LiNH2 

X = Br, CI, OTf, I 
R = m, p, o 
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7.2.5.2 Indoles: synthesis and functionalization 

1-2.5 mol%Pd(OAc)PIBINAP 
NaOt-Bu, tol., 80-100 "C 

Or 
0.1 mot% Pd(OAcJzMantphos 
NaOt-Bu, tol., 80 'C 1 

KR3 R1-9 ArX 
I. 5 mol% Pd(OAc)2/Xantphos 

R* NH 10 mol% Et3N, NaOt-Bu R3 
H30+, A N' xylenes, 60-80 "C 

* R*-@R2 
PhAPh 2. H30+, A 

52 k R 3  56 Xr 
R2 

I. LDA 53 
2. alkyl-X 
3. HjO*, A 

e R 3  
R2 

R3 

. .  

55 hkyl 

The rich biological activity of fbnctionalized indoles has made their synthesis an area of 
constant interest and attention. Buchwald's laboratory has reported a useful and general 
synthesis using palladium-catalyzed amination methodology in conjunction with a 
Fischer indole synthesis to provide an array of functionalized in dole^.^^ They found that 
benzophenone hydrazone 51 is efficiently arylated with a variety of aryl bromides using 
either BINAP or Xantphos as a ligand. These stable N-aryl hydrazones 52 can then be 
treated with an enolizable ketone 53 under mild acidic conditions to give the Fischer 
indole product 54. The reaction proceeds by an initial hydrolysis of the benzophenone 
hydrazone, followed by condensation with the added ketone. The intermediate enolizable 
hydrazone thus formed then undergoes a Fischer cyclization to the indole 54. 

These N-aryl benzophenone hydrazones 52 can also be functionalized by 
treatment with LDA followed by alklation of nitrogen. The aforementioned Fischer 
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cyclization conditions with an enolizable ketone 53 gives N-alkyl indoles 55. N-Aryl 
indoles 56 can be accessed by Buchwald-Hartwig amination of the N-aryl benzophenone 
hydrazone 52 followed by Fischer cyclization. Using these strategies, a diverse range of 
substituted indoles can be easily synthesized. 

A less direct strategy for indole synthesis (58) is the intramolecular Buchwald- 
Hartwig amination of an enamine 57 catalyzed by (DPPF)PdC12?' It is necessary to use 
the Z-enamine isomer 57 that was set by a Horner-Wadsworth-Emmons reaction. 

+ R 1 - m C O z E t  
(DPPF)PdClz 

KOAdDMF 

58 Xr PR' 90' c 

57 

EtOZC YH 
Ar 

Buchwald has also demonstrated that indoles can be N-arylated with aryl 
bromides, chlorides, iodides, and triflates using a variety of ligands based upon his bi-aryl 
phosphine scaffold.Io0 The exact choice of ligand depends upon the coupling partners and 
can be optimized for each individual case. 

RZ cat. Pdz(dba)3 
L3,L4, L5, L22, L23,L24 RIG: R& or (t-Bu),P 

/ v.! NaOWu, tol., 80-100 "C 
X = I, Br, CI, OTf 43-95% yield 

P(t-Bu)n 

L22 L23 L24 

7.2.5.3 Coupling of amides, carbamates, hydrazines, and surfoximes 
As many previous examples have alluded to, weak nitrogen nucleophiles such as imines, 
hydrazones, amides, carbamates, sulfonamides, and sulfoximes may also be arylated 
under the standard Buchwald-Harhvig conditions. As Buchwald's indole synthesis 
demonstrated, hydrazones (52) are arylated with many haloarenes using either BlNAPg8 
or DPPF'" as a ligand for palladium. In addition, t-butylcarbazate (59)Io2 and di-t- 
butylcarbazate (60) Io3 may be arylated with various aryl bromides catalyzed by 
(DPPF)PdC12. 
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Ar 
I 

svw yoc 

,NH 
59 60 

NH2 
NH ph lpy  Ar-i-y' Pyr-i-y 

Boc Boc 

BINAP or 
DPPF 

DPPF DPPF 

Intramolecular amination of hydrazines 61 can be catalyzed by Pd/DPPF.Io4 This 
gives the cyclized product indazoles 62 in excellent yields. N-Aryl hydrazines and 
unprotected hydrazines work well, whereas N-triphenylphosphonium bromide hydrazines 
are more difficult substrates. 

R1 = H, F, OMe 40-90% yield 
R2 = H, P+Ph,Br, Ar 
R3 = H, Ar 

Weaker hydrazine derived nucleophiles may also participate in the amination 
reaction as has been reported by H. Katayama."' They found that N-acyl hydrazines 63 
underwent a clean intramolecular cyclization to give the desired indol[ 1,2-b]indazole 
derivatives 64 using DPEphos as the ligand. 

cat. Pd(0AC)z 

CszCO3, tol. 64 

84-96% yield 
Ac' 100-110 "C, 18 h 

63 NHBr 
Ac' 

An intramolecular aryl guanidinylation was reported by R. A. Batey and G. 
Evindar.'" They found palladium tetrakis worked well for this cyclization, but catalytic 
CuI and 1,lO-phenanthroline exhibited broader scope and lower loadings. 

CszCOS, DME 
80 'C, 16 h 

63-93% yield 

R' 

UNYN3 N 

66 k2 
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C. Bolm has found that the sulfoximes 67 can be N-arylated using catalytic 
BINAPPd with CSZCOS as base.'07 Aryl bromides with a variety of substitution were 
suitable for this transformation and gave the expected N-aryl sulfoximes 68 in high yield. 

5 rnol% Pd(OAc)z 
BINAP or Tol-BINAP 

NH 
o/-s-R2 CszC03, tol., 11 0 

67-94% yield 06s-R2 
67 Me Me 68 

RZ = Ph, p-tol, Me 

Sulfoxime arylation may be coupled with an intramolecular aldol-type 
condensation giving benzothiazines.'08 After arylation of the sulfoxime 67 with an ortho- 
bromobenzaldehyde using catalytic Pd/BINAP, the product spontaneously condenses 
under the reaction conditions to give the cyclized product 69. Also, the enantiopurity of 
the starting sulfoximes 67 is maintained throughout the reaction course. 

Cs2CO3, tol. 
Br 110°C,40h R2 

67 73-81 % yield 

Analogous to the original Migita cross-coupling of aminostannanes, N-silyl 
imines 70 may also be arylated using palladium catalysis. J. Barluenga and co-workers 
found that using Buchwald's ligand L3 N-TMS imines 70 could be arylated (71).'09 They 
propose that the base, rather then capturing HX fiom the Pd-amine intermediate, attacks 
silicon as a nucleophile to give t-BuOTMS and NaX and thereby drives the 
transmetallation event. A variety of aryl bromides couple with N-TMS imine 70 using 
catalytic BINAP or L3. The advantage of N-TMS imines is their stability as compared to 
their non-silylated counterparts. This cross-coupling may also be conducted in super- 
critical COz as well. 

I \  

R2 = Ar or cinnarnyl 

Secondary amides and carbamates are very good substrates for the palladium- 
catalyzed arylation. Buchwald reports the intramolecular cyclization of amides and 
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common carbamate protected nitrogens on to aryl bromides to give 5-7 member 
rings,9%13, 110 Depending upon the susbstrate, DPEphos, Xantphos, or ruc-MOP were 
found to be excellent ligands for palladium. Cs~C03 and K2C03 in toluene at 100 "C 
were the best reaction conditions. 

N(H)Bn Pd(OAc)* 

Br or rac-MOP 
DPEphos, Xantphos 

R 

PPhz 

R = Ac, Cbz, Boc 
n =  1-3 

The intermolecular arylation of amides catalyzed was first demonstrated by 
William Shakespeare for a series of 4-7 member lactams."Ia More complete studies by 
Buchwald and co-workerslllb,c report that aryl iodides, bromides, and triflates all undergo 
cross-coupling with lactams, primary and secondary amides, carbamates, and 
sulfonamides."Id Xantphos with Cs2CO3 in dioxane were the optimal reaction conditions. 
Oxazolidinones and ureas were also found to be arylated under these conditions. 
Furthermore, they found that Xantphos could be trans-chelating to palladium based on an 
X-ray structure of an isolated intermediate in the catalytic cycle. Others have described a 
microwave mediated cross-coupling of aryl chlorides and sulfonamides using ligand L3. 

. , a x  X = I, Br, OTF Xantphos 
R1 = EWG, EDG Cs2C03/dioxane 
low yields if enolizable 

+ 
0 0 HNGo R t N K R 3  Et"KOEt  R2,N,S02p-T~l 

H H H 
n = 1-4 R2 = H, alkyl 

R3 = H, Me, Ph 
R2 = H, Me 
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A. Ghosh developed an efficient protocol for the arylation of oxazolidinones 72 
which uses Buchwald ligands L4.'12 Meru and orrho methoxy aryl chlorides gave low 
yields in the cross-coupling, whereas most other aryl chlorides gave excellent yields of 
the N-aryl oxazolidinone 73, even with base sensitive functionality present on the aryl 
chloride. 

S. D. Edmondson described arylation of vinylogous amides 75 with aryl bromides 
(74) and chlorides catalyzed by Pd/L3.Il3 This arylation was then coupled with a Heck 
cyclization by adding additional Pdz(dba)3, giving an indole 76. 

- N-ArvlationlHeck cascade 

Pd2(dba)3/L3 

aB: Br H2N & then Pd2(dba)3 -& C S ~ C O ~ ,  THF 

74 75 
H 

Pd2(dba)3/L3 

then Pd2(dba)3 -& C S ~ C O ~ ,  THF aB: & 
Br H2N 

74 75 
H 

- UGmidation Cascade 

R3C02H 
I R4NC 

Ugi 

MeOH 
22 "C 

___c 

R3 R3 

Another reaction cascade appears in a report by J. Zhu and co-~orkers ."~ They 
performed a 4-component Ugi reaction followed by a Buchwald-Hartwig amination in a 
one-pot sequence. 2-Iodobenzaldehyde, amide, acid, and isonitrile are stirred in methanol 
to give an aryl iodide 77 containing a secondary and tertiary amide. The secondary amide 
then cyclizes onto the iodide by adding Pd(dba)2, Buchwald ligand L22, and K2CO3 in 
toluene/acetonitrile. Microwave heating gave a rapid cyclization (1.5 h) to the desired 
oxindole product 78. 
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7.2.5.4 Coupling of am'nes with aiiienes 
The Buchwald-Hartwig amination is not limited to aryl halides and sulfonates; vinyl 
halides and sulfonates may participate as well. An early example of this process was 
shown in an intramolecular sense for a carbapenam synthesis in the laboratory of M. 
Mori."' PdDPEphos catalyzed the cyclization of a vinyl bromide 79 giving p-lactam 80 
in 97% yield. 

OTBS OTBS 

CS2COJ, tol. 
80 "C, 1.5 h 

79 80 
TBSO 

A study of the intermolecular vinylation of azoles (pyrrole, carbazole, and 
indoles) and phenothiazines was published by I. P. Beletskaya and co-workers.1'6 This 
vinylation is catalyzed by Pd(t-Bu)3P and utilizes the lithium amide of various azoles. 
Various vinyl bromides efficiently undergo the cross-coupling with full  retention of their 
configuration ( E  or 2). 

i i  

4 mol% Pd(dba)2 
8 mol% (t-Bu)3P 

t 01. IDM E 

30-99% yield 
50-100 "C, 1-10 h 

A variety of secondary cyclic and acyclic amines may also couple with vinyl 
bromides catalyzed by Pd/BINAP or L13.I" This serves as a useful alternative for 
enamine synthesis. The vinylation of primary amines gives enamines which immediately 
tataumerize to the corresponding imine. Competition experiments reveal that vinyl 
bromides react in preference to aryl bromides. Vinyl chlorides are also aminated to give 
enamines or amino dienesIl8 as well. These may then serve as useful nucleophiles or 
dienes for Diels-Alder reactions. 
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Vinvl Bromides 
Pd(li)/BiNAP (or L13) 
NaOf-Bu, tol. 

Vinvl Chlorides 
Pdz(dba),/L3 
NaOf-Bu, tol. 

R' - * \ ?  R' -.\? 

Ph7j*ZN.~2 R 3 n N * ~ 2  ' 

The palladium-catalyzed coupling of vinyl triflates with amides, carbamates, and 
sulfonamides has been reported by researchers at Merck.'Ig They identified Xantphos as 
the best ligand for this reaction. The product enamides serve as valuable synthetic 
intermediates as they can undergo asymmetric hydrogenation to give enantiopure amines. 

3 mol% Pd2(dba)3 
9 mol% Xantphos 

Cs2C03, dioxane 
50 'C, 8-14 h 
1 &97% yield 

R'+R3 
R2 

M. C. Willis has described a tandem reaction process where pyrrolidine is coupled 
with vinyl bromides (81) to give an enamine.'*' In the same reaction vessel, an alkylidene 
malonate 82 is then added at 80 "C to give the Michael addition product 83. 

VinvlatlonlMichael Addition 

1. Pd(OAC)2/BINAP k+ R' 
81 

NaOf-Bu, toi. * R l q C 0 2 E t  

83 C02Et 

M. Lautens has also reported a tandem process in which a palladium-catalyzed 
amine vinylation is coupled with an inter- or intramolecular Heck reaction.I2' This gives 
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a 2-vinyl indole 85. In many examples, no phosphine ligand is required for palladium as 
long as 1 equiv of Me4NCl is present. 

VinvlationlHeck Cascade 

4 mol% Pd(OAc), 
\ \  Me4NCI (i equiv) 

w 
R 1 - a r B r  pR3 Or 8 mol% (c+tol)~P 

a4 F;2 ,; K3P04*H20/Et3N 
* _ _ _ - '  tol., 110 "C 

7.2.6 Experimental 

0.25 mol% Pd2(dba)3 
0.75 mol% rac-BINAP 

NaOt-Bu (1.4 equiv) 

94% yield 

86 
+ 

Me0 (1.2 equiv.) toi., 80 OC, 18-23 h Me0 

N-Hexyl-2-methyl-4-methoxyaniline (86)17' 
A flame dried 250 mL, round-bottomed flask fitted with a magnetic stirbar is charged 
with tris(dibenzy1idenacetone)dipalladium (1 14 mg, 0.125 mmol, 0.0025 equiv), ruc- 
BINAP (233 mg, 0.375 mmol, 0.0075 equiv.), and sodium terr-butoxide (6.73 g, 70.0 
mmol, 1.4 equiv). After purging with argon for 5 minutes, freshly distilled toluene is 
added (50 mL) while being stirred. Next, the 4-bromo-3-methylanisole (10.0 g, 50.0 
mmol, 1 equiv), n-hexylamine (distilled, 7.9 mL, 60.0 mmol, 1.2 equiv), and toluene 
(distilled, 50 mL) are added. The dark red mixture is placed in an 80 "C oil bath with 
stirring until all the aryl bromide is consumed as judged by GC analysis (1 8-23 hours). 
After cooling to room temperature, the mixture is transferred to a separatory funnel. The 
reaction flask is rinsed with diethyl ether (2 x 50 mL), brine (100 mL), water (20 mL), 
and again with diethyl ether (50 mL). All of the rinses are also transferred to the 
separatory funnel and the layers are then mixed and separated. The aquesous layer is 
extracted with diethyl ether (50 mL), and the combined organics are dried over MgS04. 
The mixture is filtered and the MgS04 is washed with 50 mL diethyl ether. Concentration 
in vucuo gave a crude brown oil which can then be purified by distillation (bulb-to-bulb, 
bp 92 "C at 0.001 Torr) to give 10.35 g (94%) ofthe title compound (86) as a pale yellow 
oil. 
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7.3 Haloform Reaction 

7.3.1 Description 
The Haloform reaction (also known as the Lieben iodoform reaction or Lieben haloform 
reaction) describes the two-step conversion of a methyl ketone 1 to a carboxylic acid via 
threefold halogenation to the trihaloketone 2 foilowed by base-cleavage to 
carboxylate 3 and haloform 4. Acidification affords the carboxylic acid 5.'-7 

the 

1 2 3 4 5 

R = alkyl, aryl, H; X = CI, Br, I 

An important variation is that compounds such as methyl carbinols also undergo 
the Haloform reaction since they are typically oxidized to the corresponding methyl 
ketone under the reaction conditions. This reaction is particularly well known to 
undergraduate organic chemistry students as the "Iodoform Test" in qualitative organic 
~ h e m i s t r y . ~ ~ ~ ' ~ ~ *  

7.3.2 Historical Perspective 
Given the historic availability of simple ketones and the halogens chlorine, bromine, and 
iodine, it is not surprising that the Haloform reaction has a long and rich history, 
summarized exhaustively by Fuson and Bull' and by Parkin.2 Interestingly, the initial 
discoveries of the Haloform reaction all involved the treatment of ethanol with iodine, 
chlorine, or bromine in the presence of alkali to afford the respective haloform following 
in situ oxidation of ethanol to acetaldehyde.' Indeed, chloroform was used extensively in 
the U.S. Civil War as a battlefield anesthetic during amputations." The now well-known 
"Iodoform Test" was inaugurated in 1870 by Lieben.3 As will be presented later, nature 
produces enormous quantities of chloroform and bromoform, most probably involving 
the Haloform reaction. 
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7.3.3 Mechanism 

2. H '  
8 5 4 

The mechanism of the Haloform reaction involves base-catalyzed generation of an 
enolate 6 followed by in situ halogenation to afford an a-haloketone 7. Two subsequent 
repetitions afford trihaloketone 8, which then is susceptible to cleavage by alkali to 
furnish carboxylic acid 5 and haloform 4, after acidification. 

Early mechanistic studies of the Haloform reaction are summarized by Fuson and 
Bull.' In support of the stepwise pathway, examples of the isolation of all three 
haloketones are known, and several cases of stable trihaloketones have been described. 
For example, haloketones 9-1 1 have been isolated from the base-induced halogenation of 
the appropriate ketone depending on the reaction time.""* 

0, ,CBr3 
Cl,@cl OeC0 CHzCI BrQBr 0,c0CH2Br B r e B r  0,c,CHBr2 Bry@r C 

' COzH C02H / COzH \ 

CI Br Br Br 

9 10 11 12 

Furthermore, in a series of papers Fuson and co-workers have shown that base- 
cleavage of the trihalo ketone is strongly retarded by adjacent bulky groups.''-'3 For 
example, a,a,a-tribromo-2,4,6-trichloroacetophenone is unaffected by extended 
treatment with cold solutions of hydroxide." Interestingly, 1, 1,l -trichloropropanone is 
found in chlorine-treated drinking water and is presumed to be a precursor of chloroform 
that is ubiquitous in such water.14 

Several reported kinetic studies shed light on the various steps in the Haloform 
reaction. Bartlett showed in 1934 that the reaction of acetone with strong alkaline 
solutions of hypobromite and hypoiodite involves enolization of acetone as the rate- 
determining step, but the rate of the same reaction with alkaline hypochlorite involves as 
the slow step reaction of acetone enol with hypoch10rite.I~ Likewise, the mechanism of 
the iodoform reaction and its optimization for uantitative analysis have received much 
scrutinyi6 including studies of acetone-1-C-14 and deuterated acetone18 for isotope 9 
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effects in the Haloform reaction. The latter study concludes that the rate-determining 
step is proton abstraction by base. Guthrie and Cossar have described an exhaustive 
kinetics examination of the chlorination of acetone and the subsequent cleavage to 
chloroform and acetate.’’ A subsequent paper addresses the alkaline cleavage of 
trihaloaceto-phenones, which shows this relative rate order: PhCOCFs ( 1 .O), PhCOCCl3 
(5.3 x lo’’), PhCOCBr3 (2.2 x The cleavage of ring-substituted 2,2,2- 
trichloroacetophenones has been reported:’ and a theoretical examination of the base- 
promoted cleavage of 4-alkyl-4-hydroxy-3,3-difluoromethyl trifluoromethyl ketones was 
descri bed.22 

7.3.4 Variations and Improvements 
Only a few departures from the basic Haloform reaction conditions (Section 7.3.5) have 
been developed. Both sodium b r ~ m i t e ~ ~  and benzyltrimethylammonium t r i b r ~ m i d e ~ ~  in 
aqueous sodium hydroxide are convenient alternatives to the use of bromine in the 
Haloform reaction (e.g., 13 to 14,23 15 to 1624). Both reagents also effect conversion of 
methyl carbinols to carboxylic acids. 

NaBr02, NaBr . [ 0 - +  ] H30* 0 
R-C-ONa - R-C-OH 

0 
R-C-CH, 

aq. NaOH 
8046% 

13 14 

R = i-BU, t-Bu, n-Pen, Ph, 4-To1, 4-CIPh, 4-N02Ph, 2-Naphthyl 

2. H ~ O +  
15 97% 16 

The use of benzyltrimethylammonium tribromide is particularly effective for the 
synthesis of aromatic and heteroaromatic carboxylic acids as shown in Table 1. 

The Haloform reaction is catalyzed by cyclodextrins in what the authors label as 
“inverse phase transfer ca ta ly~is ,”~~ but the synthetic utility of this variation remains to be 
seen. An alternative to the use of halogen is a nitroarene catalyzed oxidation of 
acetophenone with sodium percarbonate or sodium perborate?6 However, the yields of 
substituted benzoic acids furnished by this method are mediocre (23-73%) in comparison 
to the conventional Haloform conditions. Likewise, the Haloform reaction of acetone 
with iodine in liquid ammonia is without synthetic merit (8-12%).27 

An important variation of the Haloform reaction is the synthesis of esters instead 
of carboxylic acids, and several groups have reported this reaction, but Arnold and co- 
workers seem to be the discoverers?’ Thus, they isolated 5-carbomethoxy-8- 
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methoxytetralin (18) from 5-acetyl-8-methoxytetralin (17) using either aqueous 
methanolic hypochloride (80% yield) or hypobromite (83% yield). 

COCH3 C02Me 

CaOCl 

aq. MeOH, KOH, K2C03 
I 

OMe OMe 80% 

17 18 

This result is not surprising since it was shown earlier that trichloromethyl 
ketones react more rapidly with methanol (alcohols) than with water under alkaline 
 condition^.'^ The ethanolic cleavage of a trichloromethyl ketone has been used to 
prepare ethyl 3,3-dietho~ypropanoate,~' and aryl trifluoromethyl ketones can be cleaved 
to give carboxylic acids or estersS3' A similar reaction of 3-trifluoroacetylindole (19) 
with lithium dialk lamides affords good yields of the corresponding indole-3- 
carboxamides (20). 3 Y  

0 

H 
74-88% 

H 

19 20 

An electrocatalytic Haloform reaction to convert methyl ketones into esters has 
been described b two and the Haloform reaction has been extended to non- 
methyl ketones?' but this is considered to be outside the scope of the present article. 
Likewise, a Haloform reaction of R-sulfonylmethyl ketones affords a-halosulfones and 
acetate,36 and various quinones yield iodoform upon treatment with alkaline iodine.37 
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Table 1. Comparison of NaBr02-NaBr and PhCH2N(CH&Br in Haloform reactions from 
the corresponding methyl ketone 

Product 

Method, %yield 

NaBr02-NaB?3 PhCH2N(CH3)3BF4 

ocCozH 
Me DCozH 
CI .aco'" 

OzN DCozH 

M e 0  

mCozH 
dH 

QCOzH 

QC02H 

94 

96 

90 

a7 

85 

40 

- 

95 

99 

99 

aa 

92 

99 

70 

99 

97 

95 
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7.3.5 Synthetic Utility 
Despite its age, the Haloform reaction remains a unique and powerful transformation of 
methyl ketones to carboxylic acids. The range of substrates is truly enormous. In 
addition to the examples shown below, the Haloform reaction has been employed to 
synthesize these carboxylic acids (from the corresponding methyl ketones): 3- 
acrylamido-3-methylbutanoic acid (34%),38 kainic acid analo s , ~ '  triterpenoids:' 3- 
carboxytropolone (83%):' 7-carbox -2-methoxytropone (33%),ff 2-arylpropanoic acids 
(95%),42 dimethylbenzoic acids; tetrahydro-naphthalenes (70-100%),44 N(4- 
carboxypheny1ethyl)acetamide (44-75%),45 pyridone-substituted benzoic acids,46 
epicucurbic acid (89%),47 4-(pyren-6-yl)butanoic acid (79%),48 3-(benzo[a]pyren-6- 
y1)propanoic acid (56%),48 and 3C12-benzoic acid (90%)"' In the following examples, a 
solution of hypohalite is prepared initially followed by reaction with the substrate. 

S O 2 H  co Br2, NaOH 

9 

@ H3 Br2, NaOH 

aq. dioxane 
rt, 2 h 

w 
98% 

NaOBr 

aq. NaOH 
15"Ctor t  

* 

91 % (as methyl ester) 

(ref. 50) 

(ref. 51) 

(ref. 52) 

(ref. 53) 
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CN 0 OMe 

(ref. 54) 
Br2, NaOH 

Me aq. dioxane, 5 "C CO2H 
50% 

""&Me Br2,NaOH . MeomCo2H (ref. 55) 

Me0 aq. THF, 0 "C to rt Me0 

90% 

aq. dioxane, 0 "C 

100% 

(ref. 56) 

Noteworthy in the above reactions is the chemoselectivity and the absence of side 
reactions involving potentially reactive sites (i,e., electron-rich alkenes and aromatic 
rings and esters). However, on occasion such side reactions do occur (21+22 and 23)," 
although in this case temperature and hypochlorite concentration control minimize the 
formation of 23. 

(ref. 57) 

Me0 
OMe 

22 23 

Me0 

21 

The synthetic utility of the Haloform reaction is revealed further by a synthesis of 
isoto ically pure (99.2%) CDCls by the reaction of trichloroacetophenone with NaOD in 
D20!' The alkoxide-cleavage of trichloromethyl ketones has been employed to 
synthesize dihydropyridine esters (e.g., 24) in which ester exchange does not 0ccur.5~ 
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(ref. 59a) 
NaOR’ CO2R’ 

cc13 

R’OH, THF, rt 

70-95% 

24 
R’ = Me, i-Pr; R2 = 2-C02Et, 3-C02Et, 2-CF3, 2-CI 

Treatment of trichloroacetylpyrroles (and trichloroacetylimidaoles) with amines 
provides access to polyamides and distamycin analogs (e.g., 25).60 

A Haloform-type reaction occurs between trichloromethyl-substituted 1,3- 
diketones and hydrazine or N-methylhydrox lamine to afford hydroxypyrazoles (e.g., 26) 
and 2-methyl-3-isoxazolones, respectively. 6 7  

* HO MyNph N’ (ref. 61) 
N2H4, MeCN 

rt, 97% 
H Me 

26 

The aqueous base cleavage of a trifluoromethyl group from a lumaine hydrate is 
known,62 and the rupture of ring D of 3-benzyl-0-estrone with hypoiodite to afford the 
corresponding tricyclic diacid (75% yield) has been rep0rted.6~ Indeed, over the years the 
iodoform version of the Haloform reaction has undergone extensive improvements” and 
has seen applications in quantitative analy~is.~’ 

7.3.6 Biological Haloform Reaction 
No discussion of the Haloform reaction is complete without mention of Nature’s role in 
the production of haloform, especially chloroform and bromoform.66 It is estimated that 
90% of atmospheric chloroform has a biogenic origin while only 10% is an th r~pogen ic .~~  
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For example, termites produce up to 15% of the global chloroform emissions,68 most 
likely by a Haloform reaction. Halogenated ketones are ubiquitous in the oceans and a 
few examples are shown (27-30).66 The antibacterial tribromoacetamide is present in an 
Okinawan Wrangelia alga,69 and myriad other halogenated natural products can be 
envisioned to produce haloform.66 

A second biogenic source of chloroform is the chloroperoxidase-catalyzed 
degradation of humic acid leading ultimately to chloroform and chlorinated acetic 
Moreover, this pathway seems to operate when drinking water (containing organic 
matter) is disinfected with chlorine.7k772 This halogenation mechanism is supported by 
the isolation of I3CHC4 and 13CHBr3 when 1,3-dihydro~ybenzene-2-'~C (31) is treated 
with aqueous chlorine and bromine, re~pectively.~~ 

0 
I1 HOCl aq. OH- - C12CH-C-CCI=CHCHC12 - 13CHCh 

aq. OH- 

7.3.7 Experimental 
The reader is referred to the synthesis of trimethylacetic acid,74 2-naphthoic acid,75 3,3- 
dimethylacrylic acid,76 3,3-dimethylglutaric 3P-acetoxy-5-androstene- 17P- 
carboxylic acid,78 ethyl pyrrole-2-~arboxylate,~~ and bicycle[ 1 . 1 . llpentane-l,3- 
dicarboxylic acids0 published in Organic Syntheses. 

Cinnamic acidz3 
Benzylideneacetone (1.0 g, 6.8 mmol) is added to a solution of sodium bromite (94.7% 
purity, 3.1 g, 21.7 mmol), sodium bromide (2.3 g, 22.4 mmol), and sodium hydroxide 
(0.3 g, 7.5 mmol) in water (1 0 mL) at room temperature, and then the mixture is stirred 
for 6 h. A brown precipitate obtained is filtered from the reaction mixture and washed 
with chloroform (20 mL). The resultant colorless crystals are acidified with hydrochloric 
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acid (20 wt%, 30 ml) and extracted with chloroform. The chloroform solution is dried 
with magnesium sulfate and evaporated in vucuo to give cinnamic acid as colorless 
crystals; yield: 0.71 g (70%); mp 132-134 "C (from water). 

Benzoic acid24 
Benzyltrimethylammonium tribromide (6.04 g, 15.5 mmol) was added to a solution of 
acetophenone (0.60 g, 5 mmol) and NaOH (1.2 g, 30 mmol) in water (50 mL), and the 
mixture was stirred at room temperature for 20 min. The orange color of the solution 
immediately faded and bromoform formed during the period. To the mixture was added 
5% aq. solution of NaHSO3 (10 mL) and bromoform was filtered off. The filtrate was 
made acidic with 6 N HCl and was extracted with ether (40 mL x 4). The ether layer was 
dried over MgS04, filtered and evaporated at reduced pressure to give benzoic acid; 
yield: 0.58 g (95%); mp 122-123 "C. 

2-Carboxytropolone4' 
To a stirred mixture of 40% sodium hydroxide solution (1 mL) and sodium hypochlorite 
solution, prepared from chlorine gas and sodium hydroxide (1.84 g) in ice water (1 5 mL), 
was added a solution of 3-acetyltropolone (820 mg, 5 mmol) in 6% NaOH solution (3 
mL) with cooling in an ice water bath. The reaction mixture was stirred for 1 hr at 15 "C. 
The mixture was added to a solution of sodium hydrogensulfite (500 mg) in water (2 mL) 
to remove an excess of sodium hypochlorite. The mixture was carefully made slightly 
acidic with concentrated hydrochloric acid. The precipitate was collected and dissolved 
in hot water, the solution was made acidic with concentrated hydrochloric acid to give 
crystals which were recrystallized from methanol to give 3-carboxytropolone as yellow 
needles in a yield of 690 mg (85%), mp 217-218 "C; IR (KBr): vmaU 3212 (OH), 1718 
(COOH), 1585 cm-' (C=O); 'H NMR (deuteriochloroform): 6 7.05-7.8 (3H, m), 8.15 
(lH, d , J =  10 Hz, H-4), 10.3 (2H, br, OH). 

6,7-Dimethoxynaphthalene-2-carboxylic acid" 
To a stirred solution of NaOH (34.89 g, 870 mmol) in 120 ml of HzO was added Br2 
(42.6 g, 266.2 mmol) over 30 min at 0 "C. To this mixture was added a solution of 2- 
acetyl-6,7-dimethoxynaphthalene (20 g, 87 mmol) in 60 mL of THF slowly over 30 min 
at 0 "C. The mixture was warmed to room temperature and stirred for 8 h. The organic 
phase was separated in a separatory funnel and dispatched. To the aqueous solution were 
added ice (200 g) and 20% NaHSO3 soln. (100 mL). After acidification of the aq. soln. 
with 37% HCl (pH 5 3), the solidified acid was filtered with suction and dried at 60 "C 
(1 8.2 g, 90%) to give white crystals, mp 238-240 "C; 'H NMR (200 MHz, (D6)-DMSO): 
12.65 (br, s, lH), 8.42 (br, s, lH), 7.79 (m, 2H), 7.48 (s, lH), 7.36 (s, lH), 3.90 (s, 3H), 

128.1, 127.8, 125.3, 109.5, 108.1, 57.4 (2 C). 
3.89 (s, 3H). I3C NMR (50 MHz (D&DMSO): 169.5, 152.9, 151.6, 133.2, 130.6, 129.8, 
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7.4 Hunsdiecker reaction 

7.4.1 Description 
The Hunsdiecker reaction is the reaction of silver carboxylate 1 with bromine to give 
bromide 2 at elevated temperature.’4 The reaction also works for making chlorides and 
iodides. It is also known as the Hunsdiecker-Borodin reaction. 

The Hunsdiecker reaction is closely related to the Simonini r e a ~ t i o n . ~  As a matter 
of fact, the first half of the Simonini reaction is the Hunsdiecker reaction. Therefore, 
treatment of one equivalent of silver carboxylate 1 with iodine gives alkyl iodide 3. In 
the presence of another equivalent of silver carboxylate 1, an sN2 displacement reaction 
takes place, affording ester 4. Since there are so many practical ways to make esters, the 
Simonini reaction is no longer widely used. 

K I 
3 

7.4.2 Historical Perspective 
Aleksandr PorfireviE Borodin (1 833-1 887), the illegitimate son of an elderly prince, was 
born in St. Petersburg. He studied chemistry under Nikolai Nikolaevie Zinin 
(1812-1880) and succeeded him as Professor of Chemistry at the St. Petersburg 
Academy of Medicine and Surgery in 1864. Borodin was also an accomplished 
composer and kept a piano outside his laboratory. He is now best known for his musical 
masterpiece, opera Prince Egor. Borodin prepared methyl bromide from silver acetate 
and bromine in 1861,6 but another eighty years elapsed before Clare and Heinz 
Hunsdiecker converted Borodin’s synthesis into a general me th~d~’~- - - the  Hunsdiecker or 
Hunsdiecker-Borodin reaction in 1939. Ckre Hunsdiecker was born in 1903 and 
educated in Cologne. She developed the bromination of silver carboxylate alongside her 
husband, Heinz. 
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7.4.3 Mechanism 
The first step of the Hunsdiecker reaction is quite straightforward. The reaction between 
silver carboxylate 1 and bromine gives rise to insoluble silver bromide along with acyl 
hypobromite 3. The unstable acyl hypobromite 3 undergoes a homolytic cleavage of the 
0-Br bond to provide carboxyl radical 4. Carboxyl radical 4 then decomposes via 
radical decarboxylation to release carbon dioxide and alkyl radical 5, which subsequently 
reacts with another molecule of acyl h pobromite 3 to deliver alkyl bromide 2, along 
with regeneration of carboxyl radical 4!'12 Because of the radical pathway, chirality is 
often lost for the chiral carbon atom immediately adjacent to the carboxylic acid. 

0 homolytic 

cleavage 
AgX + RK@ - 

1 
3 

0 

0 0 RAO" 

4 5 2 4 

R-X + RAd X. + P&!! - C02f + Re 
R O  3 

7.4.4 Variations and Improvements 
In addition to Ag, many other metals (Hg, Pb, T1, and h4n) can be used in the 
Hunsdiecker rea~tion. '~-~'  The Cristol-Firth modification is a one-pot reaction using 
excess red HgO and one equivalent of ha10gen.l~ The advantage of the Cristol-Firth 
modification is that the mercury carboxylate does not need to be isolated and purified, 
unlike the Hunsdiecker reaction using the silver carboxylate. Therefore, as depicted by 
transformations 6+714 and 8+9,15 the Cristol-Firth modification is operationally more 
straightforward and more widely used than the classical Hunsdiecker reaction using silver 
carboxylate 1. 

* CI+Br 
HgO, Br2, A 

CCI4, dark, 3546% 
C I e C O 2 H  

6 7 
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Another valuable alternative to the Hunsdiecker reaction is the Kochi 
m~dification,~ which employs a Pb(IV) reagent. It is a one-carbon oxidative degradation 
of carboxylic acids and is suitable for synthesis of secondary and tertiary chlorides as 
exemplified by the transformation of carboxylic acid 10 to cyclobutyl chloride (11) 
mediated by lead tetra-acetate (LTA).I6 Further improvement of the Kochi modification 
employs LTA under milder conditions where N-chlorosuccinimide (NCS) is used as 
chlorinating agent and a mixture of DMF and HOAc as solvent." 

P b( OAck - Gc' + COz + LiPb(OAc)3 + HOAc 

11 
&OH LicI, 100% 

10 

In addition to mercury and lead, thallium(1) carboxylates also work for the 
Hunsdiecker r ea~ t ion . '~"~  For instance, treatment of thallium(1) carboxylate 12 with 
bromine provided bromide 13 in 86% yield.'* In one occasion, Mn(OAc)2-catalyzed 
Hunsdiecker reaction provided a facile entry to a-(dibromomethyl)-benzenemethano1.20 

* /O'&Br 
Tl(1)zOEt Brz, CC4 

0 
petroleum ether 

quant. 
reflux, 4 h, 86% 

/O'&COzH 

0 0 

12 13 

The third modification of the Hunsdiecker reaction is the so-called Suhrez 
modification,21 where the steroidal acids were treated with hypervalent iodine reagent in 
CCL to prepare steroidal chloride. The SuBrez modification also works for bromination 
using iodobenzene diacetate, bromine, and CHzBr2 as the solvent under irradiation as 
exemplified by transformations 14+15?2 Unlike many variations described before, the 
SuBrez modification tolerates a variety of hnctional groups. 

Phl(OAc)z, Br,, CH2Br2 

2 x 200 W, tungsten lamps 
15 14 4 h, 66% 

The fourth modification of the Hunsdiecker reaction, pioneered by Barton, is the 
use of t-butyl hyp~ iod ide .~~  Thus, acid 16 was treated with t-butyl hypoiodide to give the 
acyl hypoiodite, which underwent white-light photolysis at room temperature to give 
iodide 17. The reaction works for primary, secondary, and tertiary acids. 
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1. t-BuOl 

HO2C $5 2. PhH, hv, 62% I 

16 17 

The last, but certainly not the least, is the Barton modification to the Hunsdiecker 
It involves decomposition of thiohydroxamate esters in halogen donor 

solvents such as cCl4, BrCC13, CHI3, or CHzIz promoted by a source of radical initiation, 
which could be radical initiator (e.g., 18+20),24 thermal (e.g., 21-~22),2~ or photolyticZ6 
conditions. The Barton modification is highly compatible with most functional groups. 
For example, under photolytic conditions, acid 23 was converted to acid chloride 24, 
which, without isolation, was treated with the sodium salt of H-hydroxypyridine-2-thione 
(19) with bromotrichloromethane as solvent to give alkyl bromide 25 in 90% yield.26 

21 

23 

22 

r 1 

J 24 L 

BrCIs,hv, 90% 25 
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7.4.5 Synthetic Utility 
The classical Hunsdiecker conditions using Ag, and modifications using metals such as 
Hg, T1, Pb, and Mn(II), are not very synthetically usehl because of the use of toxic 
metals, requirement of high temperature, and poor yields. As a consequence, many 
variants of “greener” chemistry have been developed to replace heavy metals. In addition 
to Barton’s radical approaches, Roy er al. developed a metal-free Hunsdiecker reaction 
where the acid was treated with N-bromosuccinamide (NBS) and a catalytic amount of 
L ~ O A C ~ ~  or the phase transfer catalyst (PTC) tetrabutylammonium trifluoroacetate 
(TBATFA).2&30 As shown below, cinnamic acid 26 was converted to P-bromostyrene 27 
in almost quantitative yield.28 The authors also found that a mixture of 93:7 MeCN/H20 
was also a good solvent for the metal-free Hunsdiecker reaction?’ In place of TBATFA, 
another phase transfer catalyst “Select flur” was found to be an efficient catalyst for the 
metal-free Hunsdiecker reaction as well (e.g., 29-30)?] 

NBS, /J -BU~N+CF~CO~-  * gBr d’” CICH&H&I, 96% \ /  

6Br 
f ~ I e 0  26 27 

<+c’ 6c02H (0 ~ B F ~  

+Y “Select fluor” 
F 

HO 29 KBr, CH3CN, 82% HO 30 

The aforementioned reaction was extended to a nitro-Hunsdiecker reaction to 
make nitrostyrenes and nitroarenes from unsaturated carboxylic acids such as 31+32.32 
This is a rare example of nitro-olefin preparation. 

HN03, cat. AlBN Fcco2H b 

CHsCN, 50 OC, 29 h, 62% 

31 32 
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In an effort to develop a green Hunsdiecker reaction, synthesis of P-bromo- 
styrenes was accomplished from the reaction of a,p-unsaturated aromatic carboxylic 
acids with KBr and HzO2 catalyzed by NazMo04.2H20 in aqueous medium.33 

,CO2H 
Na2MoO4.2H2O, H202 

KBr, H20,65-85% 

R = H, 4-OMe, 4-Cl, 2-Me, or 2-CI 34 
R 33 

Recently, it was found that microwave-induced Hunsdiecker reaction afforded 
stereoselective synthesis of (E)-P-arylvinyl halides as exemplified by transformation 
35-+36.34,35. 

NBS, LiOAc 
MeCN-H20 (937) 

MW 2 min. 68% 

HOzC 36 

7.4.6 Experimental 

Preparation of l-bromo-3-chlorocyclobutane'4 
In a I-L, three-necked, round-bottomed flask, wrapped with aluminum foil to exclude 
light, and equipped with a mechanical stirrer, a reflux condenser, and an addition funnel, 
is suspended 37 g (0.17 mole) of red mercury(I1) oxide in 330 mL of carbon 
tetrachloride. To the flask is added 30.0 g. (0.227 mole) of 3-chlorocyclobutane- 
carboxylic acid (6). With stirring, the mixture is heated to reflux before a solution of 40 g 
(0.25 mole) of bromine in 180 mL of carbon tetrachloride is added dropwise, but as fast 
as possible (4-7 minutes) without loss of bromine from the condenser. AAer a short 
induction period, carbon dioxide is evolved at a rate of 150-200 bubbles per minute. The 
solution is allowed to reflux for 25-30 minutes, until the rate of carbon dioxide evolution 
slows to about 5 bubbles per minute. The mixture is cooled in an ice bath, and the 
precipitate is removed by filtration. The residue is washed with carbon tetrachloride, and 
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the filtrates are combined. The solvent is removed by distillation using a modified 
Claisen distillation apparatus with a 6-cm Vigreux column; vacuum distillation of the 
residual oil gives 13-17 g (3546%) of I-bromo-3-chlorocyclobutane (7), bp 67-72 "C 
(45 mm.). 

7.4.7 References 
I .  
2. 
3. 
4. 

5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 

20. 
21. 

22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 

[RjJohnson, R. G.; Ingham, R. K. Chem. Rev. 1956,56,219-269. 
[R] Wilson, C. V. Org. React. 1957,9,341-381. 
[R] Sheldon, R. A.; Kochi, J. K. Org. React. 1972, 19, 326-387. 
[R] Crich, D. In Comprehensive Organic Synihesis; Trost, B. M.; Steven, V. L., Eds.; Pergamon, 1991, Vol. 
7,723-734. 
Simonini, A. Monatsh. Chem. 1892, 13, 320. 
Borodin, A. Justus Liebigs Ann. Chem. 1861, 119, 121. 
Hunsdiecker, H.; Hunsdiecker, C.; Vogt, E. U.S. Patent 2,176,181 (1939). 
Hunsdiecker, H.; Hunsdiecker, C. Ber. Disch. Chem. Ges. 1942, 75B, 291 
Cristol, S. J.; Douglas, J. R.; Firth, W. C., Jr.; Krall, R. E. J.  Am. Chem. Soc. 1961, 82, 1829. 
Jenning, P. W.; Ziebarth, T. D. J. Org. Chem. 1969,34,3216. 
Bunce, N. J.; Urban, L. 0. Can. J.  Chem. 1971,49,821. 
Cason, J.; Walba, D. M. J.  Org. Chem. 1972,37, 669. 
Cristol, S.  J.; Firth, W. C., Jr. J.  Org. Chem. 1961,26, 280. 
Larnpman, G. M.; Aumiller, J. C. Org, Synth. 1988, Coll. Vol. 6, 179. 
Myers, A. 1.; Fleming, M. P. J Org. Chem. 1979,44, 3405. 
Kochi, J. K. J Am. Chem. SOC. 1965,87,2500. 
Becher, K. B.; Geisel, M.; Grob, C. A,; Kuhnen, F. Synthesis 1973,493. 
McKillop, A.; Bromley, D.; Taylor, E. C. J.  Org. Chem. 1969,34, 1172. 
Cambie, R. C.; Hayward, R. C.; Jurlina, J. L.; Rutedge, P. S.; Woodgate, P. D. J.  Chem. Soc., Perkin Trans. I 
1981,2608. 
Chowdhury, S.; Roy, S .  Tetrahedron Lett. 1996,37, 2623. 
Concepcion, J. I.; Francisco, C. G.; Freire, R.; Hernadez, R.; Salazar, J. A,; Suttrez, E. J.  Org. Chem. 1986, 
51,402. 
Camps, P.; Lukach, A. E.; Pujol, X.; Vazquez, S.  Tetrahedron 2000,56,2703. 
Barton, D. H. R.; Faro, H. P.; Serebryakov, E. P.; Woolsey, N. F. J. Chem. SOC. 1965,2438. 
Barton, D. H. R.; Lacher, B.; Zard, S .  2. Tetrahedron 1987, 43, 4321. 
Fleet, G. W.; Son, J. C.; Peach, J. M.; Hamor, T. A. Tetrahedron Lett. 1988,29, 1449. 
Barton, D. H. R.; Crich, D.; Motherwell, W. B. Tetrahedron 1985, 41, 3901. 
Chowdhury, S.; Roy, S .  J.  Org. Chem. 1997,62, 199. 
Naskar, D.; Chowdhury, S.; Roy, S. Tetrahedron Lett. 1998,39,699. 
Naskar, D.; Roy, S .  Tetrahedron 2000,56, 1369. 
Das, J. P.; Roy, S.  J.  Org. Chem. 2002,67,7861. 
Das, 1. P.; Ye, C.; Shreeve, J. M. J.  Org. Chem. 2004, 69, 8561. 
Das, J. P.; Sinha, P.; Roy, S .  Org. Lett. 2002, 4, 3055. 
Sinha, J.; Layek, S.; Mandal, G. C.; Bhattachajee, M. Chem. Commun. 2001, 1916. 
Kuang, C.; Yang, Q.; Senboku, H.; Tokuda, M. Synthesis, 2005, 1319. 
Kuang, C.; Senboh,  H.; Tokuda, M. Synlett 2005, 1439. 

Jie Jack Li 



630 Name Reactions for Functional Group Transformations 

7.5 Japp-Klingemann Hydrazone Synthesis 

7.5.1 Description 
The reaction between a compound with an active methinyl carbon 1 and a diazonium salt 
2 is assumed to involve the formation of an unstable azo compound that undergoes 
hydrolytic cleavage to form a hydrazone 3. 

I 1 2 3 

7.5.2 Historical Perspective 
In 1887, in an attempt to prepare the azo ester 4 by coupling benzenediazonium chloride 
2 with ethyl 2-methylacetoacetate 1, Japp and Klingemann obtained a product which was 
recognized as the phenylhydrazone of ethyl pyruvate 3.14 

7.5.3 Mechanism 
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Deprotonation of acetoacetate 1 with base provides the active methinyl carbanion 5, 
which couples with diazonium salt 2 to form the intermediate 4. The acetyl group is then 
cleaved by base to form 7, which upon protonation yields the hydrazone 3.5 

7.5.4 Variations 
Japp and Klingemann found that benzenediazonium salt 2 coupled with ethyl 
methylacetoacetate 1 in alkaline solution to give the phenylhydrazone of ethyl pyruvate 3 
with elimination of acetic acid. However, if the ketonic ester was first hydrolyzed with 
alkali and then coupled, the product was monophenylhydrazone 10, with carbon dioxide 
being eliminated rather than acetic acids6 

The requirement for the occurrence of the Japp-Klingemann reaction is the 
presence of a hydrogen atom of sufficient activity to permit the coupling with the 
diazonium salt. A methinyl group in the a-position of a pyridyl acetic acid 11 is reactive 
enough to participate in the Japp-Klingemann process.’ 

11 

t 

o o c .  NaOAc 

82% 

13 

0 8  

0012, NaOAc 

7% k - N - N H o . 0 2  

14 

I 

NO2 
12 15 

When the Japp-Klingemann reaction is applied to a cyclic P-keto ester 16, the 
ring is opened in the second stage of the process to yield 18.’ As in the reactions of 
acyclic P-keto esters, the reaction takes the decarboxylation course if the ester is 
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saponified before the coupling. Thus the monophenylhydrazone of cyclohexane- 1,2- 
dione 20 is obtained from ethyl cyclohexanone-2-carboxylate 19.9 

,C02Et 

16 

C02H + 6 
19 

0 0  
NH2CI 

O O C ,  KOH 

50% 

17 18 

0 0  
NHzCl 

OOC, NaOAc 

EtOHIH2O 

20 

b 
17 

7.5.5 Synthetic Utility 
The Japp-Klingemann reaction has been used extensively in the synthesis of indoles. 5- 
Methoxy- 1 H-indole-2-carboxylic acid 25 has been prepared through a 
Japp-Klingemann-Fischer indole process in 8 1 % overall yield from p-anisidine 21 .lo 

&Amino acids 27 have been prepared by reductive cleavage of phenylhydrazones 
26 of a-keto acids and esters 1. These hydrazones can be readily prepared by 
Japp-Klingemann reaction conditions. Various reductive conditions have been employed 
including: Pd/C/H2, Pd(OH)2/H2, PtO/H2, Zn/HgCl2/EtOH, Zn/CaCl2/EtOH, and 
Zn/AcOH.6," 
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21 

r 1 

[ " O - N .  4 1 i. NaN02, HCI, 0 OC 

OEt 
0 

ii. NaOAc, OOC-rt, 
r " 0 - N .  4 1 i. NaN02, HCI, 0 OC 

OEt 
0 

ii. NaOAc, OOC-rt, 

Overall 81 % 

HCllEtOH 

reflux, 1 h I 
'o%oEt /'%OH 

- KOH, reflux, 0.5 h 

0 0 
25 24 

1 

7.5.6 Experimental 

yo- + 

1 

26 27 

2 3 

Preparation of ethyl pyruvate o-nitrophenylhydrazone (3)' 
To an ice-cold solution of20.5 g (0.14 mol) of ethyl 2-methylacetoacetate (1) in 150 mL 
of ethanol is added 5 1 mL of 50% aqueous potassium hydroxide. This mixture is then 
diluted with 300 mL of ice water; and the cold diazonium salt 2 solution, prepared from 
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20.0 g (0.14 mol) of o-nitroaniline, 60 mL of concentrated hydrochloride acid, 90 mL of 
water, and 10.5 g ofthe sodium nitrite, is rapidly run in with stirring. Stirring is 
continued for 5 minutes. The separated ethyl pyruvate o-nitrophenylhydrazone (3) is 
then collected by filtration and recrystallized from ethanol (30 g, 83%). mp 106 "C. 

7.5.7 
1. 
2. 
3 
4. 
5 .  
6. 
I .  
8 .  
9. 
10. 
11. 
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7.6 Krapcho Decarboxylation 

7.6. I Description 
The Krapcho decarboxylation is the nucleophilic decarboxylation of malonate esters, p- 
ketoesters, a-cyanoesters, a-sulfonylesters, and related compounds. The reaction is done 
in dipolar aprotic solvents in the presence of salt and/or water at high temperatures.’ 

+ 
NaCN 

DMSO, A 

7.6.2 Historical Perspective 
In 1967, Krapcho reported the utility of a method for decarboxylating geminal diesters 
using a salt such as NaCN dissolved in a polar aprotic solvent like dimethyl sulfoxide 
(DMSO). The reaction was discovered when an attempt to effect the following 
substitution reaction with 1 resulted in decarbomethoxylation to give 2.2 Shortly 
thereafter, a comprehensive study of decarbalkoxylations using mono- and di-substituted 
malonates was p~blished.~ 

1 2 

Several reviews have been written which cover the history of the Krapcho 
reaction through 1982.Is4 Further research in this area revealed the application of the 
decarboxylation method to compounds such as 0-ketoesters, malonate esters, a- 
cyanoester, and a-sulfonylesters. The classical method for decarboxylation of these 
compounds usually involves acidic or basic hydrolysis, followed by thermal 
decarboxylation. Unfortunately, compounds containing acid or base sensitive functional 
groups are not compatible with these methods. Modem Krapcho conditions have 
replaced cyanide with less toxic halide anions. Additionally, several decarboxylations 
have occurred in the absence of salt.4 

Many electron withdrawing functional groups (ketones, esters, nitriles, and 
sulfonyls), when positioned appropriately, enhance the efficiency of the decarboxylation 
process. Additionally, prior to decarboxylation, these groups lower the pKa value of the 
central a-hydrogen, allowing deprotonation by weak and inexpensive bases to give 
relatively stable anions. These anions have found significant utility in several carbon- 
carbon bond forming processes. The need to remove the ester group following these 
transformations under mild, neutral conditions is largely responsible for the importance 
placed on the Krapcho reaction by modem synthetic chemists. 
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7.6.3 Mechanism 
The mechanism of the Krapcho decarboxylation has been thoroughly examined in the 
l i terat~re .~ '~ Originating primarily in the Krapcho group, these studies reveal that the 
mechanism largely depends upon several factors. These include the absence or presence 
of a salt, the identity of the salt, and the structural features of the substrate to be 
decarboxylated. Based on the above, three general mechanisms have been observed. The 
first is the traditionally accepted mechanism for the Krapcho decarboxylation. As shown 
below for the malonate derivative, a nucleophilic ion, in a polar aprotic solvent, performs 
an sN2 reaction on the methyl group of the ester. This produces a carboxylate ion which 
undergoes decarboxylation to produce an enolate with evolution of carbon dioxide. The 
concertedness of the decarboxylation step has been the subject of debate. Regardless, 
protonation of the enolate generates the ester. This mechanism is referred to as the B A L ~  
mechanism in the literature and, generally speaking, is characteristic for decarboxylation 
of sterically hindered malonate derivatives. 

+ cop 

The other major mechanism results from an initial attack at the carbonyl to form a 
tetrahedral intermediate. Collapse of the tetrahedral intermediate results in expulsion of 
the enolate. The resulting acyl cyanide is rapidly hydrolyzed to give cyanide, carbon 
dioxide, and an alcohol. This mechanism predominates when cyanide salts are used and 
when less substitution is present at the central carbon of the malonate derivative? 

0 - 
CN + R"OH + CO2 NCKO,R" 

A third and final mechanism has been considered, whereby the reaction occurs via 
simple hydrolysis of the ester, resulting ultimately in thermal decarboxylation. This 
mechanistic pathway is favored in the absence of a salt, but cannot be ruled out as 
occurring even in the presence of a salt.' 

7.6.4 Synthetic Utifity 
The Krapcho decarboxylation has found wide application in organic synthesis.*-" Its 
primary utility has been to convert malonate or acetoacetate derivatives to the 
corresponding carbonyls.'2-'6 As malonates have found tremendous use in many areas of 
synthesis, the Krapcho has also found wide utility. 
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While investigating a novel rearrangement of isoxazoline-5-spirocycloalkane 
compounds, Brandi and co-workers utilized conditions which allowed the Krapcho 
decarboxylation to occur as part of a tandem process.” Following the cyclization of the 
nitrile oxide 3 with methylenecyclopropane (4), the isoxazoline 5 undergoes a thermal 
rearrangement to produce 8. Mechanistically, homolytic cleavage of the N-O bond 
produces diradical 6. Radical rearrangement provides 7 which recombines to form the 
six-membered ring 8. Following acylation and tautomerization to give 9, 
decarboxylation occurs to provide quinolizindione 10 in 31% overall yield for the three 
step process. Similar results were obtained in the synthesis of a related indolizindione. 

NaCI, H20 

M e o Z C V C N O  4 - M e 0 2 C e  boiling DMF 
- +,6OoC 

C02Me 
3 C02Me 

* o  

Me02C Me02C#- Me02C 
I 
C02Me * 7 I 

COZMe 

___) 

Me02C 

O 10 
0 

9 

~ ~~~ 

155 “C 
86% 

The Krapcho decarboxylation was also utilized as a beneficial side reaction in the 
key step in the Deslongchamps synthesis of (+)-maritimol.I8 In this asymmetric synthesis, 
the Lewis acid mediated intramolecular Diels-Alder reaction of 11 to produce 12 was 
followed by thermal decarboxylation to yield 13. The thermal Diels-Alder reaction of 11 
was then tested and found to proceed in slightly higher yield and resulted in 
decarboxylation occurring in the same pot. Remarkably, the complete diastereo- and 
enantiocontrol in this reaction is directed by the remote nitrile stereocenter. Additional 
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examples exist in which the Krapcho decarboxylation occurs as the second step of a 
tandem process. * 

An important utility of the Krapcho reaction is not necessarily the 
decarboxylation step itself. Rather, the fact that the decarboxylation can be made to 
occur allows several reactions that require malonates or their derivatives to find general 
synthetic utility. For example, elegant work in the area of rhodium carbenoid chemistry 
relies on diazomalonates to generate the carbenoid. As utilized by Wee:' diazomalonate 
14 is treated with RhzOAc4 to generate the carbenoid which inserts into the 
stereochemically defined tertiary C-H bond. The reaction proceeds exclusively with 
retention of configuration in forming the new quaternary carbon stereocenter. 
Decarboxylation of 15 under Krapcho's conditions provides lactone 16, a key 
intermediate in the synthesis of (-)-eburnamonine. 

~ o ~ c o 2 M e  Rh20Ac4, CH2C12, reflux 

N2 90% TBDPSO./-- H 
14 

An additional example which hrther showcases the Krapcho utility in this regard 
comes from the Wu group in their efforts toward the synthesis of clavulactone, a 
compound possessing potent antitumor activity?' Seeking a general method for the 
synthesis of the dolabellane skeleton, troubles were encountered in the intramolecular 
radical conjugate addition. Principally, the E-isomer 17 (RI = H, RZ = COzEt) provided 
the undesired cyclopentane 208 in excellent yield. It was postulated that the 2-isomer 18 
would be selective for formation of 20.4. However, model studies demonstrated that 
isomerization to the E-olefin occurred under the reaction conditions. Thus, to solve this 
problem, 19 (RI = COZEt, RZ = COZEt) was utilized, such that isomerization would not be 
an issue. As executed, a 2.4:l ratio of 20.4320B was obtained. All that remained was the 
Krapcho decarboxylation to remove the ethoxycarbonyl providing the separable mixture 
21.4 and 218. Though not tremendously efficient, the synthesis of 21.4 should prove 
general for the synthesis of most dolabellanes. 
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OCS2Me 

Bu3SnH, AIBN, benzene 

reflux 

R2 R2 

While synthesizing steroids containing a fluorine atom in the aromatic A-ring, the 
Krapcho decarboxylation was used to remove a methoxycarbonyl oup whose purpose 
was to activate the methylene for use in an S N ~  alkylation reaction?‘T’hus, treatment of a 
mixture of 22 and 23 with anhydrous potassium carbonate resulted in efficient alkylation 
to produce a mixture of diastereomers of 24. Decarboxylation was facile at 90 “C to 
produce 25 and 26. Finally, a thermolysis reaction in 1,2,4-trichlorobenzene provided an 
impressive yield (79%) of cycloadducts 27 and 28 in a 53:47 ratio. This and other 
products from this study have the potential to present interesting biological applications, 
as other modified human steroids have shown such uses as radiolabeled compounds, 
chemotherapy agents, and possibly antiangiogenics. 

K2C03, Acetone 
* 

24 

‘m’ + MeO2C 

22 

NaCN, DMSO, 90 ‘C 

25 26 
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The Krapcho has found significant use as a method which enables some 
interesting asymmetric conjugate addition chemistry. For example, diorganozinc 
reagents do not generally undergo conjugate addition reaction to acyclic unsaturated 
esters. The reactivity of unsaturated malonates is such that they are able to participate in 
these reactions. As demonstrated by Feringa and co-w~rke r s ,~~  the asymmetric addition 
of dimethyl zinc to unsaturated malonate 29 proceeds in a high yield and with excellent 
enantioselectivity catalyzed by the phosphoramidite ligand 30. The Krapcho 
decarboxylation is then utilized to provide methyl ester 32. The three step homologation 
of 32 produces 33 setting the stage for a second conjugate addition reaction. Addition of 
the second methyl group proceeds with high selectivity, once again catalyzed by 30 to 
produce 34. The process can be repeated further to produce the 1,3-dimethyl stereoarrays 
present in a variety of natural products, such as 35. 

Cu(OTQ2, MezZn 

30, toluene, -60 O C  
90%. 96% ee 

LiCI, H20, DMF - c - ~ -- 
32 33 O A O E t  

Cu(OT92, MepZn- 3 1 o&o,p-~Tin I 
30, toluene, -60 OC OEt 0' )-Ph 

30 OEt loo%, 972 dr 34 

A second methodology relies on the use of unsaturated malonates as electrophiles 
in conjugate addition reactions, thus necessitating removal of the ancillary ester group. 
Enders and c o - ~ o r k e r s ~ ~  have shown a general method for preparation of semialdehyde 
derivatives, such as 40, which utilized the Krapcho decarboxylation reaction. In this 
case, conjugate addition of SAW-hydrazone 36 proceeded with excellent selectivity to 
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37, resulting in the preparation of 38. While one method for cleavage of the hydrazone 
auxiliary relies on ozonozlysis to yield the aldehyde, in this case, racemization at the 
newly formed stereocenter occurred on purification. Instead, the thioacetal 39 was 
procured with no epimerization and was followed by decarboxylation to produce 40 in 
high ee. 

Mdz, CHzCIz 

9a%, 93:7 

36 37 

(1.5 eq.) COZMe DMSO, HzO, NaCl C02Me 
HS 

150% 
63-81 % 70% 

39 40 

Malonate and related activated methylene compounds have also been used as the 
nucleophile in conjugate additionMichael reactions. Taylor and co-workers have 
developed a new methodology that utilizes (sa1en)aluminum complexes such as 43 as a 
catalyst to effect the enantioselective conjugate addition to a,P-unsaturated ketones by a 
variety of n~cleophi les .~~ For example, nitriles, nitroalkanes, hydrazoic acids, and azides 
have found utility in this reaction. Additionally, cyanoacetate (42) has been 
demonstrated to undergo a highly enantioselective conjugate addition to 41. The Krapcho 
decarboxylation is then necessary to produce cyanoketone 44, an intermediate in the 
synthesis of enantioenriched 2,4-cis-disubstituted piperidine 45. 

Ph 
41 

I. NC"CO~CH~ 
42 (I .2 equiv) Ph 0 - N C U  -- 

(R,R)-43 (I .O rnol %) 
cyclohexane, 23 "C 44 

45 

(R,R)-[salen]Al 
43 = [(R.R)-[~alen]Al]~O 
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An intramolecular conjugate addition of a 6-ketoester 46 was utilized in the 
synthesis of racemic isoclovene?6 Initially the crystalline tricylic compound 47 was 
synthesized by a facile intramolecular Michael addition using K2C03 as the base. 
Removal of the P-keto ester was then completed under Krapcho conditions, producing the 
tricylic diketone 48. 

' F C  02Et 
46 

K2C03, EtOH 
* 

80% 100% -d - NaCI. DMSO. 160°C 

9 0 

48 

\ r rJ I - iCOzEt  
0 

47 

Activated methylene compounds such as dimethyl malonate have found 
substantial utility in palladium catalyzed allylic substitution reactions. Accordingly, the 
Krapcho decarboxylation is often used in conjunction with these reactions. As an 
example, the first total synthesis of enantiomerically pure (-)-wine lactone has utilized 
the sequence of  reaction^.^' First, the allylic substitution reaction of 2-cyclohexen- 1 -yl 
acetate (49) with alkali sodium dimethylmalonate yielded 51 with high enantioselectivity, 
as a result of the use of chiral phosphine ligand 50. The malonate was then subjected to 
Krapcho decarbomethoxylation using NaCl, H20, and DMSO at 160 "C to yield 52. This 
reaction has been used similarly following the allylic substitution reaction with other 
malonate 

[ C ~ H S P ~ C I ] ~ ,  THF 

NaCI, H20 * ,,,,,o 
H 3 C 0 2 c ) , , , , ~  - 

NaCH(COOCH,), 

- 
52 

DMSO, 160 O C  H3C02C 

74% 51 
50 91%, 95% ee 

COOH 

In the synthesis of an intermediate to the antipsychotic drug ziprasidone, Krapcho 
conditions produced an unexpected side rea~tion.~'  In trying to decarboxylate compound 
53 to produce 54, by-products 55 and 56 were formed instead. Their formation was likely 
a result of the electron withdrawing substituents on the benzene ring. Although these 
products were unwanted and not part of the overall synthetic pathway, their formation is 
an interesting potential application of the Krapcho reaction when applied to compounds 
with electron withdrawing substituents, and could prove useful. 

C02Et C02Et 
Eto2cJJyco2Et NaCI, H20, DMSO 

+ E t 0 2 C P M e  

160 OC CI NO2 NO2 
55 56 NO2 

53 
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7.6.5 Experimental 

Procedure for the Krapcho decarboxylation of 58*' 
A solution of compound 57 (90 mg, 0.24 mmol), sodium chloride (50 mg, 0.8 mol) and 
water (20 mg, 1 mmol) in DMSO (5  mL) was heated under reflux for 4 h. The reaction 
was cooled to ambient temperature before being diluted with ethyl acetate (50 mL). The 
organic phase was washed with water (3 x 20 mL) and brine (3 x 20 mL) before being 
dried over MgS04 and concentrated in vucuo. The crude product was purified with flash 
chromatography (ethyl acetate:light petroleum, 1:6) to yield the desired product 58 as a 
pale yellow solid (80%). Mp 81-82 "C. (Found: M', 309.1517. C23HlgN requires M', 
309.15 17.) [ c ( ] ~ ~ ~ - 9  1.3 (c 0.46; CDCls), vmU (Nujol) cm-' 2252 (CN) and 1599 (C=C). 8~ 
(250 MHz; CDCL) 7.42-7.15 (15H, m, Ar-H), 6.29 (lH, d, J=10.4, PhZC=CH), 3.81 (lH, 
m, PhCH) and 2.71 (2H, d, J=6.9). 6~ (100.6 MHz; CDC13) 144.3, 141.4, 129.6, 128.5, 
128.2, 127.7, 127.6, 127.4, and 127.0 (arom. C and C=C), 118.1 (a), 41.5 (PhCH) and 
25.3 (CHICN). 

7.6.6 
I .  
2. 
3. 
4. 

5 .  
6. 
I. 
8. 

9. 
10. 

11. 
12. 
13. 

14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
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7.7 Nef Reaction 

7.7.1 Description 
The Nef reaction''2 is the conversion of nitroalkanes to ketones and aldehydes through 
treatment with base followed by a ~ i d . ~ . ~ , ~ , ~  For example, deprotonation of 1 -nitrobutane 
(1) with aqueous NaOH followed by addition of excess aqueous sulfuric acid afforded 
butyraldehyde (2) in 85% yield (isolated as the oxime derivative).' These reactions 
proceed via intermediate nitronate anions, which are subsequently hydrolyzed to afford 
the carbonyl products. The overall transformation leads to formal polarity reversal of the 
carbon bearing the nitro group from a nucleophilic species to an electrophilic carbonyl 
carbon. Although the classical conditions for this process are quite harsh, a number of 
alternative procedures that employ mild reaction conditions have been developed. 

1. 2.25 M NaOH 
2 . 2  M H2SO4 

1 2 
* AH -NO2 85% 

7.7.2 Historical Perspective 
The first examples of the conversion of nitroalkanes to carbonyl compounds were 
described in 1893 by Konovaloff, who was examining the reactivity of nitroalkanes 
obtained from nitration of alkanes with nitric acid.' Konovaloff reported that treatment of 
2-nitrohexane (3) with strong soda (NaOH) followed by reaction with Zn/HOAc afforded 
a mixture of methyl butyl ketone (4) and 2-aminohexane (5). Additionally, the reaction of 
the potassium salt of 2-phenylnitroethane with dilute aqueous acid provided mixtures of 
acetophenone and 2-phenylnitroethane. 

1. NaOH 
2. ZnlHOAc 

3 4 5 

In independent studies published one year later, Nef reported that treatment of the 
sodium salts of nitroethane (6) or 2-nitropropane (8) with aqueous HzS04 or HCl 
afforded acetaldehyde (7) or acetone (9), respectively.2 In subsequent studies Nef 
demonstrated that this transformation had a sufficiently broad scope to be synthetically 
useful. 
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7.7.3 Mechanism 
The mechanism of the classical Nef reaction is believed to involve deprotonation of the 
nitroalkane with base to provide a nitronate salt (11). Treatment of this species with weak 
acid typically leads to regeneration of the nitroalkane. However, under strongly acidic 
conditions this anion can undergo a hydrolysis reaction that is initiated by two sequential 
protonations of the oxygen atoms to afford 12 then 13.8 Attack of water on the 
electrophilic carbon atom of intermediate 13 provides 14, which undergoes loss of a 
proton to give 15. Dehydration of 15 to 16 followed by protonation generates 17, which 
loses HNO to yield 18. A final proton transfer step provides the carbonyl containing 
product (19). 

H+ 

-0, i.0 NaOH -0,' acid ,ONa 

13 
A weak 

10 acid I 1  12 

~~0 HO,,,,,OH -H+ HO,NOOH -H20 O,\ N 
1 - .AoH * /lp: - * .AoH - 

16 14 15 

/\ n /\ 
17 18 19 

The mechanism of this transformation was elucidated through kinetic studies, and 
some intermediates in this process have been isolated (e.g., l2).' Other mechanisms have 
been proposed, and under certain circumstances dual pathways may operate 
simultaneously.8b 

7.7.4 Variations and Improvements 
Although the classical Nef reaction has proved quite usefbl for the conversion of 
nitroalkenes to carbonyl derivatives, the conditions originally developed for this 
transformation are quite harsh, and side reactions of fbnctionalized molecules are 
frequently observed. In order to address this limitation, a considerable amount of effort 
has been dedicated toward the development of mild conditions that could be used in 
reactions of highly fimctionalized substrates that often serve as intermediates in complex 
molecule synthesis. 

A number of methods to effect Nef-type reactions employ reducing agents in 
place of the acidhase combination. The most commonly used variant of this type was 
develo ed by McMurry in 1973 and involves treatment of nitroalkanes with aqueous 
TiC13.l' In a representative example, these conditions were used for the conversion of 20 
to 21 in 85% yield. These reactions likely proceed through generation of a T i 4  bond to 
afford 22, followed by N-0 bond cleavage to yield 23. Tautomerization of the nitroso 
species (23) would provide oxime 24, which is then hydrolyzed to afford 21. Although 
these conditions are still somewhat acidic, several functional groups are tolerated 
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including ketones, nitriles, and alkynes. Increased functional group tolerance is obtained 
through deprotonation of the substrates to afford nitronate anions, which can be reduced 
with Tic13 under buffered conditions at near-neutral pH. These modified conditions 
tolerate the presence of esters and ketals in addition to the functional groups noted above. 

Tic13 
H20/glyrne 

85% 
NO2 20 0 21 

I t 1 Tic13 

t 

4 
I 

4 
HO" 

22 23 24 

Nitroalkanes have also been reduced to oximes with mixtures of SnCly2H20, 
PhSH, and EBN. " As shown below, these conditions were used to achieve the 
transformation of 25 to 26 in 85% yield. The oxime products of these reactions can be 
converted to ketones under mild conditions via hydrolysis or oxidation. This method was 
employed in a key step of Trauner's recent synthesis of (-)-amathaspiramide F (see 
Section 7.7.6).12 

1.5 equiv SnCI2 
3.0 equiv PhSH 
3.0 equiv Et3N 

* Me0 L N b O H  Me0 / i o p o 2  benzene, rt 
25 85% 26 

A number of other reagents have been used for the reductive conversion of 
nitroalkanes to carbonyl compounds or o x i m e ~ , ~ . ~  including hexamethyl disilane, l 3  

Bu,P /P~SSP~ , '~  and catalytic Cu(acac)." 
Nef reactions have also been effected through de rotonation of the nitroalkane 

followed by oxidation using reagents such as KMn04. If conditions are carefully 
controlled several functional groups are tolerated including alcohols and alkenes. For 
example, treatment of 27 with methanolic KOH followed by addition of an aqueous 
solution of KMn04 and MgS04 afforded keto-alcohol 28 in 73% yield.'6b Although 
aldehydes are obtained from primary nitroalkanes with 51 equiv of KMn04, use of excess 
oxidant provides carboxylic acid products. As shown below, a buffered solution of 
KMn04 was used to convert 29 to 30 in 75% yield." 



648 Name Reactions for Functional Group Transformations 

1. KOH, MeOH 
2. KMn04, MgS04, H20 - 4  

NO2 73% 0 
27 28 

1. NaOEt, EtOH 
2. KMn04, KOH, K2HPO4 

75% 
- HOWCO~H 

30 
HO'-?%"O~ 

29 

Dimethyl dioxirane (DMDO) has also been employed as a mild and selective 
oxidant in Nef reactions. For example, treatment of nitroalkane 31 with KOr-Bu 
followed by DMDO provided enone 32 in 72% yield?'The alkene isomerization that 
occurred in this case was desirable, as 32 represents the AB ring system of the natural 
product norzoanthamine. Many other oxidants have been used in Nef-type 
including alkali metal percarbonates or mixtures of KzC03 and H202." 

q y  O N  MOM 2. 1. KOf-BU, DMDO, H20 THF * 9 MOM 

72% 
31 32 

I 

OPMB OPMB 

Although early versions of the Nef reaction utilized saturated nitroalkanes as 
substrates, related transformations have also been carried out on nitroalkene substrates. 
These reactions are typically conducted under reducing conditions. For example, 
mixtures of NaH2P02 and Raney-nickel have been employed to effect the conversion of 
nitroalkenes to aldehydes and ketones under very mild conditions that tolerate a range of 
functional groups including esters, acetals, and alcohols.22 As shown below, 34 was 
prepared from 33 in 86% yield with this method.22a The generation of carbonyl 
derivatives from nitroalkenes has also been achieved with many other 

0 

Ra-Ni, NaHZPOz 

* &cF3 AF3 33 34 

H201EtOH 

86% 

7.7.5 Synthetic UtiliQ 
The Nef reaction has been employed for over fifty years in carbohydrate synthesis. A 
two-step process referred to as the Snowden method has been widely used to effect the 
chain elongation of sugars via the nucleophilic addition of the nitromethane anion to an 
aldehyde group followed by Nef reaction to provide a new aldehyde? For example, in 
early studies Sowden and Fischer described the conversion of 35 to 36 through addition 
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of the nitromethane anion followed by deprotection and Nef reaction to afford 37 
(isolated as its benzylphenyl hydrazone deri~ative)?~ 

O Y O  
Ph 

OH OH 

NaOMe, MeOH I0% CHjNOz 

50% O Y O  
Ph 

1.H2S04 HO OH OH 

* %  
2. NaOH 
3. HzSO4 

41 % OH OH 0 
37 

35 36 

The Nef reaction has also found broad application to the synthesis of other natural 
products and biologically active molecules. A few representative recent examples of the 
use of this transformation in complex molecule synthesis are shown below. 

As noted above, Trauner employed a Nef reaction as a key step in his recent 
synthesis of (-)-amathaspiramide F. Nitroalkane 38 was initially converted to oxime 39 
in 85% yield through the use of SnC12PhSWEt3N. This intermediate was then 
transformed to aminal 40 via oxidative cleavage of the oxime to provide an aldehyde, 
which underwent intramolecular trapping with the neighboring amide group.I2 Cleavage 
of the trifluoroacetamide protecting group in a subsequent step afforded the natural 
product. 

/, SnCl2, PhSH, "( 
"+O 

NHMe 
F~C-'O 

0370 A o N H M e  65% 

F3C 

38 39 40 

The Nef reaction has also been used in the construction of the 7-deoxy-ABC ring 
taxane skeleton. As shown below, conjugate reduction of nitroalkene 41 with NaBH4 
followed by oxidation of the resulting nitronate salt with K~C03/H202 provided tetracycle 
42 in 60% yield.24 These reaction conditions are sufficiently mild to tolerate the presence 
of ketone and silyl ether functional groups in the molecule. 

1. NaBH4, MeOH 4Hm OI,, 2. K2C03, 60% H202 * ;QJ 
OzN ) ) ) t t ' '  0 ,,4 

H 0 %Bs H O 'OTBS 
41 42 

Substrate 43 was converted to spiroacetal 45 using an alternative method to effect 
the Nef reaction of a nitroalkene under reducing conditions. Treatment of 43 with 
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Pd(OH)2/C in the presence of HCl and cyclohexene provided 45 in 64% yield. This 
reaction is believed to proceed via intermediate oxime 44, which undergoes acid- 
mediated hydrolysis and ketalization to afford the product. 25 Use of other reducing 
agents, such as TiCl3/N&OAc/H20, or hydrogenation with PdC and H2 provided lower 
yields of the desired compound. The spiroketal45 is a substructure of the y-rubromycin 
family of natural products, which have shown activity against HIV reverse transcriptase 
and DNA helicase. 

Pd(OH)2/C 
EtOH, HCI 

Cvclohexene 
OMe 

OMe 43 64% OMe 45 

In a recent asymmetric synthesis of cyclophellitol, Trost employed a Nef reaction 
for the conversion of nitrosulfone 46 to carboxylic acid 47?6 As shown below, 46 was 
treated with tetramethylguanidine to generate a nitronate salt, which was then oxidized 
with DMDO to afford the acid in 78% yield. The adjacent double bond was not 
epoxidized under these conditions. 

,,,OTroc 2. 1, tetramethylguanidine DMDO, acetone * Ho& ,,OTroc 

: OTroc 78% - OTroc 
OTroc OTroc 
46 47 

pho2K 
7.7.6 Experimental 

1. NaOMe, MeOH 
2. TiCI3, NH~OAC, H 2 0  

48 49 

t 

90% 0 
'f""" 

NO2 

Levulinonitrile (49)'' 
A solution of 48 in methanol (0.5 M) was treated with 1 .O equiv NaOMe. To this mixture 
was added a buffered solution of Tic13 prepared by adding a solution of NI&OAc (4.6 g, 
60 mmol) in H2O (1 5 mL) to a solution of 20% aqueous TIC13 (100 mmol). The resulting 
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mixture was stirred at room temperature until the starting nitroalkane had been 
completely consumed (45 min). The reaction mixture was then poured into ether and the 
layers were separated. The aqueous phase was extracted with ether and the combined 
organic layers were dried over anhydrous Na2S04, filtered, and concentrated. The product 
was isolated in 90% yield by distillation. 

1. KOH, MeOH 
2. KMnO4, MgS04 0 

* 
83% 

51 
dNO* 

50 

Octanal(5 1 1 ' ~ ~  
Nitroalkane 50 (10.0 mmol) was dissolved in methanol (70 mL) and cooled to 0 "C. A 
solution of KOH (0.67 g, 10.1 mmol) in methanol (100 mL) was added dropwise over a 
period of 45 min, and the resulting mixture was stirred at 0 "C for an additional 15 min. 
A solution of KMn04 (1.06 g, 6.71 mmol) and MgS04 (0.89 g, 7.39 mmol) in water (100 
mL) was then added dropwise with vigorous stirring at a rate such that the internal 
temperature of the reaction mixture did not exceed 0 rt 2 "C. When the addition was 
complete the mixture was allowed to stir for an additional 1 h at 0 "C, and was then 
filtered through a pad of celite. The solid material was washed with benzene (3 x 25 mL), 
triturated with 100 mL of benzene, and the combined benzene solutions were filtered 
through a new pad of celite. The aqueous and organic liquids were combined, diluted 
with brine (1 00 mL), and transferred to a separatory funnel. The layers were separated 
and the aqueous phase was extracted with benzene (4 x 100 mL). The combined organic 
phases were dried over anhydrous MgS04, filtered, and concentrated in V ~ C U O  to afford 
the title compound in 83 % yield. 

7.7.7 
1. 

2. 
3. 
4. 
5. 
6. 

7. 
8. 

9. 

10. 
11. 

12. 
13. 

14. 

15. 
16. 
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7.8 Prins Reaction 

7.8.1 Description 
The Prins reaction involves the addition of an alkene 1 to an aldehyde 2 under acidic 
conditions. The major roducts of this reaction are often a 1,3-dioxane 3, a diol 4, or a 
homoallylic alcohol 5 .  I-! 

1 2 

0-0 OH 

R& or R & ~ ~  or R- OH 
3 4 5 

7.8.2 Historical Perspective 
In 1919, in the journal Chemisch Weekblad, H. J. Prins reported the reaction of alkenes 
with formaldehyde in the presence of acid to give dioxanes, diols, and unsaturated 
 alcohol^.^-^ The reaction was apparently discovered by Kriewitz in 1 899,',226 but Prins 
carried out the most thorough initial investigation of the reaction and hence it carries his 
name.' In one example from this study, Prins found that styrene 6 reacted with 
formaldehyde 2 in the presence of sulhric acid to give 1,3-dioxane 7, allylic alcohol 8, 
and diol 9. When the reaction was carried out in glacial acetic acid, esters of this acid 
were the primary  product^.^" 

0 

Ph Ph Ph -OH 
H 2 S 0 4  

Ph /= + H K H  

6 2 7 8 9 

7.8.3 Mechanism 
While several mechanisms for the Prins reaction have been propo~ed,','~ there is general 
agreement that the mechanism shown below is reasonable.' Attack of olefin 1 on 
protonated aldehyde 10 gives carbocation 11. This carbocation can then be trapped with 
another molecule of aldehyde, generating adduct 12. Cyclization of 12 affords dioxane 3. 
Carbocation 11 can also be captured with water giving diol 4. Finally, elimination of a 
proton from carbocation 11 affords homoallylic alcohol 5. It is possible that the formation 
of 5 could also proceed via an ene-type mechanism.* 
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o $ - H  

H2S04, RAOH 
cy: 

-3 11 
10 

1 

I 1  4 

7.8.4 Variations and Improvements 

- 
OSnCI4 

Prim H3C+ pinacol 

15 

The most significant variation and improvement to the 
the Overman group."-'5 Overman and co-workers found that they could control the fate 
of the carbocation intermediate formed durin the Prins reaction by using that 
intermediate to trigger a pinacol rearrangement! This led to the development of a 
sequential Prins cyclization-pinacol rearrangement reaction sequence as an extremely 
powerful method for the synthesis of substituted tetrahydrofbrans. This sequence is 
designed to start with acetals such as 13. Treatment of 13 with SnC14 generates oxonium 

14 

H 3 C L  Ph 

H3C 
16 

Prins reaction was developed by 
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ion 14, which undergoes a Prins reaction to give carbocation 15. Pinacol rearrangement 
of 15 affords tetrahydrofuran 16 in 91% yield as a single dia~tereomer.'~ 

7.8.5 Synthetic Utility 
An excellent synthetic example of the Prins reaction is found in MacMillan and 
Overman's total synthesis of (-)-7-deacetoxyalcyonin acetate (21), in which the core of 
the natural product is assembled via the Prins-pinacol reaction sequence.I6 Treatment of 
diol 17 with aldehyde 18 in the presence of BFyEt20 presumably gives oxonium ion 19, 
which then undergoes the Prins-pinacol reaction sequence to generate 20 in 79% yield, 
thereby establishing the entire core bicycle of 21 in one step. Intermediate 20 was then 
carried forward to complete the total synthesis of 7-deacetoxyalcyonin acetate (21).16 

. 

OHC -0TIPS 
18 

BF3*Et20, CH2CI2 

-55 -+ -20 "C 

'TMS 

17 79% 1 19 '0TlP.S 

Prins-pinacol 
reaction sequence - 

OTlPS TMS 17-deacetoxyalcyonin (21) 

20 

Another creative synthetic application of the Prins reaction was reported by 
Rychnovsky and co-workers. '7-20 Treatment of acetal 22 with BFyOEt2 and HOAc 
effected a Prins desymmetrization reaction, affording pyran 23 in 42-5 1% yield after 
acylation. This intermediate was then used to complete a total synthesis of 17- 
deoxyroflamycoin 24.17 

\ / 

7- OBn 

22 

I) BF39OEt2, HOAC 

cyclohexane, 23 "C 

2) A q 0 ,  DMAP, Et3N 

42-51 % 
23 
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17-deoxyroflamycoin (24) 

OMe 0 

~ M e M P C O z M e  

OTMS BnO*H 
26 Me 

TfOH, CHzClz 
d C O z M e  

Me0 
SiMe2Ph 

87%, dr > 30 : 1 
25 OBn 

27 

Finally, Huang and Panek utilized a Prins-type reaction between a crotylsilane 
and an aldehyde in their total synthesis of callipeltoside A (28).2’322 In the presence of 
TPH, crotylsilane 25 and aldehyde 26 underwent mixed acetal formation and subsequent 
Prins cyclization to generate dihydropyran 27 in 87% yield as a single diastereomer. This 
intermediate was carried forward to complete a total synthesis of 28.22 

callipeltoside A (28) 

7.8.6 Experimental 
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OSnCI4 
Prins H3C- pinacol 

15 16 

(rt)-(2a,3a,5a)-1-(Tetrahydro-2-methyl-5-phenethylfuran-3-yl)ethanone ( 1 6)14 
SnC14 (0.8 mL, 7 mmol) was added to a solution of the acetals 13 (478 mg, 3.37 mmol) 
and CH2C12 (10 mL) at -78 "C. The solution was warmed to -23 "C and maintained for 
4 h. Saturated aqueous NaCl (10 mL) was added, and the mixture was extracted with 
CHzCl2 (3 x 40 mL). The combined CH2C12 extracts were dried (Na2S04) and 
concentrated, and the residue was purified by flash chromatography (1 :2 EtOAc-hexane) 
to provide 681 mg (91%) of 16 as a colorless oil. 
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7.9 Regitz Diazo Reactions 

7.9.1 Description 
The Regitz reaction involves the transfer of a diazo group from the tosyl azide or mesyl 
azide to active methylene compounds such as 1,3-diketones and their derivatives (1) in 
the presence of a base leading to 2-diazo-l,3-diketones (2). 

R M O R T  TsN~,  Et3N - N2 '<OR1 + TsNH2 

0 MeCN 

1 2 

7.9.2 Historical Perspective 
Regitz diazo transfer reactions have been reviewed previously.'-3 The following two 
main routes have been known for the synthesis of diazo compounds: (1) diazotization of 
amines, oximes, nitrosoamines, and hydrazones; (2) transfer of the diazo function from 
tosyl or mesyl azides to active methylene compounds. 

7.9.3 Mechanism 
The possible mechanism for diazo transfer from p-toluenesulfonyl azide to active 
methylene compound 3 (flanked by carbonyl groups) is depicted be10w.I.~ Deprotonation 
of a-keto ester 3 with NEt3 leads to enolate 4 which attacks at the electrophilic N of the 
sulfonyl a i d e  5 to give intermediate tosyl derivative 6. Proton transfer occurs within 
intermediate 6 followed by elimination of p-toluenesulfonamide, leading to diazo 
compound 7 and the by-product p-toluene sulfonamide 8.Is3 

.. 
,,/NEt3 

J 
U 

R ~ R ?  - enolate 

formation 
0) 0 

y 5  0 

3 4 6 

H 
S02T0l 0 0  

* proton * g3NK - RloJ$L + H2N-~+ 
transfer R+R~ " 0 

8 
h 0 0  

6 7 
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7.9.4 Variations and Improvements 
The Regitz reaction provides a gateway for the synthesis of the following diazo 
derivatives: cyclopentadienes, cyclohexadienes, ketones, 1,2-, and 1,3-diketones and their 
derivatives, P-keto esters, a-iminoketones, a-ketohydrazones, amino- 1,3-diketones, nitro- 
1,3-diketones and 1,3,5-triketones. Secondary reactions of diazo compounds lead to 
heterocycles such as 1,3,5-triazoles, 1,2,3-thiadiiazoles, and pyrazolines. 

In most Regitz reactions, NMe3 and NEt3 are used as common bases. 
Modification of the Regitz reaction includes the use of KOEtEtOH and phase transfer 
catalysts. Regitz reaction of sterically hindered ketones usually produces a low yield of 
diazo compounds and this difficulty is overcome by use of the more reactive 2,4,6- 
triisopropylbenzenesulfonyl azide in conjunction with a mixture of tetra-n- 
butylammonium bromide and 18-crown-6 as a catalyst and KOH as the base.4a Mesyl 
azide is a superior reagent for diazo transfer reactions and it is easily prepared in high 
yield from the inexpensive mesyl chloride and sodium azide in absolute MeOH. It is 
easily separated from the desired product upon washing the organic phase with 10% aq. 
NaOH solution. The diazo transfer works well for both P-ketoesters and formyl ketone. 
The use of p-carboxybenzenesulfonyl azide has been recommended because of its 
solubility in base, but its high cost makes mesyl azide the better choice.' The Regitz 
reaction proceeds moderately with 1,4-diazabicycl0[2.2.2]octane (DABCO) but an 
almost quantitative yield is achieved with 1,8-diaza-bicyclo[5.4.0]undec-7-ene (DBU) 
with a shorter reaction time.4a 

t 0 0 >R N=N=N-%--JJ- - 
0 

9 10 
R = Me, COzH, NO2 

11 12 

7.9.4.1 Diazo methylene compounds 
Diazo group transfer to lithium cyclopentadienyl (13) with tosyl azide in ether affords 
diazocyclopentadiene (14).6 Diazo transfer reactions from TosN3 to anthrone (15, X = 
CO) and thioanthrone (15, X = S02) successfully furnished diazoanthrone7 (16, X = CO) 
and diaz~thioanthrone~ (16, X = S02). 

N; 
N 

x = co, so2 N 

13 14 15 16 

7.9.4.2 Diazo alkenes and acetylenes 
Acetaldehyde and piperidine are allowed to condense in onepot to give imine 17, which 
reacts with tosyl azide to yield diazomethane* (CH2N2) and tosyl derivative 18. Mesyl 
sulfonyl azide reacts with defined orientation to ethoxy acetylene (19) to give 1,2,3- 
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triazole (20), which is either isolated as such or isomerizes to the open-chain diazo 
compound (21) or is present in solution in eq~ilibrium.~ 

17 18 

Me 

/ / I  + N3-SO2Me - 
OEt 

EtzO 

o=s=o 
o=s=o I 

19 20 21 
I 

7.9.4.3 Diethyl diazo malonate 
Diethyl diazo malonate (22)" is prepared from diethyl malonate using TsN3. The 
following diazo transfer agents are used to convert ethyl nitro acetate (23) to ethyl a- 
nitro-a-diazo acetate (24) in low yield: N205, tosyl azide, mesyl azide, 2-azido-3- 
ethylbenzothiazolium fluoroborate and p-carboxybenzenesulfonyl azide." 
Trifluoromethanesulfonyl azide reacts smoothly with ethyl nitro acetate in acetonitrile 
upon addition of pyridine to generate ethyl a-nitro-a-diazo acetate (26) in 88% yield." 
The diazo benzofuran derivative (26) is derived from substituted benzohran acetate (25) 
using 4-azidosulfonylbenzoic acid and DBU as base in 77% yield.12 

- 
"NtyC0*Et 

C02Et 

22 

COZMe 
/ 

N- .. 

0 2 N Y o E t  0 02N&oEt 

0 
23 24 

S02N3 

N, + 
N+C02Me 

25 

I 

CO2H 
26 

7.9.4.4 a-Diazo sulfonyl compounds 
Ethyl 4-methylphenylsulfonylacetate (27) undergoes diazo transfer with TsN3 only in the 
presence of NaOEt in EtOWEtaO to give diazo ester (28), but the reaction then leads to 
the displacement of the ethoxy group to give the sodium salt of amide 29.'3a The cyclic p- 
oxosulfone (30) undergoes azo coupling in the reaction with tosyl azide; the product 
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tautomeric h drazone (31), upon warming undergoes decoupling, thus providing diazo 
sulfone (32). A b  

0 
EtO 

27 

- 
+ N  

TsN3 ~ ll e i $ o  - 
EtONa, NR3 
0 O C ,  70% EtO Na' N'Tos 

- 

28 29 

,o 

30 31 32 

7.9.4.5 a-Diazo phosphono compounds 
Diazo transfer from tosyl azide to diphenylphosphinoxide acetamide (33) is accomplished 
via 1,5 ring closure of 34 to afford 4-diphenylphosphinyl-5-hydroxy-l,2,3-triazole (35).14 
However, triazole 35 is further thermally isomerized in DMF back to diazo acetamide 
(34). Tosyl azide in the presence of piperidine converts phosphinoxide acetophenone (36) 
to diazo acetophenone 37.15 

- 

33 34 35 
- 

+ N  
piperidine 8 N' 

ph-rh>o 

36 37 

Diazo transfer to pyrazolidone (39) using azidinium salt (38) affords diazo 
pyrazolidone (41) and imine 40; this method has roved superior to the aryl sulfonyl 
azide reactions in cases where azo coupling occurs. It 
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38 39 

7.9.4.6 a-Diazo ketones 

Ph 
40 41 

Mesyl azide” is used to transfer the diazo group to acyclic and cyclic ketones (42, 44, 
and 46) to provide access to corresponding diazo ketones. a-Disubstituted ketone 44 is 
converted to the diazo ketone 45 via debenzoylation diazo transfer reaction using p -  
nitrobenzenesufonyl azide in the presence of DBU? 

42 43 

0 O C ,  1 h, 79% + 
N, - 

N 

44 45 

Proton removal from tetralone (47) is the limiting factor and the diazo transfer is 
carried out using the reactive azide triisopropylphenylsulfonyl azide (46) (TPPSA).” 

46 47 48 49 

A direct diazo transfer reaction to bicyclo[3.2. I]oct-6-en-2-0ne~~ (50) is 
accom lished with 2,4,6-triisopropylbenzenesulfonyl azide and t-BuOK at -78 “C in 
THF. 2 8  



Chapter 7. Miscellaneous Functional Group Manipulations 663 

t-BUOK, THF 

-78 OC, 30 min, 91% 

+N 

50 

II 
-N 

51 

The diazo group transfer reaction fails in nonactivated ketones because of 
insufficient proton labiality in the compound. This can be circumvented by introducing a 
formyl group via Claisen reaction to provide additional activation and this formyl group 
is eliminated in the course of the diazo transfer rea~tion.~” The formylation followed by 
subse uent diazo transfer reaction is demonstrated with cyclopentanone (52 -+ 53 + 

54)4a,4 34c a$-unsaturated ketone (55 -, 56 -, 57)4d and 4-t-Bu-cyclohexanone (58 .--t 59 
.--t 60).532‘ 

1 

0 - 0  

52 

55 

A NaH, HC02Et 

t 
58 

53 54 

N- 
57 56 

t + 
59 60 

Diazo transfer to formyl methylene ketone 61 is accomplished using 4- 
carboxybenzenesulfonazide, and the resulting unsaturated alcohol is further oxidized by 
MnO2 to unsaturated aldehyde 62.22 

PBSA,THF,NaH - + 
MnOz, CH2CIz N ~ N  

\ 
CHZOH 0 

OH 0 

61 62 
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5-Diazojasmonate (64) is prepared from the 5-formyl derivative of 63 via a 
deformylation diazo group transfer reaction with the 4-carboxybenzenesulphonyl 
der i~a t ive .~~  

PBSA, NEt3, MeCN 

MeCN, 0 OC, 53% 

63 64 

Formylation followed by the deformylation diazo transfer reaction of 4- 
chromanone (65) produces 2-diazochromanone (66) in overall yield of 55-60%.24 Diazo 
transfer from methanesulfonyl azide to dimethylbenzosuberone (67) is achieved via 
def~rmylat ion.~~ 

65 66 
- 

HC02Et, NaOH, EtzO 

MeS02N3, 3 h, 0 OC, r:. @ 67 72% wl 68 

C-Formylation or a-oximation of the highly hindered a-methylene group in the 
parent ketone is not possible. Direct transfer of the diazo group from tosyl azide under 
phase transfer conditions has been found unproductive.” A variety of highly hindered 
ketones are converted to corresponding diazo ketones with 2,4,6- 
triisopropylphenylsulfonyl azide under phase-transfer conditions.” Tetrabutylammonium 
bromide and 18-crown-6-ether are used as catalysts in these diazo transfer reactions. 
This method is superior to C-nitrosation followed by diazotization with chloramine. The 
diazo compounds 66 (55%) and 68 (72%) are obtained using this method. 

The mixture of ketones (69 and 70) is transformed to the a-diazoketones (71 and 
72) through reaction of their formyl derivatives using 4-carboxybenzenesulfonyl azide 
with potassium carbonate either in solution or in the solid phase.26 
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L + 
PBSA, K2C03 

“ 0  M e C N , I h  - 
I 0-0 I I I 

69 70 71 72 

Diazo transfer to cyclopro enyl ketone (73) is accomplished with 
diphenylphosphoro ester azide (DPPA). The conversion of tricyclic ketone 75 to the a- 
formyl derivative followed by the reaction with tosyl azide yields the diazoketone 76 via 
deformylation.28 

R 

73 74 # 1. HC02Et, NaH, 0 

1 4 h , r t  

60% 
H 2. TsN3, NEt3, 24 h 

75 76 

Treatment of hydroxymethylene bic clic ketone (77) under standard conditions z (TsN3, NEb) produces the diazoketone (78). 

VO 1. HC02Et, NaH. EtOH 
75% 

!Y+ 
-lO°C, 41% N -  

2. T s N ~ ,  NEtB, CHzC12 

77 78 

Similarly, 2-formyl cyclohexanone (79), 4-formyl seven membered heterocyclic 
ketones @l), and 5-formylbenzfuranone (83) are converted to the corresponding diazo 
ketones 80, 82, and 84 using p-tolylsulfonyl azide and p-benzoic acid su l f~nylaz ide .~”~~ 
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79 80 81 82 83 84 

Tricyclodecanone (85) is formylated to 86, then converted to the diazoketone (87) 
via deformylation diazo transfer reaction usingp-toluene sulfonyl azide in the presence of 
NEt3,3' 

85 86 87 

a-Dinitroso amino ketone (88) is diazotized using chloramine to give diazoketone 
(89).32a a-Amidoketone is converted to diazoketone (91) via deamidation diazo transfer 
reaction in 56% yield.32"32b 

NS / 

91 
YNl 0 0  0 

88 89 90 

The N-fluorenyl diazoamide 93 could not be prepared using the tosyl azide; 
however, the diazo group transfer to diketone 92 is effected successfully using 2-azido-l- 
ethylpyridinium tetrafluoroborate to furnish diazo ketone 93.33 

92 93 
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7.9.4.7 1,2-Diketones to diazoketones 
Diazo group transfer to 1,2-diketones via ketoxime and sulfonyl hydrazone is generally 
carried out in the presence of organic bases, and affords high yields of diazo compounds. 
Dichlorotricyclo[2.2.1 .02,6]heptan-2,3-dione (94) is converted into its 
monotosylhydrazone 95 which is passed over basic alumina to afford yellow crystalline 
diazo ketone 96.34 The monohydrazone of 4,5-diketo-[9]paracyclophane 97 is prepared 
from the diketone and further oxidized with Mn02 to give diazoketone 98. (35 

AcOH, 56% 
0 

94 95 96 

97 98 

a-Diazo ketone 100 is synthesized via the base-catalyzed elimination of the p -  
toluenesulfinate ion from a-dicarbonyl mono-p-toluenesulfonylhydrazone (99)?6 The 
action of basic A1203 at 0 OC on substituted cyclobutanone tosylhydrazone (101) affords 
the diazoketone 10Z3' 

99 100 

101 102 

Diazo transfer to 2-(trimethylsilyl)cyclobutenocyclooctatetraenone (103) via 
formyl ketone was unsuccessful. Conversion to ketoxime (104) and thence to the diazo 
ketone 105 proceeds readily with NH3 and NaOC1.38 Similarly, indanoneoxime produces 
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diazoketone 106 with NHFI  and KOH.39 The hydroxymethylene-a-tetralone derivative 
(107) reacts with p-tolylsulfonyl azide to give diazo-a-tetralone (108) via 
def~rmylation.~' 

103 104 105 

OMe 0 

-N N=N 
/ 'OH 

0 Br tir 

106 107 108 

Ketoximes 109 and 111 are converted to the corresponding diazoketones 110 and 
112 using chloramine ( N H Z C I ) . ~ ' , ~ ~  

2-Diazo-A-norcholestan- 1 -one (1 14) is prepared from syn-2-oximino-A- 
noreholestan-1 -one (113) with chloramine in aqueous ether in 63% overall yield.Z0,43-45 
Steroidal ketones 115 and 118 (D-ring and A-ring) are converted to the corresponding 
diazoketones 117 and 120 via ketoximes 116 and 119 using chloramine with n-butyl 
nitrite and t-BuOK in 55% and 78% yields, respectively!6 

I I 

113 114 
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& &NOH \ \ A 

HO HO 
H 

\ 
HO 

115 116 117 

The mixture of eneaminoketones 121 is converted to the corresponding a- 
diazoketones 122 by alk lation with Bredereck's reagent followed by treatment with p -  
toluenesulfonyl azide? The adenosine derivative (123) is treated with 
trifluoromethylsulfonyl azide to provide diazoketone 124 via deamination diazo transfer 
reaction in 72% yield.48 

121 

0 

-1 

122 

0 

CF3S02N3 
CICHZCH2CI 

* 
2 h, 60 'C, 72% 

I ?  

123 124 

- 
" 

7.9.4.8 Diazo 1,3-diketones 
a-Diazo 1'3-diketones were prepared in excellent yield from 1,3-diketones with p -  
toluenesulfonyl azide and cesium carbonate49; the advantage is a milder, faster, easier 
product ~ e p a r a t i o n . ~ ~  Diazo- 1,3-diketones are prepared from 1,3-diketones using p- 
carboxybenzenesulfonyl azide and their yields are comparable with p-toluene sulfonyl 
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a ~ i d e . ~ ~ ~ ' ~  Pentane-2,4-dione is conveniently converted to diazo compound 126 in high 
yield using azidotris-(diethy1amino)phosphonium bromide (125) with a catalytic amount 
of base. Diazo transfer agent 125 is exceptionally safe to handle in the lab~ratory.~' Diazo 
ketones are easily separated from the co-product hexaethylphosphoramide triamide 
hydrobromide (127).5' 

.N 

125 Br- 

( Et2N)3- pzN,C 
EtzN +,H - 

+ Et2N-T=N.H Br 
N+ NEtP f-BUOK, Et2O 
i- 
126 127 

Cyclic ketones are converted smoothly to diazo ketones in the presence of 
HMPA. 4-Nitrophenyl azide (128) exhibits a diazo transfer reaction with malonates and 
cyclic 1,3-cyclohexanedione (128); in some cases diazo compound 129 further leads to 
fised triazole derivative (130) formation?2 

N+ + 
kN 

N 
NEt3, HMPA 

55 OC, 1 h, 94% 

128 129 130 

Treatment of 4-methylcyclohexane-1,3-dione (131) with tosyl azide in the 
presence of NEt3 led to the corresponding diazo cyclohexane-l,3-dione (132).53 Diazo 
transfer from tosyl azide successfilly inserted the diazo group to cyclooctanedione (133) 
and provided 134 in 50% yield.54 

131 132 133 134 

Dimedone provides diazo dimedone 135 with p-benzoic acid sulfonylazide 
(84%) and with p-tolyl sulfonylazide (96%).(3' deak  nucleophilic base such as 1,8- 
diazabicyclo[5.4.0]undecen-7-ene (DBU) has been used as catalyst for the diazo transfer 
reactions of 1,3-diketones (136 - 139).55 A highly efficient methodology in solid state has 
been developed for the synthesis of a-diazo carbonyl/sulfonyl compounds from 1,3- 
diketones using tosyl azide. This method avoids any a ueous workup and diazo 
compounds are obtained via a column filtration over silica gel. 9 0  
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135 136 137 

138 139 

A mild method for the preparation of various 2-diazo-l,3-dicarbonyl compounds 
in the resence of solid acids such as clays in a heterogeneous manner provides good 
yield?‘ The following clays are natural, commercially available in bulk, and 
environmentally safe: smectite, atapulgite, and vermiculite. They are recovered and 
reused in diazo transfer reactions without losing their catalytic activities. Clays are 
filtered away from the product mix. By this method diazo dimedone (135) is prepared in 
85% ~ i e l d . ’ ~ - ~ ~  Diazo ketones 136 and 138 are also prepared from the corresponding 
ketones in 92% and 96% yields, using a triphase transfer system (tributylmethyl 
ammonium chloride immobilized on a polystyrene matrix in CH$212).59 Diazo ketone 136 
is prepared using PS-SO2N3 and p-CBSA in quantitative yield. Unlike tosyl azide, 
polymer bound tosyl azide is safe and stable and improves the yield of the diazo 1,3- 
dike tone^.^^,^^, 61 

Diazo 1,3-diketones 140 and 142 are prepared using TsN3 in the presence of 
C S C O ~ . ~ ” ~ ~  The advantages are mild reaction conditions, faster, excellent yields 
(9 1 -99%), and easier product separation from the reaction mixture.49362 

140 141 142 

Substituted diazo indan-1,3-diones (143, R = H, 75%, R = Br 84%) and 1,3-diketone 144 
are prepared using clays in superior yield. 57,58 Transfer of the diazo function to 
stereoisomeric cis- or trum-4,6-di-t-Bu- 1,3-cyclohexanedione (145) is achieved using 
TsN3 and KF as base; in the hindered ketone side reaction, formation of azine is 
avoided.60 
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143 144 

t 
146 

t 
145 

Polystyrene supported benzenesulfonyl azide (PS-SO2Ns) offers several 
advantages over 4-carboxybenzenesulfonyl a i d e  and 4-acetamidobenzenesulfonyl azide: 
PS-SOzN3 is thermally stable, and friction insensitive, with improved safety 
characteristics over other available PS-SO2N3 allows rapid isolation of the a- 
diazo product with no aqueous workup. In most cases, there is no need for purification of 
the final product. The yields for the formation of various diazo 1,3-diketones are 
compared with diazo transfer reagents PS-SO2N3, p-CBSA, and tosyl a ~ i d e . ~ ~  

2-Nitro-lY3-diketone (147) is converted to 2-diazo-Iy3-diketone (148) via 
reduction to amino followed by diazotization in 55% ~ i e l d . 6 ~  Diazo transfer reaction of 2- 
amino-l,3-diketone (149) to a-diazo-lY3-diketone (150) is achieved via diazotization in 
9 1 % yield.66 

147 148 149 150 

The reaction of tosyl azide with indane-1,3-dione (143, R = H), carried out in 
HMPA or in diethyl ether in the presence of NEt3, fails to afford the expected diazo 
transfer indan- 1,3-di0ne.~’ However, the 2-phenylsulfanylindan-1,3-dione (151) in the 
presence ofNEt3 gives diazo diketone (152) in 36% 
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/+./to f l  TsN3, NEt3, THF * 0 

.. 
+s' 5OoC, 36% 

0 

151 152 

a-Acetyl and a-benzoyl substituted cyclic and acyclic 1,3-diketones are 
successfully converted to diazo 1,3-ketones using TsN3 and p-nitrobenzenesulfonyl 
a~ide.~'@ Acyl and benzoyl groups are eliminated during the course of diazo transfer 
reactions. 

7.9.4.9 Diazo p-keto esters 
The diazo keto ester 154 is prepared from the P-keto ester 153 using tosyl azide orp-  
NBSA.69,70 The diazo ester (156) could not be prepared by diazo transfer with TsNdNEt3, 
since elimination usually occurs to yield a ~ r y l a t e . ~ ~  A diazo transfer agent, 1 -ethyl-2- 
azidopyridinium tetrafluoroborate, successhlly converted isoindole keto ester (155) to 
diazo keto ester (156).'l 

153 154 

- 

I N3 
Et 

NaOAc, EtOH,42; 
155 156 

7.9.4.10 2,4-bis-Diazo-I,3,5-triketone 
Pentane-1,3,5-trione (157) is converted into the bis-diazopentanetrione (158) using p- 
tolysulfonyl a ~ i d e . ~ ~  Bis-diazopentanetrione (158) is further oxidized with t-BuOC1 and 
HCO2H to pentake t~ne .~~ 

NEt3, 2 TsN~, MeCN ~ p h w p , ,  

88% N +  N+ 
Ph Ph 

N- N- 
157 158 
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7.9.4.11 Diazo oxazolidone 
The sodium enolate of N-acyloxazolidone (159) reacts with sodium hexamethyldisilazide 
and PNBSA and followed by treatment with TMSCl affords the diazo compound 160.73 

159 160 

7.9.5. Synthetic Utility 
Diazo compounds undergo substitution, addition, reduction, and cleavage reactions and 
the diazo group is retained with the final products. However, the diazo group is 
eliminated in the case of Wolff rearrangement, photolysis, and Rh-catalyzed C-H 
insertion reactions. 

7.9.5.1 Nitration 
Ethyl diazoacetate (161) is smoothly nitrated by N205.74a The reaction is initiated by 
electrophilic attack of a NO? at the carbon bearing the diazo h n ~ t i o n . ' ~ ~  Nitration of 
diazocyclopentadiene (14) with silver nitrate-benzyl chloride takes place in the C- 1 and 
C-3 to afford the isomeric diazonitrocyclopentadienes (163 and 164) in the ratio 2: 1 .75 

161 162 163 164 165 

7.9.5.2 Halogenation 
Diazomethane itself undergoes transformation to chloro diazomethane at -1 00 'C ,  under 
the influence of t-BuOCI, but the product suffers decomposition with loss of N2 at 
temperatures above -40 oC.74b Diazocyclopentadiene (14) is perbrominated to 165 using 
N-bromosuccinimide (NBS).75 

7.9.5.3 Metalation 
Diazomethane (CH2=N2) undergoes a hydrogen-lithium exchange with methyllithium in 
ether.76 Triphenylmethylsodium (tritylsodium) has been used to introduce sodium into 
diaz~methane.~~ Both diazomethyllithium and diazomethylsodium are only handled in the 
form of suspensions, since they are highly explosive in the dry state. Metalation of 
diazocyclopentadiene (14) by Hg(I1)acetate followed by NaI treatment produces diazo 
bis-mercury iodide 166, which is unstable and is further reacted with Me1 to give 1- 
diazo-2,5-diiodocyclopentadiene (167)? The lithio derivative of ethyl diazo acetate 
(168) undergoes substitution reactions, for example, silylation to 169.78 
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166 167 168 169 

7.9.5.4 Aldol type addition 
Aldol type addition of the ethyl diazo acetate 170 to indan-1,2-dione is particularly facile 
and catalyzed by the base.79 

0 0 OEt 

i=i=c+oEt H 

* 
NaOH, EtOH, 46% 

Me 
170 171 

c X $ o  Me 

7.9.5.5 Addition to electron-rich alkenes 
Electron-rich alkenes such as 1,1‘,3,3’-tetrapheny1-2,2’-bisimidazolidinylidene 172 reacts 
with two equivalents of diazo 173 with cleavage to afford a-diazoaminal 174.” 

7.9.5.6 A cy lation 
Carboxylic acids are first treated with dicyclohexylcarbodiimide (DCC) to afford 
anhydrides which are allowed to react with the desired diazo alkane. This same sequence 
is also used to transform a-phthalimidocarboxylic acid 175 into diazoketone 176.*’ 

7.9.5.7 
Addition of diazo- 1,3-diketone 136 to cyclohexeneone affords the l,.l-addition product 
(178) in 3% yield and 1,2-addition product (177) in 56% yield. Similarly, addition of 
diazoketone 136 to @unsaturated ketone 179 gives the 1,4-addition product (181) and 
1,2-addition product (180).*’ In the absence of Lewis acid, Ti enolate with 

Addition of diazo 1,jl-ketones to a,p-unsaturated ketones 
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cyclohexenone gives a mixture of 1,2- and 1,4-addition products in low selectivity.82 
Tic14 activation gives the 1,4-addition product, whereas BF3.Et20 activation slightly 
increases the amount of 1,2-addition when the enone is activated with Ti(OPr)4, and the 
addition product is greatly increasedS8* The reaction of the Ti-enolate of a-diazo-P-ketone 
(136) with 179 Tic14 gives 1,2- and 1,4-addition products (180 and 181) in 70% yield, 
and with two equivalents of Tic14 leads to a major product 181 via 1,4-additi0n.~~ With 
SnC14, the selectivity for 1,4-addition is enhanced. On the other hand, with BFyEt20, the 
1,2-addition product became predominant and with Ti(Oi-Pr)d, hrther enhanced. 
Regiocontrol by Lewis acids has also been observed for cyclic ketones.82 

0 0  qo +"N - + 6 q H  + - N  

0 -N I 
0 

136 177 178 

179 180 181 

7.9.5.8 
The nucleophilic addition of Ti(1V) enolates of u-diazo-f&ketones 136 and 126 to N- 
tosylimine 182 and 184 is successfilly promoted by the activation of Tic4  to give &(N- 
tosy1)amino substituted o-keto diazo carbonyl compounds 183 and 185.83 

Addition of diazo to sulfeneamine 

Ph Ti& NEt3 qo - M ! k N A e p t l  / 0 
CH2CI2, - 41 OC 

70% N -  +"N 
0 

136 182 183 
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126 184 
0, 

185 

7.9.5.9 
Nucleophilic addition of Ti(1V)-enolates of diazo ketone (136) to cycloheptanone (186) 
affords alcohol 187 which, on further dehydration with trifluoroacetic anhydride gives 
a$-unsaturated carbonyl compounds (188 & 189) in 58% yield.84 

Addition of diazo to cyclic ketone 

TiC14, Ti (/-Pro4) fl+ N- b THF, - 23 'C, 64% 

136 186 187 

(CFSC0)20, NEtB 
L O  

CH2CI2, - 78 OC, 17 h 
84% 

188 189 

7.9.5. I0 Reduction of diazo-l,3-diketones to diazo hydroxyketones 
Reduction of the carbonyl group in cyclic and acylic 2-diazo-1,3-diketones (129, 
135-137, 143, 146, and 196) with NaBH4 in aqueous alcoholic solution, followed by 
hydrolysis of the reaction mixture over wet silica gel, affords the corresponding 3- 
hydroxy-2-diazoketones (190-195 and 197) in 58-87% Steric hindrance at Q to 
the carbonyl decreases the yield of reduced products.8s 
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HO Qo H O V O  fl *cF3 N- 

N+ N-  N -  N+ 
N -  
190 191 192 193 

N- N- N -  -b / $.A+ o* O$OH( 

0 

194 195 196 197 

7.9.5. I1 Sitylation 
The total synthesis of the isoprostane (*)-8-epi-PGFza ether is accomplished via 
cyclization of diazo keto silyl derivative 200. Aldol condensation of diazoketone 198 
with decadienal (199) in the presence of KHMDS followed by addition of LiBr provides 
an intermediate P-hydroxy adduct 201 which is not isolated but is immediately silylated 
to give silyl derivative 200.86 Diazo hydroxy ketones 201 and 203 are silylated with 
CISi(Et)3 and chloro dimethyl-t-tributylsilane to afford silylated diazoketones 202 and 
204, respectively.86 

' 0  
+QO+ - \ \  

N+ 
N- 

198 199 

- 

-78 OC, LiBr, 1 h 
TBDPSCI, DMAP 

38% 

200 
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201 202 203 

7.9.5.12 Hydrogenation 

204 

Elimination of diazo group is observed during the catalytic hydrogenation of -hydroxy 
diazoketone 205 to P-hydroxyketone 206 and it has the S configuration at (2-4. ,P 

205 206 

7.9.5.13 Ring cleavage reactions 
Sodium hydroxide cleavage of 2-diazo-l,3-dioxoindane (146, R = H) affords the 
expected ring cleavage product diazoketone 207 which cyclizes with concomitant loss of 
nitrogen upon acidification leading to isochroman- 1,4-diketone (208).88 

0 

NaOH, 18 - 24 "C, e0 
86% 

0 0 

207 208 

7.9.5.14 Worff rearrangement 
Flash photolytic Wolff rearrangement of a-cyanodiazoacetophenone (210) 
cyano-a-phenylacetic acid (21 1) via hydration of the ketene intermediate.*' 

209 210 211 

produces a- 

The irradiation of the diazo-1,3-ketone 132 in MeCN at 254 nrn with methanol 
leads to the formation of cyclopentenone carboxylic esters (212 and 213) via Wolff 
rearrange~nent.~~ Photolysis of dichloro diazo ketone 96 in MeOH gives a mixture of 
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methyl endo- and exo-trans-2,3-dichlorobicyclo[2.1, I]-hexane-5-carboxylate 214 in 
85:  15 ratio.34 

C02Me LI 

132 212 213 214 

A Wolff rearrangement of a-diazoketone (51) in the presence of water gives the 
ring contraction product, bicyclic[2.2.l]heptanecarboxylic acid (215).20 Irradiation of the 
diazoketone mixture (71 and 72) in dioxane-water (2:l) afforded a mixture of syn and 
anti carboxylic acid (216).26 Photolysis and Wolff rearrangement of diazoketone 76 at 
150 OC in MeOH affords the methyl ester of tricyclic[3.2.1. 12~4]nonane-endo-3-carboxylic 
acid in 51% yield, alkaline hydrolysis of which gives the em-carboxylic acid (217).28 
Wolff rearrangement of cyclopentaannulene[8]diazoketone (105) affords the 
cyclobutaannulene[8] ester (218).38 

/ 

C02Me 

' +o & H :  ,y\ 
O"\O- 

218 

HO2C 

:$ 
N +  
N -  
215 216 217 

a-Diazoketone 219 is photolyzed in MeOH via Wolff rearrangement and provides 
the indene derivative (220).18 

pN'N- 02Me 

219 220 

Irradiation of paracyclophane diazo ketone 98 affords the ring contraction acid 
221 in 25% yield.35 Photolysis of the a-diazobenzocycloheptanone (68) in methanol 
effected the Wolff rearrangement to give the tetralin ester (222).25 Irradiation of 2- 
diazoindan- 1 -one in THF/H20 produces benzcyclobutane carboxylic acid (223).39 
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22 1 222 223 

Irradiation of 2-diazo-3,4-bis(diphenylmethylene)-cyclobutanone (102) in the 
presence of alcohol and amine affords 1-alkoxycarbonyl- (224, R = OMe), and 1- 
carbamoyl-2,3-bis(diphenyl-methylene)cyclopropane (224, R = NHPh), re~pectively.~' 

Ph 

MeOH or PhNH2 

hv, 100 W, Hg 
R = OMe (75%) 
R = NHPh (45%) 

* PhJ::R Ph 

102 224 

Diazoketone 78, under FVP conditions, undergoes a loss of nitrogen and Wolff 
rearrangement to the corresponding ketene (225) which subsequently undergoes loss of 
hran via retro Diels-Alder reaction and yields the desired propadienone (226).29 
Diazoketone 78 sublimes through a tube heated to 430 OC at Torr and the 
pyrolyzates, furan and dimer of dimethylpropadienone are trapped at -196 0C.29 
Photolysis of di henylphosphinylbenzoyldiazomethane (227) gives the phosphoric acid 
derivative 228.' P 

cH/- 43OoC, 0, ,H, 

I 1  
N -  " y ,  

0 
78 225 226 

- + 
R Ph 

* P h - 7 4  
ph-!<$. hv 

ph 0 OH-insertion OH Ph 

Ph 
227 228 

A number of modified steroids are known in which one of the rings is contracted 
by one carbon atom relative to the normal tetracyclic steroid nucleus via diazotization. 
Irradiation of diazoketones affords D-nor-, A-nor, and A-bis-nor-androstane carboxylic 
acids (229-231).20,46 
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& =N- hv,THF ~ & OZH 

\ aqu. NaHC03 \ 
HO 44% HO 

- + 
aqu. NaHC03 

KN 

63% 

H 
230 

9 .  - 
aqu. NaHC03 

32% ti 
A 

23 1 
7.9.5.15 Elimination 
3-Diazochromanone (65) undergos ra id elimination of the diazo group in the presence of 
BF3-EtZO to hrnish chromone (232). This method is complementary to procedures that 
are reported for the transformation of appropriately substituted chromanone to chromone. 

f 4  

0 

&;i CHZC'Z_ 

BF3,EBO 
'0 95% 

65 232 

7.9.5.16 Rh-mediated intramolecular C-H insertion 
Rh-mediated intramolecular C-H insertion is effected by Rhz(OAc)4 to afford novel 
fused cyclic ketones7' The ring fused cyclopentenone derivative (235) is developed 
based on Rhz(NHC0Me)pcataIyzed diazo decomposition reaction of 233 and 234.84 
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Rh2(NHAc)4 
* 

72% 

O A  CH2C12'rt 

V 

qo C02Et 

233 234 235 

Diazo ester (236) is subjected to the action of Rhz(OAc)4 to yield the 
tetrahydroisoquinoline (237) as a single dia~tereoisomer.~' 

Rhodium(I1) acetate catalyzes the decomposition of diazo diketone (238) to give 
nitroindole (239).33 

238 239 

a-Diazo-P-keto ester (154) in the presence of a catalytic amount of Rhz(OAc)4 in 
CHzClz at rt provides smooth conversion to the desired tricyclic ether (240).69 Rh- 
mediated intramolecular C-H insertion gives fused cyclopentenone carboxylic acid.g0 
Rhodium acetate catalyzed decomposition of 2-diazod-methylene- 1,3-~yclooctanedione 
(134) gives propellane-2,8-dione (241) via transannular addition of a carbene to an 
exocyclic double bond.54 

C02Me & 0 

240 24 1 
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7.9.5.1 7 Synthesis of heterocycles 

Synthesis of pyrrole derivatives 
Although the chemistry of a-diazocarbonyl compounds have been extensively 
investigated the formation of pyrrole derivatives from a-diazo carbon bearing 6-(N- 
tosy1)amine group in unprecedented. The Rhz(OAc)z-catalyzed reaction of diazo 1,3- 
diketone 242 gives pyrrole derivatives (243) via intramolecular N-H in~ertion.'~ 

Diazo to pyrazole ring formation 
Diazo transfer to cinnamyl chloride (244) using diazomethane, which in turn produced 
nitrosomethylurea, produces diazo acetyl pyrazoline (245):' 

244 245 

(Z)-6-Aryl-3-diazo-6-hydroxy-2,4-dioxohexenoic acid (246) reacts with aqueous 
NH3 to give Z-6-aryl-3-diazod-hydroxy-2,4-dioxohexenamide (248) (28%) and 5-aryl-4- 
hydroxy-5-oxamamoyl-pyrazole (247, 53%).92 

2 h, r.t. " F;' 
fi- 41 % " 

246 247 248 

Synthesis of 1,2,3-triazoles 
Diazo transfer onto 0-imino ketone (249) generally leads directly to 1,2,3-triazole (250). 
Benzoyl acetaldehyde anil produces 1 -phenyl-4-benzoyl-l,2,3-triazole (250) in 90% 
yield.' 

Ph 

249 250 
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Synthesis of triazolopyridine 
Dehydrogenation of a-pyridinealdehyde hydrazone (251) yields not a- 
pyridyldiazomethane (252) but the cyclic isomer 1,2,3-triazolo[3,4-a]pyridine (253).' A 
similar ring closure is observed in diazo group transfers onto alkyl or aryl(2- 
pyridy1)methyl ketone (254) in MeOHKOEt.' The diazo intermediate could not be 
isolated but 3-acyl[ 1,2,3]triaz010[3,4-a]pyridine (255) is obtained.' 

251 252 253 254 255 

Synthesis of 1,2,3-thiadiazoles 
Diazo transfer from p-toluenesulfonyl azide onto acylthioacetamide (256) takes place in 
EtOH to give 90% of 4-acyl-5-phenylamino-1,2,3-thiadiazole (258).' The diazo 
intermediate (257) could not be isolated, since the cycloaddition is evidently faster than 
the diazo transfer reaction.' Thiadiazoles are also prepared by 1,3-dipolar cycloaddition 
of diazo carbonyl compounds to isothiocyanates in moderate yields.' 

- 
,O---H N 

256 257 258 

7.9.6 Experimental 

Diazo dihexyl ketone (43)5 
A flame-dried, two-necked, 25-mL round-bottomed flask equipped with a septum and 
nitrogen purge was flushed with Nz and charged with 144 mg (3.03 mmol) of 50% 
sodium hydride dispersion in mineral oil, one drop of absolute ethanol, and 2 mL of 
anhydrous ether. This mixture, while magnetically stirred, was cooled in an ice bath. 
Subsequently, 200 mg (1.01 mmol) of dihexyl ketone (42) and 222 mg (3.01 mmol) of 
ethyl formate in an additional 2 mL of ether were added dropwise. This reaction was 
stirred for 3 h in the ice/water bath and then overnight at room temperature. Mesyl azide 
(363 mg, 3.03 mmol) in 5 mL of ether was then added, and stirring was continued for an 
additional 2 h. The reaction was quenched with 1 mL of water. The organic layer was 
washed with 30 mL of 10% aqueous NaOH solution, and the aqueous layer was back 
extracted with three 30-mL portions of extraction solvent. The combined organic layers 
were dried over anhydrous MgS04 and concentrated in vucuo. The residue was 
chromatographed on 20 g of silica gel with 1% EtOAc/petroleum ether. The first 120 mL 
was discarded. The next 120 mL was concentrated in vucuo to give 160 mg (0.714 mmol, 
71%) of diazo dihexyl ketone (43) as a yellow oil: R, (10% EtOAchexane) 0.5 1. 
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1,4-Dimethyl-5,6,8,9-tetrahydro-6-diazo-7H-benzo[a]cyclohepten-7-one (68)25 
An ice-cooled, magnetically stirred suspension of sodium hydride (0.04 g, 60% 
dispersion in mineral oil, washed with hexane) in anhydrous ether (2.0 cm') was treated 
with 1 drop of absolute ethanol and then with a mixture of the ketone 67 (O.l88g, 1 .O 
mmol) and ethyl formate (0.074 g, 1 mmol) in ether (2.0 cm3). Stirring was continued for 
3 h at 0-8 OC and at room temperature overnight. At this point methanesulfonyl azide 
(0.12 1 g, 1 .O mmol) in ether (3.0 cm3) was added and 2 h later the reaction was quenched 
with water (1.0 cm3). The organic solution was separated, washed with 10% sodium 
hydroxide, and combined with back-extracts (3 x 10 cm3 ether) of the alkaline solution, 
dried, and evaporated. The residue was chromatographed, using a 1 :9 EtOAc-hexane 
mixture as eluent to afford the a-diazoketone 68 (0.154 g, 72%). o max (film)/cm' 2081, 
1612. 

2-Diazo-1 -phenyl-bu tane-1 ,Idione ( 1 36)63 
Polystyrene benzenesulfonyl azide (500 mg, 0.75 mmol) was placed in a 5.0 mL 
disposable polypropylene/ polyethylene syringe and swollen with CH2C12. A mixture of 
I-benzoylacetone (81.0 mg, 0.5 mmol) and Et3N (0.21 mL, 1.5 mmol) in CHzCl2 (2.0 
mL) was drawn into the syringe containing the resin, placed on a LabQuake shaker, and 
rotated at room temperature. The reaction progress was monitored by TLC (1: 1 
Et2Oheptane). After 4 h, the supernatant was collected, and the resin was washed with 
CH2C12 (3-5 mL). The washes were combined with the supernatant and concentrated to 
give a pale yellow solid that was reasonably pure by NMR. For the purpose of complete 
characterization, the solid was dissolved in a minimum volume of CH2C12 and passed 
through a short column of Si02 eluting with 3:l heptaneEt02. Concentration of eluent 
provided an ivory solid (92.0 mg, 98%): mp 60-61 OC. 

Indene methyl ester (220)'' 
A threaded Pyrex test tube, charged with a yellow solution of diazoketone 219 (10 mg, 
0.049 mmol) in 15 mL of MeOH, was irradiated in a Rayonet apparatus for 16 h. The 
colorless solution was evaporated to a crude oil and chromatographed to yield methyl 
ester 220 (7.0 mg, 70%) as a clear oil which was a 4: 1 mixture of diastereomers. TLC Rf 
(10% MTBE/petroleum ether) 0.81; IR (film) 1737 cm-'. 

Tricyclic a-keto ester (240)69 
Cyclization of a-diazo ester 154 with rhodium acetate: Rhodium acetate (30 mg, 0.068 
mmol) was added to a magnetically stirred solution of a-diazo ester 7 (1.20 g, 4.12 
mmol) in dry methylene chloride (25 mL) under nitrogen at 25 OC. After 3 h, TLC 
showed complete conversion to a single, more polar, UV-active product. Methylene 
chloride was removed in vacuo. TLC mesh column chromatography on silica gel (35 g) 
with 85:15 petroleum ethedethyl acetate yielded the tricyclic P-keto ester 240 as a 
colorless oil. Yield: 993 mg (91%). TLC RfO.21 on silica gel; 8:2 hexanelethyl acetate. 
IR (CC14) 1760, 1735 cm-'. 
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7.10 Sommelet Reaction 

7.10.1 Description 
The Sommelet reaction, also known as the Sommelet oxidation, is the oxidation of benzyl 
halides (1) to the corresponding aldehydes (3) using hexamethylenetetramine (HMTA) 
followed by hydrolysis of the hexaminium salt 2.’-3 This reaction is closely related to the 
Delepine amine synthesis, the Duff aldehyde synthesis, and the Krbhnke reaction (see 
Section 7.10.3). 

1 2 
hexameth ylenetetramine 

3 

7.10.2 Historical Perspective 
In 191 3 ,  Marcel Sommelet ( 1  877-1952) of the Faculte de Pharmacie of Paris University 
published his seminal article in Comptes Rendus with the title “Decomposition of Alkyl 
Halide Addition Products of Hexamethylenetetramine,” where he delineated the 
formation of aldehydes by treatment of benzyl halides followed by hydrolysis!*5 In 
1954, S. J. Angyal published a review in Organic Reactions, where he summarized the 
mechanism, scope, and limitations of the Sommelet reaction.’ Angyal’s review ignited a 
flurry of research and the Sommelet reaction became a well-known standard for the 
transformation of benzyl halides to the corresponding benzaldehydes. 

7.10.3 Mechanism 
At the time of its discovery, Sommelet recognized that the reaction took place in three 
stages: 
a. Formation of a hexaminium salt 2 from benzyl halides 1 and HMTA; 

L4 
1 2 

b. Hydrolysis of this salt to an amine and its methylene derivative, that is, 
benzylamine ArCHzNHz (4) and aldimine ArCH2NH=CH2 (5); both intermediates 
4 and 5 were isolated from the reaction mixture; 
Formation of an aldehyde (the Sommelet reaction proper). c. 

However, he did not understand the nature of the third stage. He tentatively suggested 
that the reaction occurred by shift of the double bond in ArCH2NH=CH2 (5) to give 
ArCH2=NHCH3 (6), which in turn was hydrolyzed to benzaldehyde and methylamine. 
Quickly, Sommelet realized that the mechanism was not tenable and recognized the 
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reaction was an oxidation-reduction process. He announced his views in two  lecture^,^" 
but did not publish them and the true mechanism was largely unknown. In 1948, 
Shoppee's calculation indicated that the transformation of 5 to 6 was actually inherently 
impossible.8 Angyal contributed significantly in deciphering the mechanism of the 
Sommelet reaction.' Based on the fact that ArCHzNHz (4) and ArCHzNH=CHz (5) are 
isolated intermediates, Angyal's mechanism may be summarized as follows: 

2 7 8 

NJ 
H2N> + CH20 - 

L N -  LLi, -- Ar Ar 

4 5 Ar 
9 

+ 

A - ,CHO II I HN? N, + H 2 N 7  oxidation-reduction Ar 
H20 

H N T  + AT 
Ar Ar 

process Ar 
5 4 10 11 3 

When benzyl halide 1 is treated with HMTA, the first step was the straightforward 
formation of hexaminium salt 2. In the presence of water, an isomer of 2, iminium 7, is 
hydrolyzed to give hemiaminal8. Fragmentation of 8 affords iminium 9, which collapses 
to benzylamine 4 and formaldehyde. Condensation of benzylamine 4 and formaldehyde 
provides another key intermediate, aldimine 5. The crucial key oxidation-reduction 
process takes place between 4 and 5 with the exchange of two equivalents of hydride, 
giving rise to methylbenzylamine 10 and imine 11, which is subsequently hydrolyzed to 
benzaldehyde 3. 
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While the aforementioned mechanism covers all the basis of experimental data, it 
is long and tedious. In 1961, Le Henaff simplified the mechanism to one that has been 
widely accepted by the chemistry community.’0-’2 According to Le Henaff, hexaminium 
salt 2 isomerizes to iminium 7, which undergoes a hydride transfer to provide iminium 
12. Hydrolysis of iminium 12 affords hemiaminal 13, which then delivers benzaldehyde 
3 and amine 14. 

7.10.4 Variations and Improvements 
The Delepine reaction or the Delepine amine synthesis is the closest variation of the 
Sommelet reaction. The Delepine amine synthesis is the acid hydrolysis of the 
hexaminium salt 2 with strong acid in ethanol, giving rise to benzylamine 4 with the 
formaldehyde being removed as volatile formaldehyde d i a ~ e t a l . ’ ~ ’ ’  In essence, it may 
be considered as “half” of the Sommelet reaction or the “interrupted” Sommelet reaction. 
The DelCpine reaction works well for active halides such as benzyl, ally1 halides, and a- 
halo-ketones. 

The net outcome of the Sommelet reaction is the oxidation of the benzyl 
methylene position into the corresponding carbonyl, and in that sense, the Krijhnke 
reaction may be considered a close variant. The Krijhnke reaction transforms benzyl 
halides to benzaldehydes using pyridine and an aromatic nitroso compound 16.’6,17 As 
shown below, quaternary pyridinium salt (15) is formed from addition of pyridine to 
benzyl halide 1. Oxidation of 15 with p-nitrosodimethylaniline (16) affords nitrone 17, 
which is then hydrolyzed to benzaldehyde 3 and hydroxylamine 18. 

X 

NaOH 
15 

3 18 - 17 

The third variation of the Sommelet reaction is the oxidation of benzyl halide 1 to 
the corresponding benzaldehyde 3 using 19, the sodium salt of 2-nitropropane (20).’8s’9 
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- - + 
O,,,O 

+ NaX A ,CHO + - Ar 

19 3 20 

Submission of secondary amines such as 21 to Sommelet reaction conditions 
provided the corresponding two benzaldehydes such as 22 and 23.20 In addition, a variant 
of the Sommelet reaction transformed a$-unsaturated imines into the corresponding a$- 
unsaturated ketones.2' 

21 

HMTA t H3c02C73, + 

50% HOAdHpO CHO OHC 
reflux, 1 h -  

.~ 

22 23 

Finally, the Sommelet reaction may take place on the secondary benzyl halide 
such as 24a to give the corresponding ketone 25.22 When the chlorine is replaced with an 
amine, analog 24b also gave ketone 22 under Sommelet reaction conditions. 

24a, X = CI 
24b, X = NH2 

1.  HMTA 

2. H', H20 
X 98% 

24 25 

7.1 0.5 Synthetic Utiliq 
Although initial examples indicated that hindered substrates did not work well for the 
Sommelet reaction, Stokker discovered that some 2,6-di-substituted benzylamines 
underwent the amine-to-aldehyde conversion in 1748% yields?3 The best result was 
obtained with benzylamine 26, which gave benzaldehyde 27 in 68% yield. In another 
report:4 2,6-difluorobenzyl chloride was converted to 2,6-difluorobenzylaldehyde in 
62% yield although the steric hindrance of fluoride is insignificant in this case. 

- LCHO HMTA, HOAdH20 (1 1 :3) 
reflux, 4 h 

then 4.5 HCI, reflux, 1.5 h 
68% OH 

27 26 
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The scope of the Sommelet reaction has been explored. For instance, it was 
extended to make aromatic dialdehydes with yields ranging from 24% to 70%.25 In 
addition, the Sommelet reaction has been extended to aliphatic ally1 bromide although (3- 
meth lcrotonaldehyde (29) was obtained in only 35% fkom y,y-dimethylallyl bromide 
(28).ik 

c A C H O  
HMTA, CHC13 

then H20, reflux, H2S04 
35% 29 

LBr 

28 

The Sommelet reaction has been widely extended to heterocycles, which are 
important to medicinal chemists. With yields ranging from 50% to 57%, aldehydes of 
pyridine, isoquinoline, and thiazole were prepared from the corresponding 
heteroarylmethyl  bromide^.'^ 5-Benzyloxy-3-bromomethyl-benzo[b]thiophene (30) was 
converted to 3-carboxaldehyde 31 in 40% yield.28 Thiazole 32 was the core structure in 
another Sommelet reaction to give 33 although in poor ~ i e l d . 2 ~  In contrast, a different 
thiazole substrate 34 gave aldehyde 35 in 49% yield.30 Benzopyrans are also tolerated by 
the Sommelet reaction conditions.31732 For example, substrate 36 was converted to 
aldehyde 37 in 58% yield.32 

1. HMTA, CHC13, reflux, 6 h 

2. 50% HOAc/H20, reflux, 3 h 
40% 

B n 0 d B r  

31 30 

HMTA, CHC13 "'"yJN-~ Br 

0 2 ~  u < I r  S then H20, reflux S 

33 18% 32 

HMTA, CHC13 ~ Y N O Z  
OHC s 

then H20, reflux 
34 49% 35 

M e O f l B r  I /  HMTA, reflux, 50% 0.5 HOAcIH20 h, 58% MeO#cHo 

0 36 0 

As with heterocycles, the Sommelet reaction tolerates ester and phosphonates. 
For instance, benzyl bromide 38 was oxidized to benzaldeh de 39 in the presence of 
phosphonate functionality although the yield was not reported. y3 
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Ol- 
HM1 TA, CHC13, reflux - 7 r("LK)2 
then 50% HOAclH20 F F  

reflux *a 
F F  
38 YO 

Finally, dibromomethyl derivatives also work well in the Sommelet reaction. For 
instance, bromination of 3,5-di-tert-butyltoluene (40) with N-bromosuccinamide (NBS) 
and benzoylperoxide (BPO) gave a mixture of monobromomethyl product (41) and 
dibromomethyl derivative (42) in 38% and 62% yield, respectively. Submission of both 
41 and 42 to the Sommelet reaction conditions afforded the benzaldehyde 43 in 75% 

$f& / NBS,BPO ~ A / A / 

CCI4, reflux, 15 h 

40 41,3a% 42,62% 

HMTA, HZOIEtOH (1:l) 

reflux, 4 h, 75% 

43 

7.10.6 Experimental 
According to Angyal's recommendation,' the optimal Sommelet reaction may be run 
without isolation of the hexaminium salt under such conditions: 0.1 mole of halomethyl 
compound is heated under reflux for one or two hours with 30 g of hexamine in 90 mL of 
50% acetic acid, or with 16.5 g of hexamine in 90 mL of 60% ethanol. 

M e O f l B r  HMTA, reflux, 50% 0.5 HOAc/H20 h, 58% ~ M e o f l C H o  

2-(4-Formylphenyl)-7-methoxy-4H-l-benzopyran-4-one (37)32 
A mixture of 36 (0.85 g, 2.46 mmol) and HMTA (4 g, 28.6 mmol) in 30 mL of acetic 
acid (50%) was heated at reflux for 4 h. HCI (10 mL, 50%) was added and refluxing was 
continued for 0.5 h. The reaction mixture was diluted with water and the precipitate was 
collected. Recrystallization of the solid from EtOAc-n-hexane (50%) gave 37 as a white 
powder; yield (0.5 g, 58.4%): mp 183-184 "C. 

0 
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unsymmetrical hydroxylamines, 347-348 

N-alkylation of amides, 87-88 
a-amino amides, 89 
aromatic aniline methylation, 89 
basic principles, 86 
5-bromo- 1,4,6-trimethyl-2,3-dihydro-lH- 

pyrrolo[2,3b]pyridine, 92 
cyclic amino1 ethers to n,n-dialkylamino 

derivatives, 88-89 
historical perspective, 86 
mechanisms of, 86-87 
solvent- and formaldehyde-free conditions, 

synthetic utility, 90-92 
Fukuyama amine synthesis: 

basic principles, 424 
historical perspective, 425-427 
mechanism, 427 
N-(4-methoxy-benzyl)-2-nitro-N-( 3-phenyl- 

Eschweiler-Clark reductive alkylation: 

88 

propy1)-benzenesulfonamide, 435 

amine, 435 

limitations and side products, 430-432 
nitrogen heterocycles, 428-429 
secondary/differentiaIly protected 

primary amines, 427-428 
solid phase synthesis, 430 
total synthesis applications, 429-430 

chemoselectivity, 433 
nosy1 deprotection and functionalization, 

phosphine oxide removal, 432 
protected hydroxylamines, 433-434 
regioselectivity, 432 

(4-methoxy-benzyl)-(3 -phenyl-propy1)- 

synthetic utility, 427-432 

variations, 432-434 

434 

Gabriel synthesis: 
basic principles, 438 

a,&diaminoadipic acid, 449 
dimethyla,&diphthalimidoadipate, 449 
historical perspective, 438 
mechanism, 438-439 
synthetic utility, 446-448 
variations and improvements, 439-446 

Leuckart-Wallach reaction: 
basic principles, 45 1 
dimethyl-( 3,5,5-trimethyl-hexyl)-amine, 

Eschweiler-Clark reductive alkylation of 

historical perspective, 45 1 
mechanism, 45 1-452 
synthetic utility, 453-454 
variations, 452-45 3 

Staudinger reaction: 
amine 53, 148 
one-pot transformations, 134-135 
primary preparation, 137-142 

a-Aminobutync acid, Strecker amino acid 

a-Amino acids: 

455 

amines, 86 

synthesis, 492-493 

enolate oxidation, 22 
Strecker amino acid synthesis: 

asymmetric reactions, 486-487 
basic principles, 477 
mechanisms, 478 
Ugi reaction, 483 
variations and modifications, 479 

P-Amino acids, Davis oxaziridine reagents, 

P-Amino alcohols: 
32-33 

Midland reduction, 42-43 
reduction reactions, 3 

a-Amino amides, Eschweiler-Clark reductive 

a-Aminonitrile, Strecker amino acid synthesis, 
alkylation, 89 

477478,485487,489490,  
494-495 

hydrochloride, Strecker amino acid 
synthesis, 496 

2-Amino-2-( 3-chlorophenyl)acetonitrile 

Aminocyclitol, Yamada reactions, 507 
a-Amino esters, Yamada reactions, 5 10-5 1 1 
Aminoglycoside antibiotics, Staudinger reaction, 

Aminopyridines, Eschweiler-Clark reductive 
138-1 42 

alkylation of amines, 90-91 
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Antitumor agents, Yamada reactions, 522-523 dehydrating reagent, 256 

Aminostannanes, Buchwald-Hartwig amination, 

Amino-Suzuki techniques, Buchwald-Hartwig 

Aminotamoxifen, Balz-Schiemann reaction, 555 
Ammonia equivalents, Buchwald-Hartwig 

amination, 593-595 
Ammonium formate, Leuckart-Wallach reaction, 

452-453 
Amyloid precursor protein (APP), Corey-Bakshi- 

Shibata (CBS) reduction, 16-18 
Angiotensinogen analogs, Yamada reactions, 529 
Anilides, Dess-Martin periodinane oxidation, 

Anilines: 

599 

amination, 566 

227-228 

Buchwald-Hartwig amination, 572-573 
unexpected aromatic methylation, Eschweiler- 

Clark reductive alkylation, 89 
Anthraquinone, Sharpless asymmetric 

hydroxylation reactions, 72-77 
Anti-addition, Wacker-Tsuji oxidation, Wacker- 

type oxidation, 3 14-3 18 
Antibacterial agents, Staudinger reaction, 141 
Antibiotics: 

Dess-Martin periodinane oxidation, 232-235 
Yamada reactions, 5 19-520 

Dess-Martin periodinane oxidation, 229 
Luche reduction, 117-1 19 
S harpless asymmetric hydroxylation reactions, 

Staudinger reaction, 140-142 
Yamada reactions, 520-522 

Burgess dehydrating reagent, 19 1-1 92 
Chugaev elimination, 335 
Martin’s sulfurane dehydrating reagent, 

alkenes, 259-261 
Zaitsev elimination, 416 

Antifungal agents, Yamada reactions, 529-530 
Anti-Markovnikov products: 

Anti-cancer agents: 

778 

Anti-elimination: 

Brown hydroboration reaction, 183 
Wacker-Tsuji oxidation, 3 1 1-3 14,322-323 

Baeyer-Viliger oxidation, 165- 167 
Martin’s sulfurane dehydrating reagent, 

Zaitsev elimination, 415 

Antiperiplanar migration: 

249-251,258-259 

Anti-viral agents, Sharpless asymmetric 
hydroxylation reactions, 778 

Anti-Zaitsev product, formation of, 417 
Aparatoxin family, tandem intramolecular 

Staudingedaza-Wittig reaction, 144-1 47 
Aprotic solvents, Krapcho decarboxylation, 635 
Aragusterol H, Luche reduction, 119 
Arbuzov reaction, Perkow reaction, 373-375 
Arenastatin A, Yamada reactions, 526 
Argon, Gribble reduction, 96 
Aromatic diazonium fluoborate, Balz-Schiemann 

reaction, 552 
Aromatic heterocycles, Buchwald-Hartwig 

amination, 585-588 
Aromaticity, Tamao-Kumada-Fleming oxidation, 

239 
Aromatic methylation, anilines, Eschweiler- 

Clark reductive alkylation, 89 
P-Aryl-P-(acylamino)acrylates, Noyori catalytic 

asymmetric hydrogenation, 55-56 
Aryl cation, Balz-Schiemann reaction, 553 
Aryl chloride, Buchwald-Hartwig amination, 

576582 
coupling reactions, 583-585 

Aryl diazonium salts, Balz-Schiemann reaction, 

Aryl fluoride, Balz-Schiemann reaction, 552 
Arylfulfonylhydrazones, Shapiro reaction, 405 
Aryl guanidinylation, Buchwald-Hartwig 

Aryl ketones, Meerwein-Ponndorf-Verley 

N-Aryl sulfoximes, Buchwald-Hartwig 

Aryl sulfonyl azide reactions, diazo phosophono 

Aspartic acid, Strecker amino acid synthesis, 492 
(-)-Asperdin ligands, Buchwald-Hartwig 

Asymmetric aminohydroxylation (AA), 

553,556-559 

amination, 598 

reduction, 125- 126 

amination, 599 

compounds, 66 1-662 

amination, 588-592 

Sharpless asymmetric hydroxylation 
reactions, 67-8 I 

decarboxylation, 640 

asymmetric hydroxylation reactions, 

Asymmetric conjugate addition, Krapcho 

Asymmetric dihydroxylation (AD), Sharpless 

67-8 1 
Asymmetric eliminations, Martin’s sulfurane 
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Asymmetric oxidation, Davis oxaziridine 
reagents, 3 6 3 7  

Asymmetric reduction reactions. See also Corey- 
Bakshi-Shibata (CBS) reduction 

Davis oxaziridine reagents, 24-29 
historical background, 2-3 
Meerwein-Ponndorf-Verley reduction, 

Asymmetric Strecker amino acid synthesis, 

Asynchronous, 4-centered transition state, 

Attention-deficit hyperactivity disorder, 

125-1 26 

486-488 

Brown hydroboration reaction, 183-184 

norepinephrine reuptake antagonists, 
Corey-Bakshi-Shibata (CBS) reduction, 
17-18 

Avellanins AD, Yamada reactions, 534-535 
Axial attacks, Woodward cis-dihydroxylation, 

Azasugars, Sharpless asymmetric hydroxylation 

Aza-Wittig reactions, Staudinger reaction: 

328 

reactions, 77-80 

basic principles, 129 
cyclic imines, 13 1 

Aza-ylide, intermolecular Staudingedaza-Wittig 

Azial groups, Midland reduction, stereochemical 

Azides, Staudinger reaction, 129 
electron-deficient compounds, 138-142 
teriary variations, 131-136 
tetrahydrofuran addition, 148 

reaction, 142-147 

rationalization, 4 1-42 

Azidinum salt, Regitz diazo reactions, 

Azidoaldehyde, tandem intramolecular 

4-Azidobenzoic acid, Staudinger reaction, 

Azido-ester, tandem intramolecular 
Staudingedaza-Wittig reaction, 146-147 

Azidohydrins, Prilezhaev reaction, 278 
Azidoketone, Staudinger reaction, 132-136, 149 

tandem intramolecular Staudingedaza-Wittig 

phosphono compounds, 661-662 

Staudingedaza-Wittig reaction, 143-1 47 

133-136 

reaction, 142-147 
(i)-Azimic acid, Luche reduction, 117 
Aziridines: 

Davis oxaziridine reagents, 24 
Fukuyama amine synthesis, 43 1-432 
Prilezhaev reaction, 278 

Azirine esters, Swern oxidation, 304 
Azo ester, Japp-Klingemann hydrazone 

Azole antihngals, Davis oxaziridine reagents, 

Azoles, Buchwald-Hartwig amination, 

synthesis, 630 

enantioselective oxidation, 35-36 

intermolecular vinylation, 602-604 

B3LYP method, asymmetric Strecker amino acid 

Baclofen 11 I ,  Baeyer-Viliger oxidation, 179-1 80 
(-)-Baconipyrone C, Yamaguchi esterification, 

Baeyer-Viliger oxidation: 
basid principles, 160 
enzyme catalysis, 173-1 78 
5-ethoxycarbonyl-5-(n-undecyl)-6- 

general mechanisms, 162-1 63 
historical perspective, 160-1 62 
metal catalysis, 168-1 72 
migrating group mechanism, 163-167 
Prilezhaev reaction, 275-277 
synthetic utility, 178-1 80 
Tamao-Kumada-Fleming oxidation vs., 239 
variations and improvements, 167-1 78 

B,,2 mechanism, Krapcho decarboxylation, 636 
Balanol, Mukaiyama esterification, 465-466 
Balz-Schiemann reaction: 

basic principles, 552 
4-chloro-2-fluoronitrobenzene, 560 
diazonium tetrafluoroborates, 559-56 1 
2,6-dichloro-3-fluoropyridine, 560 
8-fluoro- 1 -tetralone, 560-561 
historical perspective, 552-553 
synthetic utility, 557-559 
variations and improvements, 553-557 

Hunsdiecker reaction, 626 
Wharton reaction mechanism, epoxy-zanthate, 

synthesis, 488-489 

547 

valerolactone, 180-1 8 1 

Barton modification: 

155 
Base-catalyzed elimination: 

Cope elimination reaction, 348 
Regitz diazo reactions, 1,2-diketones, 667-669 

Base-cleavage mechanism, Haloform reaction, 

Bayliss-Hillman adducts: 
61 1 

Burgess dehydrating reagent, 201-203 
Swern oxidation and, 302 
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Bengamide A, Yamada reactions, 507-508 
Benzenediazonium chloride, Japp-Klingemann 

(Z)-a-(Benzoamido)cinnamic acid, Noyori 

Benzoates, Burgess dehydrating reagent, 

Benzodiazepines, Staudinger reaction, 139-142 
tandem intramolecular Staudingedaza-Wittig 

hydrozone synthesis, 630 

catalytic asymmetric hydrogenation, 48 

199-203 

reaction, 145-147 
Benzoic acid, Haloform reaction, 619 
I3C ,,-Benzoic acid, Haloform reaction, 6 15-6 16 
Benzoinlbenzil conversion, Burgess dehydrating 

(-)-Benzomalvin compounds: 
Staudinger reaction, 150 
tandem intramolecular Staudinger/aza-Wittig 

reagent, 196-1 97 

reaction, 146-147 
Benzophenones: 

Buchwald-Hartwig amination, 596-597 
Gribble reduction of aryl ketones and, 99-107 

p-Benzoquinone, Oppenauer oxidation, 265 
Benzothiazolium, Mukaiyama esterification, 

463-464 
Benzoylperozide (BPO), Sommelet reaction, 

694 
(9-N-Benzoylphenylalanine, Noyori catalytic 

asymmetric hydrogenation, 48 
Benzyl halides, Corey-Kim oxidation, 21 2-21 3 
Benzylic oxidationhydrolysis, Dess-Martin 

periodinane oxidation, 223-224 
Benzylic ozonides, Gribble reduction of aryl 

ketones and, 99 
5-Benzyloxy-3 -hydroxy-pentanoic acid tert-butyl 

ester, Noyori catalytic asymmetric 
hydrogenation, 64 

Benzylphosphonates, Davis oxaziridine reagents, 
enantioselective oxidation, 36 

Benzyltrimethylammonium tribromide, 
Haloform reaction, 612-614 

Berberine, Eschweiler-Clark reductive alkylation 
of amines, 9 1 

Bergman cyclization, Ramberg-Backlund 
reaction, 396 

Bi-aryl phosphines, Buchwald-Hartwig 
amination, 577-582,592-593 

Bicyclic amidines, Zaitsev elimination, 4 17 
Bicyclic systems, reverse Cope elimination, 349 

indole synthesis, 597 

Bicyclo[3.1 .O]hexane-2,4-diones, Luche 

Bicyclo[3.1 .O]hexane-2-ones, Luche reduction, 

Bicyclo[3.3 .O]octane framework: 

reduction, 118-1 19 

118-119 

Corey-Bakshi-Shibata reduction, 4 

Martin’s sulfurane dehydrating reagent, five- 
membered ring alkenes, 261-262 

Bicyclo triamino phosphines, Buchwald-Hartwig 
amination, 580-582 

Bimolecular reduction: 

convex scaffold properties, 1 1-1 5 

Midland reduction, 4 2 4 3  
Zaitsev elimination, 415 

BINAP (2,2'-bis(diphenylphosphino)-l , 1 I -  

binaphthyl) ligand, Noyori catalytic 
asymmetric hydrogenation: 

basic properties, 46-47 
historical perspective, 47 
mechanism, 48-53 
unsaturated alcohols, 60 
variations and improvements, 53-56 

BINAP ligands, Noyori catalytic asymmetric 

BINOL catalysts: 
hydrogenation, 55-56 

Meerwein-Ponndorf-Verley reduction, 

Strecker amino acid synthesis, 491-492 
125-126 

Biological Haloform reaction, natural products, 

BIPHEMP compound, Noyori catalytic 

Birch reduction, carboxylic acid derivatives, 

Bisamide, Yamada reactions, 506 
Bis-amination, Buchwald-Hartwig amination, 

2,4-Bis-diazo-l,3,5-triketone, Regitz diazo 

4,4‘-Bis(dimethylamino)benzophenone, Gribble 

Bisphosphane ligands, Noyori catalytic 

Bisphosphinites, Noyori catalytic asymmetric 

Bisphosphites, Noyori catalytic asymmetric 

Bisphosphonites, Noyori catalytic asymmetric 

617-618 

asymmetric hydrogenation, 53-56 

26-29 

573 

reactions, 673 

reduction, 93-94 

asymmetric hydrogenation, 54-56 

hydrogenation, 55-56 

hydrogenation, 55-56 

hydrogenation, 55-56 
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Bis-sulfone, Ramberg-Backlund reaction, 
396-397 

(-)-Bistatramide, Burgess dehydrating reagent, 
195 

(-)-Blebbistatin, Davis oxaziridine reagents, 
enantioselective oxidation, 34-36 

B-Me-CBS substituent, Corey-Bakshi-Shibata 
(CBS) reduction method, 2 

N-Boc-glycine, Midland reduction, 4 3 4 4  
Borane: 

Corey-Bakshi-Shibata (CBS) reduction, 2 
Midland reduction, alpine borane, 40 

Brown hydroboronation reaction, 184-1 85 
Corey-Bakshi-Shibata reduction, 6 

Boronic acid, Strecker amino acid synthesis, 
482 

Boron species, Corey-Bakshi-Shibata reduction, 
tetracoordinated structure, 12-1 6 

Brassindole, Ramberg-Backlund reaction, 
399-402 

Bredereck’s reagent, Regitz diazo reactions, 669 
Bredt’s rule, Gribble reduction of aryl ketones 

and alcohols to, 107 
Bromal, Perkow reaction, 371-375 
Bromfenvinphos, Perkow reaction, 38 1-383 
1 -Bromo-3-chlorocyclobutane, Hunsdiecker 

(Bromodimethy1)sulfonium bromide, Strecker 

Bromoketone, Perkow reaction, 376 
Bromomethane-sulfonyl bromide, Ramberg- 

Backlund reaction, 398-399 
1 -Bromo-5-methyl-2-(4-methylbenzyl)bemene, 

Gribble reduction, 108 
(R)- 1 -(3 ‘-Bromopheny1)-ethanol, Corey-Bakshi- 

Shibata (CBS) reduction, 19 
N-bromosuccinimide, Corey-Kim oxidation, 

Bromosufone, Ramberg-Backlund reaction, 

Boronate esters: 

reaction, 628-629 

amino acid synthesis, 48 1 

2 12-2 I3 

392-393 
photolysis, 398 

5-Bromo- 1,4,6-trimethyl-2,3-dihydro- 1 H- 
pyrrolo[2,3-b]pyridine, 92 

Brown hydroboration reaction: 
basic principles, I83 
historical perspective, 183 
mechanism of, 183 
synthetic utility, 185-1 88 

tricycle 39 experiment, 188 
variations and improvements, 184-1 85 

Bryostatins, Luche reduction, 117 
Bucherer-Bergs reaction, Strecker amino acid 

synthesis, 482483,494-495 
Buchwald-Hartwig amination: 

amide, carbamate, and hydrazine, and 
sulfoxime coupling, 597-60 1 

ammonia equivalents, 593-595 
applications, 588-592 
basic principles, 564 
N-hexyl-2-methyl-4-methoxyaniline, 604 
historical perspectives, 564-566 
indole synthesis and functionalization, 

ligand summary, 592-593 
mechanism, 566-567 
synthetic utility, 567-593 

596-597 

aromatic heterocyclic coupling, 585-588 
aryl chloride coupling, 583-585 
bulky phosphines and N-heterocyclic 

chelating phosphines, 569-574 
monodentate phosphines, 567-569 

carbenes, 574-582 

Bulgecin, Yamada reactions, 5 19-520 
Bulky phosphines, Buchwald-Hartwig 

amination, 574-582 
aromatic heterocycles, 588 
aryl chlorides, 583-585 

(S)-di-t-Bu-MeOBIPHEP-Ru complex, Noyori 
catalytic asymmetric hydrogenation, 
59-60 

Burgess dehydrating reagent: 
basic principles, 189 
historical perspective, 189-1 90 
Martin’s sulfurane dehydrating reagent, 256 
mechanism, 190-192 
secondary and tertiary alcohol dehydration, 

toluene agents, 205 
variations, improvements, and synthetic utility, 

203-204 

192-203 
Butenolide diol, Ramberg-Backlund reaction, 

40 1 
2-t-(Butoxycarbonyloximino)-2- 

phenylacetonitrile (Boc-on), Staudinger 
reaction, 134-135 

274-275 
Butterfly mechanism, Prilezhaev reaction, 
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di-t-Butyldicarbonate (Boc,O), Staudinger 

(2S,3 R)-tert-Butyl-2-hydroxy-3-(N- 
reaction, 134-1 35 

benzyloxycarbony I)-aminobutanoate, 
Sharpless asymmetric hydroxylation 
reactions, 8 1 

C,-TunaPhos, Noyori catalytic asymmetric 

Calcium channel antagonists, Yamada reactions, 

Calyculins Am, Yamada reactions, 536 
Camphor sulfonic acid (CSA), Davis oxaziridine 

reagents, 27-29 
Camphorsulfonyl(oxaziridine): 

Davis oxaziridine reagents, 26-29,3 1-33 
(+)-Cannabisativine, Luche reduction, 1 19-1 20 
Capensifuranone, Davis oxaziridine reagents, 

Carbamates: 

hydrogenation, 59 

peptides, 516-519 

28-29 

Buchwald-Hartwig amination, 59740 1 
Sharpless asymmetric hydroxylation reactions, 

75-77 
tethered aminohydroxylation, 79-80 

Staudinger reaction, one-pot transformation- 
protected amines, 134-1 35 

Carbapenem intermediates: 
Baeyer-Viliger oxidation, 169- 172 
Corey-Kim oxidation, 2 12 
Perkow reaction, 380-381 

Corey-Winter olefin synthesis, 355 
Regitz diazo reactions, 683 

Carbenium ion, Ritter reaction, 47 1-475 
N-Carbobenzoxyampicillin phenacyl ester, 

Carbohydrates: 

Carbene intermediate: 

Yamada reactions, 520 

Strecker amino acid synthesis, 485-486 
Wacker-Tsuji oxidation, 3 19-321 

a-Carboline, Buchwald-Hartwig amination, 
590-592 

Carbon- 14-labeled isomers, Eschweiler-Clark 
reductive alkylation of amines, 86 

Carbon-hydrogen insertion, Regitz diazo 
reactions, 682-683 

Carbon-silicon bond, Tamao-Kumada-Fleming 
oxidation, 238-239,241-242,245-246 

Carbonyl addition-elimination-hydrogenation 
sequence, Martin's sulhrane dehydrating 

reagent, 254256 
Carbonyldiimidazole, Corey-Winter olefin 

synthesis, 354355,359-360 
Carbonyls, Staudingerhza- Wittig reaction, one- 

pot transformation, 136 
Carboximides, Davis oxaziridine reagents, 

(Carboxycyclopropyl)glycines, Corey-Bakshi- 
Shibata (CBS) reduction, 10-15 

Carboxylic acid derivatives synthesis: 

27-29 

Fischer-Speier esterification: 
basic principles, 458 
historical perspective, 458 
mechanism, 458-459 
N-methyltryptophan methyl ester 

hydrochloride, 460 
synthetic utility, 459-460 

Mukaiyama esterification: 
basic principles, 462 
experimental procedures, 469 
historical perspective, 462-463 
synthetic utility, 465-469 
variations and improvements, 463-465 

basic principles, 47 1 
carbenium ion stabilization, 473 
cascade reactions, 474-475 
N-formyl-a,a-dimethyl-a-phenethylamine, 

heteroatom stabilization, 474 
historical perspective, 47 1 
mechanism, 471472 
synthetic utility, 475 
transition metal stabilization, 473-474 
variations, 472 
weaker acids, rearrangement promotions, 
472-473 

Ritter reaction: 

475-476 

Strecker amino acid synthesis: 
(5')-N-allyl-N-(cyano(m-toly1)methyl)- 

2,2,2-trifluoroacetamide, 496 
2-amino-2-(3-chlorophenyl)acetonitrile 

hydrochloride, 496 
basic principles, 477 
historical perspective, 477 
mechanism, 478 
synthetic utility, 492-495 
TMSCN and asymmetric Variations, 496 
variations, improvements and 

modifications, 478-492 
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Yamada reactions: 
basic principles, 500 
dolastatin 18, 540-54 1 
historical perspective, 500 
methyl-(2S)-N-(2- 

aminopyrazidinecarbonyl)py1~0lidine-2- 
carboxylate, 540 

synthetic utility, 502-539 
amides, 502-5 15 
antibiotics, 5 19-520 
anticancer agents, 520-522 
antifungal agents, 529-530 
antitumor agents, 522-523 
cytotoxic depsipeptides, 525-526 
folic acid analogues, 53 1-539 
peptides, 5 15-5 19 
renin inhibitors, 527-529 
thrombin inhibitors, 523-525 

variations and improvements, 500-502 
vitamin B12 derivative, 541 

Yamaguchi esterification: 
basic principles, 545 
historical perspective, 545 
mechanism, 545-546 
4-methyl-hex-2-enedioic acid,6-[4-iodo-2- 

methyl-l-(2-m35hyl-[ 1,3]dioxolan-2-y1- 
methyl)-pent-3 -enyl]ester- 1 -methyl ester, 
550 

synthetic utility, 549 
variations and improvements, 546-549 

Carboxyl radicals, Hunsdiecker reaction, 624 
3-Carboxytropolone, Haloform reaction, 6 19 
Cardiovascular disease, endothelins, Corey- 

Bakshi-Shibata (CBS) reduction, 18 
Caro’s acid, Baeyer-Viliger oxidation, 16 1 
Carveol, catalytic Oppenauer oxidation, 27 1 
Carvone, catalytic Oppenauer oxidation, 27 1 
Cascade reactions: 

Oppenauer oxidation, 27 1-272 
Ritter reaction, 474-475 

Castanospermine, Corey-Kim oxidation, 2 12 
Catalytic cycle: 

Buchwald-Hartwig amination, 564 
Migita reaction, 566 

Oppenauer oxidation, 266 
Wacker-Tsuji oxidation, 3 10-3 1 1 

Catalytic Oppenauer oxidation, 270-27 1 
Catalytic transfer hydrogenolysis (CAT), Gabriel 

synthesis, 444-445 

Catechol borane, Brown hydroboration reaction, 
184-185 

Cationic rearrangement, Burgess dehydrating 
reagent, ring contraction, 204 

Cavitands, Gribble reduction and deoxygenation, 
104 

(&)-Cephalotaxine, Corey-Kim oxidation, 21 5-2 16 
Cerium(II1) chloride, Luche reduction, 1 12-1 19 
Chan modification, Ramberg-Backlund reaction, 

402403 
o-type Chelate complexes, Noyori catalytic 

asymmetric hydrogenation, 53-56 
Chelating phosphines, Buchwald-Hartwig 

amination, 567,569-574,579-582 
aryl chlorides, 585 

Dess-Martin periodinane oxidation, 228-235 
Fukuyama amine synthesis, 433 
Haloform reaction, 616-617 
Prilezhaev reaction, 275-277 
Rubottom oxidation, 287-288 
Swern oxidation, 300 

borane reduction, historical evolution of, 3 
Davis oxaziridine reagents, 23 

Martin’s sulfurane dehydrating reagent, 256 
Sharpless asymmetric hydroxylation reactions, 

Strecker amino acid synthesis, 485-487 
Wacker-Tsuji oxidation, 3 18 

Chiral bis(oxazo1ine) ligand, Wacker-Tsuji 

Chiral diphosphine rhodium complex, Noyori 

Chemoselectivity : 

Chiral auxiliaries: 

asymmetric oxidation, 24-29 

72-77 

oxidation, 32 1 

catalytic asymmetric hydrogenation, 
48-53 

Chiral ligands, Sharpless asymmetric 

Chiral Schiff bases, Strecker amino acid 

Chloral, Perkow reaction, 371-375 
Chloramines: 

Regitz diazo reactions, 668-669 
Sharpless asymmetric hydroxylation reactions, 

hydroxylation reactions, 67 

synthesis, 490 

69 
Chlorfenvinphos, Perkow reaction, 38 1-383 
Chlorination, Haloform reaction, 612 
Chlorobenzoate, Sharpless asymmetric 

hydroxylation reactions, 7 1-77 
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3-ChIoro2-( diethoxyphosphory1)oxy- 1 -propene, 

4-Chloro-2-fluoronitrobenzene, Balz-Schiemann 

Chloroform, biological Haloform reaction, 

Chloroformates, Staudinger reaction, one-pot 

2-Chloro- 1 -methylpyridine iodide, Mukaiyama 

3-Chloro-2-oxopentanoates, Perkow reaction, 

Chloropeptins, Strecker amino acid synthesis, 

rn-Choroperbenzoic acid (rn-CPBA): 

Perkow reaction, 377-378 

reaction, 560 

617618 

transformations, 134-1 35 

esterification, 462 

3 74 

484-485 

enolate oxidation, 23 
Prilezhaev reaction, 275-277 

Chloroperoxidase-catalyzed humic acid 
degradation, biological Halofonn 
reaction, 6 18 

Chloropropenylphosphonate, Perkow reactions, 

Chloro-sulfone, Ramberg-Backlund reaction, 
3 7 7-3 78 

395 
natural products, 399-402 
ring structure, 396-397 

Chlorosulfonyl isocyanate (CSI), Burgess 

Cholesterol: 
dehydrating reagent, 20 1-203 

Chugaev elimination, 334-335 
Swern oxidation, 292 

y-Cholesterol, Oppenauer oxidation, 267-268 
Cholic amides, Yamada reactions, 510 
Chrysomicins, Ramberg-Backlund reaction, 

Chugaev elimination: 

Cope elimination reaction vs., 343 
(4a,S,6R,7$7aR,l laR,2’S,3a’R,6af)-7- 

(hexahydrofuro[2,3-b]furan-2’-yl)- 
3,3,6,7-tetramethyl- 1 1- 
methyleneoctahydronaphtho[ 1,8a-4[ 1,3] 
dioxine, 34 1 

historical perspective, 3 3 4-3 3 5 
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basic principles, 635 
historical perspective, 635 
mechanism, 636 
synthetic utility, 636-643 

amino acid synthesis, 477 

365-366 

reaction, 277-277 

297-298 

Krohnke reaction, Sommelet reaction, 689-692 
Kugelohr distillation, Dess-Martin periodinane 

oxidation, 236 

Lactacystin, Strecker amino acid synthesis, 493 
P-Lactams: 

Corey-Winter olefin synthesis, 359 
Mukaiyama esterification, 462463,468 

y-Lactols, Dess-Martin periodinane oxidation, 
223 

a-Lactone: 
Mukaiyama esterification, 466 
Perkin reaction, 364 

Lanthanide alkoxides, Meerwein-Ponndorf- 
Verley reduction, 124-1 26 

(&)-Laurene, Wacker-Tsuji oxidation, 32 1-322 
Lead tetra-acetate (LTA), Hunsdiecker reaction, 

Lennoxamine, Yamada reactions, 5 10 
Lepadifomine, Tamao-Kumada-Fleming 

(-)-Lepadins, Davis oxaziridine reagents, 33 
Lepicidin A aglycon, Martin’s sulfurane 

dehydrating reagent, 26 1-262 

625 

oxidation, 245 
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Leuckart-Wallach reaction: 
basic principles, 45 1 
dimethyl-(3,5,5-trimethyl-hexyl)-amine, 455 
Eschweiler-Clark reductive alkylation of 

amines, 86 
historical perspective, 45 1 
mechanism, 45 1-452 
synthetic utility, 453-454 
variations, 452-453 

Levo-DOPA, Noyori catalytic asymmetric 

Levulinonitrile, Nef reaction, 650-65 1 
Lewis acid catalysts: 

hydrogenation, 47 

Baeyer-Viliger oxidation, metal catalysis, 

Buchwald-Hartwig amination, aromatic 

catalytic Oppenauer oxidation, 270-27 1 
Corey-Bakshi-Shibata reduction, 1 1-15 

Luche reduction, 1 13 
Regitz diazo reactions, 675-676 
Strecker amino acid synthesis, 479-48 1,485 
Swern oxidation, 305 

170-172 

heterocycles, 585-588 

borane, 5 4  

Lieben iodofodhaloform reaction. See 
Haloform reaction 

Limonoids, double Perkow reaction, 379-380 
Linezolid, Staudinger reaction, 141 
Lipogrammistin-A, Fukuyama amine synthesis, 

429 
Lithium aluminum hydride, Tamao-Kumada- 

Fleming oxidation, 241 
Lithium benzylamide, Davis oxaziridine 

reagents, 3 1-33 
Lowest unoccupied molecular orbit (LUMO), 

Baeyer-Viliger oxidation, 164 
Luche reduction: 

acyclic stereocontrol, 1 19-1 20 
basic principles, 1 12 
cyclic stereocontrol, 1 14-1 19 
historical perspective, 112-1 13 
mechanism, 1 13 
methyl-( (3aS,4S,6&)-4,6a-dihydro-4- 

hydroxy-2,2-dimethyl-3aH- 
cyclopenta[d][ 1,3]-dioxol-6-yl)acetate, 
120-121 

regioselectivity, 113-1 14 
synthetic utilitiy, 113-120 

Lumazine hydrate, Haloform reaction, 61 7 

Lycoricidine, Yamada reactions, 5 13 
Lyngbyabellin A, Yamada reactions, 522-523 

Macrocyclic alkenesldienes, Martin’s sulfurane 

Macrocyclization: 
dehydrating reagent, 257-258 

Fukuyama amine synthesis: 
nitrogen heterocycles, 428-429 
total synthesis reactions, 429-430 

Yamaguchi esterification, 547 
Macrolactonization, Yamada reactions, 505-506 
Macrolides: 

Corey-Kim oxidation, diterpene, 2 14 
Staudinger reaction, 140-142 

Macrosphelides, Wacker-Tsuji oxidation, 

Mammalian folypolyglutamate synthetase 

Manganese(OAc),-catalyzed Hunsdiecker 

Mannich reaction, Strecker amino acid synthesis, 

Manzamine A, Martin’s sulfurane dehydrating 

Manzamine C, sila-Cope elimination reaction, 

(+)-Maritimol, Krapcho decarboxylation, 

Martin’s sulfurane dehydrating reagent: 

322-323 

inhibitors, Yamada reactions, 535-536 

reaction, 625 

482483 

reagent, 259 

350-351 

637-638 

basic principles, 248 
historical perspective, 248-249 
mechanisms of, 249-250 
(2’S,3 ‘S)-Methyl-3-O-t-butyyldimethylsilyi-4- 

0,5-0-(2,’3 ’)-dimethoxybutane- 
2,’3’diyhhikimate, 263 

synthetic utility, 253-262 
acyclic alkenes, 253-256 
acyclic dienes, 256-258 
alkene ring structures, 258-262 

variations and improvements, 250-25 1 
MCCPM chiral ligand, Noyori catalytic 

asymmetric hydrogenation, ketones, 
61-62 

Me-BPE-type ligands, Noyori catalytic 
asymmetric hydrogenation, 56-58 

Me-DuPhos ligands, Noyori catalytic asymmetric 
hydrogenation, 56-58 

Meerwein-Ponndorf-Verley (MPV) reduction. 
See also Oppenauer oxidation 
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MPV reduction (continued) 
basic principles, 123 
catalytic Oppenauer oxidation, 270-27 1 
dione, 127 
historical perspective, 123 
ketones, samarium-catalyzed reactions, 

mechanisms, 123-1 24 
synthetic utility, 126-127 
variations and improvements, 124-1 26 

Meisenheimer complex, Fukuyama amine 

limitations and side products, 43 1 4 3 2  
nosy1 deprotection and functionalization, 434 

MeO-BIPHEP compound, Noyori catalytic 
asymmetric hydrogenation, 53-56 

Meso-hydrobenzoin, Corey-Winter olefin 
synthesis, 354355 

Mesoporous silica, Baeyer-Viliger oxidation, 
172 

Mesyl azide, Regitz diazo reactions, 659 
Metabatropic glutamate receptor (mGluR) 

127-128 

synthesis, 427 

antagonists, Corey-Bakshi-Shibata (CBS) 
reduction, 10- 15 

Metalation, Regitz diazo reactions, 674-675 
Metal catalysis: 

Baeyer-Viliger oxidation, 168-1 72 
Brown hydroboronation reaction, 186-1 88 

Metal-free Hunsdiecker reaction, 627 
Metal-ligand combinations, Baeyer-Viliger 

oxidation, 169-1 72 
Methacrolein, Corey-Bakshi-Shibata (CBS) 

reduction, 13- 15 
Methinyl carbanion, Japp-Klingemann 

hydrozone synthesis, 630-634 
Methotrexate (MTX), Yamada reactions, 

N-(4-Methoxy-benzyl)-2-nitro-N-(3-phenyl- 
522-523 

propy1)-benzenesulfonamide, Fukuyama 
amine synthesis, 435 

(4-Methoxy-benzyl)-( 3-phenyl-propyl)-amine, 
Fukuyama amine synthesis, 435 

(+)-(S)-2-(Methoxymethyl)pyrrolidine auxiliary, 
Davis oxaziridine reagents, 25-29 

Methoxyquinoline, Sharpless asymmetric 
hydroxylation reactions, 74-77 

Methyl-(Z)-a-(acetamid0)-cinnamate, Noyon 
catalytic asymmetric hydrogenation, 50 

Methyl-(2S)-N-(2-aminopyrazidinecarbonyl) 

pyrrolidine-2-carboxylate, Yamada 
reactions, 540 

Methylbromfenvinphos, Perkow reaction, 

(2 ’S,3 ‘S)-Methyl-3-O-t-butyyldimethylsilyl-4-0,5- 
0-(2,‘3 ‘)-dimethoxybutane-2,‘3 ’diyl- 
shikimate, Martin’s sulfurane dehydrating 
reagent, 263 

1 -Methyl-2-chloropyridinium iodide, 
Mukaiyama esterification, 469 

Methyl cholesteryl xanthate, Chugaev 
elimination, 334-335 

3-Methylcyclohexene-2-carboxaldehyde, Shapiro 
reaction, 4 12 

Methyl-((3aS,4S,6aR)-4,6a-dihydro-4-hydroxy- 
2,2-dimethyl-3aH-cyclopenta[d][ 1,3]- 
dioxold-yl)acetate, Luche reduction, 
120-121 

pentenoate, Perkow reaction, 382-383 

alkylation of amines, 91 

659 

381-383 

Methyl 2-(dimethoxyphosphoryyloxy)-2- 

“Methylene bridge,” Eschweiler-Clark reductive 

Methylene compounds, Regitz diazo reactions, 

Methylenomycin, Perkow reactions, 378 
4-Methyl-hex-2-enedioic acid,6-[4-iodo-2- 

methyl- 1 -(2-m35hyl-[ 1,3]dioxolan-2-yl- 
methyl)-pent-3 -enyl]ester- 1 -methyl ester, 
Yamaguchi esterification, 550 

Methyl ketones, Haloform reaction, 61 3-61 6 
Methyllycaconitine, Wacker-Tsuji oxidation, 

324 
1 -Methyl-2-pyridone, Mukaiyama esterification, 

463 
4-Methyl-2-quinolyl ether (MEQ), Sharpless 

asymmetric hydroxylation reactions, 
71-77 

Methylthiomethyl ether, Swern oxidation, 299 
N-Methyltryptophan methyl ester hydrochloride, 

Fischer-Speier esterification, 460 
(-)-Methyl xanthates, Chugaev elimination, 

340-34 1 
S-Methyl xanthates, Chugaev elimination, 

340-34 1 
Mevinphos, Perkow reaction, 38 1-383 
Meyers-Chan modification, Ramberg-Backlund 

reaction, 388 
cyclohexadiene, 393-394 
cyclophanes, 396-397 
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deoxoartemisinin, 400 
(1 E,3E,5E,7E)- I -phenyl-8-trimethylsilyl- 

polyenes, 399 
ring structures, 395-397 

1,3,5,7-0ctatraene, 403 

Meyers modification, Ramberg-Backlund 
reaction, 387-388 

cyclopentenone, 393 
(+)-( lS,2R,3R,4R)-2,3-diazido- 1,4- 

dimethoxycyclohex-5-ene, 403 
natural products, 400-402 
phenanthrene, 395 

Mibefradil, Noyori catalytic asymmetric 

Michael additions: 
hydrogenation, 59-60 

Brown hydroboronation reaction, 185-1 86 
Buchwald-Hartwig amination, 603-604 

Michael-induced Ramberg-Backlund reaction, 

Michaelis-Arbuzov cleavage, Perkow reaction, 

Microginin, Yamada reactions, 528-529 
Microwave radiation: 

389-390 

369-370 

Buchwald-Hartwig amination, 578-582, 
600-60 1 

aromatic heterocycles, 586-588 
Burgess dehydrating reagent, 20 1-203 
Dess-Martin periodinane oxidation, 229 
Hunsdiecker reaction, 628 
Leuckart-Wallach reaction, 454 
Mukaiyama esterification, 463 
Perkin reaction, 367 

basic principles, 40 
historical perspective, 40-41 
mechanism and stereochemical rationalization, 

propargylic alcohol, 44 
synthetic utility, 43-44 
variations and improvements, 42-43 

Midland reduction: 

4142 

Migita reaction, Buchwald-Hartwig amination, 
566 

aminostannanes, 599 
bulky phosphines and N-heterocyclic 

carbenes, 574-582 
Migrating groups, Baeyer-Viliger oxidation, 

(+)-Milbemycin D, Rubottom oxidation, 288 
163-1 67 

Mitochondria1 complex, Sharpless asymmetric 
hydroxylation reactions, 78-80 

Mitsunobu reaction: 
Fukuyama amine synthesis, 426 

chemoselectivity, 433 
limitations and side products, 430-432 
secondary and differentially protected 

total synthesis reactions, 429-430 
amines, 427-428 

Gabriel synthesis, 445447 
Luche reduction, cyclic stereocontrol, 1 15 

“Modified” Oppenauer oxidation, 270 
Momilactone, Woodward cis-dihydroxylation, 

Mono-arylation, Buchwald-Hartwig amination, 

Monobenzylic alcohols, Gribble reduction, 

Mono-dentate phosphines, Buchwald-Hartwig 
amination, 567-569,579-582 

Monoisopinocampheylborane, Brown 
hydroboronation reaction, 185 

Monomethylamines, Staudinger reaction, one- 
pot transformations, 135-1 36 

(+)-Monomorine, Wacker-Tsuji oxidation, 324 
Mono-nitrobenzenesulfonamides, Fukuyama 

Monoox ygenases (MOs), Baeyer-Viliger 

Monopyrrolinone-base HIV- 1 protease 

330-33 1 

575-582 

95-96,98-100 

aromatic heterocycles, 588 

amine synthesis, 424 

oxidation, 173-1 78 

inhibitors, Martin’s sulfurane dehydrating 
reagent, 254-256 

synthesis, 480 

209 

Shibata (CBS) reduction, 14-15 

Montmorillonite KSF clay, Strecker amino acid 

Morpholino sulfide, Corey-Kim oxidation, 

Mukaiyama aldol reaction, Corey-Bakshi- 

Mukaiyama esterification: 
basic principles, 462 
experimental procedures, 469 
historical perspective, 462463 
synthetic utility, 465469 
variations and improvements, 463-465 

(*)-Mycoepoxydiene, Zaitsev elimination, 4 19 
Myer’s conditions, decarboxylative Ramberg- 

Backlund reaction, 390 
(-)-Mintlactone, Luche reduction, 116-1 19 (-)-Myltaylenol, Shapiro reaction, 41041 1 
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NADP, Baeyer-Viliger oxidation, 174-1 78 
NaHMDS, Davis oxaziridine reagents, 

Naphthols, Gribble reduction, 101-102 
Natural products: 

enantioselective oxidation, 34-36 

biological Haloform reaction, 6 1 7 6 1  8 
Ramberg-Backlund reaction, 399-402 
Wacker-Tsuji oxidation, 32 1-322 
,Zaitsev elimination, 41 9-420 

Nazumamide A, Yamada reactions, 524525 
N-Chlorosuccinimide (NCS), Corey-Kim 

Nef reaction: 
oxidation, 207 

basic principles, 645 
historical perspective, 645 
levdinonitrile, 6 5 0 6 5  1 
mechanism, 646 
octanal, 65 1 
synthetic utility, 648-650 
variations and improvements, 646-648 

Neocarzinostatin chromophore, Martin’s 
sulfurane dehydrating reagent, 258-259, 
26 1-262 

Neomycin, Staudinger reaction, 138-142 
Neurokinin- 1 (NK1) receptor antagonist, 

Strecker amino acid synthesis, 494-495 
Neuronal cell death, Corey-Bakshi-Shibata 

(CBS) reduction, 17-18 
N-Heterocyclic carbenes (NHC), Buchwald- 

Hartwig amination, 581-582 
Nitration, Regitz diazo reactions, 674 
Nitrilium ion, Ritter reaction, 471472 
Nitroalkanes, Nef reaction, 645,646-649 
Nitrogen-aryl bond, Buchwald-Hartwig 

amination, 564 
Nitrogen atoms, Gribble reduction of aryl 

ketones and, 98-99 
Nitrogen heterocycles, Fukuyama amine 

synthesis, 428-429 
Nitrogen-hydrogen insertion, Regitz diazo 

reactions, 684 
Nitrogen source, Sharpless asymmetric 

hydroxylation reactions, 75-77 
Nitro-Hunsdiecker reaction, 627 
Nitroindole, Regitz diazo reactions, 683 
Nitronate salts, Nef reaction, 646 
Nitro-palladium complex, Wacker-Tsuji 

oxidation, 31 1-3 14 
Nitrosonium tetrafluoroborate, Balz-Schiemann 

reaction, 554555 
Nitroso species, Nef reaction, 646-647 
Nitrosulfone, Nef reaction, 650 
Nitrosyl cation, Balz-Schiemann reaction, 553 
Nitrous acid, Balz-Schiemann reaction, 553 
Nonracemic oxaziridines, Davis oxaziridine 

reagents, 26-29 

hydroxylation, 29-33 

Corey-Bakshi-Shibata (CBS) reduction, 

Norneolignans, Martin’s sulfurane dehydrating 

Norsuaveoline, Yamada reactions, 503 
Nosy1 deprotection and functionalization, 

Noyori catalytic asymmetric hydrogenation: 

substrate-directed diastereoselective 

Norepinephrine reuptake antagonists (NETS), 

17-1 8 

reagent, 253-256 

Fukuyama amine synthesis, 434 

5-benzyloxy-3-hydroxy-pentanoic acid tert- 
butyl ester, 64 

description, 46-47 
historical perspective, 47 
mechanism, 48-53 
synthetic utility, 56-53 

(P-acylamino) acrylates, 58 
dehydroamino acid derivatives, 56-57 
dynamic kinetic resolution, 62-63 
enamide hydrogenation, 57-5 8 
enol esters, 59 
imines, 62 
ketones, 61-62 
a#-unsaturated carbonyls, 59-60 
unsaturated alcohols, 60 

variations and improvements, 53-56 
n-p* stabilization, Prilezhaev reaction, 275 
‘B Nuclear magnetic resonance, Corey-Bakshi- 

Shibata reduction, 4 
Nucleophilic addition: 

Gabriel synthesis, 447-448 
Regitz diazo reactions, 677 
Yamada reactions, 500 

Corey-Winter olefin synthesis, 355 
Fischer-Speier esterification, 459 
Ritter reaction, 471-472 
Staudinger reaction mechanism, 129-130 
Wacker-Tsuji oxidation, 3 10-3 1 1 

Nucleophilic attack: 

Oct-2-en-4-one, Oppenauer oxidation, 272 
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Octanal, Nef reaction, 65 1 
Octatrienol, Oppenauer oxidation, 268-269 
Odorless conditions, Swem oxidation, 294 
Oglialoro modification, Perkin reaction, 364 
Orefination, nitro-Hunsdiecker reaction, 627 
Olefin 39, Brown hydroboronation reaction, 188 
Olefination: 

Chugaev elimination: 
basic principles, 334 

(4a,S,6R,7S,7aR, 1 laR,2’S,3afR,6a’)-7- 
(hexahydrofuro[2,3-b Jfuran-2 ’-yl)- 
3,3,6,7-tetramethyl-I 1- 
methyleneoctahydronaphtho[ 1,8a-4[ 1,3] 
dioxine, 34 1 

historical perspective, 334-335 
mechanisms, 335 
synthetic utility, 335-340 

primary alcohols, 335-336 
secondary alcohols, 336-339 
tertiary alcohols, 339-340 

variations, 340-341 
Cope elimination reaction: 

basic principles, 343 
historical perspective, 343 
mechanisms, 344 
synthetic utility, 344-347 

acyclic amines, 344-345 
cyclic amines, 345-347 
heterocyclic amines, 347 

butyl)diphenylsilyloxy]methyl)cyclopent- 
2-ene-3,4,5-triol, 352 

base-catalyzed elimination, 348 
reverse elimination, 348-349 
sila-Cope elimination, 350-351 
solid-phase linker cleavage, 350 
unsymmetrical hydroxylamines, 347-348 

1L-( 1,4/5)-3,4,5-tri-O-benzyl-l -([(rert- 

variations, 347-352 

Corey-Winter olefin synthesis: 
basic principles, 354 
trans-3,4-Didehydro-3,4-dideoxy, 1,2,5,6-di- 

0-isopropylidene-D-threo-hexitol, 36 1 
didehydrostemofoline, 360-361 
historical perspective, 354-355 
mechanism, 355-356 
synthetic utility, 357-360 
variations and imiprovements, 356-357 

basic principles, 363 
Perkin reaction: 

cinnamic acid preparation, 367 
historical perspective, 363 
mechanisms, 363-364 
synthetic utility, 365-367 
variations, 364-365 

basic principles, 369 
historical perspective, 369 
mechanism, 369-370 
synthetic utility, 375-384 

agrochemicals, 38 1-384 
C-alkylation, 377-378 
double reaction, 379-380 
P-ketophosphonate rearrangement, 

pharmaceuticals, 380-38 1 
phosphate to alkene reductive removal, 

ring enlargement, 380 
a-trifluoromethylated ketones, 379 

variations and improvements, 370-375 

basic principles, 386 
Chan modification, 402403 

Perkow reaction: 

3 7 5-3 77 

378-379 

Ramberg-Backlund reaction: 

(+)-( lS,2R,3R,4R)-2,3-diaido- 1,4- 
dimethoxycyclohex-5-ene, 403 

historical perspective, 386 
mechanism, 386-387 
Myers modification, 403 

1,3,5,7-0ctatraene, 403 
synthetic utility, 391402 

cyclobutenes, 391-392 
cyclohexenes and phenanthrene, 393-395 
cyclopentenes, cyclopentenones, and 

dienes, eneynes, and polyenes, 398-399 
large ring systems, 395-397 
natural products, 399402 

( 1 E,3E,5E,7E)- 1 -phenyl-8-trimethylsilyl- 

cyclopentadienes, 392-393 

variations and improvements, 387-39 1 

basic principles, 414 
3,3-dimethylcyclobut- 1 -ene, 420 
historical perspective, 414 
mechanisms, 415-417 
synthetic utility, 41 8-420 

Zaitsev elimination: 

dehydrohalogenation, acyclic halides, 

natural products, 41 9 4 2 0  
418 
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Olefination (continued) 
strained ring systems, 4 18 

variations and improvements, 417-418 

Dess-Martin periodinane oxidation, 235-236 
Shapiro reaction: 

Olefins: 

basic principles, 405 
historical perspective, 405 
mechanism, 405407 
3-Methylcyclohexene-2-carboxaldehyde, 

regiochemistry and alkene stereochemistry, 

synthetic utility, 410-412 
variations and improvements, 4 0 7 4  10 

Wacker-Tsuji oxidation, palladium-assisted 
intramolecular amination, 31 5-3 18 

oxidation, 235 

412 

406-407 

0-Methyl oximes, Dess-Martin periodinane 

One-pot transformations: 
Dess-Martin periodinane oxidation, 23 1-235 
Gabriel synthesis, 442 
Perkow reactions, 377-378 
Ramberg-Backlund reaction, 387-39 1 
Shapiro reaction, 408-409 
Staudinger reaction: 

amines, 134-135 
monomethylamines, 135-136 
tandem Staudingedaza-Wittig carbonyl 

reactions, 136 

Oppenauer oxidation: 
Swem oxidation, 293-294 

basic principles, 265 
cascade reactions, 271-272 
catalytic process, 270-27 1 
cis-a-decalol, 272 
historical perspective, 265-266 
mechanisms, 266 
Meerwein-Ponndorf-Verley reduction, 

modified process, 270 
synthetic utility, 266270 

123-126 

polyhydroxyl compounds, 269 
primary alcohols, 269-270 
saturated alcohols, 266-268 
unsaturated alcohols, 268-269 

Optical purity improvements, Corey-Bakshi- 

Ortho effect, Baeyer-Viliger oxidation, 163-167 
Shibata (CBS) reduction, 12-15, 18 

Osmaoxetane, Sharpless asymmetric 
hydroxylation reactions, 69 

Osmium azaglycolate, Sharpless asymmetric 
hydroxylation reactions, 79-80 

Osmium tetraoxide, Sharpless asymmetric 
hydroxylation reactions, 67-8 1 

OSW-I antitumor agent, Dess-Martin 
periodinane oxidation, 229 

Over-oxidation: 
Dess-Martin periodinane oxidation, 2 19 

single electron transfer mechanism, 

Oppenauer oxidation, primary alcohols, 
226-228 

269-270 
Oxazaborolidine catalyst: 

Corey-Bakshi-Shibata (CBS) reduction: 
borane and, 2 
fluorous versions of, 8-1 5 
modifications and improvements, 7-1 5 
polymer-bound versions, 9-1 5 
proline pre-catalysts, 1 1-1 5 
stereoselectivity improvements, 6-1 5 
valinol-based modification, 13- 15 

Corey-Bakshi-Shibata reduction, mechanism 
of, 3-6 

Oxazaphospholidine, Perkow reaction, 375 
Oxaziridine: 

Baeyer-Viliger oxidation, 171-1 72 
Davis reagents: 
basic properties, 22 

(-)-(R)-2-Ethyl-5,8,-dimethoxy-2-hydoxyl- 
1,2,3,4-tetrahydronaphthalen- 1 -one, 
37-38 

historical perspective, 22-23 
mechanistic interpretations, 23-25 
synthetic utility, 25-37 

asymmetric oxidation via chiral 
auxiliaries, 25-29 

enantioselective oxidation, 33-37 
substrate-directed diastereoselective 

hydroxylation, 29-33 
Oxazoldine-2-ones, Mukaiyama esterification, 

Oxazoles, Burgess dehydrating reagent, 195 
Oxazolidine, Regitz diazo reactions, 674 
Oxazolidinones: 

468 

Buchwald-Hawig amination, 601 
Dess-Martin periodinane oxidation, 227-228 
Staudinger reaction, 141 
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Oxazolines: 
Burgess dehydrating reagent, 195 
Martin's sulfurane dehydrating reagent, 252 

Oxetanes, Martin's sulfurane dehydrating 
reagent, 25 1 

Oxidation reactions: 
Baeyer-Viliger oxidation: 

basid principles, 160 
enzyme catalysis, 173-1 78 
5-ethoxycarbonyl-5-(n-undecyl)-6- 

valerolactone, 180-1 8 1 
general mechanisms, 162-1 63 
historical perspective, 160-1 62 
metal catalysis, 168-1 72 
migrating group mechanism, 163-1 67 
synthetic utility, 178-180 
variations and improvements, 167-1 78 

Brown hydroboration reaction: 
basic principles, 183 
historical perspective, 183 
mechanism of, 183 
synthetic utility, 185-1 88 
tricycle 39 experiment, 188 
variations and improvements, 184-1 85 

Burgess dehydrating reagent: 
basic principles, 189 
historical perspective, 189-1 90 
mechanism, 1 9 G  192 
secondary and tertiary alcohol dehydration, 

toluene agents, 205 
variations, improvements, and synthetic 

utility, 192-203 
Cope elimination, solid-phase linkers, 350 
Corey-Kim oxidation: 

203-204 

basic principles, 207 
historical perspective and improvements, 

mechanisms, 21Cb211 
synthetic utility, 21 1-216 

207-2 1 1 

aldehyde/ketone preparation, 2 1 1-2 12 
benzyl/allyl halide preparation, 2 12-2 13 
dicarbonyl preparation, 2 13-2 14 
epi-45 synthesis, 2 16 
hydroxylketones and diketones, 2 14-2 16 
recyclable compounds, 2 17 

Dess-Martin periodinane oxidation: 
basic principles, 2 18 
historical perspective, 2 1 %2 19 

mechanisms, 2 19-220 
synthetic utility, 228-235 
variations and improvements, 220-228 

basic principles, 248 
historical perspective, 248-249 
mechanisms of, 249-250 

Martin's sulfurane dehydrating reagent: 

(2 'S,3 'S)-Methyl-3-O-t-butyldimethylsilyl- 
4-0,5-0-(2, ' 3 ')-dimethoxybutane- 
2,'3'diyl-~hikimate, 263 

acyclic alkenes, 253-256 
acyclic dienes, 256-258 
alkene ring structures, 258-262 

synthetic utility, 253-262 

variations and improvements, 250-25 1 

basic principles, 265 
cascade reactions, 27 1-272 
catalytic process, 270-27 1 
cis-a-decalol, 272 
historical perspective, 265-266 
mechanisms, 266 
Meerwein-Ponndorf-Verley reduction, 

modified process, 270 
synthetic utility, 266270 

Oppenauer oxidation: 

123-126 

polyhydroxyl compounds, 269 
primary alcohols, 269-270 
saturated alcohols, 266268 
unsaturated alcohols, 268-269 

Prilezhaev reaction: 
basic principles, 274 
historical perspectives, 274 
mechanism, 274-275 
synthetic utility, 278-279 
1 ,l,l-trifluoro-2-ethoxy-2,3-epoxy-5- 

phenylpentane, 280 
variations and improvements, 275-276 

basic principles, 282 
enolate oxidation, 23 
historical perspectives, 282-284 
6-hydroxy-3,5,5-trimethyl-2-cyclohexen- 1 - 

stereochemistry, 284-285 
synthetic utility, 287-289 
variations and improvements, 285-287 

basic principles, 29 1 

Rubottom oxidation: 

one, 289 

Swern oxidation: 
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Oxidation reactions (continued) 
Dess-Martin periodinane oxidation, 

4-(2,2-dibromovinyl)-5-[3-(4- 
229-2 3 0 

methoxybenzyloxy)-propyl]-2,2- 
dimethyl-[ 1,3]-dioxolane, 306-307 

historical perspective, 291-292 
mechanisms, 292-293 
synthetic utility, 299-306 
variations, 293-299 

Tamao-Kumada-Fleming oxidation: 
basic principles, 237 
historical perspective, 237-238 
(2-hydroxylmethyl-6-vinyl- 1 - 

azaspiro[4.5]dec- 1 -yl)-phenylmethanone, 
246 

mechanism, 23 8-239 
synthetic utility, 240-246 
variations and improvements, 239-240 

Woodward cis-dihydroxylation: 
basic principles, 327 
dI-anti-tmns-4,4a,4b,5,8,8a-Hexahydro- 

1,8a-dimethyl-6p-7 P-dihydroxy-2( 3H)- 
phenanthrone, 33 1-332 

historical perspectives, 327-328 
mechanism, 328 
synthetic utility, 330-332 
variations and improvements, 329-330 

N-Oxidation reactions, Baeyer-Viliger oxidation, 

S-Oxidation reactions, Baeyer-Viliger oxidation, 

Oxidation-reduction process, Sommelet reaction, 
690 

Oxidative addition, Buchwald-Hartwig 
amination, 566,573-574 

167-168 

167-168 

aryl chlorides, 583-585 
Oxidative cleavage: 

Nef reaction, 649 
Tamao-Kumada-Fleming oxidation, 237 

Oxidative cyclization, Wacker-Tsuji oxidation, 

a-Oximation, Regitz diazo reaction, 664-667 
Oximes: 

Corey-Bakshi-Shibata (CBS) reduction, 

Dess-Martin periodinane oxidation, 235 
Nef reaction, 646-650 

316-318 

10-15 

Oxiranes, Prilezhaev reaction, 274 

Oxone: 
Baeyer-Viliger oxidation, 16 1 

metal catalysis, 171-172 
Dess-Martin periodinane oxidation, 2- 

Rubottom oxidation, 286-287 
iodoxybenzoic (IBX), 22 1-223 

Oxonium species, Corey-Kim oxidation, 

Oxosulphonium ylide, Swern oxidation, 296 
a-Oxygenation, Davis oxaziridine reagents, 

substrate-directed diastereoselective 
hydroxylation, 30-33 

I80xygen tracer experiment, Baeyer-Viliger 
oxidation, 161-162 

Ozonolysis: 
Krapcho decarboxylation, 641 
Strecker amino acid synthesis, 493 

210-211 

Paclitaxel, Corey-Bakshi-Shibata (CBS) 
reduction, 16-1 8 

Palladacycles, Buchwald-Hartwig amination, 
aryl chlorides, 583-585 

Palladium-amido intermediate, Buchwald- 
Hartwig amination, 568-569 

Palladium catalysts: 
Buchwald-Hartwig amination, 564-567 

arylation, 599-600 
Wacker-Tsuji oxidation, 3 1 0-3 1 1 

oxidative cyclization, 3 17-3 18 
Palladium-catalyzed amidation reaction, Wacker- 

Tsuji oxidation, 320-321 
Palladium-copper heterometallic complex, 

Wacker-Tsuji oxidation, 3 10-3 1 1 
Palytoxin, Luche reduction, 1 16-1 19 
Parikh-Doering protocol, Swern oxidation and, 

Pavoninin-5, Luche reduction, 119 
Pentacoordinate silicon geometry, Tamao- 

Kumada-Fleming oxidation, 239 
Pentamethyldisiloxane (PMDS), Tamao- 

Kumada-Fleming oxidation, 240 
Peptides, Yamada reactions, 5 15-5 19 
Peracids, Prilezhaev reaction, 274 
Perhydropyrimidin-4-one template, Davis 

oxaziridine reagents, 32-33 
Pericyclic, syn elimination, Chugaev elimination, 

335 
Perkin reaction: 

298 

basic principles, 363 
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cinnamic acid preparation, 367 
historical perspective, 363 
mechanisms, 363-364 
synthetic utility, 365-367 
variations, 364-365 

basic principles, 369 
historical perspective, 369 
mechanism, 369-370 
synthetic utility, 375-384 

agrochemicals, 38 1-384 
C-alkylation, 377-378 
double reaction, 379-380 
P-ketophosphonate rearrangement, 375-377 
pharmaceuticals, 380-38 1 
phosphate to alkene reductive removal, 

ring enlargement, 380 
a-trifluoromethylated ketones, 379 

variations and improvements, 370-375 

Perkow reaction: 

378-379 

Peroxycarboxylic acid esters, Yamada reactions, 
502 

Peroxy radical intermediate, Baeyer-Viliger 
oxidation, metal catalysis, 169-1 72 

Petasis reaction, Strecker amino acid synthesis, 
482483 

Pfitzner-Moffatt oxidation, Swern oxidation and, 
298 

PHAL-based ligands, Sharpless asymmetric 
hydroxylation reactions, 72-77 

[2.2]-PHANEPHOS ligand, Noyori catalytic 
asymmetric hydrogenation, 55-56 

Pharmaceutical syntheses, Perkow reaction, 
380-381 

Phase tagging, Tamao-Kumada-Fleming 
oxidation, 244 

Phase transfer catalysts: 
Hunsdiecker reaction, 627 
Regitz diazo reaction, 664-667 
Yamada reactions, diamide, 504 
Zaitsev elimination, 41 7 

Phenanthrene, Ramberg-Backlund reaction, 
393-395 

ring structures, 397 
Phenanthryl ether, Sharpless asymmetric 

Phenethylamine, Dess-Martin periodinane 

R-(+)/S-(-)-a-Phenethylamine-borane complexes, 

hydroxylation reactions, 7 1-77 

oxidation, 232-235 

asymmetric reduction, 3 
Phenylacetone monooxygenase (PAMO), 

Baeyer-Viliger oxidation, 173-1 78 
P-Phenylalanine methyl ester, reduction 

reactions, 3 
(R)- 1 -Phenylethanol, Corey-Bakshi-Shibata 

reduction, 4 
trans-(*)-2-(Phenylsulfonyl)-3- 

phenyloxaziridine, enolate oxidation, 22 
( 1E,3E,5E,7E)- 1 -Phenyl-8-trimethylsilyl- 1,3,5,7- 

octatraene, Meyers-Chan modification, 
Ramberg-Backlund reaction, 403 

Yamada reactions, 529 

reagent, 253-256 

Phe-Phe-Phe-di fluorostatone-Leu-Phe-NH,, 

Phorboxazoles, Martin’s sulfurane dehydrating 

Phosphamidon, Perkow reaction, 382 
Phosphatase inhibitors, Yamada reactions, 536 
Phosphates: 

monodentate ligands, Noyori catalytic 
asymmetric hydrogenation, 4950 

Perkow reactions, alkene reductive removal, 

Phosphazides, Staudinger reaction mechanism, 

Phosphinates, Perkow reaction, 377-378 
Phosphine oxide: 

378-379 

129-130 

Fukuyama amine synthesis, 432 
Staudinger reaction, 129-1 3 1 

variations for removal, 132-1 33 
Phosphines, Buchwald-Hartwig amination: 

bulky phosphines, 574-582 
chelating phosphines, 569-574 
mono-dentate phosphines, 567-569 

Phosphinic acid, Woodward cis-dihydroxylation, 

Phosphite: 
329-330 

Corey-Winter olefin synthesis, 354 
Perkow reaction, 370-375 

hydrogenation, 49-50 
Phosphoamidites, Noyori catalytic asymmetric 

Phosphoenolpyruvates, Perkow reaction, 

Phospholidine, Corey-Winter olefin synthesis, 

a-Phosphonate esters, Perkow reaction, 377 
Phosphonates: 

372-373 

360 

Perkow reaction, 369 
C-alkylation cleavage of, 377-378 
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Phosphonates (continued) 

Phosphonites, Perkow reaction, 370-375 
Phosphono compounds, Regitz diazo reactions, 

Phosphoramidate, Gabriel synthesis, 4 4 3 4 4  
Phosphoranes, Dess-Martin periodinane 

oxidation, 23 1-235 
o-Ph-HexaMeO-Biphep, Noyori catalytic 

asymmetric hydrogenation, 53-56 
Phosphorus ligands, Noyori catalytic asymmetric 

hydrogenation, 58 
Phosphorus ylide, Corey-Winter olefin synthesis, 

355 
Phosphorylation, Perkow reaction, 37 1-372 

Photoactivatable redox protein, Yamada 

Photo-induced addition: 

Sommelet reaction, 693-694 

66 1-662 

agrochemicals, 383 

reactions, 5 14-5 15 

Balz-Schiemann reaction, 555-556 
Ramberg-Backlund reaction, eneynes, 

398-399 
Photolysis: 

Ramberg-Backlund reaction, 398-399 
Regitz diazo reactions, 674,679-681 

Phthalazine, Sharpless asymmetric hydroxylation 

Phthalimide, Gabriel synthesis, 438 
alternative reagents, 444445 
hydrazinolysis, 441-442 
variations and modifications, 440-446 

reactions, 72-77 

Phytoalexin, Luche reduction, 115-1 19 
Phytuberin, Luche reduction, 1 15-1 19 
Pictet-Spengler reaction, Eschweiler-Clark 

reductive alkylation of amines, 91 
Pinacol rearrangement, Rubottom oxidation, 284 
a-Pinene, hydroboration, Midland reduction, 

(-)-P-Pinene, Corey-Bakshi-Shibata (CBS) 

(&)-Pinnaic acid, Mukaiyama esterification, 469 
V-Bond complex, Sharpless asymmetric 

hydroxylation reactions, 7 1 
.rr-Excessive/deficient heterocycles, Gribble 

reduction and deoxygenation, 104 
pK, values, Krapcho decarboxylation, 635 
P,N-ligand, Buchwald-Hartwig amination, 

Polarity reversal, Nef reaction, 645 

4 W 1  

reduction, catalyst modification, 7-1 5 

58 1-582,585 

P,O-ligand, Buchwald-Hartwig amination, 585 
Polyamides, Haloform reaction, 61 7 
Polyamines, Eschweiler-Clark reductive 

alkylation of amines, 87 
Polychlorination, Ramberg-Backlund reaction, 

Meyers modification, 387-388 
Polyenes, Ramberg-Backlund reaction, 398-399 
Polyethylene glycol (PEG): 

Burgess dehydrating reagent, 195-1 96 
Staudinger reaction, triphenylphosphine resin, 

133 
Polyhydroxyl compounds, Oppenauer oxidation, 

269 
Polymer-based PHAL derivatives, Sharpless 

asymmetric hydroxylation reactions, 
76-77 

reactions, 686 
Polystyrene benzenesulfonyl azide, Regitz diazo 

Porcine motilin, Yamada reactions, 5 16 
(-)-Pramanicin, Tamao-Kumada-Fleming 

Prazoicin, Yamada reactions, 509 
Precatalysts: 

oxidation, 245 

Corey-Bakshi-Shibata (CBS) reduction, 

Noyori catalytic asymmetric hydrogenation, 
preparation of, 8- 15 

5 1-53 
Prerester molecule, Martin’s sulfbrane 

dehydrating reagent, 248 
Prkvost reaction, Woodward cis-dihydroxylation, 

Prilezhaev reaction: 
329-330 

basic principles, 274 
historical perspectives, 274 
mechanism, 274-275 
synthetic utility, 278-279 
1,1,1 -trifluoro-2-ethoxy-2,3-epoxy-5- 

phenylpentane, 280 
variations and improvements, 275-276 

Primary stereoelectronic effect, Baeyer-Viliger 

Prins reaction: 
oxidation, 165 

basic principles, 653 
historical perspective, 653 
mechanism, 653-654 
synthetic utility, 655-656 
(&)-(2a,3a,5a)- 1 -(tetrahydro-2-methy1-5- 

phenethylfuran3yl)ethanone, 657 
variations and improvements, 654-655 
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Prochiral starting material, Noyori catalytic 

Progesterone, Oppenauer oxidation, 268-269 
Proline pre-catalysts, Corey-Bakshi-Shibata 

Propargylic alcohol, Midland reduction, 44 
Propionaldehyde, Midland reduction, 44 
Prostaglandins: 

asymmetric hydrogenation, 46-47 

(CBS) reduction, oxazaborolidine, 11-15 

Corey-Bakshi-Shibata (CBS) reduction, 14-1 5 

Wharton reaction, 157 
synthetic utility, 15-18 

Protonation, Fischer-Speier esterification, 

Proton transfer, Fischer-Speier estenfication, 

Pseudo axial addition: 

carbonyl oxygen, 459 

459 

Davis oxaziridine reagents, substrate-directed 

hydride, Luche reduction, cyclic stereocontrol, 
diastereoselective hydroxylation, 29-33 

114-1 19 
Pseudobactin, Burgess dehydrating reagent, 193 
Pseudopeptides, Yamada reactions, 528 
(+)-Pulegone, Luche reduction, 116 
Pulmonary disease, endothelins, Corey-Bakshi- 

Shibata (CBS) reduction, 18 
Pyrankacin, Staudinger reaction, 138-142 
Pyrazole ring formation, Regitz diazo reactions, 

684 
(2-Pyridyldimethylsilyl)methyl lithium, Tamao- 

Kumada-Fleming oxidation, 244 
Pyrimidines, Leuckart-Wallach reaction, 

454-455 
Pyrimidobenzoxathiepin derivative, Yamada 

reactions, 509 
PYR ligands, Sharpless asymmetric 

hydroxylation reactions, 76-77 
Pyrolysis: 

Chugaev elimination: 
secondary alcohols, 336-339 
variations, 340-341 

Cope elimination reaction, 343 
xanthates, Chugaev elimination, 334 

Gribble reduction, 100 
Regitz diazo reactions, 684 

Pyrrole: 

Pyrrolidine azasugar, Sharpless asymmetric 
hydroxylation reactions, 778 

(+)-(S)-2-Pyrrolidinemethanol chiral auxiliary, 
Davis oxaziridine reagents, 25-29 

Pyrrolizidine natural products, Baeyer-Viliger 

Pyrrolopyrimidine antifolate, Yamada reactions, 
oxidation, 174-178 

536-537 

Q-phos ligands, Buchwald-Hartwig amination, 
579-582 

aryl chlorides, 585 

373-375 

alkylation of amines, avoidance of, 90 

reactions, 53 1-539 

of anilines, 89 

enantioselective oxidation, 34-36 

Quasiphosphonium compound, Perkow reaction, 

Quaternisation, Eschweiler-Clark reductive 

Quinazoline folic acid analogs, Yamada 

Quinoid-like intermediate, aromatic methylation 

Quinolone, Davis oxaziridine reagents, 

Quinone compounds: 
Baeyer-Viliger oxidation, 178-1 79 
Dess-Martin periodinane oxidation, 233-235 

Quinone-linked porphyrin, Gribble reduction and 
deoxygenation, 104-105 

Racemization: 
Krapcho decarboxylation, 641 
Noyori catalytic asymmetric hydrogenation, 

enantiomers, 62-63 
Yamada reactions, peptides, 5 16-5 19 

ruc-MOP ligands, Buchwald-Hartwig amination, 

Radical cyclization, Tamao-Kumada-Fleming 

Radical initiation, Hunsdiecker reaction, 626 
Radical intermediates, Meenvein-Ponndorf- 

Radical polymerization, Yamada reactions, 502 
Radiolabeled compounds: 

600 

oxidation, 242-243 

Verley reduction, 124 

fluoride- 18, Balz-Schiemann reaction, 

Krapcho decarboxylation, 639 

basic principles, 386 
Chan modification, 402-403 
(+)-( lS,2R,3R,4R)-2,3-diaido- 1,4- 

dimethoxycyclohex-5-ene, 403 
historical perspective, 386 
mechanism, 386-387 
Myers modification, 403 

556-559 

Ramberg-Backlund reaction: 
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Ramberg-Backlund reaction (continued) 
(1 E,3E,5E,7E)- I -phenyI-8-trimethylsilyl- 

synthetic utility, 391-402 
cyclobutenes, 39 1-392 
cyclohexenes and phenanthrene, 393-395 
cyclopentenes, cyclopentenones, and 

dienes, eneynes, and polyenes, 398-399 
large ring systems, 395-397 
natural products, 399-402 

1,3,5,7-0ctatraene, 403 

cyclopentadienes, 392-393 

variations and improvements, 387-39 1 
Raney-nickel compounds, Nef reaction, 648 
Rate-determining step, Haloform reaction, 

Redox co-catalyst, Wacker-Tsuji oxidation, 309 
Reduction reactions: 

61 1-612 

Corey-Bakshi-Shibata (CBS) reduction: 

(R)- 1 -(3 ‘-bromopheny1)-ethanol, 19 
allylic alcohol, 19 

historical perspective, 2-3 
ketone reductions, 2 
mechanism, 3-6 
synthetic utility, 15-18 
variations, improvements, and 

modifications, 6-1 5 
Eschweiler-Clark reductive alkylation: 

of amines: 
a-amino amides, 89 
aromatic aniline methylation, 89 
basic principles, 86 
5-bromo- 1,4,6-trimethyI-2,3-dihydro- 1H- 

pyrrolo[2,3b]pyridine, 92 
cyclic amino1 ethers to n,n-dialkylamino 

derivatives, 88-89 
historical perspective, 86 
mechanisms of, 86-87 
N-alkylation of amides, 87-88 
solvent- and formaldehyde-free 

conditions, 88 
synthetic utility, 90-92 

carbonyl compounds, 45 1 
Gribble reduction, diary1 ketones: 

basic principles, 93 
historical perspective, 93-94 
hydrogen gas liberation, 107- 108 
mechanism, 94-96 
synthetic utility, 99-107 
variations and improvements, 96-99 

Luche reduction: 
acyclic stereocontrol, 1 19-1 20 
basic principles, 1 12 
cyclic stereocontrol, 114-1 19 
historical perspective, 1 12-1 13 
mechanism, 1 13 
methyl-((3aS,4&6aR)-4,6a-dihydro-4- 

hydroxy-2,2-dimethyl-3aH- 
cyclopenta[d][ 1,3]-diox01-6-yl)acetate, 
120-121 

regioselectivity, 1 13- 1 14 
synthetic utilitiy, 113-120 

basic principles, 123 
dione, 127 
historical perspective, 123 
ketones, samarium-catalyzed reactions, 

mechanisms, 123-124 
synthetic utility, 126-127 
variations and improvements, 124-1 26 

Noyori catalytic asymmetric hydrogenation: 
5-benzyloxy-3-hydroxy-pentanoic acid tert- 

butyl ester, 64 
description, 46-47 
historical perspective, 47 
mechanism, 48--53 
synthetic utility, 56-53 

Meerwein-Ponndorf-Verley reduction: 

127-128 

(P-acylamino) acrylates, 58 
dehydroamino acid derivatives, 56-57 
dynamic kinetic resolution, 62-63 
enamide hydrogenation, 57-58 
enol esters, 59 
imines, 62 
ketones, 61-62 
a$-unsaturated carbonyls, 59-60 
unsaturated alcohols, 60 

variations and improvements, 53-56 

amine 53 preparation, 148 
basic principles, 129 
historical perspective, 129 
mechanisms, 129-1 3 1 
one-pot transformations: 

amines, 134-135 
monomethylamines, 135-1 36 
tandem Staudinger/aza-Wittig carbonyl 

Staudinger reaction: 

reactions, 136 
phosphine oxide removal, 132-1 34 
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synthetic utility, 136-147 
primary amine preparation, 137-142 
tandem intramolecular Staudingerlaza- 

Wittig imine formation, 142-147 
variations and improvements, 13 1-136 

basic principles, 152 
historical perspective, 152 
6-hydroxy- 1 0-triethylsilyloxy- 1 - 

mechanisms, 152-153 
synthetic utility, 155-157 
variations and improvements, 153-1 55 

Reductive amination, Leuckart-Wallach reaction, 

Reductive desulhrization, Corey-Kim oxidation, 

Reductive elimination: 

Wharton reaction: 

oxaspiro[4,5]dec-7-en-2-one, 157-1 58 

454-455 

214 

Buchwald-Hartwig amination, 566 
Wacker-Tsuji oxidation, 3 15-3 18 

Shapiro reaction, 405-407 
Wacker-Tsuji oxidation, anti-Markovnikov 

Regiochemistry : 

products, 3 1 1-3 14 
Regioselectivity : 

Brown hydroboration reaction, 184-185 
Fukuyama amine synthesis,, 432 
Luche reduction, 113-1 14 
Staudinger reaction, primary amine 

preparation, 138-142 
Wacker-Tsuji oxidation, heteroatom 

coordination theory, 3 19-32 1 
Yamaguchi esterification, 547-549 

Regitz diazo reactions: 
basic principles, 658 
diazo dihexyl ketone, 685 
2-diazo- I-phenyl-butae-l,3-dione, 686 
1,4-dimethyl-5,6,8,9-tetrahydr0-6-diazo-7H- 

historical perspective, 658 
indene methyl ester, 686 
mechanism, 658 
synthetic utility, 674-685 

acylation, 675 
aldol type addition, 675 
cyclic ketone addition, 677 
diazo 1,3-diketone reduction to diazo 

diazo 1,3-ketone addition to a$- 

benzo[a]cyclohepten-7-one, 686 

hydroxyketones, 677-678 

unsaturated ketones, 675476 
electrono-rich alkene addition, 675 
elimination, 682 
halogenation, 674 
heterocycles, 684-685 
hydrogenation, 679 
metalation, 674475 
nitration, 674 
rhodium-mediated intramolecular C-H 

ring cleavage reactions, 679 
silylation, 678-679 
sulfeneamine addition, 676-677 
Wolff rearrangement, 679-682 

insertion, 682-684 

tricyclic a-keto ester, 686 
variations and improvements, 659474 

2,4-bis-diazo- 1,3,5-triketone, 673 
dethyl diazo malonate, 660 
diazo 1,3-diketones, 669-673 
diazo alkenes and acetylenes, 659-660 
diazo P-keto esters, 673 
a-diazo ketones, 662-666 
diazo methylene compounds, 659 
diazo oxazolidone, 674 
a-diazo phosphono compounds, 661-662 
a-diazo sulfonyl compounds, 6 6 M 6 1  
1,2-diketones to diazoketones, 667-669 

Renin inhibitors, Yamada reactions, 527-529 
Reserpine, Prilezhaev reaction, 276-277 
Re& face selection, Noyori catalytic asymmetric 

Resonance stabilization, Cope elimination 

Retention of configuration, Tamao-Kumada- 

Retrohydroboration, Midland reduction, 4 2 4 3  
Retro-Michael addition, base-catalyzed Cope 

Reverse Cope elimination, basic principles, 

Rheumatoid arthritis therapies, Tamao-Kumada- 

Rhodium complexes: 

hydrogenation, 4 8 4 9  

reaction, 344 

Fleming oxidation, 237 

elimination, 348 

3 4 8-3 49 

Fleming oxidation, 242 

Noyori catalytic asymmetric hydrogenation: 
basic principles, 4 6 4 7  
BINAP-Rhodium combination, 48 
BoPhos-Rh complex, 61-62 
monodentate tertiary phosphine, 47 

Regitz diazo reactions, 682-684 
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Ring strain: 
Gribble reduction of aryl ketones and alcohols 

Zaitsev elimination, 41 8 

Burgess dehydrating reagent, 199-203 

avis oxaziridine reagents, 24 
Luche reduction, 1 18-1 19 
Martin’s sulfirane dehydrating reagent, 

to, 107 

Ring structures: 

cationic rearrangement, 204 

alkenes: 
5-membered rings, 261-263 
6-membered rings, 259-261 
8- and 9-membered rings, 258-259 

Midland reduction, 44 
oxazaborolidine, Corey-Bakshi-Shibata 

Perkow reaction, enlargement of, 380 
Ramberg-Backlund reaction: 

(+)-eremantholide, 40 1402 

Regitz diazo reactions, 679,680-682 

Sharpless asymmetric hydroxylation reactions, 

reduction, 4-5 

Meyers-Chan modification, 395-397 

pyrazole ring formation, 684 

68-69 
Ritter reaction: 

basic principles, 47 1 
carbenium ion stabilization, 473 
cascade reactions, 474475 
N-formyl-a,a-dimethyl-f3-phenethylamine, 

heteroatom stabilization, 474 
historical perspective, 471 
mechanism, 47 1-472 
synthetic utility, 475 
transition metal stabilization, 473-474 
variations, 472 
weaker acids, rearrangement promotions, 

475476 

472473 
Rubottom oxidation: 

basic principles, 282 
enolate oxidation, 23 
historical perspectives, 282-284 
6-hydroxy-3,5,5-trimethyl-2-cyclohexen- 1 - 

stereochemistry, 284-285 
synthetic utility, 287-289 
variations and improvements, 285-287 

one, 289 

y-Rubromycin, Nef reaction, 650 

Ruthenium complexes, Noyori catalytic 
asymmetric hydrogenation, 46-47 

5-benzyloxy-3-hydroxy-pentanoic acid tert- 
butyl ester, 64 

BMAP-ruthenium ligands, 47,59-60,6 1-63 
mechanisms of, 50-53 

Salen catalysts: 
asymmetric Strecker amino acid synthesis, 

Krapcho decarboxylation, 641-642 
Samarium compounds, Meenvein-Ponndorf- 

Verley reduction, 127-128 
(9- 1 -Amino-2-methoxymethyIpyrrolidine 

(SAMP): 

489-490 

Krapcho decarboxylation, 640-641 
Strecker amino acid synthesis, 487488 

(-)-Scabronine, Brown hydroboronation 

Scandium triflate, Strecker amino acid synthesis, 

Schiemann reaction. See Balz-Schiemann 

Schiff base: 

reaction, 187-188 

480 

reaction 

Eschweiler-Clark reductive alkylation of 

Strecker amino acid synthesis, 490 
amines, 86-87 

Secondary stereoelectronic effect, Baeyer-Viliger 

Secretases, Corey-Bakshi-Shibata (CBS) 

SEGPHOS ligand, Noyori catalytic asymmetric 

“Select flur” catalysts, Hunsdiecker reaction, 627 
Semi-synthesis reactions, Sharpless asymmetric 

Sequential Prins cyclization-pinacol 

Shapiro reaction: 

oxidation, 165 

reduction, 16-1 8 

hydrogenation, 54-56 

hydroxylation reactions, 78-80 

rearrangement, 654-655 

basic principles, 405 
historical perspective, 405 
mechanism, 405-407 
3 -Methylcyclohexene-2-carboxaldehyde, 4 1 2 
regiochemistry and alkene stereochemistry, 

synthetic utility, 410-412 
variations and improvements, 407-4 10 

Baeyer-Viliger oxidation, 171-172 

406-407 

Sharpless asymmetric hydroxylation reactions: 
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basic principles, 67 
(2S,3R)-tert-Butyl-2-hydroxy-3-(N- 

benzyloxycarbony1)-aminobutanoate, 8 1 
(2R)-4-(N,N-diethylcarbamoyloxy)-5,5- 

difluoropent-4-en- 1,2-diol, 80 
historical background, 67-68 
mechanisms of, 68-7 1 
Rubottom oxidation, 286-287 
synthetic utility, 77-80 
variations, improvements, or modifications, 

Shikimic acid, Martin’s sulfurane dehydrating 
reagent, 260-261 

Sialyltransferase inhibitors, enantioselective 
oxidation, Davis oxaziridine reagents, 36 

a-donors, Buchwald-Hartwig amination, 
580-582 

Sila-Cope elimination reaction, synthetic utility, 
350-351 

Silica-anchored ligands, Sharpless asymmetric 
hydroxylation reactions, 75-77 

1 ,4-Silicon migration, Rubottom oxidation, 283 
Silicon-tethered cycloaddition, Tamao-Kumada- 

Silicon-tethered radical cyclization, Tamao- 

Silylation: 

71-77 

Fleming oxidation, 243 

Kumada-Fleming oxidation, 242 

Regitz diazo reactions, 678479 
Tamao-Kumada-Fleming oxidation, 243 

Corey-Bakshi-Shibata (CBS) reduction, 15 
Swern oxidation, 300-301 

Silyloxyoxirane, Rubottom oxidation, 283-284, 

Simoninini reaction, Hunsdiecker reaction, 623 
Single electron transfer (SET) mechanism, Dess- 

Martin periodinane oxidation, 226-228 
SK-Phos ligands, Noyori catalytic asymmetric 

hydrogenation, 54-56 
SN1 reaction: 

Silyl enol ether: 

281 

Burgess dehydrating reagent, 19 1-1 92 
Perkow reaction, 373-375 
Rubottom oxidation, 283-284 

Burgess dehydrating reagent, 192 
Corey-Kim oxidation, 2 10-2 1 1 
Davis oxaziridine reagents, 24 
Gabriel synthesis, 443 
Hunsdiecker reaction, 623 

&2 reaction: 

Krapcho decarboxylation, 636,639 
Martin’s sulfurane dehydrating reagent, 

Perkow reaction, 369 
Ramberg-Backlund reaction, natural products, 

Rubottom oxidation, 283-284 

25 1-252 

400-402 

SNAr reactions, Buchwald-Hartwig amination, 
564 

Sodium borohydride-trifluoroacetic acid 
reduction. See Gribble reduction 

Sodium bromite, Haloform reaction, 61 2-6 14 
(+)-Solamin, Ramberg-Backlund reaction, 40 1 
Solanum genus, Luche reduction, 1 15 
Solid-phase synthesis: 

Cope elimination, 350 
Fukuyama amine synthesis, 430 
Yamada reactions, peptides, 5 15-5 19 

Solvent-free conditions, Eschweiler-Clark 

“Solventless” oxidation, Dess-Martin 

Sommelet reaction: 

reductive alkylation of amines, 88,90 

periodinane oxidation, 229 

basic principles, 689 
2-(4-formylphenyl)-7-methoxy-4H- 1 - 

historical perspective, 689 
mechanism, 689-691 
synthetic utility, 692-694 
variations and improvements, 69 1-692 

(-)-Sparteine, Wacker-Tsuji oxidation, 3 18 
Spiroketal formation: 

Corey-Bakshi-Shibata (CBS) reduction, 15 
Nef reaction, 650 

benzopyran-4-one, 694 

Spirotryprostatin B, Martin’s sulfurane 
dehydrating reagent, 256 

(+)-Spongistatin, Davis oxaziridine reagents, 33 
Staudinger reaction: 

basic principles, I29 
historical perspective, 129 
mechanisms, 129-131 
one-pot transformations: 

amines, 134-135 
monomethylamines, 135-136 
tandem Staudingerlaza-Wittig carbonyl 

reactions, 136 
phosphine oxide removal, 132-134 
synthetic utility, 136-147 

primary amine preparation, 137-142 
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Staudinger reaction (continued) 
tandem intramolecular StaudingerIaza- 

Wittig imine formation, 142-147 
variations and improvements, 13 1-136 

(-)-Stemospironine, tandem intramolecular 

S tereochemistry : 
Staudingedaza-Wittig reaction, 143-147 

alkenes, Shapiro reaction, 405407 
Chugaev elimination, tertiary alcohols, 

Midland reduction, 4 1-42 
Rubottom oxidation, 284-285 

339-340 

Stereodifferentiation, Davis oxaziridine reagents, 

Stereoelectronic effects, Baeyer-Viliger 

Stereoselectivity : 

25-29 

oxidation, 165 

Burgess dehydrating reagent, 189 
Corey-Bakshi-Shibata reduction, 6-1 5 
Davis oxaziridine reagents, 27-29 
Tamao-Kumada-Fleming oxidation, 246 

Luche reduction, 1 19 
Oppenauer oxidation, 265 

Steroid molecules: 

catalytic Oppenauer oxidation variant, 
27 1 

Wharton reaction, 156 
Stien system, Corey-Bakshi-Shibata (CBS) 

reduction, aldol reactions, boron 
complex, 15 

408409 
Stille coupling reactions, Shapiro reaction, 

Stoichiometry, Buchwald-Hartwig amination, 

S-truns Configuration, Staudinger reaction 

Strecker amino acid synthesis: 

trifluoroacetamide, 496 

hydrochloride, 496 

57 5-5 82 

mechanism, 129-130 

(S)-N-allyl-N-(cyano(rn-tolyl)methyl)-2,2,2- 

2-amino-2-(3-chlorophenyl)acetonitrile 

basic principles, 477 
historical perspective, 477 
mechanism, 478 
synthetic utility, 492495 
TMSCN and asymmetric variations, 496 
variations, improvements and modifications, 

Structure activity relationship (SAR), Sharpless 
478492 

asymmetric hydroxylation reactions, 
78-80 

SuArez modification, Hunsdiecker reaction, 625 
Suaveoline, Yamada reactions, 503 
Substrate-directed diastereoselective 

hydroxylation, Davis oxaziridine 
reagents, 29-33 

Substrate-to-catalyst (SIC) ratio, Noyori catalytic 
asymmetric hydrogenation, 4647  

ruthenium complexes, 50-53 
Suicide gene therapy, Yamada reactions, 505 
Sulfamate compounds, Burgess dehydrating 

Sulfamidates, Burgess dehydrating reagent, 

Sulfeneamine, Regitz diazo reactions, 676-677 
Sulfenimines, Davis oxaziridine reagents, 

asymmetric oxidations, 37 
Sulfide oxidation, Davis oxaziridine reagents, 

reagent, 191-192 

198-203 

23-25 
to sulfoxides, 36-37 

Sulfililmines, Martin’s sulfurane dehydrating 

Sulfinate, Michael-induced Ramberg-Backlund 

Sulfinimines, Strecker amino acid synthesis, 

Sulfobactin A, Yamada reactions, 506-507 
Sulfonamide derivatives: 

reagent, 248,250-252 

reaction, 390 

486,493-494 

Corey-Bakshi-Shibata (CBS) reduction, 13-1 5 
Fukuyama amine synthesis, 424 
Sharpless asymmetric hydroxylation reactions, 

75-77 
Sulfones, Regitz diazo reactions, 660-661 
Sulfonium chloride, Corey-Kim oxidation, 

Sulfonylhydrazones, Shapiro reaction, 407-41 0 
Sulfonyl-triflinate, Ramberg-Backlund reaction, 

Sulfoxide products, Davis oxaziridine reagents, 

210-1 1 

394-395 

24 
asymmetric sulfide oxidation to, 36-37 

Sulfoximes, Buchwald-Hartwig amination, 
597-598 

arylation reactions, 599 

oxidation, 2 13 

reagent, 248 

Sulfoxonium intermediates, Corey-Kim 

Sulfuranes, Martin’s sulfurane dehydrating 
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Sulfur dioxide, Ramberg-Backlund reaction, 386 
Sulfur-trioxide-pyridine complex, Swern 

oxidation, 298,303-304 
Super-stoichiometric reaction, Buchwald- 

Hartwig amination, 565 
Supramolecular catalysis, Strecker amino acid 

synthesis, 48 1 
Suzuki cross-coupling reactions: 

Brown hydroboronation reaction, 186-1 87 
Buchwald-Hartwig amination, 573 
Shapiro reaction, 408-409 

basic principles, 29 1 
Dess-Martin periodinane oxidation, 229-230 
4-(2,2-dibromovinyl)-5-[3-(4- 

Swem oxidation: 

methoxybenzy loxy)-propyll-2,2- 
dimethyl-[ 1,3]-dioxolane, 306-307 

historical perspective, 291-292 
mechanisms, 292-293 
synthetic utility, 299-306 
variations, 293-299 

(+)-cis-Sylvaticin, Sharpless asymmetric 

Syn-P-proton transfer, Burgess dehydrating 

Synchronicity, Prilezhaev reaction, 275 
Syn-elimination transitions, Zaitsev elimination, 

hydroxylation reactions, 78-80 

reagent, 190-1 92 

416 

(-)-Talaromycin A, Tamao-Kumada-Fleming 

Tamao conditions, Tamao-Kumada-Fleming 

Tamao-Kumada-Fleming oxidation: 
basic principles, 237 
historical perspective, 237-238 
(2-hydroxylmethyl-6-vinyl- 1 -azaspiro[4.5] 

dec- 1 -yl)-phenylmethanone, 246 
mechanism, 238-239 
synthetic utility, 24G246 
variations and improvements, 239-240 

oxidation, 243 

oxidation, 238 

Tamiflu" (oseltamivir), Corey-Bakshi-Shibata 

Tamoxifen, Balz-Schiemann reaction, 555 
Tandem reactions: 

Buchwald-Hartwig amination, 603-604 
Chugaev elimination: 

Claisen rearrangement-ene reaction, 

reduction, 13-1 6 

338-339 

intramolecular ene reaction, 340-34 1 
Diels-Alder Ramberg Backland reaction, 

Krapcho decarboxylation, 637 
Staudingerha-Wittig reaction: 

389-391 

basic principles, 129 
carbonyl one-pot transformation, 136 
imines, 142-147 
one-pot monomethylamine transformation, 

135-1 36 
Tamao-Kumada-Fleming oxidation, 

nitroalkene cycloaddition, 244 
TangPhos ligand, Noyori catalytic asymmetric 

hydrogenation, 58 
TaniaPhos ligand, Noyori catalytic asymmetric 

hydrogenation, 54-56 
Tautomeric structures: 

Balz-Schiemann reaction, 553 
Corey-Kim oxidation, dicarbonyls, 2 13-2 14 
Nef reaction, 646-647 

Cope elimination reaction, 345 
Nef reaction, 649 
Shapiro reaction, 41 1 4 1 2  
triene, Swern oxidation, 295 

Davis oxaziridine reagents, substrate-directed 

Luche reduction, regioselectivity, 11 3-1 14 
Shapiro reaction, 4 1 1-4 12 

Taxane: 

Taxol: 

diastereoselective hydroxylation, 30-33 

(-)-Taxol, Corey-Winter olefin synthesis, 

Taxusin, Martin's sulfurane dehydrating reagent, 

t-Bu-Bisp derivatives, Noyori catalytic 
asymmetric hydrogenation, 58 

t-Bu-MiniPhos derivatives, Noyori catalytic 
asymmetric hydrogenation, 58 

Terpenoid chemistry: 
catalytic Oppenauer oxidation, 27 1 
Wharton reaction, 156-157 

3 57-3 58 

258-259 

Tert-butyl hypoiodide, Hunsdiecker reaction, 

Testosterone: 
625-626 

Corey-Kim oxidation, 208-209 
Oppenauer oxidation, 268-269 

Tethered aminohydroxylation (TA), Sharpless 
asymmetric hydroxylation reactions, 
79-80 
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Tetrachlorvinphos, Perkow reaction, 38 1 
Tetra-coordinate organosilicaon compounds, 

Tamao-Kumada-Fleming oxidation, 237 
Tetradecatetraene, Sharpless asymmetric 

hydroxylation reactions, 78-80 
Tetraethylammonium bromide (TEAB), Dess- 

Martin periodinane oxidation, 230-235 
Tetrahedral sulfinium intermediate, Swern 

oxidation, 305 
Tetrahydrofuran, Staudinger reaction, 148 
Tetrahydroisoquinoline, Gribble reduction of aryl 

ketones and alcohols to, 106-107 
(&)-(2a,3a,5a)- 1 -(Tetrahydro-2-methy1-5- 

phenethylfuran3yl)ethanone, Prins 
reaction, 657 

Tetrahydrothiopene, Davis oxaziridine reagents, 
asymmetric oxidations, 37 

Tetralone: 
Gribble reduction, 96 
Regitz diazo reactions, 662-669 

Tetra-substituted enamides, Noyori catalytic 
asymmetric hydrogenation, 58 

Theonellamide F, Yamada reactions, 533-539 
Thermal decarboxylation, Krapcho 

decarboxylation, 636 
Thermal decomposition, Balz-Schiemann 

reaction, 552 
Thermal instability, Dess-Martin periodinarre 

oxidation, quinones, 234-235 
Thermodynamics, Chugaev elimination, 

secondary alcohols, 336-339 
Thermolysis, Balz-Schiemann reaction, 552 
Thermo-oxidative instability, Wacker-Tsuji 

1,2,3-Thiadiazoles, Regitz diazo reactions, 685 
Thiazoline, Burgess dehydrating reagent, 

Thienopyrimidines, Yamada reactions, 504 
Thiiranes: 

oxidation, 320-321 

193-195 

Davis oxaziridine reagents, 24 
Ramberg-Backlund reaction, dioxide 

intermediate, 386-387 
Thioamides, Fukuyama amine synthesis, 434 
Thioanthrone, Regitz diazo reactions, 659 
Thioesters, Yamada reactions, 501 
Thioethers, Fukuyama amine synthesis, 427 
Thiohydroxamate esters, Hunsdiecker reaction, 

Thionocarbonates, Corey-Winter olefin 
626 

synthesis: 
historical perspective, 354-355 
mechanisms, 3 55-3 56 
suspension, 361 
synthetic utility, 358-360 
variations and improvements, 356-357 

Thionocarbonyldiimidazole, Corey-Winter ole fin 

Thiophosgene, Corey-Winter olefin synthesis, 

Thiostrepton, Zaitsev elimination, 419 
Three-component coupling reaction, Strecker 

amino acid synthesis, 477-478 
Threonine residue, Burgess dehydrating reagent, 

193 
Thrombin inhibitors, Yamada reactions, 523-525 
Ti-enolate, Regitz diazo reactions, 676 
Tilivalline, Yamada reactions, 509 
Tin-palygorskite, Baeyer-Viliger oxidation, 172 
TMEDA, Sharpless asymmetric hydroxylation 

Toluene, Burgess dehydrating reagent, 205 
(R)-Tomoxetine, attention-deficit hyperactivity 

disorder, Corey-Bakshi-Shibata (CBS) 
reduction, 1 7 4  8 

synthesis, 355 

359 

reactions, 79-80 

Tosyl azide, Regitz diazo reactions, 659 
1,3-diketones, 6 7 M 7 3  
diphenylphosphoro ester azide, 665 
phosphono compounds, 66 1-662 
triphase transfer system, 67 1-673 

Tosyl-hydrazones, Dess-Martin periodinane 

Total synthesis reactions, Fukuyama amine 

T-Phos ligands, Noyori catalytic asymmetric 

Transannular addition, Regitz diazo reactions, 

Trans-antipenplanar state, Zaitsev elimination, 

Duns-imines, Mukaiyama esterification, 

Transition metal structures, Ritter reaction, 

Transition-state structures: 

oxidation, 235 

synthesis, 429430 

hydrogenation, 54-56 

683 

415 

468469 

473-474 

borane, Corey-Bakshi-Shibata reduction, 5-6 
Corey-Bakshi-Shibata (CBS) reduction, 

Davis oxaziridine reagents, substrate-directed 
modifications and improvements, 7-1 5 
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diastereoselective hydroxylation, 29-33 

rationalization, 41-42 

amination, 566567 

Midland reduction, stereochemical 

Transmetallation event, Buchwald-Hartwig 

Trans orientation, Zaitsev elimination, 41 5 
Triarylmethanols, Gribble reduction, 93-95 
Triarylmethyl chlorides, Gribble reduction of 

Triazenes, Balz-Schiemann reaction, 555 
Triazole, Regitz diazo reactions, 661-662 
1,2,3-Triazoles, Regitz diazo reactions, 68&685 
Triazolopyridine, Regitz diazo reactions, 685 
1L-( 1,4/5)-3,4,5-tri-O-benql- 1 -([(tert- 

aryl ketones and, 99 

butyl)diphenylsilyloxy]methyl)cyclopent- 
2-ene-3,4,5-triol, Cope elimination 
reaction, 352 

Tricalix[S]arene, Gribble reduction of aryl 
ketones an4 99-107 

2,4,6-Trichlorobenzoyl chloride, Yamaguchi 
esterification, 545 

2,4,6-Trichloro[ 1,3,5]triazine, Swern oxidation, 
296 

Tricyclic a-keto ester, Regitz diazo reactions, 
686 

Tricyclic thiepindoxepins, Gribble reduction, 
100-101 

Tricyclodecanone, Regitz diazo reactions, 666 
(-)-TricycloillicinoneI, Davis oxaziridine 

reagents, enantioselective oxidation, 
35-36 

Triethylphosphite (TEP), Perkow reaction, 
370-375 

Triflimide, Corey-Bakshi-Shibata reduction, 
Diels-Alder reaction, 12-1 6 

Triflinate, Ramberg-Backlund reaction, 3 88-389 

Trifluoroacetamide protecting group, Fukuyama 

1,l,l-Trifluoro-2-ethoxy-2,3-epoxy-5- 

Trifluoromethanesulfinate. See Triflinate 
a-Trifluoromethylated synthesis, Perkow 

reaction, 379 
(9-a-Trifluoromethylisoserine, Burgess 

dehydrating reagent, 200-203 
Triisopropylphenylsulfonyl azide (TPPSA), 

Regitz diazo reactions, 662-667 
(+)-o-Trimethylbrazilin, Davis oxaziridine 

Henderson modification, 394-395 

amine synthesis, 426-427 

phenylpentane, Prilezhaev reaction, 280 

reagents, enantioselective oxidation, 
34-36 

Trimethylphosphite (TMP), Perkow reaction, 
370-375 

Trimethylsilyl cyanide (TMSCN), Strecker 
amino acid synthesis, 4 7 9 4 3  1,496 

Trimethylsilyl enol ethers, Rubottom oxidation, 
282 

Tripeptide 220, Yamada reactions, 532 
Triphase transfer system, Regitz diazo reactions, 

Triphenylmethanes, Gribble reduction and 

Triphenylphosphine resin, Staudinger reaction, 

Tripolyphosphate (TPP), Perkin reaction, 

Triptocallol, Tamao-Kumada-Fleming oxidation, 

Triptoquinones, Tamao-Kumada-Fleming 

Tris-heterocycle structures, Gribble reduction 

Tris(trimethylsilyl)phosphites, Perkow reaction, 

Trisyl azide quench, Staudinger reaction, 

Triterpenes, double Perkow reaction, 379-380 
Tryptamine derivative, Swern oxidation, 30 1 
'Tsuji oxidation, historical perspective, 309 
Turnover frequency (TOF), Noyori catalytic 

asymmetric hydrogenation, 46-47 
Turnover number (TON), Noyori catalytic 

asymmetric hydrogenation, 46-47 
Tyrosine kinase inhibitors, Yamada reactions, 

67 1-673 

deoxygenation, 105 

133 

365-366 

242 

oxidation, 242 

and deoxygenation, 106 

372 

139-142 

537-5 3 8 

Ugi reaction: 
Buchwald-Hartwig amination, 60 1 
Strecker amino acid synthesis, 483 

Ultrasound, Strecker amino acid synthesis, 48 I 
Ultraviolet spectrum, Oppenauer oxidation, 

Unimolecular ionization, Zaitsev elimination, 

a$-Unsaturated aldehydes, Luche reduction, 

a$-Unsaturated carbonyls, Noyori catalytic 

266 

415 

112 

asymmetric hydrogenation, 59-60 



752 Subject Index 

a,P-Unsaturated ketones, Regitz diazo reactions, 

Unsaturated alcohols, Noyori catalytic 
asymmetric hydrogenation, 60 

Unsaturated dihydride mechanism, Noyori 
catalytic asymmetric hydrogenation, 48 

Unsaturated monohydride mechanism, Noyori 
catalytic asymmetric hydrogenation, 
50-53 

elimination reaction, 347-348 

675-676 

Unsymmetrical hydroxylamines, Cope 

Upenamide, Midland reduction, 44 
Ureas: 

Burgess dehydrating reagent, 195-1 96 
Dess-Martin periodinane oxidation, 227-228, 

234-235 
Urethane formation: 

Burgess dehydrating reagent, 20 1-203 
Dess-Martin periodinane oxidation, 234-235 

Valienamine, Martin’s sulfurane dehydrating 
reagent, 260 

L-Valine methyl ester, borane reduction, 
historical evolution of, 3 

Valineserine, Burgess dehydrating reagent, 195 
S-Valinol: 

Corey-Bakshi-Shibata reduction, 13-1 5 
reduction reactions, 3 

reaction, 388 

429-430 

Vedejs modification, Ramberg-Backlund 

Vinblastine, Fukuyama amine synthesis, 

Vindoline, Fukuyama amine synthesis, 430 
Vinyl anions, Wharton reaction, 153-1 54 
Vinyllithium, Shapiro reaction, 405,407 
Vinylogous Ramberg Backland reaction, 389 
Vinyl phosphates, Perkow reaction, 369, 

Vinyl phosphinates, Perkow reaction, 372-375 
Vinyl phosphites, Perkow reaction, 375 
1 8-oxo-3-Virgene, Wacker-Tsuji oxidation, 

Vitamin A analogs, Oppenauer oxidation, 

Vitamin B 12 derivative, Yamada reactions, 5 15, 

372-375 

32 1-322 

268-269 

54 1 

Wacker-Tsuji oxidation: 
anti-Markovnikov products, 3 11-314 

basic principles, 309 
ethyl( 1 R*,5SC)-3-ethyl-9-oxobutyl-3- 

azabicyclo[3.3.l]nonane-l-carboxylate, 
325 

historical perspective, 309 
mechanism, 309-3 1 1 
synthetic utility, 318-324 

natural products, 32 1-324 
variations and improvements, 3 1 1 
Wacker-type oxidation, 3 14-3 18 

Wacker-type oxidation, Wacker-Tsuji oxidation, 

Wagner-Meerwin rearrangment: 
314-318 

Burgess dehydrating reagent, 19 1-1 92 
Leuckart-Wallach reaction, 453 

Welwitindolinone A isonitrile, Martin’s sulfurane 
dehydrating reagent, 253-256 

Westiellamide, Burgess dehydrating reagent, 

Wharton reaction: 
192-203 

basic principles, 152 
historical perspective, 152 
6-hydroxy- 1O-triethylsilyloxy-l- 

mechanisms, 152-1 53 
synthetic utility, 155-157 
variations and improvements, 153-1 55 

oxaspiro[4,5]dec-7-en-2-one, 157-1 58 

(-)-Wine lactone, Krapcho decarboxylation, 642 
Wittig-Homer reaction, Luche reduction, 1 16 
Wittig-type olefination, Corey-Winter olefin 

Wolff rearrangement, Regitz diazo reactions, 

Wollf-Kishner reduction, Wharton reaction 

Woodward cis-dihydroxylation: 

synthesis, 359 

674,679-682 

comparison, 152-1 53 

basic principles, 327 
dl-anti-tmns-4,4a,4b,5,8,8a-Hexahydro- 1,8a- 

dimethy1-6P-7P-dihydroxy-Z(3H)- 
phenanthrone, 33 1-332 

historical perspectives, 327-328 
mechanism, 328 
synthetic utility, 330-332 
variations and improvements, 329-330 

Xanthates, Chugaev elimination, 334-335 

Xantphos ligands, Buchwald-Hartwig amination, 
secondary alcohols, 336-339 

572-573,577-582,600,603404 
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XPhos ligands, Buchwald-Hartwig amination, 
57 8-5 82 

applications, 589-592 
aromatic heterocycles, 587-588 

Buchwald-Hartwig amination, 565,600 
Corey-Bakshi-Shibata reduction, 4 

complexation modes, 12-1 3 
Davis oxaziridine reagents, substrate-directed 

Gabriel synthesis, 445 
Perkow reaction, agrochemicals, 38 1-383 
Sharpless asymmetric hydroxylation reactions, 

Staudinger reaction mechanism, 129-130 
Swern oxidation, 295-296 

Yamada reactions, peptides, 5 18-5 19 

X-ray analysis: 

diastereoselective hydroxylation, 30-33 

79-80 

electrophilic chlorine, 301 

Xy 1NAc-Isofagomine, Corey-Bakshi-Shibata 
(CBS) reduction, 17-1 8 

XylBINAP-Ru complex, Noyori catalytic 
asymmetric hydrogenation, 6 1-62 

Yamada reactions: 
basic principles, 500 
dolastatin 18, 540-541 
historical perspective, 500 
methyl(ZS)-N-(2- 

aminopyrazidinecarbonyl)pyrrolidine-2- 
carboxylate, 540 

synthetic utility, 502-539 
amides, 502-5 15 
antibiotics, 5 19-520 
anticancer agents, 520-522 
antifungal agents, 529-530 
antitumor agents, 522-523 
cytotoxic depsipeptides, 525-526 
folk acid analogues, 531-539 

peptides, 5 15-5 19 
renin inhibitors, 527-529 
thrombin inhibitors, 523-525 

variations and improvements, 500-502 
vitamin B,2  derivative, 541 

Yamaguchi esterification: 
basic principles, 545 
historical perspective, 545 
mechanism, 545-546 
4-methyl-hex-2-enedioic acid,6-[4-iodo-2- 

methyl- 1 -(2-m35hyl-[ 1 ,3]dioxolan-2-y1- 
methyl)-pent-3-enyl]ester- 1 -methyl ester, 
550 

synthetic utility, 549 
variations and improvements, 546-549 

Ylilde intermediate, Corey-Winter olefin 

Yonemitsu-Yamaguchi procedure, 547 
synthesis, 355 

Zaitsev elimination: 
basic principles, 4 14 
3,3-dimethylcyclobut- 1 -ene, 420 
historical perspective, 4 14 
mechanisms, 4 15-41 7 
synthetic utility, 4 18-420 

dehydrohalogenation, acyclic halides, 4 1 8 
natural products, 419420 
strained nng systems, 41 8 

variations and improvements, 417-418 
Zaragozic acids, Wacker-Tsuji oxidation, 

Zinc reducing agents, Luche reduction, 120 
Ziprasidone, Krapcho decarboxylation, 642-643 
Zirconium-salen complexes, Baeyer-Viliger 

Zwitterionic intermediate, Perkow reaction, 

3 17-3 18 

oxidation, 170-172 

369-370 




