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Dedicated to Wayland E. Nolan in honour of his 70th birthday

Foreword

Best Synthetic Methods is now 10 years old, is a family of 16 volumes and has
been well received by the majorily of chemists as @ valuable aid in Uheir
synthetic endeavours, be they academic or commercial. The focus of the series
so far has been on special methods, reagents or techniques. This volume is the
first of a new sub-serics with a focus on heterocycles and their synthesis. Tt is
amazing the extent to which each helerocyclic type has its own specialized
synthetic methodology. Whether the chemust is endeavouring to make a
heterocyele by ring synthesis or wishes to introduce specific substituents, it is
the intention that this new development will serve their needs in a practical,
authoritative, fully illustrative and compact manner. Richard Sundberg is an
authority on indole chemistry and it 1s a pleasure 1o have such a noted
heterocyelist to initiate this venture.

OM.-C.

vii



Preface

Synthesis of indole derivatives has been an active field of chemical research for
well over a century. Synthetic interest has been driven by the wide range of
indole derivatives which occur in nature and by the biological activity of many
indole derivatives of both natural and synthetic origin. In this volume 1 have
attempted to illustrate the most widely used of these synthetic methods. The
underlying orgamzation is on the basis of the retrosynthetic concept of
identifying the bond(s) which are formed in the process. The chapters pertain-
ing to ring construction (1-8) and substitutions {9-14) are focused on
particular ring positions. The final two chapters consider indole-specific
oxidation—reduction reactions and cyvcloaddition processes,

Even after 30 years of research activity in the field, my personal experience
encompasses only a fraction of the methodologies included in the book. I have
selected the methods and examples on the basis of utility and reliability as
judged by frequency of application in the literature or by indications that
specific procedures are especially convenient. I will welcome comments [rom
chemists whose experience, good or bad. will help in recognizing the best of
the many methods that are available,

Richard I. Sundberg
Charlottesville
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Introduction

The synthesis and reactivity of indole derivatives has been u topic of research
interest for well over a century. The first preparation of indole dates from 1866
and the Fischer indole synthesis, which remains the most versatile method for
preparing indoles, was first reported in 1883[1]. The principal commercial
source of indole is extraction from coal tar, although the feasibility of industrial
synthesis from starting materials such as aniline and ethylene glycol[2].
N-cthylaniline[3] or 2-ethylaniline[4] has Leen demonstrated. Reports of
several thousand individual indole derivatives appear annually in the chemical
literature. The primary reason for this sustained interest is the wide range of
biological activity found among indoles[5]. The indole ring appears in the
amino acid tryptophan and metabolites of tryptophan arc important in the
biological chemistry of both plants and animals. Indole-3-acetic acid is & plant
growth hormone[6] and 3-(2-aminoetliyl)-5-hydroxyindole (serotonin) is one
of the key neurotransmitters in animals[7]. Searches for specific agonists and
antagonists of the receptors for these and other indole metubolites has been an
active pursuit of pharmaceutical chemistry for nearly 50 years. The indole ring
also appears in many natural products such as the indole alkaloids[8], fungal
metabolites[9] and marine natural products[10].

Among the indole derivatives which have found use as drugs are indo-
methaein, one of the first non-steroidal anti-inflammatory agents[11], suma-
triptan, which is used in the treatment of migraine headaches[12] and
pindolol[13], one of the f-adrenergic blockers.

CH30 CHzCOH o
CH OCHZCHCHZNHE
N 3 CHaNHS0CHS CHaCHaNHz 2 2NHCICHa):
0 R @E}
H A
indomethacn O sumatriplan oirdalal

(1.1)
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Severul of the naturally occurring indoles also have clinical importance. The
dimeric vinca alkaloid vincristine and closely related compounds were among
the first of the anti-mitotic class of chemotherapentic agents for cancer[ 14].
The mitomycins[15] and derivatives of cllipticine[16] are other cxamples of
compounds having anti-tumour activity. Reserpine, while not now a major
drug, was one of the first compounds to show beneficial effects in trearment of
menial disorders[17]

" OCH;
N 020 OCH3
1
H F
CH30,C  OCH3 OCHg
vingristing reserpine (12
o]
i
O GHaOCNH2 CH3
W os i agal
CH3 N__LNH N
o M
milomycin G ellipticing

Indole is classified as a m-excessive aromatic compound, It is isoclectronic
with naphthalene, with the heterocyelic nitrogen atom donating two of the ten
n-clectrons.

. . b (1.3)

The aromaticity of the ring is fundamental to the success of many synthetic
methods. Most estimates of aromaticity ascribe a stabilizalion energy which is
slightly less than naphthalene[ 18], Most indole-forming reactions hegin with
materials which incorporate a henzene ring, and the additional stabilization
resulting from the formation of the fused pyrrole ring provides a driving foree
for indole ring formation. The most fundamental properties of the indole ring
are fully consistent with the expectation for such a heteroaromatic structure,
Like pyrrole, indole is a very weak base; the conjugate acid is estimated to have

1 INTRODUCTTION 3

a pK, = —24[19] becausc aromaticity is compromiscd hy protonation at
nitrogen. Instcad, protonation occurs at C3. Indole itsell and some of its simple
derivatives are quite reactive toward strong acids as a resull. As an electron-
rich heleroaromatic, indole has a relatively high-energy HOMO and 15 subject
to oxidative processes, including photosensitized electron transfer. Many
indoles are readily oxidized by exposure to atmospheric oxygen, with the initial
product being a 3-hydroperoxy-3H-indole.

P, 9y
@ — (1.4)
N N

From the perspective of lahoratory practice, the sensitivity of many indoles
to acids, oxygen and light preseribes the vse of an inert armosphere for most
reactions involving indoles and the avoidance of storage with exposure to ight,
This sensitivity is greatly attenuated by electron-withdrawing (EW) substitu-
ents,

Many synthetic methods have been developed for addition or modification
of substituents on the indole ring. Electrophilic substitution occurs preferen-
tially at €3, a result which is explicable in terms of the contribution of
resonance structure 1L.3B, and is also consistent with various M.O. caleulations
which find the highest electron density and highest concentration of the
HOMO at C3{207. The C3 position is estimated to be 10'* more reactive than
is benzene to electrophilic attack[21]. The C2 position is the sccond most
redctive site toward clectrophiles, but the most reliable means of achieving
selective C2 substitution 1s by heteroatom-directed lithiation. The indole NH
is weakly acidic, pK = 16.7 in water[19] and pK = 20.9 in DMSO[22], and
the most nuclcophilic site in the anion is NI. Selective NI substitution
therefore usually involves base-catalysed processes, including alkylation, acyl-
ation and conjugate addition. Regioselective substitution of the carbocyelic
ring is problematic. The inherent selectivity is not high and so is strongly
influenced by the specific substitution pattern. Usually, regiospecific substitu-
tion requires the prior synthesis of a functionalized intermediate. For example.
the halo indoles are useful intermediates for introduction of carhocyche
substituents.

As is broadly true for aromatic compounds. the a- or benzylic position of
alkyl substituents exhibits special reactivity. This includes susceptibility to
radical reactions, because of the stabilization provided the radical intermedi-
ates. In indole derivatives, the reactivity of a-substituents towards nucleophilic
substitution is greatly enhanced by participation of the indole nitrogen. This
effect is strongest at C3, but is also present at C2 and to some extent in the
carbocyclic ring. The elfect is enhanced by N-deprotonation.
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CH;
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This reactivity pattern underlies a group of imporiant synthetic methods in
which an a-substituent is displaced by a nucleophile by an climination-
addition mechanism. Lven substituents which are normally poor leaving
groups, such as alkoxy and dialkylamino, are readily displaced in the indole
serics.

The material in the succeeding chapters describes both the synthesis of the
indole ring and means of substituent modification which are especially import-
ant in indole chemistry. The first seven chapters describe the preparation of
indoles from benzenoid precursors. Chapter 8 deseribes preparation of indoles
from pyrroles by annelation reactions. These syntheses can be categorized by
using the concept of bond disconnection to specily the bond(s) formed in the
synthesis, The categories are indicated by the number and identity of the
hond(s) formed. This classification is given in Scheme 1.1.

Chapters 9. 10 and 11 describe methods for substitution dircetly on the ring
with successive attention to N1, C2 and C3. Chapters 12 and 13 are devoted
to substituent modification as C3. Chapter 12 is a general discussion of these
methods. while Chapter 13 covers the important special cases of the synthesis
of 2-aminoethyl (tryptamine) and 2-aminopropanoic acid (tryptophan) side-
chains. Chapter 14 deals with methods for effecting carbocyelic substitution
Chapter 15 describes synthetically important oxidation and reduction reactions
which are characteristic of indoles. Chapter 16 illustrates methods for elabor-
ation of indoles via eycloaddition reactions.

As for the other volumes in this series. examples of synthetic procedures have
been given. These have been chosen to indicate the basie operations invalved

INTRODUCTION 5
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SCHEME 1.1

in the individual syntheses. The procedures have been adapted from the
published procedures for a succinet style of presentation. The original reference
should be consulted lor details which may not have been included.

There are a number of other sources of information available about the
synthesis of indoles. The most comprehensive entrée to the older literature is
through Volume 25, Parts [-111, of The Chemistry of Heterocyelic Compounds,
which were published between 1972 and 1979[23]. Work to the early 1980s is
reviewed in Comprehensive Heteroeyelic Chemistry[24] und a second edition s
forthcoming[25]. Other reviews emphasizing recent developments are also
available[ 26-28].

References

I WO, Sumpter and M. Miller, Chem Hereroevel, Cpds, 8, 1 (1954).

I T Ueno. T. Honda. 1. Finbo and M, Kotani. Jpn. Kokai Tokkyo Koha 62 22,758, Chem. Absir
106, 176 165 (1987},

30 H. Sato and M. Tsuzuki, Jpn. Kokai Tokkyn Koho 63, 196, 562 Chem. dbse 110, 23 734
(1983).

4 M. Tsuzuki and 1. Sato, Jpw, Kekal Tokkyve Koho 01, 199, 943 Chem. Abste, 112, 35 681
{1930



[ Y

=

11

12
13
14.
15,
16,
17
1%,

25.
26.

28,

L VP Tewari and A K. Srivasta, fedion J. Chem., Sect. A 26A, 449 (1987

1 INTRODUCTION

K. C. Joshi and P. Chand, Pharmazie 37, 1 (1982).

E. A Schneider and F. Wrightman, Phyvtoharm. Related Compds., Compr. Teeatise 1. 29 {1978,
NN Oshorne (ed ), Bivlogy of Serotonergic Transmission, John Wiley, Chichester, UK, 1982
1. W. Southon and ). Buckingham, Dictionary of Alkaloids, Chapman and Hall, London, 1959
1. E. Saxton jed ), Chem. Herwroeyel Cmpds. 25, Suppl-1V [1994),

V. Betina, Der. Food. Sei 8 415 (1984)

C. Christophersen, The Alkaloids 24, 25 (1985). Marine Nat. Prod., Chew, ol Perspect. 5, 391
(1983)

T. Y. Shen and (7. A. Winter, Adv. Drug Res. 12, §9 (1977),

W. Feniuk and P, P. A. Humphrcy, Drug Der. Res, 260 235 (19920

W. H. Frishman, New Fnglond J. Med. 308, 940 (1983),

A Brossi and M Suffness (eds). The Alkaloids 37, 1 (1990).

W. A Remers and R.T. Dorr. Alkaloids: Chem. Biol. Pe ol 6. 1 (1988),

G W. Gribble, The Afkaloids 39, 239 (1990); E. Bisagni, Actual Chim. Ther 17,33 (1990).

T Schlittler, The Atkaloids 8 287 (1963),

B. A Hess. Jr, L. ) Schaad and C. W. Holvoke, Ir, Terrahedron 28, 3657 (197210 A, R
Katritzky, V. Feygelman, G. Musuamarra, P. Barczynski and M. Szalran, J. Prake. Chem.
332, 870 01990); C. W, Bird, Terrahedron 48, 335 (19592).

M. Balon, M. C. Carmona, M. A, Munoz and J. Hidalgo, Terrahedron 45, 7301 (1959)

C. Carmcona, 1.
Hidalgo, E. §. Marcos, R R Pappalardo, M. Muncz and M. Balon, J. Chem. Soc. Perkin
Trans. 2 1881 (19901,

. AP Laws and R. Taylor, J. Chem. Soc., Perkin Trams. 2 591 (1987}
. F. G Bordwell, X, Zhang and J-P. Cheng. J. Org, Chem, 56, 3216 (1991
. W. ). Houlihan ied.), Chem. Heteroerol, Cmpds 25-1, 2510, 25-111, Jokn Wiley & Sons, New

York.

C. W, Bird and G. W. H. Cheeseman {eds), Compr. Heterocpel. Chenr, Vol 4 Perzamon Press,

1984,

Compr. Heterocyel Chem., Szcond Ed., fortheomimg.

M. A, Yurovskava, Chem. Hetervoyel, Copas, Engl. Transl. 23, 913 (1487
U, Piadur and R, Adam, J Hewerooyel Chem. 25, 1 (1985),

G, W Gribble, Comtemp. Oy, Chem 1,145 (1994,

-2

Category la Cyclizations

Category la cyclizations involve formation of the N-C2 bond from a
preformed intermediate which contains all the necessary atoms to construct the
indole framework. One group of these eyclizations proceeds by addition
elimination at a carbonyl or imine group, as represented in retrosynthetic path
a, Scheme 2.1, The starting materials are often aromatic nitro compounds, with
the cyclization taking place following reductive conversion to a nucleophilic
amino group. The carbonyl or imine double bond may be present in the
starting malterial, but it can also be introduced during the synthetic process.
Retrosynthetic path b involves activation of an acetylene bond to nucleophilic
addition of the endo-dig type. Metal ions, especially Pd*™, are effective
catalysts, with the Pd** being removed after cyclization by protonolysis.
Retrosynthetic path ¢ corresponds to reaction between an electrophilic nitro-
gen species and an adjacent double bond. This pattern is realized synthetically
by reductive conversion of o-nitrostyrenes to indoles.

i
NH X2 N

SCHEME 2.1

2.1 INDOLES FROM [-DIALKYLAMINO-o-NITROSTYRENES.
THE LEIMGRUBER-BATCHO SYNTHESIS

The Leimgruber Balcho synihesis is a (wo-step method which provides
indoles that are substituted only in the benzene ring, The method was initially
disclosed in o patent[1] and a representative procedure is available in Organic
Syntheses[2]. A review of the reaction is available[3]. The reaction involves
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condensation of an e-nitrotoluene with N N-dimethylformamide dimethyl-
acetal In its first version the reaction was driven to completion by distillation
of methanol. An improvement which has been widely adopted is to nclude
pyrrolidine in the reaction mixture. Under these conditions the reaction s
acceleratcd and the pyrrolidine is exchanged into the enamine product[4].
tris-Piperidinomethane is an alternative reagent which may be advaniageous if
the condensation with DMF dimethylacetal is sluggish[5]. The reaction
depends on the nitro group both to acidify the methyl group and to stabilize
the enamine product. The reaction is very versatile with respect to the range
of earboeyclic substituents that can be used.

GHa . CHa  RN'-CHOR CHZCHNR
. _ A
N NOg NOg
o NR2
L O v
NOz ;
4

The second step of the synthesis involves reduetive eychzanon. A number of
reducing agents have been used, the choice, at least in part, being dictated by
the nature of the carbocyche substituents. The reductive cyclizalion s usually
done with hydrogen over a palladium catalyst or with Raney nickel and
hydrazine. Not much is known about the exact sequence of the reduction but
it is possible to obtain N-hydroxyindoles by choice of an appropriate reagent,
Zine-NH,C1 is the preferred reductant for this purpose[6]. Use of TiCl, as
reductant gives a mixture of the indele and N-hydroxyindole[7]. These results
suggest that the cyclization can take place at the hydroxylamine reduction
level. Table 2.1 gives some representative examples.

Procedures
7-Methoxyindole(8]
A. Condensation step

A solution of 2-nitro-3-methoxytoluene (5 g, 30 mmol). DMF dimethylacetal
(4.25ml, 32mmol} and pyrrolidine (2.5ml, 30mmol) in DMF (50 ml) was
stirred and heated at 130 C under nitrogen for 3h, The solvent was removed
in vacuo and the residue dissolved in isopropyl alcohol (50 ml). The enamine
intermediate (3,98 g, 54%) was obtained as orange crystals.

B. Reductive cyclization

A mixture of 3-methoxy-2-nitro-p-pyrrolidinostyrene (10g. 40 mmol) and
Runey nickel {25 g) in methanol-THF (40 ml of each) was heated 1o 60 C and,

Table 2.1
Indoles prepared by the Leimgruber Batcho method

Ref.

Yield (%4)

Reductant

Reagent

Substituents

Entry
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with stirring. hydrazine hydrate (4 ml in 30 ml of THF) was added over 60 min.
The reaction mixture was then cooled to room temperature and filtered
through Celite. The filtrate was concentrated in vacuo and the residue purified
by chromatography through silica gel vsing 10% ether in hexane for elution.
The fractions containing product were combined and evaporated to give the
product as a clear oil (294 g, 50%).

4-Benzyloxyindole[S]
A. Condensation step

tris-Piperidinomethane (9.20g, 34.7mmol) and 2-beneylony-6-nilrotoluens
(5.62g 23.1 mmol) were fused together under aspirator vacuum at 110°C and
stirred for 6 h. The reaction mixture was cooled and abs. methanol (100 m)
was added. The bright-red product (7.31 g, 93%) crystallized and was collected
hy filtration.

B. Reductive cyclization

2-Benzyloxy-6-nitro-[-piperidinostyrene (5.00¢g, 14.8 mmol) was added to a
suspension of nickel boride in absolute ethanol which had been prepared from
nickel acetate (15 mmol). The reaction mixture was heated to reflux. Hydrazine
hydrate (1.5 g, 30 mmol) in abs. ethanol (25 ml) was added over a period of
15min, during which vigorous gas evolution occurred. After cooling, the
reaction mixture was filtered through Celite. [CAUTION: Raney nickel can
ignite during filtration.] The filtrate was concentrated and the product purified
by fash chromatography through silica gel using 1:1 toluene—cyvelohexane for
elution. The product {298 g, 90%) was obtained as a white sold.
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2.2 INDOLES FROM o,(-DINITROSTYRENES

A two-step synthesis of indoles from o-nitrobenzaldehydes proceeds by conden-
sation with nitromethane followed by reductive cyclization. Like the Leim-
gruber Batcho method, the principal application of the reaction is to indoles
with only carbocyclic substituents. The formation of the o f-dinitrostyrencs is
usually dove under classical Henry condensation conditions but KF/18-
crown-6 in propanol was found to be an advantageous reaction medium for
acetoxy-substituted compounds[1]. The o,f-dinitrostyrenes can also be ob-
tained by nitration of fi-nitrostyrenes[2].

Ch=0
(jl: +  CHaND:
NOz
@/‘Q_’NO&

Several different reducing agents have been used in the reductive eyclization.
Iron powder is the traditional choice bur the work-up of such reactions is
somelimes complicated by iron-containing precipitates. A procedure involving
iron powder with a slurry with silica has been recommended[2]. Transfer
hydrogenation using Pd/C and ammonium lormate is also a convenient
method for reduction[ 3]. There is little definitive evidence of the mechanism of
the reductive cyclization of o,p-dinitrostyrenes, Certain reduction conditions
lead to other products. For example, NaBH, leads to the reduction of only the
styrene double bond[4] and formation of e-nitrophenylacetoximes has been
observed occasionally[5]. Table 2.2 gives some typical procedures.

base
\ WN% [H] m 2.2)
/ NOz )

HNOy H

Procedures

5-Chloro-2,fi-dinitrostyrene(é]

3-Chloro-2-nitrobenzaldchyde (1229 g) and nitromethane (40.4 g) were dissol-
ved in methanol (132 mi) and cooled to 10-15°C. A solution of NaOH (278 g)
in waler (67 ml) was added at such a rate that the temperature was maintained
below 15°C by ice-bath cooling. The solution was kept in the ice bath for 2h
and the resulting mass was slurpied with 700 ml of ice and water. The resulting



12 2 CATEGORY la CYCLIZATIONS

Table 2.2
Reductive cyclization of o.f-dimtrostyrenes
Entry  Substituents Reductant vield (%)  Rel
1 4-Chloro Fe 85 mn
2 4-Acetyloxy-S-benzyloxy Fe/Si0, o4 [8]
3 4.7-bis-Benzyloxy Fe 63 [9]
4 4. 7-Dimethoxy NaBII,/Pd-C o7 [s
5 5,6-Miacetoxy H,/Pt-C 0 1]
6 5.6-Nihydroxy S0 [11]
7 5-Methoxy-fi-benzyloxy 3 91 [2
8 5.6-Methylenedioxy NH, HCO, 'Pd-C 82 (3
9 5.6,7-Trimethyl H,/Pd-C 4 6]
10 5.6-bis-( Benzyloxy)- Fe/SiO, 90 (12
4.7-dimethyl
11 5,6-Dimethoxy-T-iodo- Fe 47 [13]
2-methyl

clear yellow solution was poured slowly into a mixture of 132 ml of cone. HC]
and 198 ml of water. The addition product was obtained as a solid (72 g, 51%).
The nitroaleohol (20 g) was added 1o a suspension of finely powdered anhyd-
rous NaQAc (prepared by fusion and grinding) in acetic acid (90 ml). The
mixture was refluxed for 5 min and after cooling it was poured into 600 ml of
cold water. The product was obtained as an oil which solidified on standing at
room temperature. The nitrostyrene was collected by filtration (17.6 g, 95%)
and could be recrystallized from ethanol.

4,5-bis-Benzyloxy-3.6-dimethyl-2,{i-dinitrostyrene[ 12]

3 4-his-{ Benzyloxy)-2,5-dimethylbenzaldehyde (S0mmol) and nitromethane
(150mmol) and dry NH,OAc (150mmol) were dissolved in acetic acid
(150 ml) and heated at reflux for 1.5 h. The reaction mixture was cooled and
poured into water (11). The product was collected by filtration, dissolved in
CH,Cl,, washed with NaHCO,, dried over Na,SO, and passed through silica
gel using CH,CL, for elution. The product (12.5g, 64%) was purified by
recrystallization [rom benzene-hexane. A solution of the fi-nitrostyrene (3.89 g,
10mmol) in dry acetic acid (40ml)y was heated to 60-65"C and Cu(NOj;),-
3,0 was added in small portions over 30min. The mixture was kept at
60-65°C for 1.25h, cooled to room temperature and poured into water
(400'ml). The product was collected as a solid and washed thoroughly with
water. The dinitrostyrene was collected by filtration, dissolved in CH,Cl,.
wished with NaHCO,, dried over Na, SO, and passed through silica gel using
CH,Cl, for elution. The product was recrystallized [rom benzene-cyclohexanc
and then ethanol (2.1 g, 48% yield).
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5,6-bis-Benzyloxy-4, 7-dimethylindole[12]

4 5-his-( Benzyloxy)-3,6-dimethyl-2 B-dinitrostyrene (4 mmaol), 70- 270 mesh sil-
ica gel (10 g), acetic acid (24 ml) and electrolytic iron powder (4g, 71 mmol)
were dispersed in toluene (40ml) and refluxed under nitrogen for 1 h. The
mixture was cooled and then filtered. The solid was washed thoroughly with
CH,Cl,. The combined filtrate and washings were washed successively with ag.
NaHSO0,, water and ag. NaHCO,. After drying over Na,S0y, the solution was
evaporated in vacwo, and eluted through silica with CH,Cl,-hexane. The
solvent was evaporated and the residue recrystallized from benzenecyelohexane
to give 5,6-bis-(benzyloxy)-4,7-dimethylindole (1.28 g) in 90% yicld.

Transfer hydrogenation{3]

The of-dinitrostyrene (1 mmol} and ammonium formate (10 mmol) were
dissolved in methanol and 10% Pd/C (5% by wt) was added. The mixture was
refluxed under nitrogen for | h. Formic acid (0.44 ml) was added and reflux was
continued for (.5-1 h until the completion of the reaction (tle). The solution
was filtered through Celite, evaporated in vacue and eluted through silica gel
with CH,Cl,.
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2.3 GENERATION AND CYCLIZATIVE CONDENSATION
OF o-AMINOBENZYL ALDEHYDES AND KETONES

Both o-aminobenzyl aldehydes and ketones rapidly cyclize and undergo
dehydration to indoles, The generation of these carbonyl compounds therefore
represents a quite reliable route to indoles, The complication is that while there
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Ny
@(%/DE CCH3
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CHIOHOH B
Cl, =Y —
NOz NHz N

MNHZ m @C HzCN
N, NO;
INH] [NHg)
SCHEME 2.2

are numcrous potential means of constructing the intermediates, none is
entirely general. As a result, the specific synthetic route must be designed for
the target compound within the context of the broad approach. Scheme 2.2
illustrates some of the approaches that have been used. A closely related group
of reactions in which the intermediate benzyl carbonyl compound is not
isolated will be described in Chapter 6.

The final slep can involve introduction of the amino group or of the
carbonyl group. o-Nitrobenzyl aldehydes and ketones are useful intermediates
which undergo cyclization and aromatization upon reduction. The carbonyl
group can also be introduccd by oxidation of alcohols or alkenes or by
ozonolysis. There are also examples of preparing indoles from o-aminophenyl-
acetonitriles by partial reduction of the cyano group,

One route to o-nitrobenzyl ketones is by acylation of carbon nucleophiles
by o-nitrophenylacetyl chloride. This reaction has been applied to such
nucleophiles as diethyl malonate[1], methyl acetoacetate[2], Meldrum’s
acid[3] and enamines[4]. The procedure given helow for ethyl indole-2-acetate
is a good example of this methodology. Acylation of o-nitrobenzyl anions,
as illustrated by the reaction with diethyl oxalate in the elassic Reissert
procedure for preparing indolc-2-carboxylate esters[3], is another route to
o-nitrobenzyl ketones. The o-nitrophenyl enamines generated in the first step
of the Leimgruber-Batcho synthesis (see Section 2.1) are also potential
substrates for C-acylation[6,7]. Deformylation and reduction leads 1o 2-sub-
stituted indoles.
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o=CR
L o [CHX]
OO e — Ot O
NG, NO, H '
H
(2.3)

Acylation of the Leimgruber Batcho enamines with phosgene followed by
methanolysis and reductive cyclization generates methyl indole-3-carb-

oxylates[8]
CH30:C r\) C0sCH;
M
1) COCI, EfaN HzFPdiC
i 2, Elal 2 (2.4)
ND2 2} MelH NCy )
OCHy OGH3 OCHz" oo

The reactant corresponding to retrosynthetic path b in Scheme 2.2 can be
obtained by Meerwein arylation of vinyl acetate with e-nitrophenyldiazonium
ions[9]. Retrosynthetic path ¢ involves oxidation of a 2-(o-nitrophenyljethanol.
I'his transformation has also been realized for 2-(e-aminophenyljethanols, For
the latter reaction the best catalyst is Ru{PPh,),Cl,. The reaction proceeds
with evolution of hydrogen and has been shown to be applicable to a variety
of ring-substituted 2-{o-aminophenyl)ethanols[ 107].

CHpCHa 04 AulPPhislzClz
5 — X (2.5)
toluena, 1050 ’:‘I

H-;
? H

This method has been successfully applied to the substituted indole 2.6B, an
analogue of the teleocidin lype of prolemn kinase activators[11].

CzHs0gCNH CaHsDaCNH
CHaCH2OH  RuiPirhg)zclz
_
NH; taluene, 1050 N (2.6)
H
26A 258

2-(o-Nitrophenyljethanols can be converted directly to indoles hy use of
a binary catalyst consisting of Pd/C or Rh/C and Ru(PPh,),CI,[10].
The starting malerials can be obtained by condensation of an o-nitrotoluene
with formaldehyde. An illustrative procedure is given below for 4-chloro-
indole.

The oxidative generation of o-aminophenylacetaldehydes can he done by
ozonolysis (retrosynthetic path d in Scheme 2.2) but this reguires an elec-
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tron-attracting substituent either on nitrogen or the ring to prevent further
oxidation, An early example was reported by Plieninger[12] and the method
has subsequently been uvsed to prepare d-substituted indoles[13] as in the
case of an intermediate in the synthesis of the natural product rivularin
D14].

CHaCH=0
Br
Br 1104 .
: 2.7)
2)Mez8
MHTs pieg E
0OCHS DCH3

Retrosynthetic path e in Scheme 2.2 requires a regioselective oxidation of an
o-nitrostyrene to the corresponding phenylacetaldehyde. This transformation
has been accomplished hy Wacker oxidation carried out in such a way as to
ensure the desired regioselectivity. The required o-nitrostyrenes can be pre-
pared by Heck vinylation. One procedure for oxidation uses 1. 3-propanediol
to trap the product as a 1,.3-dioxane[ 15]. These can then be hydrogenated over
Rh/C and cyclized by treatment with dilute HCI

0
CH=CH,
cHy—{ )
Br  PdiAck CHLH2 gy, cuc :
X X e X o
- . —
+ :
NG Pltoljs, 120 NDa HOICHa)30H NO2

L Xm

kL

2y Wl N (2.8}
i

An alternative procedure involves use of alkyl nitrites and traps the desired
product as an acetal[16].

o-Nitrobenzyl cvanides are also potential indole precursors. Reduction of the
nitrile to the imine level and of the nitro group to the amine level permits
cyclization and aromatization to indoles. Reduction has been carried out both
in a single step[17-19] or by u two-step sequence[20]. One route Lo Lhe
o-mitrobenzyl cyanide starting materials is by the ‘vicarious nucleophilic
substitution” route developed by Makosza[ 18] which starts with a nitroben-
zene. The cyanides can also be alkylated at the benzylic position so that it is
also possible to introduce a 3-substituent as in the synthesis of 3-benzyloxy-3-
methylindole[ 20].
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FhCHRO), AIDCHZCN |.FCH2{)\© SHICN
S —
O KOM-Bu, DME
NOy

Nk
CHs CHy
PhCH20
CHal KGOy P"CHzOGC”C" 11PI0,, He : m
—_— e
18-crown-6 ND; 2 DBAK N

(2.9)

The reduction of g-nitrophenyl acetic acids or esters leads to cyclization to
oxindoles. Several routes lo o-nitrophenylacetic acid derivatives arc available,
including nitroarylation of carbanions with e-nitroary! halides[21,22] or trif-
late[23] and acylation of o-nitrotoluenes with diethyl oxalate followed by
oxidation of the resulting 3-{o-nitrophenylipyruvate[ 24--26].

¥
" _@ 1)2CH2C0:R

NOz 2z
CHpCCzR
o v
NOg i
2 Hala
L =
Nop EI02CCOaEt
210)
Procedures

Ethyl 4-(2-nitrophenyl)acetoacetate(3]

Thionyl chloride (11.5 g, 96.4mmol) was added 10 2-nitrophenylacetic acid
(8.72g, 48.2 mmol) and the suspension was warmed to 30°C and stirred until
gas evolution was complete. The resulting solution was concentrated in vacuo
and the residue dissolved in CH,CI, (30 ml). This solution was added dropwise
to a stirred solution of Meldrum’s acid (6.94 g. 48.2 mmol) in CH,C1, (200 ml)
under nitrogen at 0°C. The solution was stirred at 0°C for 1 h after the addition
was complete and then kept at room temperature for an additional hour. The
reaction solution was then worked up by successively washing with dil. HCL
water and brine and dried (MgS0O,). The dried solution was concentrated in
vacue and abs. ethanol (200 ml) was added 10 the residue. The mixture was
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heated at reflux until gas evolution ceased. The ethanol was removed in vacuo
and the residue triturated with a little cthanol and refrigerated overnight. The
product solidified and was recrystallized from ethanol to give the product as a
bicge powder (10.28 g, 85%).

Eithy! indole-2-acetatef3]

Ethyl 4-(2-nitrophenyljacetoacetate prepared as above (2.68 g, 10.7mmol) was
dissolved in acctone {30ml) and placed in & separatory funnel. Aqueous
NH,OAc (288 ml, 4 M) was added. followed by ag. 11C1, (77 ml, 15% w/v).
The mixture was shaken for 7min. The resulting dark green solution was
extracted with ether (4 x 100ml) and the combined ether layers washed with
water and brine. The solution was dried (MgS0O,) and concentrated in vacuo.
The residue was purified by chromatography using CH,Cl, for elution and
gave the produet (1.63 g) in 75% yield. '

4-Chioroindole[10]

2-Chloro-6-nitrotoluene (25 g, 146 mmol) and 40% PhCH,N*(CH,),OH" in
methanol (Trton B, 1.8 ml), paraformaldehyde (60 mmel) and DMSO (60 ml}
were mixved and stirred at 90°C for 2h. The product was obtained by
distillation (92% yield on basis of paraformaldchyde). The 24(6-chloro-2-
nitrophenyljethanol (10.2 g) was reduced by addition as a solution in ethanol
(10ml) to a suspension of zinc powder (42g) and CaCl, (42g) in 3:1
ethanol-water {200 ml). The mixture was heated at reflux for & h. The product
was obtained in 45% yield by extraction with ether. The 2-{6-chloro-2-
aminophenyljethanol (7 mmol) was added to a mixture of RuCl,(PPhy),
(2mol%})in toluene under un argon atmosphere in a flask equipped with a gas
burette. The mixture became homogencous afier being stirred for about $min
and was then heated to 120°C in a preheated oil bath and kept at reflux for
6h. The product was obtained in 92% yield

6-Bromooxindole{26]

A, 4-Bromo-2-nitropyruvic acid

Diethyl oxalate (29.2 g, 0.20mol) and 4-bromo-2-nitrotoluene (21.6 g, 0.10mol)
were added to a cooled solution of sodium cthoxide prepared from sodium
(4.6 g, 020mol) and ethanol (90 ml). The mixture was stirred overnight and
then refluxed for 10min. Water (30 ml) was added and the solution refluxed
for 2 h to effect hydrolysis of the pyruvate ester. The solution was cooled and
concentrated in vacuo. The precipitate was washed with ether and dried. The
salt was dissolved in water (300ml) and acidified with conc. HCL The
precipitate was collected, washed with water. dried and reerystallized from
hexane-E1OQAe to give 152 g of product.
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B 4-Bromo-2-nitraphenviacetic acid

The pyruvie acid (28.8 g, 0.10mol) was dissolved in 1 N NaOH (300 ml) and
stirred at 0°C. A solution of 30% H,0, (1L3ml (L10mol) was added
dropwise. The solution was stirred for 1Th at 5°C and then acidified with dil.
HCL The precipitate was collected by filtration, washed with water. dried and
recrystallized from hexane-F1OAc to yield 22.2 g (85% yield) of the product.

. 6-Bromooxindole

4-Bromo-2-nitrophenylacetic acid (26 g, 0.10 mol) was dissolved in a mixture
of 30% H,S0, (400mly and cthanol (600ml) and heated to 90°C. Over a
period of 1 h, zine dust (26.2 g, 0.40mol) was added slowly and then heating
was continued for 2h. The excess ethunol was removed by distillation. The
solution was cooled and filtered. The filtrate was extracted with EtOAc. The
filtered product and extract were combined, washed with 5% NaCO,
and brine and then dried (MgSO,). The solvent was removed in vacuo and
the residue recrystallized from methanol to give 20.5g (97% yield) of the
oxindole.

6-Benzoyloxindolef{22]

A Diethyl 2-{4-benzayl-2-nitraphenyl) propanedioate

Sodium hydride (9.3 g, 0.22 mol) was washed with petroleum ether and DMSO
(200 ml) was added and the mixture was heated to 100°C. A solution of dicthyl
malonate (35.2 g, 0.22meol) in DMSO (50 mly was then added and stirred for
10 min to give a clear solution. A solution of 4-bromo-3-mtrobenzophenone
(20,6 2, 0.10 mol) in DMSO (100 ml) was added and the resulting dark solution
kept at 100°C for 1 h. The solution was poured into water (31) and extracted
(2x) with ether. The extract was washed with water, dricd
(Na,50,) and concentrated in racuo to give an oil which crystallized. The solid
was recrystallized from isopropyl alcohol to give 354 g (92% yield) of the
product.

B. 6-Benzoyloxindole

A mixture of the above intermediate (23.1 g, 60 mmoly and tin powder (224 g,
190 mmol) in ethanol (150 ml) containing conc. HCL (65 ml) was heated at
reflux for 2h The solution was filtered hot and on cooling the product
crystallized. It was recrystallized from nitromethane 1o give 11.4 g (80% yield)
of the oxindole.
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2.4 INDOLES FROM o-AMINO- OR
o-NITROPHENYLACETYLENES

o-Aminophenylacetylenes or N-protected derivatives ean be cyclized to indoles
by an endo-dig addition. The most useful methods employ Pd(II) catalysts,
Indol-3-ylpalladium intermediates are involved in the cyclization and this
opens the possibility for tandem cyclization—substitution procedures which can
introduce a 3-substituent. The ultimate starting materials arc wsually o-
haloanilines which are coupled with acetylenes.
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Rudisill and Stille developed a two-step procedure in which 2-bromo-
or 2-irifluoromethanesulfonyloxyacetanilides were coupled with tri-n-butyl-
stannylacetylenes in the presence of Pd(PPh,).[1]. Cyclization was then
effected with PACI,{CH,CN),. The conditions are compatible with a variety of
carbocyclic substituents so the procedure can provide 2-substituted indoles
with carhocyclic substituents. The reported yield ranges from 40% to 97% for
the coupling and from 40% to 82% for cyclization.

(2.11)
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2-lodo-N-(methanesulfonylanilines can be converted to 2-substituted in-
doles by reaction with terminal acetvlenes in a one-pot process involving Cul,
Et;N and Pd{PPh,),Cl, as the catalyst system[2]. Yields ranged from 40% to
70% for alkyl, aryl and several oxygenated alkyl substituents.
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These Pd-catalysed procedures appear to be preferable to earlier ones in
which Cu(I)[3] or Hg(11)[4] were used to induce cyclization. Some addinonal
examples are given in Table 2.3,

Starting with 2-ethynylaniline, Cacchi and co-workers have prepared 2-aryl
and 2-(cycloalkenyl)indoles by coupling followed by cyclization[7]. The re-
agents for the coupling step are Pd{PPh,),:Cul:EL,NH. The cyclization 15
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5| o — e done using PACL, in acetonitrile. This sequence was subsequently converted to
Ll — - = a one-pot process by use of PdCl-mediated coupling/cyclization in a two-
phase system consisting of CH,Cl, and ag. n-Bu,N" Br [8]. These conditions
promote protonolysis of the indol-3-vlpalladium intermediate formed in the
3_ = g cyelization.
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. o 0802CF3 C'.,c:b -
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£ 5E EEa £t Tandem cyelization/3-substitution can be achieved starting with o-(trifluoro-
@ BT ES = E'E 7 acetamido)phenylacetylenes, Cyclization and coupling with cycloalkenyl trif-
= O i lates can be done with Pd(PPh,), as the catalyst[9]. The Pd presumably cycles
between the (0) and (11) oxidation levels by oxidative addition with the triflate
and the reductive elimination which completes the 3-alkenylation. The N-
3 protecting group is removed by solvolysis under the reaction conditions, 3-Aryl
g groups can also be introduced using aryl odides[%].
T
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2 g E & - . P
P EX g E Z Z onamidolphenylacetylenes by conducting the reaction in methanol under a CO
g ;E z " 22 5 atmosphere[ 10].
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Procedures

1-Acelyl-2-butyl-5-chloraindole(1]

A mixture of 2-bromo-4-chlorpacetanilide (1.038 g, 4.36 mmol), tn{-n-butyl)-
hexynylstannane (1.86 g. 5.01 mmol) and Pd(PPhy), (0.151g, 0.131 mmol) in
toluene (40ml) was heated at 100°C for 1.5h, The solvent was removed
vacuo and the residue eluted through silica gel with 4:1 hexane  EtOAc to give
2-(1-hexynyl)-4-chloroacetanilide (0.881g) in 81% yield. To a solution of
2-(1-hexynyly-4-chloroacetanilide (0.115 g, (.46 mmol) in acetonilrile (6 ml) was
added PAdCl,{CH,CN), (12mg, 10 mol%). The mixture was heated at 80°C for
2h. The solvent was removed in vacuo and the residue eluted through silica gel
with 5:1 hexane - EtOAc to yield 95 mg (R3% yield) of the product,

2-(3-x-Acetoxyandrosi-16-en-17-yllindole[8]

A solution of 3-m-acetoxyandrost-16-en-17-y1 trillate (0.230 g, 0.49 mmoly in
DMF (0.5 mi) and Et,NH (2 ml) was prepared and, with stirring, 2-ethynylani-
line (0,038 g, 0.49 mmol), Pd{PPh;), (11 mg, 2mel%) and Cul (4 mg, 4 mol%)
were added, The reaction mixture was stirred for 6h at room temperature
under a nitrogen atmosphere and then concentrated in vacuo with gentle
warming, The residue was dissolved in CH,CI, (13 ml) and 0.5 N HCI (5ml),
PACL, (5mg, 6 mol%) and Bu,N*Cl™ (15mg, 10mol%) were added. The
mixture was stirred at room temperature for 48 h under nitrogen. The solvents
were removed in racuo and the residue purfied by chromatography on silica
gel using 4:1 hexanc-EtOAc for elution to give the product (0.205 g) in 96%
overall vield,
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2.5 REDUCTIVE CYCLIZATION OF o-NITROSTYRENES

Several procedures have been explored for the reductive cyclization of o-
nitrostyrenes. Triethyl phosphite accomplishes this transformation by ‘deoxy-
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Table 2.4
Indoles by reductive cyclization of o-nitrostyrenes
Entry  Substituents Reagents Yield {%) Ref
1 24 Methoxycarbonyly Pd(PPh,),Cl,, CO, SnCl, 60 [81
2 2-Propyl PIOC,H,),, 160°C 60 rj
3 2-(2-Pyridyl) PIOC, Hy),, 160°C 65 9]
4 2-(2-Pyridyl) Ruy(CO},,. CO 63 [10]
5 2[2+(3-Methylpyrid-2y1)-  POC,Hy),, 160°C 52 {1
dioxolan-2-y1
6 245,6-Dimethoxyindol-2-y1)- - P(OC,H,),. 160°C =90 {12
J-phenylthio
7 2-{Ethoxycarbonyl)-5,6- POC,H ), 160°C 86 M
methylendioxy
8 Furo[3,2-h] P(OC;H )y, 160°C 34 {13

genation’[1,2]. More recently, a PdCl1,-PPh;-SnCl, system has been found 1o
effect cyclization using CO as the reductant[3]. There are several potential
routes Lo e-nilrostyrenes, including Horner- Emmons- Wittig condensation
with diethyl o-nitrobenzylphosphonate[17. While these reductive cyclizations
can formally be considered to be “nitrenoid” in character, various observations
suggest this to be an oversimplification[ 1,3]. Tt scems more likely that each of
the reductants generates a specific clectrophilic nitrogen intermediale which
attacks the adjacent double bond. The structure of the reactive intermediate
may vary with the reductant. An interesting feature of the phosphite
deoxygenation method is that it can be applied 1o p,p-disubstituted o-nitro-
styrenes. in which case one of the B-substituents migrates to become the indole
J-substituent[4-6]. Table 24 gives examples of reductive eyclizations of
o-nitrostyrenes to indoles.

R
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H

Procedures

Ethyl indole-2-carboxylate[7]

Ethyl o-nitrocinnamate (1 mmol) was disselved in triethyl phosphite (5 mmol)
and heated at 170°C for 3 h. The triethyl phosphite and triethyl phosphate were
removed in vacuo. The residue was eluted through a column of silica gel
using CHCl, and the product recrystallized from CHCl,-hexane, The vield was
94%.
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2-Phenylindole[3]

o-Nitrostilbene (2 mmal), PAC1L,(PPh,}, (0.10mmol), SnCl, (1.0Ommol) and
dioxane {10 ml} were placed in a glass liner in a 50 ml stainless steel autoclave
equipped for stirring. The apparatus was sealed, purged three times with CO
(10kg/em?) and pressurized to 20 kg/em? with CO and heated quickly (within
10 min) to 100°C and maintained at that temperature for 16 h. The apparatus
was then rapidly cooled and the gases discharged. The solvent was removed in
vacuo and the product purified by medium pressure column chromatography
on silica gel.
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Category Ib Cyclizations

Category Ih cyclizations effect closure of the €2 C3 bond. Scheme 3.1 depicts
retrosynthetic transformations corresponding to syntheses in category 1b.
Included are three variations of the intramolecular aldol condensation and
reductive coupling of o, N-diacylanilines.
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SCHEME 3.1

3.1 INDOLES FROM o-ALKYLANILIDES - THE MADELUNG SYNTHESIS

The classical conditions for the Madelung indole synthesis are illustrated by
the Organic Syntheses preparation of 2-methylindole which involves heating
o-methylacetanilide with sodium amide at 250°C[1].

CHy
@ Lo mcu
— 3
E’ 2R00 f;.l (3.1)

MNCCHy
| H
H 80%

These conditions are so harsh that they are applicable only to indoles with
the most inert substituents. Cyclization can be achieved at much lower
temperatures by using alkyllithium reagents as the base. For example, treat-
ment of e-methylpivalanilide with 3 eq. of n-butyllithium at 25C gives
2-tere-butylindole in 87% yield[2]. These conditions can be used to make
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Table 3.1
Indoles by base-mediated cyclization of o-alkylanilides
Fntry Substituents Cyclization conditions Yield (%) Rel
1 2-Methyl NaNH,, 250°C 80 [1]
2 2-Nonyl NaNH,, 250°C 81 [5]
3 2-(2-Indolyl) K -BuO", 25°C 80 [6]
4 2-(1-Methylpiperid-d-vimethyl) K~ -BuO~, 340°C 92 71
5 5-Chloro-2-phenyl n-Buli, —20/25°C =50 [2
6 2-Cyclohexyl-5-methoxy n-Buli, 25°C 40 %]

2-arylindoles from benzanilides and have also been applicd to the synthesis of
azaindoles[3]. The reaction Is presumed to proceed through a dilithiated
intermediate which eliminates Li,0[4]. Table 3.1 gives some examples.

CH3 CHall
SR g0
[s] E— oL — A (3.2)
= 3
neR N=( b
0 R H

A variation of the Madelung cyclization involves installing a functional
group at the o-methyl group which can facilitate cyclization. For example, a
triphenylphosphonio substituent converts the reaction into an intramolecular
Wittig condensation. The required phosphonium salts can be prepared by
starting with o-nitrobenzyl chloride or bromide[9]. The method has heen
applicd to preparation of 2-alkyl and 2-arylindoles as well as to several
2-alkenylindoles. Tahle 3.2 provides examples.

CHaP™
@ 2P Pha KO-1-Bu m
o —— A
1 ) {3 : 3}

NCR i
u H
Table 3.2

2-Substituted indoles from o-carboxamidobenzylphosphonium sults
Entry Substituents Yield (%) Ref.
1 2-Benzyl 64 [10]
2 2+ 2-Methylprop-1-enyl) 93 [11]
3 2-(1-Methylethenyl) 65 [12]
4 2-(Ethoxycarbonylmethyl) 72 [13]
5 2-(4-Phenylbutyi) 78 [14]
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Another variation of the Madelung synthesis involves use of an O-alkyl or
O-silyl imidate as the C2 electrophile. The mechanistic advantage of this
modification stems from avoiding competing N-deprotonation, which presum-
ably reduces the electrophilicity of the amide group under the classical
conditions. Examples of this approach to date appear to have been limited to
reactants with a EW substituent at the n-alkyl group[15,16].

z
CHpZ
—_— A
R N
A

N=C

R (3.4)

Z = ArSOp; A =H; R =CaHs
Z = CN; A = CHy; A' SilCHa)s

An Organic Syntheses preparation of 4-nitroindolc may involve a related
reaction. The condensation occurs in the presence of diethy] oxalate which may
function by condensation at the methyl group. If this is the case, it must
subsequently be lost by deacylation[17].

NOz NOz  COsCgHs N
CHa E102CCO:El CH=C
NZOEL DMF, o —_— (3.5)
H OMSD H N
N=C N |
OR" e Ho e
Procedures

2-(tert-Butyl)indolef2]

A stirred solution of o-methylpivalanilide (50 mmol) in dry THF (100 ml} was
maintained at 15°C under a nitrogen atmosphere. A 1.5M solution of n-
butyllithium in hexane (3 equiv.) was added dropwise. The solution was then
maintained at room temperature for [6h. The solution was cooled in an
ice-bath and treated with 2N HCI (60 ml). The organic layer was separated
and the aqueous layer was further extracted with benzene. The combined layers
were dried (MgSO,). The product was obtained in 87% vield and recrystallized
from ether-cyclohexane.

2-(4-Phenylbutyl)indolef14]

4-Phenylbutanoyl chloride (0.8 g, 4.9 mmol) was added dropwise to a stirred
solution of e-aminobenzyltriphenylphosphonium chloride hydrochloride (1.6 g,
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l6mmol) in DMF (3ml) and pyridine (1ml). The mixture was stirred
overnight and then concentrated in vacuo. The residue was dissolved in CHCl,
and washed with 1 NHCI (2 x 10ml) and brine (10ml} and dried over
MNa,50,. The solution was filtered and evaporated. The residue was triturated
with ether (20ml) to yield 1.8 g {90%) of the intermediate acylated phos-
phonium salt. A mixture of this material (4.5 g, 7.98 mmol) and KO-1-Bu (1.0 g,
8.9 mmol) was refluxed in toluene (50 ml) for 30 min. The cooled solution was
filtered and then concentrated. The residue was purified by elution through
silica gel with CH,Cl,. The yield was 1.55g (78%).
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3.2 INDOLES FROM o-ACYLANILINE DERIVATIVES

Retrosynthetic path b in Scheme 3.1 corresponds to reversal of the electrophilic
and nucleophilic components with respect to the Madelung synthesis and
identifies o-acyl-N-alkylanilines as potential indole precursors. The known
examples require an aryl or EW group on the N-alkyl substituent and these
substituents are presumably required to fucilitate deprotonation in the conden-
sation. The preparation of these starting materials usually involves N-alkyla-
tion of an s-acylaniline. Table 3.3 gives some examples of this synthesis.

Table 3.3
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3.3 INDOLES FROM o,N-DIACYLANILINES

Retrosynthetic path d (Scheme 3.1) has recently been realized as an eflective
synthesis of 2.3-disubstituted indoles using low-valent titanium reagents to
effect the reductive cyclization. Several aryl- and methyl-substituted com-
pounds were prepared by using Ti-graphitc prepared from K-graphite and
TiCl,[1,2]. An improved methodology which avoids the preparation of K-
graphite was subsequently developed[3]. This procedure uses zinc powder to
effect in situ reduction of TiCly.

Ph

) ) Bh

o TiGls, Zn, THF m

1 e .

reflux

N’U\/j N @37
)
H [ H ,’,\'
CFac0  37A CFyCO 378

Procedure

S-3-Phenyl-2-{N-(trifiuoroacety!)pyrrolidin-2-yljindole/3]

A mixture of compound 3.7A (250 mg, 0.64 mmol), TiCl, (209 mg, 1.36 mmol)
and zine dust (178 mg. 2.72mmol) in THF (20 ml) was heated at reflux for Lh
m an argon atmosphere. The solution was cooled to room temperature and
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filtered through a short silica plug using EtOAc for elution. The product 3.7B
(206 mg) was obtained in 90% vield.
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Category Ic Cyclizations

Category I¢ cyclizations involve formation of the C3-C3a bond and require
aniline derivatives with a nitrogen substituent appropriate for such reaction.
Some, but not all, such cyclizations also require an o-substituent, frequently
halogen. The retrosynthetic transformations corresponding to the most impori-
ant of this group of syntheses are shown in Scheme 4.1

R

L O v .
As T T T Ay
z % X 3
axr QL
’ SCHEME 4.1 ’

Retrosynthetic path a corresponds to Pd-catalysed exo-trig cyclization of
o-halo-N-allylanilines. Path b involves the endo-trig cyclization of a-halo-N-
vinyl anilines. Path ¢ is a structurally similar cyclization which can be effected
photochemically in the absence of an o-substituent. Retrosynthetic path d
Involves intramoleculur Friedel-Craflls oxyalkylation followed by aromatiz-
ation.

4.1 TRANSITION METAL-CATALYSED CYCLIZATION OF N-ALLYL-
AND N-PROPARGYL ANILINES

The development of methods for aromatic substitution based on catalysis by
transition metals, especially palladium, has led to several new methods for
indole synthesis. One is based on an intramolecular Heck reaction in which an
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o-halo-N-allylaniline is cyclized to an indole as represented by path a in
Scheme 4.1. The first application of this reaction to indole synthesis was hy
Hegedus and co-workers[1]. The procedure involved extended heating of an
N-allyl-c-iodoaniline with Pd{OAc), and Et,N in CH,CN. The reaction
presumably involves a Pd(0) species which undergoes oxidative addition with
the aryl 1odide. Cyclization then provides an unstable alkylpalladium inter-
mediate which undergoes elimination regenerating Pd(0). The initial hetero-
cyclic product is an exo-alkylidencindoline but under these conditions they
isomerize to 3-alkylindoles.

CH P

X7 = A7 — QF
A A

R

CH3 CHy
— o — QD )
A R

An important reaction parameter is the choice of the base and Na,CO, or
NaOAc have heen shown to be preferable to Ei;N in some systems[2]. The
inclusion of NH,Cl has also heen found to speed reaction|2]. An optimiz-
ation of the cyclization of N-allyl-2-benzyloxy-6-bromo-4-nitroaniline which
achieved a 96% yield found Et;N to he the preferred hase[3]. The use of acetyl
or methanesulfonyl as N-protecting groups is sometimes advantageous (see
Entries 4 and 3, Table 4.1).

The indole skeleton can also be constructed by Pd-mediated cyclization of
N-propargyl-o-haloanilines. The vinylpalladium intermediates formed in the
cyclization are sufficiently stable to permit further reaction[4.5]. For example,

Table 4.1
Indoles by eyelization of N-allylaniline derivatives

Entry  Substituents Cyclization conditions Yield (%)  Ref
1 3(2-Propyl) Pd(DAc),, FtyN 7 [
2 3-(1-Benzyloxycarbonylpyrrol-  Pd(OAc),, Li,N 81 [6]

idin-2-ylmethyl)-5-(methane-

sulfonamidomethyl)
3 7-Benzyloxy-3-methyl-S-nitro Pd[OAe),, Ft,N 96 (K2}
4 I-Methanesulfonyl-6-methoxy-  Pd(OAc),, AgCO,, PPh, 80 [7]

3-methylene-2.3-dihydro
5 I-Acetyl-5-(N-allylacetamido)-  Pd{OAe),, PPh,, Et,N 76 [8]

4 T-diacetoxy-3-methyl
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Table 4.2
Oxindoles by cyclization of N-alkenoylanilines

Entry  Chindole substituents Conditinns Yield (%)  Ref

1 3-Benzylidene PdiOAc),, NaDAe 97 [23

2 I-Methyl-spiro-3-cyclopent- Pd(OAc),, PPhy a1 [
2-ene

3 I-Methyl-spiro-3-cyclohex- Pd,(dha)y, Ag. PO, 74 (10}
2-ene R-BINAP (B0%ee)

4 1.3-Dimethyl-5-methoxy-3- Pd,{dba),;, S-BINAP 84 [
(2-oxocthyl) [95%ee)

5 1.3-Dimethyl-5-methoxy n-Bu,Sn, AIBN 63 [128]

6 3-Fthyl-5-methoxy-1- n-Bu,Sn, AIBN 64 [12d]
(a-methylbenzyl) (2%ee)

7 2-(Ethoxycarbonylmethyl)- TMSCI, n-BuLi 85 [13]
1-methyl

reaction with arylzine chlondes gives 3-arylideneindolines. Similar reactions
have been observed for alkyl and alkynylzine chlorides and with the zinc
enolate of ethyl acctate (Reformatsky reagent).

Pl o

X 1
@ Jl Pa0) PhZnCl (4.2)
M
N
ﬁ R

The e cyclization pattern has also proved useful for the preparation of
oxindoles from o-haloalkenoylanilines. Table 4.2 gives some examples.

R
R
* Pdi0)
—_— o]
Qx f . (3)
A A

Besides Pd-catalysed cyclizations, both radical[12] and organolithium[13]
intermediates can give oxindoles hy exo-trig additions.

Bh CH3Ph

! BugSnH
L ok
N

N h
EHs CHa 30,
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h
CHy CH3 85%
Procedure

7-Benzyloxy-3-methyl-5-nitroindole[3]

2-Benzyloxy-6-bromo-4-nitro-N-{ 2-propenyl)aniline (582 g, 16 mmol), tetra-n-
hutylammonium bromide (5.16g, 16 mmol) and Et,N (405 g, 40 mmol) were
dissolved in DMF (15 ml). Palladium acetate (72 mg, 2 mol%) was added and
the reaction mixture was stirred for 24 h. The reaction mixture was diluted with
EtOAc, filtered through Celite, washed with water, 5% HCl and brine, dried
and cvaporated in vacuo. The residue was dissolved in CH,Cl, and filtered
through silica to remove colloidal palladium. Evaporation of the cluate gave
the product (4.32g) in 96% yield.
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4.2 CYCLIZATION OF N-VINYL-o-HALOANILINES

Intramolecular palladium-catatysed cyclizations can also he applied to N-
vinylanilines. Usually the viny] group carrics an EW substituent which serves
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to stabilize the enamine. P-(2-Bromoanilino)encnes are evelized to 3-acyl-
indoles[ 1].

o
I CHis
Pd|OAC)
O s CHs (4.6)
M
N Seu, Etalv. 1200 A
H 490,

Esters of indole-3-carboxylic acid can be made in two steps starting with an
o-bromoaniline and an acrylatc cster[ 2].

fr PAICH;CN)2Cla Br _CO5CzHs
b + CHp=CHOOsCsHs — .7 x J’
NH; henzo fuing ne N
LiCi

X = H, OCHg, COsCrlg M

COaCaH
Pd[OAC): 2mens
— X
Phio-tol) 3 N

i 47
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4.3 PHOTOCYCLIZATION OF N-VINYLANILINES

The photocyclization of N-vinylunilines is an example of a general class of
photocyclizations[ 1. If the vinyl substituent has a potential leaving group or
the reaction is carried out so that oxidation occurs, the eyclization intermediate
can aromatize to an indole,
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For example, a-anilino-f-ketoesters photocyclize to indole-2-carboxylate
esters[2].

OH

O _cHy HO (M
QT — QI — Lo
N
|'4N COsCHs E CO;CHs o

—_— mﬂf&ma (4.9)
A
H

a-Anilinoacrylonitriles photocyelize to 2-cyano-2,3-dihydroindoles[3,4]. IT
the photocyclization is done under oxidative conditions, 2-cyanoindoles are
obtained[5].

2-Anilinocyclohex-2-enones photocyclize to 1-ox0-1,2.3,44a9a-hexahydro-
carbazoles[6]. Similarly, 3-anilinocyelohex-2-cnones give 4-oxo analogues[7].

\‘\CHg Crlg @ m
A N N
CHs © # [

CHy O
(4.10)

Procedure

3-(4-Bromobutyl)-2-cyanc-1-methyfindolef5]

A solution of 7-bromo-2-(N-methylanilino)hept-2-enenitrile (145 mg, 0,52
mmol) in cyclohexane (60 ml) was placed in a quartz tube and purged with
oxygen. The sample was irradiated for 8h in a Rayonet Model RPR-100
Reactor using 254 nm light. An oxygen atmosphere was maintained during
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photolysis. The solvent was removed in vacue and the residue purified by silica
gel chromatography using EtOAc- hexane (2:98) for elution. 1 he vield was
B 1%,
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4.4 ELECTROPHILIC CYCLIZATION OF 2-ANILINO ALDEHYDES AND
KETONES

Another category le indole synthesis involves eyelization of s-aniline aldehydes
or ketones under the influence of protonic or Lewis ucids. This corresponds to
retrosynthetic path d in Scheme 4.1, Considerable work on such reactions was
done in the early 1960s by Julia and co-workers. The most successful examples
invalved alkylation of anilines with y-haloacetoacetic esters or amides. For
example, heating N-substituted anilines with ethyl 4-bromoacetoacetate fol-
lowed by cyclization with ZnCl, gave indole-3-ucelate ester[1]. Additional
examples are given in Table 4.3,

O CH>C0:CaHs

o
@ . BICHpBCH;COsCoHs —» @\ j/
NHGH; N
EHa

CHzCO02CzHs
ZnCly
—y (4.11)
Y
CHy

N-(22-Dicthoxyethylanilines are potential precursors of 2,3-unsubstituted
indoles. A fair yield of l-methylindole was obtained by cyclization of N-
methyl-N-(2.2-diethoxyethyljaniline with BF 5, but the procedure failed for
indole itselT2]. Nordlander and co-workers alkylated anilines with bromo-
acetaldehyde diethyl acctal and then converted the products to N-trifluoro-
acetyl derivatives[3]. These could be cyelized to 1-{trifluoroacetyliindoles in a
mixture of trifluoroacetic acid and triflucroucetic anhydride. Sundberg and
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Table 4.3
Indoles by cyclization of 3-anilino ketones and aldehydes

Entry  Substituents Conditions Yield ("o)  Rel
1 1-Ethyl-3-methyl Ac,0 53 | %]
2 3-(4-Fluorophenyl)-1- ZnCl, #l [5]

(2-propyl)
3 3-{1,3-his-Ethoxycarbonyl- Zn(1, od [

propyir-1-methyl
4 6-Chloro-1-methanesulfony] TiCl,. 110 C 55 4]
5 4,6 Dimethyl-1-trifluoroacetyl  TFAA TFA,56°C 43 1
6 1,3-Dimethy]-5-methoxy ZnCly 72 [t
T 5-Methoxyeyclohexa| b]® MgCl,. p-anisidine 88 [1n
8 6,7-Dimethoxy-3- FIOH, reflux 87 [12]

{ethoxycarbonylmethyl)-
1-methyl-4-[2-{trimethyl-
silyliethoxyearhonylamido

*Systematic name d-methoxy-1.2,3 4 retrahydrocarbazole

Laurino examined a similar method in which methanesulfonanilides were
alkylated with bromoacetaidehyde diethy] acetal and then evehized with
TiCl,[4). These methods presumably invalve gencration of an electrophilic
intermediate from the acetal lunctionality, followed by an intramolecular
Fricdel-Crafts reaction. As a consequence, the cychization is favoured by ER
substituents and rctarded by EW groups on the benzene ring,

“@ oo - "@ JrE — "@[} (4.12)
N N ’
P b4

!
2
Z = COCF3, S02CH3

N-Phenacyl derivatives of N-acylmethylanilines can be cyclized in good yield
using ZnCl, in alcoholie solution[5.6] or by exposure to solid ZnCl; or AICI;
[7]. Extended heating can cause rearrangement to the corresponding 2-sub-
stituted indole. Generally, these reactions cannot be applied to N-unsubstituted
indoles because of competing formation of 2-arylindoles. The Tormation of
2-arylindoles from anilincs and phenacyl halides will be discussed in Section
7.5, Tahle 4.3 gives some examples of preparation of indoles from a-anilinocar-
honyl compounds.

Intramolecular FriedelCrafts substitution has also figured prominently in
the synthesis of oxindoles from o-haloacetanilides. | ypical reaction conditions
for cyclization involve heating with AICL[13-17].
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x@ A - KQ}O (4.13)
- N .
1500 .
o A
]

Milder conditions (SnCl,, room temperature) suffice for a-chloro-z-thio-
methylacetanilides, implying that it is the ionization of the halogen that is the
difficult step in the chloroacetanilide cyclization[ 18,19]. Pummerer conditions
can also be used for the cyclization of a-sulfinylacetanilides(19,20].

0
cHplich,  TsoH mo
©N ,& benzene N
o] Ci Cl .
. 3 | i | (4.14)

Procedure
1-Methyl-5-fluorooxindole[16]

N-Methvil-4-fluaro-s-bromoace tanilide

N-Methyl-d-fuoroaniline (49.5 g. 0.395 mol) was added dropwise over 30 min
to bromoacetyl bromide (40 g, 0.198 mol) dissolved in benzene (250 mi) and the
mixture was stirred overnight. The solution was filtered and washed with dil.
HC| and then dried (Na,SO,) and concentrated in vacuo. The residue was
triturated with toluene and filtcred. The toluene was removed and the residue
distilled under vacuum to give the product us an oil (14.4 g 30%).

1 Methyl-5-fluorooxindole

The bromoacetanilide (144 0.58mol) was mixed with AICl; (195g
0.146 mol) and heated to 220-225°C for 30 min. The hot solution was poured
on to ice (600 g) and the precipitate was collected to give 8.6 g (85%) of the
product.
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Category li Cyclizations -
The Hemetsberger Synthesis

The main example of a category li indole synthesis is the Hemetsberger
procedure for preparation of indole-2-carboxylate esters from x-azidocinna-
mates[1]. The procedure involves condensation of an aromatic aldehyde with
an azidoacetate ester, followed by thermolysis of the resulting s-azidocinna-
mate. The conditions used for the base-cutalysed condensation are critical since
the azidoacetate enolate can decompose by elimination of nitrogen. Conditions
developed by Moody usually give good yields[2]. This involves slow addition
of the aldehyde and 3-5 equiv. of the azide to a cold solution of sodium
ethoxide. While the thermolysis might be viewed as a nitrene insertion reaction,
it has heen demonstrated that azirine intermediates can be isolated al inter-
mediate temperatures[3].

CO:zR
COzR ©
m T @’V - mm“ (6.1)
g i
H

The procedure has been found to be compatible with a varicty of carboeyelic
substituents. Table 5.1 provides some examples of the reaction.

Procedure

Methyl 2,4,5-trimethoxy-x-azidocinnamate[11]

A solution of sodium methoxide (25%w, 115ml, 332 mmol) in methanol
(187 ml) was cooled to — & C under nitrogen. A solution of 2,4,5-trimethoxy-
benzaldehyde (25 g, 128 mmol) and methyl azidoacetate (59 g. 513 mmol) in a
1:2 mixture of methanol-THF (50 ml + 100 ml) was added dropwise to the
sodium methoxide solution with stirring at —8°C over a period of 45 min. The
solution was stirred and kept below 5°C for 2 h. The mixture was then poured
onte ice (1 kg) and stirred. The precipitate which resulted was collected by
filtration, washed with water and dried over CaCl, in & vacoum desiccator. The
dried precipitate was dissolved in FtOAc (600 ml) and dried over Nz 50,



Table 5.1
Preparation of indole-2-carboxylate esters by the Hemetsherger method
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“Single vields are the overall vield from the aromatic aldehyde.
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Evaporation of the solvent gave the product as bright vellow crystals (27.6 g)
in 74% yield.

Methyl 4,6, 7-lrimethoxyindole-2-carboxylate[11]

The cinnamate ester prepared as above (23.2 g, 7% mmol) was added as a solid
slowly to refluxing xylene (500 ml) over a period of 3 h at a rate that prevented
accumulation of unreaeted azidocinnamate in the solution {monitored by gas
evolution through a gas bubbler). The solution was refluxed for an additional
2 h after gas evolution ceased. The reaction mixture was cooled and the solvent
removed in vacuo. The residue was recrystallized from methanol to give pure
product (20.7 g, 99% yield).
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Category llab Cyclizations

The main Ilab synthetic pathway is illustrated tn Scheme 6.1 and corresponds
to C-acylation of an o-aminobenzyl carbanion equivalent. Acylation is nor-
mally followed by in sitw cyclization and aromatization, This routc is therefore
closely related to the cyclizations of c-aminobenzyl ketones described in
Section 2.3 but the procedures described here do not involve isolation of the
intermediates.

’%—H : g’ [0}
N GR
H (A

z

SCHEME 6.1

One type of o-aminobenzyl anion synthon is a mixed Cu/Zn reagent which
can be prepared from o-toluidines by his-trimethylsilylation on nitrogen,
benzylic bromination and reaction with Zn and CuCN[1]. Reaction of these
reagents with acyl halides gives 2-substituted indoles.

11 2 ecBuli
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Another c-aminobenzy! anion equivalent is generated by (reatment of
N-trimethylsilyl-o-toluidine with 2.2 eq. of n-butyllithium. Acylation of this
intermediate with esters gives indolesf2]. This routc, for example, was used to
prepare 6.21), a precursor of the alkaloid cinchonamine.
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A more highly substituted analogue was successfully used in the preparation
of the penitrem class of terpenoid indoles[ 3].

Another version of the o-aminobenzyl anion synthon is obtained by dilithi-
ation of N-t-Boc-protected o-alkylanilines. These intermediates are C-acylated
by DMF or N-methoxy-N-methyl carboxammdes, leading to either 3- or
2.3-disubstituted indoles. In this procedure dehydration is not spontaneous but
occurs on bricf exposure of the cyelization product to acid[4]. Use of CO, as
the electrophile generates oxindoles,

R A R

CH2R EHL DMF
or HC .
O — Qo Ol =0
REN(GH3)0CH; N OH N
i

NHBoe ML ) I
o © Boc tFoe

683)
In a related procedure N-methyl-o-toluidine can be N-lithiated, carboxylated
and C-lithiated by sequential addition of a-butyllithium, CO,, and n-butyl-

lithium[5]. The resulting dilithiated intermediate reacts with csters to give
1.2-disubstituted indoles,

1} n-Buli
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In @ more elaborate and speailic synthesis, the terpenoid indole skeleton
found in haplaindole G. which is isolated from a blue-green alga. was
constructed by addition of a nucleophilic formyl equivalent to enone 6.5A.

Cyclization and aromatization to the indole 6.6B followed Hg? -catalysed
unmasking of the aldehyde group[6].

] o

o DA kgli
. CH3SCHpSOCH; —= oo [§] (6.5)

NHCO2CHaGH=GHp N
654 6.58 COzCHaCH=-CHy
Procedures

2-(5-Vinyl-1-azabicyciof2.2 2Joctan-2-ylindolef2]

A solution of N-TMS-o-toluidine (200 mg, 1.12mmol} in dry hexanes (8 ml)
was cooled to 0°C and treated dropwise with a 2.5 M solution of n-BuLi
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hexanes (1.0ml 2.5 mmol). The pale vellow solution was heated at reflux for
6.5 h. The resulling solution (orange) was cooled to Toom temperature and
added via a cannula to a cold (=78"C) solution of ethyl 5-vinyl-1-azabi-
eyclo[2.2.2]octane-2-carboxylate ( 180 mg, 0.86 mmol} in THF {5 ml). The mix-
ture was then allowed ro warm to room temperature and diluted with ether
(25 m) and quenched with sat. ag. NaCl (10 ml). The product was isolated by
extraction and purified by chromatography using 3:2 hexanes—acclone lor
clution. The yield was 63%.

1-(tert-Butoxycarbonyl)-6-methoxyindole(4]

A solution of N-[tert-butoxycarbonyl)-6-methoxy-2-methylaniline (11.9g,
S0mmol) was cooled to —40°C and s-BuLi (96 ml of 1.3M in cyclohexane.
125 mmol) was added. The mixture was stirred at —45°C to — 55°C for 30 min
and then allowed to warm slowly to — 15°C over 60min. The vellow solution
was recooled to —45°C and DMF (58 ml, 75 mmol) was added. After 5 min
the reaction mixture was diluted with water (250ml) and the product was
extracted with EtOAc (2 x 150ml). The extract was wushed with water
(200ml) and then concentrated in vacuo. The residue was dissolved in THF
(100mband 12N HCH2 ml) was added. The solution was stirred for 3 min at
room temperature and then diluted with ether (250ml). The solution was
washed with water (250 ml), sat. ag. NaHCO, (250 ml), and brine (250 ml),
dried (Na,S0,) and evaporated. The product was purified by chromatography
using 2% EtQAc in hexane for elution. The yield (9.3 g) was 75%.
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Category llac Cyclizations

The Ilac category is the most prevalent means for synthesis of 2- 3- and
2.3-disubstituted indoles. This reaction pattern creates the indole ring from an
aromatic compound and a second molecule which provides C2 and C3 and the
attached substituents. This dissection allows for the synthesis to be quite
general since the potential C2 and €3 substituents generally do not directly
participate in the reaction. Some Ilac syntheses require only a mono-sub-
stituted aromatic ring while others require a specific o-substitution pattern. The
former type, of course, has the advantage of requiring a less complex starting
material. Scheme 7.1 depicts some of the important indole syntheses which fall
in category Ilac, Path a is the Fischer cyclization, which is the most widely
applied of all indole syntheses. Paths b and ¢ are closely related methods,
which, like the Fischer cyclization, depend on a sigmatropic rearrangement to
effeet ortho-substitution. In cach of these reactions, an iminium or carbonyl
bond is in place after the sigmatropie rearrangement to permit completion of
the cyclication. Path d corresponds to the Sugasawa indole synthesis which
proceeds by conversion of anilines Lo indoles by BCly-directed ortho-chloro-
acetylation, followed by a reductive cyclization. Path f disseets the indole ring
to an aniline and a-haloketone. When the ketones are a-bromoacetophenones,
this corresponds to the Bischler synthesis of 2-arylindoles.

R
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SCHEME 7.1
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7.1 FISCHER INDOLE SYNTHESIS

Retrosynthesis a in Scheme 7.1 corresponds to the Fischer indole synthesis
which is the most widely used of all indole syntheses, The Fischer eycliration
converts arylhydrazones of aldehydes or Ketones into indoles by a process
which involves ortho-substitution via a sigmatropic rearrangement, The rear-
rangement gencrates an iming of an p-aminobenzyl ketone which cyclizes and
aromatizes by loss of ammonia.

R P
A R B n R
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The Fischer cyclization is usually carried out with a protic or Lewis
acid which functions both to facilitate the formation of the enchydrazine by
tautomerization and also to assist the N N bond breakage. The mechanistic
basis of the Fischer cyclization has been discussed in recent reviews[1,2].

The Fischer eyclization has proved to be a very versatile reaction which can
Lolerate a variety of substituents at the 2- and 3-positions and on the aromatic
ring. An extensive review and compilation of examples was published several
years ago[3]. From a practical point of view. the crucial reaction parameter is
often the choice of the appropriate reaction medium. For hydrazones ol
unsymmetrical ketones, which can lead to two regivisomeric products. the
choice of reaction conditions may determine the product composition.

7.1.1 Reaction mechanism and catalysts

The mechanism of the Fischer eyclization outlined in equation 7.1 has been
supported by spectroscopic observation of various intermediates[4] and by
isolation of examples of intermediates in specialized structures[3]. In particu-
lar, it has been passible to isolate enchydrazines under neutral conditions and
to demonstrate their conversion to indoles under the influence of acid cata-
lysts[6].

Sigmatropic rearrangements are normally classified as concerted processes
with relatively nonpolar transition states. However. the Fischer eyelization
involves rearrangement of a charged intermediate and ring substituents have a
significant effect on the rate of the rearrangement. The overall cychzation rate
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is accelerated by ER substituents in the benzene ring[2,7]. The acceleration
provided by acid catalysis is in the range 10°~10°[6,8]. This catalytic effeet
is due at least in part to acceleration of the sigmatropic rearrangement
of intermediate. Both protic and Lewis acids have been shown to accelerate
related sigmatropie reactions involving rupture of nitrogen-carbon bonds[9].

A varicty of both protic and Lewis acids have been used to effect Fischer
cychizations. Hydrochlorie acid or sulfuric acid in agueous, aleohol or acetic
acid solution are frequently used. Polyphosphoric acid and BF; in acetic acid
have also been employed[10]. Zine chloride is the most [requently used of the
common Lewis acids. This choice is supported by comparative studics with
FeCl,. AICI,, CoCl, and NiCl,, which found ZnCl, to be the most effective
catalyst[ 11]. Zine chloride can he used either as a solid mixture with the
hydrazone reactant or in cthanol or acetic acid solution[12].

Fischer indolization can also be carried out under thermal conditions with-
out a catalyst in solvents such as ethylene glycol[ 137, diethylene glycol[14],
sulfolane[15] or pyridine (using the hydrazone hydrochloride)[16]. High
temperature (275-350°C) heterogencous cyclizations of arylhydazones w in-
doles have also been developed with special emphasis on the eyclization of
acelaldehyde phenylhydrazone, a reaction which is difficult to achieve in solu-
tion. Vapour phase cyclization occurs using Al,O4. MgO and Mg0O/5i0,[17].
Yields of 85% have been achieved using an alumina-MgF, catalyst[ 18], This
catalyst has also been used successfully Lo make substituted indoles. An acidic
aluminium orthophosphate catalyst has been used to prepare several alkyl-
indoles[19].
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7.1.2 Regioselectivity

The issue of regioselectivity arises with arylhydrazones of unsymmetrical
ketones which can form two different enchydrazine intermediates. Under the
conditions used most commonly for Fischer cyelizations, eg ethanolic HCI,
the major product is usually the one arising from the more highly substituted
enchydrazine. Thus methyl ketones usually give 2-methylindoles and cyclie-
ation occurs in a branched chain in preference to a straight chain. This
regioselectivity is attributed to the greater stability of the more substituted
enhydrazine and its dominance of the reaction path.
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There are a number of eases in which it has been shown that more strongly
acidic conditions can shift the direction of indolization from the more sub-
stituted group Lo the less subsituted one[ 1-6]. Mechanistic interpretation of
this effeet has suggested that either enehydrazine formation or its rearrange-
ment can be rate-determining. Rate-determining enchydrazine formation could
favour reaction through the less-substituted regioisomer while rate-determining
rearrangement would proceed preferentially through the more substituted
and thermodynamically preferred enehydrazine. These ideas are outlined in
Scheme 7.2,
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Recently the proposal has been advanced that rearrangement might oceur
through both mono- and di- protonated intermediates, with the latter favour-
ing ratc-determining enchydrazine formation and fast rearrangement[7]. A
study of solvent and kinetic isotope effects has indicated that reaction in
strongly acidie solution may proceed through an intermediate in which the
aramatic ring 1s protonated. This non-aromatic cyclohexadienylium ion would
be expected to have a much lower activation energy for sigmatropic rearran-
gement, permitting the enchydrazine formation to become rate-determining[7].
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Very recent work has uncovered a different and promising approach to
control of regioselectivity of Fischer indolization. It was found that vse of
diglkylaluminium amides, specifically diethylaluminium 2,2.6.6-1erramethyl-
piperidide (DATMP), promoted indolization of N-methylarylhydrazones[8].
The regioselectivity was dependent on the stereochemistry of the hydrazone.
Thus for the N-methylphenylhydrazone of benzyl n-propyl ketone, the Z-
isomer gave mainly 2-benzyl-3-ethyl-1-methylindole while the E-isomer gave
mainly 1-methyl-3-phenyl-2-propylindole. The dependence on hydiazone
stereochemistry could result from  preferential syn deprotonation via a
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DATMP complex. So far this methodology has been demonstrated only for
N-alkylarylhydrazones,
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Another issue of regioselectivity arises with meta-substituted arylhydrazones
from which either 4- or 6-substituted indoles can be formed. Robinson has
tabulated extensive data on this point[9]. A study comparing regioselectivity
ol eyclization as catalysed by HCI'EGOH and ZnCl, was carried out for several
m-substituted arylhydrazones of diethy] ketone[10]. The results given in Table
7.1 show some dependence on catalyst but mixtures are obtained under all
conditions studied.

Table 7.1

Regioselectivity in m-substituied arylhydrazones
Cnuey Substituent Reaction medium 6:4 Ratio
1 NO, ZnCl, 3.7
2 NO, HCI, EtOH 121
3 Cl ZnCl, 081
4 Cl HCL ELOH 1.3:1
5 C,H, ZnCl, L2
6 C,H, HCIl, EtOH 1.8:1
7 CH,O ZnCl, 1:1
] CH,0 HCL, ELOH 54:1

Data from Reference 10 of Section 7,1.2
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7.1.3 Other reaction media

In addition to the more traditional reaction media discussed in Section
7.1.1, there are a number of other reaction systems which have been invest-
igated. Some of their specific churucteristics are outlined in the succeeding
paragraphs.

Polyphosphoric acid trimethylsilyl ester (PPSE)[17] can be used in sulfolane,
CH,Cl, or nitromethane, It is similar to polyphosphoric acid but the overall
conditions are milder and the work-up more convenient. PPSE has been used
in the cyclization of his-arylhydrazones ol cyclohexane-12-diones to give
indolo[2.3-acarbazole analogues[2].

A mixture of methanesullonic acid and ',0; used either neat or diluted with
sulfolane or CH,Cl, is a strongly acidic system. It has been used to control the
regioselectivity in eyelization of unsymmetrical ketones. Use ol the neal reagent
favours reaction into the less substiluted branch whereas diluted solutions
favour the more substituied branch[3].

A solution of trifluoroacetic acid in toluene was found to be advantageous
for cyelization of pyruvate hydrazones having nitro substituenis[4]. p-Toluene-
sulfonic acid or Amberlyst-15 in toluene has also been found to give excellent
results in prepuration of indole-2-carboxylule esters from pyruvate hydra-
zones[5,6]. Acidic zeolite catalysts have been used with xylene as a solvent to
convert phenylhydrazines and ketones to indoles both in one-flask procedures
and in a flow-through reactor[7].

Phosphorus trichloride in benzene is reported to effect mild and [ast
eyclizalion. It has been used for synthesis of 23-dialkyl- and 2.3-diaryl-
indoles[8-11]. Table 7.2 presents some typical Fischer ndolization
reactions using both the traditional and maore recently developed reaction
conditions.
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Table 7.2
Representative Fischer indole cyclizations

Entry Substituents Cyclization conditions  Yield (%) Ref.

1 2-Phenyl ZnCl,, 170°C TO-80 [12]
2 2-Ethoxycarbonyl TsOH, toluene 4s [5]
k) 2-(1.1-Dimethyl-2-propenyl) ZnCly, diglyme 45 [13]
4 3-(2-Propyl) RF,, FtOH 60 [14]
5 Cyclohexa[b]* HOAc T5-85 [15]
f 3-Methyl-2Z-phenyl Polyphosphate cster 64 [16]
7 5-Chloro-2-{ethoxycarbonyl) Amberlyst-15, toluene 70 [5]
8 2-(Ethoxyearbonyl)-S-nitro Polyphosphoric acid, 81 [17]
xylene
9 2,5-Dimethyl-3-{4-fluorophenyl) H,50,, EtOH 80 [15]
10 5-Chloro-3-ethyl-2-propyl Zeolite, xylene 77 7]
1 2.3-Diphenyl-5-methyl PCly, CH,Cl, 80 [10]
12 3-Ethyl-2-methyl-5-nitro Cone. HCI i [19]
13 3-Methyl-5-[N-(2-propenyl)- TsOH, THF 90 [4]
acetamido]-7-benzyloxy
14 5-Bromo-2-{ethoxycarbonyl)- Polyphosphoric acid 41 [207
T-(4-methyIphenylsulionyloxy)
15 3.3-Dimethyl-2-phenyl-3H Acetic acid 66 [21]

*Systematic name 1,23 d-tetrahydrocarbazole.
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7.1.4 Synthesis of indoles with functionalized substituents

One of the virtues of the Fischer indole synthesis is that it can frequently be
used to prepare indoles having functionalized substituents. This versatility
extends beyond the range of very stable substituents such as alkoxy and
halogens and includes esters, amides and hydroxy substituents. Table 7.3
gives some examples. These include cases of introduction of 3-acetic acid,
J-acetamide, 3-(2-aminoethyl)- and 3-(2-hydroxyethyl)- side-chains, all of
which are of special importance in the preparation of biologically active indole
derivatives. Entry 11 is an efficient synthesis of the non-steroidal anti-inflam-
matory drug indomethacin. A noteworthy feature of the reaction is the

Table 7.3
Fischer indole cyclzations incorporating functionalized substituents
Entry  Substituents Conditions Yield (%)  Ref
1 3[2-(3-PyridyDethyl] MeOH, HCI 56 [21
2 3-i6-lsopropyl-8-methylens-6- 4% H,50, 64 [3
azabicyelo[3.2.1 Joct-3-en-
T-vlymethyl
3 3.[24N.N-Dimethylamino- ZnCl,, 170°C 78 (4]
carbonylimethyl]-2-phenyl
4 1-{4-Chlorobenzy]})-2-{ 2-ethoxy- EtOH, cat. H,50, 68 [51
catbonyl-2-methylpropyl)-
J-methyl
5 31 2-Acetamido-2,2-bis-(ethoxy- 5% H,80, 99 [6]
carbonyljethvl]-7-chloro
6 NN-Dimethyl-2-[ S-(cvanomethyl)- 4% H,S0, 76 M
| H-indel-3-y[Jethylamine
7 T-Bromo-6-Huoro-3-(2- £nCl, 48 [8]
hydroxyethyly
8 3+ 2-Aminoethyl)-S-cyano EtOH, HBr 35 %]
9 2+(Diethoxyphosphonylmethyl)- EtOH, HCI 90 [10]
J-hexyl
10 3-(t-Butylthio)-2-[2-(methoxy- HOAc, NaOAc 3l (113
carhonyl}-2-methylpropyl]-5-
(2-propenyloxy)
11 3-(Carboxymethyl)-1-(4- HOAe 96 123
chlorobenzoyl)-5-methoxy-
2-methyl
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installation of a l-acyl substituent prior lo cyclization. Entry 8 is an example
of the Grandberg method for tryptamine synthesis in which 4-chlorobutanal
reacts with an arylhydrazine[1]. The a-nitrogen of the hydrazone is alkylated
during the reaction and becomes the tryplaming nitrogen.

GHzCHzNHz
N,
@ CHICHzGl — & N H m (7.5}
r'."N’ /i H
H
Procedures

N,N-Dihexy!-2-phenylindole-3-acetamide from 3-phenyl-3-oxopropanoic
Acid[4]

3-Phenyl-3-oxopropanoic acid (25 mmol) and EG,N (87.5 mmol) were dissol-
ved in THF (150 ml) and cooled to —40°C, Ethyl chloroformate (27.53 mmol)
was added dropwise to this solution and then the reaction mixture was stirred
for 30min at =20°C. Di-n-hexylamine (27,5 mmol) was added to the suspen-
sion and 1t was stirred at room temperature for an additional hour. The
reaction mixture was diluted with water (100ml) and extracted with ether
(400 ml). The extract was washed with ag. 5% HCI (100ml) and brine
2 % 100ml) and dried over Na,S0,. The crude amide was obtaincd by
removal of the solvent in vacuo and phenylhydrazine (25 mmol) was added.
The mixture was heated to 100°C for 30min. The residue was held in vacuo (o
remove the water formed and then powdered ZnCl, (125 mmol) was added.
The mixture was heated at 170°C with manual stirring for 5 min. The cooled
residue was disselved in acetone (100 ml) and diluted with ether (500 ml).
Water (100ml) was added. The organic layer was separated and washed
successively with 3% ag. HCI (100 ml) and brine (2 = 100ml) and dried over
Na,S0,. The solvent was removed in vacuo, and Lhe residue was recrystallized
from EtOAc-hexane. The yield was 79%.

2-Acetamido-2-(7-chloroindol-3-yimethyi)propanedioic acid dimethy!
esterf6]

A. Hydrazone formation

A solution of 2-chlorophenylhydrazine hydrochloride (89.5g, 0.50mol} in
water (800 ml) was neutralized with 1N NaOH and extracted with benzene
(800 ml). The solution was dried (MgSO,) and filtered. Acetic acid (10.7 ml)
and dimethyl Z-acetamido-2-(3-oxopropyl)propanedioate (122.5g, 0.50 mol)
were dissolved in henzene (200 ml) and added. This mixture was stirred for 1 h
al 50°C and then kept at 4°C for 2 days. The hydrarone precipitated.
Additional product was recovered by concentration of the (iltrate to about
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one-fourth its volume and diluting with pentane. Pure product (153 g, 83%)
was obtained by reerystallization from MeOI /water (70:30),

B. Cyelization

The hydrazone prepared above (153 g (042 mol) was heated at reflux for 5hin
3% H,80, (750ml). The solution was cooled to 4°C and after 12h Lhe
precipitate was collected by filtration. Recrystallization from MeOH/water
(70:30) gave the product (145 g, 99%).

N,N-Dimethy!-2-{5-(cyanomethyl)- TH-indol-3-yllethylamine(7]

A solution of 4% aq. H,80, (301) was heated to 50°C over 30-60min,
Mitrogen was bubbled through the solution during this time. 4-(Cyano-
methyljphenylhydrazine hydrochloride (1080 g, 4.77 mol) was added as a solid
to the heared mixture. After it had dissolved, N N-dimethyl-4.4-dimethoxy-
butanamine (965 g, 3.98 mol) was added over 2 period of 30 min. The mixture
was then heated at reflux for 2h, The reaction mixture was cooled and diluted
with portions of 30% ag. NH,OH (21 total) over 0.5h at a rate to maintain
the temperature at 25-30°C. The product was then extracied into isopropyl
acetate (3 % 101). The solution was concentrated to 3] which led to a
precipitate which was isolated by filtration and washed with cold isopropyl
acetale 1o give 8274 g (76%) of product.
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7.1.5 Anomalous reactions

Anomalous Fischer cyclizations are observed with certain o-substituted aryl-
hydrazones, especially 2-alkoxy derivatives[1]. The products which are formed
can generally be accounted for by an intermediate which would be formed by
ipso-substitution during the sigmatropic rearrangement sicp. Nucleophiles
from the reaction medium, e.g. C1° or the solvent, are introduced at the 5-
and/or 6-position of the indole ring. Even carbon nucleophiles, e.g. ethyl
acetoacelale, can be incorporated if added to the reaction solution[2]. The use
of 2-tosyloxy or 2-trifluoromethanesulfonyloxy derivatives has been found to
avoid this complication and has proved useful in the preparation of T-oxygen-
ated indoles[3].

OR R
I

OR R
CL
R -
N
H H

B

A
H R Nu

P N“m_ﬁ -_—* N ;

. h

R o H

| \ onf m
[— 00~

Mu M Mu N
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(76)

ipso-Substitution has also been observed with alkyl and aryl substituents and
can lead to substituent migration. For example, 4-substituted indoles have been
isolated from the cyclization of o-methyl and o-phenylphenylhydrazones of
ethyl pyruvate. Formation of these by-products can be minimized by variation
of the cyclization conditions and the use of p-toluenesullonic acid in benzene
or acetic acid was the preferred system[4].

GHg —_—

MNHN=C

@ G0s0Hs

7N

Similarly. the N-mesitylhydrazone of acetophenone gives 2-phenyl-4,57-
trimethylindole as a minor product (10%)[5]. 2.4.6-Trialkylphenylhydrazones
have also been observed to give 5,6,7-trinlkylindoles as the result of a formal
3a — 6 shift[6]. These reactions probably vccur via a 1.5-shift followed by a
1,2-shift.
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CH: CH
Gy I CHy '3 ]
GgHg Ha CaHs CHa CaHs
CHy NG T Nyt — g
“2M6 Mz CHy MHA
GHg CHs CHy  ©
CHsy CHy ¢
£ Haq
CHy GaHs
—_—
NHg*  —= 2Hs (7.8)
CHg N CHs N
CHa CH H
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7.1.6 The Japp-Klingemann route to arylhydrazones

The Japp-Klingemann coupling of aryldiazonium ions with enolates and other
nucleophilic alkenes provides an alternative route to arylhydrazones. The
reaction has most frequently been applied to f-ketoesters, in which deacylation
follows coupling and the indolization affords an indole-2-carboxylate ester.

A

o) CHaR ,mmﬁ.
AmNg* + R"EQHCOZH' —=  AMNHN=C — N

CHzR COR "
(7.9
If, instead of an ester, the Japp-Klingemann reaction is done with a salt of

i P-ketoacid, decarboxylation occurs and the eventual product is a 2-acyl-
indole.

5]
Q CH2A .
ANg™ ¢ CaGCHERT ——=  AMNHN-C —— X cR
i .
GHaR ch N8
o 1

(7.10)



Table 7.4
Japp- Klingemann coupling Fischer ¢yclization
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2l EEE= = = s Table 74 gives some examples of indoles obtained from hydrazones pre-
oshE L oo . ) '
pared by Japp-Klingemann coupling. Entry 6 presents a case where coupling
= with 2-ethoxycarbonyleyclopentanone is followed by ring cleavage Lo generate
- - _ a precursor of an indole-3-propanoic acid. This reaction was successfully
= 2 = performed on a large scale (5kg of product) using BF, in acctic acid as the
- o 2l — ” . .
| ERER . 8 = reaction medium[1].
. A specal application of the Japp-Klingemann/Fischer sequence is in the
o 15'- & = preparation of tryptamines from piperidone-3-carboxylale salts, a method
Tz . Z © :"-: which was originally developed by Abramovitch and Shapiro[2]. When the
2|z S E 91. 5 o o piperidone is subjected to Jupp- Klingemann coupling under mildly alkaline
% EEE 2 3 =2 conditions decarboxylation occurs and a 3-hydrazonopiperidin-2-one is iso-
lated. Fischer cychzation then gives 1-oxotetrahydro-p-carbolines which can be
. hydrolysed and decarboxylated to afford the desired tryptamine.
kel =
-1 Ey 2
525 = -]
28, T
€22 5 2 2 AR (I — “@L Ny — N-n
cz§2 2 3 ¢ Vo N H N
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= g Ihe decarboxylation 1s frequently the most troublesome step n this se-
E = , z quence. Attempts at simple thermal decarboxylation frequently lead to recveliz-
5 = T o2l E ation to the lactam, The original investigators carried out decarboxylation by
Z 2 a4 = § L] acidic hydrolysis and noted that rings with ER substituents were most easily
= T = w B L .
= 5 97 % 2= decarboxylated[2]. It appears that ring protonation is involved mn the decar-
£ fe = = Z|% boxylation under hydrolytic conditions. Quinoline—copper decarboxylation
sr—== £ Z H|= has been used successfully after protecting the exocyelic nitrogen with a
Ss23% ¢ o3 Pl=
EZEE 3 2 :;‘1 B phthaloyl, acctyl or benzoyl group[ 3].
nfea ¥_E 7|z A variation on the tryptamine synthesis is to use diethyl (3-chloropropyl)-
= N ST o= B . .
T E = S53 22| = malonate as the substrate for a one-pot Japp-Klingemann,/Fischer procedure.
- -} . .
2vE: 5 s zg 2 The chloropropyl group alkylates the a-nitrogen, forming the tryptamine
E2= b = i E] . . 2 . N h
4 :3.';:!E g =2 5 al e side-chain. The precise stage at which the alkylation occurs is unclear[4].
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Procedures

4-Carboxy-7-chloro-2-(ethoxycarbonyl)indole-3-propanoicacid[1]

Water (121) and crushed ice (12 kg) were added to a suspension of 3-amino-4-
chlorobenzoic acid (5.0 kg) in conc. HCT(61). The mixture was stirred and kept
at 0-2"C by adding more ice during addition of 4 solution of NaNO, (2.05 kg)
in water (31} Stirring was continued at 0-2°C for ©'h after the addition was
complete. NaOAc hydrate (5kg) was added, followed by ethyl 2-oxocyclo-
pentanecarboxylate (4.55kg). An oil scparated which eventually solidified.
After 30 min the precipitate was collected as an orange solid and washed with
ice-water. The solid was then added 1o 80% acetic acid (301) and the mixture
was stirred at 95 100°C for 1 h. The solution was cooled and the intermediate
hydrazone was collected by filiration and dried (6.6 kg, 63%). The hydrazonc
(6.6 kg) was suspended in glacial acetic acid (25 1) and BFy-acetic acid complex
(4.51) was added. The mixture was heated to 90°C with stirring. At this point
un exothermic reaction began and the heat source was removed. The solution
was allowed to spontancously reflux until the exotherm subsided and then
heated to reflux again for 4 h. The solution was cooled and filtered. The solid
product was washed with water and dried to give the product (5.1 kg, 81%).

Methy! 3-(4-fluorophenyl)-5-methylindole-2-carboxylate[8]

To a solution of p-toluidine (119.4 g, 1.1 mol) in cone. HCI (380 ml) was added
over L5h at 0-5°C a solution of NaNO, (84.6 g, 1.2mol) in water (500 ml).
This solution was added in one portion with stirring, to a mixture of methyl
2-(4-fluorobenzyl)-3-oxobutanoate (2502, 1.1 mol), KOH (220g, 39 mol)
water (300 ml), ethanol (1.25 ml) and ice (2 kg). After 2 h at room temperature,
the reaction solution was extracted with ether (2 x 21). The organic phases
were combined, washed with water (31), dried (Na,50,) and evaporated to
give the crude hvdrazone (330 g) which was used without further purification.
The hydrazone was dissolved in MeOH (2.251) containing conc. H,S0,
(100 ml) and the solution was heated at reflux for 18 h. The solution was cooled
and partially evaporaled in vacuo. The product (180 g) was obtained in 38%
yield.
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7.1.7 Oxindoles from N-acylphenylhydrazines

Oxindoles can be prepared from N f-acylphenylhydrazines by a reaction which
is analogous to the Fischer cyclization. This is known as the Brunner reaction.
The reaction is typically conducted under strongly basic conditions. For
example, heating N-phenyleyclopentanccarbonylhydrazide with CaO gives a
0%, yield of spiro-cyclopentane oxindole[ 1]

@ ca0 0 (7.13)
N —

NNy N

oM 230-2500 4

Calcium hydride has also been used as the base[2.3]. A comparison of
the effect of metal cations indicated that yields increase in the order
K* <« Na' < Li* and a procedure in which n-BuLi serves as the base has been
developed[4].

Procedure

3.3,7-Trimethyloxindole(3]

Ground, predried CaH (11.0g 026 mol) was added to a mixture of N-
(2-methylphenyl)-2-methylpropanoylhydrazide (25.0g, 0.13mol) in tetralin
(300ml). The mixture was slowly heated over 2h o about 200°C and kept at
that temperature for 30 min. The reaction mixture was slowly cooled to room
temperature and & solution of ag. methanol (100 ml, 50% by vol) was carefully
added at 0-5°C. After H, evolution ceased. the pH was adjusted to 1 with
conc. HCl and the mixture heated at reflux for 1 h. Then 3N NaOH was added
to bring the pH to 5. A precipitate formed and was collected and dried to give
201 g (89% yield) of the product.

References

IR Moore and 8.G. P Plant J. Chem, Soc, 3475 (1951

2 D W. Robertson, ) H. Krushinski, G. D, Pollock, H. Wilson, . F. Kauffinan and 1. § Huyes.
JoMed, Chem. 30, 824 (1987)

3 A R Lee, W-H. Huang. T-L. Lin, K -M. Shih, H-F, Lec and € =i, Lin, 1. Hetereacvel, Clem.
321 11995,

4. ). Wolll and M. Taddei, Torrahedron 42, 4267 (1986).



0 T OCATEGORY Tae CYULTZATIONS
7.2 INDOLES FROM N-ARYL-O-HYDROXYLAMINES

The oxygen analogue of the Fischer cyclization requires the fermation of

O-vinyl derivatives of N-arylhydroxylamines. These are readily converted to

indoles but are less readily accessible than the arylhydrazones used for the
Fischer cyclization.

f\/IECHQC-L-O m
— -
@—NHOCH-CH: - 2. NH2 N (7.14)

-

One route to @-vinyl derivatives involves LiPdCl,-catalysed exchange with
vinyl acetate[1]. Rearrangement and cyelization occur concurrently to give
l-acylindoles.

LigPdGly

ONOH . CHa=CH(LCCHy —» N (7.15)
1]
& !
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Addition of arylhydroxylamines to electrophilic allenes such as methyl
propadicnoate or l-methancsulfonyl-1.2-propadiene is another route lo O-
vinyl derivatives[2]. The addition step is carried out by forming the salt of the
hydroxylamine using NaH and the addition is catalysed with LiO,CCF,. The
intermediate adducts are cvclized by warming in formic acid. Yields are
typically 80% or better.

x H20YCH27 GHZZ
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N-Substituted arylhydroxylamines add to methyl propynoate and rearran-
gement occurs to give indole-3-carboxylate esters[3]. With unsubstituted
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arylhydroxylamines addition occurs a second time and the products are N«
carbomethoxyvinyliindoles[4].

CO;CH;3

N AsN ,§
@,:40,4 +  HCOZCCO:CHs R —— @ (7.17}
R N '
R

R =GHzPh, GO2CHzPh
Procedure

1-Benzyl-3-methyl 6-methoxyindole-1,3-dicarboxylate[3]

N-Benzyloxycarbonyl-3-methoxyphenylhydroxylamine (1.84 g, 6.74 mmol) and
methyl propynoate (1.2ml, 13.5 mmol) were dissolved in dry CH,CIL, (20ml).
N-Methylmorpholine (0.74ml, 6.73 mmol) was added at room temperature.
The temperature of the solution rose to 40°C. Stirring was continued for 1h
and the solvent removed. The product was purified by elution through silica
gel using 1:1 CH,Cl, - hexane. The product was recrystallized from methanol.
The yield was 1L.51 g (66%}.
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7.3 REARRANGEMENT OF ANILINOSULFONIUM YLIDES-THE
GASSMAN SYNTHESIS

Gassman and co-workers developed a synthetic route from anilines to indoles
and oxindoles which involves [2.3]-sigmatropic rearrangement of anilinosul-
fonium ylides. These can be prepared from N-chloroanilines and a-thiomethyl-
ketones or from an aniline and a chlorosulfonium salt[1]. The latter sequence
is preferable for anilines with ER substituents. Rearrangement and cyclization
occurs on treatment of the anilinosulfonium salts with Et,N. The initial
cyclization product is a 3-(methylthio)indole and these can be desulfurized with
Raney nickel. Use of 2-(methylthio)acctaldehyde generates 2,3-unsubstituted
indoles after desulfurization[2]. Treaiment of 3-methylthioindoles with tri-
fluoroacetic acid/thiosalicylic acid is a possible alternative to Raney nickel for
desulfurization[ 3]
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When longer chain a-methylthio substituents or a-methylthiocycloalkanones
are used, 3-methylthio-3H-indole intermediates are isolated. These can be
converted to 2.3-disubstituted indoles by reduction with LiAIH,[4].
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(7.19)

The Gassman method has proven to be adaptable to complex siructures,
such as the intermediare 7.20B used in the synthesis of the indole diterpencs
paspalicine and pasalinine[5]. Table 7.5 gives some other examples.

Table 7.5
Indoles from anilinosulfonium salts
Yield (%)

Entry Substituents Cyel. Desull. Ref.
1 2-Fthyl-3-methyl 81 [4]
2 5-{ Fthoxyearbonyl)-2-methyl 50-70 [&]
3 5-Chlero-2-methyl 72 74 [1a]
4 S-Cyano-2-methyl 85 83 (k)]
5 T-Methoxy-2-methyl 45 87 [Ib]
[ 4.5-Difluoro-2-methy] 93 86 [71
7 2-Methylbenzo[e] 6 bH] [
] 2-Methyl-3-{methylthin)}-1.7-trimethylene? 39 s

*Systemalic name: 1+ Methylthio - 2-methyl-3,6-dihydro-4 H-pyrrolo[ 3,2 1= Jgminoline,
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The Gassman synthesis has been a particularly useful method for the
synthesis of oxindoles[1b.8]. Use of methylthioacetate esters in the reactions
leads to 3-(methylthio)oxindoles which can be desulfurized with Raney nickel,
Desulfurization can also be done by reduction with zine or tin[ 10,117,

$CHy SCH4
i CHCO2C2Hs :
G al
NHC 2) EgN NHa EI
Aa Mi
¥ o (7.21)
or Sn I‘Id
H

There are two sequences in which the reaction can be carried out. For most
anilines the first step is N-chlorination which can be done with t-butyl
hypochlorite[9]. However, for anilines with ER substituents it may be prefer-
able 1o halogenate the thioester. The halogenation can be done with Cl,[1b]
or SO,CL,[12]. For some anilines simply adding -butyl hypochlorite to a
mixture of the aniline and thioester is satisfactory (Entries 1, 4, Table 7.6).

Procedure
7-Benzoyl-3-methyloxindolef15]
Chiorination, rearrangement and cyclization

A solution of 2-aminobenzophenone (98 g 0.50 mol) and methyl 2-(methyl-
thio)propanoate (74 g, 0.50mol) in CH,Cl, (21) was cooled to —70°C and
5% i-butyl hypochlorite (56 g, 0.5 mol) was added dropwise at such a rate that
the temperature did not rise above —65°C. One hour after the addition was
complete, EL,N was added and the mixture was allowed to come o room
temperature. The solution was mixed with 3 N HCI (800 ml} and stirred for | h.
The organic layer was separated. dried (Na,S0,) and filtered. The solution was
evaporated in vacuo and the residue triturated with ether. Filtration gave the
3-(methylthio)oxindole intermediate (92 g) in 62% yield.
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z
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-Methoxy-2.5-bis-imethoxymethyl

3 BN
4 Xylene, 120°C

Table 7.6

Oxindoles by the Gassman method
Methyl m
Et;N

12 4-(2-Chloro-1-oxopropylaniline, +-BuQC]

2: Methyl thiolane-2-carboxvlate

EN

1: Cl,, Ethyl methylthioacctate

Reagent sequence

i Cll.

I:
1
23

"
o
2
Z
=Y
£
=
-

4: Raney Ni
3 Rancy Ni

-

hoxy

-3-met

Fmethylthio

methvithio
5+(2-Chloro-1-oxopropyl)-3-spiro[thiclane-2,3-

5-[ 2-Chloro-4-{trifluoremethyl Jphenoxy)-3-
5-Methoxy-4,7-bis-imethoxymethyl)-6-methyl-

T-Cyclohexanonyl
7-Methoxy-4-methyi-3-methvithio

T-(4-Chlorobenzovl)
F-Ben zoyl-3methyl

Substituents

Entry
3

7
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Desulfurization

The above intermediate (8 g, 0.03 mel) in THF (80 ml} was stirred with Raney
nickel (40 g) for 2 h and then carelully filtered. [CAUTION. Raney nickel can
ignite during filtration.] Cone, HCI (2 drops) was added to the filtrate and it
was evaporated in racuo. Recrystallization of the residue from 2-propanol gave
the product (6.0 g) in 89%, vield.
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7.4 INDOLES FROM ANILINES via 0-CHLOROACETYLATION-THE
SUGASAWA SYNTHESIS

Boron trichloride. usually in conjunction with an additional Lewis acid, effects
o-chloroacetylation of anilines. The resulting products are converted to indoles
by reduction with NaBH,[1]. The strength of the Lewis acid required depends
itpon the substitution pattern on the ring. With ER substituents no additional
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Table 7.7
Indales ma o-chloroacctylanilines
Yield (%)
Acylation —
Entry  Substituents conditions Acyl.  Cyel Rel.
1 5-Methyl BCLEnCl, 62 ¥l [2
2 7-Propyl BCI/AICL, 59 438 [31
3 S-Methoxy-7-methy] BCL TiCl, 25 80 [4]
4 5-Chloro-1-(I-methylpiperid-4-y1)  BCI, 93 09 [5]
5 6,7-Dibromo-4-methoxy BCI, TiC1, kg i [6]
6 5.6,7-Trimethoxy BCI, RS 72 M

catalyst may be required but in other cases TiCl, or AICI, is needed. Table 7.7
gives some examples of indoles prepared in this way.

CicHa
o
BCly N
Ny NHz

o]
Soup NaBHq

N NaOM e @ (7.22)
NHz or N

NaH M

Procedure
6, 7-Dibromo-4-methoxyindole[6]

Chloroacet ylation

A solution of 2.3-dibromo-S-methoxvaniline (32g, 0.17mol) in CH,CI,
(300 ml) was stirred and cooled in an icc bath. Boron trichloride (I M in
CH,Cl,. 180 ml, 0.18 mol). chloroacetonitrile {14.3 g, 0.19 mol) and TiCl, (1 M
in CH,Cl,, 190ml, 0.19 moly were added. The resulting mixture was refluxed
for 1.5h. The solution was cooled to room temperature and poured carefully
on to a mixture of ice and 20% aq. HCI (700 ml). The organic layer was
separated and the CH,Cl, removed by distillation. The residue was heated to
90°C on a water bath for 30 min. The sclution was cooled and the solid
collected by filtration. 1t was partitioned between ether (1.4 1) and 1 N NaOH
(300 ml). The ether layer was washed with brinc, dried over Na,SO, and
evaporated. The residue was recrystallized from ethanol to give 2-amino-3,4-
dibromo-6-methoxy-u-chloroacetophenone (53 g) in 90% yield.
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Reductive cyelization

The above product (24 g, 0.067 mol) was dissolved in 90:10 dioxane- water
(300 mly and sodium borohydride (92.5 g, 0,067 mol) was added. The mixture
was refluxed for 4 h. The cooled solution was poured into 0.1 N 1C] (L1 A
solid precipitated and was collected by filtration, dried and recrystallized from
cther hexane to give 6,7-dibromo-d-methoxyindole (18.5 g, 90%).

References

1. T. Sugasawa, M. Adachi, K. Sasakura and A, Kitagawa, J. Org. Chem. 44, 578 (1979).

2. M. Nimtz and G, Hafelinger, Liehigs Ann. Chen, 765 (1987),

3. RAC Glennen, C. Chawrasin and M. Titeler, J. Med. Chen, 33, 2777 (1990),

4 ROA Glennon, E. Schubert, 1. M. Jacyno and 1. A, Rosencrans, J. Med. Chem. 23, 1222 [RELUTN

5. M. Adachi, K. Sasakura and T. Segasawa, Chem. Pharm, Bull. 33, 1526 (19855, K. Sasakura, M,
Adachi and T. Sugasawa, Synth. Commun. 18265 (1988).

6. B, Jiang, 1M, Smalheer, C Amaral-Ly and M. A, Wuonola, J. Ora. Chem, 59 6523 (1994),

7. M.LUE. Hewlins, A H. Jackson. A-M. Oliveira-Campos and P. V. R, Shannon, J. Chem, Soc
Perkin Trans. § 2906 (1981).

7.5 THE BISCHLER INDOLE SYNTHESIS

Anilines react with -haloacetophenones to give 2-arylindoles. In a typical
procedure an N-phenacylaniling is heated with a two-fold excess of the aniline
hydrobromide to 200-250°C[1]. The mechanism of the reaction was the
subject of considerable investigation in the 1940s[2]. A crucial aspect of the
reaction seems Lo be the formation of an imine of the acetophenone which can
isomerize to an aldimine intermediate. This intermediate apparently undergoes
cyclization more rapidly (path bl —b2) than its precursor (Scheme 7.3). Only
with very reactive rings, eg 3.5-dimcthoxyaniline, has the alternative cycliz-
ation (path al = a2) to a 3-arylindole been observed and then only under
modified reaction conditions[3].

oH ar
Ly - Cr
at _—
] — N N
B h i
Q. : :
N

Q=g ey

SCHEME 7.3
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There is an experimental variation in which an N-phenacylpyridinium salt
is heated with an aniline[4]. This reaction can also be readily accommodaled
to the mechanism involving an imine intermediate. There are a few examples
of use of other types of x-halokctones[5.6] but most of the synthetic applica-
tions have been to 2-arylindoles.

o
1] CH-
- 1 BIGHz ECHS 3
“”3O© Ftah F'H‘nm (7.23)
—_— 1
- 2) 7nch SN
Gy CHy  7o%
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Indoles by Annelation of Pyrroles

Indoles are usually constructed from aromatic nitrogen compounds by forma-
tion of the pyrrole ring as has been the case for all of the synthetic methods
discussed in the preceding chapters. Recently, methods for construction of the
carboeyclic ring from pyrrole derivatives have received mare attention. Scheme
8.1 illustrates some of the potential disconnections. In paths a and b, the
syntheses involve construction of a mono-substituted pyrrole with a substit-
uent at C2 or C3 which is capable of cyclization. usually by electrophilic
substitution. Paths ¢ and d involve Diels - Alder reactions of 2- or 3-vinyl-
pyrroles. While such reactions lead to tetrahydro or dihydroindoles (the latter
from acetylenic dienophiles) the adducts can be readily aromatized. Path e
represents a category lleg cyelization based on 2 — 4 cycloadditions of pyrrole-
2.3-quinodimcthane intermediales.

X P m

/ a PSSy
3
R TN )j
' l
m z \\%
{4 s :
SCHEMEE.;:

8.1 CATEGORY Id AND CATEGORY |h CYCLIZATIONS

These two methods are closely related but differ in the point of initial
attachment of the substituent from which the carbocyclic mdole ring is
constructed. One strategy for building up 2-substituted pyrroles capable of
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eyelization to indoles mvolves addition of a Grignard reagent to a 2-acyl-
pyrrole. For example the dioxolanyl group of the Grignard reagent B.1A
provides a potential aldehyde substituent capable of cleetrophilie substitution
at C3. Furthermore, substitution by the electrophilic aldehyde group creates a
hydroxyl group which can be eliminated during aromatization. This method
provides a potentially general route to T-alkyl and T-arylindoles[1]. In most
examples the pyrroles were protected by N-tosyl groups and 6% H,S0, in

isopropanol was found to be a useflul cyclization medium.
E)/\/MqBr . W E I,:P [81:
H

An alternative strategy is to put a 3-{-2-dioxolanyl)ethanoyl substituent in
place first and then add the C7-substituent by a Grignard addition. This
approach was applied to the synthesis of 8.2C but in this case it was found
necessary to remove the tosyl protecting group prior Lo cyclization[ 1].

MgBr
N
[Wm >~ e N g
2] TsOH
8ac 4%

4-Substituted indoles can be obtained by the same general method starting
with 3-acylpyrroles[2]. The precise methodology for construction of the
substituent can be adapted as necessary for more complex structures. For
example, enantioselective syntheses of both cis and rrans-trikentin A and
herbindoles A, B and C have been accomplished by using the annelation
methodology[ 3].

2 & 8

cis-trikentin A trans-trikentin A herbnndole A B indole G
(8.3}

HOHl

I-Z

8.1 CATEGORY ld AND CATEGORY th CYCLIZATIONS 1

The category Id cyclization has also been applied to 4-aminoindoles of
the type found in the indolelactam tumour promoters such as lyngbyaloxin
A and pendolmycin. In a synthesis of analogues of lynghyatoxin A the
isoxazoline B.4A was constructed as a key intermediate[4]. Reductive
cleavage of the isoxazoline ring generated 8.4B which was cyclized by reaction
with tert-butyldimethylsilyl triflate (Entry 6, Table 8.1). The cyclization of
a thiopamide was a key step in the synthesis of pendolmyein[35] (Entry 7.
Table 8.1).

N A ~

1BU0,C Ny -CH=0 1BuCpC Ny -CH=0 1Buo,e w10

Hz Ho TBOMSTH
N -
1
N~
s] " N
N {s] '!{ H
)
BAA H 848 87% B.4C

85%

(8.4)

Procedure

4-Cyclohexyl-1-(4-methylphenylsulfonyl)indole[2]

To a solution of 3-cyclohexanoyl-1-(4-methylphenylsulfonyl)pyrrole (83 mg) in
THF (3ml) at —20°C under argon was added the Grignard reagent prepared
from 2-(1.3-dioxan-2-yljethyl bromide (0.60ml) and Mg (90mg) in THF
(3.4 ml)y. After 135 min the reaction was quenched with sat. NH Cl and extracted
with CH,Cl,. After washing and purification by TLC, the intermediate
carbinol was obtained (108 mg, 97%). A portion (73 mg) of this product was
dissolved in 6% H,S0, in isopropanol (4.5 ml). The solution was refluxed for
30 min. After cooling and dilution with water, the solution was extracted with
CH,Cl,. After washing and purification by TLC the indole was obtained in
82% yield.

References

1M Muratake and M. Natsume, Heterocyeles 29, T83 (1959),

2. H. Muratake and M. Natsume, Heterocyeles 31, 683 [1990).

3 H, Muratake, A, Mikawa, T. Seine and M. Natsume, Chem, Pharm, Bull, 42, 354 (1994).
4, AP Kozikewski, K Saro, A Basu and 15 Laza 0 Am Chem Soc 111, 62285 (1989)
5 K. Okube, Ho Muratake and M. Natsume, Jerrakedien 46, 5113 (1990),

6. B. M. Trost. M. Reiffen and M. Crimmin. J. Am. Chent, Soe. 101, 257 (1979

7. H. Muratake and M. Natsume. Hetergcveles 29, 771 [1989),



H
EHg FHO N wuﬁug..:u,
H  O-HO=EHD E Hp
\ HOOH
N2 tHo H”
- c ot W 7 L
[<] EL AWA ITHD § w HOPHODNHOHOZ(EHO) o‘:u__...x_._uxuwmnxe L
E 0% E[EHoloZDo
EHD. BHD
H HO=EHD
N W 0%
N
[¥] te FLOSWaaL N 9
EHn HOHOHEHD) n
4000 O=HD'  HOHIHEHI)
HEH210%00
5] HO
N O Aopur
[l o jourdord 5Ty m...om...ulno (A uopmsAuaud £ yiot-p)- -JAuayg- . G
m._. H ajopun
Izl 69 jourdord TOGTH N 29O IAQU (IS uo|nspAuaydyaat-p)-1-[{xayopas £ +
o
[z 68 audzuag ‘HOSsLd EHotog *HEY sopurfuogieaixoyaw- |- [Kyyg-¢ £
N, HOHO=HOHO=0
FHOudZ0s £HOg Aopul
[a] st HOSL-d N x%zomxuﬂm:oxo.o%:g ([ ua-Z-nq A am-g -1 A4 p-1 4
a w £HOS
sl
1
N
o)
ZHOZHD
HO Aou
ajopu
[ 8 tovedosd o5y -([fuojns| S uayd] fytaw- p)- - Axao1 K¢ I
H (%) Pl SUONIPUOY Jueay ,.u:w.ﬂh.m ._E:._.“

sajorrdd jo wonefamue sipydonaaja Aq sapopm o ssAqUAS

'8 2% L



84 B INDOLES BY ANNELATION OF PYRROILS

8.2 CATEGORY lidf AND CATEGORY Iifh
CYCLIZATIONS - DIELS-ALDER REACTIONS OF VINYLPYRROLES

As illustrated in Scheme 8.1, both 2-vinylpyrroles and 3-vinylpyrroles are
potential precursors of 4,5.6,7-tetrahydroindoles via Diels—Alder evclizations.
Vinylpyrroles are relatively reactive dienes. However, they are also rather
sensitive compounds and this has tended (o restrict their synthetic application.
While 1-methyl-2-vinylpyrrole gives a good yield of an indole with dimethy]
acetylenedicarboxylate, -substituents on the vinyl group result in direct
electrophilic attack at C5 of the pyrrole ring. This has been attributed to the
steric restriction on access to the necessary cisoid conformation of the 2-vinyl
substituent[ 1.

COCHy

MeCLOG - COOMe 0005
= —_— CHa —
M N N
B

EHs CHp M3 CHs
A= 0%
Med0 GHz
N
or -
CHy R 8.5
Y CoMe (83)

R = GHj, Pn tBu

Donor substituents on the vinyl group further enhance reactivity towards
electrophilic dienophiles. Equations 8.6 and 8.7 illustrate the use of such
functionalized vinylpyrroles in indole synthesis[2.3]. In both of these examples,
the use of acetylencic dienophiles leads to fully aromatic products. Evidently
this must occur as the result of oxidation by atmospheric oxygen. With
vinylpyrrole 8.6A. adducts were also isolated from dienophiles such as methy
acrylate, dimethyl maleate, dimethy| fumarate, acrolein, acrylonitrile, maleic
anhydride, N-methylmaleimide and naphthoquinone. These tetrahydroindole
adducts could be aromatized with DDQ, although the overall yields were

modest[3].
COsCHa
C*?W + HOIGOO.0Hy 309,
N {8.8)
toseH
TMSO 0sCH3 by N
B5A 17%

&3 CATEGORY lleg CYCLIZATIONS £S5

SGHaPn SCHaRh
CHa
< CHs000ZCH ——= N {8.7)
N h
(‘;;13 CHa0pC  CHa
a7A a7m 3%
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8.3 CATEGORY lleg CYCLIZATIONS - CYCLOADDITIONS INVOLVING
PYRROLE-2,3-QUINODIMETHANE INTERMEDIATES AND
EQUIVALENTS

This category corresponds to the construction of the carbocyclic ring by 2 + 4
cycloaddition with pyrrole-2,3-quinodimethane intermediates. Such reactions
can be particularly useful in the synthesis of 5,6-disubstituted indoles. Although
there are a few cases where a pyrrolequinodimethane intermediate is gener-
ated, the most useful procedures involve more stable surrogates. Both 1,5-di-
hydropyrano[ 3,4-b]pyrrol-5(1 H-ones[1] and 1.6-dihyropyrano[4.3-b]pyrrol-
6-{1H)-ones[ 2] can serve as pyrrole-2,3-qunodimethane equivalents. The ad-
ducts undergo elimination of CO,.

0 xesey X X
— O —_—
0 Ty — 00
h M i

1, 5-dihydropyrano[3,4-bjpyreal-S-ane

* CE
— K = D
Y N o N
3l H

1 &-ditydropyrano[4,3-blpyrrol-6-ona

(8.8)

Reactions with mono-substituted alkynes usually give mixtures of both 5-
and G-substituted indoles, although certain combinations of substituents result
in goad regioselectivity. Table 8.2 provides some examples.
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5-Ethyl 1-isobutyl 6-(trimethylsilyl)indole-1,5-dicarboxylate(2]

%3 CATEGORY lleg CYCLIZATIONS

A mixture of iso-butyl 1,6-dihydropyrano[4.3-b|pyrrol-6-( 1 H)-one-1-carboxyl-
ate (80mg, 034mmol) and ethyl 3-(trimethylsilyl)propynoate (173 mg,

1.02 mmol) in chlorobenzene (10 ml) was refluxed for 20 h. The solvent was
removed in vacuo and the residue puritied by chromatography to give the

product {98 mg, 79%) and its regioisomer (13 mg, 11%).
2 L F. P. Andrews, P. M. Jackson and C. J. Moody. Tetrahedron 49, 7353 (1993).

3 P.M Jackson and C. ), Moody, J. Chem. Soc., Perkin Trans, ] 2156 (1990),

1. P. M. Jackson and C. . Moody, Tetrrahedron 48, 7447 (1992),
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Synthetic Modification of Indoles by Substitution
at Nitrogen

Synthetic methodology for introduction of substituents on indole has histori-
cally been dominated by electrophilic substitution. Since the 3-position is the
most reactive on the indole ring, this position is the easiest one at which to
accomplish electrophilic substitution. The nitrogen atom can be made the most
reactive nucleophilic site by deprotonation, so procedures for N1 substitution
normally involve base-catalysed nucleophilic substitution or conjugate addi-
tion reactions. Base-catalysed conditions are also used for introduction of acyl
and sulfonyl substituents, Phase transfer catalysis has been found useful for
both alkylation and acylation. 1-Substitution is also important for introduction
of protecting groups. The most versanle methods for C2 substitution involve
organometallic intermediates obtained by C2 lithiation. Several N-proteeting
and/or directing groups have been developed in conjunction with methods for
lithiation.

9.1 ALKYLATION

The indole-NH 13 weakly acidic with pK values ol 16.7 and 209 having been
determined in water[1] and DMSO[2], respectively. While the neutral indole
ring is not very nucleophilic at nitrogen, the anion is a good nucleophile.
Procedures for N-alkylation therefore normally are done under conditions
where the nitrogen is deprotonated. One method is to use one or more
equivalent of a strong base in a polar aprotic solvent[3]. Both sodium hydride
and alkali metal hydroxides have been used as bases. Another method involves
phase transfer catalysis[4]. An older procedure involves deprotonation by
NaNH, in liquid NH,[5]. This method is reliable but somewhat less conveni-
ent than the olther methods. The reaction conditions can also be influenced by
ring substituents, 3-Acy! substituents, for example, [acilitate the deprotonalion
reaction and allow the use of weaker bases. The alkylating reagents must be
able to undergo 5,2 substitution. Primary alkyl. benzyl and allyl halides and
sulfonates are usually excellent electrophiles. There are [ewer examples of use
of secondary systems and the reaction is slower and accompanied by dehydro-



[4a)
[4d]
[4]
[10]
[11]
[12]
[13]

Ref.

Yield (%)
93
T8
93
72
na
57

4

a

Table 9.1
N-Alkylation of indoles

(5 mol %)

(5 mol%)
CH,=CHCH,Br, ether, KO-1-Bu, 18-crown-6 (10 mol %)

C 1, Br, benzene, 50% NaOH, (C,H,),N"HSO

¢-C H,Cl, DMT, K,CO,

CH, 1, DMSO, NaH

(C,H,0),50,, benzene, 50% NaOH, (C,H,),N"HSO

NaOMe, pyridine, CH,=CHCONI,

CH,I, NaNH,. NH, .
CH,l, NaH, DMF

PhCH,Br, DMSO, KO
C,H.]I, acetone, KON
(CH,),SiCHLCIL,0CH,CL NaH
KH. CH,CHCO,C, 1,

Triton B, CH,= CHCN

NaQFEL, CuS0,, 4-vinylpyridine

Conditions

yDethyl]

pentyl-3-formyl

1-Methyl-3-(2-methylpropanoyl)
142 Trimethylsilylethoxy methyl)

-Pyrid

1-[{2-Ethoxycarbonyljethyl]

5-Chloro-1-(2-cyanoethyl)

1-(2-Propenyl)
1-Propanoamide

Substituents
1-Ethy!
I-Cyclo
1-Ethyl
1-in-Butyl)
1-[2-(4

A Homogeneous basic solution
B Fhase transfer conditions

C Conjugate addition

Entry
I
2
i
4
s
6
7
t]

12

13

14
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halogenation[ 3]. Good results were reported for N-alkylation of indole-3-carb-
oxaldehyde using cyclopentyl chloride in DMF with K,CO, as the base[4].
Among the alkyl substituents which have been used as protecting groups in
mullistep synthesis is the 2-(trimethylsilyl)ethoxymethoxy (SEM) group. It can
be introduced by reaction of the corresponding chloride with the sodium salt
of indole and can be removed by fluoride ion[7]. Table 9.1 gives some
representative alkylation procedures.

Indoles can also be alkylated by conjugate addition under alkaline condi-
tions. Under acidic conditions, alkylation normally occurs at C3 (see Section
11.1). Table 9.1 includes examples of alkylation by ethyl acrylate, acrylonitrile,
acrylamide and 4-vinylpyridine.

Indoles can also be alkylated by lactones[14]. Base-catalysed reactions have
been reported lor P-propiolactone[ 15], y-butyrolactone[10] and &-valerolac
tone[ 107, These reactions probably reflect the thermodynamic instability of the
N-acylindole intermediate which would be formed by attack at the carbonyl
group relative to reclosure to the lactone. The reversibility of the N-acvlation
would permit the thermodynamically favourable N-alkylation to occur.

(CHaIn m
@N o <010 N (9.1)

(CH.),, (COH

Procedure

2,3-Dimethylindole-1-propanenitrile[16]

A solution of 23-dimethylindole (145g 1mol) in dry dioxan containing
hydroguinone (100mg) was treated with N,N.N-trimethylbenzylammonium
ethoxide (Sml of a 40% solution in MeOH) and warmed to 35°C. Freshly
distilled acrvionitrile (150ml, 2.5 mol) was added at a rate such that the
temperaturc did not rise above 40°C. The solution was then stirred overnight
and diluted with 10% aq. acetic acid (11). The solution was extracted with
CH,CI, and the extract was washed with water and dried (MgS0O,). The
extract was then mixed with silica gel (800 g) and the solvent removed in racuo.
The silica was placed in a Soxhlet extractor and extracted with cyclohexane.
The extract deposited the product as colourless needles (125 g, 63% vield).
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9.2 ACYLATION AND SULFONYLATION

The mechanistic principles underlying N-acylation and sulfonylation are the
same as for N-alkylations, The reaction conditions are designed so that the
indole anion is the reactive nucleophile. The usual acylating agents are acid
anhydrides, acyl chlorides or chloroformale esters and sulfonyl chlorides are
used for sulfonylation. The iert-butoxycarbonyl group is introduced using
di-tert-butyl dicarbonate[1] or rtert-butyl phenyl carbonate[2]. The N-acyl
derivatives of indoles are less stable to hydrolysis than normal amides because
of the diminished capacity of the indole nitrogen to act as an electron donor
toward the carbonyl group.

9.2

.
!

H
|
3

Mevertheless, they are stable to standard work-up and purification methods.
The benzenesulfonyl group can be introduced using base and an aprotic
solvent[3] or under phase transfer conditions[4]. Table 9.2 gives some repre-
sentative examples ol acylation and sulfonylations.

Procedures

1-(tert-Butoxycarbonyilindole[1]

Indole (10 mmol) was added to dry CH,;CN (20ml) and the mixture stirred
while DMAP (122mg, 1.00mmol) and di-rert-butyl dicarbonate (2.62 g,
12 mmol) were added. Evolution of gas was noted and stirring was continued
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Table 9.2
Acylation and sulfonylation of indoles

Entry  Substituents Conditions Yield (%) Ref
1 1-Acetyl (CH,C0),0, DMF, K,CO, na [3
2 1-Benzoyl PhCOCI, DME, NaOH 83 [41
3 L-tert-Butoxycarbonyl  (CH,),COCO,C H,, THF, NaH 7§ [5
4 1-Phenylsulfonyl CyH80,Cl, benzene, 50% 96 (6]

NaOH, (C,Hg),N*HSO,

(10 mol%)

for Th or until the reaction was judged to be complete by TLC. The solvent
was removed in vacuo and the residue purified by being eluted through silica
eel with CH,Cl,-hexancs.

1-(Benzyloxycarbonyljindole(2]

To a stirred ice-cooled suspension of indole (12.0g. 0.102mmol), Bu,N*Br~
(1.16 g, 3.6 mmol) and powdered NaOH (524 g, 0.13 mol) in CH,CI, (100 ml)
thers was added over a period of 50min a solution of benzyl chloroformate
{15 ml, 0.11 mol) in CH,CI, (50 ml). After stirring for an additional 10 min, the
reaction mixture was diluted with water (2000ml) and extracted with CH,Cl,
(2 x 100 ml). The extracts were dried (Na,S0O,) and evaporated. The residue
erystallized on cooling and was recrystallized from ether to give pure product
in 84% vield.

1-(Phenylsulfonyl)indole[6, adapted]

Indole (25.00g, 0.213 mol) was dissolved in CH,Cl, (200 ml). Powdered NaOH
(17.1g 0426 mol) and n-Bu,N"HSO, (0.103 g, 0.3mmol) were added. The
solution was stirred for 1 h. The solution was then cooled in an ice bath and
PhSO,CL{30 ml, 0.234 mol) was added dropwise over 30 min, The solution was
then stirred owernight. The solution was mixed with water (300ml) and
CH,CI, (300 ml) and the layers separated. The CH,C1, was washed with 10%
aq. NaCl and dried (Na,SO,). The solution was filtered and concentrated in
vacuo to give crude product which was triturated with MeOH 1o vield 449
(82% yield) of product.
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Introduction of Substituents at C2

The most versatile procedures for C2 substitution are based on lithiation,
which is selective for C2 because of the influence of the heteroatom. 1-Alkyl-
indoles such as l-methylindole are readily lithiated and undergo typical
reactions with electrophiles. For syntheses requiring N-unsubstituted indoles,
removable protecting groups are used. The most widely used are phenylsulf-
onyl[1-3], tert-butoxycarbonyl[4] and carboxy[ ]. For cases where protective
groups must be removed under highly selective conditions, the 1-(2-trimethyl-
silylethoxymethyl) (SEM) group may be useful[6]. These groups can by
introduced as described in the preceding chapter. The original procedure for
lithiation of 1-phenylsulfonylindole used r-butyllithium because n-butyllithium
caused competing reaction at the sulfonyl group[ 1]. Subsequently it was shown
that LDA could readily effect tithianion[ 2,3]. More recently other workers have
reported good results using n-butyllithium directly[7.8]. Lithiation of tert-
butoxvearbonylindole is done using t-butyllithium in THF at —78°C[4]. The
lithiocarboxy protecting group is introduced by allowing N-lithioindole to
react with solid CO, in THF. The salt is then lithiated at C2 with an equivalent
ol t-butyllithium[ 5].

10.1 ALKYLATION AND HYDROXYALKYLATION

Lithiated indoles can be alkylated with primary or allylic halides and they
react with aldehydes and ketones by addition to give hydroxyalkyl derivatives,
Table 10.1 gives some examples of such reactions. Entry 13 is an example of
a reaction with ethylene oxide which introduces a 2-(2-hydroxyethyl) substitu-
ent. Entries 14 and 15 illustrate cases of addition to aromatic ketones in
which dehydration occurs during the course of the reaction. It is likely that
this process occurs through intramolecular transfer of the phenylsulfonyl
group.

Synthetic procedures involving other types of intermediates can be based on
2-lithiation. An indirect 2-alkylation can be carricd out via indol-2-ylborates
which can be prepared by addition of 2-lithioindoles to trialkylboranes.
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Treatment of the borates with iodine leads to boron — C2 migration of an
alkyl group[9]. This reaction has not been widely applied synthetically but it
might be more applicable for introduction of branched alkyl groups than direct
alkylation of an indol-2-yllithium intermediate.

Table 10.1
Alkylation and hydroxalkylation of 2-lithioindoles
Entry Substituents Electrophile Yield (%) Ref,
A Alkylation
1 1-(Phenylsulfonyl)-2-methyl CH, I 83 31
I 1-Carhoxy-2-methyl CH,I 6% [51
3 2-(4-Bromobutyl)-1-(phenylsulfonyl)  Br(CH,),Br 76 (%]
4 2(E,E-Farnesyl)- 1-phenylsulfonyl E.E-Farnesyl bromide 70 [121
B Hydroxyalkylation
5 1-{ Phenylsulfonyl)-2-(1-hydroxyethy!) CH,CH—0O 93 [3]
6 1-{Phenylsulionyl)-2-[hydroxy- 4-Methoxybenzalde- 65 [1]
(4-methoxyphenylymethyl] hyde
7 1-{Phenylsulfonyl)-2-[hydroxy- Pyridine-2-carboxalde- 32 [1]
(pyrid-2-yl)methyl] hyde
8 1-(Phenylsulfonyl)-2-[ 1-hydroxy- Ethyl phenyl ketene  na [2]
1-phenylpropyl]
9 1-Carboxy-2-[hydroxy(4-methoxy-  4-Methoxybenzalde- 72 [5]
phenylymethyl hyde
10 1-(Phenylsulfonyl)-2-[ 1-hydroxy- Methyl pyruvate 64 [13]
I-{methoxycarbony!jethyl]
11 1+ Dimethylaminomethyl)-2- Benzaldehyde 77 [14]
[hydroxy(phenylymethyl]
12 2-[1-[3-1-Butoxycarbonyl)-2,2- 3-(i-Butoxycarbonyly-  71* [71
dimethyloxazelidin-4-yl)] 2.2-dimethyloxa-
hydroxymethyl]-1- [ph:nylsu]j‘onyl] zoliding-4-carboxal-
dehyde
12 2-{2-Hydroxyethylj-1-(phenylsulfonyl) Ethylene oxide 69 [15]
C Hydroxyalkylation/delydration
14 2-(2-Methyl-1-phenylpropenyl) Isobutyrophenone 68 [15]
15 2-(2-Methylphenylethenyli o-Methylacetophenone 33 [16]

*Product is a 4:1 mixiure of sterevisomers
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R8 - BRy
8F|p —_—
CH3

CH3

(10.2)

Indol-2-ylcopper reagents can also be prepared from 2-lithioindoles and they
have some potential for the preparation of 2-substituted indoles. 1-Methyl-
indol-2-ylcopper can be prepared by reaction of 2-lithio-1-methylindole
with CuBr[10]. Tt reacts with aryl iodides to give 2-arvl-1-methylindoles.
Mixed cyanocuprate reagents can be prepared using CuCN[11]. The cyan-
ocuprate from l-methylindole reacts with allyl bromide to give 2-allyl-1-
methylindole.

Procedures

1-[1-(Phenylsulfonyl)indol-2-yllethanol(3]

A solution of 2-lithio-1<(phenylsulfonyllindole was prepared by adding 1-
{phenylsulfonylindole (11.7 mmol) dissolved in THF (30 ml) to a solution of
LDA prepared from (-Pr),NH (1.12 ¢q) and n-BuLi (1.05 eq) in THF (30 ml)
at —75°C. The solution was stirred at —70°C for | h and then warmed slowly
to 5°C over 1 h. The solution was recooled to — 78 C. A solution of acetalde-
hyde (1.00g. 22.7 mmol) in THF (Sml) was added rapidly by svringe. The
reaction mixture was then allowed to come slowly to room temperature and
poured into 1% HCI (350ml). The solution was extracted with CH,CI,
(3 = 230 ml) and the combined extract was washed with water (400 ml) and
brine (2 x 400 ml) and then dried over K,CO,. The solvent was evaporated in
vacuo and the residue purified by chromatography to give the product (3.28 g,
93%).

Methy! z-hydroxy-x-methyl-1-(phenylsulfonyl)indole-2-acetate[13, as
subseguently modified]

Dry THF (150ml) was added to a flame-dried flask protected from the
atmosphere and (i-Pr),NH {102 ml 0073 mol) was added. The flask was
cooled to 0°C using an ice-bath. n-Butyllithium (0.068 mol) was added as a
hexane solution and the solution stirred at 0°C for 30min. The solution
was then cooled to —78°C. A solution of I-(phenylsulfonyljindole (14.0 g,
0.055 mol) was dissolved in THF (50ml) and cooled to —78°C. The indole
solution was cannulated into the LDA solution over 15-20min and the
mixture stirred at -~ 78°C for an additional 45 min, The solution was then
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brought to (°C and stirred for 1 h hefore being recooled 10— 78°C. A solution
of methyl pyruvale (14.7ml, 0.163mol) was dissolved in THF (30 ml) and
cannulated into the solution of 2-lithio-1-(phenylsulfonyljindole over a period
of 15-20min. The solution was stirred at — 78 C for 30 min and then allowed
to come gradually to room temperature over 2h. The reaction mixture was
poured into sal. NH Cl {400 ml} and the phases separated. The agueous phase
was extracted further with ether (3 = 150 ml). The original organic phase was
washed with water (3 = 150ml) and the organic phases combined and dried
(MgSO,}. The solvent was removed in vacuo. The residual oil was crystallized
by trituration with ether to give 14.3 g (73%) of product.
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10.2 ARYLATION AND VINYLATION

Lithiation at C2 can also be the starting point for 2-arylation or vinylation.
The lithiated indoles can be converted to stannanes or zine reagents which can
undergo Pd-catalysed coupling with arvl, vinyl, benzyl and allyl hahdes or
sulfonates. The mechanism of the coupling reaction involves formation of a
disubstituted palladium intermediate by a combination of ligand cxchange and
oxidative addition. Phosphine catalysts and salts are often important reaction
compenents.
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Several groups have developed procedures for Pd-mediated coupling based
on this general chemistry. The variety of such procedures and the range of
compounds for which they are applicable suggest thal Pd-catalysed coupling
is currently the most versatile method for introduction of 2-substituents which
cannot be prepared directly from organolithium intermediates,

Several N-protecting groups were examined in developing procedures based
on the coupling ol indol-2-yltri-n-butylstannanes. The 1-methyl and 142-1ri-
methylsilylethoxymethyl) (SEM) derivatives reacted readily with aryl and vinyl
halides, whereas the l-rert-butoxycarbonyl derivative was less reactive[1,2].
The SEM protecting group is removed by BuNjF™, providing aceess to

Palladium-catalysed 2-arylation, 2-allylation and 2-vinylation

Table 10.2

Entry Indole Reagents Yield (%0)  Ref

1 1-Methyl-2-{tri-n-buty]- 4-Bromobenzonitrile, 91 2]
stannyljindole Pdi PPh,),Cl,

2 I-(Phenylsulfonylyindol-2-  lodobenzene, PdiPPh,),Cl, 57 [4]
vlzine chloride

3 1-(Phenylsulfonylyindol-2-  2-Bromo-4-methylpyndine, 92 [5]
ylzine chloride Pd(PPhy),00,

4 1-(tert-Butoxycarbonyl)-2-  4-Bromobenzonitrile, b6 [21
(tri-n-hutylstannyvljindole PdiPPh;),LT,

5 I-Carboxyindol-2-ylzine lodobenzene, Pd(PPh,), T4 [3]
chloride

6 1-{ Trimethylsilylethoxy- 2-Methyhiodobenzene, 93 [
methyli-2-{tri-n-butyl- PdiPPhy),
stannyljindole

7 1- Trimethylsilylethoxy- 3-Bromopropene, Pd,(dba),. 93 1]
methylp-2-(tri-n-buty!l- tri-( 2-furyliphosphine
stunnyllindole

8 I-i Trimethylsilvlethoxy- 2-Bromopropenc, 62 2]
methyly-2-(tri-n-butyl- Pd(PPh,),Cl,
stannyljindole
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deprotected 2-substituted indoles, Both PACI,(CH,CN), and Pd(PPh,), have
been used as catalysts with somewhat better results heing reported for the
latter[1]. For coupling with allylic bromides Pd,{dba), with trifurylphosphine
as the phosphine ligand gave the best results[1].

Indol-2-ylzinc halides are also uselul reagents for Pd-catalysed cross-coup-
ling. One route to these intermediates s via lithiation and metal metal
exchange using N-(t-Boc) protection[3]. 1-(Phenylsullonyljindol-2-yi zinc
iodide has been prepared directly from the 2-1odoindole by reaction with active
zinc[4]. Entries 2, 3 and 4 in Table 10.2 give examples of these procedures.

Procedures
2-(2-Methylphenyl)-1-(2-trimethylsilylethoxymethyilindole[1]

1-(SEM)indol-2-vltri-n-butylstannane {1.0 mmol) was added to a solution of
2-ipdotoluene (1.2 mmol) and Pd(PPh,), (0.01 mmol) in dry DMT (5 ml) using
a syringe. The mixture was stirred at 110°C until the reaction was judged Lo
he complete by TLC (2h). The reaction solution was cooled to room temp-
erature, diluted with water (20 ml) and extracted with ether. The extract was
washed with water and brine. dried over Na,50, and evaporated. The residue
was purified by silica gel chromatography to give the product in 93% yield.

1-(tert-Butoxycarbonyl)-2-(4-cyanophenyljindole[2]

A mixture of 1-(t-Bog¢)indol-2-yl-tri-n-butylstannanc (1.2 mmol) and 4-hroma-
benzonitrile (1.0 mmaoly and Pd{PPh;),Cl, (0.02 mmol} in dry dioxane (5 mi)
was heated at 100°C overnight under nitrogen. The reaction mixture was
cooled, diluted with EtOAc and stirred for 15min with 15% aq. KF. The
precipitate was removed by filtration and washed with EtOAc. The E1OAc
layer was separated, washed with brine, dricd (Na,SO,) and concentrated. The
residue was purificd by chromatography on silica, The yield was 66%.
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10.3 ACYLATION AND CARBOXYLATION

The simplest procedures for 2-acylation invelve reaction of an N-protected

2.lithioindole with an acyl halide, anhydride or ester. Such reactions typically
give good yields of 2-acylindoles. Table 103 presents some examples. Aryl
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Table 10.3

Acylation and carboxylation of 2-lithioindoles

Entry 2-Lithipindole Electrophile Yield (%) Ref
L L-( Phenylsulfonyl) Benzoyl chloride [ [3
2 1-(Phenylsulfonyl) Pyridine-3-carbonyl chloride 60 [
3 1-{Phenylsulfonyl) Renzoic anhydride 72 [4]
4 1-(Phenylsulfonyl) Isonicotinic anhydride 75 [3]
5 1-{Phenylsulfonyl) Pyridine-3 4-dicarboxylic 83 [6]

acid anhydride
[ I-{tert-Butoxycarbonyl) Dimethyl oxalate b6 [7]
7 1-(Phenylsulfonyl) Ethy! chloroformate 75 [3]
b 1-(Phenylsulfonyl) Carbon dioxide 63 [3]
9 I-{Phenylsulfonyly Dimethylformamide 30 [#]

10 1-{ Lithiocarboxy) Carbon dioxide 70 [91

11 I-{Lithiocarboxy)-3-methyl  Ethyl chlorolormate 0 [10]

12 1<(Lithiocarhoxy - 3-methyl Dimethylformanmide 51 [10]

13 5-Methoxy-1- Dimethyl oxalate M [1]

(phenylsulfonyl)y
14 1-{ Phenylsulfonyly Pyridme-2-carbonitrile 36 131

nitriles have also been used occasionally (Entry 14). Palladium-catalysed
carbonylation via stannanes can also be done but this adds an addirional step
il the original starting point is 2-lithiation[1]. 2-Acylindoles have also been
prepared by Pd-catalysed carbonylation using indol-2-ylborates and vinyl
triflates[2].

0380F3
O - (Y ——
N e —

| GO, 15am, 989
CH3 bHg

Procedure

Methy! 5-methoxy-x-oxo-1-(phenylsulfonyl)indole-2-acetate[11]

tert-Butyllithium (16 ml of 1.7M solution. 27.1 mmol) in pentane was added
dropwise to a solution of 3-methoxy-1-(phenylsulfonyljindole (6.0g 20.1
mmol)in THE (30 ml)at ~ 10° C. The solution was stirred for 20 min at — 5°C
and then for 20min at room temperature. This solution was then transferred
to a dropping funnel and added dropwise to a solution of dimethyl oxalate
(10.0g, 355 mmol) i THE (35 mi) at °C. Alter being stirred for 1 h at room
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temperature, the reaction mixture was treated with 5% ag. NH,CL The layers
were separated and the water layer extracted with EtOAc. The combined
organic layers were washed with water and brine and dricd. The solvent was
removed in vacuo and the residue crystallized from MeOH to give 418 g (54%)
of product.
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10.4 INTRODUCTION OF OTHER FUNCTIONAL GROUPS

N-Protected 2-lithioindoles can, in principle, be used to introduce a range of
other functional groups at C2 by applying synthetic methods applicable to
aryllithium intermediates. Among cases for which procedures have been
developad arc halogenation using hexachloroethane, 1.2-dibromo-1,1.2,2-tetru-
chloroethane and 1,2-diodoethane[1]. The N-carboxy protecting group was

used.
m_i S mm .
" N (10.5)

GogL H

Similar halogenations have been donc on 2-lithio-1-phenylsulfonylindole[2].
2-Lithio-1-phenylsulfonylindole is readily converted to the 2-(trimethylsilyl)
derivative[2,3]. 2-Trialkylsiannylindoles can also be prepared via 2-lithio-
indoles[4.5]. 2-Sullonamido groups can be introduced by reaction of a
2-lithioindole with sulfur dioxide, followed by conversion of the sulfinic acid
group to the sulfonyl chloride with N-chlorosuccinimide[6].
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Introduction of Substituents at C3

There are a wide variety of methods for introduction of substituents at C3.
Since this is the preferred site for electrophilic substitution, direct alkylation
and acylation procedures are ofien eflective. Even mild electrophiles such as
alkenes with EW substituents can react at the 3-position of the indole ring,
Techniques for preparation of 3-lithioindoles, usually by halogen-metal ex-
change, have been developed and this provides access not only to the lithium
reagents bul also to other organometallic reagents derived from them. The
3-position is also reactive toward electrophilic mercuration.

11.1 ALKYLATION

The susceptibility of indoles to clectrophilic attack makes direct 3-alkylation
by carbocations or 1on pairs a feasible reaction. However, the indole ring is
quite reactive to protic and Lewis acids so that only procedures which generate
carbocations under relatively mild conditions are likely to produce good vields.
Alkylation is sometimes carried out directly on the neutral heterocycle but it
is slse possible to use salts of indoles. Synthetic procedures for 3-alkylation
usually involve magnesium salts prepared by reaction of the indole with a
Grignard reagent. The magnesium salts tend Lo give 3-substitution, rather than
1-substitution, presumably because the tight coordination of magnssium at
nitrogen reduces its nucleophilicity. There have been several studies of the ratio
of N:C alkylation of indole salts[1-3]. C-Alkylation is favoured in the order
Mg™" > Li" = Na* > K*[3]. Improved donor character of the solvent pro-
motes ion pair dissociation of the indole salts and fayours N-alkylation[2,3].
C-Alkylation is favoured by more reactive alkylating agents such as allylic and
benzylic halides[1,3]. C-Alkylation is more favourable for iodides than for
tosylates, bul this effect is rather small[3].

Table 11.1 lists some of the reaction condilions which have given prepara-
tively usclul vields of 3-alkylation. Entries 1-3 are typical alkylations using a
magnesium salt and an alkyl halide. Even 2.3-disubstituted indoles are alk-
vlated at C3 under thess conditions (Entry 7). Entry 5 represents a more
recently developed method in which an allylic alcohol and indole react in the
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Table 11.1
3-Alkylation of indoles

Lotry  Indole reactant Alkylating reactant Yield (%5)  Ref
1 Indol-1-ylmagnesium 3-Bromopropene, benzene, 70 4]
bromide 10-14h at 200C
2 Indol-1-ylmagnesium Methyl 2-(bromomethyl)- 56 [5]
bromide propenoate, THF,
— 200 = 30°C
3 6-Methoxyindol-1- 3-(1-Chlorocthyl)pyridine 40 6]
ylmagnesium bromide
4 Indole I-Bromo-3-methylbut-2-ene. 56 M
HOAc, NaOAc, H,0,
23C 1h
5 Indole 3-Methyleyclohex-2-enol, 42 8]
IM LICIO, 001 eq.
HOAe
[ Benzyl mdole-5-carboxylate  Methyl 4-{bromomethyl)-3- 45 [49]
methoxybenzoate, DMF,
RO°C
7 2,3-Dimethylindol-1- 3-Bromapropyne, ether, 64 [10]
ylmagnesium bromide wC
8 2,3-Dimethylindol-1- lodoethans, THF, 45-70 [11]
yllithium =M C=25C
9 1,23 4-Tetrahydrocarbazol- N, N-Dimethyl-3-chloropro- 50 [12]

9-yImagnesium bromide

panamine

presence of 3M LiCIO, and a small amount of acetic acid. This reaction
presumably involves generation of allylic perchlorate ion pairs. Alkylation
occurs at the less substituted allylic terminus. Entry & involves solvolysis of a
benzyl bromide. Earlicr examples of “solvolytic” alkvlation of indole include a
reaction with isopentenyl bromide in acctate buffer (Entry 4). Entries 8 and 9
are examples of alkylation of hthium salts of 2.3-dialkylindoles which occurs
at C3 to give 2.3 3-trisubstituted 3H-indoles.

Carbocations stabilized by functional groups can also effect 3-alkylation of
indoles. From a synthetic point of view the most imporiant are N.N-dialkyl-
methyleneiminium ions which can be generated under Mannich conditions
from formaldehyde and secondary amines[13]. The products, 3-(N N-dialkyl-
aminomethyl)indoles, arc useful synthetic intermediates (see Chapter 12).

Epoxides and azindines are also capable of electrophilic subsitution of
indoles. Indolylmagnesium bromide and cyclohexene oxide react to give
3-(trans-2-hydroxycyclohexylindole[14]. Reaction of indoles with epoxides
also occurs in the presence of Lewis acids. For example, indole rencts with
methyl 28 3R-epoxybutanoate at C3 with inversion of configuration[ 157,
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CHa
| COsCH:

CHy COnCHy
, Kwd snCly & {11.1)
N o M

' '
H H

Lewis acids such as zine triflate[ 16] and BF,[17] have been used to effect
the reaction of indole with N-protected aziridine-2-carboxylate esters. These
alkylations by aziridines constitute a potential method for the enantioselective
introduction of tryptophan side-chains in a single step. {See Chapter 13 for
other methods of synthesis of tryptophans.)

3-Alkylation can also be accomplished with electrophilic alkenes. There is a
dichotomy between basic and acidic conditions. Under basic conditions, where
the indole anion is the reactive nucleophile, N-alkylation occurs. Under ncidic
conditions C-alkylation is ohserved. The reaction of indole with 4-vinylpyri-
dine is an interesting illustration. Good yields of the 3-alkylation product are
obtained in refluxing acetic acid[ 18] whereas if the reaction is done in ethanol
containing sodium ethoxide 1-alkylation occurs[19]. Table 11.2 gives some
examples of 3-alkylation using electrophilic alkenes,

It is also possible to effect 3-alkylation via reactions of 3-lithioindoles.
3-Lithioindoles are not as easily available nor quite as essy to use as the
2-isomers. They are ordinarily prepared by halogen—metal exchange between
a haloindole and an alkyllithium reagent. The stability of the 3-lithioindoles
depends on the nitrogen substituent. With a l-phenylsulfonyl substituent
rearrangement to the more stable 2-lithioindole oceurs at temperatures of
=40 C and above[24]. This problem can be avoided by use of a reri-butyl-
dimethylsilyl (TBDMS) protecting group. 3-Lithio-1-TBDMSindole can be
prepared from 3-bromo-1-TBDMSindole and is stable up to room tempera-
turz[25]. The steric bulk of the protecting group evidently retards rearrange-
ment ol hithium to C2. 3-Lithicindoles prepared by halogen metal exchange
undergo typical alkylation reactions[25,26].

Table 11.2
3-Alkylation by conjugate addition

Entry  Indole reactant  Electrophile

1 Indale But-3-cn-2-onc, 4:1 AcOH, Ac,0, 75 [20]
25°5C w9 C

2 Indole But-3-en-2-one, BF . EtOH, 86 [21]

20C

3 Indole But-3-en-2-one, CH,Cl,, 75 [22]
montmorillonite clay, 40°C

4 Indale Nitroethene, benzene, 0 C then 25°C 80 [23]
for 20 h
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L CaHg
m = m 1.2
N b
teoms TBOMS
L o) CHzCHaOH
(CaHgIz NGO, 1 L (CeHsNGCe
—_— (11.3)
N 2] BFy OEty r'q
THOMS 3) CacOs TBOMS

There are also palladium-catalysed procedures for allylation. Ethyl 3-bromo-
1-(4-methylphenylsullonyljindole-2-carboxylate is allylated at C3 upon reac-
tion with allyl acetate and hexabutylditin[27]. The reaction presumably
involves a m-allyl-Pd intermediate formed from the allyl acetate, oxidative
addition, transmetallation and cross coupling,

o CHzCH-CHs
Pdidopd|Cl .
Ci H
mCOECEH5 - CH=CHCHpOpCCHy ——— N Ceets
N 1
Soor $0zAr
(11.4)
Procedures

3-(2-Propenyl)indole[4]

A 20% excess of ethylmagnesium bromide was prepared from magnesium
(6.5 g) in ether (80 ml) by adding ethyl bromide (30 g) in ether (30 ml). Indole
(25.8 g) in benzene (50 ml) was then added slowly with stirring and strring was
continued for 20 min after addition was complete. A solution of allyl bromide
(29.2g) in benzene (20 ml) was then added slowly. The mixture was stirred
overnight and then diluted with ether and the product isolated and purified by
distillation (22.7 g, 70% vield).

Methy! 4-[[5-(benzyloxycarbonyl)indol-3-yljmethyl]-3-methoxybenzoate[9]

A solution of benzyl indole-5-carboxylate (1.0 g, 3.98 mmol) and methy! 4-(bro-
momethyl)-3-methoxybenzoate (2.06g, 7.97 mmol) in dry DMF (10ml) was
heated at 80°C for 24 h. The reaction solution was cooled, poured into water
(100ml) and the product extracted with EtOAc (3 x 75 ml). The extract was
washed with water and brine and dried over MgSO,. The product was
obtained by evaporation of the solvent and purified by chromatography on
silica gel using 1:4 EtOAc/hexane for clution. The yield was 1.11 g (32%) and
some of the indole (30%) was recovered unreacted.
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11.2 VINYLATION, ARYLATION AND ALKYNYLATION

The best procedures for 3-vinylation or 3-arvlation of the indole ring involve
palladium intermediates. Vinylations can be done by Heck reactions starting
with 3-halo or 3-sulfonyloxyindoles. Under the standard conditions the active
catalyst is a Pd(0) species which reacts with the indole by oxidative addition.
A major consideration is the stability of the 3-halo or 3-sulfonyloxyindoles and
usually an EW substituent is required on nitrogen. The range of alkenes which
have been used successfully is quite broad and includes cxamples with both ER
and EW substituents. Examples are given in Table 11.3. An alkene which has
received special attention is methyl s-acetamidoacrylate which is useful for
introduction of the tryptophan side-chain, This reaction will be discussed
further in Chapter 13.



Ref.

Yicld (%)

Table 11.3
i-Vinylation of indoles

Reagent, conditions

Indole reactant

Entry

L2 VINYLATION, ARY LATION AND ALKYNYLATION I

Because Pd(I1) salts, like Hg(ll) salts. can effect electrophilic metallation of
the indole ring at €3, it is also possible to carry out vinylation on indoles
without 3-substituents. These reactions usually require the use of an equiv. of
the Pd(11) salt and also a Cu(IT) or Ag(l) salt to ¢ficct reoxidation of the Pd.
Asin the standard Heck conditions, an EW substitution on the indole nitrogen
is usually nccessary. Entry & of Table 11.3 is an interesting example. The
oxidative vinylation was achieved in 87% vield by using one equiv. of
Pd(OAc), and one equiv. of chloranil as a co-oxidant, This examplc is also
noteworthy in that the 4-bromo substituent was unreactive under these
conditions. Part B of Table 11.3 lists some other representative procedures.

3-Vinylation can also be done by Pd-catalysed cross-coupling in which one
component is used as a halide or triflate and the other as a stannane (Stille
reaction) or boronic acid (Suzuki reaction), Entry 9, Table 11.3, is an example
of the use of a vinvlstannane with a haloindole. Indole-3-boronic acids, which
can be prepared by mercuration/boration, undergo coupling with vinyl triflates
{Entry 10).

Arylation reactions can involve generation of either a nucleophilic (c.g
stannane, organozine, boronic acid) or electrophilic (e.g. halide or triflate)
derivative of indole. A complementary reagent provides the 3-substituent and
palladium is used to catalyse coupling. Coupling proceeds by oxidative
addition of the electrophilic component on Pd(() and ligand exchange with the
nucleophilic component to generate a diarylpalladium(ITy intermediate which
undergoes reductive elimination. In most of the cases reported to date, the
indole has served as the nucleophilic compenent. 1-TBDMSindol-3-ylzinc
chloride, which can be prepared by metal-metal exchange from the lithio
intermediate, has been successfully coupled with various heteroaryl hal-
ides[11]. 1-(Phenylsulfonyllindol-3-ylzine 1odide, which can be prepared by
reaction of 1-(phenylsulfonyl)-3-iodoindole and activated zine, also gives good
vields in aryl-aryl coupling reactions[12].

3-Indolyltrialkylstannanes are also potential reagents for Pd-catalysed coup-
ling. 3«(Tri-n-butylstannyl}-1-tosylindole can be prepared by Pd-catalysed

[
0]
3]
4]
5]
[
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9]
[107
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stannylation of 3-iodo-1-tosylindole. It reacts with aryl and heteroaryl halides
or aryl and vinyl triflates to give coupling products[13]. The best catalyst for
these couplings was tris-(dibenzylidencacetone)dipalladium (Pd,dbas) with
tris-(2-furyl)phosphine or triphenylarsine as the added ligand. Examples of
Lhese reactions are given in Table 11.4.

Palladium also catalyses coupling of haloindoles with acetylenes. The
reaction is carried out in the presence of Cu(Ty and presumably involves a
copper acetylide as an intermediate[ 14].

CPn
| c
PdiFPhaiaClz 1.5
H .
mCOzCsz + PRCECH ————> mcq’cz s (119)
p:| Cul, EtzN A
4 H
Procedures

4-Bromo-3-(2-methoxycarbonylethenyl)-1-(4-methylphenylsulfonyl)indole[3]

4-Bromo-3-iodo-1-(4-methylphenylsulfonyl)indole {0,476 g, 1.00 mmol), methyl
acrylate (0.108 g. 1.25 mmol), Et;N (0.127 g, 1.25mmol) and Pd(OAc), (11 mg,
0.050 mmaoly were mixed in a tube, purged with argon and the tube was sealed
and heated to 100°C for 1h. After cooling. it was opened and mixed with
CH,Cl, (50ml). The solution was washed with water and dried (Na,SO,). The
residue was purified by chromatography on silica using 1:3 benzene-hexane
for elution. The yield was 0.350 g (81%).

3-Phenyl-1-(phenylsulfonyl)indole{12]

Acuivated zine was prepared from lithium naphthalenide (12 mmol) and ZnCl,
(6.3 mmal) in THF. The mixture was centrifuged and the solvent decanted. The
zinc was resuspended in dry THF and 3-iodo-1-(phenylsulfonyljindole (766 mg,
2mmol) was added. The solution was stirred at room temperature for 2 h. The
mixlure was centrifuged and the supernatant solution was added to a solution
of iodobenzene (410 mg, 2 mmol) and Pd(PPh;), (0.05 mmol) in THF (2 ml).
The mixture was stirred for 18 h and then filtered through Celite. The product
was isolated from the filtrate by extraction with CHC, and dried over MgSO,
and purified by silica gel chromatography using hexane- ELOAc for elution
{9:1). The yield was 550 mg (83%).
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11.3 ACYLATION AND CARBOXYLATION

Acylation of the indole ring at C3 can be carried out using carboxylic acid
chlorides or Vilsmeier Haack reagents. 11 the indole ring does not have EW
subslituents, 3-acylation is usually done by reaction of the magnesium sale with
an acyl chloride. Recently, excellent results have been obtained using zine salts
prepared by metal-metal exchange from the magnesium salis[1]. For indoles
with EW substituents, use of a Friedel-Crafts catalyst is necessary. For
example, 1-(phenylsulfonyl)indole can be acylated in good yields by reactions
with acyl chlorides wsing AICl, in CH,C1,[2]. Oxalyl chloride is sufficiently
reactive 1o acylate simple indoles in the absence of a catalyst. This acylation is
the starting point for a versatile method of synthesis of tryptamines via
indole-3-glyoxamides (see Section 13.1). Other examples of acylation pro-
cedures are given in Table 11.5.

Vilsmeier—Haack conditions have been used most frequently for formylation
but are also applicable to longer acyl chains[3]. Reactions with lactams
generate 3-(iminyl)indoles which can be hydrolysed to generate @-aminoacyl
groups as in equation 11.6 [4].

i
C{CHzlgNHCH;

PCCl3 H
D QL o e e
4 N N N
CH3 M H

(11.8)

Scetion € of Table 115 gives some examples of Friedel Cralts and
Vilsmeier—Haack acvlations of indoles.

Chlorosulfonyl isocyanate has been used lo introduce 3-carboxamide
groups. The initizl product, an N-chlorosullonylcarboxamide, is treated with
tri-n-butylstannanc to form the primary carboxamide[ 15]. 3-Cyano groups can
also be introduced using chlorosulfonyl isocyanate. The intermediate N-
chlorosulfonylindole-3-carboxamide is converted to 3-cyanoindole on reaction
with triethylamine[16] or DMF[17].



Rel.

Yield (%)

Table 11.5
3-Acylation of indole derivatives

Acylation conditions

Indole reactant

Entry
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e — = e — Procedures
LoEDL B 2o o oo o
3-(Cyclopentanecarbonyl)indolef5]
Phenylmagnesium bromide (2.8 mol) was prepared in anhvdrous ether (21)
from bromobenzene (440g, 29 mol) and magnesium turnings (680g 2.8 g-
oo «‘-,; e w e . atom). To this solution was added dropwise a solution of indole (328 g,
AR s FE wmm 28mol}y in benzene (800 ml). The resulting solution was stirred for 10 min and
then a solution of cyclopentanoyl chloride (322 g, 2.4 mol) in benzene (800 ml)
was added dropwise. The solution was stirred for 1h and then water (11) was
" A added carefully. The precipitate which formed was collected by filtration and
EN L‘;J dried to give 169 g of crude product. Additional product (97 g) was obtained
2 E y . by evaporation of the organic layer of the filtrate. The combined products were
5 .?. g 2 = recrystallized from toluene to give 250 g (49% vield) of pure producl.
3 5 2 B .
§§ - LEZ _35 3-Acetyl-1-(phenylsulfonyl)indoief2]
5= ;:; E— % & :- gg A suspension of AICI; (2000g, 0.13mol) in CH,Cl, (250 ml) was stirred at
T:"-; E u‘% 3 ?,n; 25°C. Acetic anhydride (7.6 g, 0.075mol) was addcd and the mixture was
£ g _§ T3 Zs& 2 ?é stirred for 15min, resulting in a clear solution. A solution of 1-(phenylsull-
EhgE €2 Fted .. 2% onyljindole (6.43 g 0.025mol) in CH,Cl, (50 ml) was added dropwise. The
EE _% g‘u ': ; = B ggg J':J:: mixture was then stirred for 2h and poured on to crushed ice (400 ml). The
gz—:& TESE éﬁ;‘;é EEE EZX mixture was extracted with CH,Cl, (3 % 100ml) and washed with brine
23252 ;::;; A .EJ £3 www S8 (100 ml), sat. aq. NaHCQ, (100 mly and brine (100ml), dried (K,CO,) and
jf ; 77 EZ°T 2 E"é :: evaporated in vacuo lo give the product (7.39 g, 98%).
3 P Indole-3-carboxaldehyde[12]
gg s POCI, (Sml, 0.05mol) was added dropwise to DMF (16g 0.22mmol) at a
5 g b = Z“ temperature of 10-20°C. Indole (585 g, 0.50 mmol) in DMF (4 ml) was then
o g EO - E added slowly with stirring at a temperature of 20 30°C. The mixture was kept
§ 5= 2 3 = at 35°C for 45 min and then poured on to crushed ice and the clear solution
g %: - SLF = z treated at 20-30°C with ag. NaOH (20%, 0.24 mol) at such a rate that the
©2EZ £ S$5% 7 = solution was always acidic. The last quarter was added all at once and the
S Eo8 2 13.‘5_'.5 T'f £ o solution quickly boiled for 1 min. The product was collected by filtration,
?_; gdzj EE ;:EJ ‘-—af ?E E: _“_i é;: 3 washed with water and dried to vield 6.93 g (95% vield) of product.
xEE22 & FEi b 3 ESE
< gg 2 EE ?:: e 3 —’-._;.’ £3 £23 6-Methoxyindole-3-carboxaidehyde[13]
sEE9 2.-": % 5TE 5 12 i ﬁ "EE POCI; (868 g 0.57 mol) was added dropwise to DMF (164 g, 2.24 mol} at 0°C
] i H and the mixture stirred for 1 h. A solution of 6-methoxyindole (75.0 g, 0.57 mol)
-;.‘ _E E in DMF (75 ml)y was then added over a period of 75 min and stirring was
,'_ —emt m pes ® (eSS —= Mo continued for 2h at 35°C after the addition was complete. Ice (250 ) was
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added to the warm solution and the mixture was transferred to a larger flask
to which a solution of NaOH (2256 g 564 mol in 11 of water) was added
slowly with mechanical stirring, The mixture was then heated rapidly 1o reflux
and cvolution of dimethylamine was observed. The mixture was cooled and
refrigerated overnight. The precipitate was collected by filtration and washed
with water (3 = 500 ml). The solid was then resuspended in water (21) and
collected by filtration. The moist solid was dissolved in hot cthanol (21) and
boiled with charcoal for 5 min, The solution was filtered and concentrated. The
product was obtained as a gold powder (84.8 g. 95%,).

3-Cyanoindole[16]

To a stirred solution of indole (5.857 g, 50 mmol) in abs. CH,CN {150ml)
at 0°C was added chlorosulfonyl isocyanate (4.35ml, 50 mmol) dissolved in
CH,CN {(50ml) over about 45min. A precipitate of 3-(N-chlorosulfonyl-
aminocarbonylyndole formed. After stirring for 1 h, Et,N (6.82ml, 42 mmol)
was added over 45min, maintaining the temperature near 0°C. The resulting
solution was warmed to room temperature and stirred for 2 h. The solvent was
then removed in racue and the residue mixed with CHCI, and ice-cold sat. aq.
NaHCO,. The CHCI, layer was separated, dried (Na,SO,) and evaporated to
vield crude product. The product was heated with ELOAc (3 = 200 ml) and the
combined solution treated with charcoal. Evaporation of the EtOAc provided
6.803 g (926%) of product.
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11.4 OTHER FUNCTIONAL GROUPS

The halogenation of the indole ring in the 3-position is a facile process and
so long as appropriale recognition is taken as to the stahility limitations of
the product, good yields can be obtained. While introduction ol a 1- or 2-EW
substituent attenuates reactivity, halogenanon sull occurs readily. Indole,
I-methylindole and 2-methylindole can be brominated or iodinated by reac-
tion with the halogens in DMF[1]. Other reagents which have been used
for halogenation of indoles include pyridinium bromide perbromide[2], N-
chlorosuccinimide[ 3], sulfuryl chloride[4] and 24.4.6-tetrabromocyelohexa-
dienone[ 5]. A recently developed procedure involves use of N-bromosuc-
cinimide in a slurry of silica in CH,CI,[6]. Table 11.6 gives some examples of
these reactions.

3-Sulfenylation of indoles can be carried out with sulfenyl halides[ 7],
disulfides[7-9] or with N-methylthiomorpholine[ 10]. With disulfides the in-
doles are converted to lithium[8] or zinc[9] salts prior to sulfenylation.
Thiophenols and iodine convert indoles to 3-<(arylthiojindaoles| 117,

Direct 3-silylation of N-substituted indoles has been effected by reaction of
the indoles with trimethylsilyl triflate in the presence of tricthylamine[ 12]. The
trimethylsilyl group has also been introduced via 3-lithio-1-{ phenylsulfonyl)-
indole[ 13].

Procedure

3-Bromoindolef2]

A solution of indole (4.0g, 0.034mol) in pyridine (40 ml) was cooled (o 0°C
and pyridinium bromide perbromide (10.8 g, 0.034 mol) was added slowly so
that the reaction temperature did not rise above 2°C. When the addition was

Table 11.6
Halogenation of indoles
Entry  Substituents  Halogenation reagent Position  Yield (%) Refl
1 MNone Pyridinium hromide 3 od [2.3]
perhromide
2 None N-Chlorosuccinimide, 3 84 [4]
MzOH
3 None 24.4.6-Tetrabromocyclo- 3 88 [5]
hexadienone
4 1-Methyl Br.. DMF 1 94 [1]
5 2-Methyl I, DMF 3 98 [
6 2-Methvl NBS, CH,Cl,, silica 3 98 [6]
7 3-Methyl NBS, CH,CI,, silica 2 90 [6]
8 3-Bromo Br,, CH,CI, 2 76 [31
9 4,7-Dibroma 80,01, (2 eq.) 23 HY 4]
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complete the reaction solution was poured into cold cther and filtered. The
filtrate was washed successively with dil. HCI, dil. NaOH and water. The ether
solution was dried (MgSO,) and evaporated 1o dryness. The residue was
crystallized from n-heptane to give 4.3 g (64% yield) of 3-bromoindole. Heating
the recrystallization solution above 60°C causes decomposition of the product.
The recrystallized 3-bromoindole can be stored under pentane at —20°C.
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Modification of 3-Alkyl Substituents by
Nucleophilic Substitution

An important method for construction of functionalized 3-ulkyl substituents
involves introduction of a nucleophilic carbon synthon by displacement of an
a-substituent. This corresponds to formation of a benzylic bond but the ability
of the indole ring to act as an electron donor strongly influences the reaction
pattern. Under many conditions displacement lakes place by an elimination -
addition sequence[1]. Substituents that are normally poor leaving groups. e.g.
alkoxy or dialkylamino. exhibit a convenicnt level of reactivity. Conversely, the
3-(halomethyljindoles ure too reactive to be synthetically uscful unless stabil-
ized by a ring EW substituent. 3-(Dimethylaminomethylyindoles (gramine
derivatives) prepared by Mannich reactions or the derived yuaternary salts are
often the preferred starting material for the nucleophilic substitution reactions.

CHzNRe CHzNu
CHz=0 I RX 121
N RN — (21
'!‘ = :" 2) Nu N
" A

A number of early studies demonstrated that stabilized carbanions such as
those from dialky]l malonates. f-ketoesters. w-nitroesters and nitroalkanes were
alkylated by gramine and its derivatives. The cyanide group can also be easily
introduced by nucleophilic substitution, Table 12.1 gives some examples of
these reactions. The procedures typically involve heating the nucleophilic anion
and the gramine derivative. In some procedures gramine is converted to the
salt prior 1o the reaction (e.g. Entries 7 and 8) but in other procedures the salt
Is formed in situ by including an alkylating reagent, typically dimethyl sulfate,
in the reaction mixture (Entries 1, 2, and 3). The alkylation of dimethyl
malonate, nitromethane and similar anions was found to be improved by
inclusion of tri-n-butylphosphine in the reaction mixture[2]. For example,
heating gramine and diethyl acetamidomalonate in acelonitrile in the presence
of 40 mol% tri-n-butylphosphine resulted in a quantitative yvield of the alkyla-
tion praduct, while no reaction occurred in the absence of the phosphine. I is
postulated that the phosphine traps the methyleneindolenine mtermediate and



Table 12.1

Alkylation using gramine derivatives

Rel.

Yield { %)

Conditions

Nucleophile

Indole reactant

Entry

1
(561

86
81
95

(Me(),80,. NaOMe
Xylene, reflux
(Me0)),80,, NaOE:
(MeO),805, NaOEt
(Me0),50,

Methyl Z-nitropropanoate
Diethyl acetarmidomalonate

w
c
=

=
o
E
£

5

Ciramine

[7.8]
[91
rio]
9]

99
79
na

(1) Na, toluene
(2) ag. NaOH

DMAD

enolate
Dicthyl 2-(ethoxycarbonyl)-

Dhethyl formamidomalonate
3-Cyanopenta-2 4-dione sodium

Gramine
Ciramine

Gramine

butanedioate
2-Cyano-4-oxopentanecarbo-

(n

DBU, DMF

nitrile

HOZG-QN
o

Gramine methiodide

Gramine

ICH{CH2 14MHC bz

COzCH3

(12}

6

NaOMe

(CHglgNHGOGHPh

(CH3laENHEHGGHCHICO CaHap

(131
16
{141
[15]
[16]
0

85
90
86
80
78

(S

Et,N, toluene, reflux
Xylene, reflux

Nall, xylene

Xylene, 927
Tributylphosphine
Toluene, NaOH

]

Ethvl 2-nitropropanoate
Diethyl formamidomalonate

Methyl nitroacetate
Diethyl malonate

Ethyl nitroacetate
Methyl nitroacetate

-Hydroxy-3-methyl-1-
butenyl)-2-(dimethyl-
aminomethylindole

4-{3-Methylbut-2-enyl}-

3

3-{dimethylamino indole

methylhindole

cthyl)]indole
5-Benzyloxygramine

7-Benzoylgraming
5-Nitro-3-(diethylamino-

Gramine methiodide
3-[1-(2-Propylamino-

4

10
12
13
14
15

11
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promotes subsequent addition, perhaps through a pentavalent phosphorane.
The phosphine catalyst method has proven useful for the alkylation of rather
complex structures such as illustrated by equation 12.2.

o
CHaN(CHa)z CeH@CY”\“
" . N
X ) CHy0zC Il erzcH-corzoteoms
X CHa
ANX = HH O XX = q—
CH3 ° |
CHY o
THUOMS
o
CaHg0a0
e L,
e e
———
GHiCN - o N o CHzCH-COHOTBDMS (12.2)
x H CHa
a 62% yeld
b 73% yield

Dimethyl acetylenedicarboxylate (DMAD) has also been used 1o catalyse
gramine alkylations (see Entry 7). It may function by both activating the
dizlkylamino leaving group and deprotonating the nucleophile[3].

"
CHzN(CH3)z BHN=0=0"C0;0H3
CHz
+  CH30zCCZCCORCHs =
n N
1
H H

$O2CH; 12,3
S @:‘S © (CHyNECHCOHs 2
N

The simple 3-halomethylindoles are too unstable to he useful reagents for
“synthesis. However, stabilization by an EW nitrogen substituent gives more
suitable compounds. 1-Benzoyl- and 1-({phenylsulfonyl) derivatives of 3-(brom-
omethyljindole can be prepared by radical bromination with NBS[ 19,207
These compounds are capable of alkylating typical nucleophiles such as
imidazole, cyanide or azide ion, and enolates of compounds such as diethyl
malonate[19]. Reaction with triethyl phosphite gives a phosphonate ester
which can be used in Wadsworth- Emmons condensations 20]. 1-(Phenylsulf-
onyl)-3-(iodomethyl)indole gives 52% of the C2 alkylation product 12.4C on
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reaction with the lithium enolate of methyl sorbate[217. This iodide has also
been used in the alkylation of a ketone enolate in the course of synthesis of the
indolyl lerpene emeniverol (equation 12.5)[22].

C0:CHy
CHal o GHaGHCH=CHCH-CH,
. CHyOB=CHCH-CHCH-CHp o @
h 2.48 y
1 12.
h Soopn 2%
1248 S0z 124C
(12.4)
CHal GH
‘ — QR AN
N Lo W N
$0,PR $0,pn OTBOMS
OTBDMS
65%
(125)
Procedures

In situ quaternization method: ethyl 2-(ethoxycarbonyl)-2-formamido-3-
(indol-3-yl)propanoate(7,8]

Sodium metal (0.23 g, 10 mmol) was dissolved in abs. ELOH (30 ml). Gramine
(1.74g, 10mmol) and diethyl formamidomalonate (203 g 10 mmol) were
added. followed by slow addition of dimethyl sulfate (2.52 g). The solution was
allowed to stand at room temperature for 4 h, during which a precipitate
formed. The mixture was poured into water and the product collected by
filtration (99% yield).

In situ quaternization method: 3-(2-nitroethyl)indolef4]

A solution of NaOMe was prepared from sodium (4.35g, 0.19 g-ztom) and
MeOH (300 ml). This was added to o stirred solution of gramine (30 g,
172mmol) and dimethyl sulfate (434 g 344 mmol} in 1:] CH;NO,—~McOH
(500 ml). The reaction mixture was stirred for 24 h. Nearly all of the solvent
was removed in acue and the residue dissolved in CH,Cl,. The solulion was
washed with 5% NH,. 1NHCI and brine. The organic layer was diied
(Ni,80,) and the solvent evaporated in racuo. The residue was purified by
chromatography using CHCl -hexane to give the product (28.0 g. 86%) along
with a little 3-[ 2-nitro-2-(indol-3-ylmethyljethyl Jindole (2.8 g, 5%).

12 MODIFICATION OF 3-ALKYL SUBSTITUENTS 123

Prior quaternization method.: 4-acetyl-4-cyano-5-(indol-3-yl)pentan-2-one[9]

To a solution of gramine (433 g. 25 mmol) in dry THF (30 ml) under nitrogen
was slowly added dimethyl sulfate (324 g, 25 mmol) in dry THF (25ml). A
pink gum formed. In a separate flask, 3-cyanopenta-2.4-dione (4.23 g, 25 mmol)
in dry THF was added slowly to THF (15 mlj and NaH (0.6 g, 25 mmal) at
0°C, When the addition was complete, the cooling bath was removed and the
solution of the anion (purple) was slowly transferred by cannula to the first
flask. The mixture was shaken to disperse the gummy precipitate sufficiently to
permit stirring. Stirring was then continued for 16 h. The solvent was evapor-
ated and the residue was partitioned between CHCly (25ml) and 2M HCI
(25 ml). The aqueous layer was extracted with additional CHCI, (2 x 15 ml)
and the combined CHCI; layers washed with water, brine and dried (MgSO,).
The solvent was removed in racuo and the residue purified by chromatography
using petroleum ether/EtOAe for elution. The product was obtained as an oil
(6.22g, 79%).

Tri-n-butylphosphine catalysis: 3-(2-methyl-2-nitropropyl)indole(2]

A solution of gramine (87.3mg, (.30 mmol) and 2-nitropropane (33.7mg,
0.38mmol) in CH,CN (3ml) was treated with #-Bu I (18.6 mg, (.14 mmol).
The mixture was refluxed for 4 h. The solvent was removed in vacuo and the
residue was acidified with 0.5 N ag. HCI and extracted with 95:5 CH,Cl,-
MeOH. The extract was washed with brine and dried (Na,50y). The solvent
was removed in vacuo and the residue purified by TLC Lo yield 138.5 mg (99%
yield) of the product.

Indole-3-acetonitriie[18]

A solution of gramine methosulfate (30.0g 0.10mal) and NaCN (150¢g
0.30mel) in water (300 ml) was heated to 65-70°C for 1 h. A colourless oil
separiled as the reaction proceeded. The solution was cooled and saturated
with Na S50, and extracted with ether (400 ml). The ether was removed in
vacue and the residue purified by high vacuum distillation to give the product
in 94% vield.
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Introduction of the Tryptamine and Tryptophan
Side-Chains

The appearance of the 2-(indol-3vlethylamine (tryptamine) unit in both
tryptophan-derived natural products and in synthetic materials having poten-
tial pharmacological activity has generated a great deal of interest in the
synthesis of such compounds. Several procedures which involve either direct
J-alkylation or tandem 3-functionalization/modification have been developed.
Similarly, methodology applicable to preparation of tryptophan analogues has
been widely explored.

13.1 INTRODUCTION OF THE TRYPTAMINE SIDE-CHAIN

There are several procedures in which the reactivity of the indole ring rowards
electrophilic subsitution at C3 is used as the basis for introducing the
tryptamine side-chain. A procedure developed by Speeter and Anthony in-
volves acylation by oxalyl chloride followed by reaction with an amine to give
an indol-3-vlglyoxamide[ 1. The glyoxamides arc then reduced to tryptamines,
In the original procedure LiAIH, was used but alternative methods using
diborane and alane are also successful. The borane reductions generale
amine borane complexes from which the amine is liberated using CsF or
acidic hydrolysis. Table 13.1 lists some examples of these reactions,

Tryptamines can also be obtained from nitroethyl and nitrocthenyl indoles.
3-(2-Nitroethyljindoles can be obtained in moderate to good vield by 3-alkyla-
tion with nitroethylene. The effective generation of this reactive alkene is the
ey to the success of the procedures. Ranganathan and co-workers generated
nitroethylene from a mixture of nitroethanol and phthalic anhydride heated to
175-1B0°C. Nitroethylene was obtained by distillation at partial vacuum.
Reaction of nitroethylene with indole gave 3-(2-nitrocthyl)indole in 80%
vield 8], Another procedure involves in situ generation of nitroethylene [rom
2-nitroethyl acetate. This can be done in refluxing xylene in the presence of a
radical chain inhibitor (c.g. tert-butyleatechol)[9].

3-(2-Nitroethenylindoles can be prepared by reaction of an indole with
2-(dimethylamino}-1-nitroethene in TFA[10]. 3-(2-Nitroethenylyindoles can
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Table 13.1
Synthesis of tryptamines from indoles via glyoxamides
Indole
Entry  substitucnt Amine Reductant Yield (%) Rel
1 None Indoline AlH, 93,97 21
2 S-Benzyloxy NN-Dibenzylamine  LiAIH, 91,92 [1]
3 S-Nitro Dimethylamine BI-THI 36,54 [3
4 6-Chloro NH, LiAIH, 83,41 [
5 6-Chloro-5-methoxy NI, BIE,-S(CIL,), 85.76°  [5]
fy 3.6-Dimethoxy 1-Phenylethyl- Alll, 75,85 [&]
amine
7 Oxanol3,2-¢] Dimethylamine BIT,-S(CH,), 78,54 171

*lsolated as N-acety] derivative.

also be made by condensation of indole-3-carboxaldchydes with nitroalkanes.
Condensation is typically carried oul with NHOAc/Ac,O[11]. The nitro-
ethenyl indoles can be reduced to tryptamines with LIAIH,. In addition to
LiAlH,, AlH, has been used for reduction[%]. Stepwise reduction, first to the
nitroalkane using Wilkinson's catalyst and then to the tryptamine by hvdro-
genation over Pd/C, has also been reported[12]. The examples in Table 13.2
illustrate these procedures,

Tryptamines can also be prepared from gramine via indole-3-acetonitrifes.
This procedure was found advantageous for C-halo tryptamines[9].

Procedures
3-(2-Dimethylaminoethyl)-5-nitroindolef3]

Glyoxamide formation

To a stirred mixture of S-nitroindole (10.00 g, 61.7 mmol) and phthalimide
(400 g) in anhydrous ether (250 ml) was added dropwise oxalyl chloride
(17.0ml, 0.194 mmol). The reaction mixture was stirred under nitrogen for 72 h.
The mixture was then chilled in ice and a solution of dimethylamine (80 ml)
condensed in ether (80ml) at —78°C was added cautiously with vigorous
strrng. Stirring was continued for 1 h afier the addition was complete. The
cther was then removed by evaporation and the residue partitioned between
water (500 ml) and CH,Cl, (500 ml). The pH was adjusted to 3 with conc. HCL
The layers were separated and the aqueous layer was further extracted with
CH,CI, (3 = 500 ml). The combined CH,Cl, layers were dried {MgSO,) and
evaporated in vacuo. Recrystallization of the residue from methanol gave the
glvoxamide (5.74 g, 36%).

Table 13.2
Synthesis of tryptamines via nitroethyl and nitroethenyl indoles

Ref.

Yield (%)

Reductant

Reactant

Indole substituent

Entry

A Nitrpethylation via nitroethene

(8]
[]
[n

80, -
66
53,

Nitroethene
Nitroethene

4-(4-Hydroxy-3-methyl-1-
butenyl)

None
S-Methoxy

—

th dimethyviaminonitroethene

2-Methyl

B Nirroethenylation wi

(10

80,93

(1) Hy, RhCI{PPh, ),
(2) H.. Pd/C

LiAlll,
LA,

Dimethylamimonitroethene

12

-
—

95,98
60,42¢

Dimethylaminonitroethene
Dimethylaminonitroethene

2-Cyclohexyl-5-methoxy

6-Benzyloxy

5
f
C From indole-3-carboxaldehyvdes by condensation with nitroalkanes

[14]
{15]
[16]
[7]

34,40
60, 58

LiAlH,

Nitropropane. NH,OAc, Ac,O
Nitromethane, NH ,OH

None

98, 100

47,97

LiAIH,
LiAl,

Nitromethane, NI,OAc, Ac,O
Nitroethane, NH,OAc¢. Ac,O

1-Cyclopentyl
-Dibenzyloxy
6-Chloro-5-methoxy

-

4

AlH,

lated as acety] derivative,
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Reduction with diborane

To a stirred solution of the glyoxamide (5.36 g, 20.5 mmol) in anhydrous THF
i55ml) was added 1.0 M diborane in THF {78.8 ml, 788 mmol). The resulting
solution was stirred at room temperature under nitrogen for 16 h. A saturated
solution of NaHCO, (200 ml) was added carefully to the reaction solution and
the mixture was extracted with ether (3 x 150ml). The ether extracts were
combined, dried (MgS0,) and evaporated in vacuo, leaving the amine - borane
complex. This solid was added to a mixture of abs. ethanol (150 ml), CsF (6.9 g)
and Na,CO, (6.9 g). The resulting mixture was heated at reflux under nitrogen
for 16h. The solution was cooled, filtered through Celite and the filtrate
concentrated in vacuo. The oil was purified by chromatography using CH,Cl,-
MeOH-aq. NH, for elution to give the product (2.58 g, 54%) as a yellow solid.

3-(2-Aminoethyl)-6-benzyloxy-1-methylindole(12, 13]

Nitroethenylation

To a stirred ice-cooled solution of 2-(dimethylamino)-1-nitroethene (1.67 g,
144mmol) in TFA (7.2ml) was added 6-benzyloxy-1-methylindole (3.42g,
14.4 mmol). The solution was allowed to warm to room temperature and
poured into ice water. The product was extracted using EtOAc to give
6-benzyloxy-1-methyl-3-(2-nitroethenyljindole (4.2 g, 93%).

Reduction

The previous product was added to LiAlH, (6 eq.) in THF. The solution was
heated at reflux for 1 h. The excess hvdride was destroyved by dropwise addition
of water and the resulting mixture filtered through Celite. The filtrate was
diluted with EtQAe, washed with brine and dried (Na,S0,). The product was
an oil (3.4 g, 98%).

3-(2-Aminobutyl)indole[14]

Condensation step

A solution of erystalline NH,OAc (66 g), Ac;O (18 ml) and AcOH (60 ml) was
stirred for 20min at 50°C. A mixture of indole-3-carboxaldehyde (87.0g.
0.6mol) and l-nitropropance (300ml) in AcOH (300ml) was added. The
mixture was refluxed for 3 h, cooled, diluted with water (360 ml) and chilled to
10°C. The solid which was collected was recrystallized from 40% ethanol to
give 44.5 g (34%) ol 3-(2-mitro-1-butenyl)indole.

Reduction

Anhydrous THF (300ml) was teated with LiAIH, (1.7 g). After reaction
subsided. additional LiAlH, (30,0 g) was added carefully and the mixture was
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stirred for 1.5 h. A solution of the nitrobutenylindole (36.0 g, (.17 mol) in THF
285ml) was added dropwise over 3h and the mixiure gradually brought to
reflux. The suspension was heated at reflux for an additional 2h and kept
overnight at room temperature. Moist ether (500ml) was added cautiously,
followed by addition of 70ml of water and [00ml of THF. When reaction
ceased, 20m! of conc. NaOH was added. The mixture was stirred for 1 h and
filtered. The solid was washed with ether {1.51), The filtrate and washings were
combined, dried over K,CO, (50 g) and concentrated. The residual oil was
dissolved in MeOH (100 ml) and AcOH (12 ml) was added. The mixture was
evaporated and the residue dissolved in EtOAe (250 ml) and MeOH (30 ml).
This solution was evaporated to about one-third volume, and 2ml of AcOH
was added. The product (17.0g 40%) precipitated on cooling.

References

M. E Speeter and W. C. Anthony. J, Am. Chem. Soc, 76, 6208 (1954},

G. W. Gribble and B. Peleman. J. Ovg. Chem. 57, 3636 (1992).

. E. Mucor, B. Post and K. Ryan, Syeth. Commun, 23, 635 (1993,

F. Benington, R. D. Morin and L. C. Clark, Ir, J. Org. Chem., 25, 1542 (1960).

H. M. Hugel, 5ynthesis 935 (1983),

M. 8. Reddy and J. M, Cock. Tetrahedron Lete. 35, 3413 (1994).

L E. Macor. K. Rvan and M. E. Newman. Terrahedron 48, 1039 (1992),

D. Ranganathan, C. B. Rac, 5. Ranganathan, A K. Mehrotra and R lyengar, J. Org. Chem

45, 1185 (1980),

.M. E. Flaugh, T. A, Crowell, J. A Clemens and B. D, Sawyer, J. Med, Chemn, 22, 63 (1979).

10. R, Freund, 8. Mahboobi, K. Noack, P. Schonholzer and K. Bernaver, Hele, Chim. Acta 73, 439

(1990).

11, A, P, Kozikowskl and Y.-Y. Chen. J. Org. Chem. 46, 5248 {1981).

12, G. Biichi and C.-P. Mak. J. Org. Chem. 42, 1784 (1977)

13. G. Spadoni, B. Stankov, A, Duranti, G. Biella, V. Lucini, &. Salvatori and F. Fraschini, J. Med.

Chem. 36, 4069 (1993),

14, R. V. Heinzelman, W, C. Amthony, D, A, Lyttle and J. Szmusekovics, J, Org. Chem. 25, 1548
(19640).

. T. Gungor, P. Malabre, J.-M. Teulon, F. Camborde. J. Meignen, F. Hentz, A, Virone-Oddos,
F. Caussade and A. Cloarec, J, Med. Chem. 37, 4307 (1994),

16, H. J. Knblker and K. Hartmann, 3yalers 755 (1993),

L
2
3
4.
5

Fe

e

o

13.2 INTRODUCTION OF THE TRYPTOPHAN SIDE-CHAIN

One elfective method for synthesis of tryptophan derivatives involves alkyla-
tion of formamido- or acetamido- malonate diesters by gramine[ 1.2]. Conver-
sion to tryptophans is completed by hydrolysis and decarboxylation. These
reactions were discussed in Chapter 12, An enolate of an =w-nitro ester is an
alternative nucleophile. The products can be converted to tryptophans by
reductionf3.4].

A wversatile tryptophan synthesis which proceeds directly from indoles as
starting materials was developed by Gilehrist[§]. The alkylation reagent is the



Ref.
7
(8]
&)

Yicld (%)
09,83
72,88

(1) Ethy! B-bromopyruvate oxime, Na,CO,

(1) Zn, HOAc: HCL (r-Boc) ,Or
(1) Ethy! f-bromopyruvate oxime, Na,CO,

{2y Al-Hg

Reactants

Table 13.3
Introduction of the tryptophan side-chain

Indole substituents
4-(Ethoxycarbonylmethyl

2-Cyclohexyl

A By reaction with ethyl p-bromopyruvate oxime

Entry

ey

63,

(1} Ethyl f-bromopyruvate oxime, Na,CO,

(2) Zn, HOAc; NaOH

5-Bromo-2-(3-phenyipropyl)

{10]
(1]
(121
[13]
[14]

45, =42
57,90
60,98
7.

66,

£

(1) Methyl a<(-butoxycarbonylaminojacrylate,
Pd(PPh,),Cl,

(1} Ethyl B-bromopyruvate oxime, Na,CO,

(2} Al-H,
(1} Ethyl -bromopyruvate oxime, Na,CO,

() ALHg
(1) Methyl s-acetamidoacrylate, Pd{OAc)

(2) H,, RhCI{PPh,),
(1) Methyl a-acetamidoacrylate, Pd/C

ith amidodcrylate esters

4-Bromo-3-iodo-1-{4-methylphenylsulfonyl)

methylamino]-7-(1,1-dimethyl-2-propenyl)

methylpropyllamina]
4-[ N-(1-{t-Butoxycarbonyl-2-methylpropy!

4-Fluoro-3-iodo-1-(4-methylphenylsulfonyly

4-[N-Methyl-N-(1-benzyloxycarbonyl-2-
1-Bromo-2-{cthoxycarbonyl)

3
-]
3
e
=
]
]
3
S
3
-
B
=9
&
=

-3

*Isolated as -Boc derivative.

4
5
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oxime of ethyl bromopyruvale which generates a-nitrosoacrylate in sitw. This
intermediate reacts with indoles to give 2-0ximino-3-(indol-3-yl)propanoates
which can be reduced (o tryptophans. This method has proved to be a useful
way of preparing both 2- and C-substituted derivatives of tryptophan. Table
13.3 includes some examples.

base
BOHEGO0R  ——=  CH-CCORR m . CHz=CGOR
HNOH N-0 N
b
H
CHZGCORR
HoH
N (13.1)

i

If the oximino intermediates are O-alkylated and then reduced with BH,-
N(CH,);, N-alkoxy tryptophans can be obtained[6].

Tryptophans can also be prepared by reduction of «,p-dehvdrotryptophans.
These can be oblained by a classical azlactone type synthesis from derivatives
of indole-3-carboxaldehyde. These reactions usually rquire an N-EW substitu-
ent and the yields are modest[15].

cozm
CH=C
pH-o o NHCCHy
1 Acal Ha0 5

. + CH;;GFIJCHZ GopH T m

" H 1000 h

& Sety

o
(13.2)

Better results have been obtained using the 3-(2-pyrrolidinylidene)indolenine
intermediate 13.3A which can be prepared from indole-3-carboxaldehyde and
pyrrolidine[ 16].

COpCHy
CHaC
N_” 9 NH'CCH;,
.
+ CH3GNCHzC0pCHy ——n Is) (13.3)
N H n
H
1334 1338 6%

Use of a-acetamidoacrylate esters in the Heck reaction allows for the
introduction of a dehvdroalanine side-chain. The dehydrotryptophans can be
reduced catalytically, and this reduction can be done enantioselectively[17].
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Standard Heck conditions were used to introduce the dehydroalanine side-
chain with 4-hromo-3-iodo-1-(4-methyiphenylsulfonyl)indole[12]. Using 4-
fluoro-3-iodo-1-(4-methylphenylsulfonylindole as the reactant, Merlic and
Semmelhack found that addition of 2 eq. of LiCl or KCl improved yields in
reactions carried out with 10% Pd/C as the catalyst[13]. The addition of the
dehyroalanine side chain can also be done by stoichiometric Pd-mediated
vinylation (see Section 11.2). A series of C-substituted dehydrotryptophans was
prepared in 40-60% vield by this method[14].

The tryplophan side-chain can also be introduced using methyl 2-ethoxy-1-
nitroacrylate as an clectrophile[17h]. Vinylation occurs at room temperature
by addition elimination, Reduction by SnCl; followed by acylation generates
NP-acyl-nfi-dehvdrotryplophans.

CO2CH3
CH=C
NOz
N NOs N HGI
N
COzCH3
=
NHCCHg
Acz0 ) (13.4)
» N
M

Enantioselective synthesis of tryptophans has been accomplished via alkyla-
tion of 2.3-diethoxy-3,6-dihydropiperazines by the method developed hy
Schillkopi[ 18], For example, D{+)-6-methoxyiryptophan ethyl ester was
prepared using 1-(phenylsulfonyl)-3-(bromomethylj-6-methoxyindole for alkyl-
ation[ 19].

CHaE
Li M. _DCaHs

CHaC” : :“ Iuj’:cmcn-_.pp

éOzF'h CaHsD
O 2Hs
cngg-.rcmcya]e gHz_rjfi'O?CZ'“
— O B e o e
OCaHs _—
CHs0 N CH3O N
40.Ph o $o.en
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Procedures
5-Benzyloxytryplophan(3]

Alkylation of ethy! nitromalonate

S-Benzyloxygramine (280g (L10mol} and elhyl nitromalonate (205 2.
010 moel) were dissolved in toluene (225 ml). The solution was heated at reflux
with a vigorous stream of nitrogen passing through the solution. During the
heating, precipitation of a solid occurred, which made stirring difficult, but it
disappeared on continued heating. The reaction was continued until evolution
of dimethylamine was complete {(about 4 h). The cooled solution was washed
with 2NHCI (2 % 100ml), 1 N NaOH (2 » 100 ml) and water. The solution
was dried (Mg80,) and decolorized with Magnesol.

Fartial hydrolysis and decarboxylation

The toluene solution from the previous step was treated with an ethanol
solution of NaOLt ((.1 mol in 100 ml) at (°C. When about a quarter of the
solution had heen added a thick precipitate formed and ether (100 ml) was
added to maintain a fluid slurry. The remainder of the NaOFEt was added and
the slurry was stirred overnight. The solid was collecied and washed with ether.
It was then mixed with ether (200 ml} and 2 NHCI (75 ml) and shaken in a
separatory funnel until the solid dissolved. The ether laver was washed with
2NHHC] (2 » 50ml) and water and dried over MgSO,. The solution was
decolorized with Magnesol and evaporated to give the #-nitro ester as a red oil.

Reduction and hydrolysis

Ethyl 2-nitro-3-(5-benzyloxyindol-3-yl)propancate (3.7 g, 0.01 mol) was dis-
solved in abs. ethanol (50 ml) and hydrogenaled over PO catalyst (1.0 g) until
H, uptake ceased (about 1.75 h). The solution was purged with nitrogen and
20% ag. NaOH solution (4.0g) was added. A hydrogen atmosphere was
re-established and the hydrolysis was allowed to proceed overnight. The
solution was diluted with water (20 ml) and filtered. The pH of the filtrate was
adjusted to 6 with HOAc and healed to provide a solid precipitate. The
mixture was cooled and filtered 1o provide 3-benzyloxytryplophan (2.64 g).

N-{tert)-Butoxycarbonyl-2-cyclohexyl tryptophan ethy! ester

A solution of 2-cyclohexylindole (100 mmol) in CH,Cl, containing Na,CO,
(7.5¢g) was treated with a solution of ethyl 3-bromo-2-(hyroxyimino)pro-
panoate (735 g 35mmol) in CH,Cl, (50 ml). The mixture was stirred under
nitrogen for 16, liftered through Celite, and concentrated in vacuo. The
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intermediate was purified by chromatography (99% yield). The intermediate
(13 mmol) was dissolved in AcOH (100 ml) and zinc dust (3.4 g) was added in
portions over 30 min. The reaction was slightly exothermic but was not cooled.
The mixture was filtered through Celite and concentrated in vacun. The residue
was dissolved in I NHCI and evaporated to provide the tryptophan hydro-
chloride sall as a foam. This salt was dissolved in t-butanol (50 ml) and water
(5ml) and teated with Et,N (2.3 ml, 16 mmol) and di-tert-butyl dicarbonate
(3.4 g 16 mmol). Alfter stirring overnight, the reaction mixture was evaporated
in vacuo, dissolved in CIOAc, washed with | NTICL I M Na,CO, and brine.
The solution was dried (Na,80,), filtered and concentrated. The product was
purified by silica gel chromatography, using CHCl; for elution (83% yield).
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Introduction of Substituents on the
Carbocyclic Ring

Introduction of substituents on the carbacyclic ring relies primarily on elec-
trophilic substitution and on organometallic reactions, The former reaclions
are nol under strong regiochemical control. The nitrogen atom can stabilize
any of the C-ring o-complexes and hoth pyrrole and bhenzo ring subslituents
can influence the substitution pattern, so that the position of substitution tends
10 be dependent on the specific substitution pattern (Scheme 14.1).

Reactions via organometallic intermediates achieve position selectivily on
the basis of prior substitution. for example through halogen—inetal exchange

E. u E_H E M
0D — (0 — D
N N II\I
iV
A H H
E E E
4 .-| 4
- - +
N N
1 1 1
H H H
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)
i 5 H H
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SCHEME 14.1
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of C-haloindales or by directed metallation, and thus are ultimately dependent
on a preceding synthetic manipulation for regioselectivity.

14.1 ELECTROPHILIC SUBSTITUTION

Eleetrophilic substitution on the carbocyelic ring requires deactivation of the
heterocyclic ring and this is usually achieved by the presence of an EW
substituent at N1, C2 or C3 or a combination thereofl. For example, ethyl
indole-2-carboxylate can give either €3 or C5.7 acylalion. depending upon
reaction conditions[1,2]. Use of excess AICI, favours carbocylic subsitution.
This may reflect stoichiometric complexation at the ethoxycarbonyl group
which further deactivates the heterocyclic ring. Ethyl indole-3-carboxylate
gives a mixture of 5-, 6- and 7-substitution products on reaction with
CH,COCI/AICIL[3]. In some instances the regiosclectivity seems to be govern-
ed by the specific acylating agent. For example CICH,COC! and Cl,CHCOCI
give good yields of 6-acylation products on AlCI-catalysed reaction with
T-acylindoles[4]. Acetyl chloride does not exhibit this regioselectivity, Under
certain conditions ethyl indole-2-carboxylate can be acylated at C5 in prefer-
ence to C3(5). This regioselectivity is observed for acid chlorides with EW
substituents (see Entry 3. Table 14.1 for example). Azlactones have been found
to give predominantly C5/C7 substitution with ethyl indole-2-carboxylate[2].
At the moment the mechanistic basis of these regioselectivities is not clear.

o] 8]

o] RENCH,C
|
] ]

b I "

- COzC2Hs
9 N (14.1)
ACNCH,C H
4 o}

The presence of activating substituent on the carboeyclic ring can, of course,
affect the position of substitution, For example, Entries 4 and 5 in Table 14.1
reflect such oricntational cffects. Entry 6 involves using the ipso-directing effect
of # trimethylsilyl substituent to achieve 4-acetylation.

The stronger directing effects present in the indoline ring can sometimes be
used to advantage 1o prepare C-substituted indoles. The aniline type of
nitrogen present in indoline favours 5 7-substitution. After the substituent is
introduced the indoline ring can be aromatized by dehydrogenation (see
Section 15.2 for further discussion), A procedure for 7-acylation of indoline
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Table 14.1
Electrophilic carbocyclic substitution
Entry Substituents Reagents Yield (%) Rel.
1 I-Acetyl-b-chloroacety! Chloroacetyl chloride, AIC1, 80 4]
2 f-Acetyl-1-benzoyl-2,3- Acetyl chloride, AICI, 70 |4
dimethyl )
3 24(Fthoxycarbonyl)-5- 4-Nitrobenzoy] chloride, 73 7]
[4-nitrabenzoyl) AlCI,
4 2-{Fthoxycarbonyl)-7- Propanoy] chloride, AICT, 93 4]
methoxy-3-methyl-
4-propanoyl
5 T-Methoxy-4- methoxy- {1} CICOCOC!, AT, 75 [4]
carbonyl)-1-phenylsulfonyl  {2) McOH
[ 1,4-Diacetyl Acetyl chloride, AICI, 95 (1]

depends upon a chelation effect. Nitriles are known to have a preference for
ortho-acylation when reaction is carried out on a preformed BCl, complex[117.

8Cl3

. ACN  —
AICly

H

I-Acetylindoline-2-sulfonic acid, which can readily be obtained from indole
by addition of sodium sulfite followed by acetylation, is a useful intermediate
for introduction of S-substituents by eclectrophilic substitution[12]. The sub-
stituted indoline-2-sulfonic acid can be reconverted to the substituted indole by
treatment with base.

Procedures

6-Chloroacetyl-1-(2,2-dimethylpropanoylindole[4]

To a suspension of AICI; (89¢, 0.67mol) in 1.2-dichlorocthane (600 ml)
chloroacetyl chloride (56 ml, 0.70 mol) was added dropwise at 0°C. After the
addition was complete the mixture was kept al ambient temperature for
15min, at which ume 1-(2,2-dimethylpropanoyl)indole (30g, 0.15mol) was
added over 3 h. After completion of the addilion, the mixture was stirred for
15 min and then poured into ice-cold water. The mixture was extracted with
1.2-dichloroethane. The extract was washed with water (3x) and ag. 5%
NaHCO, (3x ). dried (Na,50,) and concentrated in vacuo. The residue was
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crystallized to give the product (25 g, 60% yield). Additional product (54 g,
13%, yield) and a small amount of the 4-chloroacetyl isomer (1.7 g, 4% yield)
was obtained by chromatography of the mother liquor.

7-Benzoylindole[13]

Acvlation

A solution of indoline (120 g 1.0mol) and benzonitrile (124 g, 1.2mol} in
toluene (555 ml} was heated to boling and 90 ml of toluene was distilled off to
eflect azcotropic drying. In a separate flask BCI; (130 g, 1.1 mol) was added 1o
dry toluene {T45ml) at 5°C. This solution was kept at 5-10°C while the
mdoline-benzonitrile solution was added over 2.5h. The temperature was
maintained at 3-10°C and AICI, (147 g, 1.1 mol) was added in portions over
45 min. The reaction mixture was then refluxed for 16 h. The reaction mixture
was cooled to 8°C and water (188 ml) was added with continued stirring,
resulting in separation of a heavy gum. There was then added 2N HCI (800 ml)
and the reaction mixture was heated to reflux for 2.5 h, During heating, a tan
granular precipitate formed. After cooling, it was collected by filiration, washed
with water and pressed dry. The damp solid was resuspended in water (1.11)
and the suspension made basic with 25% NaOH solution while keeping the
temperature below 20°C. Stirring was then continued for 4 h. The resulting
yellow solid was collected by filtration, washed with water and dried to give
179 g (80%) of 7-benzoylindoline.

Aromatization

7-Benzoylindoline (223 g, 1.0'mol) was dissolved in CH,Cl, (2.231) and MnO,
(261 g. 30 mal, Diamond-Shamrock grade M) was added. The minture was
heated at reflux and agitated for 18 h. The reaction mixture was filtered and
the solid washed with hot CH,Cl, (200ml). Evaporation of the solvent left
T-benzoylindole.
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14.2 RING METALLATION

Carbocyclic substitution can also be achicved by first introducing a reactive
organomelallic substituent. Preparation ol organolithium reagents can be done
by one of the conventional methods, especially halogen -metal exchange or
directed lithiation, Table 14.2 gives examples.

A study of conditions for halogen—metal exchange of the C-bromoindoles
found that the best resulls were obtained if the indole was first converted to its
potassium salt by reaction with KH in ether at 0°C. Halogen-melal exchange
was then done with r-butyllithium at —78°C[1]. Altempls to use excess
t-butyllithium on the neutral indole were not as reproducible or effective and
this was attributed to complications resulting from both incomplete N-depro-
tonation and heterogeneity. Using optimal lithiation conditions, electraphiles
such as DMF, N-methyl-N-methoxyearboxamides and dimethyl disulfide gave
good yields of C-substituted indoles[ 1.2]. Directed lithiation should also be an
appropriate procedure for preparation of C-substituted indoles. Most examples
in the literature have been the result of specific synthetic objcetives rather than
comnprehensive studies of direcled lithiation. Nevertheless, they indicate the
potential of the methodology. One of the issues which must be considered is
competition with 2-lithiation. A study of S-methoxy-I-methylindole observed
competition between C2, C4 and C6 lithiation[3]. Such competition can be
influenced by proper choice of substituents. Bulky N-silyl substitucnts can
retard C2 hithiation. For example, while 1-methyl-3-(dimethylaminomethyl)-
indole is lithiated at C2, use of an N-(tri-isopropylsilyl} protecting group leads
to C4 lithiation[4].  5-(Dimethylcarbamoyloxy)-I-(teri-butyldimethylsilyl)-
indole is cleanly lithiated at C4[5]. 1-rert-Butoxycarbonylindoline is lithiated
at C7 and this permits introduction of various electrophiles at the 7-posi-
tion[6]. These lithiated intermediates permit the introduction of various
functional groups by reaction with electrophiles or they can be converled (o
other organometallic reagents for Pd-catalysed coupling (see Section 14.3 for
examples).

Directed thallation has been useful for synthesis of some 4- and 7-substituted
indoles. Electrophilic thallation directed by 3-substituents is & potential route
to 4-subslituted indoles. 3-Farmyl[7], 3-acetyl[8] and 3-cthoxycarbonyl[7]
groups can all promote 4-thallation. [-Acetylindoline is the preferred starting



Ref.

Yield (%)

Substituent

Table 14.2
Introduction of carbocvelic substituents vig lithioindoles
Reagents

Indole reactant

Entry
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oEZ % 2= == material for 7-thallation[ 7]. The thaflium can then be replaced by various func-
tional groups including halogen[ 8 10], mitro[ 7] and azido[ 7], or subjected to
Pd-catalysed coupling[117.
oIz 5 2 2 e Procedure
Indcle-7-carboxaldehyde(1]
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i " I_"‘: i ‘_;‘{ Iy ? been precooled to —T8°C was added by cannula. A white precipilate formed.

Alter 10 min DMF (2 eq.) was added as a solution in ether, The reaction
o mixture was allowed to warm slowly to room temperature and when reaction
— 3 was complete (TLC) the suspension was poured into cold 1 M H,PO,. The
y ‘7:’ — '_:. .—’?.‘:‘.‘ product was extracred with EtOAc and the extract washed with sat. NaHCO,
S5 Z a == and dried (MgS0,). The product was obtained by evaporation of the solvent
a 4 a2 4o ; <~ and purified by chromatography on silica gel (61% vield).
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SEE = g 5 =
E E % 3 % = -‘g . E Indoles with carbocyclic halogen or triflate substituents are potential starting
£ E s i L_: ‘g 25 s £ materials for vinylation, arylation and acylation via palladium-catalysed pro-
'c', g r; S §. LB ? éj’; cesses[ 1] Indolylstannanes, indolylzine halides and indolylboronic acids are
537 = EZ 25 52 also potential reactants. The principal type of substitution which is excluded
£2zZ % 0g=23 E 23 from such coupling reactions is alkylation, since saturated alkyl groups tend to
SEE 3 i Ee = give elimination products in Pd-catalysed processes.
E & Heck type vinylation of 4-bromo-1-(4-methylphenylsulfonylj-indole pro-
- ] ceeds 1 good yield with such alkenes as methyl acrylate, styrene and N-
R - v L~ am

A Substitution via halogen metal exchange

vinylphthalimide using Pd{OAc), (5mol%) and tri-o-tolylphosphine as the



Table 14.3
Carbocylic vinylation and arylation

Rel

Yield (%)

Reagents

Indole reactant

Entry

A Vinviation wunder Heck conditions

n
(8]
{2]
[3]

90
iR

wetamidoacrylate, PAd{OAc),, n-BuyN,

is-(diphenylphosphinaferracene)
a-acetamidoacrylate, PA(PPh,),Cl

NaOAe, Et,N
-Methylbut-3-en-

Methyl acrylate, Pd(OAc),, Lt,N

Methy
Li

5-Triffuoromethanesulfonyloxy

T-lodo

90

4-Bromo-1-{4-methvlphenylsulfonyl)

3

81

2-ol, Pd{PPh,),Cly. Ag,CO;, EtN

2

4-Bromo-3-[2-(1-butoxycarb onylamino)- 2-(ethoxy-
carbonyljethenvl]-1-(4-methylphenylsulfonyl)

B Arylation by palladium-caralysed coupling

[9]

60

2-(r-Butoxy)-5-{tri-n-butyistannylfuran.

Bromo

5

PhCH ,Pd(PPh,),CI
Bromabenzene, PA{PPh,),

o]
[11]
[5]
[€]

87
90
74
60

4-Fluorobenzeneboronic acid, Pd(PPh,),
4-Fluorabenzenehoronic acid, Pd(PPh,).

Benzeneboronic acid, Pd(OAc),

S-Boronic acid

&Bromo

§-Bromo
3-Formyl-4- bis-trifiuoroacetoxythallio)
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catalyst system[1]. Merhyl a-acetamidoacryvlate also gives good results[2].
The Heck reaction has also been used to introduce 4-(3-hydroxy-3-methyl-1-
butenyl) substituents[ 1,3]. 4-Haloindoles can be coupled with acetylenes via
Pd-catalysed processes[4]. Table 14.3 gives examples of these reactions.

The Suzuki coupling of arylboronic acids and aryl halides has proven to be
a useful method for preparing C-aryl indoles, The indole can be used either as
the halide component or as the boronic acid. 6-Bromo and 7-bromoindole
were coupled with arylboronic acids using Pd(PPh,),[5]. No protection of the
indole NH was necessary. 4-Thallated indoles couple with aryl and vinyl
boronic acides in the presence of Pd(OAc),[6]. Stille coupling between an aryl
stannane and a haloindole is another option (Entry 5, Table 14.3).

Procedures

Methy! 1-(4-methylphenylsulfonyllindole-4-(x-acetamido)propenoate[2]

A mixture of 4-bromo-1-(4-methylphenylsulfonyljindole (88 mg, 0.25 mmol),
methyl a-acetamidoacrylate (91 mg, 0.64 mmol), PACI,(PPh,), (16 mg, 0.023
mmolj and NaOAc (82 mg, 0.98 mmol) in Et;N (0.8 ml) and DMF (0.4 ml) was
heated to 120°C in a sealed tube for 2 h. The tube was opened and the contents
diluted with EtOAc and filtered through Celite. The FtOAc was washed
successively with 10% HCI, sat. NaHCO, and brine and then dried (MgSO,).
The residue was purified by elution through silica gel with 10:1 benzene—
EtOAc to give the product as a yellow solid (93 mg, 90%).

6-(4-Fluorophenyllindole[5]

A solution of 6-bromaoindaole (0.10 mal) in toluene (200 ml} was treated with
Pd(PPh;), (5mol%) and stirred for 30min. A solution of 4-fluorophenyl-
boronic acid (0.25 M, (.15 mol) in abs. EtOH was added. followed immediately
by sat ug. NaHCO, (10 eq.). The biphasic mixturc was refluxed for several
hours and then cooled to room temperature. The reaction mixture was poured
into sat. ag. NaCl (200ml) and the layers separated. The ag. layer was
extracted with additional EtOAc (200 ml) and the combined organic layers
dried (MNa,50,), filtered and concentrated in vacuo. The solution was filtered
through silica gel using hexane-CH,Cl,-hexanc for elution and evaporated.
Final purification by recrystallization gave the produet (19 g, 90%).
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-15-

Selective Reduction and Oxidation Reactions

15.1 REDUCTION OF INDOLES TO INDOLINES

While catalvtic reduction of the indole ring is feasible, it is slow because of the
aromatic character of the C2-C3 double bond. The rclative basicity of the
indole ring, however, opens an acid-catalysed pathway through 3H-indolenium
intermediates.

E E
’S E* H H} HH
©\N N - noH (15.1)
1 L} 1
H H H

A traditional method for such reductions involves the use of a reducing
metal such as zine or tin in acidic solution. Examples are the procedures lor
preparing 1,2,3 d-tetrahydrocarbazole[ 1] or cthyl 2,3-dihydroindole-2-carbox-
ylate[2] (Entry 3, Table 15.1), Reduction can also be carried out with
acid-stable hydride donors such as acetoxyborane[4] or NaBH,CN in TFA[ 5]
or HOA¢[6]. Borane is an effective reductant of the indole ring when it can
complex with a dialkylamino substituent in such a way that it can be delivered
intramolecularly[7]. Both NaBH-HOAc and NaBH,CN-HOAc can lead to
N-ethylation as well as reduction[8], This reaction can be prevented by the use
of NaBIH,CN with temperature control. At 20°C only reduction occurs, but if
the temperature is raised to 50°C N-ethylation occurs[9]. Silanes can also be
used as hydride donors under acidic conditions[10]. Even indoles with EW
substituents, such as ethyl indole-2-carboxylate. can be reduced[11,12].

Procedures

Ethyl 2,3-dihydroindole-2-carboxylate(2]

Ethyl indole-2-carboxylate (45.2 g 0.238 mmol) was dissolved in abs. EtOH
(450ml) in a L1 polyethylene container and cooled in a dry ice-cthanol bath
The solution was saturated with dry HCI gas until the volume increased to
873 ml. Granular tin metal (84.2 g, 0,710 mmol) was added to the slurry and
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Table 15.1
Reduction of indoles to 2. 3-dihydromdoles
Reduction Yield

Entry Indole substituents conditions (%a) Ref.

1 Naone NaBH,CN, HOAc, 60 [9]
s0C
2 MNone Zn, [P0, 64 [10]
3 2-{ Ethoxycarbonyl) Sn. HOL EtOH 62 [2]
4 1.2-Dimethyl NaBH,ON HOAe 92 [5]
5 2-{ Ethoxycarbonyl }- -methyl Ei,S5iH. TFA 67 [12]
& 5.6-Dimethoxy NaRH,CN, HOAc 86 [14]
7 3-(2-Benzyloxycarbonylethyl)- NaBH,CN. HOAc 87 [6]
S-methoxy

] 3.6-Dimethoxy-2-methyl-3-[2-(4- EL,SiH, TFA 80 [T1k]

phenylpiperazinojethyl]
9 2-(Methoxycarbonyljpyrrolof 3.2-¢] NaBH,CN, HOAc 79 [15]
10 S-Hydroxy-6-1-{Methoxvearbonylj- Et,S5iH. TFA &0 [13]
(phenylsulfonyl)-§-methyl-
pyrrolo[3,2-¢]
1 3-Beneyloxy-2-(benzyloxyearbonyl)-  NaBH,CN. HOAc  >63 [16]
4-methoxypyrrolo[3,2-¢]

*The product 15 T-ethyl-2 -dihydroindole

the container was sealed in a precooled 1.41 autoclave which had all surfaces
coated with siliconc oil. The scaled autoclave was kepr at room temperature
for 36h and then vented. The reaction mixture was filtered through sintered
glass and chilled 10 —15"C overnight. A yellow crysialling tin complex (73.6 g)
was obtained. This complex was dissolved in abs. ELOH (750 ml). cooled and
treated with anhydrous ammonia until the pll reached 8. The EtOH was
cvaporated and the residuc slurricd with cther and filicred. The solid was
washed with several portions of ether. The ether filtrate and washes were
combined and extracted with 1:1 water-saturated brine (300 ml) to remove
basic tin salts. The ether layer was dried (MgSO,) and evaporated to leave an
oil which spontaneously crystallized. Recrystallization from hexane gave pure
product (28.5 g, 62%).

Benzyl 2,3-dihydro-1-benzoyl-5-methoxyindole-3-propancate[6]

A solution of benzyl S-methoxyindole-3-propanoate (26.0g, 0.084 mol) in
HOAe (300ml) was cooled as NaBH,CN (26 g 041 mol) was added. The
resulling mixture was stirred at room temperaiure for 3.5 h and then poured
mto cold water (21). The mixture was extracted with several portions of
CH,CI, and the extracts were washed with ag. NaHCO, and dned over
Nu,S0,. Removal of the solvent gave the crude product as a viscous oil. This
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material was dissolved in CHCI, and cooled in ice. Pyridine (8 ml. 010 mol)
m_ul then benzoyl chioride (11.5ml, (.10 mol} were added. The mix[ure was
stirred for 1'h at room temperature. The reaction mixture was washed with
water, ag. NaHCO, and brine and then dried (Na,S80,). The solvent was
rem(?\-'ed and the residue was dissolved in EtOAc and eluted through a short
Florisil column using additional EtOAc. Evaporation of the eluate and

;l;);silallizmion of the residue from toluene/hexane gave the product (30.2 g,
Va ).

Ethyl 3-aceryf-5-hydroxy—&-merhﬂﬁ-(phenyfsu-‘fony.’)— 1,2.3,6-
letrahydrobenzof1,2-b:4,3-b Jdipyrrole-1-carbox ylate

To a stirred ice-cold solution of cthyl 3,6-dihydro-5-hydroxy-8-methyl-6-
_(p]wng,-lxuil'ony]}bcnzo[I,2-b:4,3-b’]dipyrro]e-l-carbnxyiaw (-368 mg, 085 mmol)
in TFA (3ml) was added Ey,SiH (L3ml) After 15min the solution was
a]ion:ed {0 come fo room temperature and stirred for an additional 2 h. The
solution was evaporated in vacuo and the residue dissolved in CH.Cl, (10ml),
w_ashed-wuh aq. NaHCO; and dried over MgS0,. The solution was mixed
with Ac,(;' (I'ml) and CH,CI, (1 ml) and kept at room temperature for 2 h.
The reaclion mixture was evaporated and the residue purified by chromatog-
raphy on silica gel using CH,Cl,- EtOAc (3:1) for clution. The product
(271 mg) was obtained in 71% vield.
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15.2 AROMATIZATION OF INDOLINES

Aromatization of indohnes is important in completing synthetic sequences in
which the dircctive effects of the indoline ring have been used to achieve
selective carbocyclic substitution[1]. Several methods for aromatization have
been developed and some of these are illustrated in Table 152, A range of
reagents is represented. One type of procedure represents use of oxidants
which are known to convert amines to imines. Aromatization then pro-
vides the indole, Such reagents must not subsequently oxidize the indole.
Mercuric acetate (Entry 1} is known to oxidize other types of amines and
presumably reacts by an oxidative deprotonation w- to the complexed
nitrogen.

H
"
Clw, —Cp — C0 e
No N N
| Ha H

The perruthenate procedure (Entry 2) is also based on a general amine 1o
imine oxidation. The iodosobenzene method (Entry 3) is an application of a

Table 15.2
Aromatization of indolines by dehydrogenation
Fatry  Substituents Reagent Yield (%) Ref
1 None Hg(OAc), 72 [4]
2 None R,N"RuO, 50-75 [5]
N-methylmorpholine-
N-oxide
3 None Todosobenzene k] [6]
4 2-Methyl 0, Cofsalen) 79 [2
s 5-Propyl Mn{OAc), 60 [7]
6 7-Renzoyl MnO, =90 [8]
7 3 1-Acerylpiperid-4-y1)- MnO, 47 [91
S-mitro
8 I-Benzoyl-d-[ 24N N-diprop- O, KO-t-Bu 41 [10]
ylaminojethyl |-5-methoxy
9 34-Dihydrobenzo[cdfindol-  (PhSe0),0 57 rin
S 1 H jone
10 4.5.6-Tribromo 0. Co(salen) Re [t2]
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method for conversion of cyclic secondary amines to imines. None of these
three methods has yet been tested extensively with substituted indolines. The
Cosalen) catalytic oxidation was found to be satisfactory for several 2-
and 3-alkylindoles[2] and has been applied to 6-nitro[2] and 7-nitroindo-
line[3]. The other reagents included in Table 15.2 have been applied 1o specific
substituted indoles,

Procedure

Catalytic oxidation using Co(salen)[3]

To a solution of indoline (20 mM in MeOH) was added Co(salen) (0.10 equiv.)
and O, was bubbled through the suspension at 25°C. After 1 h the suspension
became homogeneous and the solvent was removed in racuo and the product
purified by chromatography on silica gel.
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15.3 REDUCTIVE DISPLACEMENT OF «-SUBSTITUENTS

3-Acyl groups on the indole ring can generally be reduced directly to 3-alkyl
groups. The reduction proceeds through the intermediate indol-3-ylcarbinol
stage and carbinols prepared by other means are also susceptible 1o reductive
deoxygenation. The facility of these reductive displacements depends upon the
susceptibility of indol-3-vlcarbinols to elimination.
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The reaction is assisted by nitrogen-deprotonation and is therefore some-
what less facile for 1-subsituted indoles. 2-Acylindoles and indol-2-ylcarbinols
are also susceplible to reductive deoxygenation but the reactivity is somewhat
less than for 3-substituted indoles because nitrogen participation is diminished
at the 2-position. Among the reducing agents which have been used success-
fully for deoxygenation of 3-acylindoles are LiAIH,[1.2] and diborane[3-5].
Diborane is the more electrophilic of the two reagents und while LiAIH, often
results in formation of carbinols from N-substituted 3-acylindoles. diborane
usually gives complete reduction. Monti and co-workers developed a pro-
cedure which avoids competing reduction of the indole ring which involves
quenching cxeess diborane with acctone[3]. Reduction with NaBH, normally
gives carbinols from l-substituted 3-acylindoles[6]. The partial reduction of
acylindoles to carbinols has also been done with LiBH,, although the general-
ity of this procedure has not been demonstrated{ 7). The use of LiAIH,, BH,
and AlH, for reduction of indole-3-glyoxamides to tryptamines was discussed
in Section 13.1.

3-Acyl-1-(phenylsulfonyljindoles can be reduced to 3-alkyl-1-(phenylsulf-
onyl)indoles using NaBH,-TFA[8]. The aclive reductant is presumably a
trifluoroacetoxyborane[9]. The presence of the elestron-attracting phenylsulf-
onyl substituent would be expected to require electrophilic assistance in the
elimmation step. The NaBH,-TFA reagent is selective enough to permit some
functional groups in the side-chain to survive, as in equation 154[10].

CHaCHC0CzHs FHzCHzCHZC0:CoHs
NaBH
= (15.4)
N TFA N
-'[';(ng-'ﬂ SOzFh

The reduction of several 2-acyl- l-{phenylsulfonyljindoles to the correspond-
ing 2-alkyl compounds was achieved using BH,-H,NC(CI1,),-AlCI,[10]

Indol-3-ylcarbinols can also be reduced using Et,SiH-TFA. Aryl indolyl-3-
ylearbinols can be formed in situ from 2-alkylindoles and benzaldehydes. These
reactions, when run in tandem, provide a versatile route to 3-benzylin-
doles[11]. Indole itself undergoes reduction to indoline under these conditions.
Indol-3-ylcarbinols can also be generawed by organometallic addinons to
3-acylindoles[ 12].
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Table 15.3

Reductive deoxygenation of 2-ucyl and 3-acylindoles

Enty Indole substituenis

Reduction vonditions  Yield (%) Ref

A 2-Arylindoles

1 2-Propanoyl-1-(phenylsulfouyl) BH-H ;NC{CH,),. 75 [10]
AlC,

B 3-Acvlindoler

2 1-Acetyl LiAlH, 7 [
3 3-Benzoyl-1-methyl B.H, 80-85 [3]
4 3-Acetyl-1-(phenylsulfonyl) NaBH,-TFA 99 [%]
5 3-Acetyl-5-hydroxy-2-methyl B.H, 82 [4]
6 3-[1-Hydroxy-1-(3-methyl- Pd/C. H, 88 [13]

pyrid-2-ylymethyl]-1-methyl-

H

© Ar

Ar

/l " A E13SiH

ST AGHO e o TR O
'

4 H )

(15.5)

Table 15.3 gives some examples of reductive deoxygenation of 2-ucyl and
J-acyl indoles.

Procedures

3-Ethyl-5-hydroxy-2-methylindole[4]

A solution of 105 M diborane in THF (25 ml, 26 mmol) was added slowly to
a stirred suspension of 3-acetyl-5-hydroxy-2-methylindole (1.0 g, 5.3 mmol) in
THE (10 ml). After hydrogen evolution ceased, the mixture was heated at reflux
for 1'h, cooled and poured into acetone (75 ml}. The mixture was heated briefly
1o boiling and then evaporated in vacuo. The residuc was heated with methanol
(30ml) for 20 min. The solution was concentrated und 3 N HCI (40 ml) was
added. The mixture was extracted with ether and the extracts dried (MgS0,)
and evaporated 1o yield a yellow oil. Vacuum sublimation or recrystallization
vielded pure product (0,76 g, 82%).

Ethyl 4-[1-(phenyisulfonyl)-indol-3-yljbutanoate[10]

NaBH, pellets (10-12 ¢q.) were added to TFA (25 ml) over 30 min. Ethyl
4-[1-(phenylsulfonyljindol-3-y] ]-d4-oxobutanoate (1.5 mmol) was then added as
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i solution in CH,Cl,. The mixture was stirred overnight and diluted with
water (73 ml). The product was isolated by an extraction sequence and purified
by silica gel chromatography using 1:1 hexane—CH,Cl, for elution (K5%
yield).
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15.4 OXIDATION OF INDOLES TO OXINDOLES

The conversion of indoles to oXindoles can be achieved in several ways.
Reaction of indoles with a halogenating agent such as NCS, NBS or pyridin-
wm bromide perbromide in hydroxylic solvents leads to oxindoles[1].
The reaction proceeds by nucleophilic addition to a 3-haloindolenium inter-
mediate.

X

R % 1] R HX R
s = O — Qe = O
N I:J N |7.|

H H i i
(15.6)

Use of an excess of the halogenating agent results in halogenation at the
3-position of the oxindole[3,4]. The halogenation and hydrolysis can be carried
out as two separate steps. One optimized procedure of this type used NCS as
the halogenating agent and it was found that 70% phosphoric acid in
2-methoxyethanol was the most effective medium for hydrolysis[2]. If the
halogenation is carried out in pyridine. the intermediale is trapped as an
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N-(indol-2-ylpyridinium salt which can subsequently be hydrolysed to an
oxindole[ 5].

The oxidation of 3-substituted indole 10 oxindoles can also be done with
a mixture of DMSO and conc. hydrochloric acid[6 91. This reaction prob-
ably involves a mechanism similar to the halogenation with a protonated
DMSO molecule serving as the electrophile[ 10].

a CHa)z ST . "
g
N | L — O (15.7)
N CH N N
' 3 i 1
H [ H
X =ClorOH

Procedures

7-Benzoyloxindole[2]

A CH,Cl, of 7-benzoylindole (245 g, 1 mol) was chlorinated with N-chlorosue-
cinimide (119 g, 0.87 mol) at 15-20°C by adding a quarter of the reagent at
0.5 h intervals. One hour later, the solution was washed with water (251 %2).
The water layer was re-extracted with CH,Cl, (200 ml). After washing with an
equal volume of water, the exiract was combined with the original CH,Cl,
layer and distilled to remove the CH,Cl,. The residual 7-benzoyl-3-chloro-
indole was dissolved in 2-methoxyethanol (1.81) and heated to 100°C. With
stirring, H, PO, (70%, 1.31) was added. A phosphale salt separated but stirring
was continued. The mixture was maintained at reflux for 4-8 h, using TLC to
monitor reaction progress. Upon complction, the mixture was treated with
charcoal (20-40g) at reflux for 15 min and then fillered hot. The filtrate was
kept at 70°C while warm (65-70°C) water (231) was added with stirring.
Precipitation began during the addition. The slurry was cooled slowly to
_ ]dund kept for 12h. Filtration then gave 7-benzoyloxindole (199 g, 84%
vield).

1,3-Dimethyl-5-methoxyoxindole[8]

A solution of [3-dimethyl-5-methoxyindole (4.5g 0.026mol) in DMSO
(27ml) was maintained at 5°C as conc. HCI (23 ml 0.77 mol) was added
dropwise over 15 min. Stirring was continued for 3 h at room lemperature and
the reaction mixture was then poured into ice-water (100 ml). The mixture was
neutralized with NaHCO, to pH 7 and exiracted with EtOAe (100 ml = 2). The
EtOAc was removed in vacuo and the residue purified by chromatography on
silica using hexane -EtOAc (7:3) for elution. The yield was 435 (88%).
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15.5 SELECTIVE OXIDATION OF SUBSTITUENTS

Because of the susceptibility of the indole ring to oxidation, most of the
classical methods lor oxidation of aromatic substituents are not appropri-
ale for indole derivatives. There are, however, procedures that can effect con-
version of 3-alkyl groups to 3-acyl groups and of 2-alkyl subsitutents to
hydroxyalkyl or acyl. The preferred reagent for oxidation of -alkylindoles to
3-acylindoles 1s dichlorodicyanoguinone (DDQ). It has been used both with
substituted indoles and fused ring analogues. For example, N,0-protected
tryptophans can be oxidized in good vield[1].

=]
CH2CHODaCH, "GOHCORCH,
m NMCCHs  ppg NKCCH;
JEEER ¢
. 0 o 2} (15.8)
H 4

Generally speaking though, yields are best for the fused ring derivatives. The
reactions are usually carried out in 10% ag. THF and probably proceed
through 3-alkyhidencindolenine intermediates. Table 154 gives several ex-
amples. Selemum dioxide has also been used for oxidations leading to 3-acyl-
indoles (Entry 9).

Selective oxidations of 2-alkyl groups usually involve an initial attack at C3
followed by an allylic rearrangement which places the substituent at the
a-carbon of the C2 substituent. The overall pattern of a-2C oxidation hus been
observed with several oxidants including oxygen[10] and peroxysulfate[11]
but the most reliable reagent for preparative purposes is dilodinepentaox-
ide[12]. A few oxidations have also been reported using Mn(OAc), (Entry 13).

Table 15.4

ales

*-Oxidation of 2- and 3-alky

Ref.

Yield (%)

Oxidation conditions

Product

Indole

Entry

H,0

DL THE,
DDQ

30
=7

LS-Dimethylindole-3-corboxaldehyd
3-(2-Benryloxycarbonylamino)-1-

i

oxoethyl

[

a8

1), HOAc, THF

(11
14]

DO, THF. H,0

DDQ, THE, 11,0

4-Oxoterrahydrocarbazole

Tetrahydrocarbazole

CHa

CH3z

=T

[s]

DDO. THF, H, O

3
3
S
g
]
i
Ly

Methyl 4-0x0-

Methyl 1.2.3 4-tetracarbazole-2-

carbazole- 2-acetate

acctate
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NCGOly
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a-Oxidation of 2- and 3-alkyhndoles
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Yield (%)

Omidation conditions

Product

Q
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H COzCHy

Indole

Entry

DDQ, THF, H,0

[%]

90

£
Z
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7

&

Se(),. dioxane

[12]
[12]

99
65

pralb]

5-Oxocvduohe

Cyclohepta[ b]

o\
COHGH5CHg
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CORCHRGHg

Q,
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thyl-l-phenylsulfonyvl
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L3-Dimethyl-1-phenylsolfony|

-
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hyde (8% s also formed.

*Some 3 S-dimethylindole-2-carboxald
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Procedures

Methy! 4-oxo-1,2,3,4-tetrahydrocarbazole-2-acetate[5]

A solution of methyl 1.2.34-tetrahydrocarbazole-2-acetate (5.94g) in THF
(195ml} containing water (15ml) was cooled to 0°C and DDQ (11.22g)
dissolved in deoxvgenated TIHF (75 ml) was added. The solution was main-
tained at 0°C for 2 h and then evaporated in vacuo. The residue was dissolved
in EtOAc and washed thoroughly with aq. NaHCO, solution to remove
dichlorodicyanohydroguinone. The EtOAc was then dried (MgSO,) and
evaporated to give methyl 4-oxo-1.2.34-tetrahydrocerbazole-2-acetate (523 g)
in 85% yield.

Oxidation of cycloalkan{bjindoles with diiodinepentaoxidef12]

1,05 (400 mg 1.20 mmol) was added to a solution of a cycloalka[blindole
(1.00mmol) in 80% aqueous THF (25 ml). The mixture was stirred at room
temperature and the solvent removed in vacuo. The residue was extracted into
EtOAc and the extract washed with water, 5% NaS,0,, saturated NaHCO,
and brine and dried over Na,SO,. The solvent was evaporated and the residue
purified by silica gel chromatography.
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-16-

Synthetic Elaboration of Indole Derivatives using
Cycloaddition Reactions

Two types of cycloaddition reactions have found application for the
synthetic elaboration of indoles. One is Diels—Alder reactions of 2- and
3-vinylindoles which yield partially hydrogenated carbazoles. The second is
cycloaddition reactions of 2.3-indolequinodimethane intermediates which also
construct the carbarole framework. These reactions are discussed in the
following sections.

16.1 DIELS-ALDER REACTIONS OF 2- AND 3-VINYLINDOLES

While hoth 2- and 3-vinylindole have been synthesized and characterized[1.2],
they arc quite reactlive and susceptible to polymerization. This is also true for
simple 1-alkyl derivatives which readily undergo acid-catalysed dimerization
and polymerization[3]. For this reason, except for certain cases where in situ
generation of the vinylindoles is practical, most synthetic applications of
vinylindoles involve derivatives stabilized by EW-nitrogen substituents[4],

o
Co - Qo
e — Of

A EWG

{16.1)

Most examples of Diels—Alder reactions reported for both 2-vinyl and
3-vinylindoles involve typicul electrophilic dienophiles such as benzoguinone,
N-phenylmaleimide and dimethyl acetylencdicarboxylate (see Table 16.1).
These symmetrical dienophiles raise no issues of regiosclectivity. While there
are fewer examples of use of mono-substituted dienophiles. they appear (o react
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i a predietable fashjon. 2-Vinylindoles appear to have the highest electron
density at C3 of the indole ring. For 3-vinylindoles the f-carbon of the vinyl
group has the highest HOMO density and bonds to the more electron-poor
fi-carbon of the dienophile[5]. While the initial adducts with exocyclic un-
saturation are sometimes observed[5,6]. in most cases an isumerization pro-
vides the rearomatized indole. Table 16.1 gives some examples of these
reaclions.

2-Vinylindoles have been of interest in the synthesis of both aspidosperma
and iboga alkaloids. The structural relationship between these two groups can

he illustrated by two alternative intramolecular Diels— Alder reactions of the
pulative (biosynthetic”) intermediate dehydrosecodine[17]. Despite several

COsCHy
cn
o
o

COpCH3
CHp—{
CO2GH;

Table 16.0 (Continued)

Product

Dienophile

Indole substituents

Cntry

Naphthoguinone

342-Methoxyethenyl}-1-{phenyl-

10

sulfonyl)

PhGHS

€H,0,CCCCO,CH,

3-(1-Benzylthio}

11

Benzyne

3-(2-Cyanaethenyl)

12

Q
CGHy

But-l-en-3-one

X

o]

CHz—{

[o]

13

CN

Methyl acrylate

4-Acetamido-9-( phenylsulfony |)-

14

1,2-dihvdrocarbazole

efforts| 18-207, the closest synthetic approach to dehydrosecodine that has
been achieved is release of the N-benzyl derivative from a Cr(CO); com-
plex[21]. Under these conditions, the aspidosperma pathway dominates over
the iboga. Addition of a 4-silyloxy substituent to the dihydropyridine ring
makes the iboga pathway the preferred one[22]. The retrosynthetic concept
embodied in the disconnection of both the aspidosperma and iboga structures
to dehydrosecodine has been used to develop syntheses of both types of

alkaloids[23,24].
2

N CoucH N
e 1

N T
denydrosecoding
N Q_, N

A COCHa oo LO:0H
aspijosperma

(16.2)
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16.2 GENERATION AND REACTIONS OF INDOLE-2,3-
QUINODIMETHANE INTERMEDIATES

Indole-23-quinodimethane is, as would be expected. an extraordinarily reac-
tive diene. Its generation in the presence of an alkene or alkyne leads to 2 + 4
cycloaddition to form a carbazole ring structure[1]. Several procedures for
generation of the miermedizte or N-protected analogues have been developed.
Procedures in which a synthetic equivalent, particularly derivatives of pyra-
no[34-blindol-3-one, is used are also valuable. I-Acylindole-2,3-quinodi-
methanes can be generated from the corresponding 2,3-bis-(bromomethyl)-
indoles by reductive eliminated through reaction with Nal[2,3]. The gramine
derivative 16.3A 15 also 4 potential indole-2,3-quinodimethane precursor[ 4. As
illustrated by examples in Table 16.2, the intermediates can be trapped by
rypical electron-poor dienophiles.

CHaN (CHs) i G
2 33 CH.
N . CHa=CHCOLCHg 0:CHy
W TCHeSiCH3l  ——= N o CHe ————
1
lBoc 1Boc "
16.34 16.38 163c TBoc

. Q:D\C‘ﬁac’h {16.3)

16ap 1BOo

Table 16.2

Synthesis of carbazoles from indoles by guinodimethane intermediates

Rel.

Yield (%)

Product

Dienophile

Entry  Qummodimethane precursor
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s Bromomethyl)-1-
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2.1

[13]
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¥ 44 [14]

23 %a-tctrahvdro-

I-Methyl-3-acetyl-1,

But-3-¢n-2-one

I-Methylpyrano[ 3,4-bjindal-

3

carbazole

3-one

(%]

[fa)

Methyl 9-methylcarbazole-3-carboxylate

Ethy! acrylate

I-Methylpyrana[ 3,4-bjindel-

4

R

and methyl 9

lone

-methylearbazole-

carboxylate (2:1 mj
Methyl 14-dimet]

tureh

lcarbazole-3-carboxylate

and methyl | 4-dimethylcarbazale-2-

carhoxylate (30:1 mixture)

[8]

wy

6.

Ethy! aerylate

LA4-Dunethylpyrano[3.4-b]-

indel-3-one

(RLY)]

97

whazele

Vinyl acetate 1.9-Dimeth

1.9-Dimethylpyrano[3,4-b]-

(4

indol-3-one



Table 16.2 ( Continued)
Synthesis of carbazoles from indoles by gquinodimethane intermediates

Rel

Product

Dienophile

Quinodimethane precursor

Entry

Yield (%)
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Pyrano[3,4-blindol-3-ones are the most useful equivalents of the indal-2.3-
quinodimethane synthon which are currently available for synthetic applica-
tion. These compounds can be synthesized readily from indole-3-acetic acids
and carboxylic anhydrides[5.6]. On heating with electrophilic alkenes or
alkynes, adducts are formed which undergo decarboxylation to 1,2-dihydro-
carbazoles or carbazoles, respectively.

EWG
0 0

(16.4)

The regioselectivity of the reaction appears 1o be determined by 4 balance
ol electronic and steric factors. For acrylate and propiolate esters, the carb-
oxylate group is found preferentially at C3 of the carbazole product[6-8].
Interestingly, a 4-methyl substituent seems to reinforce the preference for the
EW group to appear at C3 (compare Entries 4 and 5 in Table 16.2). For
disubstituted acetylenic dicnophiles, there is a preference for the EW group to
be ar €2 of the carbazole ring[6]. This is reinforced by additional steric bulk
in the ather substituent[6,9].

Alkynes lacking activating EW groups can give adducts too, but the vields
are lower than for electrophilic alkynes[6]. Alkenes with donor substituents
cun ulgo react with pyrano[3.4-blindol-3-ones. Vinyl acetate, for example, gives
a very high yield of 1.9-dimethylcarbazole (Eniry 6). There are fewer examples
of reactions with unactivaled alkenes although cyclohexene has been found to
give an adduct which eventually is aromatized Lo §,6-dimethyl-7,8.9.10-1etra-
hydrabenzo[b]carbazole[ 107].

o
o . O B

N

Giy CH CH3

6"3

—
. (16.5)

Chy CMa
Furo[34-blindoles are also potential indolequinodimethane equival-
ents[11,12]. For example, 16.6A generates a fura[3,4-blindele in situ which is

trapped by dimethyl acetylenedicarboxylate generating the carbazole
16.6C[12].



168 16 SYNTHETIC ELABORATION OF INDOLE DERIVATIVES
HO
LH=0 (v H.
¥ DMAD F02CHa
Qg — TP = L e
o 50,Ph N
$0:Ph 2 O,
166A 16.68 166C  SOsPH
(16.6)

As was Lhe case with reactions of vinylindoles, the most elaborate synthetic
targets approached by the indole-2.3-quinodimethane route have been alka-
loids[18]. The route has been applied to aspidospermal19] and kopsine[ 20]
structures. The fundamental reaction pattern is illustrated in equation 16.7. An
indole-2.3-guinodimethane is generated by N-acylation of an N-(pent-4-enyl)-
imine of a 2-methyl-3-lormylindale. Intramolecular 2 + 4 cycloaddition then
oceurs.

0 2
2R AC~n
—n N
R R A
CHy — CHa2 -
y N N
SOphr $0u4r SO0Ar

(16.7)

In the case of the aspidosperma structure, the 5-membcered C-ring is con-
structed from the N-acyl substituent. For the kopsine skeleton, an allyl group
is installed and used to form the C6-C20 bridge.

N o
(16.8)
N N
H

{j  COzCHs
aspdosperma kopsanans
Procedures

Mixture of 2-butanoy!- and 3-butanoyl- 1-methyicarbazole[6]

A mixture of 1-methylpyrano[3.4-blindol-3-one (414 mg, 2.08 mmol) and hex-
l-yn-3-one (988 mg. 10.29 mmol) in bromobenzene (30 ml) was heated to reflux
for 3h. The solvent wuas removed in pacuo and the residue purified by
chromatography on silica gel to give an inseparable mixture of the isomeric
products (463 mg, 1:2.8 ratio, 87%).

162 REACTIONS OF INDOLE-23-QUINODIMETHANE INTERMEDIATES 16%

3-Acetyl-1-methyicarbazole[7]

A solution of 1-methylpyrano[4.3-blindol-3-one (1 mmol) and methyl vinyl
ketonc (5 ml) in toluene (5 ml) containing 5% Pd;/C {40 mg) was heated for 48 h
in a sealed tube at 110°C. The reaction mixture was evaporated in vacuo and
the residue purified by silica gel chromatography to give the product in 80%
yield.
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