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This review summarizes the metal-catalyzed approaches for the synthesis of privileged 2- and 3-functionalized indoles via the Fischer

indole synthesis, cycloaddition reaction, C—H activation reaction, and coupling reactions. Polycyclic derivatives of indole are also listed
including triptamine-based pharmaceutical 5-HT1D agonist L 775,606. Some important mechanism studies are described in details in

this review. The review covers literature for the last 20 years.
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Indole (also called benzopyrrole) is a planar bicyclic
molecule in which the benzene ring is fused to the pyrrole
ring through C-2 and C-3 atoms. Indole with 10 n-electrons
(8 from double bonds and 2 from lone pair of electrons on
nitrogen) has aromatic nature according to Huckel's rule.
Due to delocalization of excessive m-electrons, indole readily
undergoes electrophilic substitution reactions similar to
benzene ring. Indoles, like pyrroles, are very reactive with
strong acids due to the weak basicity.' Indole scaffold has
been found in many synthetic drug molecules and exhibit
numerous biological activities.” Over 10000 biologically
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Figure 1. Indole-based drugs and biologically active molecules.
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active indole derivatives have been identified to date, in which
over 200 are currently marketed as drugs or undergoing
clinical trials.” Among the indole core-containing com-
pounds, 2- and 3-arylindoles appear to be among the most
promising lead candidates for drug development. Although
numerous examples of 2,3-substituted indole analogs are cited
in the literature, there is no comprehensive review focusing on
reactions pertaining to privileged positions 2 and 3. They
exhibit several potential therapeutic uses” as antibacterial,
anticancer, antioxidant, anti-inflammatory, antidiabetic,
antiviral, antiproliferative, antituberculosis, etc. (Fig. 1).
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Indole core is important not only in biological and
pharmaceutical research, but is also a structural unit of
compounds studied by materials science,® henceforth
referred to as "privileged structure". Due to its vast impor-
tance, synthesis of indoles and indole-based heterocycles
has attracted great attention of synthetic organic chemists,
which has turned into a large number of different synthetic
approaches including C—H activation. Thus, while tradi-
tional approaches are based on condensation and cycliza-
tion sequences,’ transition metal-catalyzed C—C and C-N
bond formation reactions have recently enabled the
development of alternative methodologies toward modular
indole syntheses. Despite the plentiful collection of
available protocols to prepare indoles, the enormous
interest in the indole structure results in this research area
being continuously active. This review summarizes the
metal-catalyzed synthesis of substituted indoles and indole-
based fused heterocycles. Due to the biological importance
of 2- and 3-substituted indoles, this review offers discus-
sion on synthesis of privileged 2- and 3-substituted indole.

Synthesis of 2-substituted indoles

Li et al. used a hydrothermally stable metal-organic frame-
work, MIL-101-supported metallic Pd nanoparticle catalyst
for the synthesis of 2-phenylindoles 3 using substituted
2-iodoanilines 1 and phenylacetylene (2) in water (Scheme 1).°

Scheme 1

Pd/MIL-101
PPhs, Cul
oty Woate
N
80° c 15 h 3 H
89-98%

R =H, Me, CN, NO,, CO,Me
MIL-101 = Cr3F(H,0),0(benzene-1,4-dicarboxylate terephthalate);

In this method, authors also showed that Pd/MIL-101
catalyst possesses high stability and can be used repeti-
tively for at least 10 times, showing a good potential for
practical application.

Zhang et al. for the first time reported 2-substituted
indole synthesis by gold catalysis via the addition of
N-arylhydroxylamines 4 to aliphatic terminal alkynes 5
(Scheme 2).” This mild gold catalysis occurs in situ

Scheme 2 HC=—R?
R X (1.8equiv) R1mR2
Z >N T Aro)PAINTS, Z N
4 H DCE, rt, 20 h, N, 6
62-89%

R' =H, Me, Br, F, Cl, CO,Me; R? = Cy, cyclopentyl, (CH,),Ph,
(CHa),0Bn, (CH,),0THP, (CH,)4Cl, (CH3)4COLH, (CHy)gMe
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one-pot mild conditions

followed by sequential facile 3,3-rearrangement and
cyclodehydration, affording 2-alkylindoles 6 regiospeci-
fically with typically good yields and under exceptionally
mild reaction conditions.

Proposed mechanism of the reaction is depicted in
Scheme 3. Nucleophilic attack of hydroxylamine on alkyne
is followed by 3,3-rearrangement and cyclodehydration,
affording 2-alkylindoles regiospecifically.

In 2013, Zhang et al. disclosed a mild and an efficient
synthesis of N-protected 2-substituted indoles from N-aryl-
hydroxamic acids or N-aryl-N-hydroxycarbamates 7 and a
variety of alkynes 8 via cooperative gold and zinc catalysis
(Scheme 4).® The Zn catalysis is similar to the related zinc
ion catalysis in metalloenzymes such as human carbonic
anhydrase II and substantially enhances the nucleophilicity
of N-acylated hydroxylamine by forming the corresponding
Zn chelates. The Zn chelates can attack Au-activated alkynes to
form O-alkenyl-N-arylhydroxamates, which can undergo
facile 3,3-sigmatropic rearrangement and subsequent cyclo-
dehydration to yield indole products 9. This reaction is
regiospecific, it offers 2-substituted indoles and tolerates a
range of functional groups. This reaction also works with
internal alkynes of moderate steric demand, and the
regioselectivity can be controlled both by steric and/or by
electronic effects: the small substituent on the C—C triple
bond ends up selectively at the indole C-2 position, and the
electron-withdrawing groups direct the substituents to the
indole C-3 position via either induction or conjugation.

Scheme 4
R1!—\ CH  (Ar0);PAUNTF, R | D—R2
|
ASOH . I|I . ~N
/g R2 Zn(Ong) o
Z 0) 8 PhMe, 60°C, 2-8 h zZ
7 78-96% 9

Z = Ot-Bu, OMe, Me; R' = H, Me, OMe, CI, F, Br, CO,Me;
R2—Cy, cyclopentyl, cyclopropyl, (CH,),Ph, (CH,),0Bn, (CH,)3Cl,
(CH,)4OTIPS, (CH5)4,CO,Me, (CH5)gMe

Yoshikai et al. report an operationally simple, mild, and
scalable Pd-catalyzed aerobic oxidative cyclization reaction
of N-arylimines 10, affording indoles 11 via the oxidative
linkage of two C—H bonds under mild conditions using
molecular oxygen as the sole oxidant (Scheme 5).° This
process allows quick and atom economical assembly of
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N R 0, (1 atm) y
w—CLL oo R
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indole rings from inexpensive and readily available anilines
and ketones and tolerates a broad range of functional
groups.

Reaction mechanism can be represented as follows
(Scheme 6): enamine E1 generated via tautomerization of
imine I1 would be electrophilically attacked by Pd(OAc),
forming intermediate A, followed by elimination of HOAc
to give a palladated imine intermediate B. Intermediate B
would then undergo intramolecular aromatic C-H palla-
dation to give a six-membered palladacycle C. Subsequent
reductive elimination affords indole and Pd(0).

©\ Me ©\ CH,
N/)\Me NJ\R
"

Scheme 6
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In 2004, Hiroya et al. developed an efficient method for
the synthesis of indoles 13 form alkynes 12 catalyzed by
Cu(Il) salts (Scheme 7).'"° This method is suitable for both
electron-withdrawing and electron-donating groups on the
aromatic ring and position 2 of indoles. In this method,
Cu(OCOCF;), showed good activity for primary aniline
derivatives, while Cu(OAc), was a good catalyst for the
cyclization of secondary anilines.

Scheme 7
R® ;
0 R
Rl Vi Cu(OAc), (10 mol %) mw
DCE, A, 1.5-50h g2 NR*
R? 12NHR4 32-100% 13

R'=H, Me, Br, CN; R?>= H, OMe
R3= H, Bu, t-Bu, Ph, CH,OH, CO,Me, TMS; R*= Ms, Ts

Proposed mechanism of this reaction is on Scheme 8.
First, the triple bond is activated by Lewis acid which
should not form a strong complex with the nitrogen atom,
afterwards the nucleophilic attack of nitrogen on activated
triple bond, followed by oxidative indole formation, takes
place.
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Scheme 8
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Shim et al. reported a method, in which anilines 14 react
with trialkanolammonium chlorides 15 in aqueous media
(H,O, dioxane) at 180°C in the presence of a catalytic
amount of ruthenium(IIl) chloride hydrate and triphenyl-
phosphine together with tin(II) chloride dihydrate to afford
the corresponding indoles 16 in good to exellent yields
(Scheme 9). "

Scheme 9
N
R—-— _
14 NH2 o N
RuCls'nH,0, P
+ SRR T R T S—me
Me OH SnCl,'2H,0 ”
-HCD/ H,0, dioxane 16
HO N 180°C, 20 h
Me Me 28-99%
15 OH R =H, 4-Me, 2-Et

In 2004, Ackermann reported a highly flexible and
efficient synthesis of indole backbone 20 starting from
o-alkynylhaloarenes 18, synthesized from the corres-
ponding iodides 17, and amines 19 (Scheme 10).'* These
transformations proceed via a palladium- or a copper-
catalyzed amination reaction and a subsequent cyclization
in good to excellent yields. Furthermore, a multicatalytic
one-pot indole synthesis starting from o-chloroiodobenzene
is viable using a single catalyst consisting of an N-hetero-
cyclic carbene palladium complex and Cul.

Scheme 10
R3 NH2

— m
\©i mMe 150°C, 2 h

X= Cl, [Pd] (66-99%) 20
X= Br, [Cu] (67—84%) T

X = Cl, [Cu], [Pd], base, ligand, alkyne, amine
PhMe, 105°C, 19 h (64%)

R'=H, CF5; R?= Ph, t-Bu, n-Hex
R%= CH,Ph, 4-MeCgHjy4, Ms, n-Hex, n-Oct, PMB, 4-EtO,CCgHy4

Fujii et al. have reported a novel domino three-
component coupling reaction for the synthesis of 2-amino-
methylindoles 24 and polycyclic indole derivatives starting
from acetylene 21, paraformaldehyde (22), and diiso-
propylamine (23) (Scheme 11)."* This reaction is catalytic
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multicomponent construction of an indole ring that
produces water as the only by-product. This domino
reaction goes via two C—N and one C—C bonds formation.

Scheme 11
_CH H
Z (HCHO)n )
(j\/ 22 CuBr ©j\g_/N(l-Pr)2
+
NHTs (i-Pr)oNH Dioxane N
21 23 80°C, 15 min Ts
81% 24
CuBr CuBr
H,O
Cu BI’—C\EJ )
4 ,‘? N(i-Pr),
+ Br—*w(i-Pr)z —
NHTs CH, NHTs

This method is applicable for the synthesis of functio-
nalized 2-aminomethylindoles and, for example, polycyclic
derivative 26 directly from readily available N-protected
ethynylaniline 25 and acetylenes 21 (Scheme 12).

Synthesis of 3-substituted indoles

Wang et al. reported iridium-catalyzed protocol for
synthesis of both N-alkylated 29 and 3-alkylated 30 indoles
selectively via dehydrogenative coupling of indolines 27
with alcohols 28,'* by simple changing the addition time of
a base (Scheme 13). The iridacycle catalyst plays multiple
roles in these reactions, namely, dehydrogenates both
amines and alcohols and catalyzes the coupling reactions.

Scheme 13
K,CO3 added 1_|\ N\
initially L N
CF3CH,CO,H
R?“OH 100°C, 12 h 2 R2>
LN L2 | 4e-08%
R~ .
P ” Iridacycle K,CO; added R2
27 after 7 h
N A\
CF3CH,CO,H R
100°C, 12 h N
57-91 % 30 H

R'=H, Cl, Me, OMe; R? = Me, Et, i-Pr, (CH,),Me, (CH,);Me, Ph,
4-MeCeH4, 4-MGOCGH4, 4-C|C6H4, 4-02NC6H4, 4-CF3CGH4,
(CHz)zph, i-Pr, CH2i-Pr, (CH2)3OH, (CH2)4OH

Scheme 12 . . .
Mechanism of both catalytic cycles — N-alkylation
21 O (cycle A) and 3-alkylation (cycle B) have been proposed by
N the authors (Scheme 14)."* Cycle A describes the formation
* Br 1.80°C,3hthenA 1h \B of N-substituted indole IV from indoline I and alcohol via
2. Pd(OAc),, PPh;, CsOAc O A\ . aldehyde and iminium intermediate II. In this cycle, the
BuHN DMA, 140°C, 1 h N iridium hydride, which is formed from the dehydrogenation
25 80% in two steps -;SG of an alcohol in the presence of a base, reduces the iminium
intermediate III, which is then dehydrogenated by the
Scheme 14
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iridium catalyst to give N-substituted indole IV. Cycle B
explains the formation of 3-substituted indole VII via the
intermediacy of indole V and an aldehyde. In the absence
of a base, indoline I is dehydrogenated to unsubstituted
indole V, which then reacts with the aldehyde under iridium
catalysis to afford intermediate VI, which is then trans-
formed into 3-substituted indole VII by the iridium hydride.

A modular indole synthesis via an intramolecular 5-endo-
dig carbocupration starting from readily available N-aryl-
ynamides 31 is reported by Evano et al. (Scheme 15)."
A variety of ynamides are converted to indoles 32 in
moderate to good yields and with varying substitution
pattern on the indole ring. This further extends the synthe-
tic utility of ynamides in organic synthesis and provides
additional insights in the use of intramolecular carbo-
metalation reactions.

Scheme 15
Br R R
1. t-BuLi, Et,0, -78°C
@ / : > N
'}l 2. CuCN-2LiCl, -78°C to rt N
31 Boc 34-58% 32 \BOC

R = Ph, 4-MBCGH4, 2-MeCsH4, CF3OCGH4, 2-Me, 4-FC6H3,
3,4-CloCgHs, 2-CF3CgHa, 4-FCgH4, CH=CHPh, £-Bu, n-Pr, TIPS

Peng et al. reported a method for the synthesis of 3-sub-
stituted indoles 34 by treatment of isonitriles 33 with
tributyltin hydride and catalytic amount of AIBN in high
yields (Scheme 16).'°

Scheme 16
1. n-BusSnH R
R AIBN, MeCN, 100°C
oo \
NC 2 H3033 91% N
33 e 3aH

R = n-Bu, CO,Me, CH,OTHP, CH,OBn, Ph

A new approach for regioselective synthesis of 3-sub-
stituted indoles 37 employing the air- and moisture-stable
reagent Cp,TiCl, is described by Buchwald et al
(Scheme 17)." This reaction proceeds via first inter-

Eilbracht et al. reported a tandem hydroformylation/
Fischer indole synthesis with high selectivity starting from
aminoolefins 38 and phenylhydrazine (39) (Scheme 18)."
In many cases the obtained products 40 did not require
further purification.

Scheme 18
R1
|
H.c? SRz 1. Rh(acac)(CO),, Xantphos R! R2
2 28 n CO (10 bar), Hy, (10 bar) N—
THF, 70°C, 3 days n
.
©\ 2. H,SOy, 100°C, 2 h N
N
NHNH, B
39 40
O O
\ k/
J VRS
Ph
H 97%) N/» H (96%)
Y
N OEt
(94%) & o
A
N N__/  OFt
N N
N N
H (91%) H  (91%)

This new modular, simpler, and diversity-oriented approach
allowed synthesis of branched and nonbranched trypt-
amines, as well as tryptamine-based pharmaceuticals such
as the 5-HT1D agonist L 775,606 41 (Scheme 19)."* With
this methodology drug candidates can be synthesized more
conveniently than with previously reported methodologies.

Scheme 19
N=
N | F
N
\©\ _Boc * fN/\
N = K/N

| H,C
NH, 2

—_

[N

molecular insertion reactions of an olefin and a titanocene- 1. Rh(acac)(CO),, Xantphos N J
s CO (10 bar), H, (10 bar)
stabilized benzyne complex and then Pd-catalyzed aryl- THF, 70°C, 3 days N
amination reaction of aryl bromide 35, through N-sub- : : N .
stutited indole 36. The simplicity and availability of the ~ 2-H2S04 100°C,2h NN N\
requisite starting materials gives this method a broad scope 51% N
for the preparation of polysubstituted indoles. H 44
Scheme 17
1.Cp,TiCly, R2 R? R2
X PhMe BnNH, Pd/C
RI-- — > X Br— R1_I\ N ——— > R1|_\ AN
MgBr 2- MeMgBr R1!—/ Pd,(dba)s N HCO,NH, L A~N
H,CZ R 25 Br P(o-tolyl)s 36 g, MeOH.A 37 H
NaOt-B 18-549
3. Bry, CH,Cly a0tBu %
—78°tort

R = Me, OMe, Ph; R2 = H, Bu, (CH,);0TIPS, CH,CH(Ph)OTIPS
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A novel one-pot synthesis of indole systems via tandem
hydroformylation/Fischer indole synthesis starting from
olefins 42 and phenylhydrazine (39) is reported by
Eilbracht et al. (Scheme 20)." This tandem procedure leads
directly to 3-substituted indoles 43.

Scheme 20 Rh(acac)(CO),
CO (50 bar)
H, (20 bar) OR
Me PTSA
SIS L. T
NHNH, H,C 100°C, 2 days N
39 42 23-57% H
R =H, Et, Bn, Bz 43

Mechanism of the reaction is as follows (Scheme 21).
First, in situ generation of aldehyde from compound 44.
Then aldehyde forms arylhydrazones after reaction with

phenylhydrazine, and following [3,3]-sigmatropic re-
arrangement gives the final products.
Scheme 21
39 NG
Ph CO, Hy, [Rh], H*
B ——
H,C” "R —Hp0, = NHs R' = Me (67%)
44 H R'=Ph(59%)
co
Ha ~NH3 | H*
[Rh]
Ph.__R'
Ph.__R'
\Q 39
_—_—
_ I
| H20 ©\N,N
© H

Taddei and coworkers reported a simple, convenient,
and efficient new version of the Fischer indole synthesis
(Scheme 22).*° In this reaction, primary (compound 46) or
secondary alcohols have been catalytically oxidized in the
presence of phenylhydrazines 45 to give the corresponding
indoles 47. The overall reaction can be accomplished in
one step. The most remarkable advantage of this reaction is
the use of alcohols instead of aldehydes or ketones as
starting materials, which are easy in handling, lower in
toxicity, more stable, and the large selection of com-
mercially available alcohols can be employed. The ability
to easily incorporate in the indole ring a further element of

Scheme 22
HO\/\Me
46
N Ru3(CO)1,, BIPHEP Me
R AN MeCH=CHCN, ZnCl, R1+\ Q
L 2-Methyl-2-butanol = N\\
Bn MW, 130°C, 3 h Bn
45 40-89% 47

R'=H, Me, OMe, Et, CN, F
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molecular diversity, which is subsequently modified,
makes this synthetic protocol particularly attractive for
increasing the molecular complexity. In addition, micro-
wave irradiation significantly increases the reaction rate
and enhances the indole yields.

Recently, Sinha et al. reported a new strategy to
synthesize 3-sulfenyl(selenyl)indoles 50.>' In this work,
NaBH,-I, works as a cooperative catalyst which allows
cascade C-N and C-S/C—Se bond formations via reduction—
nucleophilic cyclization—chalcogenylation, i.e., three steps
in one pot. This is regioselective synthesis of diverse
3-chalcogenylindoles, including 5-bromo-3-[(3,4,5-tri-
metoxyphenyl)sulfanyl]-1H-indole, a known lead anti-
cancer compound, directly from 2-aminophenacyl chlorides
48 and thiophenols or disulfides(diselenides) 49 in aqueous
dioxane under metal-free conditions (Scheme 23).

Scheme 23
cl Cooperative
catalysis
X0 | o Ry
R-— ¥ Ly A Ar
. r P
ZSNH, ¢ s” Sé
48 NaBH4—l,~
+ —>RL\ \ or RI—\ \
ArSH Dioxane, H,O o _
or A, 35h N N
ArSeSeAr 51-76% 50
49

R =H, Al, Ar, Hal

Synthesis of 2,3-substituted indoles

Fagnou et al. reported a method for indole synthesis via
Rh-catalyzed oxidative coupling of acetanilide 51 and
internal alkyne 52 leading to 2,3-substituted indoles 53
(Scheme 24) and described the preliminary mechanistic
studies based on the known ability of N-acetylanilines to
undergo ortho metalation.”

Scheme 24
A
€
5/1 NHAc [Cp-RNhCly], Me
5 AgSbFg SN
Me R Ph
N Cu(OAc),, H,0 N
N AmOH, 120°C, 1 h Ac
52 Ph 47-83% 53
R'=Cl, Me, F

Buchwald et al. reported a Pd-catalyzed method for the pre-
paration of N-arylbenzophenone hydrazones 56 which were
converted to substituted indole products in good yield via an
in situ hydrolysis/Fischer cyclization protocol (Scheme 25).%
This methodology provides an opportunity for the prepa-
ration of a structurally diverse set of indoles 58 from
simple, commercially available precursors 54, 55, and 57.

Doyle et al. reported a Lewis acid-catalyzed cyclization
of methyl phenyl diazoacetates 60 with an ortho-imino
group, prepared from o-aminophenylacetic acid esters 59,
to give 2,3-substituted indoles 61 in quantitative yields
(Scheme 26).** This reaction conditions are mild, and
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Scheme 25 Pd(OAc),
Xanthphos
X
e I = EtsN
AT é ’
Ph” Ph 60-80°C
54 5581
o)
3
AN RZJJ\/R
R4 57 R3
—_—

Z I i or iii
N T TR {jf\g’RZ
N A N

X .
Ph”” “Ph 58

R'=H, Me, OMe, CI, Br

R2=H, Me, Ph, CN, CI

R® = Me, Et, n-Pr, n-Pent, CH,CO,Et

for R* = Ar i 1. [Pd], R*X; 2. H*, H,0 (68-90%)

for R* = Alk it 1. LDA; 2. R*X; 3. H*, H,0 (10-86%)
for R* = H iii: TSOH-H,0, EtOH, A (5-95%)

Scheme 26
N,
COsMe PNBSA, DBU
P CO,Me —>
N~ MeCN
N R AN
0°Ctort,12h N R
59 60
60-80%
COzMe
Zn(OTf),
N R
DCM N R = t-Bu, Ph, CH=CHPh,
rt, 10-30 min 61 4-MeCgHy, 2,4-(MeO),CgHa,
100% 4-CICgHy4, 2-furyl, 2-naphthyl

product yields are good under low catalyst loading with
inexpensive, commercially available Lewis acids.

The method is very useful for the synthesis of bio-
logically active and naturally occurring indole derivatives
like indoloquinolin-2(1H)-one 62 (Scheme 27).

Scheme 27
NP
CO,Me PNBSA
_ DBU CO,Me
N — >
MeCN N
O,N 0°Ctort
O,N
M802C N02
Zn(0Tf), O N\ Hy,10% Pd/C
—_— > - =
DCM, rt N O EtOAc, rt
M902C NH
MeOH
] -
91%

PNBSA = 4- nltrobenzenesulfonyl azide

Yu et al. reported a CuCl,-mediated synthesis of 3-acyl-
2-alkylsulfanylindoles™ 64 using oxoketene N,S-acetals 63
via intramolecular C—H/C—H cross-dehydrogenative coupling

298

(CDC) (Scheme 28). Tunable C—S bond transformations of
the resultant indoles led to highly functionalized N-hetero-
cyclic compounds. A B-alkylsulfanyl group is necessary to
activate the N,S-acetal substrate and enable the CDC
reaction to occur, and the relevant mechanism studies
revealed that the CDC reaction follows a radical pathway.

Scheme 28

) 2
H sSR! CuCls (3 equiv) R o

K3PO, (3 equiv)

R3——
| / H
N X N\
H DMF-DMSO (7:1) R3-L
0% > R2 Ar (0.1 mPa) H

63 120°C, 2 h 64
28-96%
R'= Me, Et; R? = Me, Ph, 4- MeCeH4, 4-CICgHy4, 3-MeCgH.,
3-CICgH4, 3-BrCgHq4; R® = H, F, CI, Me, OMe, OEt

SR!

In this paper, authors also reported a method for functio-
nalization of 3-acyl-2-alkylsulfanylindoles 64 in the presence
of a base and Pd catalyst via Suzuki reaction to give 3-acyl-
2-alkylsulfanylindoles 65 in good yields. In order to show the
potential of further functionalization, 3-acyl-2-alkylsulfanyl-
indoles were converted to cyclized products 66 (Scheme 29).%

Scheme 29
2
R? o Pd(PPhg),, CuTC R_o
ArB(OH),, Cs,C03
N - A
RO N—gR! THF R3-- N—ar
Z~N 50°C, 4860 h Z N
641 65
R', R?= Me, R®= 5-Me, Ar = Ph (79%)
R', R?= Me, R®= 6-Me, Ar = Ph (72%)
R'= Et, R?= Me, R®= 7-Me, Ar = 4-CICgH,4 (66%)
R' = Et, R?= Ph, R® = 5-OFt, Ar = 4-MeCgH,4 (66%)
Me Me
o}
N H,NOH-HCI N =N
- | O
R Y—SMe koM, EtoH, a18h R |
Z N i led tub Z N
H (in a sealed tube) 66 H

R = 6-Me (72%)
R = 7-Me (64%)

A Rh,(OAc)4-catalyzed reactions of diazocarbonyl com-
pounds 68 with 2H-azirines 67 via 2-azabuta-1,3-diene
intermediates 69 giving substituted indoles 70 are reported
by Yufit et al. (Scheme 30).%

Scheme 30
Rh,(OAC),
Ph\@/w Tﬁ _ DCE I
+ —_—
Y RZ RS 40-84°C 3\
67 68 5-15 min
70-91%
Ph
Solvent N R'=Me, Ph
84-144°C }—g2 RZ=Ph,CN, CF3, CO,Me
15min—4h RS R3= CO,Me, CO,Et, CONMe,
61-100% 70 Solvent = PhMe, DCE, o-xylene
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Scheme 31 N,
Me

Ph\g/F’h

DCE

R = OEt, Me

This reaction is dependent on the nature of substituents.
4,4-Diphenyl-2-azabuta-1,3-dienes with two electron-acceptor
substituents at position 1 undergo thermal 1,5-cyclization
to give indoles in good yields. The increase in electron-
withdrawing ability of these substituents facilitates the
reaction that proceeds via pseudopericyclic 1,5-electro-
cyclization of 2-azabutadiene into indolium ylide followed
by prototropic shift.

The reaction of 2,3-diphenyl-2H-azirine and diazo
compounds gives 3,4-diphenyl-2-azabuta-1,3-dienes, followed
by 2H-1,4-oxazine formation in place of indoles via rapid
1,6-cyclization due to the frans configuration of the
4-phenyl group and the nitrogen (Scheme 31). Authors
proved that at elevated temperatures 2H-1,4-oxazines can
reversibly produce azadiene tautomer, which, in turn, can
undergo 1,5-cyclization to indole derivative. Authors have
done mechanistic studies and DFT calculations.

Yamamoto et al. reported direct synthesis of substituted
indoles 72 from aryl hydrazones 71 by the Fischer indole
synthesis (Scheme 32).”” The Fischer indole syntheses have
been regarded as the most versatile methods for the
preparation of indoles.

Scheme 32
R‘I
W/\R _#mc,
\ R2
PhH Ny N
1-2h b3
71
R'=R?=R®=H (36%)

R'=Me, R =R®=H (70%)
R'=R3=H, R? = Me (79%)
R'=R?=H, R®= Me (27%)

A Au-catalyzed syntheses of 2,3-disubstituted indole
derivatives 75 from N-hydroxyaniline (73) and allenes 74
are described by Liu et al. (Scheme 33),%® this reaction
requires benzaldehyde as an additive to generate nitrones
and water in situ. The control experiments indicate that

R

LI w2

Ph
Ph.| O _Me
Phi Me j: |
4>
~ R < — Me.
N Rhy(OAC)s I N PhMeor | Ph™ “N” R WR
(0] o-xylene HO

A, Ar O
R = OEt (74%)
R = Me (80%)

Scheme 33
LAUCI, AgNTf, o
©\ R PhCHO §
.
NN T Hc=c=/ DCE N Me
H 74 60°C, 1-6 h H
73 61-85% 75

L = P(t-Bu),(o-biphenyl)
R =Ph, 4-MeCgH,, 4-MeOCgHy,, 4-FCgHy4, 4-CICgH4,
2-thienyl, 3-thienyl, OBn, OTHP, NO,, OCOPh

nitrones and water were indispensable in the reactions
whereas N-hydroxyaniline alone was inactive nucleophile.

Plausible reaction mechanism of Au-catalyzed synthesis
of 2,3-disubstituted indoles 75 is depicted in Scheme 34.
First, N-hydroxyaniline reacts with benzaldehyde to give
nitrone that attacks the Au-m-allene to form an allylgold
species. This allylgold species 1is inactive toward
[3+2] nitrone/allene cycloaddition because of the lack of an
activation group on allene or nitrone, instead the newly
generated water hydrolyzes the iminium group, further
giving enol ether accompanied by a loss of LAu' and
benzaldehyde. This enol ether species is expected to
undergo a 3,3-sigmatropic rearrangement to form an aniline
intermediate bearing a tethered ketone, which ultimately
forms indole through an intramolecular cyclization.

Shi et al. reported a mild Co(Ill)-catalyzed oxidative
annulation of N-arylureas 76 and internal alkyne 77 for the
synthesis of diverse indoles 78 (Scheme 35).”’ The use of
less electrophilic ureas rather than acetamides as directing

Scheme 35
CoCp-(CO)l, Bh
O« _R' Ph AgSbFg
ﬁ/ NaH2P04, AQQCO3 R2_|__ N \ Ph
Noyy |l - R
N DCE, O, Z N
R —_
= 130°C, 24 h 1>§o
H Ph 43-94% R
76 77 78

R = NMe,, tetrahydropyrrole; R?= H, Me, F, Br, Cl, OMe, CO,Me

Scheme 34
Qe LT QL L9 \
NP Lo N Ph NH
Ph ) —2> O. _— O. Me = L Me Me —»
—\ | - LAU* | D -H,0 N ve
—C==CH _ -0 O
Au'L - H H
PhNHOH Me (O
+ === \—N+ +H,0
PhCHO Ph
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groups is crucial for the reaction. A broad range of synthe-
tically useful functional groups are compatible with this
reaction. This reaction proceeds under mild conditions
providing a straightforward access to diverse indoles. In
addition, when unsymmetrical internal alkynes were
employed, the annulation adducts obtained with high regio-
selectivity.

Terada et al. reported Pd-catalyzed denitrogenative
[3+2] cycloaddition of N-aroylbenzotriazoles 79 and
internal alkynes 80 producing the corresponding poly-
substituted indoles 81 in good to high yields (Scheme 36).*
The present results suggest that benzotriazoles can be
synthetic equivalents of 2-haloanilides in Pd-catalyzed
reactions. This reaction is free from the use of bases and
formation of nitrogen as by-product, the present metho-
dology gives an opportunity to synthesize polysubstituted
indoles 81 in an efficient and atom economic manner.

Scheme 36
R—R3 R3

R2 N 80 R2
Ij: N Pd(PPhs), mm
—_—
R? N Neat R2

N
1 °
R 130°C 872 )\R1
79 41-72% g1 0

R'= Me, OEt, Ph, 4-CF3CgHa, 3,5-(CF3),CeHg, 3-FCgHa,

4-MeOCgH,4, 4-AcCgH4; R?=H, Me, OMe, CN; R® = H, Me,
n-Pr, n-Bu, Ph, (CH,)30Ac, (CH5);0MOM, (CH,);0TBS

A new approach to the classic Fischer indole synthesis is
reported by Greaney et al. (Scheme 37).' The addition of
N-tosylhydrazones 83 to arynes, generated through fluoride
activation of precursors 82, in presence of Lewis acid
affords N-tosylindole products 84 via Fischer cyclization.
The procedure requires no transition metal catalysis and
compliments the existing syntheses that form the aniline
C—N bond of the indole heterocycle.

Scheme 37
N TMS R"  1.CsF, MeCN, rt, 12 h
R3_ + ):
N OTf TsHN\N/ R2 2.BF3OEty,A 5h
82 83 51-80%
R1
= N R, R2 = Me, Et, Ph, CH,CO,Me,

Cy, cyclopentyl; R3=H, Me, OMe

Lu et al. reported an efficient method for the synthesis of
2,3-disubstituted indoles 87 with high selectivity from
2-ethynylaniline derivatives 85 and unsaturated carbonyl com-
pounds 86 (Scheme 38).** This Pd(Il)-catalyzed reaction pro-
ceeds through tandem intermolecular aminopalladation, olefin
insertion, and protonolysis of the C—Pd bond with the rege-
neration of Pd(II) species in the presence of halide ions.

A Rh(III)-catalyzed cyclization of N-nitrosoanilines 88
with alkynes 89 via C—H activation-based intermolecular
redox-neutral strategy for streamlined synthesis of indoles
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Scheme 38 e} 3
R
R’ R
= O  Pd(OAc),, LiBr
Z + —_—
RV OR? THF N Rt
NHR?2 86 rt, 1-5 days N
85 27-94% hz
87

R'=H, n-Bu, CH,0OMe, TMS, Ph; R2=H, Ts, Ms, Ac, COCF4
R3, R*=H, Me

90 is reported by Zhu et al. (Scheme 39).** The synthetic
protocol features a distinct internal oxidant, N-N bond, as
a reactive handle for catalyst turnover, as well as a hitherto
tantalizingly elusive intermolecular redox-neutral manifold,
predicated upon C—H activation, for the formation of a five-
membered aza heterocycle.

Scheme 39 (RthC|2)2

H R3 AgSbFg R3
R1 : t-BuCO,H N

+ —_—
AN | | H,0, MeCN R1—©f\g—Ph

2 80°C,16 h ZNR?
88 Ph 25-82% 90
89
R'=H, Me, OMe, CI, F, Br; R?= Me, Et, (CH,),CN

R® = Et, Ph, allyl, COMe, CO,Me

Yamamoto et al. reported a method for the synthesis of
substituted indoles 93 via Pd-catalyzed intramolecular
cyclization of alkyne and in situ formed imine functional
groups of compound 91 and aliphatic secondary aldehydes
92 (Scheme 40).**

Scheme 40
RCHO Et
Et 92

Pd(OAc),, n-BuzP
B ———
THF, 100°C, 22 h
52-74%
NH,
91 93

R = Cy, CH(Me)Ph, CHMe,, CHPh,

Z

IZ

Pd-catalyzed coupling of 2-iodoaniline or the cor-
responding N-methyl, acetyl, and tosyl derivatives 94 with
a wide variety of internal alkynes 95 for the regioselective
synthesis of 2,3-disubstituted indoles 96 in good to
excellent yield is reported by Refvik et al. (Scheme 41).%
This process is quite general and applicable for the
synthesis of different types of substituents which can be

Scheme 41
Pd(OAC)z, PPh3 R3
@' , , Additive, Base
+ R*——R N\
1 DMF ©j&p<z
94NHR 9 100°C, 20 h NR'
28-98% 96

R'=H, Me, Ac, Ts; R? = Et, n-Pr, i-Pr, t-Bu, TMS, Cy, CMe,OH,
CH,0H, (CH,),0H, Ph, CH,CH(OH)Me, CH(OEt),;

R® = Me, Et, Ph, CH,OH, CMe,OH, C(Me)=CH,, n-Pr, n-Bu;
Additive = LiCl, n-BuyNCI; Base = K,CO3, Na,CO3, KOAc, NaOAc
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accommodated on the aniline nitrogen and the two ends of
the alkyne. This methodology readily affords 2-silyl-
indoles, which can be easily protodesilylated, halogenated,
or reacted with alkenes and Pd(OAc), to produce 3-sub-
stituted indoles, 2-haloindoles, or 2-(1-alkenyl)indoles,
respectively. The presence of an alcohol group in the
alkyne seems to have a particularly strong directing effect,
due to coordination with palladium.

The present review has provided a comprehensive
overview for the synthesis of privileged 2,3-substituted
indoles under various metal-catalyzed conditions. A large
number of methods including Fischer indole synthesis,
C—H activation, cycloaddition, and coupling reactions are
described in details.
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