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1. Introduction

The indole ring system is probably the most ubiquitous
heterocycle in nature. Owing to the great structural diversity
of biologically active indoles, it is not surprising that the
indole ring system has become an important structural
component in many pharmaceutical agénSubstituted
indoles have been referred to as “privileged structures” since
they are capable of binding to many receptors with high
affinity.? For well over a hundred years, the synthesis and
functionalization of indoles has been a major area of focus
for synthetic organic chemists, and numerous methods for
the preparation of indoles have been develojgey factors,
including starting material availability and functional group
tolerance, often dictate which particular indole synthesis will
be suitable. In some cases, specific substitution patterns
remain difficult to obtain by standard indole-forming reac-
tions; thus, new methodologies emerge.

The process chemist is primarily interested in mild
synthetic methods that provide rapid assembly of the indole
ring, tolerate a wide range of functional groups, and are atom
economical. The implementation of practical, safe, and
scalable methods for the large-scale preparation of indoles
is of critical interest to synthetic chemists who design
industrial or manufacturing syntheses, as well as researchers
in academia. In this review, we will highlight practical
methodologies which have either been successfully demon-
strated or are potentially useful for the large-scale synthesis
of indoles. Reactions and methodologies that have appeared
in the scientific literature between 1995 and June 2005 will
be discussed, and emphasis will be placed only on those
reactions leading to the indole ring. The synthesis of
oxindoles, indolines, carbazoles, azaindoles, and other simi-
larily substituted analogous will not be presented in this
review?> While it is recognized that many industrial
preparations have only been reported as patents outlining
the manufacturing route of a particular indole substrate, a
thorough review of the patent literature, which is often
difficult to interpret, is beyond the scope of this review.

2. Fischer Indole Synthesis

2.1. General Comments

For over 100 years, the Fischer indole reaction has
remained an extremely useful and important method for the
synthesis of a variety of indole intermediates and biologically
active compound%.The Fischer reaction often provides a
simple, efficient method for the transformation of enolizable
N-arylhydrazones into indoles. In many cases, the indoliza-
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aldehyde and the arylhydrazine with the appropriate acid or
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Other, highly efficient, metal-catalyzed methods to access
arylhydrazone intermediates useful in the Fischer cyclization
have emerged over the last 5 years.

The mechanism of the Fischer indole cyclization is thought
to involve a [3,3]-sigmatropic rearrangement of an ene-
hydrazine tautome2 to a bis iminobenzylketon® (Scheme
1) 89 Cyclization and aromatization with loss of ammonia
provides the indole produét If the ketone is unsymmetrical,
the tautomerization can occur at eitheposition, resulting
in the formation of a mixture of indole isome¥s.

Developments in methodology and applications of the
Fischer indole reaction have been recently revieWégA
search of the literature over the last 10 years revealed over
700 references documenting the use of the Fischer reaction,
mostly for the small-scale preparation of potentially interest-
ing medicinal compounds. Several larger-scale applications
of the Fischer reaction have been described over the same
period, and these are highlighted in this section.

2.2. Via Aryl Hydrazines

A large-scale preparation of MDL 1033711Q), an
N-methylp-aspartate (NMDA)-type glycine receptor an-
tagonist for the potential treatment of stroke, was required
for clinical development purposes. As outlined in Scheme
2, Watson and co-workers developed a straightforward and
efficient three-step synthesis based on Fischer indolization
chemistry*! Starting from commercially available 3,5-
dichlorophenylhydrazine hydrochloridé)( treatment with
ethyl pyruvate in ethanol gave the hydrazohas anE/Z
mixture. Fischer cyclization using PPA (polyphosphoric acid)
in toluene at 95-100°C provided the indole ethylcarboxylate
8 in 97% yield as a crystalline solid. Finally, Vilsmeier
Haack formylation gave kilogram quantities of indole alde-
hyde9 in 89% vyield, which was subsequently converted in
six steps to the active-ene-acidl0 in 49% overall yield.

Scheme 2
acid catalyst without isolation of the hydrazone intermediate. ¢ j\ 7 ¢
Advantages of the Fischer reaction include the acceptance /@\ S FPATOL mcoza
of a wide range of compatible functional groups around the ¢ NN 8% cl NN 7% N
aromatic ring and lack of a requirement for a functional group s Ho ; COEt e
to form the new CG-C and C-N bonds. TheN-arylhydra- NH,
zones are frequently prepared via condensation of an O
arylhydrazine with an enolizable ketone. However, since few N hG COH
arylhydrazines are commercially available, they are generally 1. roci, our £ 6 Steps
prepared by reduction of aryl diazonium salts, which inturn 75— »} CoE T~ N O ,} COEt
are obtained from the appropriate aniline. Alternatively, aryl 2 Naoac H 49% H
diazonium salts can be converted directly to hydrazones via 8% 9 10 MDL 103371

the Japp-Klingemann reactior. The Japp-Klingemann

reaction involves treatment of the aryl diazonium salt with A number of 5-HTp receptor agonists, containing a
an active methylenyl or methinyl compound under acidic or tryptamine nucleus with a sulfamoylmethyl group at the
basic conditions to form an azo derivative which under basic, 5-position, have been synthesized using Fischer chemistry.
acidic, or thermal conditions is converted to the hydrazone. Utilizing the Grandberg modificatiot?, Bosch et al. con-
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Scheme 3
Q\ NaNO,, HCI Q
0/13\\0 - O//s\\;\@ NH.
NH, SCl n-NHz
82% H
1M 12

NH, NMe;

HCI, Na,HPO, Q

_— SC
EtO o S\0

N

EtO)\/\/Cl H
13

58%

HCHO, MeOH ON
> O/'s\\O N\
NaBH, N
88% A
15 Almotriptan

verted hydrazind2 and acetal 3to tryptaminel4in a one-
pot procedure (Scheme B)The sulfamoylphenylhydrazine
12 was prepared in 82% yield from aniliriel by diazoti-
zation and reduction using SnClTreatment with 4-chlo-
robutyraldehyde diethyl acetdld) in buffered HCI (buffered
at pH 5 with NaHPQO,) gave the tryptaminel4 in 58%
overall yield. Tryptaminel4 was dimethylated using form-
aldehyde-sodium borohydride to afford Almotriptari)
in 88% vyield.

Indoles substituted at C-5 with &frmethylaminosulfonyl-
methyl group such as Sumatriptab6) and analogues are
potent selective serotonin 5-kHJ receptor agonists poten-
tially useful for the treatment of migraines (Scheme'4).
Use of the Fischer indolization reaction to prepare indoles
from the hydrazine7 was shown to be problematic due to
instability of the resultant indole produt8. In many cases,
bis-indoles (e.g20) were obtained as difficult to remove
byproducts, presumably via the Michael addition of product
to the reactive iminel 9,156

Scheme 4
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A number of methodologies have been developed in order

to overcome this problem. Protection of the benzylic side
chain as the 4-hydroxy-2-methyl-3-isothiazolone-1,1-dioxide
21 was described by Remuzon et &land theN-ethoxy-
carbonyl derivativ2 was used by Re and co-worker§’ 8
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prepared via a zinc chloride-catalyzed Fischer reaction
between hydrazin€4 and dihydropyrar25 (Scheme 55%°
However, the yield of the indolization step was only 26%
and initial preparation of the drug on a multi-kilogram scale
was carried out via a palladium-catalyzed heteroannulation
reaction of an iodoaniline and an alkyne (see Scheme 47).
To develop an economical and scalable synthesis of
avitriptan @3), the authors reinvestigated the Fischer ap-
proach and optimized the choice of aldehyde equivalent and
reaction conditions (Scheme 6). A two-phase indolization
procedure was developed which minimized the acid decom-
position of the product and enabled the successful use of
5-chlorovaleraldehyde2(), providing a 65-70% vyield of
the chloroindole29. Namely, a solution of hydrazor8 in
butyl acetate was added to a two-phase mixture of 6 M
phosphoric acid and butyl acetate at 105, and after a
simple workup, the product could be crystallized from butyl
acetate without the need for chromatography.

Scheme 6
o]
SO,NHMe J~~ SO,NHMe cl
H cl H >—/J
27
/
N-NH; BuOAc, NEt; N-N
H .Hcl H
24 28
cl
SO,NHMe
6M H3PO, Q
N

BuOAc, 105 °C H

29
A novel, highly convergent, asymmetric synthesis of the

DP antagonisB4 was developed by the Merck process group
(Scheme 7% Reaction of benzylhydrazing0 with unsatur-

In both cases, the protecting groups prevented bis-indoleated keto-acid@1 in propionic acid provided hydrazorg,

formation and greatly aided product purification.

Q
HsCa\ 570 HiC N
o o N-NH;
HO OEt H

N-NH;
H

21 22

In other examples, careful control of the reaction param-
eters has proven successful in minimizing byproduct forma-
tion. Brodfuehrer et al. described the development of an
efficient Fischer indole synthesis of avitripta28j, a potent
5-HT,p receptor agonist Previous work had shown that
the key hydroxypropyl indole intermediat6 could be

which was cyclized in situ by addition of methanesulfonic
acid to give exclusively the trans-unsaturated &3¢h 85%
yield. Subsequent asymmetric hydrogenation using binap-
RuCh-cymene in ethanol gave the saturated &zith >99%
yield and 91-92% ee. Addition of diisopropylamine (DIPA)

to the crude hydrogenation mixture resulted in the DIPA salt
of 34in 88% overall yield and enantiomeric purity upgrade
to >99%. This synthesis was demonstrated successfully on
a multi-kilogram scale.

Fischer indole reactions of cyclic enol ethers have been
utilized successfully by a number of groups to prepare
substituted tryptophol intermediates. As detailed in Scheme
8, Anderson and co-workers explored and optimized the
preparation of 5-fluorotryptophol derivativg6.2> The slow
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addition of dihydropyran (DHP) to a solution of hydrazine

OH
O.
HCI salt 35 in aqueous propylene glycol was found to be X ) @C
N
H

critical to obtaining high yields of36 and minimizing 3
byproducts38 and 39. The tryptophol derivative36 was
subsequently converted to the 5-HT inhibit87 in ap-

proximately 50% yield. Ho P
HO °©
Scheme 8 2 /U N\
OTs 44 N
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Campos et al. have recently reported an extension of this

CO,H
methodology to a general synthesis of substituted indoles 05O _Me ©E§ ‘
from cyclic enol ethers and enol lactones (Schem® Bpr 5 U N
the synthesis of substituted tryptophol derivatig@saddition 47 —Ph
of DHP to a mixture of hydrazine HCI saftO in 4% H,- 52 70%
SQy/dimethylacetamide was found to provide good to excel- ,
lent yields of isolated products. In addition, good to excellent Data taken from ref 23.
yields of similarly substituted indole derivativé8—52were
obtained from the corresponding enai8—45 and enol ~ Sc¢heme 10
lactones46 and 47 (Table 1). SONHMe @

The methodology was also applied to the synthesis of n -~
Glaxo’s antimigraine drug Sumatriptabg) (Scheme 10) via HfNHz 4%, H;S04aq)
a one-pot reaction of hydrazi®8 with dihydropyran to give MeCN
the hydroxyindole54. Activation of the hydroxyl group as 5
the mesylate followed by displacement with excess dimeth- SO,NHMe on SO,NHMe Nle:
ylamine according to the method of BrodfueiPdurnished N 1. MsCI, NEty Q
Sumatriptan 16) in 45% overall yield. N 2. Nal, DIPEA N

The same paper described how Campos and co-workers " NHMe, "
extended this efficient approachNesubstituted indole acetic &4 16 Sumatriptan

acids. Demonstration of the methodology was highlighted
by a single-step synthesis of Merck’s anti-inflammatory drug antibiotic nosiheptide62 (Scheme 123 Commercially
Indomethacin%6), from readily available starting materials available 3-amino-4-chlorobenzoic ackl7f was converted
(Scheme 11). Coupling afl-acylhydrazine55** with an- to the hydrazine and condensed in situ with methyl 2-oxo-
gelicalactone47 using slightly modified conditions from  butanoate to give the hydrazob8 in excellent yield as a
those of the general procedure provided Indomethésh ( crystalline solid. Subsequent Fischer indolization using PPA
in 65% yield. in AcOH provided the indole59 in 87% isolated yield.
Bentley and co-workers reported a short, practical syn- Hydrogenolysis of the chlorine substituent, with Pd/C, gave
thesis of the 2,3,4-trisubstituted indole fragméntof the the indole60in 85% yield. Reduction of the acid functional-
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Scheme 11

[¢] MeCN, reflux, ¢}
1 equiv HSO,
cl 65% Cl
55 56 Indomethacin

ity at C-4 provided the hydroxymethyl intermedigié in
78% yield.
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ylsilyl)silane gave the tricylic coré7in 79% yield. Removal

of the Boc groupN-(3-(dimethylamino)propylN'-ethylcar-
bodiimide (EDC) coupling with trimethoxyindolecarboxylic
acid, and debenzylation, under transfer hydrogenation condi-
tions, gaveseceduocarmycin §8).

Several convenient and potentially large-scale syntheses
of melatonin analogues using Fischer indole cyclization
chemistry have been reported. Nenajdenko disclosed the first
examples of Fischer indolizations of aminocarbonyl com-
pounds containing unprotected amino groups (Schem# 14).
The requisite hydrochloride salts of the amino-ketone
compounds/1 were prepared via Claisen condensation of

Scheme 12 commercially availableN-vinylcaprolactam69 with aryl
Ho- 0 esters followed by acidic hydrolyst&.Condensation of the
COH CO,H Me . . . . . .
AN HEL S I onte amino-ketone§1 with the aryl hydrazine2 in acetic acid
. Nai 3 , SN . . . ey
——=— - > and warming to reflux, with or without the addition of
NH, 2. EtCOCO,Me N come 90°C.87% N [¢] . . . K

c 100% o R G & gaseous HCI, provided the 2-substituted dihomotryptamines
57 s " 73in good to excellent yields. The products were obtained

HO._O HO by crystallization after concentration of the acetic acid and

M M [
. PO { ® ome BHo Me,S < ® ome addition of water.
MeOH 85% N THF, 78% N o
Ho° H Scheme 14
ArCO,Me, NaH
@) -~
N= N=
Ar 0 o]
70 69
‘ 5N HCI
NH,CI NH,
Rl )L _AoOH R1_@<;A/j
X N-NH; reflux Z N
. .. . . H o7 A
A concise and efficient synthesis séceduocarmycin SA '
72 7 57-85% 73

(68) was reported by Tietze and co-workers in which the
key indole65 was constructed via Fischer cyclization and a
radical 5exatrig cyclization was used to set up the tricyclic
indole core67 (Scheme 1336 Diazotization of commercially
available 2-methoxy-4-nitroaniliné8) was followed by in _ ]
situ reduction and condensation with methyl pyruvate cleanly ~ The synthesis of a number of 2-afyacetylindolylalkyl-

to afford the crystalline hydrazortin 69% overall yield. ~ a@mines76 was also reported recently by Nenajdenko and
Fischer cyclization using PPA/xylene at 12G for 18 h  co-workers (Scheme 15).N-Acylketones75 were treated
furnished indoles5 in 64% vyield. Protecting group manipu-  With arylhydrazines74 in acetic acid with gaseous HCl as
lation, reduction of the nitro group, Boc protection, and catalyst to provide the corresponding indolylalkylamidés
bromination followed by alkylation with 1,3-dichloropropene G00d to excellent yields of product$ were obtained from
resulted in the cyclization precurs66 in 41% yield over ~ hydrazines bearing both electron-donating and -withdrawing
the seven-step sequence. Cyclization using a catalytic amounfroups.

of 2,2-azobis(2-methylpropionitrile (AIBN) and tris(trimeth-

72: Ry =H, 4-Br, 4-OMe, 3,5-Me,, 4-n-Bu
73: Ry =H, 5-Br, 5-OMe, 4,6-Me,, 5-n-Bu
Ar = Ph, 3-MeCgH,, 3-MeOCgHs, 4-CICgH,, 4-BrCgH,, 3,4-Cl,CsH3

Scheme 15
Scheme 13 NHAC
NHAc
ON
ON 1.NaNO,, HCl 2 PPA, ><y|eneozN \__OMe 7 HCI, AcOH S
> et «N=( 120°C, 18h N O R + —— R R

NH, 2. Methyl N cO,Me » H X>N-NH, reflux Z >N
OMe pyruvate OMe OMe H 07 R, H

63 64 . 74 75 o
y 76

o o 43-95%

BocN \,__OMe ABN (cat)  BocN \__OMe 74: R, = H, 4-F, 4-Cl, 4-Br, 4-OMe, 2-Et
— N % (TMS)SiH N 76: Ry =H, 5-F, 5-Cl, 5-Br, 5-OMe, 7-Et
Boc Boc R, =Ph, 4-MeCgH,, 2,4-MeOCgHj, 2-thienyl, 2-furyl
OBn OBn
66 67
ol Extension of this methodology to nonaryl ketonggg—
MeQ c) was explored with respect to regiochemistry in the indole
Meom‘/N \__OMe product. Reaction of the benzyl ketorg&awith phenylhy-

drazine afforded the 3-phenylindol@la in 93% yield,
presumably via the more thermodynamically stable conju-
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Scheme 16
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In the course of investigating approaches to the synthesis

NHAc of 8-desbromohinckdentine A, Liu and McWhorter required

HCI, AcOH

QL e
N—NHZ reflux

a large-scale synthesis of the key indolenfte(Scheme
18)3! Fischer indole reaction between phenylhydrazine

hydrochloride 89) and 2-bromoacetophenor#9) using PPA
Trac at 120°C% gave the indol®1in 78% vyield. Indole91 was
NHAC converted to indolenin®5 in high yield using a four-step

R
©\N—N/{R N-N NHAc Scheme 18
HH
78a-c 79a-c

R NHAG
R N
N N 89

H H
80a-c 81a-c
NaNo2
Table 22 T acon
N-acetylindolylalkylamine R yield (%)

8la Ph 93

80b H 77

80d81c Pr 90 Pboz

aData taken from ref 29. Benzene

gated ene-hydrazin®a On the other hand, the ketoi@&b
gave the 2-methylindole compour@Db. In this case, the
internal ene-hydrazin&8b was favored over the terminal
ene-hydrazin@9b (Scheme 16 and Table 2). The 4-oxooctyl-
N-acetamidé& 7creacted with phenylhydrazine to yield a 1:2
ratio of the indole isomer80c and81c

Scheme 17

A 1. NaH, CBZCI
—_—

R™ °N” “O 2. LiEt;BH

u THF
82 R=H
83 R=CO,H
NHCBz
AcOH, H,0, EtOH
D\ reflux 35 min MeO Q R
—_——
R™ "N” OH  meo N
N-NH;CI
84 R=H H 87 R=H
85 R=CO,H 86 88 R=COzH

) ) ) ] ~ Scheme 19
Marais and Holzapfel described an interesting alternative

approach to the melatonin and tryptophan nucleus from

2-hydroxypyrrolidine derivatives (Scheme E?)Although ., COsMe

this method was not carried out on a large scale, the simple

procedures, high yields, and availability of pyrrolidind# o7
and pyroglutamic aci@3 as starting materials merit discus-

sion of this work as a potential efficient, large-scale entry

into these very important indole frameworks. The 2-hy-
droxypyrrolidine derivative84 and85 were easily prepared .
from pyrrolidinone82 and pyroglutamic acidg3), respec- —

tively. Protection of82 and83 as the CBZ derivatives and
selective reduction of the ring carbonyl using lithium
triethylborohydride provided the 2-hydroxy derivativé4
and85in 84% and 91% yield, respectively. Fischer indole
reaction withp-methoxyphenylhydrazine hydrochloridgg]

in acetic acid/water/ethanol at reflux for 35 min gave the
melatonin derivative87 and the tryptophan derivativgé8 in
excellent yield £95% in both cases).

©\N,NH30I

O O — L
N
Br

NH
Br H,
— Br
JJ

CO,Me

sequence as showh.

PPA, 120 °C Br
91

NH,
)
N
H Br

NasS0.
NaOH H,0

(¢}
.
o]
/

%4 95

(0]

7

N
96

An elegant asymmetric synthesis of the strychnos alkaloid
Tubifolidine (100 relied on the chiral indole derivative8
as a key intermediate to set the remaining asymmetric centers
by substrate control (Scheme $8)ndole 98 was assembled
using a highly regioselective Fischer indolization between
ketone97, available via asymmetric Michael reactighand
phenylhydrazine hydrochloride in acetic acid at 80.
Standard decarboxylation gave ind®&in very high yield
and enantiomeric purity. Indol88 was successfully con-
verted to Tubifolidine £00) via a multistep synthesis with
complete diastereocontrol.

1. PANHNH,CI, AcOH, 80 °C

2. LiCl, H,0, DMSO, 180 °C
92% Overall

H
98 >99%ee
MeQ,
MeO

>—\
\ N —_ Eﬁ\\
N

99 100 Tubifolidine
>99%ee

2.3. Via Japp —Klingemann Reaction

The Japp-Klingemann reaction provides a very useful
alternative route to a number of arylhydrazones employed
in the Fischer indolization process (Scheme 20When
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Scheme 20
o b
@\ * CORy —> @\ CoOR, D—comR
Ny* N \ 2 H
Ry CHsz
101 102 104 106
R
o)
CoOH — e N—cor
Ny* N \ ”
101 R, CH2R2
103 107

105

aryldiazonium saltd0lare treated directly witfi-ketoesters by treatment of the crude hydrazone with gaseous HCI (3
102 deacylation is followed by indole formation to give equiv) in refluxing ethanol and subsequent hydrolysis
indole-2-carboxylate estetk063” Alternatively, if a 3-ke- provided the indole-2-carboxylic acitlll in 64% overall
toacid103is used, decarboxylation occurs and a 2-acylindole yield from p-anisidine109.
107 is formed?® The Japp-Klingemann procedure avoids An industrially viable synthesis of the hormone melatonin
the formation and use of arylhydrazines, which can be (121), based on JappKlingemann and Fischer cyclization
difficult to prepare and handle in some cases. chemistry, was recently described by Reddy and co-workers
Carboxylic acid111 has been shown to be an extremely (Scheme 2252 Crystalline ethyl 2-acetyl-5-phthalimidopen-
useful intermediate in the preparation of a wide range of tanoate {15 was prepared in a simple, one-pot procedure
pharmaceutical intermediat&A production-scale synthesis  from phthalimidel13in 90% overall yield. Reaction df15
of the non-nucleoside reverse transcriptase (RT) inhibitor with the diazonium salt op-anisidine116 gave the func-
Atevirdine mesylate (U-87201E;12) was described using tionalized indole117 in 80% vyield (80 wt % pure) and
indole 111 which was obtained from a commercial souf¢e. contained intermediates18 119 and 120. Hydrolysis of
Recently, Bessard described a new, efficient process for thecrude 117 using potassium hydroxide, followed by in situ
preparation ofl11via Japp-Klingemann and Fischer indole  treatment with 5% HCI gav&20in 75% isolated yield from
chemistry using readily available malonate derivatives compoundl15 Acetylation provided melatoniri1) in 80%
(Scheme 213! Diazotization of p-anisidine 108 under yield. This route was reportedly demonstrated at-al6
classical conditions gave the diazonium salt, which was usedkilogram scale.
directly as a solution in the next step. Successful reaction
with dimethyl 2-methylmalonate was highly dependent on Scheme 22

the choice of base. Best results were obtained using o o
methanol/water as solvent and 1 equiv each of sodium y  Acetone [©;<‘(N CI] 1. Nal
carbonate and triethylamine. Using these conditions, the azo KyCO, " Zkcon Ve Q
intermediatel09was obtained ir-90% conversion. Japp o Blona © oo
Klingemann rearrangement of09 was achieved using " 14
catalytic sodium ethoxide in ethanol at room temperature to
afford hydrazond.10in 90% assay yield. Fischer cyclization g

pe) © N0
Scheme 21 o o ©N2+CI'

116

NH, 2. dlmethyl 2-methyl
malonate, Na,COj3

115 90% 117
NEt, :

EtONa (cat) / EtOH o¢§ 20 NFz

N

MeO. HCl
MeO N—CoH| ———
N—coH — N
N
H

MeO. KOH
Meo\©\ 1. NaNo2 HCl \@\ N o — N—coft — " o
N
N=N 74: o OEt H
108

H

MeO. MeO.
mCOZH 471' Moo \©\ Me 119
N N-N 118
H 2. KOH h o
11 N

10 O NHAG

Ac,0 MeO,
\@C __ A0 \@C
80% N
H

MeO 0 121 Melatonin
A CH3SO;H
N N 75% from 115
T
2

PN N N Cook et al® reported the large-scale preparation of a series
{) of 5-, 6-, and 5,6-disubstituted-3-methylindol&g5a—d

using the JappKlingemann/Fischer indole protocol of
112 Atevirdine mesylate (U-87201E) Heath-Brown and Philpott (Scheme 23for the synthesis
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of indole 125 3-chloroanisidine was diazotized under
standard conditions and treated with ettwgthylacetoacetate
to provide hydrazond23a Fischer cyclization using HCI
in ethanol or PPA provided a 14:1 mixture of the regioiso-
meric indolesl24aand the 4-chloro-5-methoxy regioisomer.
The required produci24awas isolated in pure form by
simple crystallization from the crude reaction mixture.
Hydrolysis with potassium hydroxide and decarboxylation
under standard conditions gave indd25a

Scheme 23
R! R’
Rz\©\ 1. NaNOy, HCI RZ\@\
———
0o -N
NH, N \7)
/\COE‘ H o CouEt
122 123
Me Me
Re OFt Re
HCI, EtOH Q 1. EtOH, H,0, KOH \
— ———
R! N e} 2. Cu powder, quinoline  R' H
H heat
124 125

a Ry=Cl, R, = OMe
b R'=H, R, = OMe
¢ R'=0OMe, R, =H
d Ry=Ry;=H

Indoles125a—d have been utilized in the synthesis of a
wide range of interesting natural products. For example,
indole 125awas subsequently used to prepare tfe)-6-
chloro-5-hydroxytryptophan residue of the cyclic hexapeptide
keramamide A 126).4°

Cl

126 Keramamide A g

In a similar manner, indol&25b was used for the total
synthesis of a number of natural products includirg-(
majvinine, ¢)-10-methoxyaffinisine,£)-N-methylsarpagine,
and macralstonidin. Indoles125cand125d were used in
the enantiospecific total syntheses of Tryprostati #nd
the 2-bromotryptophan amino acid present in the cyclic
peptide Jaspamide, respectivédy.

Until recently, the regioselective synthesis of indoles
containing benzylic substituents (e.g. 26l was typically
achieved via halogenmetal exchandg@or directed lithiation
chemistry® on a preformed indole nucleus. An interesting
and potentially very useful regioselective synthesis of 7-chlo-
romethylindolesl 31 via the sulfonic acid derivativé30was
recently disclosed by Pe et al. (Scheme 24j}. In this

Humphrey and Kuethe

Scheme 24
NaNO,, HCI
_—
NH, o]
R CO,Et
HO;S !
127 Ry

128

a Ry=R,=CH,

b Ry =Ry =(CHy),
¢ Ry =OH, Ry = CH,Cl
d Ry = Me, R, = CH,NMe,

Rs

H Q socl,
- . COE
@\N’N%[C/Ozﬂ 110°C N
H
HO5S Rs HO5S
129 130
a R=COH
2 Ro= CH,CO,H b R= CH,COH
b Rs = (CHy);CO,H ¢ R=Me
- d R=NMe,
¢ Ry = CH,Cl RO
d Ry = CHoNMe, e R=COMe
f R=CH,CO,Me
R
XH, 1t
N—cogt ————> N—co,Et
N N
H H
cl X
131 132
a R=CO,Me a R=CO,Me, X =0OMe
b R=CH,CO,Me b R=CH,CO,Me, X = OMe
c R=Cl ¢ R=Cl, X =NMe,
d R=NMe, d R=NMe,, X = NMe,

yield. Treatment of the sulfonic acid880a—b and 130e-f
with thionyl chloride at room temperature gave the chlo-
romethylindolesl31a—d in essentially quantitative yield. The
highly reactive chloromethylindoles were converted to useful
substituted indolesl32 in high yield by treatment with
various alcohols or amines (e.g. MeOH or NH})le

The same methodology was useful for the preparation of
similar 5-substituted indole434 from p-methanesulfonic
acids133 whereas, as expected, mixtures of 4- and 6-sub-
stituted indolesl36a—b were obtained fronm-methane-
sulfonic acids135 (Scheme 25)?

Scheme 25
R
HO,S
3 /\©\ . CI/\CEQ;OZH
— N
NH, N
133 134
SO4H cl R R
. 4 N—co,Et
— COEt * N
NH, N H

Cl

135

136a 136b

approach the sulfonyl group serves as a latent chloro

substituent and subsequent reaction with nucleophiles such A general, large-scale synthesis of cycloalkylinddld$
as alcohols or amines was extremely facile. Jalflinge- was reported recently by Hillier et al. (Scheme 8)app-
mann reaction of diazotized 2-aminophenylmethanesulfonic Klingemann condensation of the diazonium salt¢ ®7 with
acid with the -oxo-ester derivativesl28a—d afforded the hydrolyzed oxo-estefi38following a modified literature

hydrazoned.29a—d. Fischer indolization using formic acid
for 129a-b or acetic acid/HCI forl29c-d followed by
crystallization of the products from water provided the
indole-7-methanesulfonic acid80a—d in 60—74% overall

proceduré® gave the keto-hydrazoné&89in excellent yield
by simple crystallization from the reaction mixture. Fisher
indolization using 1.8 M KHSQ, in acetonitrile at 8CC for

1 h provided indoles140 in good to excellent yields.
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Scheme 26

NaNO,, 0°C

X
; “NH,

HCI
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o  18MHs0, X
—_—
N'Nﬁ CHACN, 1h, 80 °C
! )

Yy H " Yields 84-95% Y

139 Yields 90-95% F
: Br
2

S <X
mnn

H
H
1,

X ) n X
140 OH -, ~CO,H
N I N
y Bn y  Bn
141 142

Reduction of the tricyclic ketoindoled40 using -
oxazaborolidine (OAB) and boranelimethylsulfide com-
plex (BH;:DMS) gave the chiral alcohols41 Displacement
under Mitsunobu conditions with an enolate equivalent

Scheme 27

provided a novel access to the indole acetic acid derivatives 143

142, which were useful as prostaglandin-D (DP) receptor

antagonists.

2.4. Via Metal-Catalyzed Arylation of

Benzophenone Hydrazone or

tert-Butylcarbazate

145

One of the limitations of the Fischer indole reaction is Tgpje 3

the availability of certain substituted aryl hydrazine or
arylhydrazone intermediates. As mentioned in the introduc-  Enuy
tion to this section, the most common methods for the
preparation oN-aryl hydrazones are the direct condensation
of the N-aryl hydrazine with a carbonyl compound or the 1 N
Japp-Klingemann reaction of aryl diazonium halides. Both

Cat Pd/Binap

R —

p-TSA
—_—
Ketone

R R
X
Z N
H

146

Hydrazone

Ketone

Indole

methods involve formation of aryl diazonium salts which

are either reduced to hydrazines or reacted directly in the
Japp-Klingemann reaction. In an attempt to overcome this

limitation, Buchwald and co-workers reported a palladium- Ph

catalyzed coupling strategy for the preparationNsfiryl

benzophenone hydrazonk$5from commercially available,

inexpensive benzophenone hydraz@d8and aryl bromides
144 (Scheme 27)* The stable, often crystalline, nonenoliz-
able benzophenone hydrazon#45 are not capable of
undergoing Fischer indolization; however, on treatment with

149 91%

acid in the presence of various ketones, enolizable hydra-

zones are formed which undergo smooth Fischer reaction to

provide indolesl46 in good yields. In generap-toluene- 4 149
sulfonic acid was found to be the optimum acid catalyst for

the Fischer reaction in most cases, and only a small excess

(1.5 equiv) of the ketone was required. This methodology
was proven to be quite general and applicable to a wide range

o

of aryl bromide and ketone substrates, giving indoles, in most 5 N h

cases, in good to excellent yields (Table 3).

In subsequent work by the same group, Xantphos [9,9-
dimethyl-4,5-bis(diphenylphosphino)xanthene] was found to MeO
be far superior to 2;2bis(diphenylphosphino)-1binaph- j@\

150 95%

. Ve H,N\ Ph

thalene (BINAP) as a catalyst for the cross-coupling reaction Ph

to provide the aryl hydrazones. The methodology was

151 85%

extended to includ&-alkylation of theN-aryl hydrazones

161and subsequent in situ Fischer reaction to proMekyl
(R?>= Bn, Pr, Me, allyl, CHCH(OH)Me, CHCH(OH)'Bu) 7

indoles162in good yields (Scheme 28j.
Buchwald and co-workers have also demonstrated that

N-arylindoles could be prepared from benzophenone hydra-

N Ph
N

Ph
152 83%

aData taken from ref 54.

[o]

O

)I\/n-Pent

)J\/\COZH
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@fQ
N
H

153 95%
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Me

\Me
N
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154 83%

Q

O,H

Me

Iz

165 90%

Iz __

156 85%

Me
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=
[
Q
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157 74%
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MeO.
H—Me
N
MeO N
168 74%

n-pentyl
F3CO.
D Me
N
H

189 >5%
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Scheme 28
R 1. LDA, THF
|\ X 0°C-rt
——
N _Ph
” \\( 2. RyX, 0°C-rt

R4

o]
R! R /U\/R4 R!
A 3 X A\
| —_— | R3
A ~y-NePh TSOH A~N

N
R? \FE] EtOH, reflux R2

161 162

zonel43and an arylbromidd 63 via a one-pot sequential
palladium-catalyzed coupling (Scheme 29). Treatment of
intermediate hydrazors4with a second mole of aryl halide

in a one-pot procedure providétN-diarylhydrazone4.65.
Treatment ofL65 with a variety of ketones in the presence
of TsOH in refluxing ethanol furnished indolé§6in good

to excellent overall yield. Interestingly, when unsymmetrical
N,N-diarylhydrazones were employed, the Fischer cyclization
occurred predominately on the more electron-rich aPéne.

Scheme 29
1
Rl HN. Pd(OAC),, R
‘ + /”\ Xantphos, NEt3 | N Ph
Z > g Ph” “Ph ZINSY
NaOtBu, 60-80 °C Ho
163 143 164
R! 2 R
ArX, 120°C |\\ Rz)j\/Ra Ria 3
E—— NP ————— \ N—r,
N TSOH AN
Ar  Ph EtOH, reflux

\
Ar

165 166

Ar = 4-MePh, 3-pyr, 3-CNPh, 4-CIPh
Yields 68-80%

While highly useful for the small-scale rapid preparation
of many structurally diversi-H, N-alkyl, andN-aryl indoles,

from a practical standpoint the separation of the benzophe-

none byproduct from either the indole (one-pot reaction) or
the arylhydrazine is a key issue. In a recent publication,
Mauger and Mignani described the successful optimization
and safe scale-up of the Buchwald palladium-catalyzed
hydrazonation chemistry for the preparation of hydrazine
hydrochloride169from p-bromotoluenel 67 (Scheme 30)7

In this case, benzophenone hydrazd®8 was obtained in
93% isolated yield as a crystalline solid. Hydrolysis using
concentrated hydrochloric acid in ethanol provided the
hydrazine hydrochlorid&69in essentially quantitative yield
containing only traces of benzophenone.

In related work, an expedient synthesis of indoles from
N-Boc arylhydrazines was described by Lim and Cho
(Scheme 31%% Reaction ofN-Boc arylhydrazined 70 with
ketones171 in the presence of TsOH provided good to
excellent yields of the Fischer indole produdig2 The
reaction was demonstrated with a number of substituted
hydrazines and a variety of acyclic and cyclic ketones. Unlike

the benzophenone hydrazone chemistry, this methodology

does not generate potentially difficult to remove byproducts.
The products were isolated in essentially pure form by simple
water workupN-Boc arylhydrazided 70were available via
palladium or copper catalysis as described by SKealpd

Humphrey and Kuethe

Scheme 30

“CL
Br

Pd(OACc),(0.05mo1%)
MePhos (0.1mol%)
NaOH, t-Amyl alcohol
—_—

Nl,NH2
167 Ph/kPh
143
93%
Me Me
\©\ conc. HCI \©\
_N._Ph .
NS EtOH, water - NHsC!
" opn H
100%
168 169
Scheme 31
R
Ry R4 ’
\@\ fo) TsOH A\ R
_NH. + —_— 2
N Rz)J\/Ri‘ EtOH, reflux N
Boc

57-92%

170 171

172

R; = H, OMe, Ph, alkyl, COPh, CO,Et
Ry = Me, Aryl. Ry = Et, Bu, CH,CO,H
Rz + R3 = «(CHy)3- and -(CHy)s-

Buchwald®® respectively. Thus, para-substituted electron-
deficient aryl bromides were coupled in good yield using
tert-butylcarbazate (2.0 equiv), Kdba} (1 mol %), DPPF

(3 mol %), and C££0; (1.0 equiv) in toluene at 108C.*8
Alternatively, both electron-rich and electron-deficient hy-
drazides were prepared by the copper-catalyzed coupling of
tert-butylcarbazate with aryl iodides using 1,10-phenanthro-
line as ligand*® One limitation of this reaction was the poor
yields obtained from ortho-substitutddBoc arylhydrazines.

An interesting extension of this methodology for the
selective synthesis of 4-bromoindoles was reported by Chae
and Buchwald! Chemoselective, copper-catalyzed hydra-
zonation of symmetrical 3,5-dibromoiodoarenks3, fol-
lowed by Fischer indolization, gave a variety of 4,6-dibromo-
5-substituted indole475 (Scheme 32). Selective hydrode-
bromination at the less hindered 6-position, using the catalytic
system Pd(OAgjrac-BINAP/NaBH, in THF/diglyme, pro-
vided the 4-bromoindole$76in high regioselectivity.

Scheme 32

B
" 1. NH,NHBoc, Cul, Cs,CO,

DMF, 80 °C

2. TsOH.H,0, Ketone,
EtOH, reflux

173

Yields 73-87%
Br Ry
R
.
Br H

175

Pd(OAc),, rac-Binap, TMEDA

NaBH,, diglyme, rt-50 °C

Ry = Me, OMe, NMe,

R, = Me, Et, CO,Et

R3 = H, Me, n-Pent, n-Bu

Rz + R3 = «(CHy)3- and -(CHy)4-

This methodology was successfully applied to the efficient
synthesis of 4-bromo-5-methoxyindole est&B. Indole178
was used as a key intermediate in the enantioselective
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Scheme 33
Br
MeO 3 Steps
—_—
Br [ 44%
177 _OH
Br (\O
MeO @) A
S—coMe T, CO,Me
N — N
B H
178 179 U86192A

synthesis of the antihypertensive agent Indolodioxane
(UBB6192A;179 (Scheme 33).

2.5. Via Metal-Catalyzed Hydroamination of
Alkynes

Chemical Reviews, 2006, Vol. 106, No. 7 2885

Scheme 35
@M}»TKNMQZ
R Ra NH,CI
cl R 186 R \
7“);\ + Me
I Tol, 80-120 °C Nh
R “NHy !
184 185 187
Ry = Me, Ph, Bn Yields 50-90%
R, =H, Me, Cl, OMe, F
Rs=H, Cl
n=23

heating the chloroalkyne and hydrazine with-2%mol %
catalyst in toluene at 88120°C for 1—24 h. The mechanism
involved an initial highly selective, titanium-catalyzed,
Markovnikov hydroamination of the alkyre84to provide
the N-aryl-N-chloro-alkylhydrazones. In situ Fischer reaction
and nucleophilic substitution of the alkyl chloride by the

Despite the incredible range of substrates tolerated andjjperated ammonia afforded the tryptamine derivati483

the versatility of the Fischer indolization process, the reaction

in good to excellent yields. WhenzR= Cl, mixtures of the

of hydrazines with unprotected aldehydes often proceeds inyq regioisomeric indoles were obtained.

low yields and can generate unwanted side-prodiicts.
number of strategies, including protection as acetals, aminals

this problem, some of which are described in earlier section
of this review. Very recently, the titanium-catalyzed inter-
molecular hydroamination of alkynes with hydrazines to give

S

hydrazones directly was described by Odom and co-workers

(Scheme 3453 In the case of arylhydrazind$1, the product
hydrazoned482underwent a one-pot Fischer indole reaction
by addition of ZnC} to provideN-alkyl andN-aryl indoles
183in high yield on a multigram scale. This methodology
represents a novel entry into hydrazone synthesis via alkyne
180and has been extended by several other groups.

Scheme 34
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N.
Ry NH,
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R=H, Ry=Me 95%
R=Me, R{=Me 90%
R=Ph, R{=Ph 69% H
N
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NMez

As a part of a general study on the hydroamination of
alkynes, Bellar investigated the regioselectivity of arylhy-
drazine addition to various alkynes using 21 mol % the
cyclopentadienyl titanium catalystft-Cp)Ti(7>-MesSiC,-
SiMe3)].54 The work was extended to provide an efficient

A similar catalyst system was used by the same authors
in a new, very efficient synthesis of tryptophols and

‘?ryptophol homologues by hydroamination of alkynyl alco-

hols followed by in situ Fischer indole reaction (Scheme
36) 57 For example, TBS-protected pentyb& was reacted
with N-methylN-phenylhydrazinel89in the presence of 5
mol % catalystL90to afford the hydrazon&92as the major
product. Treatment of the reaction mixture with ZpGave
the silyl-protected tryptophdl93in 75% yield (Scheme 36).
The highly selective Markovnikov additiéh to afford
hydrazonel92 was explained by the intermediacy of the

%itanaazacyclobutene derivatii®1

In this work, the catalyst was conveniently formed in situ
from commercially available 2,6-dert-butyl-4-methylphenol
and Ti(NEt)s. The one-pot synthesis of a number of
functionalized tryptophol496 from TBS-protected pentynol
188a and hexynol188b was carried out in high yield
(Scheme 37). Although high vyields of 2,3-disubstituted
indoles195were obtained in most cases, application of this
methodology to the synthesis of indoles unsubstituted at the
2-position has not been reported. The use of a combination
of TiCl, andt-BuNH, as the sole catalyst for the tandem
hydroamination/Fischer indolization was also reported by
Ackermann and Borf?

2.6. Via Metal-Catalyzed Hydroformylation of
Alkenes

The preparation of aldehydes, useful for the Fischer indole
process, via hydroformylation of alkenes is well-kno®n.
Originally reported by Eilbracht and co-workers, the tandem
hydroformylation/Fischer indole reaction has evolved into a
powerful and efficient method for the one-pot construction
of complex indoles (Scheme 38).The general reaction
pathway involves in situ generation of the aldehyde inter-
mediate198 condensation with an aryl hydrazine to give
hydrazone intermediat&99, and finally [3,3]-sigmatropic

one-pot synthesis of tryptamine and tryptamine homologues 'earrangement to provide the indole prod26o

by a titanium-catalyzed hydroamination of chloroalkynes
(Scheme 35§°> The titanium catalyst186 was readily
prepared from commercially available 2,6tdit-butyl-4-
methylphenol and Ti(NMg, in 72% vyield via a published
proceduré® The simple, one-pot indolization involved

Beller and co-workers have reported an extension of this
methodology to a general synthesis of hydrazones from
olefins using Iphof04as catalyst (Scheme 3%A number
of simple and functionalized alken281were reacted with
aryl hydrazine02 using Rh(COjacac (0.1 mol %), Iphos
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Scheme 36
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188b n=2 194 2. ZnCly, 100 °C, 3h 195 75-95%
TBAF, THF,
R4y =Me or Bn rt, 4-8h

R; =H, CI, F, OMe
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204 (0.2 mol %), and 10 bar of CO/Hn toluene to provide
the hydrazone203 in very high yield and selectivity.
Addition of ZnCl to selected hydrazon@93gave the indole
products205in high overall yields.

The use of the tandem hydroformylation/Fischer indoliza-
tion protocol for the synthesis of pharmacologically interest-

OH
R, n
N
Ry

196 75-90%

various allylamine206 and hydrazine207 using Xantphos

as the ligand. The Rh/Xantphos system provided completely
regioselective hydroformylation of the allylamines such that
no products from the isomeric aldehydes were detected.

The procedure involved hydroformylation in the presence
of the hydrazine in THF to provide the intermediate

ing indoles bearing amino-alkyl side chains was recently hydrazones. The hydrazone was then heated to’Caa 4

reported by Eilbracht and Schmidt (Scheme 4@} Excellent
yields of substituted tryptamine208 were obtained from

wt % aqueous bSO, for 2 h tocomplete the Fischer reaction.
The stability of the carbamate protecting grouf26Beand
208f to the Fischer indolization conditions is especially

Scheme 38
RivR, Scheme 39
Rie Ry CO/H,/[RhYH* " N
\n/ N A N Rh(CO),acac, COMH, NN
N R 2 -
©N NH, H Ry Iphos, toluene, 65 °C, 18h - R,
197 H 20 202
200 Yields 84-09%
R= Pr, n-Hex, CH,0Bn, CH(OE),, CH;NMe,
Ri=H,Cl. Me ZnCly (4 &
J CO/My/[Rh] TH*, -NHj 2 (4 eq)
75-85%
Ri~_R, CFs > R
Ry
Ri~_R \
11 ’ Hydrazine O\\% P CF3/, \@Ng
_—
-H0 N-N P CFs R,
' N 99
o 205
198 199 CFy ,
204 IPHOS R= Pr, CH,0Bn
Ri = Ph, Me R; = H, Cl. Me

R, =Me, CH,Pht, Ph

Ry = H, Me, Ph
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Scheme 40
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noteworthy since it provides a handle for derivatization to
more complex potential targets such as L-77562@0).

N
N\)
A\
N
H F

209 L-775606
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The same methodology was extended to branched
tryptamines and homotryptamines (Scheme 41). For example

Scheme 41

H
N 1. Rh(CO),acac, CO/,

/‘/i)lMe , HN

210

L,

211

THF, 100 °C
2. 4 Wt% H,S0,, 100 °C, 2h
212
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R=H, F, Cl, Br, CHz, OCH,

Me
Me
N N
H
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\ »
o o )
N N
H H

213 LY334370 214 Naratriptan

piperidine alkene210 gave good to quantitative yields of
the 3-(N-methylpiperidyl)indole212, which are important
structural elements of clinical candidates such as the anti-
migraine compound LY33437@13 and NaratriptanZ14).

Scheme 42
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The procedure was subsequently improved to carry out
the hydroformylation/Fischer reaction in a single operation
without the need for a solvent switch; use of the water soluble
ligands 216 and 217 allowed the whole reaction to be
performed in aqueous sulfuric acid. Simple basification of
the crude reaction mixture, extraction, and crystallization
afforded the desired indol@45and219in good to excellent
yield (Scheme 42).

The methodology was compatible withBoc hydrazines
synthesized via the Goldberg reaction, and several one-pot
syntheses of antimigraine drug candidates have been dem-
onstrated. For example, LY3343722()) was prepared from
piperidine 210 andN-Boc arylhydrazin@20in 95% overall
yield (Scheme 43).

The hydroamination/Fischer indolization chemistry clearly
has tremendous potential for the rapid synthesis of indole
libraries. The relatively mild reaction conditions, low catalyst
loadings, environmentally benign solvent systems, and
general overall atom efficiency are also very attractive from
a large-scale preparative viewpoint.

3. Heteroannulations and Cyclization of
2-Alkynylanilines

3.1. General Comments

Efficient methods for the construction of functionalized
indoles have involved the reaction of 2-haloanilines and
2-aminophenols with either terminal or internal alkynes.
These starting materials are often commercially available or
readily accessible through proven synthetic techniques. The
application of these attractive starting materials for the large-
scale preparation of both 2-substituted and 2,3-disubstituted
indoles has emerged in recent years as an important and
effective means of preparing the indole ring system. The one-
pot preparation of indoles from 2-haloanilines has been
achieved by a number of transition-metal-catalyzed processes.
In addition, the cyclization of 2-alkynylanilines, often
obtained from 2-haloanilines or activated 2-aminophenols,
has been mediated by strong bases or catalyzed by either
palladium complexes or Lewis acids such as copper(l) and
copper(ll) salts. Furthermore, the preparation of indoles via

=
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Scheme 43
Me
N
Boc Rh(CO),acac (0.3 mol%), "
ﬂMe . HZN,NO\ CO/H,, 217 (1.5 mol%) _ N {
F THF, 100 °C, o) N
210 220 4 Wt% H,S0,, 3d H
95% 221 LY334370
an in situ amination/cyclization of an aromatimrtho- resulted in cyanide exchange, hydrolysis of the cyano group,

haloalkyne that proceeded through an intermediate 2-alkyn-and desilylation. Indol@28was precipitated from the crude

ylaniline has been described. The heteroannulation of reaction mixture in excellent purity and 55% overall yield.

o-haloanilines with internal alkynes (Larock heteroannula-

tion) and the cyclization of 2-alkynylanilines are both Scheme 45

versatile and practical methods for the construction of the y—

indole ring. These reactions will be highlighted in this &N 4N

section. I 1. Pd(OAc),, MgSO, \ OTES 2. TBAF
K@E Na,CO3, DMF, 105 °C, 4-6 h K(;E\QTES 72%

3.2. Indole Synthesis via the Larock Moo me—=— N

Heteroannulation 24 2

The palladium-catalyzed reaction betwesiodoaniline
derivatives222 and internal alkynes for the preparation of
2,3-disubstituted indole23 is referred to as the Larock ET\N N,
heteroannulation reaction (Scheme Z4The Larock het- N’ OH NaCN, NaOH NN CcOH
eroannulation is an extremely attractive method for the K(jf\gms TEORHO K@fg
formation of complex indoles in a single operation. The N 55%
reaction generally provides a means of preparing complex
indole targets in a highly convergent manner, since both
starting materials (i.ex-iodoaniline and internal alkyne) can .
possess considerable functionality. The heteroannulation. Chen and co-workers also utilized the above methodology
reaction is regioselective and almost always gives 2,3- for the synthesis of Maxalt282) (Scheme 46}’
disubstituted indoles, where the more sterically hindered
group (R) of the alkyne occupies the 2-position of the indole Scheme 46
ring. In particular, silylated alkynes have been extensively N— N
employed in the annulation process, which proceeded with 4™ L pres
excellent regiocontrol, giving almost exclusively 3-substituted ! ! Pd(OA) HC)

2-silylindoles. The resulting silylindoles can be proto- N, NazCOs, DF, 1007C, 4.6 »} Tes | MM
desilylated to the corresponding 3-substituted indoles or serve FST=\_ s H
as a useful handle for further manipulation. In addition, 224 229 230
substituents on the nitrogen moiety are also tolerated, leading
to N-substituted indoles. Therefore, it is not surprising that
this important reaction has received considerable attention N N

_\\ OH 4_\\ NMe,

for the large-scale preparation of indoles. QN,N N
1. MsCI, NEt;, THF CO,H
Scheme 44 N 2. 40% Me,NH N @
N
H

3. PACOH N
| RS ” H
] 75%
R—i | D RdeE eI RmRL 231 232 Maxalt
NHRs RE—=-TR NN 70-80%
base Ry
222 223

Brodfuehrer and Wang et.ah their paper on the Fischer

Chen and co-workers utilized the Larock heteroannulation indole cyclization synthesis of Avitriptar2g) (Schemes 5
for the preparation of indol227. Further elaboration 27 and 6) briefly reported that the Larock heteroannulation had
gave indole228, which was required for activity screening been used to prepare multikilogram quantities of Avitriptan
and safety assessment studies (Schemé®4Bpupling of (23) (Scheme 47)?78 The key transformation involved the
iodoaniline224 with bis-TES-propargyl alcohd25 in the palladium-catalyzed heteroannulation of iodoani®3and
presence of Pd(OAg)in DMF with 5 equiv of NaCOs acetylene235 which provided indol€36. Subsequent acid
provided a mixture o226 and227in a 96:4 ratio. Due to  hydrolysis of the silyl group furnished Avitripta@3) in 65—
the high water solubility o227, addition of 1.5 equiv of ~ 70% overall yield from aniline233
MgSO, minimized the desilylation 0f226 to 227 and Goldstein et al. reported a practical synthesis of (5-
increased the overall yield of the reaction. Selective trifluoromethyl)tryptophol and tryptamines via the Larock
desilylation of226 with tetrabutylammonium fluoride gave  heteroannulation (Scheme 48Reaction of (trifluorometh-
the desired mono-TES-indo®27, which was crystallized  yl)iodoaniline 237 with (triethylsilyl)acetylene238 in the
from the one-pot reaction mixture in 72% isolated yield. presence of Pd@dppf), 2 equiv of NaCOs, and 1 equiv of
Reaction of227 with NaCN and NaOH in ethanol/water LiCl in DMF at 100 °C gave tryptophoR40in 44% yield.
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Scheme 47 Scheme 49
Né\N Me, OBn

Me_ Me 0
N )ﬁ) RW)QQI Pd(OAC),, PPhs gMey Me
N\
SO,NHMe SO,NHMe o ome o N, Me d St
KEj\ NaH003 KCE 244 R = OFt N o "
245 R=CoHioN 0> 246 247 R = OEt

248 R = CgHyoN

P4

235 LiCl, K,CO3
DMF, 100 °C
_ Pd(OAG),, PPhy _ $0NHMe /_\N aq. HCI
'GheN, Ho KCI\‘\QT\ES \_/Meo ! — &Nme ve "7 e
3 2 - = \
Me
SO,NHMe /. N=\
K@g\“‘\_/” \ N Gathergood and Scammells have extended the Larock
MeO heteroannulation to the preparation NfN-disubstituted
23 Avitriptan tryptamine$253 and 254, which were used in a p.ractical
65-70% from 233 and versatile synthesis of the natural product psil@38
(Scheme 50§* Reaction oiN-Boc-2-iodo-3-methoxyaniline
Scheme 48 250with acetylene251in the presence of Pd(OAS)PPh,
, R tetraethylammonium chloride, and’Rigs base in DMF at
F3°\<I' __PdChidppl). LI ¢ € 80 °C for 48 h afforded tryptamin®53 in 69% vyield.
g, oGO DMF,100°C N Reaction of250 with acetylene252 under the identical

237 R reaction conditions gave tryptamirZb4 in 77% isolated
£t Si/\/ 240 R = OSity 44% yield. Two additional steps were required for the completion
’ 241 R=NPnt - 83% of the synthesis of psiloci@55 from indole 253

238 R = OSiEt,
239 R = NPht
Scheme 50
OH NR,
OMe NR,
TBAF, THF FiC | OMe
240 @ — - A . Pd(OAc),, PPhy
2 T
N NH Il NEt,Cl, i-Pr,NEt N—1Ms
H . DMF, 80 °C N
Boc ™S |
Boc
2 250 251 R=M
= Me
z 253 R=Me 69%
NH; 252 R=Bn 254 R=Bn 77%

1. NH,NH, H,0
EtOH FsC
241

Iz /E
I
Q

=

©

2. INHCI ‘N-Me
OH
2 steps @fé—/
243 253 — N\
N
On the other hand, reaction 287 with acetylene239under 255 Psilocin
the identical reaction conditions afforded tryptami#lin
83% isolated yield. Desilylation 0240 with TBAF gave In an elegant approach to optically active tryptophans,

indole 242in 82% yield. Treatment 0241 with hydrazine Cook et al have utilized the Larock heteroannulation for
hydrate followed by the additionfol N HCI gave the the large-scale synthesismtryptophan263and264which
deprotected tryptamine derivati?d3in 87% yield after the can be further elaborated to tetracyclic ketod6%and262
direct crystallization of the HCI salt from the crude reaction (Scheme 51§22 These intermediates have proven to be
mixture. valuable building blocks which were applied for highly
Walsh and co-workers reported the preparation of indoles functionalized macroline and sarpagine indole syntheses. The
247 and 248 which were utilized in the synthesis of the key indole-forming step involved reaction between iodo-
gonadotropin releasing hormone antagor#4® (Scheme anilines2560r 257 and the propargyl-substituted Sdlkopf
49) 89 The key transformation in their synthesis involved the chiral auxiliary258, which is readily derived from-valine
Larock heteroannulation @fiodoanilines244and245with and glycine®* The Larock heteroannulation betwes6 and
chiral alkynylsilane246. Reaction of244 with 246 in the 258in the presence of Pd(OA¢N&CO;, and LiCl in DMF
presence of Pd(OAgland PPk with 1 equiv of LiCl and at 100°C provided indole259 in 77% isolated yield. In a
2.5 equiv of KCO; in DMF at 100°C gave indole247in similar fashion, reaction betwee?b7 and 258 under the
89% yield. Subjection ob-iodoaniline245to reaction with identical reaction conditions employing,®8O; as the base
246 under the identical reaction conditions yielded indole afforded indole260in 75% isolated yield. Hydrolysis &f59
248in 72% vyield. Although the reaction df45 with 246 or 260with 2 N HCI in ethanol resulted in cleavage of the
occurred in lower isolated yield, it was pointed out that the Schdlkopf chiral auxiliary and concomitant loss of the
convergence afforded by incorporating the desired amide indole-2-silyl group to giveo-tryptophane ethyl estei265
earlier in the synthesis justified the use of this transformation. and266in 86 and 92% yields, respectively. Methylation of
The preparation 0249 was accomplished in an additional 259and260with Mel and NaH followed by hydrolysis gave
eight synthetic steps from indo48 N-methyl methoxy-substitutenttryptophan ethyl estei263



2890 Chemical Reviews, 2006, Vol. 106, No. 7

Scheme 51
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macroline/sarpagine
alkaloids

(88%) and 264 (90%). Tryptophans263 and 264 were

under these conditions were dihydrophenazigeé® how-

subsequently converted in a highly optimized three-step ever, when the reaction was conducted at lower concentra-

procedure to ketonez1and262 which have been carried
on to highly functionalized macroline and sarpagine alka-

loids. Cook and co-workers have also demonstrated the

synthetic utility of this approach for the preparation of other
substituted tryptophars.

One of the major limitations of the Larock heteroannula-
tion is that the reaction fails to give indole products in useful
synthetic yields when 2-bromo- or 2-chloroanilines are

tions, the formation of these byproducts was greatly mini-
mized.

3.3. Cyclization of 2-Alkynylaniline Derivatives

3.3.1. Metal Alkoxide-Mediated Reactions

The alkoxide-mediated cyclization of 2-alkynylanilines has
long been exploited as a valuable synthetic method for the

employed and requires the use of iodoanilines which are oftenconstruction of 2,3-unsubstituted and 2-substituted indoles
not commercially available. Recently, Lu and Senanayake (Scheme 53578 The overall sequence usually involves a

reported the first regioselective palladium-catalyzed indoliza-
tion of 2-bromo- or 2-chloroanilines with internal alkynes,
which greatly extended the scope and utility of the Larock
heteroannulation (Scheme 52)In this work it has been

two-step process: (1) Sonogashira cross-coupling of 2-ha-
loanilines 273 or 2-carboxamidoaryl triflate274 affords
2-alkynylanilines275 and (2) alkoxide-mediated cyclization
gives the corresponding indoB¥6 Most noteable success

rightfully emphasized that the use of cheaper 2-bromo- or has been achieved by heating the appropriate 2-alkynylaniline

2-chloroaniline derivatives should provide significant practi-
cal and economical value. Reaction of a variety of either
2-bromo- or 2-chloroanilines267 or 268 with various
internal alkyne69in the presence of $CO; and Pd(OAc)
employing 1,1-bis(ditert-butylphosphino)ferrocen70 as

the ligand in NMP at 116130°C provided 2,3-disubstituted
indoles 271 in yields ranging from 60 to 99% and with
excellent regioselectivity. The major byproducts observed

Scheme 52
X Ry Pd{(OAc)z (5 mol%) Rs
D'BPF (10 mol? 7
Rl ] L S
X-"“NHR K,CO5 (2.5 equiv) X N
Ry NMP, 110-130 °C R
267 X = Br 60-99% 271
268 X =Cl 269 R
t ?/P(t-su)z q
D'BPF = e 7 X
L—r8uy R ND/_m
270 H
R =H, Me 272

Ry =H, Me, CF,
Rs = Ph, TMS, C3H;, C(Me),OH, t-Bu
R, = Ph, Me, Et, C3H;

with either NaOEt or K&Bu in a protic solvent, usually
the corresponding alcohol. Initial investigations involved
reactions withN-substituted anilines, usually carbamates
(methyl, ethyl, Boc, trifluoro); however, the unsubstituted
anilines can also be utilized in the reaction. When carbamates
were employed in the reaction, cyclization to the indole with
concurrent deacylation occurred, giving-unsubstituted
indoles of type276.

Scheme 53

X
X
" NHR,

273 X=Cl, Br, 1
274 X =OTf

Cu(l) cat

= R1
base solvent

N

276

Wang and co-workers utilized an alkoxide-mediated cy-
clization of 2-alkynylaniline278 for the synthesis of 5,6-
difluoroindole279 which was needed in large quantities as
an intermediate in the preparation of the rebeccamycin
analogue280 (Scheme 54)° Palladium-catalyzed coupling
of carbamat®77with trimethylsilylacetylene in the presence



Practical Methodologies for the Synthesis of Indoles

Scheme 54
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of Pd(OAc) and Pé-tolyl)s in NEt; afforded acetylenidg78
in 94% yield. Treatment o278 with NaOEt in EtOH at 70
°C for 14 h resulted in cyclization, desilylation, and
deacylation to provide 5,6-difluoroindo9in 82% isolated
yield. Further elaboration of this indole 880was completed
in three additional steps.

Indole derivatives containing oxygen-bearing substituents
such as hydroxyl, alkoxy, or acetoxy groups are known to

be important medicinal agents and are present in a number

of physiologically active substances and natural products.
Kondo and Sakamoto have demonstrated the synthetic utility
of the alkoxide-mediated cyclization of 2-alkynylanilines for
the preparation of a number of these important compounds
(Scheme 55%* For example, Sonogashira cross-coupling of
iodoanilides281 with (trimethylsilyl)acetylene in the pres-
ence of Pd(PPBEI, and copper(l) iodide in triethylamine
gave the (trimethylsilyl)ethynyl phenylcarbamat282 in
yields of 85-100%. Cyclization 0282 in the presence of
KOtBu in tert-butyl alcohol afforded methoxy- and isopro-
pylsiloxyindoles283in 10—79% vyields.

Scheme 55
s
= Z
N PA(PPh),Cl, 7 KOt-Bu R—m
~ — 22 . R | HOtBu NN
NH  Cul, NEt, rt X" NH H
Boc =—TMS Boc 10%-79%

281 85-100% 283

281, 282: R = 3-OMe, 4-OMe,6-OMe, 4-OTIPS, 5-OTIPS, 6-OTIPS
283: R =4-OMe, 5-OMe, 7-OMe, 5-OTIPS, 6-OTIPS, 7-OTIPS

Ogasawara and co-workers utilized an alkoxide-mediated
cyclization of the highly functionalized indole precur2&4
to give indole285 which was used in the total synthesis of
19-oxygenated pentacycliStrychnosalkaloids (Scheme
56) %2 The 2-alkynylaniline284 was prepared in reasonable
yield in a limited number of steps. Treatment 284 with
NaOEt in refluxing EtOH provided indol@85 in 85%
isolated yield.

Scheme 56

EtONa, EtOH

reflux

89%
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Recently, Knochel reported an extremely mild procedure
for the alkoxide-mediated cyclization of 2-alkynylanilines
to indoles which relied on the use of NMP as the reaction
solvent (Scheme 57%.The use of NMP enables solubiliza-
tion of potassium and cesium alkoxides such ast-RQ,
CsQ-Bu, and KH and leads to increased reaction rates and
lower reaction temperatures. These mild conditions allow
using various functionalities which may not survive in more
forcing cyclization conditions and allowed for the preparation
of a range of polyfunctional indoles. For example, reaction
of 286 with KOt-Bu in NMP for 4 h atroom temperature
afforded 2-phenylindol@87 in 79% vyield. An interesting
extension of this methodology involved the one-pot prepara-
tion of indole 288 Reaction 0f286 first with potassium
hydride in NMP fa 2 h followed by the direct addition of
methyl iodide gaveN-methyl-2-phenylindole288 in 96%
yield. The one-pot functionalization of the C-3 position of
the indole ring was also possible. For example, reaction of
289 with potassium hydride in NMP fo2 h followed by
the direct addition of dibromotetrachloroethane furnished the
highly substituted indole290 in 58% vyield by a one-pot
transformation.

Scheme 57

Ph
=
KOt-Bu O N\ O
NMP, rt, 4h N
NH, 79% H
286 287
P
@( 1. KH (1 equiv)
NH, NMP, rt, 4h N
2. Mel (2 equiv) Me
286 96% 288
Bu Br
=
FsC Z KH (1.8 equiv) FsC .
NH, NMP, rt, 2h H
NO, 2. (Cl,BrC), (3 equiv) NO,
289 58% 290

Dai and co-workers have reported a practical indole
synthesis starting from commercially available 2-aminophe-
nols (Scheme 58)f For example, reaction of acylated
2-aminophenol291 with Tf,O in the presence of NEt
furnished aryl triflate292 Sonogashira cross-coupling with
phenylacetylene was reported to be remarkably enhanced
when conducted in the presence of tetrabutylammonium
iodide (0-BuNI) and gave the 2-alkynylanilid293 in
94% vyield. Reaction 0f293 with KOt-Bu in NMP at
60 °C provided indole294 in 81% isolated yield where
deacylation occurred under the reaction conditions. Several

Scheme 58
o TH,0, NEt; ort __Pd(PPh),, Cul
NH OO, 0°C 48T N —
Sy PP NN n-BugNI
NEt3-CH4CN (1:5)
291 292 94%

KOt-Bu, NMP

—_— -

60 °C, 6h
81%
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FZ
NH
Ol g~
293
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Scheme 59

Ph

=z /
= . = H,, Pd/C
oNE ] —KOEBu, NMP OszPh —= H2N®Ph
NNy 6070°C,7h SN EtOH N
02\/\ 72-86% 85-96%

297
-amino

amino
-amino

a 5-
b 6-
c 7-
additional examples of this transformation were also
reported.

This methodology has also been utilized for the preparation
of 5-, 6-, and 7-aminoindole297a—c (Scheme 59J° The
key step involved reaction of 2-alkynylanilin295a—c with
KOt-Bu in NMP at 66-70 °C, providing the corresponding
nitroindoles296a-c in 72—86% yield. Hydrogenation of the
nitro group over Pd/C in EtOH furnished the aminoindoles
297a—cin 85—-96% yield. In the same paper, 4-aminoindoles
300 and 301 were obtained by reaction @98 or 299 with
KOt-Bu in NMP at 80°C, which directly gave the desired
4-aminoindoles300and301in 75 and 90% yields, respec-
tively (Scheme 60).

Scheme 60
NH,
__KOt-Bu, NMP _ N _r
80°C, 5-78 h N
NH, H
298 R =n-Pr - o
o R 300 R =n-Pr75%

301 R=Ph90%

Sendzik and Hui have reported the aqueous tetrabutylam-

monium hydroxide (ByNOH)-mediated cyclization of 2-al-
kynylaniline 304 to give indole 305 which is the direct
precursor of the uPA inhibitoB06 (Scheme 613¢ Sono-
gashira coupling oR-Boc-aniline302with arylacetylen€803
provided 2-alkynylaniline304 in 72% yield. Treatment of
304 with 40 wt % aqueous BNOH in refluxing THF
resulted in cyclization with concomitant loss of the Boc group
to give indole305in 89% yield. Indole305was converted
to 306in two additional steps.

3.3.2. Castro Indole Synthesis

The Castro indole synthesis formally involves cyclization
of eithero-iodoaniline derivatives with cuprous acetylides

Scheme 61
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89%

R

Humphrey and Kuethe

or 2-alkynylanilines with copper(l) salts, usually copper(l)
iodide (Scheme 62. While reactions employing cuprous
acetylides are rare and not amenable to scale up, copper-
promoted cyclizations of 2-alkynylanilin@d9have received
considerable attention as an attractive method for the
construction of indoles. In most cases, copper(l) iodide is
used in exces¥ however, cases using substoichiometric
amounts €1.0 equiv) and even catalytic reactions employing
both Cu(l) and Cu(ll) salts have recently surfaced (vida
infra). For the process chemist, the Castro indole synthesis
is particularly attractive since it affords fréd-H indoles

without requiring the use of cumbersome nitrogen protecting

groups, utilizes economically attractive copper as the metal
source, and succeeds where other methods often fail.

Scheme 62
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Farr and co-workers reported the multi-kilogram-scale
preparation of indole313 using a modification of the
procedure originally reported by Castro (Scheme®®&Bjdole
313 was an intermediate utilized in the synthesis of the
gonanotropin releasing hormone antagoBist The required
2-alkynylaniline312 was prepared in quantitative yield by
coupling of acetylen811and iodoaniline hydrochloridg10
Reaction of crudg12with 0.5 equiv of copper(l) iodide in
DMF at 134°C for 3 h afforded313 which was isolated by
crystallization in 88% yield. Indol&13 was converted to
314in four to five additional steps via two separate reaction
pathways.

Scheme 63
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Isobe has described the synthesisiegE-mannosylindole
316via the Castro indole synthesis Nftosylalkynylaniline
315 (Scheme 643%° While no experimental details were
provided, treatment oB15 with Cul and NEt in DMF
allowed for the preparation of gram quantities of ind®1é
in 80% vyield.

Cook et al. employed a Castro indole synthesis for the
preparation ofi-isotryptophan §21) (Scheme 65)°* Pal-
ladium-catalyzed cross-coupling of 2-iodoanilir3d. Q) with
alkyne 318 gave 2-alkynylanilin€319in 95% yield. When
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Scheme 64 Scheme 66
O | 1. Pd(PPhs),, Cul = Ry
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DMF N 323 fs
) Ts Q OBn -
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2N N g\
315 316 Ri mRz RO R mRz
Y\ g, -CuCl . o>_R3
treated with Cul in DMF at 958C, cyclization to indole320 224 83-83% ‘325
occurred; however, under these reaction conditions significant
. . . . * R; =H, OMe, CN
epimerization of the stereogenic center (*) was observed. R = or CySohexyl, Ph, p-OMe-CHy, p-COsMe-Cabl, MesSIC,
This problem was alleviated through the use of ethylene Ry = p-Me, OMe, SMe, NO,, Cl, Br-CgHg, 0-Me-CgHy, m-Me-CgHy, trans-CH=CHPh

glycol, which served as a proton source and suppressed the =~ R« =Me n-Pr. i1, CFsCH,, Bn, p-MeO-CeHy, Ph, CH=CHCH;, MegSi(CH,);

epimerization to less than 6%, and ind@2Owas isolated e yseqd. The reactions were typically conducted in refluxing
in 80% yield. The desired-isotryptophang21) was obtained 1 > _gichloroethane for 248 h, giving the desired indoles

in two additional steps in 72% yield. 327 in good to excellent yield. Several representative
examples are depicted in Scheme 67. The yields of the

Scheme 65 ) i )
ort indoles were dependent on the bulkiness of the substituents
| PA(PPhy),, Cul L on the acetylene terminus.
@ NEts, tt, 12 h Z 1 N
NH, j) ( Scheme 67
317 NH, OEt Rs
& SN R, 7 R,
Nﬁ) 319 Cu(OAG), or CU(OCOCFs), m&
OEt r Ry EH 1,2-dicpelglrjc)>(ethane R; N\R4
4
318 84-100%
05% 326 327
R; =H, Me
L HO,C R; =H, OMe, CN

cul, 95¢C EtO—/ \)\ o \ NH, Rs =H, Ph, (CH,),0TBS
DMF/ethylene glycol (3:1) @QN/ OEt P @E’}_)— PR'\;B-_H, Ms, PMB, i-Pr
30% N H = p-methoxybenzyl
321 Leisotryptophan The same research group also reported that attempted
cyclization ofN-substituted 2-alkynylaniline326 employing
The development of a catalytic variant of the Castro indole other Lewis acids such as BPE, TiCls, TiCly(Oi-Pr),
synthesis has been stimulated by an increased interest inAICl3, ZnCh, and Sn(OTf) failed to give any synthetically
copper-catalyzed reactions, which provide economical at- useful yields of the corresponding indoles. On the other hand,
tractiveness and potential applications for the large-scale Sakai, Annaka, and Konakahara have demonstrated that the
synthesis of indoles. Villemin and Goud%udemonstrated  intramolecular cyclization of 2-alkynylaniling28 could be
in 1989 that cyclization of 2-aminodiphenylacetylene could catalyzed by indium triboromide (Scheme 88Reaction of
be conducted with a catalytic amount of copper(l) iodide 328 with 1 equiv of InBg in refluxing toluene gave
(5.8 mol %) in refluxing DMF to give 2-phenylindole in 99%  2-phenylindole329in less than 10 min and in quantitative
yield; however, the application of these harsh reaction yield. When the reaction was conducted with only 5 mol %
conditions for the general synthesis of other indole substrates|nBr;, 2-phenylindole was isolated in nearly quantitative yield

has not surfaced. after ony 1 h of reflux. Prolonged heating does, however,
Yamamoto and co-workers have reported the CuCl- |ead to a dramatic decrease in yield3#9, the authors did
catalyzed cyclization of 2-alkyny-arylideneanilines323 not comment any further on this observation.

in the presence of various alcohols as a practical means of
synthesizingN-(alkoxybenzyl)indoles325 (Scheme 663%2 Scheme 68
The starting imines323 were prepared in two steps by Ph .
Sonogashira coupling of 2-iodoanilin@®2 with terminal @K ':?Lm"f'l”. mph
alkynes followed by condensation with an aldehyde. Treat- NH, oens, rete N
ment of323with 5 mol % CuCl and 2 equiv of a number of s28 9o 1 meflux 320
different alcohols in toluene at 10C for 1—24 h provided
indoles325in modest to good yields. Presumably, copper-  Rutjes el al. have utilized a silver triflate (AgOTf)-
mediated cyclization gives the zwitterionic intermedia®d, catalyzed cyclization of 2-alkynylaniline&230for the prepa-
which is attacked by alcohol to give indoB25. ration of isotryptophan331 (Scheme 69)%" The key
The cyclization of 2-alkynylanilines employing catalytic transformation involved refluxing Boc-protected amino acid
copper(ll) salts was recently demonstrated by Hiroya et al. 330in the presence of 10 mol % AgOTf to provide a slow
(Scheme 673°4105 This reaction could be applied to sul- but clean conversion to chiral isotryptophan deriva8a4,
fonamide and primary and secondary aniline derivatives which was isolated in 75% yield. Treatment of the racemic
where the catalysts of choice were either Cu(QAr N-tosyl derivative under the identical reaction conditions gave
N-substituted 2-alkynylanilines or Cu(OCOghydrate for racemic331in 86% yield. In both cases, cyclization to the
unsubstituted 2-alkynylanilines; however, it should be pointed indole was accompanied by cleavage of the amino-protecting
out that other copper(ll) salts, such as Cu(Q;T¢puld also group.
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Scheme 69
_ CO,Me MeO,C
NHR AgOTf A NH;
MeCN, reflux
NH, 20h N
330 R=Boc, Ts 331

(S) isotryptophan 75%
racemic tryptophan 86%

Cacchi and co-workers have reported that reaction of

2-(phenylethynyl)aniline in the presence of 5% Cul and 2
equiv of KsPQ,, in dioxane at 110C for 24 h, gave only
trace amounts of 2-phenylindole (Scheme8The addition

of the chelating ligand)-1,2trans-cyclohexanediamine
(CHDA) improved the yield to 50%. Speculating that a more
acidic N-H bond may favor cyclization to the indole, they
turned their attention to reactions of the trifluoroacetamido
derivative 332 Reactions o332 with 5 mol % Cul in the
presence of either CHDA or PPbave 2-substituted indoles
333in 49—88% vyields.

Scheme 70
X
ITIH
COCF;4
332

Cul (5 mol%)

K3PO4 (2 equiv)
CHDA or PPh;
dioxane, 110 °C

=—R

T
N

H

333

49-88%

R = Ph, CH,;NHCO,Et, p-NO,CgH,, 0-Br-CgHs, n-CsHys

Humphrey and Kuethe

Scheme 72

@Z
Br

335

R 10 mol% Cul
KOt-Bu (3 equiv)
toluene, 105 °C, 2 h

RoNH,

N\
Ro

336
69-84%

Ry = n-hexyl, n-butyl
R, =Ph, p-Tol, p-CICgH,4, 0-MeOCgH,

appropriately substituted aniline furnished ind@8§in 67—
84% isolated yield for the one-pot transformation. In this
work it was pointed out that the intermolecular Ullmann
coupling, or hydroamination, was followed by intramolecular
cyclization to give the indole products.

3.3.3. Palladium-Mediated Processes

The palladium-catalyzed cyclization of 2-alkynylanilines
and the one-pot annulation of 2-haloanilines with terminal
alkynes have received considerable attention as useful
methods for the construction of indoles (Scheme 73). For
example, both 2-substituted indol&@39and 2,3-disubstituted
indoles340and341 can be obtained from either 2-alkynyl-
anilines 338 or 2-haloanilines337 in modest to excellent
yields. Reaction of 2-haloanilines with terminal acetylenes
likely involves 2-alkynylaniline838as synthetic intermedi-
ates which further react with the palladium catalyst, leading
to the desired indoles. The preparation of 2,3-disubstituted
indoles 340 and 341 from both 337 and 338 requires
reductive elimination of either an indolylpalladium interme-
diate, leading to substituted indoles of typ40, or an acyl-

In the same paper, it was shown that the copper complexindolylpalladium species, giving acylindoles of ty3dl

334 ([Cu(phen)(PP$),]-NO3)1%° can serve as an efficient

While these methods have not yet been reported for the large-

catalyst for the preparation of 2-aryl- and 2-heteroarylindoles scale preparation of indoles, they deserve mention as

from 2-iodotrifluoroacetanilid832 and 1-alkynes (Scheme
71). Reaction 0f332 with various arylacetylenes in the
presence of 10 mol 9834 in refluxing toluene afforded
indoles333in good to excellent yield (6296%). In addition,

potentially scalable processes. Since these reactions were
recently reviewed in detail, they will not be discussed Rére.
Instead, only the most recently reported examples will be
highlighted.

phenylacetylene bearing both electron-donating and electron-

withdrawing groups furnished the desired indoles. However, Scheme 73

. : s R:
reaction with 1-hexyne under these conditions gave 2-bu- X =
: f : Z 7
tylindole in only 11% vyield. Rt | _Pdeat | g O DR, Pdeat g ]
. —
NH =R, XN NH
R R &
Scheme 71
= 338
I [Cu(phen)(PPh3),JNO; 337 X =1, Br 39
KsPO4 N g R =Ms, PhSO,, R'= H, Ms, PhSO,,
SR L r CO,R, COR CO,R, COR
NH toluene, 110 °C N 2
COCF,4 =Ar "
3
332 333 62-96% as7 Pd cat. R1_®R2 Pd cat. 338
X R3X
[Cu(phen)(PPh3);INO; =R Nk, ¢
R3X
l : 0
X=Br, |, OTf X=Br, |, OTf
R
</ g 2 \> =0
=N NS Pd cat. Z N\
NOy i 337 —/—= . R N Pd cat. 238
PhsP” "~ PPhg =R, L CO, ReX
334 CO, RyX

Ar = p-MeCOCgH,, p-CICgHy, p-MeCONHCgH,, p-OMeCgH,;, m-OMeCgH,.
0-OMeCgHy, 3,5-Me,-CgHz, p-MeOOC-CgHy, p-OHC-CgHy, p-NO,-CoHy,
2-pyridyl, 3-quinoline

Cacchi has disclosed a rapid approach to 3-alkynylindoles
344 and 2-substituted 3-acylindol845which involved the
palladium-catalyzed reaction ofalkynyltrifluoroacetanilide

Ackermann has reported a general and efficient indole 342with 1-bromoalkyne843(Scheme 743 For example,

synthesis based on a catalytic one-pot [Ullm&uoldberg/

reaction of342 with 1.2 equiv 0f343in the presence of 5

Castro (or alkoxide-mediated)] indole synthesis (Scheme mol % Pd(PPh)and 3 equiv of C&£O; or K,COzin MeCN

72) 110 Treatment of 2-alkynylbromobenzen@35 with 10
mol % Cul and 3 equiv of KBBuU in toluene containing an

furnished the corresponding 3-alkynylindo®&$4in modest
to good yield. Higher yields were obtained when 1-bro-
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Scheme 74 Scheme 76

R>

Rz
R = Pd(OAG); (5mol%) R
=z PA(PPh);, C2:CO; V4 R1\<j( HIPICI 351 (5mol%) mRZ
or K,CO3 4 cl base, PhMe, 105 °C N
NH Ry 2h
N

Rs

Br—R;
H
O)\CF:, 343 348 \ 67-99% / 350
344

Ry

60 °C, MeCN 33-86%
R1\©%
NHR,

349

o Re Ry =H, CF4
R, = Ph, t-Bu, n-Hex
cat. TsOH { Rj3 = p-tol, Bn, Ms, n-Oct, n-Hex, PMB, 4-EtCO,C¢H,4
MeOH/acetone (2:1) N Ry
m2h H Me Me,
68-98% 345 Me Me
ER cr
Ry = Ph, p-MeOCgHj, CH,OTHP HIPrCl = N
R, = Ph, p-MeOCgHs, p-NO,CgHs, m-NO,CgHs, n-CgHy7, Me;C(OH), Ph(CH,),, 2-,3-quinoline =2
Me Me
Me'
moarylacetylenes were used; however, 1-bromoalkylacety- 351

lenes could also be employed. Reaction of ind@&4with
a catalytic amount op-TsOH in a 2:1 mixture of MeOH/  of the indole product850for the single-step transformation.
acetone gave 2-substituted 3-acylindoB45 in good to A variety of N-protecting groups, such as benzyl pr
excellent yield. methoxybenzyl (PMB), could be introduced via the corre-
The one-pot cross-coupling and heteroannulation of tri- sponding amine, which allows the further manipulation of
floxyanilides346a—c with various terminal alkynes for the  the resulting indoles. In addition, the reaction could be carried
preparation of 2-substituted 5-, 6-, and 7-nitroindoles was out with mild bases such as £&0; or the less expensive
reported by Dai and co-workers (Scheme ?5)The one- K3PQ,. When these bases were employed, longer reaction
pot reactions for346a and 346b were carried out in the  times and incomplete cyclization of the amination intermedi-
presence of 10 mol % Pd(PRhBO mol % Cul, and 150  ate349were observed. However, the addition of Cul (5 mol
mol % n-BuyNI in a solvent combination of either 5:1 DMF/ %) was found to accelerate these reactions and quantitative
NEt; or CH;CN/NEt. A variety of functional groups were  conversion to the indole occurred.
tolerated in the reaction, and protection of the OH was not  In the same paper, this methodology was expanded to the
required. Formation of the C-7 nitroindoB7cwas prob- multicatalytic one-pot synthesis of indo&3 starting from
lematic and required the use of Pd(BRRH, as the catalyst  1-chloro-2-iodobenzen&%2) (Scheme 77). This particularly
along with the stronger base tetramethylguanidine (TMG) remarkable transformation consisted of a Sonogashira cou-
at 100°C. It was suggested that th@tho-nitro group of pling reaction, amination, and intramolecular cyclization to
347cmay form a hydrogen bond with the amido moiety and the corresponding indole. Treatment 82 first with a
interfere with the indole ring closure reaction; however, no combination of 10 mol % Cul, 1.5 equiv of phenylacetylene,
comment was made regarding the isolation of any intermedi- 3 equiv of CsCQs, 5 mol % Pd(OAc), and 5 mol % HIPrCl
ates prior to cyclization to indol847c 351 in toluene at 105°C for 1 h followed by the direct
addition ofp-toluidine to the reaction mixture gave quantita-
tive conversion to indol&853 which was isolated in 64%

OTf =R .
o) . A yield.
. d(PPhj3)4, Cul, n-BugNI O,NT= | R
NH NN
)\/\ 80 °C, solvent H Scheme 77
o 39-90%

347 | 1. Cul (10 mol%), HCCPh (1.5 equiv), Cs,COj3 (3 equiv) N
346 @ Pd(OAGC), (5 mol%), HIPrCI 351 (5 mol%) N O
ol

Scheme 75

a 4-nitro a oo PhMe, 105 °C, 1h
b S-nitro ¢ 7-nitro
¢ 2-nitro
352
R = Ph, n-Pr, (CH,),0H, (CHp)3CN, (CH,);Cl 2 MeQNHz Me
346a and 346b Solvent = DMF-NEt; (5:1) or CHyCN-NEt; (5:1) or 1.2 equiv 353 64%
346¢c Solvent = DMF-TMG (5:1), catalyst = Pd(PPh;),Cl, 18h

Ackermann has reported a highly efficient, regioselective  Pal and co-workers have disclosed a straightforward one-
indole synthesis based on a palladium-catalyzed amination/pot procedure catalyzed by Pd/C in water/2-aminoethanol
cyclization protocol of 2-alkynyl-1-chlorobenzene8 for the preparation of 2-substitutéd-methanesulfonyl in-
(Scheme 763 The starting 2-alkynyl-1-chlorobenzer&43 doles355beginning withN-(2-iodophenyl)methanesulfona-
were prepared with excellent selectivity and isolated yields mides354 (Scheme 78} Reaction of354 with a variety
(73—96%) by Sonogashira coupling of the corresponding of acetylenes in the presence of 10% Pd/C (3 mol %)sPPh
o-dihalobenzenes using Pd(RREl, and Cul. Reaction of (10 mol %), Cul (6 mol %), and 2-aminoethanol (3 equiv)
chloroalkynes348 with the palladium complex generated in water provided good to excellent yields of the correspond-
from the commercially available imidazolium carbene salt ing N-methanesulfonyl indole355. Since this water-based
351 (HIPrCl) and Pd(OAg) in the presence of KBBuU in synthesis is safe and inexpensive, the authors point out that
toluene at 105C for 2 h afforded good to excellent yields the methodology is efficient, simple to perform, does not
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Scheme 78 Scheme 80

10% Pd/C, PPhg, Cul

Ry I _ Ry F
\©( =R mRZ Ry I Sonogashira
NH 2-aminoethanol, H,0, 80 °C N [
Ry NMe, Rs R NMe,

S0,Me

Rs

SoMe 40-89%
354 355 359 ro-ea 360
R =Cl, Me :
R, = Ph, C(CH3);0H, CH,0H, (CH,),0H, (CHz)sMe, CH(OH)Me, CH(OH)CH,Me, CH(OH)CgH5 1, (2 equiv) mR
CH,Cly, 1t Ri N
involve the use of expensive reagents or catalysts, and is 73-100% Me
amenable for the large-scale preparation of 2-substituted 361
indoles. R; =H, OMe
R, =H, NO,

3.3.4. lodine-Promoted Electrophilic Cyclizations Ro =P, (B, (CH2)sCN, (GGl n-Caftrs, Cofls (Cycionexeny)

The electrophilic cyclization of appropriately functional- ~ The overall success of the above reaction was attributed
ized aromatic acetylenes promoted by iodine has beento a number of factors. The enhanced nucleophilicity of the
utilized for the preparation of a number of heterocyclic dimethylaniline nitrogen also orientates the nitrogen lone pair
compounds:® The application of this strategy for the of electrons pointing toward the triple bond (Scheme 81).
construction of 3-iodoindoles from 2-alkynylanilines was Subsequent cyclization was followed by removal of the
recently investigated as a practical method for the preparationmethy| group by the highly nucleophilic iodide ion. The use
of these versatile synthetic intermediat€sAlthough the of CH,Cl, as the solvent increases the solubility of the

implementation of these strategies for the large-scale syn-inqolium salt364 and facilitates the dealkylation step.
thesis of 3-iodoindoles has not yet been reported, the

relatively mild reaction conditions and generality of these g.heme g1
processes necessitate their inclusion in this section. For

example, Amjad and Knight reported a simple two-step Me, Me I Me.é";
method for the construction ®-tosyl- or N-Boc-protected @@ —_— D
indoles 358 from 2-haloanilines356 (Scheme 79)!8 The X >
first step involved Sonogashira coupling of 2-haloanilines R J
356to give the 2-alkynylaniline857in excellent yields (85 362 363
94%). Exposure o857with 3 equiv of iodine and anhydrous
K,CGO; in MeCN at 0°C followed by warming to room r
temperature gave the desired 3-iodoind@&8in good to Me Me(\)
excellent overall yield. N Mel WM
mR @»R
Scheme 79 I |
R3
/@ix Sonogashira /@\/ 365 364
Ri NH =R Ri NH
R gs0a R 4. Reductive Cyclizations
356
357
X=Br,l 4.1. General Comments

! The reductive cyclization of aromatic nitro compounds is
— kBey | mR3 an extremely powerful method for the preparation of the
KiCOs Beaul) g N indole ring and has been review#812Due to a significant

20 ° 1 \
Mo Re array of both commercially available and readily accessible
75-95% 158 o-nitrotoluenes, researchers in both academia and industry
have come to rely on reductive cyclization techniques for
g; :%NB%C the large-scale preparation of indoles. Reductive cyclization
Rs = Ph, Bu, TMS, CH,0TBS is usually accomplished by catalytic hydrogenation over Pd/

C, Pt/C, or a combination of Raney nickel and hydrazine.

Yue and Larock have also developed a two-step synthesisOther suitable reductants that have also been employed
of N-methyl-3-iodoindole861 beginning withN,N-dimethyl- |r_lclu_de soo_llum_dlthlonlte, nickel _bondg/hydrazme, iron or
2-iodoanilines359 (Scheme 80¥° Sonogashira coupling of ~ Zinc in acetic acid, stannous chloride, TA#€HCI, and TiCk.

359 with various alkynes provided the 2-alkynyldimethyl- For the large-scale preparation of indoles, reactions which
anilines360in good yield. Treatment 0860 with 2 equiv are robust and are able to tolerate a large range of functional
of molecular iodine in CkCl, at room temperature afforded ~ groups have received the most attention. The Leimgruber
the 3-iodoindoles61, in nearly quantitative yield for most ~ Batcho indole synthesis and the reductive cyclization of
examples. Workup of these reactions required the addition o-nitrobenzylcarbonyl compounds (including the Reissert
of aqueous N#5,0s, which spontaneously decomposed trace indole synthesis),o-dinitrostyrenes,o-nitrostyrenes, and
amounts of indolium triodide salts and effectively removed o-nitrophenylacetonitriles have proven to be practical and
any excess of iodine. scalable methods for the construction of the indole ring.
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4.2. Leimgruber —Batcho Indole Synthesis
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Simig and co-workers have demonstrated a new and
practical synthesis of 5-formylindol&84for the elaboration

One of the most important and commonly used methods of 5 new manufacturing route to the antimigraine drug
for the preparation of 2,3-unsubstituted indoles is the naratriptan 885) (Scheme 84326 The synthesis began by

Leimgruber-Batcho indole synthesig? The classical Leim-

reaction of 3-methyl-4-nitrobenzaldehy®8() with ethylene

gruber-Batcho indole synthesis involves the condensation giycol in the presence of a catalytic amount of TSOH to give

of an appropriately substituted-nitrotoluene 366 with
dimethylformamide dimethyl acetal (DMFDMA) to give
intermediates-(dimethylamino)-2-nitrostyrene367). Reduc-
tive cyclization leads to substituted indof@88 (Scheme 82).
The increased acidity of the methyl group of tlee

acetal381in 82% vyield. Treatment 0881 with DMFDMA

in DMF at 140°C and subsequent catalytic hydrogenation
of the nitro group with Pd/C afforded indol&@83 in 65%
yield. Hydrolysis of 383 with aqueous HCI furnished
5-formylindole 384 in 91% vyield. According to the authors,

nitrotoluene allows the facile preparation of the remarkably the overall yield of 49% represents the best synthetic route

stable intermediate867. In an improved procedure, the

formation of367is conducted in the presence of an excess

of pyrrolidine, which exchanges with the dimethylamino
substituent?® The reaction is capable of tolerating a large

range of ring substituents and has been used extensively for°”°\<j["’Ie
the construction of both natural products and pharmaceuti- NO.

cally important compounds.

Scheme 82
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Ohkubo and co-workers reported the large-scale prepara- N

tion of both 5- and 6-benzyloxyindol&873374), which were
utilized in the preparation of intermedia8¥6. Indole 376

was further elaborated to the indolopyrrolocarbazole alkaloids

acryriaflavins377 and378 (Scheme 83)?* Reaction 0369

or 370 with DMFDMA in the presence of pyrrolidine was
followed by the direct crystallization d371 (94%) or372
(91%) from the crude reaction mixture by addition of ethanol.
Reductive cyclization with nickel boride/hydrazine mono-
hydrate gave the desired indol8g3 and 374 in 86% and
94% yields, respectively. Indo74has also been employed
in the multi-kilogram synthesis of the potent DNA topo-
isomerase | inhibitoB79.2%

Scheme 83
N | CHs  DyFDmA R @O Ni;B, NH,NH, rZ M
- _— = X
x o N
S NO, O NO, EtOH, 50 °C N
369 R =4-OBn H 371 R=4-OBn 94% 373 R=5-0Bn 86%
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H
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1. LIHMDS 0 N0
- = e
9e¥et:
——
% CHe N Br HO NN 9 10
O N0 373 0r 374 y y
_ BnO H
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e
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OHC
8
N
H
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Showalter et al. reported an efficient route to ind88L
which was used for the preparation of the novdtgdyrrolo-
[3,2-g]quinazoline ring systerB92 (Scheme 85)?” Nitration
of ethyl 3-methyl-4-nitrobenzoat886) gave a mixture (86:
14) of regioisomer887/388where the desired regioisomer
387 was obtained in 70% vyield by crystallization from
2-propanol. Condensation 887 with DMF dimethylacetal
in refluxing 1,4-dioxane gave intermedie®89, which was
not isolated but directly underwent cylization via catalytic
hydrogenation with 5% Pd/C to afford indoB91 in 96%
yield for the two steps. Indol&91 was reported to be
contaminated with 410% of 1-hydroxyindole&90but could
be obtained in pure form by crystallization from aqueous
MeOH. Subsequent reaction with formamidine acetate in
refluxing 2-methoxyethanol provided the target compound
392

Scheme 85
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Scheme 86
CF3 CF3
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Nagata and co-workers required large quantities of 6-iodo-

4-trimethylisatin397, which was the key intermediate in the
synthesis of SM-130686308) (Scheme 86)?2 One of the

Humphrey and Kuethe

Scheme 88
MeO.__OMe
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84% NO,
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94%
M M
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= (¢]
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Faul and co-workers reported the large-scale preparation
of N-(azacycloalkyl) indolet09 via the modified Leimgru-
ber—Batcho synthesis originally described by Coe ef®al.
(Scheme 88)22 Condensation o404 with DMFDMA in the
presence of pyrrolidine at 6 for 5 h gave the pyrrolidine

preparative synthetic routes described in their paper utilized enamine 405 in 94% yield. Methanolysis 0f405 with

indole 396, which was derived from commercially available
2-methyl-3-nitrobenzotrifluoride303). Reaction 0393 with
N-iodosuccinimide in 96% sulfuric acid ga\d94 in 86%
yield. Condensation 0f394 with tris(dimethylamino)-
methané&?® in DMF yielded enamineg95, which was used
directly in the reductive cyclization step. Reduction of the
nitro group using buffered aqueous titanium(lll) chloride was

trimethylsilyl chloride in MeOH afforded06in 84% yield.
Catalytic hydrogenation o#06 with 5% Pd/C in MeOH
furnished407in quantitative yield. The reductive amination
of 407 was performed by addition ¢f08 to a solution of
NaBH(OAc) in AcOH at room temperature followed by
heating to 56-60 °C for 24—48 h to effect the cyclization
to indole409, that was isolated in 76% vyield by crystalliza-

accompanied by simultaneous hydrolysis of the enamine andtion from the crude reaction mixture after aqueous workup.

cyclizatiort?° to indole 396, which occurred in 83% yield
from nitrotoluene393. Indole 396 was converted in two
synthetic steps to the required isa®®7in 65% overall yield.

Duncton has reported the large-scale preparation of

6-chloro-5-fluoroindole 402) via a modified Leimgrubet
Batcho reaction (Scheme 8%7}.Indole 402 is the hetero-
cyclic core of the potent and selective 5-ifieceptor agonist
Ro 60-0175 403). Reaction of nitrotoluen899 with DMF
dimethylacetal at 140C under standard conditions afforded
varying amounts of the methoxy-substituted side prodQdt

in addition to the desired enamid@0. Reductive cyclization

of this mixture with Raney nickel and hydrazine in methanol
afforded indole202 which could not be separated fraffl
without resorting to careful chromatographic separation.
These problems were solved by simply condenS@gwith
N,N-dimethylformamide diisopropylacetal (DMFDIPA); these
conditions cleanly gave enamif®0 as the sole product.
Subsequent reductive cyclization with Raney nickel/hydra-
zine yielded indolet02in 60% overall yield from nitrotolu-
ene399

Scheme 87
_DMFDMA _ .
c No, 10T NO, ol NO,

399 DMFDIPA

140 °C

400 variable yields

F ~NMe,
m\/ Ra/Ni, NH,NH,
cl NO, MeOH, rt

60% two steps

F
X
N CH
Cl ' 3
NH,

400

403 Ro 60-0175

4.3. Reductive Cyclization of
o-Nitrobenzylcarbonyl Compounds

One of the oldest methods for the construction of indoles
is reductive cyclization ofo-nitrobenzylcarbonyl com-
poundst®* The classic Reissert indole synthesis involves
condensation of an-nitrotoluene410 with an oxalic ester
to give o-nitrophenylpyruvate derivativd11 followed by
reductive cyclization to indole-2-carboxylic acid derivatives
412 (Scheme 89} While the Reissert indole synthesis
has been utilized for the small-scale synthesis of a wide range
of both natural and unnatural products, the general applica-
tion of the Reissert indole synthesis for the large-scale
synthesis of indoles has received limited attention.

Scheme 89
oH Os_CO,R
3 .
R—/ | 1. (CO4R),, base redyctlye R—/ | A COR
N 2. H.0* Z cyclization S N
NO, 2 R H
NO,

410 a1

412

A modified Reissert procedure for the large-scale prepara-
tion of indole416 was recently reported which was used in
the preparation of the potent NMDA/glycine antago#is9
(Scheme 90)%¢ Chloronitrotoluene413 was iodinated to
provide iodide414 Treatment o#14with dimethyl oxalate
in the presence of potassium methoxide gave keto ddter
in quantitative yield. Reduction ¢£15 with iron, zinc, or
aqueous titanium trichloride yielded varying amounts of the
desired indole416 together with hydroxyquinolinond17
as a significant byproduct>(20%). When tin(ll) chloride
dihydrate was employed as the reductéfyydroxyindole
418 was obtained exclusively. Conversion4i8to indole
416 was effected in quantitative yield by reaction with
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Scheme 90
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aqueous TiGl A one-pot procedure was adapted whereby
reduction of415with tin(ll) chloride dihydrate was followed
by the addition of aqueous Ti¢lo give indole416in 51%
overall yield from414. Conversion to419 was completed

in 10 additional steps.

Jimenez and co-workers have reported the multigram
preparation of indold23via a Reissert reaction and its use
in the synthesis of the mitomycin derivativi’4 (Scheme
91) 137 Reaction of 3,6-dimethyl-2,4-dinitroaniso20) with
dimethyl oxalate in the presence of KB8u gave keto ester
421, which was crystallized in 63% yield. Reductive cy-
clization of 421 with stannous chloride in MeOH gave
exclusivelyN-hydroxyindole422in 60% yield where none
of the regioisomeric indole resulting from cyclization of the

o-nitrogroup was detected. This suggested that the least®

sterically hinderedo-nitro group underwent reduction/cy-
clization prior to reduction of the more sterically hindered
o-nitro group. Catalytic hydrogenation af22 furnished
indole423in quantitative yield, which was further elaborated
to the target compound24.

Scheme 91
NO, NO,
MeO Me (CO,Me), MeO. COCO,Me
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420 a
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Gallou has disclosed an efficient and practical synthesis
of 2-arylindole-6-carboxylic acid derivative430 via a
modified Reissert indole synthedf The key transformation
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Scheme 92
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involved an aromatic nucleophilic substitution/8) of aryl

nitro chlorides withj-keto esters followed by a one-pot
reductive cyclization/decarboxylation. As shown in Scheme
92, treatment of425 first with S-keto ester426 in the
presence of KGBu in NMP and quenching into HCI in
dioxane furnished intermediad7, which was not isolated.
Reductive cyclization o#27 by the direct addition of Fe/
AcOH to the reaction mixture and heating to 85 for 4 h
gave indole intermediatd28 The crude ester was then
subjected to decarboxylation (NaOH, MeOH, reflux) and
concomitant hydrolysis of the cyano group to give indole
429in 72% overall yield. The sequence was accomplished
without any isolation of intermediates or chromatography.
The methodology was also applied to the preparation of other
indoles430with overall yields ranging from 25 to 79%. The
authors also comment that, considering the operational
simplicity and cost-effectiveness of the protocol, this method
would be useful in the large-scale preparation of this class
of indoles.

Murakami et al. examined the Reissert indole synthesis
and discovered that reduction of 2-nitrophenylpyruvate esters
432 with either Pd/C in EtOH or PtQin either EtOH or
AcOH gave varying amounts of both the expected indole
product433and 3-hydroxy-1,2,3,4-tetrahydro-2-quinolones
434 (Scheme 93)2° They concluded that hydrogenation of

Scheme 93
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R ~ |
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N No,
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cat. = Pd/C ratio 433:434 Yield

5% PdIC
PtO,

90:10
7:93

81%
88%
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2-nitrophenylpyruvate esters with 5% Pd/C in EtOH was the Scheme 95
best conditions for the preparation of indoles by the Reissert o R
indole synthesis. However, up to 10% of quinolone byprod-  _~_x  Pdydba), 445 ’ s Z
ucts 435 was observed, as shown in the reduction of the R'{INO — m@? e R‘{I;\ﬁ&
sterically hindered 2-nitrophenylpyruvat81 Hydrogenation 2 s 2m "no, ' .
of the same substrate with Pt@ave a reversal in this 42 x=gra ™ s 444
selectivity, and quinolond34 was obtained as the major 44-78%
product. It was proposed that reduction of the enol tautomer ‘ E* THF, 50°C overal yield
432 was competitive under catalytic hydrogenation condi- B PCy,
tions, and the judicious choice of hydrogenation catalyst was “8 ZmeN O
crucial for control of the product distribution. Oy R Tk A

An extremely interesting acid-mediated indole ring closure 7 e| TEomn- R‘{IN&RZ
of readily availableo-tosylaminobenzylfurangt37 via a N"No, 4:'7
modified Reissert reaction (Scheme 94) has been demon- 446 05.90%
strated by Butin and co-worket$) Alkylation of either overall yield
2-methyl- or 2-ethylfuran436 with o-tosylaminobenzyl
alcohols435 was conducted in the presence of a catalytic Re = bh By, 77 2-OMeCehs, CHICH(Mel, (CHp}CO;ER, Me
amount of p-TsOH in refluxing CHCI, to provide the E = Me, CH,CO;Me
benzylfurangt37in high yields. The products were obtained
directly by crystallization from the crude reaction mixtures.  Buchwald has developed an outstanding approach for the
When compounds437 were heated in ethanolic HCI, synthesis of both 2-substituted indolé44 and 2,3-disub-
protonation, cyclization, rearrangement, and tautomerization stituted indoleg47 starting from readily available 2-haloni-
led to indoles441 in good to excellent yields. The indole trobenzened42and methyl or cyclic ketones (Scheme 95).
products were also isolated by direct crystallization from the Arylation of either 2-bromo- or 2-chloro-substituted benzenes

crude reaction. 442 with a number of methyl and cyclic ketones in the
presence of 1 mol % Blba), 4 mol % ligand445 2.5
Scheme 94 equiv of KsPQOy, and 20 mol % phenol (or 4-methoxyphenol)
Ry Ry in toluene at 3550 °C for 15-27 h gave the intermediate
Rjg\/\OH Cat. TsOH mm HCI, EtOH o-nitrobenzyl ketoned43 The use of a phenol additive in
R NH " CHyCly, reflux o4 combination with the phosphine ligand was found to be
! : Ri DA crucial for the successful preparation of tbaitrobenzyl
Ts /@ s 1 _ prep yl
435 Rs™ g as7 ketone intermediates. In the absence of any phenol additive,
436 low conversion to product was observed. Following an
69-82% aqueous workup, reductive cyclization £43to the 2-sub-
R; Ry stituted indole producté44was accomplished with aqueous
Ry O R \? TiCls in the presence of NMDAc in EtOH to furnish the
R N(‘Hg . N0 <R - indole products in moderate to excellent overall yields. It
! te Ro ! Ts ? was also reported that direct addition of an electrophile such
438 as Mel or methyl bromoacetate to the reaction mixture upon

completion of the ketone arylation, followed by heating to
50 °C, yielded the alkylated ketone intermediaté46.

Ry N Ry N Reductive cyclization of crudé46with aqueous TiGINH,4-
¢\ OH — :@;}g—\_(o OAc in EtOH gave access to 2,3-disubstituted ind@lég
" Ts Rs i Ts Rs in modest to excellent yields.
440 Another practical and attractive method for the reductive
an cyclization of ketonet53to give the protectedH-indol-2-
77-85% yl-1H-quinolin-2-one ring systerd54 of the potent KDR
R, = H, OMe kinase inhibitor455 has been described by Wong and co-
Ry = Me, Ph, 4-MeCgH,, 3-BrCqH, workers (Scheme 96}° Reaction of silyl-nitro compound
Ra= Me, Et 450, prepared in two steps from commercially available

4-nitrobenzyl bromidd48 with aldehydet51in the presence

The reductive cyclization af-nitrobenzyl ketones for the  of a catalytic amount of tetrabutylammonium fluoride
synthesis of 2- or 2,3-substituted indoles has long been(TBAF) furnished alcoho#52in 89% yield. Oxidation of
known to be a valuable method for the construction of 452 with Ac,O/DMSO gave keton&53 which could be
indoles. However, this method has been severely limited by crystallized from the crude reaction mixture in 78% yield.
available methods for the synthesis of the prerequisite The reductive cyclization o053 was accomplished under
o-nitrobenzyl ketones. While there have been advances whichhighly optimized conditions employing hydrogenation over
give ready access to these starting matetfals'>143the Raney nickel in order to minimize the formation oF
practical implementation of these methods for the large-scalehydroxyindole456. Under these conditions, indofb4 was
preparation of indoles has not yet been realized. However, obtained in 90% isolated yield by crystallization from the
recent reports have surfaced for the preparationoof  crude reaction mixture. When Pd/C or Pt/C was employed
nitrobenzyl ketones which should allow for the large-scale as the reductant\-hydroxyindole456 became the major
construction of highly substituted indoles from relatively product. Acid hydrolysis o#54 provided the target com-
simple precursors. pound455in near quantitative yield.
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Scheme 96
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4.4. Dinitrostyrene Reductive Cyclizations

The reductive cyclization obrtho-S-nitrostyrenesi57is
known to be an effective and proven method for the
construction of indoles where other methods have failed
(Scheme 97). Related to the Leimgrub&atcho indole
synthesis, the prerequisite ortfienitrostyrenegl57 are often
prepared by condensation of amitrobenzaldehyde with a

nitroalkane or nitration of a benzaldehyde precursor. Reduc-

tive cyclization has usually been carried out under the
standard reductive methods listed above.

Scheme 97

N0,
R |
NO.

2

reductive
cyclization

P
7N\
IZ/

457 458

Prota and co-workers reported an expedient synthesis of

5,6-dihydroxyindolet62which required no protecting groups

or chromatographic purifications and took advantage of the

reductive cyclization ob-S-nitrostyrenet61(Scheme 98)46

Scheme 98
HOJ@/CHO CH3NO, HO@/\/NOz C(NO,)s, ZnSO,
0
HO 95% HO 0.1 M NaHCOs3, EtOH
459 460 67%
HO:@E\/NOZ Na,S,0,, ZnSO, Hom
HO NO, 0.1 M phosphate buffer HO H
40°C

461
5% 462

Na,S,04, ZnSO4

RO. X NO;
Rom 0.1 M phosphate buffer

2 RO

RO.

Iz

463 R=Bn
464 R=Ac

465 R=Bn 90%
466 R=Ac 70%
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The required precurset6lwas prepared in two steps from
3,4-dihydroxybenzaldehyd#s9in 67% overall yield. Treat-
ment of 461 with sodium dithionite in a phosphate buffer
(pH 4) at 40°C in the presence of ZnS@fforded the desired
indole462in 52% yield. The use of N&QO, in the presence
of Zn(ll) ions was critical for the success of the reaction
and reproducibly provided62 in high purity, despite its
pronounced instability. In a similar fashion, reaction of the
protected precursor63and464 under the identical reaction
conditions gave indole$65and466in 90% and 70% yields,
respectively.

Chen and Leftheris et al. reported a general, large-scale
synthesis of 2-methyl-7-methoxyindolé70, a common
structural unit found in a number of biologically active
compounds, by the reductive cyclization gfmethyl-3-
methoxy-23-dinitrostyrene 469 (Scheme 99)#’ Attempts
to prepare469 by the direct condensation of commercially
available 3-methoxy-2-nitrobenzaldehyds{) with nitro-
ethane, in the presence of either ammonium acetate or
methylamine hydrochloride, gave low yields469 (<45%).
The poor yields were presumably due to oligomerization or
polymerization, and a stepwise preparation 469 was
developed. Treatment d67with nitroethane in the presence
of potassium fluoride and 18-crown-6 at room temperature
in 2-propanol gave the hydroxydinitro produtt8in 96%
isolated yield. Subsequent reaction 468 with acetic
anhydride and sodium acetate in the presence of potassium
fluoride and 18-crown-6 furnishedi69 in 96% vyield. The
reductive cyclization was carried out by hydrogenation of
469 with 10% Pd/C in a solvent combination of EtOAc,
acetic acid, and EtOH to afford 2-methyl-7-methoxyindole
(470 in 62% yield. Intermediate468 and 469 and indole
470 were isolated in a straightforward manner by direct
crystallization from the crude reaction mixtures. The syn-
thesis of indolest71—-474 via the same synthetic strategy
was also described.

Scheme 99
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4.5. Reductive Cyclization of
o-Nitrophenylacetonitriles

The reductive cyclization ad-nitrophenylacetonitriled75
for the preparation of indoles is also a useful method for the
construction of both 2,3-unsubstituted and 3-substituted
indoles476 (Scheme 100)#8-150

Recently, Walkington and co-workers utilized this process
for the preparation of 100 kg of 6-(trifluoromethyl)indole
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Scheme 100 Scheme 103
R

R
< {I\CN reductive R _(/\‘E\g
cyclization
A NO, Yy A H

475 476

480 (Scheme 1013°* Nucleophilic aromatic substitution of
4-chloro-3-nitrobenzotrifluoride4(77) with benzyl cyano-

acetate 478 in a suspension of ¥CO; in DMF gave NS
compound479in 97% yield after precipitation of the product [N]

from the crude reaction mixture by the addition of water. PA(TFA),, TMP MeQ N
The wet cake was used directly in the reductive cyclization T spsico N\ \
step. Hydrogenation of crud&79 with 5% Pd/C in EtOH DMF 80 °C H

involved a sequence of several transformations (i.e. reduction 95% a5

of the nitro group, hydrogenolysis of the benzyl ester,
decarboxylation, cyclization, and elimination of ammonia)

; ; o .
and gave indole480 in 88% isolated yield. The authors highly functionalized indolet54, which was subsequently

commented that the exact order of these events for thisde rotected to aive the potent and selective KDR kinase
remarkable transformation remained unclear. The synthesis. p 9 P

: - : : inhibitor 455(Scheme 1038 Treatment of the crude alcohol
ggggfgizﬁlth?ﬁ;;aetrhe same synthetic strategy was also 452 (Scheme 96) with trifluoroacetic anhydride (TFAA)
’ followed by elimination of the resulting trifluoroacetate with
DBU at 60°C in a one-pot operation afforded exclusively
thetransnitrostyrene486. The product was isolated in 80%

Kuethe and co-workers described the preparation of the

Scheme 101

O KGO, DMF =" s pac yield by direct crystallization from the crude reaction mixture.

/@: o o /@\)\CN e | /@f\} Under optimized reaction conditions which employed 0.1

FiC NO, TR e NO, ot meon  FiC N mol % Pd(TFA), 0.7 mol % 3,4,7,8-tetramethylphenanthro-
477 478 479 a8% 450 line (TMP) in DMF, at 80°C, and 15 psi of CO, indolé54

97% was isolated by crystallization from the crude reaction

mixture in analytically pure form and in 95% isolated yield.
The same group has also utilized this methodology for

the preparation of a number of 2,2nd 2,3-bisindoles491,

which were subsequently used in the synthesis of indolo-

L
N
HyC N MeO

g H

o
(9]
Iz /E

481 56% 482 39% 483 84% carbazole aglycod92and glycosideg93and494 (Scheme
104)15° For example, reaction of TMS-nitro compou#8?7
4.6. Reductive Cyclization of  o-Nitrostyrenes and indole 2-carboxaldehyd#88 with a catalytic amount

of TBAF afforded intermediate alcohdB9 Direct addition

The reductive cyclization of nitrostyrene compourdl of TFAA to the reaction mixture followed by elimination of

(Scheme 102) for the formation of substituted indoles has
received considerable attention since the pioneering work gcheme 104
of CadogafP?and Sundber§®first described the formation

of indoles by the deoxygenation of aromatic nitro compounds ™S

with trivalent phosphorus compounds (typically triethyl ¢ 1. Cat TBAF 2. TFAA
phosphite). While this reaction is broad in scope, the extreme NO, \ 3. DBU
reaction conditions150°C), formation of bottN-hydroxy- - @CHC one-pot
and N-ethoxyindole byproducts, and generation of large 50,Ph 85%

amounts of phosphorus waste render this transformation 488

impractical for the process chemist. The transition metal-
catalyzed reductive cyclization of aromatic nitro compounds
employing carbon monoxide as the stoichiometric reductant
has emerged in recent years as a highly versatile method for
the construction of indol€’$4 15" Due to the harsh reaction
conditions of many of these approaches which employ high
pressures of CO, high reaction temperatures, or high catalyst/
ligand loadings, these methods have remained only academic.
However, recent developments have now surfaced which

make this extremely efficient transformation a reality for the o O $ ) C' O $ ) O
NN N N

large-scale preparation of indoles.

cl
Pd(OAG),, PPhy O \_/ O
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MeCN, 70 °C N N
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H R
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Scheme 105
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the corresponding trifluoroacetate with DBU at 8D, in a
one-pot procedure, afforded exclusively thens-nitrostyrene
490 in 85% overall yield. Reductive cyclization af90
utilizing Pd(OAc), PPhin MeCN at 70°C, and 15 psi CO
furnished the unsymmetrical 2;Bisindole491in 96% yield.
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yield after aqueous workup. Presumably, methanolysis of the
isocoumarin functionality was followed by rapid tautomer-
ization to501 and cyclization to the corresponding indole.
This reaction closely resembles the Watanabe indole syn-
thesis involving the oxidative cyclization of 2-aminophen-
ethyl alcohols'®3

5.2. Nenitzescu Indole Synthesis

The classical Nenitzescu indole synthesis involves the
condensation ofp-benzoquinones with3-aminocrotonic
esters and is a highly regioselective method for the formation
1,2,3-trisubstituted-5-hydroxyindolé%:165166 While this
method provides a rapid means of preparing functionalized
5-hydroxindoles from simple, readily accessible starting
materials, isolated yields are typically low, presumably due
to an elaborate mechanism which provides numerous pos-
sibilities for side reactions. Despite this limitation, applica-
tions of the Nenitzescu indole synthesis for the large-scale
production of indole substrates continue to be reported.

Kasai et al. reported the large-scale preparation of indole
504, which was further elaborated to the antitumor indole-

Davies and Smitrovich et al. have reported the application quinone EO9 %05 (Scheme 107) Reaction of 503

of the highly active catalyst system utilized in Schemes 103

and 104 for the reductive cyclization of othertho-
nitrostyrenes under mild conditioA%®. The requiredortho-

prepared from 4-methoxyacetoacetate and ammonia, with 3
equiv of benzoquinone, in EtOAc at 3C containing 3.5
equiv of AcOH, for 16 h was followed by the addition of

nitrostyrenes used in this study either were commercially N&S,0, and adjustment of the pH to 7.5 using aqueous

available or were prepared by the synthetic sequencesNaOH. The resulting sodium salts of hydroguinone were
outlined in Schemes 103 and 104, or by a DBU-mediated fjjiered off, and indole504 was obtained in 49% yield after

addition of anortho-itrotoluene to benzaldehydes (Scheme
105). Optimization of the reaction parameters for the
reductive cyclization ofortho-nitrostyrenes497 was ac-
complished in an extremely rapid fashion employing a
parallel pressure reactor (PPR).Reductive cyclization of
498 in the presence of 0-41.5 mol % Pd(OAg or
Pd(TFA), 0.7-3 mol % 1,10-phenanthroline (phen), or

3,4,7,8-tetramethyl-1,10-phenanthroline (tm-phen), at 15 psi

CO at 80°C for 16 h in DMF, afforded good to excellent
yields of the corresponding indold99. The indole products
could be obtained by simply filtering the crude reaction
mixture and crystallization of the product. Since the only
byproduct of the reaction is GQthe reductive cyclization

of o-nitrostyrenes under these conditions offers significant

economic and environmental advantages.

5. Miscellaneous Processes

5.1. Cyclization of 2-Aminophenethyl Aldehydes

recrystallization. Indolé04 was then converted to EO9 in
10 additional steps.

Scheme 107
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Martinelli and co-workers utilized a Nenitzescu-based

Alper and Nguyen required several hundred grams of approach for the large-scale synthesis of LY31172078,

methyl 7-chloroindole-4-carboxylaté02 and devised an

a potent and selective s-PkAnhibitor (Scheme 1088

elegant, chromatography-free synthesis which was based orTreatment of crud&06, prepared by condensation of methyl
the intramolecular cyclization of a masked 2-aminophenethyl propionyl acetate and benzylamine, with 1.4 equiv of

alcohol (Scheme 108¥? Trifluoroacetamide500 was pre-
pared in four synthetic steps, in 23% vyield, from readily
available starting materials. The key indolization reaction
involved treatment 0500with H,SQy in refluxing methanol,
which afforded the desired indof2in nearly quantitative

Scheme 106
Ox, 0 Oy _-OMe CO,Me
| H,SO, H,0 QA
- CHO
MeOH, reflux N
NH NH, 98% | H
Cl  COCF3 Cl c

500

benzoquinone in nitromethane for 48 h furnished indil@
which precipitated from the crude reaction mixture in 69%
yield. The crude product was slurried in hot 1,2-dichloro-
ethane to give purg07in 52% overall yield. The preparation
of 508 was accomplished in seven additional steps.

lla and Junjappa and co-workers have reported the
preparation of the indolo[2,&}isoquinoliness11employing
a convergent Nenitzescu reaction between tetrahydroiso-
quinoline-derived enaminoné&®9 and benzoquinonesl10
(Scheme 109%¢° Reaction of equimolar amounts 809 with
benzoquinones§10in nitromethane for 2 days gave exclu-
sively the desired indolo[2,&}isoquinolines11in 68—75%
yield.
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Lewis and co-workers recently disclosed the extension of
the Nenitzescu reaction to the benzylimines of simple

ketones, thus proving that a stabilized enamine tautomeric

form of a5-dicarbonyl system is not a structural prerequisite
for the Nenitzescu reaction (Scheme 110)For example,
preparation and reaction of the benzylimines of cyclohex-
anone and 2-methylcyclohexano®d ®) in essentially a one-
pot procedure with benzoquinone afforded indole derivatives
513in 60% and 40% yields, respectively. In a similar fashion,
reaction of deoxybenzoin benzylamine gave indaldl in
60%, and reaction of the benzylimineafetralone furnished
indole 515in 59% yields.

Scheme 110
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In the same paper, Lewis and co-workers utilized this

approach for the preparation of the potent and selective

0-opioid receptor antagonis&l8 and 519 (Scheme 111).
For example, treatment of naltrexort §) or naloxone $17)
with benzylamine in the presence of TsOH followed by
reaction with benzoquinone in either nitromethane or EtOH
afforded indole618 and519in 55% vyield.

5.3. Hydroformylation of Anilines

Dong and Busacca have developed a two-step synthesis

of tryptamines and tryptophols from 2-haloanilin&22

Humphrey and Kuethe

Scheme 111

1. benzylamine, TSOH
toluene or EtOH, reflux

MeNO, or EtOH
516 R = H, naltrexone
517 R =Bn, naloxone

55%

involving a palladium-catalyzed Heck reaction followed by
a rhodium-catalyzed hydroformylation/cyclization/dehydra-
tion sequence (Scheme 112)Reaction of a variety of halo-
anilines with either N-tosylallylamine or N,N-di-Boc-
allylamine under standard Heck conditions (5 mol %
Pd(OAc), 10 mol % E-Tol)sP, NE§, MeCN, reflux)
afforded the corresponding Heck adduB®&3in modest to
good vyields. The hydroformylation/cyclization/dehydration
of functionalized aniline§23was accomplished by reaction
with 5 mol % HRh(CO)(PP¥); and PP}, at 70°C for 70 h

in the presence of #CO (1:1, 300 psi) to give the
tryptamines in modest to good yield. When the sequence
was carried out using allyl alcohol, tryptophol was produced.

Scheme 112
R Z I X Pd(OAc),, P(o-Tol)s R {IVNR'R'I
r — 2 s,
A NH, NEt3, MeCN, reflux X NH,
50-72% 523
522 X=Br, | R =H Boc
R" = fs, Boc
NRR"
HRh(CO)(PPhg)s, PPhy A
70 °C, Ho/CO (1:1, 300 psi) R | N
32.73% H
524
R' =H, Boc
R" =Ts, Boc

R = H; 5-Me; 6-OMe; 6-CF3; 7-Br; 5-Cl,7-Br; 5-Cl, 7-F; 5,7-F

5.4. Intramolecular Heck Cyclizations

The intramolecular Heck reaction has found much use in
the synthesis of carbazoles, indoles, oxindoles, and indo-

Scheme 113
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Table 42
Entry Todoaniline Ketone Indole
N~
. oaf
1 525a é N H
528 53%
R
525b 1 \@@
2 N
525¢ é H
529 R=H, 77%
530 R=CN, 61%
(o]
N‘NﬁQ
4 N\
3 525a @ <NA N
5§31 72%
4 N\
4 525a é/”e = N e
532 68%
o] - Me
oo
5 525a N ”
Me 533 65%, 8% regioisomer
Q
o (¢}
6 5250 Qo D
o N
534 55%
NCO,Et
NCO,Et N
7 525b N
O H
535 78%
N
A He A\
8 525b N
(e}
536 55%
9 525b Pyruvic acid N
537 82%
e msmes o)
10 525b N
OA\SiMe3 H

aData taken from ref 173.

538 64%
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example of a very straightforward and direct coupling of
o-iodoanilines with ketones via palladium catalysis to provide
indoles was described by Chen and co-workers (Scheme
113)173 The reaction pathway was assumed to be formation
of enamine$26followed by an intramolecular Heck reaction
to provide the indole§27. The choices of base and solvent
were found to be critical to the success of the reaction and
to minimize byproduct formation. When a nonoxidizable
amine base such as DABCO was used in DMF as solvent,
good yields of the intramolecular Heck cyclized products
were obtained.

The reaction was generally tolerant of substitution on the
aniline ring with a number of cyclic ketones, pyruvic acid,
and acetylsilane (Table 4). Addition of magnesium sulfate
(1.5 equiv) was found to promote the annulation in some
cases (entries 1, 2b, 4, 8, and 10), presumably aiding enamine
formation via removal of water. While this method was very
effective for the Heck cyclization employing aryl iodides,
the use of aryl bromides was not discussed.

Macor and co-workers required a large-scale synthesis of
the anti-migraine agent CP-122,28R16) (Scheme 11474
In their original synthesis, Heck cyclization of a monobro-
moaniline540gave the intermediat®43in good yield. The
problematic and low yielding formation of monobromo-
aniline 5401ed the authors to investigate the Heck reaction
on the more easily prepared dibromigi4l Thus, dibromi-
nation of the aniline539 using Be/MeOH/NaHCQ gave
dibromide541in 96% yield. Trifluoroacetylation and Mit-
sunobu coupling with the allylic alcoh&42 gave the Heck
substraté44in 92% yield. Intramolecular Heck cyclization
using Pd(OAc)and NBuCI in the presence of triethylamine
gave the highly substituted indo®45 (X = Br) in a very
respectable 76% yield®> Reduction of the CBZ moiety and
hydrogenolysis of the bromine at the 7-position provided CP-
122,228 546). It was noted that this highly efficient Heck
cyclization of dibromoanilines may provide a general
synthesis of 7-bromoindole derivatives and, via further
transformation, of more complex 7-substituted indoles not
easily accessed via other methods.

The large-scale synthesis of a key intermediate useful for
the preparation of DP antagoni34 was recently described
by Shafiee et al. (Scheme 118§.The approach involved
the enzymatic hydrolysis of racemic indole es&&0 and
subsequent functionalization of the chiral indole aBkil
The synthesis 0650 was carried out by condensation of

lines12However, relatively few reports of large-scale indole 2-bromo-4-fluoroaniline47) with the keto esteb48using
syntheses utilizing the intramolecular Heck reaction were P(OEt} as the dehydrating agent to afford the relatively
found in the literature over the last 10 years. The first hydrolytically stable imine549 in >98% vyield. Intramo-

Scheme 114
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pewe)

CO,Et

F
CO,Et

550

Iz __

F
\©\/§j'z/cozH. DCHA

A very elegant asymmetric synthesis of the same DP
antagonist34 using an intramolecular Heck reaction to

Scheme 115
E Br O co,kt
\@: . é) 1.2 equiv P(OEt)s, 4 mol% HyPO,
NH +70 °C, 4 h, (98% conversion)
2
547
1) 3 mol% Pd(OAC),, 12 mol% P(o-tol)
2 equiv Et3N, DMAc, 90 °C, 6 h
(73% overall)
1. 20 wt% Pseudomonas fluorescens
pH~8.3, +28 °C, DMF/Water, 36 h
2. KOH
3. DCHA H
551
F
— \ .
—_— N
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Me
34
Scheme 116
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_—
- ,—CO.H
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lecular Heck cyclization using Pd(OAcand Po-tol); in
DMACc provided indole esteb50 in 76% vyield. Efficient
enzymatic hydrolysis d850with Pseudomonas fluorescens
and removal of the§)-acid by basic workup was followed
by basic hydrolysis to give theRj-indole acid551, which
was isolated as the dicyclohexylamine (DCHA) salt in 45%
overall yield (Scheme Z¥¢ Introduction of the methyl
sulfone and benzyl moieties provided the DP antag@4st

in 65% overall yield from551, where the whole sequence
was carried out on a 250 kg scale.

Scheme 117

1. KZCO3 Acetone

N\ COEL
R1_\ |
NHTs

555

R'COCH,Br

44-94%

R¢ =H, 6-Cl, 5-Cl, 6-OMe, 5-OMe.

R, = Ph, 4-CI-Ph, 4-MeO-Ph, Et, Cyclopropyl,

Cl

construct the tricyclic core was described by Campos et al.
(Scheme 116)77 Although not fully developed for large-
scale use, the key indole-forming sequence is worthy of note.
The amide552 prepared via Trost® asymmetric allylic
alkylation of cyclopentenyl acetate and subsequent amidation
with dibromofluoroaniline, was subjected to iodolactamiza-
tion and elimination to provide the bicyclic lactam Heck
precursor553 in 85% vyield over two steps. Palladium-
catalyzed Heck reaction under a number of conditions
reported in the literature gave incomplete conversion to
554171179 Complete conversion t654 was obtained when
the intramolecular Heck reaction was carried out employing
ligand-free conditions using Pd(OAc)letracycle554 was
converted td4 in six steps with retention of optical purity.

5.5. Intramolecular Michael Addition/Elimination

A practical, one-pot 2-acylindole-3-acetic acid synthesis
via an intramolecular Michael addition was described by
Stevens and co-workers (Scheme 1¥?)Treatment of
sulfonamide$55with bromoacetophenones and potassium
carbonate generated the indolirEst. Subsequent addition
of a stronger base such as DBU or,C8&; promoted
elimination of toluenesulfinic acid and aromatization to afford
the indolesb57 in excellent yields.

This methodology was applied to the very simple and
highly efficient, large-scale synthesis of the selective cy-

COzEt COZH
Base
N
H Ry

556 557

N\'%,_ N\"y_ N %
DR w
\

= =z

OMe
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Scheme 118
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clooxygenase-2 (COX-2) inhibit&61as described by Caron
et al (Scheme 11838 Thus, Heck reaction of 2-bromo-5-
chloronitrobenzene568) with ethyl acrylate gave the cin-
namate559in 95% yield. Reduction and protection of the
resultant aniline furnished sulfonami&®&0. Alkylation of
560 with a-bromoacetophenone using,®0; in DMAC
afforded the dihydroindole intermediate. Addition of sodium
hydroxide to the same pot promoted both the elimination of
the toluenesulfinic acid and hydrolysis of the ester to provide
acid561in 82% overall yield.

5.6. Madelung —Houlihan Indole Synthesis

Although the MadelungHoulihan indole synthesi® has
seldom been utilized for the large-scale preparation of

indoles, a recent application deserves mention (Scheme

119)183 A large-scale route to tricyclic indo68 which is

the synthetic precursor to the 5-ktlreceptor agonisb69,
was developed where the key step in the process involved
the Madelung-Houlihan indole synthesis between aniline
562and morpholine amidg64. Treatment 0662 with sec
butyllithium at—40 °C afforded the dilithiated intermediate
563 Cooling to—78 °C and reaction with amidé64 gave

the tetrahedral intermediate lithiumN,O-semiacetal565,
which upon acidic workup afforded ketoB&6in 94% yield.
Cyclization to indole567 was accomplished by treating
ketone566 with in situ generated HCI in MeOH. Reaction
of 567 with NaOH/Nal in DMSO/HO resulted in cleavage
of the N-Boc group and cyclization to give the target
compounds68in 92% isolated yield from ketong66. The
overall sequence did not require any chromatographic
purifications and gav&68in excellent overall yield.

5.7. Plieninger Indole Synthesis

The Plieninger indole synthesis involves the conversion
of a 2-aminodihydronaphthalene to a 4-substituted indole.
The lack of available synthetic methods for the preparation
of the starting materials has severely limited the utility of
this reactiont®* Recently, Kerr and co-workers extended the
synthetic utility of the Plieninger indole reaction and applied
the method toward the synthesis of 5-hydroxy-, alkoxy-, and
alkyl-4-alkylindoles573 (Scheme 120%° Diels—Alder cy-
cloaddition of quinoid imine derivativeS569 with various
butadienes70 provided the cycloadducts71 in good to
excellent yield. Oxidative cleavage of the resulting double
bond yielded a dicarbonyl intermediat’2, which upon
treatment with anhydrous acid cyclized to give highly
functionalized indoles573 The overall sequence only
required two purifications and represents an expedient
method for the construction of indoles of typ&3
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