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1 Introduction

Ever since the early studies, more than 100 years ago,
by Baeyer! and others on the chemistry of indigo,
isatin, and related compounds, indole and its myriad
derivatives—both natural and unnatural—have
captured the imagination of organic chemists,
especially with regard to syntheses of the indole ring
system.?”” Because the present review is restricted to
coverage of the 1990-1993 literature, some excellent
indole syntheses that were not utilized during this
period are not covered herein (e.g., those of Houlihan,®
Saegusa,® and Smith!?). Furthermore, with a few
exceptions, syntheses of oxindoles, indolines, isatins,
indoxyls, and related indole analogues, like carbazoles
and carbolines, could not be included for reasons of
space. This was unfortunate, since, for example,
several excellent new oxindole syntheses have been
reported during this period.!!-!* The organization of
this review follows the type of reaction involved in the
key step. In some cases, new or previously unnamed
syntheses are named according to their discoverer(s)
and/or developer(s).

2 Sigmatropic rearrangements
2.1 Fischer indole synthesis

Despite its myriad complications, rearrangements, and
mechanistic mysteries, the Fischer indole synthesis, in
which the key step is a [3,3]-sigmatropic
rearrangement, remains the epitome of indole ring
construction methods, and an exhaustive review is
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available.!’ Nevertheless, recent years have seen
several improvements and novel applications of this
classical reaction,!%!7 as well as new mechanistic
surprises.

2.1.1 Methodology

The use of zeolites improves the regioselectivity in the
Fischer indolization of phenylhydrazones from
unsymmetrical ketones (Scheme 1),'%!° and Eaton’s
reagent (P,05/MeSO;H) is highly regioselective in
furnishing the 3-unsubstituted indole (Scheme 2).2
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Katritzky has found that the combination of (85%
H;PO, )/toluene is crucial to a greatly improved
preparation of nitroindoles (Scheme 3),2! and
Abramovitch used 96% HCO,H and microwave
irradiation to synthesize efficiently
1,2,3,4-tetrahydro-1-oxo-S-carbolines (Scheme 4).2

2.1.2 Applications

Thummel and his colleagues have made excellent use
of the Fischer indole reaction in their syntheses of
‘polyaza cavities’ such as pyrido[3,2-glindoles and
higher condensed molecules.?*-2° Cook has reviewed
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his work on the Fischer indole construction of the
7,12-dihydropyrido[3,2-b:5,4-b']diindole ring system
from 4-oxo-1,2,3,4-tetrahydro-B-carbolines.? Soll
and his colleagues at Wyeth-Ayerst have made
extensive use of the Fischer reaction with dihydrofuran
to synthesize etodolac derivatives (Scheme 5),%” and a
Mexican group has developed a protocol that avoids
pyrazole formation in the preparation of

(B-oxo)indol-3-yl ketones.?
(i), () '
F N" NH, 48% F N OH
H Br H

Reagents: (i) "O”, HCI, THF; (i)} ZnCl,, (HOCH,), 170 °C

Scheme 5

Likewise, an excellent new procedure for the synthesis
of ethyl 3,3-dimethyl-3 H-indole-2-carboxylate has
been reported (Scheme 6).°
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Black and co-workers have used the Japp-Klingemann
reaction as an entry to certain phenylhydrazones
which were then converted into 7-substituted
(heterocyclic) indoles (Scheme 7).%°
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Not surprisingly, the Fischer indole synthesis
continues to find employment in the indole alkaloid
field. In an elegant total synthesis of { — }-physovenine,
an alkaloid of the calabar bean, Takano et al. utilized a
non-acidic Fischer indolization as a key step in their
sequence {Scheme 8).3!

Scheme 8

This group used the same strategy in a synthesis of
several cuparene sesquiterpenes.32 Bosch and his
colleagues have employed the Fischer indole synthesis
in an approach to dasycarpidone,* and Hart has
utilized this indolization in the context of gelsemine
model studies.?* Finally, the Fischer reaction was used
to prepare fused indoles such as the
indolo[3,2-b]indole ring system (e.g., 1°%) and the
5,10-dihydroindeno[1,2-bJindole ring system

(e.g., 23).
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2.1.3 Mechanism

Since this review is primarily directed at the synthesis
of indoles, the discussion of mechanistic abnormalities

in the Fischer indolization will be brief. Luis and
Burguete have discovered a large amount (up to 40%)
of the 1,2-methyl migration product 3 during the
course of a study (Scheme 9),%” and a similar substrate
was found by an Italian group to give the rearranged
product 4 (Scheme 10).
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Ishii and co-workers have extensively investigated the
Fischer indolization reactions of the arylhydrazones of
ethyl pyruvate, uncovering abnormal pathways and
isolating multiple products from some substrates.>"*!
Likewise, in cyclic systems, one often encounters
unusual reaction pathways (Scheme 11).42
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A detailed mechanistic study by Hughes and Zhao
has revealed that in strong acid, such as MeSO;H, the
benzene ring of the phenylhydrazone can be
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protonated and that tautomerization of the hydrazone
is rate limiting.** Another careful investigation
provides evidence, including !°N labelling
experiments, for the interesting pathway shown in
Scheme 12,** leading to the unexpected product 5,
which is formed in addition to the expected (major)
product 6.
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2.2 Gassman indole synthesis

The elegant Gassman indole synthesis,* which
features a [2,3]-sigmatropic rearrangement, has been
employed only sparingly in recent years. Smith has
used this methodology in the first reported syntheses
of the alkaloids ( + )-paspalicine and ( + )-paspalinine,
the indole-forming step of which is depicted in Scheme
1346

A Japanese group has extended the Gassman
protocol in a clever way.*” Following the preparation
of the azasulfonium salt and its rearrangement to 7,
these workers found that acid treatment of the derived
sulfonamides smoothly leads to indoles (Scheme 14),
presumably via an episulfonium intermediate. A wide
range of indoles were prepared in yields up to 95%
(e.g., 5-OMe, 5-Me, 5-Cl, 5-NO,, 7-OMe, 7-Cl, and
7-Me).
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2.3 Bartoli indole synthesis

One of the most exciting recent developments in
indole ring construction is the elegant discovery made
by Bartoli and his co-workers that nitroarenes and
nitrosoarenes react with vinyl Grignard reagents to
afford indoles (Schemes 15 and 16).48-

The scope, limitations, and mechanism of these
reactions have been explored in substantial detail by
Bartoli. The mechanism suggested by Bartoli for the
nitrosoarene case is shown in Scheme 17.%
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The Bartoli indole synthesis has been found to be
far superior to the Gassman synthesis for the
preparation of 7-hydroxyindole 8, as shown in Scheme
18.5! Noteworthy is the use of the benzhydryl
protecting group which was preferable to benzyl in the

Grignard step.
0 .
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This same group of researchers adapted the Bartoli
synthesis to an excellent preparation of 7-formylindole
9 (Scheme 19), in 68% overall yield on a 70-gram
scale.>?
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However, in a recent synthesis of the topoisomerase
I1 inhibitor BE 10988, Moody found that the Bartoli
indole synthesis did not provide the requisite
5,7-dioxygenated indole starting material.’?

2.4 Miscellaneous sigmatropic rearrangements

A [3,3]-sigmatropic rearrangement is the crux of a
short synthesis of the benz{glindole 10 (Scheme 20),3
and a [2,3]-sigmatropic rearrangement sets up the final
indolization in the allene 11 (Scheme 21).5°

3 Nucleophilic cyclization
3.1 Madelung indole synthesis

Like the Fischer and Bischler indole syntheses, the
Madelung indole synthesis has had a long, rich history
since its discovery some 80 years ago.>® This
cyclization method, involving the reaction of
ortho-alkylanilides with strong base at high
temperatures, has seen a number of improvements
over the years. For example, Bartoli has reported the
intramolecular Peterson olefination of
ortho-trimethylsilylmethyl anilides under mild
conditions (Scheme 22),%7 and, more recently, he
extended this methodology to the synthesis of
N-unsubstituted indoles (Scheme 23).%8
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Mild conditions also prevail in a directed-metalation
route to Madelung-reaction type intermediates, as
shown in Scheme 24.5%-%° Several substituted indoles
were prepared in this study. Moreover, the
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employment of Weinreb’s amides allowed for the
construction of 2-substituted indoles by trifluoroacetic
acid induced cyclization and deprotection of 12
(Scheme 25).59-60
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Despite these modernizations, the classic Madelung
cyclization still finds use in indole ring construction.
Thus, an Italian group found the Madelung indole
synthesis to be the choice method for the preparation
of the antithrombotic-drug-candidate precursor 13
(Scheme 26).5!
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Bergman has developed several variations of the
Madelung rection to craft nitroindoles (Schemes 27
and 28);%2 many examples are described and the
mechanism is discussed in this paper.®?

NO, NO,
CH,
OFL (COzEY), |
b/
N R R N" R
H
Scheme 27



NO, NO,
C“’o {CO-EY, '
A KOEt
N R? DMF N R?
R! R'
Scheme 28

3.2 Schmid indole synthesis

In what might be construed as a ‘reverse-Madelung’
indole synthesis, Molina has utilized a reaction, which
was originally discovered by Greuter and Schmid,* to
prepare indolo[1,2-c]quinazoline precursors such as
14 (Sclieme 29).54
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3.3 Wender indole synthesis

The Wender indole synthesis involves the
ortho-lithiation of N-phenylamides followed by
reaction with a-haloketones and subsequent ring
closure and dehydration.5> Sainsbury and his
co-workers have explored both the Bischler and
‘Wender indole syntheses in order to prepare
dihydroindenoindoles such as 15, but only the latter
method worked reasonably well.5¢ They found that the
addition of ceric chloride somewhat suppressed the
enolate formation side-reaction (Scheme 30).
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3.4 Couture indole synthesis

Couture and his group have described a simple indole
synthesis based on the Wittig-Horner reaction.5”8
The cyclization is extremely general and high-yielding,
affording a variety of indole types (Schemes 31-33).
The nature of the base dramatically affects the
outcome of the reaction (cf,, Schemes 32 and 33).
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4 Electrophilic cyclization
4.1 Bischler indole synthesis

The venerable Bischler indole synthesis®-’® and its
several variations involve the electrophilic cyclization
of a-arylaminoketones or their synthetic equivalents.

In a study of indole-based conducting polymers and
CC-1065 analogues, Dmitrienko and co-workers used
the Bischler indole synthesis to prepare the two
pyrroloindole ring systems 16 and 17 (Schemes 34
and 35).7' The mode of cyclization in each case was
correctly predicted by FMO analysis.
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Basanagoudar deployed the Bischler indole
synthesis as the key step (Scheme 36) in the
preparation of several diazepino[1,2-alindoles 18.72
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CH,CH.CN CH,CH.CN

18 (R' = CH,, Ph
R? = H, CH,, OMe, OEt
R® = CH,, Ph)

Scheme 36

4.2 Nordlander indole synthesis

The Nordlander modification of the Bischler indole
synthesis involves a combination of trifluoroacetic acid
(TFA) and trifluoroacetic anhydride (TFA A ) to effect
cyclization of an N-trifluoroacetyl-2-anilino acetal (19)
to the corresponding N-trifluoroacetylindole 20
(Scheme 37).73
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A slightly different version of the Nordlander’s route
used zinc chloride in a synthesis of the topoisomerase
Il inhibitor BE 10988 21, although the yield of the
indole-ring forming step (Scheme 38) was only
modest.”*
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The Nordlander cyclization was employed by
Dmitrienko to fashion the pyrroloindole ring system
22 as shown in Scheme 39.7!
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Earlier, Sundberg developed an important
modification of the Nordlander indole synthesis, which
employs TiCl, in the cyclization of
N-methylsulfonyl-2-anilino acetals.”

4.3 Nitrene cyclization

Several different approaches to the generation and
cyclization of nitrenes to indoles have been explored
over the years. As a result, this strategy has emerged as
a powerful indole construction method.

4.3.1 Cadogan-Sundberg indole synthesis

Cadogan’® and Sundberg’” discovered, independently,
that o-nitrostilbenes and o-nitrostyrenes are
deoxygenated by triethyl phosphite to a nitrene (or
equivalent) which then cyclizes to form the indole ring.
The cyclization of a-nitrostilbene was also reported.”
Several variations of this reaction have been
described in recent years. Thus, o-nitrostilbene is
deoxygenated and cyclized to 2-phenylindole with a
ruthenium catalyst (Scheme 40),7® and S-nitrostyrenes
and dialkyl phosphites give rise to
3-dialkoxyphosphoryl-1-hydroxyindoles

(Scheme 41).7°
NO, co 4 N” Ph
H
Scheme 40

Russell and co-workers have reported the
conversion of 2-nitro-1,1-diphenylethylene derivatives
to 3-phenylindoles as shown (Scheme 42).8°
Likewise, Gelmi and his colleagues have employed this
indole ring construction to prepare (unexpectedly) a
series of azepino[1,2-alindoles (e.g., 25) by
rearrangement of the initially formed indolylpyranones
24 which were prepared from 23 (Scheme 43).8!
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4.3.2 Sundberg indole synthesis

Although several groups, apparently simultaneously,
discovered that 0-azidostyrenes and B-azidostyrenes
could be converted to indoles on pyrolysis,??
Sundberg?? and Hemetsberger (vide infra) developed
these observations into useful indole construction
methods. Thus, Sundberg reported that the
thermolysis of 0-azidostyrenes gives rise to indoles,
apparently via nitrene formation and electrophilic
cyclization (Scheme 44).83 However, this reaction was
not particularly successtul in a bis-azide application.?*
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4.3.3 Hemetsberger indole synthesis

Although a relatively recent indole synthesis, the
discovery by Hemetsberger that a-azidocinnamates

undergo smooth thermolysis to afford
indole-2-carboxylates has proven to be very useful in a
number of instances. The reaction is exceptionally
clean and the yields are high (Scheme 45).5

Moreover, the a-azidocinnamates are readily prepared
by base condensation of ethyl azidoacetate with the
appropriate benzaldehyde.

yZ X CO,Et o Z
x— | — x| |
. Ns A _n.

X = 4-Me, 4-C|, 4-Br,
4-OMe, 6-Me, 6-Cl,
6-Br, 6-OMe, 6-F

Scheme 45

The Hemetsberger indole synthesis afforded an
entry to 2-cyano-4-hydroxyindole 26 in 30% overall
yield from salicylaldehyde (Scheme 46).2° Indole 26 is
useful in the preparation of cyanopindolol and other
pharmaceuticals.

Thermolysis of 27 was the key manceuvre in the
synthesis of the marine indoles { + )-cis- 28 and
{ £ )-trans-trikentrin A, as summarized for the former
in Scheme 47.%7 It is important to note that no
isoquinoline ring formation, by insertion into the
benzylic CH, group, was observed.

OMe

OH OBn

OH OBn

) H, Pd—C
(i) PPSE
| 76% |
N~ CN N~ “CONH,
H H
26
Scheme 46

In earlier work, it was found that thermolysis of
azide 29 leads to indole 30 in high yield (Scheme
48).5% However, on exposure to triethyl phosphite, 29
is converted into aziridine 31, presumably via
iminophosphorane formation and attack on the
epoxide.
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4.4 Queguiner azacarbazole synthesis

Queguiner and his colleagues have reported a

remarkable cyclization to a pyridine (pyridinium) ring
leading to an excellent S-carboline synthesis (Scheme

49).%° This protocol has also been applied to

azacarbazoles in general.”® The biaryl substrates are

neatly crafted using a combination of
palladium-catalysed cross-coupling and
directed-metalation technologies.
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4.5 Miscellaneous electrophilic cyclizations

Mercuric acetate smoothly transforms amine 32 into
tetrahydrocarbazole 33 (Scheme 50).°! The starting
amino olefin was prepared vig an amino Claisen
rearrangement. A novel amidoselenation reaction was
found to be very effective in the cyclization of
amidostilbene 34 to indole 35 (Scheme 51).92
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The use of PhSeBr was less effective. An accidental
discovery has led to a new indole ring synthesis
(Scheme 52).°2 The starting materials 36 were
prepared from substituted methyl anthranilates. In the
key acid-promoted cyclization of 37 — 38, it was found
that H,S prevents the formation of the 3-chloro
derivatives.
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In a most unusual role for benzoquinone,
Echavarren reported the novel indole synthesis shown
in Scheme 53,°4 in which hydroquinone is isolated in
62% yield. A fascinating mechanism is proposed by
Echavarren for this transformation.

NH

(o) Ph

om CH,Cl, F38 . OEt,
rt.
o] 52%

Scheme 53

5 Reductive cyclization
5.1 o, B-Dinitrostyrene reductive cyclization

The ancient reductive cyclization of

0, B-dinitrostyrenes to indoles continues to enjoy
popularity—both in application and methodological
improvements. Three separate groups have utilized
this indole ring construction to craft methoxyindoles.
Both Fe/HOAc and NaBH, /Pd/C are reported to
furnish 4,7-dimethoxyindole 40 in good yield from the
corresponding dinitro precursor 39 (Scheme 54).%°

OMe OMe
S NO. Fe
—_— |
NO, HOAc N
71% H
OMe OMe
39 40
Scheme 54

Indole 40 was also synthesized on an industrial scale,
using catalytic hydrogenation in the key step.”®

This latter method was employed in the first
synthesis of the potent insect antifeedant
dithyreanitrile 41 as summarized in Scheme 55.%7

The use of TiCl, to cyclize o, 8-dinitrostyrene to
indole has been described,’® and this cyclization has
been accomplished using electrolysis, as has the
conversion of 2-nitrophenylpyruvic acid to
indole-2-carboxylic acid, in modest yields.”

5.2 Reissert indole synthesis

The classic Reissert indole synthesis, involving the
reductive cyclization of o-nitrophenylpyruvic acid to
indole-2-carboxylic acid, has been largely supplanted
by newer methods, although a number of
modifications and variations have been described in
recent years. A series of substituted 2-nitrophenyl-
acetaldehyde acetals, prepared from the

CHO NO.
(). 0 X
72%
NO. NO,

2
OMe OMe

61% | (i)

(o]

O
I (), (v) '
92%

N NH, N
OMe H OMe H

81% | (i)

MeS SMe MeS, SMe

| o (vii) | CN
81%
N NH, N
H
ome H OMe
41

Reagents: (i) CHyNO,, NaOH, MeOH; (i) Ac,0, NaOAc, A;
(i) H,, 10% Pd-C, HOAc, EtOAC;
(iv) (COCI), E1,0, 0 °C; (v) NH,OH, 0 °C;
(vi) TMS-SMe, F,B.OEt,, MeCN;
(vii) POCl, pyr, 0 °C

Scheme 55

corresponding styrenes, was cyclized to indoles
(Schemes 56).!°° Castedo and colleagues published a
new route to benzo[b]carbazoles and
indeno(1,2-bJindoles using a simple
reductive-cyclization protocol.!®! An example of each
is shown in Schemes 57 and 58, respectively.

=~ CH(OR)2 Fe HOAc =
X | — x| |
N EtOH HCl =~
NO, 17-86% ”

R = Me, Et, Bd', Bu"
X = H, 4-OMe, 4-Me, 4-Cl,

5-OMe, 6-Me
Scheme 56
OMe
OMe
(o}
MeO O
O‘ NO,
MeO OH
o]
KBH, |PrOH rt.
92%
(o]
PDeSwod
MeO N OMe
o H
Scheme 57
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The use of a twin Reissert-like indole synthesis was
employed to build the indolo{3,2-b]indole ring system
42 for use as a spin-containing unit for polaronic
magnetic materials (Scheme 59).84

HOAc HCI
SnCl,| 80°C
67%

H

N CO,E
E1O,C N
H

42
Scheme 59

5.3 Leimgruber-Batcho indole synthesis

Since its inception some 20 years ago, the
Leimgruber-Batcho indole synthesis has enjoyed great
success in the preparation of benzene ring substituted
indoles.!92-1%4 Modified versions now exist.!% In the
original synthesis, illustrated in Scheme 60 for the
preparation of 6-methoxyindole,!% the appropriate
nitrotoluene is condensed with DMF-acetal to afford
the anticipated -dialkylamino-2-nitrostyrene.
Hydrogenation gives 6-methoxyindole in 76% yield

for the two steps.
CHa (Me0),CHNM O
,
Qs o
MeO No, L DMF
H 105°C MeO NO,

10% Pd-C
Hp EtOAc

76% (two steps)

MeO N

H
Scheme 60
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Stanetty and Koller used the Leimgruber-Batcho
protocol to synthesize indoles 43 and 45. By
performing the reductive cyclization at room
temperature in THF, these workers could isolate
N-hydroxyindoles 44 and 46.'%7

Me\N o R
I
N
|
R
43 R=H 45 R=H
44 R=OH 46 R=OH

Macor and his team at Pfizer have synthesized
several rigid analogues of serotonin, such as 47, using
the Leimgruber-Batcho method.!%® Another group has
utilized nickel boride in the reductive cyclization step
(Scheme 61) in a synthesis of a metabolite of an
ergoline derivative.'%°

(o}
I
NMe:.
N 2
H
47
NSNS NSNS
9
= NiB |
NoH, . H
BnO NO; zMQOHzO BnO n
75% (two steps)

HC (ND):’

110°C
NSNS

CHa

BnO NO,

Scheme 61

In an important extension of the
Leimgruber-Batcho methodology, an Italian group
was able to prepare the 2,3-disubstituted indole 48 as
shown in Scheme 62 .°!

5.4 Makosza indole synthesis

An excellent reductive cyclization protocol, which was
developed by Makosza,!'!? has been exploited
extensively by Macor and his colleagues to synthesize
both indoles and 4-azaindoles.!!!-'!2 Two examples are



@\/NW? () CICO(CH,)¢COMe
NO;, () aq. dioxane A
48%

CO,Me
m(\/\/\/

HCHaJeCHa
koBut [ OM

CO,Me
N CoMo *-EOH THF
H z a%
48

Scheme 62

listed in Schemes 63 and 64. A key feature of the first
synthesis is the use of the Makosza ‘Vicarious
Nucleophilic Aromatic Substitution Reaction’
(VNASR)!10.113 tg install the acetonitrile side chain.
Macor’s second application featured the use of a
carbon acid in the Mitsunobu reaction to lead
eventually to 3-substituted indoles (Scheme 64).

Bu'O

\Q NeOBY' ¢ | N\
THF rt
Z Ao,
ol
KoBy' ‘O
OCH,CN

61%
Bu'O N Hy Buv'o N
/ B
Scheme 63
MeO
NO, ) Pncmm)o;q
Pd-C
Hy Bu"OH
58%
Ph
eO
( U Me
l
N
H
Scheme 64

6 Oxidative cyclization
6.1 Watanabe indole synthesis

In an extension of their earlier reported method of
indole synthesis from anilines, glycols, and a
ruthenium catalyst,!!4!!5 Watanabe and co-workers
have described the intramolecular version of this
reaction.!'® Thus, condensation of 2-nitrotoluenes
with formaldehyde affords, after reduction, the
requisite 2-aminophenethyl alcohols 49. Exposure of

the latter to a homogeneous ruthenium catalyst gave
the corresponding indoles 50 in excellent yields
(Scheme 65).

—d RUC'}(P‘P’Gha)g z
R | OH R I [J+He
3O el
49 50
R= 4-Br, 4-Cl, 6-Cl,
5-OMe, 6-Me

Scheme 65

A one-step version of this synthesis was also
discovered. Thus, treatment of 2-nitrophenethyl
alcohol with a mixture of Rh/C and RuCl,(PPh;); in
the presence of H, afforded indole in 96% yield.!¢
Not surprisingly, indoline was oxidized to indole
(100%) with RuCl,(PPh,), in refluxing toluene.

This Watanabe indole synthesis was used
successfully in an elegant synthesis of the teleocidin
analogue 56, as outlined in Scheme 66.'!"

Although attempts to apply the Leimgruber-Batcho
indole ring synthesis to dinitro 51 failed, this
compound was converted in excellent yield to amino
alcohol 54 via 52 and 53. A Watanabe oxidative
cyclization afforded the desired indole 55 which was
further transformed into the target molecule 56.

6.2 Miscellaneous oxidative cyclizations

Although a relatively unexplored synthetic route to
indoles, oxidative cyclization does play an important
role in the biosynthesis of the melanin pigments.
Carpender has developed carefully defined conditions
for the synthesis of 58, a stable protected form of
N-methyl-5,6-dihydroxyindole 57, which is a
precursor to melanin polymers (Scheme 67).!18

Manganese dioxide has also been used in the
oxidative cyclization of
tricarbonyliron-cyclohexadiene complexes, leading to
carbazoles.!'%12° For example, Knolker applied this
method to a synthesis of 4-deoxycarbazomycin B 59
(Scheme 68).12°

A Japanese group has discovered a very efficient
oxidative cyclization route to 5-hydroxyindoles,
involving the cyclization of
aminoethyl-p-benzoquinones (Scheme 69).!2!
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HOAc
EtOH A
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(o] HO.
(i) p-TsOH,MeCN |
NH ——————
o] Flt (i) 10% Pd-C PhH
Br A Br
95%

rz

R = TMSCH,CH,0CO
Scheme 69
The latter are prepared by oxidation of the

appropriate 1,4-dioxygenated benzene with
phenyliodine bis(trifluoroacetate).

7 Radical cyclization

In recent times, radical cyclizations have pervaded all
aspects of organic synthesis and the construction of the
indole ring is no exception. Most of the pre-1990 work
involved the synthesis of dihydroindoles,'?? and, even

158

OMe
Me

Me
NH,

+
@-Fe(OC) 5| CHiON 82°C
BF{ 26%

OMe
Me

CO)Fomim Me
(CO)sFe ~ NH,

MnO, tol r.t.

Scheme 68
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since then, only a few methods have been developed
that provide indoles directly.

Samarium iodide is a useful reagent for effecting the
radical cyclization of 2-bromoacetanilides (Scheme
70), conditions that also induce ring closure to
dihydroindoles (Scheme 71).12* A nickel catalyst in
conjunction with electrolysis has been reported to
convert bromoaniline 60 to 3-methylindole 61
(Scheme 72).124

Br Smi, [ CHa
P,
(I /\\\ THF HMPA N

'i‘ BU'OH rt. H
Ac 7%

Scheme 70

—_—
= CH;CN
NN en G N
H I H

59%
Scheme 71
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(PRPUNCE | garonsis

CH3 Br
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N NH,

H
61 (56%) 28%

Scheme 72

Similarly, the following Teactions lead to oxindoles
or reduced versions thereof. It is worth noting that in
Scheme 73 there is no cyclization into the allyl unit
(rationalized using conformational arguments),'?* and
the first example of a 5-endo-trig radical cyclization is
presented in Scheme 74.126 The former research
group has used this strategy in a synthesis of the
alkaloid horsfiline.'?’

QCL =— O L
AIBN
tol A N o

kn ” kn

Scheme 73
(l L e (A
AIBN
tol A ’;‘ o
3% CH,
Scheme 74

Boger and his colleagues have designed a 5-exo-trig
radical cyclization in an improved synthesis of CBI, an
analogue of a CC-1065 subunit.!?® Thus, the precursor
62 was rapidly assembled from
1,3-dihydroxynaphthalene and underwent closure to
63 in nearly quantitative yield (Scheme 75).

OTHP OTHP
Br / BUSH
BnO A'B” nO N

PhH B
COzBu o7% COzBu
63
Scheme 75

Parsons et al. have presented an elegant tandem
radical cyclization leading to lysergic acid
derivatives.!?® The precursor 64 was fashioned as
shown and then smoothly converted into a mixture of
two diastereomers 65 (Scheme 76).

The use of Se-phenyl-p-tolueneselenosulfonate in a
novel free radical selenosulfonylation cyclization to the
perhydroindole ring system 66 has been described
(Scheme 77).13¢

N
Ac
. rt
tol a4%
Me
MeO,C y-Me Meo,c\"/\N,
Z tol =
A
Br f % Br f
N
| ]
Ac Ac
AIBN
Bu",SnH| tol A
74%
MeO,C CHs
N
H
N
Ac
65
Scheme 76
SePh
@ f TolSO;SePh SO, Tol
—_—
AIBN
N PhH A N
CO.Me 4% CO,Me
66
Scheme 77

An earlier indole synthesis developed by
Katritzky'3! has been extended and improved by
Barker and Storr.'3? Thus, flash vacuum pyrolysis
(FVP) of N-vinylbenzotriazoles affords indoles
(Schemes 78 and 79), although the reaction often
leads to side products in other cases.

The same reaction as applied to N-arylbenzotriazoles
to give carbazoles (the Graebe-Ullmann reaction) has

@E s O,

R=Ph (67%)
R = n-Pen (56%)

Scheme 78
@: 10‘z Torr ( I ]
n—CsH“
Scheme 79

Gribble: Recent developments in indole ring synthesis—methodology and applications

159



been recently extended to produce carbolines.!3%!34 In
a variation of this diradical generation and cyclization,
Edstrom and Yuan have photolysed triazolyluracils to
afford pyrrolo[2,3-d|pyrimidines.'33

8 Metal-catalysed indole syntheses
8.1 Palladium

Applications of palladium in organic synthesis have
assumed enormous proportions in the past ten years.
For example, palladium-catalysed cross-coupling
reactions provide facile syntheses of a variety of
structures. Likewise, palladium has found important
uses in indole synthesis, both in the indole-ring
forming step and in the synthesis of precursor
compounds.!%

8.1.1 Larock indole-indoline synthesis

The pioneer in this area has been Larock, and, since
his first paper (e.g., Scheme 80),!37 he has described
several applications to the synthesis of indolines and
indoles (Schemes 81-83).!138-14! The reaction with
unsymmetrical alkynes (i.e., Scheme 83) gives
predominantly the 2-substituted indole.

I CH
QS —=— A7
N N

H H

Reagents: 2 mol % Pd(OAC), DMF, Na;COj, BU",NCI, 25 °C

Scheme 80

I
CC —=—C
NHAc N Z
[}
Ac

Reagents: Pd(OAc),, Na;COj3, PhgP, Bu"(NCl, DMF, 100 °C
NBU“

Scheme 81

|
Ts
Reagents: Pd(OAc),, PhyP, Na,CO,, DMF, Bu"(NCI, 100 °C

Scheme 82
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I
NHR'
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RS
gt

N~ TR?

1

R1
R'=H, Me, Ac, Ts
R? = Ph, n-Pr, t-Bu, TMS, CH,0H
R® = Me, Et, Ph, n-Pr, CH,0H

Reagents: Pd(OAc),, Bu"NCl, DMF, K,CO,, 100 °C
Scheme 83
Other groups have exploited Larock’s conditions

to construct more complex indoles (Schemes 84
and 85).142-144
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MeHN
N
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81%
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N SiMe,Bu
07 "CMe,
(o) CMe;,
Reagents: Me,Bu'SICECCH,0H, Pd(OAc),, Bu"NCI, KOAc,
100°C
Scheme 85

In a synthesis of the CC-1065/duocarmycin
pharmacophore 67, Sakamoto and co-workers found
that silver carbonate prevented tautomerism to the
indole derivative (Scheme 86).!4
Grigg has described a carbomethoxylation variation
(Scheme 87),'46 and Genet has utilized the
water-soluble palladium(o) catalyst prepared in situ
from trisodium 3,3',3"-phosphinetriyltribenzene-
sulfonate (TPPTS) and palladium(n) acetate.'4’
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@ o1 CO,Me
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Scheme 87

Yamanaka and his colleagues studied exhaustively the
palladium-catalysed cyclization of
B-(2-halophenyl)amino substituted a, S-unsaturated
ketones and esters to 2,3-disubstituted indoles
(Scheme 88).142

[o] [o]
X
CERE Newty
N7 R! N7 TR
H H

X =Br, I R! =H, Me, CO,Et, Ph
R? = Me, Ph, OMe, OEt

R', R% = —(CH,),—
Reagents: Pd(OAc),, EtsN, (0-Tol);P, DMF, A

Scheme 88

8.1.2 Miscellaneous

An interesting variation that leads to 3-vinyl- and
3-aryl-indoles has been reported by an Italian group
(Scheme 89),'*° and the use of palladium in the
reductive heterocyclization of o-nitrostyrenes has been
discovered (Scheme 90).!5°

The palladium-catalysed cross-coupling of aryl
bromides with organostannanes has led to an efficient
indole synthesis (Scheme 91),'! including a short
synthesis of the pyrrolophenanthridine alkaloid
hippadine 68.!2

Backvall has devised a palladium-catalysed
intramolecular 1,4-addition to cyclic 1,3-dienes
(Scheme 92),'%? including the extension of this
reaction to syntheses of a- and y-lycorane.!>*

C=C—Ph OTf
.

N—COCF;3

H

KoCOa
Pd(PPhy)y | MeCN 1.t
74%

O

Iz

Scheme 89

Ph
m PACIy{PPhy)z
SnCl; CO
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75%

Scheme 90

N”Ph
H
B 0 @(_Aoa
NHAc NH

C

I
A
(Il)\ 70%

:'.‘
Ac

Reagents: (i) Bu™;SnCH=CHOE, PdCIlx(PPhg),, DMF, Et4NCI,
100 °C; (i) p-TsOH, PhH

Scheme 91
H
Cl H
Pd(OAc),
mHTs acetone HOAc r.t. m
LICI benzoquinone i fil
0% Ts
Scheme 92

8.2 Rhodium and ruthenium

Rhodium acetate smoothly converts diazo compounds
into the corresponding 3-acylindoles (Scheme 93),!5
and a ruthenium catalyst was superior to palladium in
the conversion of amino alcohols to 2-phenylindoles
(Scheme 94),15¢ in a variation of the Watanabe indole
synthesis ( vide supra).

Gribble: Recent developments in indole ring synthesis—methodology and applications 161



(o] o]

N
©\ CHy  RnyOAG, T
PhH A
N™ "o 77-85% N~ “OH
R R

Ph
X (IY
- OH
X NH,

X = H, 6-Br, 5-OMe,
6-OBn, 6-CO,Et

Scheme 93

CH,=CHCH,OCOMe |10l 100°C
RuHp(PPha) 4 76-92%

Scheme 94

8.3 Titanium
8.3.1 Firstner indole synthesis

Fiirstner forged a wide range of indoles using
titanium/graphite in an intramolecular version of the
McMurry coupling reaction (Schemes 95-97).157-1%

Rz .
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THE &
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:)kn‘ 66-92% }"j R
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]
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Ci Ph
A g w¢
IIQ CO,Et
CH,
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The starting ketoamides are readily prepared by
acylation of the corresponding aromatic amines. For
example, the crowded 2-phenyl-3-t-butylindole was
synthesized in 84% yield.!*® These researchers also
prepared the Pakistan drug salvadoricine 69 (Scheme
96) and the diazepam precursor 70 (Scheme 97).!%

8.3.2 Miscellaneous

A different use of titanium was reported by a Japanese
group.'¢? This involves the generation of a
Ti-isocyanate complex and its reaction with a bromo
ketone to effect indole formation (Scheme 98).

(o]

85%
o |
Br N

Reagents: TiCly, CO,, Np, Mg, Pd(PPhg),, THF, NMP, 100 °C

Scheme 98

8.4 Zirconium

Buchwald has uncovered a novel indole ring
construction involving sequential alkene insertion with
a zirconium complex (Scheme 99).!%! Subsequent
manipulation of 71 gave indole 73 via an ene reaction
on the surprisingly stable indole tautomer 72.
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N tol A N
) )
Bn 100% Bn
72 al
EtO,CCECCO,Et | o 85°C
53%
1
l ZCo,Et
CO,Et
v 2
Bn
Scheme 99

Bergman discovered the remarkable set of
transformations shown in Scheme 100, involving
alkyne addition to a hydrazidozirconocene complex,
leading eventually to indoles 74 in excellent yields.!%2
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9 Cycloaddition and electrocyclization
9.1 Diels-Alder cycloaddition

Boger has applied his earlier developed tetrazine
cycloaddition methodology to a clever synthesis of the
marine alkaloids cis-28 and trans-trikentrin A
(Scheme 101).'%* The indole-forming step is the
intramolecular cycloaddition of allene pyridazine
75-176.

e 0I§ v

Y o
Na N Phit Na
(i) HOAc PhH
SMe 85% SMe
() mCPBA
(ii) —E:—\ 73%
NH,
Ac
N’ NH
/ Ac,0
N e
NaOAc ro
160 °C Na
3% MeO,S
76 75
aq. THF
LioH | MeOH
95%
|
N
H
28
Scheme 101

The powerful intramolecular Diels—Alder
cycloaddition of vinylketenimines developed by
Ghosez!%* has been extended by two research groups.
Molina discovered a one-pot synthesis of various fused
indoles and carbolines.!®3-1%8 For example,
benz| flindoles 78 are available from vinylketenimines

77, which in turn are formed by the reaction between
an iminophosphorane and an isocyanate (Scheme
102), in what is a consecutive Staudinger, aza-Wittig,
intramolecular Diels-Alder sequence.'%®

P
AN ANe i

[ A=~ AN=PPhs ]

Et,0

ri.

Ar = Ph, 4-MeOPh, 4-CIPh, 4-NO,Ph,
3-thienyl, 4-pyridyl

—=c=0] 1!
PheC=C=0] y

Ar Ar\=/ﬁ

Ph Ph
MnO, | 27-59%
overall
Ar
I
N
pn H
78
Scheme 102

Similar chemistry was discovered independently by
a Japanese group, leading to a one-pot synthesis of
a-carbolines and pyridocarbolines (Scheme 103).1¢°
The intermediate carbodiimide 79 could be isolated.

COMe

@N:;ha

0=C=N-CH=CHPh

CO,Me

Ph
79
xylf 140 °C
COMe CO,Me
Ph MnO, X Ph
—_— |
~Z Z 45% P
N N N N

Scheme 103

9.2 Photoelectrocyclization

The well-known Chapman photocyclization of
N-arylenamines to dihydroindoles!”° has been
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employed by a Barcelona group to construct
Aspidosperma alkaloid intermediates (Scheme

104).7! Similarly, a simple photochemical route to
ellipticine-precursor carbazoles has been reported by a
British group (Scheme 105).172

CO,Me
@L MeO,CCH=G=CHCOMe ©\ |
NH 85% N
)

i
Bn Bn  CoO,Me
PhH
hv | MeOH
95%
CO,Me
N
1
Bn  COMe
9:1{cis :trans)
Scheme 104
Me Me
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N 73% u
Ts Me Me

Scheme 105

10 Indoles from pyrroles

The obvious close chemical relationship between
pyrroles and indoles has made the former an attractive
substrate for indole ring construction, and many
examples have been reported recently.

10.1 Electrophilic cyclization
10.1.1 Natsume indole synthesis

In a series of elegant papers, rich in chemical detail,
Natsume and his colleagues have synthesized a
number of different indoles and indole natural
products, including a janthitrem G model system,!7>
herbindoles A, B, and C,'"* (S )-pindolol,'7%17¢
pendolmycin,'”” trikentrins,!77° alkoxyindoles,!8°
4-substituted indoles,'8! and fused indoles.'®? As can
be seen from the simple example in Scheme 106,'7>

Ac,0
|I l| _— | |
F4B.OEt, CH,

N N
! 83% 1
Ts Ts O
o
[°>\/~MQBr 97%
(o] (o]
6% H,SO,
0 250, | i
N PrOH fl‘
1
Me Ts 7';% TsMe OH
Scheme 106
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the key step is intramolecular electrophilic cyclization
of C-2 of a pyrrole ring, followed by functionality
manipulation and adjustment. The initial site of
intermolecular electrophilic substitution (C-2 or C-3)
is controlled by the nature of the Lewis acid.

10.1.2 Miscellaneous

Using chemistry similar to that of Natsume, Trost had
previously reported the conversion of pyrrole thioketal
80 into indole 81 (Scheme 107),!%? and Kozikowski
has synthesized several lyngbyatoxin A analogues (e.g.,
82), utilizing a pyrrole cyclization strategy (Scheme
108).134
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Scheme 107
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Scheme 108

As it has been over the years, the synthesis of
7- (and 4-) ox0-4,5,6,7-tetrahydroindoles as
indole precursors continues to be an important
route to indoles. For example, an Australian group has
described a simple synthesis of N-benzyl-
7-0x0-4,5,6,7-tetrahydroindole 83 (Scheme 109).!%°
Tobinaga and co-workers used
4-0x0-4,5,6,7-tetrahydroindole 84 to fashion
4-alkylthioindoles (Scheme 110).!%¢ Ester 85 had
previously been converted to chuangxinmycin.
Ishibashi employed a Natsume-type protocol to
synthesize 4-substituted indoles, including (.S )-pindolol
and ( % )-chuangxinmycin.'®” An example is shown in
Scheme 111.
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The Diels~Alder cycloaddition of vinyl heterocycles
has long been a fascination to organic chemists. Not

10.3 Cycloaddition routes
10.3.1 From vinylpyrroles

Scheme 109 surprisingly, this motif is an important route to indoles
o from 2- and 3-vinyl-pyrroles. For an important and
Lawesson's elegant earlier study leading to the synthesis of
T _ feagent 4-acylindoles see Muchowski and Scheller.!*® Recent
N examples are summarized in Schemes 114-116.1°171%4
H Unfortunately, yields are low to modest, and there is
84 clearly room for improvement in this approach to
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(Ar = p-CIPh)
() MeMgBr, THF A DMAD ;’1";
(i) pTSA
SBn
CHj
I |
MeO,C N
'f MeO,C Me
SO,Ph
Scheme 115
Scheme 111

113).188.189 The latter study also included the synthesis
of carbazoles from indolylallyl acetates by
cyclocarbonylation. '8’

10.2 Palladium-catalysed cyclization 8 Br Br
T
Palladium has also been employed to spark the Br B Br
cyclization of a pyrrole to an indole (Schemes 112 and S -+ }g\ _— |
i i N e e N
Ts Ts

A
ccl,
OH ‘ 62%
| Br
Bfgm
i |
SO,Ph N
CO.Me MeO.C !
S

Scheme 112 Scheme 116
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10.3.2 From pyrrole-2,3-quinodimethanes

The generation and Diels-Alder trapping of
2,3-dimethylene-2,3-dihydropyrrole
(pyrrole-2,3-quinodimethane) 86, or their synthetic
analogues 87, is a tantalizing route to indoles.

Chou and Chang have apparently generated
derivatives of 86 during the pyrolysis and subsequent
trapping of thieno[3,4-b |pyrrole-1,1-dioxides such as
88 (Scheme 117).195

d
8IZ
\ 4

N
H
87
MeO
DMAD 2C
os . |l | |
N ”’72:;“: MeO,C N
Me  s0,Ph Me SO,Ph
88
ol A
DDO
88%
MeO,C
|
MeO,C N
Me SO.Ph
Scheme 117

Van Leusen has reported several approaches for the
generation of pyrrole-2,3-quinomethanes, one of
which is illustrated in Scheme 118; a reaction that
leads to indole 89 and the novel compound 90.!%

Ph NO,

Ph
Ph NO NO.
Z T wis
+
N N
| l
Me Me
89 (21%) 90 (50%)
Scheme 118

Contemporary Organic Synthesis

In a comprehensive set of papers, Moody
et al. have elegantly illustrated the use of
cycloaddition chemistry, involving both
1,5-dihydropyrano|{3,4-b)pyrrol-5(1 H -ones and
1,6-dihydropyrano(4,3-b]pyrrol-6(1 H)-ones in a new
and powerful syntheses of indoles.!?’"1° These
synthetic analogues of pyrrole-2,3-quinodimethane 86
are readily prepared from the corresponding
pyrroleacetic acids. Several examples are shown in
Schemes 119-121.

Et Et
O PN
X | & 80,Ph '
(o]
= N PhCI A N
{ 60% )

Me SO,Ph Me SO,Ph

Scheme 119
Me Me
o TMSC2CCO,E ™S
Py |
o N PhCI A E10,C N
1 ; 64% |
CO,-Bu CO,-BY
( isomer observed; >20:1)

Scheme 120

(CHo)4C=CH

lo]
?):UI PhBr |
[ %~ A
N 7% N

Me SO,Ph Me SO,Ph

Scheme 121

Frey and Eger have uncovered a novel synthesis of
2-amino-3-cyanodihydroindol-5-ones via a
cycloaddition of pyrroles such as 91 with dimethyl
acetylenedicarboxylate (DMAD) (Scheme 122).200

Me CN o CN
Me” SNTNH, 50 N7 N
41% Pr

MeO.C

Scheme 122

11 Aryne intermediates

Given the enormous utility of benzyne and other
arynes in organic synthesis, especially within the realm
of cycloaddition chemistry, it is not surprising that
these highly reactive intermediates have been exploited
in indole ring construction.

11.1 Aryne Diels-Alder cycloaddition

An intramolecular aryne cycloaddition has been
devised to synthesize the ergot skeleton, as shown in
Scheme 123.2°! Thus, the precursor 92 was crafted in
high yield and then treated with lithium
2,2,6,6-tetramethylpiperidide (LTMP) to give directly
93 in 30% yield.



NZ I
X
Br Br I
Z >N
T -Cr = X
NH, ' N" o
H
CO,Bu! 92
LTMP '::’
SN
I =

Scheme 123

11.2 Nucleophilic cyclization of arynes

In an extension of a reaction first reported in 1975 by
the same group, a French team used the complex base
NaNH,-t-BuONa to synthesize several indoles via
arynic cyclization, two of which are illustrated in
Schemes 124 and 125.2°2 Quenching with

Cl

“Q,0

(i) NaNH, NaOBU', THF 20°C
i) HO 75%

MeO.
N

H
Scheme 124
Ci
MeO

t
NaOBW'| gio0

NaNH, | THF 20°C

MeO.

Scheme 125

dimethylsulfate instead of water provides the
corresponding N-methylindole.

Similarly, this arynic cyclization approach was used
to prepare carbazoles, including the alkaloids
glycozolinine 94 and glycozolidine 95.23

N

H
N OCH;,
H

11.3 Miscellaneous aryne cyclizations

Flash vacuum pyrolysis of quinoline-3,4-dicarboxylic
anhydrides at 800°C affords fused indole derivatives in
variable yields.?** The intermediacy and
rearrangement of an aryne is postulated to account for
these remarkable reactions in the two cases shown in
Schemes 126 and 127.

O0x—0
o
X = QO
N Ph oo N?
30-40%
Scheme 127

12 Miscellaneous indole syntheses

Fadda has described a remarkable synthesis of indoles
from the consecutive rearrangement of
N-alkylpyridinium salts to indolizines and then to
indoles by ring opening and recyclization (Scheme
128).29 This sequence is limited to nitroindoles thus
far.

The mechanism of an earlier reported synthesis of
indoles by the reaction of 3-nitropyridinium salts with
N-alkylketimines (Scheme 129) has been discussed at
length.2%6 This remarkable transformation affords a
powerful route to polyalkylindoles.
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CH,
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ch
g wmN
HsC " CH,
CH,
Scheme 129

Makosza has discovered a facile synthesis of
N-hydroxy-2-vinylindoles that involves a novel
cyclization reaction (Scheme 130).297 The requisite
starting materials were prepared via cyanomethylation
of nitroarenes in the vicarious nucleophilic substitution
reaction,'!3 followed by alkylation. The
N-hydroxyindoles can be reduced to the
corresponding indoles (Zn, HOAc, reflux).

CN R?
R R! R
CN (0] S
66-95%
NO, NO,
(u)l 34-91%
R! CN
R' = ¢!, Br, OMe I
R2=H, Me N R?
R®=H, Ph 1 |
OH

Reagents: (i) BICH,CHR2=CHR®, K,CO3, BU"4NI, CH,CN;
(i) TMSCI, EtN, DMF, rt.

Scheme 130

A Russian research group has explored the use of
metal oxides (Zn, Cr, Fe, Al) as catalysts in the high
temperature conversion of ketimines to indoles
(Scheme 131).2°% Interestingly,
3-methyl-2-phenylindole is an intermediate in the
formation of 2-phenylindole.
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L. O

380 °C
K-16 catalyst | PhH
83%

|
mPh

H
Scheme 131

Satomura reported an intriguing cyclization of in
situ generated o-vinylazoarenes leading to
N-amino-5-hydroxyindoles, which can be reduced to
the corresponding S-hydroxyindoles (Scheme 132).2°

HO, PhN,CI" b
Ets;N MeOH -
aaoetone N=N"
2% HC | 80%
HO CHy |, HO CH,
2
T = U7
N EtOH 'i‘
N 100% NHPh
Scheme 132

Takano and co-workers have used a novel
5-endo-dig cyclization reaction, originally developed
by Yamanaka,?! to achieve a total synthesis of the
alkaloid ( — }-goniomitine.?!! The key precursor 96 was
prepared via palladium-catalysed cross-coupling

(Scheme 133).
94
NH

1
CO,Et

CO,Me| PdCI(PPhy),
Et Cul
) A

81%

NH
COLE

EtOH
NaOEt | g
A

Scheme 133



In a reaction thought to proceed via an
a-aminocarbene intermediate, Li and Vasella have
reported the synthesis of the cyclopropylindole shown
in Scheme 134.2!2

CO,Et —
o X
+
NHAc Br® Ar
NaH oMsolT”F
82%
H
N
1 Ar
Ac
Ar = 4-NO,Ph

Scheme 134
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