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Recent advances in the synthesis of indoles from
alkynes and nitrogen sources

José Sebastido Santos Neto @ and Gilson Zeni @ *

Transition metal-catalyzed cyclization reactions of unsaturated substrates have become one of the most
important and useful methodologies for the preparation of heterocycles. To this end, the association
between alkynes and nitrogen compounds results in versatile substrates for the synthesis of
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1. Introduction

Indoles are the most important core structures in many bio-
logically active natural products, exhibiting therapeutic pro-
perties over a wide range of targets." Indole systems exhibit
pharmacological activities, and are also present in commer-
cially important products such as agrochemicals, essential
oils, cosmetics, flavoring fragrance, dyes, and photosensitizer
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N-heterocycles, including indole derivatives. In order to demonstrate the growth in this area, this review
highlights ten years of success in the synthesis of indoles using alkynes and nitrogen sources as substrates
in the cyclization reactions catalyzed by metals. We believe that summarizing these methods would be
very useful for the chemists who are interested in the synthesis of N-heterocycles.

compounds.®® Because they have been studied for more than
one hundred years, an impressive number of well-established
classical methods are now available for their synthesis.>*™°
The methodologies for the synthesis of indoles are normally
associated with the name of the discoverer, such as Fischer
indole synthesis,*® Bischler indole synthesis," Reissert indole
synthesis,>® Madelung indole synthesis,*® Nenitzescu indole
synthesis,>* Sundberg indole synthesis,>® Hemetsberger indole
synthesis,>® Gassman indole synthesis,>” Leimgruber-Batcho
indole synthesis,*® Julia indole synthesis,> Bartoli indole syn-
thesis,*® Larock indole synthesis,*" and Fukuyama indole syn-
thesis®> (Scheme 1).>* Among all the existing synthetic
methods to obtain indoles, those using alkynes as substrates

Gilson Zeni received his M.S.
degree  from  the  Federal
University of Santa Maria-
RS-Brazil, working under the
direction of Prof. A. L. Braga,
and his Ph.D. under the direc-
tion of Professor J. V. Comasseto
(University of Sdo Paulo). He did
his postdoctoral studies at the
Iowa State University-USA with

Prof. R. C. Larock. He then
' moved to the Federal University

of Santa Maria, where he is now

a full professor. The synthesis
and reactivity of organochalcogen compounds and the develop-
ment of new synthetic methods for application of organochalcogen
substrates in cyclization reactions are among his main current
research interests.

Gilson Zeni

Org. Chem. Front,, 2020, 7, 155-210 | 155


www.rsc.li/frontiers-organic
http://orcid.org/0000-0003-4157-3481
http://orcid.org/0000-0003-1290-6478
http://crossmark.crossref.org/dialog/?doi=10.1039/c9qo01315f&domain=pdf&date_stamp=2019-12-14
https://doi.org/10.1039/c9qo01315f
https://pubs.rsc.org/en/journals/journal/QO
https://pubs.rsc.org/en/journals/journal/QO?issueid=QO007001

Published on 22 novembre 2019. Downloaded on 05/08/2025 00:07:09.

Review
Fischer indole synthesis R?
©/NHNH2 o
+
" R2 H N—r!
lowt —— ()

H

g _AHHer mm
N

H

Bischler indole synthesis

©/NH2

Reissert indole synthesis

_diethyl _ CO?EtZi_ A heat N
COH
“oxalate AcOH N N

02 NaOEt H H

Madelung indole synthesis

R!
©ﬁ _reflux @,Rz
N

H
Nenltzescu indole synthesis

COR3

R2 COZR3
_ N g2
R‘HN N

R1
Sundberg indole synthesis

@(\/Prn reflux @Prn
©(\( P(OEY,_ @

reflux

Hemetsberger indole synthesis

COZR coR__ |
2 \ COZR
N
4

Gassman indole synthesis SMe
NHR!
1) +BuOCI N\ e
? N
2) Rle/SMe R!
3) EtsN

Leimgruber-Batcho indole synthesis

CH; A N
@ S Me,NCHy(OMe), _ ©(V Raney-Ni @
T pymolidne i i
NO, py! hidrazine/water NH

Julia indole synthesis H
. 0
@\ 1) 2 MgCl ©/ . A
NSO 2)H0 N
H
Bartoli indole synthesis R?
R2 R® 0
L N Rt Ve
NO, MgBr H N
R! R!
Larock indole synthesis R3
|
@[ v R o _PAOAG, sz
NHR' base N

Fukuyama indole synthesis

R1
R’
@\N AIBN, BuzSnH A
N
R1
d AIBN, Buaan N_ge
N

are particularly attractive ones because of the wide variability
in alkyne reactivity, substituent tolerance, chemoselectivity
and ability to react with both nucleophiles and electrophiles.
The cooperative action between alkynes and nitrogen com-
pounds as substrates in transition metal-catalyzed cyclization
reactions is a useful alternative to the synthesis of indoles. We
believe that summarizing these methods would be very useful
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for chemists. Because many advances in the synthesis of these
compounds have been published in the last few years, the
purpose of this review was to highlight ten years of these
achievements. In addition, the number of articles found in the
literature on this topic is very large; therefore, to cover as many
as possible we summarized the results in equations and
tables, avoiding in some cases lengthy discussions. To facili-
tate the presentation, the review is organized in alphabetical
order of the metal used for the cyclization reaction.

2. Transition-metal catalyzed
synthesis of indoles

Transition metal-catalyzed activation of alkynes, followed by
an intramolecular or intermolecular nucleophile addition, has
become a powerful tool for the construction of the indole ring.
Alkyne complexes containing bismuth, cobalt, copper, gold,
indium, iridium, iron, manganese, mercury, nickel, palladium,
platinum, rhenium, ruthenium, scandium, silver, titanium,
tungsten, zinc, and zirconium have been employed as active
catalysts for the synthesis of indole derivatives. In the next sub-
sections, the utility of these reactions will be reviewed focusing
on specific examples that appeared in the literature in the last
ten years.

2.1. Bismuth-catalyzed synthesis of indoles

Bismuth salts have been shown to act as suitable catalysts for
the cyclization reactions involving alkynes and nitrogen sub-
strates for the preparation of indoles. Thus, the direct addition
of NH from anilines across carbon-hydrogen of the 2-alkynyl-
cyclohexadienimines was efficiently catalyzed by a Bi(OTf)s/
t-BuOH system, resulting in the formation of N-arylindoles 1
(Scheme 2).** The required starting 2-alkynylcyclohexadieni-
mines were prepared by oxidative dearomatization reaction
promoted by PhI(OAc),.

2.2. Cobalt-catalyzed synthesis of indoles

In contrast to palladium, copper, rhodium, and other tran-
sition-metal catalysts only a few reports on cobalt-catalyzed
reactions of alkynes and nitrogen substrates for the prepa-
ration of indoles appeared in the literature in the last decade.
In one of these reports, Boc-N-protected hydrazines were uti-
lized as internal oxidizing directing groups for cobalt(i)-cata-
lyzed annulation reaction with symmetrical and unsymmetri-
cal alkynes for the synthesis of unprotected indoles 2

R? NHAr!
R! Z 1) Ph(OAc),, MeOH, 25 °C, 10 min R! o
o 2) Bi(OTf3 (10 mol%), Ar'-NHj, (3.0 equiv) N R
) t-BUOH, 25 °C, 48 h Ts

Ts
1, 64-95%

R' = 4-Me, 4-Et, 4-n-Bu; R? = H, CgHs, 4-MeO-CgHy, 4-CI-CgHy, n-Bu, t-Bu; Ar' =
CeHs, 4-Me-CgHa, 4-MeO-CgH, 3,5-(Me)y-CgHa, 4-i-Pr-CeHy, 4-Br-CgHg, 4-Cl-CgHy, 4-
F-CgHy, 4-pyridyl-CgHj.

Scheme 2
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RZ
=z *
R1_\ I oos Re [Cp*Co(CO)l,] (10 mol%) q? s
r}j’ AgSbFg (20 mol%), KOAc (10 mol%) X N
HN. HFIP, 80-100 °C, 22 h H

2,17-98%
R =H, 4-Br, 4-Cl, 4-F, 4-Me, 4-CgHs, 4-F5CO, 4-NC; R? = R3 = CgHs, 3-Me-CgHa, 3-F-CgHa, 4-Me-
CgHa, 4-MeO-CgHy, 4-F-CgHy, thienyl, n-C4Hg; R? = CgHs and R® = Me, Et, EtO,C; R? = MeO,C and
R® = n-CgHy1.

Scheme 3

RS
R1L/ | [Cp*Col,], (2 mol%) Z
~ R2 + RI-=—R R D—pe
N AgSbFg (8 mol%), Zn(OTf); (1.2 equiv) NN
NH, DCE, 50 °C,12h R?

3,43-90%

R' = 3-Br, 3-Cl, 4-Cl, 2-F, 4-F, 3-F, 2-Me, 3-Me, 4-Me, 3-MeO, 3-MeO,C; R? = Me, Et, i-Pr, Ph, Bn; R® =
R* = Et, n-Pr, n-Bu; CgHs; R® = CgHs and R* = H, Me, Et, n-Pr, allyl.

Scheme 4

(Scheme 3).** The authors developed a careful study to deter-
mine which hydrazine shows the best activity as a redox-
neutral directing group, by comparing acetyl hydrazide, piva-
loyl hydrazide, benzoyl hydrazide, and ethyl hydrazinecarboxy-
late, and Boc-phenylhydrazine led to the formation of products
with best yields and selectivity. The Co(m)-catalyzed carbon-
hydrogen functionalization/cyclization reactions can be also
applied to 1-substituted-arylhydrazines and internal or term-
inal alkynes for the preparation of indoles 3 (Scheme 4).*° The
results indicated that a meta-substituent in the arylhydrazine
and a branched chain in the alkynes governed the reaction
regioselectivity.

The N-nitrosoanilines have also been reported as directing
groups in the cationic cobalt(m) catalyzed intermolecular cycli-
zation of alkynes for the regioselective preparation of
N-substituted indoles 4 (Scheme 5).>” A versatile cationic
cobalt(m) catalyst using nitrones, as a nitrogen source, was
also used in combination with internal alkynes for the prepa-
ration of 2,3-substituted indoles 5 (Scheme 6).*® The authors
carried out a comprehensive mechanistic study and concluded
that this redox-neutral carbon-hydrogen/nitrogen—-oxygen
cyclization proceeds through carbon-hydrogen activation by
carboxylate assistance.

N-Arylureas reacted with internal alkynes in a Cp*Co(u)-
catalyzed oxidative annulation to afford indoles 6
(Scheme 7).*° The authors observed that the presence of acet-
amides directly bonded to the nitrogen atom was crucial as

R2

H
=z

R1,<I o + Ri=—go —[C"COMECN)5(SbFg)] (5-10 moi%) r” i
N Cu(OAC); (2.0 equiv) A N

NO DCE, 80-120 °C, 24-36 h Me
under air 4, 30-76%

R" =H, 3-Br, 4-Br, 3-Cl, 4-Cl, 4-F, 4-1, 4-Ph, 2-Me, 3-Me, 4-Me, 4-t-Bu, 4-F3CO, 4-F3C, 4-MeO,C, 4-
NC, (3-Cl, 4-Me), (4-B;, 3-Me), (4-F, 3-Cl), 3,4-(Cl,); R? = R® = n-CsHy4, CgHs, thienyl, EtO,C; R? =
CgHs and R® = Me, allyl, c-C3Hs

Scheme 5
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R lig + R=r : o R Hr
N N,O AgSbFg (20 mol%) S N
Q HFIP, 100 °C, 16 h Me
PMP under air

5,54-92%
R' = H, 3-Me, 4-Me, 4-Br, 4-Cl, 4-F, 4-EtO,C, 2-thienyl; R? = R® = CgHs, 4-Me-CgHj, 4-MeO-
CgHg, 4-F3C-CgHj, 3-Cl-CgHj, 4-Cl-CgHy; R? = EtO,C-CgH, and R® = CgHs; R? = n-CsHyq and
R3= 4-F-CgHy; R? = n-C4Hg and R? = 4-0,)N-CgHy; R? = CgHs and R® = OjN-CgHy

Scheme 6
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6, 39-93%
R! = H, 4-Br, 4-F, 4-MeO,C, 2-Me, 3-Me, 3-MeO,C, 2-MeO, 3,4-(Me),; R? = Me,

pyrrolidine; R® = R* = CgHs, 4-Br-CgHj, 4-F-CgHy, 4-Me-CgHy, 4-MeO-CgHy, 4-t-Bu-
CgH, thienyl; R* = CgHs and R® = H, Me.

Scheme 7

directing groups. The methodology was very efficient for
unsymmetrical internal alkynes giving the desired indoles
with high regioselectivity.

2.3. Copper-catalyzed synthesis of indoles

Copper salts constitute one of the most useful and powerful
catalysts in organic synthesis, especially for carbon-carbon
and carbon-heteroatom bond formation. This usefulness is
particularly highlighted because of their lower costs, good
accessibility and compatibility with a wide range of functional
groups. However, at the beginning of their use, the reactions
were conducted with equivalent amounts of copper salts, at
high temperature, and with long reaction times. Over the past
few years, great advancements have been made in copper-cata-
lyzed reactions which include the use of a number of ligands
such as aliphatic diamines, 1,10-phenanthroline, amino acids
and their derivatives, and others.’*™*> These important out-
comes permit the use of milder reaction conditions such as
catalytic amounts of copper salts, lower temperature, and
short reaction times. Several N-heterocyclic systems have been
obtained through copper catalyzed intramolecular and inter-
molecular cyclization reactions.”> A range of synthetic
approaches involving alkynes in carbon-nitrogen bond for-
mation, catalyzed by copper salts, has been applied for the
generation of indoles. In one of these, a Cul-polystyrene-sup-
ported pyrrole-2-carbohydrazide catalytic system, in water, was
applied for the cyclization of N-(2-ethynylphenyl)-sulfonamides
for the preparation of indoles 7 (Scheme 8).** The catalytic
system was successfully reused and recycled up to seven times,
without any significant loss of activity. In another approach,
the treatment of ortho-alkynylanilines with copper iodide, in
DMF, at 100 °C, led to the 2-(2-aminoalkyl)indoles 8
(Scheme 9).*> Although the authors observed from the TLC
analyses a single spot corresponding to the products, they
were obtained in low isolated yields after column chromato-
graphy, probably because of decomposition. When an imine is

Org. Chem. Front, 2020, 7, 155-210 | 157
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R3 H,0, 80 °C, 30 min R

7, 88-100%

R'=H, 4-Me, 3-MeO, 4-NC; R? = H, CgHs, 4-MeO-CgHy, 4-Cl-CgHg, 4-NC-CgHs,
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MeOC.
Scheme 8
R! N
= tBuOSHN, .
NHSOrBu __ Cul (10equy) \
N DMF, 100°C, 7 h N
A H

8, 15-40%
R' = Me,CH, Me,CHCH,, PhCHj, PhCH,CH,, Ph.

Scheme 9
_ R' R! N_R'
z = [Cu] m
R2
N/J\Rz NJ\RZ %
9 10, 42-88%

R' = H, CgHs, 2-Me-CgHy, 3-Me-CgHy, 4-Me-CgHy, 4-MeO-CgHy, 4-CI-CgHy, 4-F3C-CgHy,
4-EtO,C-CgHy, 2-thienyl, n-CgHyz, c-CaHs, c-CeHo, HOCH2(CHo)p R? = CgHs, 4-Me-
CgHy, 4-OoN-CgHy, 2-thienyl, 2-furyl, ¢-CgHy4, c-CgH1o,

Scheme 10

incorporated into the aromatic ring at the ortho-position of the
alkyne, such as N-(2-alkynylphenyl)imines, the endo-cyclic pro-
ducts, N-vinylindoles 10, are formed (Scheme 10).*® The
authors suggested that the enamine 9 is the N-nucleophilic
source, which is generated via tautomerization of the imine.
The synthesis of a number of indoles has been achieved by
the copper-catalyzed domino Sonogashira coupling/cyclization
reaction of N-substituted ortho-haloanilines with terminal
alkynes. For example, the copper-catalyzed one-pot reaction of
ortho-bromotrifluoroacetanilides with terminal alkynes, using
Cul/t-proline as the catalytic system and K,CO; as a base, in
DMF, at 80 °C, gave 2-substituted indoles 11 (Scheme 11).*” In
an extension of this work, ortho-arylindoles 12 were prepared
by copper catalyzed domino sp-sp> decarboxylative cross-coup-
ling following cyclization reactions of arylpropiolic acids with
ortho-iodotrifluoroacetanilides (Scheme 12).** Subsequently,
analogous to these strategies, the reaction of N-substituted
ortho-iodoanilines with terminal alkynes catalyzed by Cul,
using DBU as a base, in EtOH, in the absence of a ligand, gave
the corresponding indoles in good yields.*” Even though the

wi ‘ | + — pge _Cul(0.02mmol), L-prolinc (0.06 mmo) R1mR2
Ny H K,COj (2.0 mmol), DMF (2 mL) NN
COCF, 80°C,24h H

11, 25-94%
R! = H, 4-Et, 4-MeO, 5- MO, 4-O,N, 4-MeO,C, 3-MeO,C, 4-MesN, 4-MeBnN, 4-Cl; R? =
CeHs, 4-Co-CgHy, 4-MeO,C-CqHy, 4-MeO-CgHy, 3-MeOC, n-CsHy1, BNOCH,, THPOCH,

Scheme 11
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R! 1 R!
\@ O CuBr(5mol%), L-proline ( 15 mol%) mRz
o R= on K2COs (2.0 equiv), DMSO, 100°C, 3 h N
COCF, H
12, 70-90%
R = H, 4-CH30,C, 4-NC, 4-Br; R2 = CgHs, 3-Br-CgHy, 4-Br-CqHg, 4-CI-CgHg, 2-F-CgHy, 3,4-(F)p
CgHs, (3-F,4-E10)-CgHs, 4-HO,C-CgHa, 3-MeO,C-CeHa, 4-MeO,C-CeHa, 4-O,N-CqHa, 2-thienyl.

Scheme 12
$4
1 N
HO R RO

X N2 R® Cu(CH3CN)4PFg (10 mol%) o\ "\ R?
Hor RS — e R3
N NN CE, 61°C N
Ts R* Ts

13, 42-95%
R'=Me, n-Bu, i-Pr, Ph; R? = H, 2-Me, 3-Me, 4-Me, 4-MeO, 2-Cl, 4-Cl, 2-F, 3-F, 4-F; R® = H, 2-Me, 3-Me
Ph, NCCH,; R* = H, Me.

Scheme 13

authors developed the work using copper as a catalyst, they
concluded that a palladium contaminant as low as 100 ppb
was the promoter of the reaction.

A copper-catalyzed tandem annulation/arylation has been
developed for the synthesis of diindolylmethanes 13 from pro-
pargyl alcohols (Scheme 13).°° The investigation of the reac-
tion mechanism indicated that the formation of indoles 13
involves a key allyl cation intermediate, which is attacked by an
indole nucleophile to form the product. The indole nucleo-
philes can be replaced by other carbon or oxygen nucleophiles
such as 1,3-dimethoxybenzene and alcohols.

The domino N-arylation/hydroamination strategy has found
many applications for the synthesis of functionalized indoles.
This reaction occurs between ortho-alkynylhaloarenes and a
nitrogen substrate in the presence of copper catalysts. In this
case, the copper salt plays a dual role of both promoting the
formation of the carbon-nitrogen bond and catalyzing the
cyclization. These reactions were applied to the synthesis of
several N-arylindoles 14 starting from ortho-alkynylbromoar-
enes (Scheme 14).°" The reaction utilized anilines as an
N-nucleophilic source and copper iodide as a catalyst in a
ligand-free system. Other N-nucleophiles, such as amides,
required the presence of a diamine as a ligand for the prepa-
ration of the corresponding N-acylindoles. The N-arylation/
hydroamination described above was extended to construct the
1,2-disubstituted indoles 15 through Cu(u)-catalyzed domino
coupling/cyclization reactions of ortho-alkynylanilines and
boronic acids (Scheme 15).>* This sequence was also applied

RZ
o ~ NH, o
X Cul (10 mol%), t-BuOK A R?
=l PhMe, 105 °C, 212 h N
X o
7
<X

14, 21-84%
R' = H, F3C; R? = n-CgHy3, n-C4Hg; R® = H, 4-Me, 3-MeO, 4-MeO, 4-Cl, (2-Cl, 4-MeO),
(2-Cl, 5-Me0),1-naphthyl.

Scheme 14

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/c9qo01315f

Published on 22 novembre 2019. Downloaded on 05/08/2025 00:07:09.

Organic Chemistry Frontiers

R?

/
=

Rhiw + R3-B(OH)
NH, 2

R' = H, 4-Me, 4-Cl, 4-NC; R? = CgHg, 2-Br-CgHy, 4-F-CgHy, 4-Me-CgHy, c-C3Hs, t-Bu; R® =
CeHs, 2-Me-CgHy, 3-Me-CqHg, 4-Me-CgHy, 4-n-Pr-CgHg, 3-Cl-CgHy, 4-CHCqHy, 3-MeO-
CoHa, c-CaHs, 1-C4Hg, c-Cotys,

Cu(OAc); (10 mol%) . mRz
decanoic acid (20 mol%) A N
2,6-Lutidine (1.1 equiv) R3

PhMe, under air, r.t., reflux 15, 43-91%

Scheme 15
A At
Z = Z N N 1
RL/ I _amination g1 | cyclization R': | Ar
X aq. NH; X H NN
Br N \
b H

16, 57-
90%

R'=H, 3-Me, 4-Me, 4-Cl, 4-F, 4-O,N, 4-MeOC, 4-F3CO, 4-F4C; Ar' = CgHs, 4-CI-CgHy, 4-F-
CgHa, 4-CF3-CgHy, 4-Me-CgHy, 4-MeOC-CgHy, 3,5-(MeO),-CgHa, 1-naphthyl, 2-thienyl.

Scheme 16

to the synthesis of free N-H-2-arylindoles 16, which included
copper(u)-catalyzed amination of ortho-bromoarylalkynes with
aqueous ammonia (Scheme 16).>* The advancement of the
methodology was due to the convenience and atom economy
of using aqueous ammonia.

N-Alkylation reaction employing 2-alkynyl cyclohexadieni-
mines, as the alkylating agents, has been proven to be very
effective at the construction of N-heteroarylated indoles 17
(Scheme 17).>* The use of 2-alkynyl cyclohexadienones, as the
alkylating agents, led to the formation of 1-(benzofuran-4-yl)-
1H-indoles. The optimization of the reaction conditions
revealed that higher yields of indoles were obtained using Cu
(OTf), in 1,2-dichloroethane as the catalytic system.

Copper-catalyzed domino three-component coupling-cycli-
zation of ortho-alkynylanilines with secondary amines and
aldehydes can also yield indoles. In the former case, cyclic or
acyclic secondary amines, aldehydes and ortho-alkynylanilines
allowed the copper(i)-catalyzed formation of 2-(aminomethyl)
indoles 18 in high yields (Scheme 18).>>°® The reaction
involved the formation of two carbon-nitrogen bonds and one
carbon-carbon bond producing water as the only waste. In
addition, the copper-catalyzed cyclization of 3-(ortho-trifluoroa-
cetamidophenyl)-1-propargyl alcohols, in the presence of
primary or secondary amines, gave free NH-2-(aminomethyl)
indoles 20 (Scheme 19).°” The proposed key intermediate is a
o-indolyl copper 19, which can undergo substitution of the

X R*
R! =Z Cu(OTH), (10 mol%)

H + Q/ 1,2-DCE, rt., 4-24 h =
N” 3 R3 X
) R® OMe
4
17, 31-97%
R' = H, Me, i-Pr, Cl, F; R? = H, CgHs, 4-Cl-CgHy, 4-Me-CgHj, c-CaHs, t-C4Hg, n-C4Hg; R® = Me,

CoHs, MeO, Cl; R = CgHs, 4-Cl-CgHy, 4-Me-CgHy, 4-MeO-CqHy, ¢-CaHs, n-C4Hg, £-CyHg; X = TsN,
MsN, AcN, BzN, O.

Scheme 17
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R3
= \
Z N-R*
=z o i =z
RL(EC_‘ + RACHO _ CuBr(1mol%) amine R1®_<
NN dioxane NN R
Ts Ts
18, 61-99%
R" = H, 3-MeO,C, 3-F3C, 4-Me; R?= H, n-Pr, CgHs, 4-MeO,C-CgHy, 4-Me-CgHy, 2-Br-
CgHy; amine = benzylamine, isopropylamine, ethylamine, piperidine, pyrrolidine,
allylamine.
Scheme 18
R?
R
Pz OH N-R*
N Z . RYR Cul, K,COy RN N-R
Rie  w P MeCN, 80 °C SN R
N \
H
COCF,
20, 71-97%
Cu.
"OH
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Scheme 19

hydroxyl group for the nucleophilic amino group, assisted by
the coordination of oxygen to copper (Scheme 19).

ortho-Amino-N-tosylhydrazones, which are prepared using
the corresponding aldehydes, can be also applied to copper(i)-
catalyzed cyclization with terminal alkynes to afford 2-substi-
tuted indoles 21 (Scheme 20).°® In additional studies, the
authors used N-tosylhydrazones and ortho-aminoarylalkynes in
a reaction catalyzed by CuBr to form 2-substituted indoles 22
(Scheme 21).*° The proposed mechanism consists of the in situ
preparation of a diazo compound, followed by a copper acety-
lide attack on the diazo compound to give the copper carbine
23. The migratory insertion of the carbenic carbon into the
alkynyl group affords the propargyl cuprate intermediate 24.
The formation of an allene and an intramolecular cyclization
promoted by the copper catalyst afford the desired indoles
(Scheme 22).

The intramolecular cyclization between ortho-alkynylani-
lines and copper salts is an established method for the syn-
thesis of 3-haloindoles. It has been demonstrated that through
this methodology 3-chloro- and 3-bromoindole derivatives 25
can be prepared in good yields by the reaction of ortho-alkynyl-

CuBr, Cs,CO3
MeCN, 100 °C

@NNHTS ;
h o+ R=—H
«

X =0, NH, AcN; R' = CgHs, 3-thienyl, PhCH,CH,.

1
@—/R
X

21, 38-74%

Scheme 20

/
~ = )NI\HNTS CuBr, t-BuOLi @_\
. _—
N ‘ «H A" TH MeCN, 80 °C X ar
22,71-85%
Ar = CgHs, 4-MeO-CgHy; X = AcN, TsN.

Scheme 21
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anilines with cupric halide in dimethyl sulfoxide
(Scheme 23).°° The authors determined that CuBr, instead of
Br, promotes the bromocyclization reaction and that the inac-
tive Cu(0), formed in the reaction, can be oxidized by CuX, to
produce CuX, which activates the alkynes. By using CuCN as a
promoter, N-protected ortho-alkynylanilines gave 3-cyanoin-
doles 26 via a sequential cyclization-cyanation reaction
(Scheme 24).°" In the proposed mechanism, the molecular
oxygen promotes the oxidation of a Cu(i)-alkyne complex inter-
mediate to the corresponding Cu(u) or Cu(m). It has been
reported that the use of camphorsulfonic acid (CSA), as an
additive, was effective in increasing the yield of
3-cyanoindoles.”

The copper catalyzed tandem cyclization of ortho-alkynyl-
anilines with dichalcogenides provided an expedient approach
for the synthesis of 3-chalcogenindoles 27 (Scheme 25).°> The
results indicated that the copper catalyst promotes the chalco-
gen-chalcogen bond cleavage to form an electrophilic chalco-
gen species, which activates the carbon-carbon triple bond of
the ortho-alkynylanilines via chalcogenonium cation 28. The
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nitrogen intramolecular attack on the cation 28 produces the
corresponding 3-chalcogen-indoles (Scheme 26).

This tandem reaction was also attempted by using
O-benzoyl hydroxylamines to capture the copper intermediate.
Thus, the copper catalyzed cyclization of ortho-alkynylanilines
produced the indolyl copper intermediate 29, which reacted
with O-benzoyl hydroxylamines to give 3-aminoindoles 30
(Scheme 27).** The investigation of the mechanism carried out
by the authors indicated that a nonradical electrophilic amin-
ation of the heteroarylcopper species and a carbon-nitrogen
bond-forming step were involved. Following the same reaction
sequence, C3-azolylindoles 31 were synthesized from copper-
promoted annulative direct coupling of ortho-alkynylanilines
with 1,3,4-oxadiazoles (Scheme 28).°° The authors suggested
that the carbon-carbon triple bond of anilines is activated by
an oxadiazoyl copper intermediate 32, which promotes the
annulative aminocupration leading to the product after reduc-
tive elimination (Scheme 29).

Another approach to obtain 3-substituted indole derivatives
employed a visible-light-induced copper-catalyzed process for
carbon-hydrogen annulation of arylamines with terminal

R? R
_ Z R Cu(OTH), (10 mol%) e
R o * BZO’N‘R,‘ #BuOLi (2.0 equiv) R N
\ DMF, rt, 6-12 h Ms
Ms 30, 17-93%
Cu f
_ :
--------------------------- R‘{jf\&r:a2
XN
29 Ms

R'=H, 4-Me, 4-C; R? = n-C4Hg, t-C4Hg, c-CgH11, CeHs, 4-Me-CgHj, 4-MeO-CgHy, 4-F3C-
CgHy, 1-naphthyl, 3-thienyl; R3=R* = Et, allyl, morpholine, pyrrolidine, boc-N-piperazine.

Scheme 27
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alkynes and benzoquinone. Thus, the visible-light irradiation
of aniline derivatives with alkynes in the presence of benzo-
quinone using a mixture of CH;CN/CH30H (1:1 v/v) as the
solvent and CuCl (5 mol%) as the catalyst, at room tempera-
ture, gave 3-para-hydroxyphenyl substituted indoles 33
(Scheme 30).°°

The intramolecular oxidative diamination of bis-(2-amino-
phenyl)acetylenes promoted by a Cu(hfacac),/O, oxidation
system was used for the preparation of 5,10-dihydroindolo[3,2-
blindoles 34 (Scheme 31).*” The presence of both N,N-di-
methylamine and primary amine groups in the bis-(2-amino-
phenyl) acetylenes was crucial for the success of the cycliza-
tion. The key step of the annulation process was the inter-
molecular N-methyl transfer from the nitrogen atom of N,N-di-
methylamine to the primary amine. Subsequently, the cascade
reaction annulation of diarylalkyne sulfonamides catalyzed by
Cu(OAc),, in the absence of an oxidant, led to the formation of

R H-N
Cu(hfacac); ( 1.0 equiv) R! Me
O = O K,CO3 (3.0 equiv) O \ N O
N-Me R2 0O, (1.0 atm) N
Me MeCN, 80°C, 3h y R?

34, 45-87%

R'=H, t-Bu, Me, MeO,C, Br, CI, F; R? = Me, F, MeO,C.

Scheme 31
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5,10-dihydroindolo[3,2-b]indoles 35 (Scheme 32).°® The
authors stated that the process involves two sequential cycliza-
tions with two carbon-nitrogen bond formation processes, in
which Cu(OAc), works as a catalyst in the first step and as an
oxidant in the second step.

ortho-Alkynyl N,N-dimethylamines have been also utilized
for the functionalization of the 3-position of the indole ring
for the preparation of 3-aroylindoles 36, via a copper catalyzed
tandem process (Scheme 33).*° In this cyclization, one carbon-
carbon bond and one carbon-oxygen bond are formed while
two sp® carbon-hydrogen bonds are cleaved. The reaction
involves an sp® carbon-hydrogen bond activation of the
methyl group bonded to nitrogen, followed by an intra-
molecular nucleophilic attack of water on the alkyne, which
promotes the cyclization onto iminium carbon to give, after
oxidation, the product (Scheme 34). The copper-catalyzed
annulation of nitrosoarenes and alkynes, followed by deoxy-
genation, was also employed to obtain 3-substituted indoles 37
(Scheme 35).”° It was proposed that the in situ formation of
the Cu(i) species, by the reaction of Cul(i) with Cu(0), is
responsible for deoxygenation of the N-hydroxyindole inter-
mediate returning the Cul(u) species to the cycle.

The 3-acylated indole derivatives 38 have been prepared by
the conjugate addition of N-formyl-2-haloanilines to acetylenic
sulfones, ketones, and esters, followed by a copper-catalyzed

2
o [~ 7% K
N\ /
CuBr (10 mol%) = A
— R |
TBHPq (3.0 equiv) S N
80°C, 2.5-4 h Me
36, 62-
82%
R' = H, 4-Me, 3,4 (Me),, 4-Br; R? = H, 4-Me, 4-t-Bu, 4-O,N.
Scheme 33
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intramolecular C-arylation (Scheme 36).”" The C-arylation step
was achieved by employing copper(u) acetate as the catalyst in
the complete absence of ligands, without the need to protect
from air or water. Mechanistic studies carried out by the
authors indicated that the formate ion, produced by the base-
catalyzed hydrolysis of DMF, reduces copper(u) to the active
copper(i) species and recycles any copper(u) that is produced
in the reaction, preventing the deactivation of the catalyst. A
similar strategy has been also successfully employed in the
synthesis of 2-(perfluoroalkyl)indoles 39 (Scheme 37).”
The reaction was carried out by the initial Michael addition
of ortho-haloanilines to methyl perfluoroalkynoates giving
N-(ortho-haloaryl)enamines, which afforded the corresponding
indoles via a copper-catalyzed annulation reaction.

2.4. Gold-catalyzed synthesis of indoles

Gold-catalyzed reactions have attracted attention because of
their useful applications in organic synthesis. In particular,
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gold salts have been extensively used as catalysts for reactions
with a series of unsaturated precursors, such as alkynes,
alkenes, and allenes.”® The reactions of gold(r) and gold(um)
salts with alkynes produce reactive complexes, which afford
products with high selectivity, in most cases in a single step.
Particularly, the gold activation of carbon-carbon bonds of
alkynes towards attack by nitrogen nucleophiles is one of the
most important methods to prepare indoles via carbon-nitro-
gen bond formation. The methodologies involving the prepa-
ration of indoles via hydroamination, cycloaddition, annula-
tion, and cycloisomerization, among other reactions with
alkynes, catalyzed by gold salts, will be shown below. Thus,
several types of intramolecular gold-activated alkynes were
easily reduced with simultaneous carbon-nitrogen bond for-
mation affording indoles. For example, ortho-alkynylanilines
when treated with NaAuCl,-H,0, using [bmim|BF, as the reac-
tion medium, afforded 2-substituted indoles 40 in high yields
(Scheme 38).”* The catalytic system could be recycled using
n-BuyNAuCl,. In addition, 2,3-disubstituted indoles could also
be prepared by the reaction of ortho-alkynylanilines and
3-butenone in a one pot annulation-alkylation sequence or via
an aza-Michael addition-annulation-alkylation process, which
afforded the 1,2,3-trisubstituted indoles.

In protic solvents, AuCl; catalyzed the cyclization of ortho-
alkynylanilines to generate 2-substituted indoles 41
(Scheme 39).”> When carried out using ethanol as the solvent
at 70 °C, the reaction was very fast without needing to protect
the amino group. Under the same reaction conditions,
2-amine-3-alkynylpyridines led to substituted pyrrolopyridines
in good yields.

The catalytic activity of cationic gold could be hampered in
the presence of basic amines. The cationic gold has much
stronger affinity towards basic amines than towards the acti-
vation of carbon-carbon bonds of the alkyne substrates; thus
the corresponding catalytic cycle could be inactivated.
However, gold nanoparticles supported on titanium dioxide
were found to be a highly efficient catalytic system for the
intramolecular hydroamination of ortho-alkynylanilines to
afford the corresponding indole derivatives 42 (Scheme 40).”°
The reaction conditions required low catalyst loading

Ph
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=
R
N SNH, EtOH, 70 °C

=z
NN
!

R'=H, 4-Me, 4-Cl. 41, 98-99%

Scheme 39
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(0.2 mol% Au) and toluene as the solvent under microwave
heating. The catalytic system was reused through five straight
runs without loss of catalytic activity.

To avoid the previous preparation of ortho-alkynylanilines,
one strategy is the use of a cross-coupling-cyclization reaction
sequence of terminal alkynes with ortho-haloanilines. Thus,
the gold(r) iodide catalyzed Sonogashira reactions of terminal
alkynes with ortho-iodoanilines, in the presence of dppf as a
ligand and toluene as a solvent, generated the corresponding
2-substituted indoles 43 in good to excellent yields
(Scheme 41).”” The reaction conditions worked well with aro-
matic terminal alkynes and ortho-iodoanilines; however, mod-
erate yields were obtained with aliphatic terminal alkynes,
whereas ortho-bromoanilines did not give the desired indoles.
N-Substituted ortho-iodoanilines, such as N-Boc, N-p-Ts, N-Ms
and N-acetyl ortho-iodoanilines, could also react with phenyl-
acetylene, giving the coupling-cyclization products in good
yields.

The catalyst NaAuCl;-2H,O promoted a chemoselective
cyclization of aryl alkynes having two nitrogen nucleophiles in
their structure with similar reactivities. Aryl alkynes having
both amine and amide groups as nucleophiles, located in the
ortho-position to the carbon-carbon triple bond, could
undergo a competitive cyclization reaction to give 1H-indole or
N-acetyl-indoles, respectively. However, the reaction of N-(2-((2-
aminophenyl)ethynyl)phenyl)acetamide with NaAuCl,-2H,0,
in ethanol as the solvent, at room temperature, led to the
exclusive formation of N-[2-(1H-indol-2-yl)phenyljacetamides
44 (Scheme 42).”® Alkynes containing alkylamide, formamide,
benzamide, and carbamate groups were also transformed into
the corresponding 1H-indole derivatives. The authors showed
that treating N-[2-(1H-indol-2-yl)phenyljacetamides 46 with
bis-(triphenyl)oxodiphosphonium  trifluoromethanesulfonate
(Hendrickson reagent) gave 1H-indolo[3,2-c]quinolones, which
were obtained via in situ preparation of amidate 45
(Scheme 42).

The 1H-indole-2-carbaldehydes 47 were efficiently prepared
by gold(i)-catalyzed cycloisomerization of 1-(2-(tosylamino)
phenyl)propynols in the presence of N-iodosuccinimide
(Scheme 43).”° The reaction conditions tolerated a wide variety
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Scheme 41
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of substrates, even with a bulky group at the propargyl posi-
tion, affording the corresponding products from 70 to 99%
yields. The reaction was highly regioselective occurring via an
exclusive 5-exo-dig mode. Regarding the reaction mechanism,
the authors’ hypothesis is that the alkyne moiety is activated
by the gold(i) catalyst, which promotes the intramolecular
nucleophilic attack of aniline giving a vinyl gold intermediate
48, followed by an iododeauration promoted by NIS to give the
(E)-2-(iodomethylene)indolin-3-ol adducts 49. The successive
1,3-allylic alcohol isomerization and formylation reaction give
the 1H-indole-2-carbaldehydes 47 (Scheme 44). One of the
major drawbacks of these cyclization reactions is the deaura-
tion step that could lead to the formation of by-products and a
decrease in the yields. However, the cooperative use of gold
and iron catalysts, in the presence of one atom of oxygen, was
very efficient at promoting the cyclization of 1-(2-(tosylamino)
phenyl)propynols to TsN-indole-2-carbaldehydes 50 in good

HOo R!

R om
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Scheme 44
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yields (Scheme 45).5° The success of the cyclization is credited
to the presence of oxygen radicals that react with the vinyl-
gold intermediate forming a new reactive species, helping in
the gold catalyst turnover.

N-Heterocyclic carbenes (NHC) have been used as ligands
in gold complexes for the successful synthesis of indole deriva-
tives. Thus, the cyclization of ortho-alkynylanilines catalyzed
by (IPr)AuCl afforded the 2-substituted indoles 51
(Scheme 46).5" The gold() salt stabilized with an NHC bulky
carbene was found to be more efficient than other potential
catalysts, such as NaAuCl,-2H,0, AuCl;, and AuCl. The authors
also reported that the counter anions had a strong effect on
the efficiency of the catalyst, whereas BF, proved to be much
more effective than CI, TsO, and NTf,.

ortho-Alkynylureas were also successfully used for the syn-
thesis of indole-1-carboxamides 52 (Scheme 47).*> The reac-
tion of N'-substituted N-(2-alkynylphenyl)ureas, catalyzed by
[Au(PPh;)]Cl/Ag,CO3, in water under microwave irradiation,
gave indole-1-carboxamides 52. The authors stated that three
different products could be formed via a 5-endo, 6-exo, 7-endo-
cyclization mode; however, the reaction was highly selective,
giving only indole derivatives, formed via 5-endo-dig cyclization
(Scheme 48). The substrate scope of this reaction was studied
and it indicated that the reaction conditions were tolerant to a
variety of functional groups such as N'-aryl, alkyl, and hetero-
cyclic groups on the ortho-alkynylureas.

N-(ortho-Alkynyl)aryl-N'-substituted  trifluoroacetamidines
were also applied as the nucleophilic nitrogen source for the

gold-catalyzed intramolecular hydroamination reactions.
RZ
Z
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X N,H AgBF4 (0.75 mol%) X N
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51, 62-97%
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Scheme 46
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R = H, CgHs, 4-CI-CgHj, 4-Me-CgHy, 4-MeO-CgHy; R2 = H, allyl,

Bn, Me, c-CgHyy, 4-MeO-CgHg, 4-Cl-CqHy, 4-OoN-CgHy;
R3=F,4C, F,BrC.

Scheme 49

When  ortho-alkynylarylamidines = were  treated  with
NaAuCl,-2H,0 as the catalyst, in toluene as the solvent, at
room temperature, a 5-endo-dig cyclization proceeded to give
the corresponding indoles 53 (Scheme 49).%* The authors
demonstrated that the same substrate, when treated with
K,CO; as a base, gave the quinazolines in a 6-exo-dig process.

A three-component version of the gold(m)-catalyzed cycliza-
tion reaction employing aldehydes, piperidines, and alkynes
was described for the preparation of indoles. The reaction
carried out with phenylacetylene as the alkyne, under gold
supported on nanocrystalline ZrO,, gave the propargyl amines
54 (Scheme 50). The use of terminal ortho-alkynylanilines
instead of phenylacetylene, under the same reaction con-
ditions, afforded the 2-(aminomethyl)indole derivatives 55 in
high yields with no formation of propargylamines
(Scheme 50).%*

ortho-Alkynylnitroarenes can be reduced to amino deriva-
tives, which are then cyclized under gold catalysis to yield
2-substituted indoles. The major challenge of these reactions
is the reduction of the nitro group without reaching other
functional groups of the starting material. The reduction of
ortho-alkynylnitroarenes, using hydrogenation conditions,
under gold nanoparticles supported on Fe,Os, led to the for-
mation of 2-substituted indoles 56 (Scheme 51).%° It has also
been reported that the synthesis of 2-substituted indoles 57,
via a diboron/base promoted a tandem reductive cyclization of
ortho-alkynylnitroarenes, under 1,3-bis-(2,6-diisopropylphenyl)

AN

2R3
, s AuZrO, R\ NRR
H * R'-CHO+ RPRNH ———————
- dioxane, 100 °C N R

N )
Ts Ts

O 55, 70-97%
N

Ph

R4 =H, n-C7H;5, c-CgH44; amines = piperidine, pyrrolidine, morpholine,
diethylamine.

A
54 Ph

Scheme 50
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imidazol-2-ylidene gold(1)chloride (IPrAuCl) catalysis con-
ditions (Scheme 62). In this last methodology, the reductive
cyclization was proposed to occur via an initial attack of a
nucleophilic boronic species on the nitro group, affording the
nitroso intermediate 58, via debromation/deoxygenation pro-
cesses. Intermediate 58 is converted to borate-nitroso anions,
which are cyclized with the help of IPrAuCl (Scheme 52).

The cyclization of immobilized ortho-alkynylanilines with a
gold catalyst is particularly attractive because of the advantage
of easy purification. The use of ortho-alkynylanilines immobi-
lized in Wang resin in the reaction with AuCl was the method
of choice for the preparation of resin-bound indoles, which
after reaction with 10% TFA in DCM followed by methylation
with  diazomethane gave the resin-free indole 59
(Scheme 53).%° The reaction conditions developed were appli-
cable to a series of ortho-alkynylanilines, giving the corres-
ponding indoles in 25-94% yields. The authors demonstrated
that ortho-alkynylanilines having an aromatic substituent at
the alkyne gave the indoles in better yields than those with an
alkyl chain.

_1) AuCI (10 mol%), DEM__

A\
R
~ MeO. N
O/ Ho ) TFA(10%) y
o H

3) CH,N,
59, 25-94%
1 = CgHs, 4-Me-CgHy, 4-MeO-CgHy, n-CsHz, n-CsHys, CI(CH,),CH,.

Scheme 53
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4-MeOC-CgHj; R® = Me, i-C3H7, Bn.

Scheme 54

The gold-catalyzed cyclization of ortho-alkynylanilines,
having a migrating group on the nitrogen atom, provides a suc-
cessful route for preparation of 3-substituted indoles. This
method for the synthesis of 3-sulfonylindoles 60 has been well
investigated using different ortho-alkynyl-N-sulfonylanilines in
the presence of a catalytic amount of AuBr; (Scheme 54).3” The
authors performed additional crossover experiments, which
revealed that the migration of the sulfonyl group occurs in an
intramolecular instead of intermolecular manner. Further
experimental results led the authors to propose that the cycli-
zation occurs through a nucleophilic attack of the nitrogen
atom on the gold-active alkyne, leading to the cyclized inter-
mediate 61. The sulfonyl group intramolecularly migrates to
the 3-position of the indole affording the intermediate 62,
which gives the 3-sulfonylindole 60, after the elimination of
AuBr; (Scheme 55). The strategies based on the methyl-
amination reaction of 2-alkynyl-N,N’-dimethyl-benzenamines,
in the presence of a 1:1 mixture of (CAAC)AuCl/KB(CgFs),
(10 mol%), were used in the preparation of 2,3-disubstituted
indoles 63 (Scheme 56).*% In this rearrangement, a methyl
group bonded to nitrogen migrates to the 3-position of the
indole ring. However, in the case of the N-ethyl substituted
benzenamines, only the cleavage of the relatively weak carbon-

SO,R?

>/ AuBr3
BrsAu, R!

BrsAu SO,R?
m @@sz

\ AuBrg

61 Rs "SO,R?

Scheme 55

1
(CAAC)AUCI (10 mo%), KB(CgFs)s @f\ng*
NMe, CgDg, 160 °C, 20 h N
Me
63, 78-90%

R' = CgHs, 4-Me-CgHj, 4-MeO-CgHg, n-C4Ho.

Scheme 56
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nitrogen bond was observed with loss of ethylene, and the
3-substituted indoles were not formed.

The intramolecular migration of alkenes has also been
found to give 2,3-fused indole derivatives. The reaction of N-
(allyl(methyl)-ortho-alkynylanilines) with a catalytic amount of
AuCls, in toluene, at room temperature, afforded the pyranoin-
dolones 64 via a cyclization/3,3 allyl migration sequence
(Scheme 57).% The 2,3-fused indole derivatives 65 were
prepared in high yields by reacting ortho-alkynylanilines
having an unsaturated chain bonded to the alkyne, using
[Au(JohnPhos)(MeCN)]SbF; as the catalyst (Scheme 58).°° It was
determined that the indole ring formed in the first reaction
step reacts with the gold catalyst to form gold stable non-cata-
lytic intermediates 66. The intermediate 66 was isolated and
the structure was proven by single crystal X-ray diffraction.

Aldehydes can be also used in combination with amines for
the intramolecular functionalization of imines in the gold-
catalyzed cyclization of 2-(4-aminobutynyl)anilines. The com-
bination of catalytic amounts of AuIPrCl and AgSbFs was
found to be the most efficient catalytic system, which pro-
moted the formation of 1-aryl-N-tosyl-2,3,4,5-tetrahydropyrido
[4,3-b] indole derivatives 67 in moderate to good yields
(Scheme 59).°" Further studies determined that the Au(i)

R2
/
-
= Z AuClg (2 mol%) Z N—ph
o7 X N/\/\Rz toluene, r.t. 07> x N
R! R’
64, 90-96%
= Me, Et; R2 = H, Me; X=C, O, N.
Scheme 57
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N
pS com R' = H, (4-Me, 6-Br), 4-Cl, 4-i-Pr,
e - . - .
A coiM | SBFs 4-MeO, 5-FsC; RZ = H, Me;
N Y=TsN, CHy, O, (MeO,C),C, AcOCH.
)\uL
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66b, [L = IPr], 95%
Scheme 58
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in situ formed DCE, 25°C 67, 35-80%
R"=H, MeO; R? = 2-Br, 4-Br, 4-Cl, 2-F, 4-F, 2-Me, 4-Me, 4-O,N, 3,4-(MeO),, 3,5-(MeO),.
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species activates the alkyne via m-coordination with the
carbon-carbon triple bond and Ag(i), facilitating the second
step of the cyclization. Alternatively, the gold-catalyzed reaction
of 2-[(2-aminophenyl)ethynyl]phenylamine derivatives with
aldehydes is an efficient strategy used to prepare 1H-indolo-
[3,2-c]quinolones.”?

The intermolecular version for gold-catalyzed cyclization/
functionalization of the 3-position of ortho-alkynylanilines was
also developed for the synthesis of 3-substituted indoles. For
example, starting from ortho-alkynylanilines, three different
classes of 3-substituted indoles were obtained, applying the
same reaction conditions, just by changing the electrophile
source.” The reaction of ortho-(phenylethynyl)aniline with
aldehydes, catalyzed by 5 mol% AuCl in acetonitrile, under
reflux, gave the bis-(indolyl)methanes 68. The electrophilic
source exchange for isatin instead of aldehydes led to di
(indolyl)indolin-2-ones 69, while the use of nitroalkenes as
electrophiles gave 2-indolyl-1-nitroalkanes 70 via a cyclo-
addition/Michael addition sequence (Scheme 60).

The gold(1)-catalyzed cyclization of ortho-alkynylanilines in
the presence of alkynols provided an attractive route to a one-
pot synthesis of 2-tetrahydrofuranyl indoles 71 (Scheme 61).”*
The studies carried out to determine the optimal reaction con-
ditions indicated that Ph;PAuCl in combination with AgOTf
was the best choice to promote the cyclization.

The nitrene precursors derived from an azido group,
located in the ortho-azidoarylalkynes, were successfully utilized
as electrophilic centers, for the general synthesis of 3-substi-
tuted indoles 72 (Scheme 62).°> When substituted ortho-azi-
doarylalkynes was used as a nucleophile, a mixture of regio-
isomers was obtained. The reaction conditions dramatically

R! 1) AuClI (5 mol%)
MeCN reflux, 1 h

\©( ) AuCI (5 mol%)
Hy MeCN, reflux, 1h

2
NOR L R
H R 2) ArCHO (0.5 equiv)
=0
68, 53-83% 1) AuCI (5 mol%) N
MeCN, reflux R? 69, 71-90%
AP\,

R'=H, CI, Me, NC; R? = Me, n-C4Hg, CHs,

R®=H, Me; R* = H, Me.
NO,

Ar,
R!
N2
N
H
70, 63-93%

Scheme 60

PhsPAUCI (5 mol%)
AgOTF (5 mol%)
DCE, 60 °C

N R
R ] + oz M1 oH
2 NH RZ

R'=H, 4-Me, 4-Cl, 4-F, 4-F4C, 4-O,N, 4-NC, 4-NCCH,, 4-MeO,C, R? = H, Me, Et, n-CgH3,
4-Me-CgHy; R® = ¢-CgHyq, c-CsHg; n =1, 2.

71, 60-81%

Scheme 61
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Scheme 63

influenced the distribution of products, whereas high tempera-
ture (80 °C), using 1,2-dichloroethane as the solvent and
IPrAuNTf, as the catalyst, led to the best yield and ratio of
regioisomers. The reaction is believed to proceed via gold
carbene 73 and its cationic resonance form 74, which could
act as an electrophilic source (Scheme 63).

In addition to the ortho-azidoarylalkynes, the introduction
of an aryl group at the 3-position of indoles was recently
carried out through the reaction of N-Ts-ortho-alkynylanilines
with phenyldiazonium catalyzed by dual Au/Ru catalysts under
irradiation of a 33 W compact fluorescent light (CFL) bulb
(Scheme 64).°° Under these experimental conditions, the 3-aryl-
indole products 75 competed with protodeauration product
76. The chlorine anion present in the catalyst and the use of
photoredox catalysis were essential for the formation of 3-aryl-
indoles instead of 3-hydrogenated indoles. A conceptually
similar approach employed heterogeneous gold nanoparticles
to catalyze the cyclization of ortho-alkynylanilines in the prepa-
ration of 3,3"-bisindolyl products via domino cycloisomeriza-
tion/oxidative homocoupling.®”

The use of gold-catalyzed tandem cycloisomerization/
functionalization reaction of ortho-alkynylanilines and yna-
mides has also been explored to access functionalized 2-(1H-
indol-3-yl)acetamides 77 (Scheme 65).® The reaction was
carried out in water and the IPrAuNTf, catalyst promoted the
cyclization of ortho-alkynylanilines and the intermolecular oxi-
dation of ynamides.

An alternative gold-catalyzed system constituted by a carbo-
philic gold cation and a trifluoroacetate anion allowed the for-
mation of 3-borylated indoles 78 (Scheme 66).°° The reaction
proceeds via formation of carbon-boron and carbon-nitrogen
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Ts 33W CFL, MeOH,rt. A R
76, 98% dark 2 14-18 h. .t 75, 53-99%

R'and R?=H
R' = H, 4-Cl, 4-F, 4-Me; R? = H, 4-Br, 4-Cl, 4-F, 4-Me, 4-MeO, 3-MeO, 2-naphthyl, 2-thienyl, 4-CHs, R® = H, 4-F, 4-E10,C.
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bonds in a single step from catalytic aminoboration of carbon-
carbon triple bonds by boron-nitrogen ¢ bonds. Primary ani-
lines led to the formation of 3-unsubstituted indoles via proto-
deauration promoted by N-H. Secondary anilines such as
HNBn, HNTs, and HNMbs provided the product in very
similar yields. The use of catecholborane, for the in situ for-
mation of boron-nitrogen ¢ bonds, failed in the formation of
3-borylated indoles; however, the reaction starting from ortho-
alkynylanilines and p-chlorocatecholborane gave the requisite
boron-nitrogen intermediate, which afforded the products in
good yields. The presence of sodium trifluoro acetate was also
decisive for the success of the reaction, reactivating the cata-
lyst, which was inhibited by the in situ formed Et;NHCI.

The gold-catalyzed cyclization of ortho-alkynylanilines,
having a reactive group bonded to the aniline nitrogen, is a
versatile process for the N1-C2 connection to give fused
indoles. Under optimal reaction conditions, [Au(IPr)Cl]/AgOTf,
toluene and under reflux, the azepino[1,2-ajindoles 80 were
obtained from 3-(2-aminoaryl)propynols (Scheme 67).'°° The
possible mechanism to explain this reaction was hypothesized
based on a control experiment, which indicated the initial for-
mation of vinyl-gold intermediates 79 through a gold-triggered
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4-Me-CgHy, 3-Me-CgHy, 4-O,N-CgHg, Me, Et, i-Pr.
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Scheme 68

5-endo-dig hydroamination/dehydration sequence. The intra-
molecular condensation of 79 with the ketone group would
produce 80 after dehydration/1,3-proton-transfer/protodeaura-
tion sequence.

The sequential intermolecular hydroamination/cyclization
reaction of anilines with alkynes was also used for the syn-
thesis of various substituted indoles. An interesting inter-
molecular hydroamination sequence has been developed as an
efficient route to the synthesis of N-vinylindoles 81, starting
from ortho-alkynylanilines and terminal alkynes
(Scheme 68).'°" The process involves an efficient double hydro-
amination reaction catalyzed by gold(m) in the absence of a
solvent. The authors determined that the first reaction step
occurs via an intermolecular hydroamination, which is fol-
lowed by intramolecular amination.

An attractive method for the generation of 2,3-functiona-
lized indoles is the gold-catalyzed hydroamination and visible-
light-enabled photoredox cross-dehydrogenative coupling of
anilines and internal alkynes.'®> The cyclization of anilines
with arylpropiolates in the presence of 5 mol% of catalyst
PPh;AuNTS,, 100 wt% of activated powdered 4 A molecular
sieves, and Mg(ClO,), in DCE, under a balloon oxygen atmo-
sphere, and at room temperature, gave the indoles 82
(Scheme 69). The authors reported that the presence of the
oxygen atmosphere and the use of Mg(ClO,), as a Lewis acid
were essential to obtain good yields. The gold catalyst and a
Lewis acid are fundamental for complexation with propiolate
oxygen, increasing the reactivity of the triple bond towards the
nitrogen nucleophilic attack (Scheme 70). A complementary
method involving hydrohydrazination/indolization tandem
reaction of alkynes and arylhydrazines has been developed to
synthesize 2,3-disubstituted indoles 83 (Scheme 71)."%® The
reaction was not sensitive to moisture and required very low
Ph;PAuUNTT, loading (2 mol%) in combination with p-TSA-H,0
to obtain the indoles. The authors proposed two different
mechanisms, which depend on the substrates; with the
alkynes having OH/COOH groups in their structure, a hydro-
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Scheme 71

alkoxylation/hydrocarboxylation sequence forms exocyclic enol
ethers/lactones that react with hydrazines to produce indoles.
However, the absence of OH/COOH groups in the alkynes
leads to hydration to generate ketones that react with aryl-
hydrazines to give the desired indoles.

A conceptually similar approach utilized anthranil both as a
source of nitrogen and for ortho-aryl carbon-hydrogen inser-
tion in the preparation of wunprotected 7-acylindoles
(Scheme 72)."* The reaction of anthranil with alkynes cata-
lyzed by gold gave an electrophilic a-imino gold carbenoid
intermediate, which afforded the desired indoles via an intra-
molecular ortho-aryl carbon-hydrogen insertion (Scheme 73).
The control experiments showed that the highest yields of
7-acylindoles 84 were obtained when IPrAuCl/AgNTf, was used
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as the catalyst in PhCF; at —20 °C. Under these reaction
conditions, polarized terminal and non-terminal alkynes,
ynamides and various substituted anthranils could be used as
substrates in the cyclization. In the case of non-polarized
alkynes, just a slight adjustment of the reaction conditions,
such as raising the temperature, extending the reaction time
and adding 10 mol% MsOH, to facilitate the deauration
process, led to the desired indoles 85 (Scheme 74).

N-Arylhydroxylamines have been used as nitrogen donors in
gold-catalyzed preparation of 2-alkylindoles. This reaction
effectively combined the N-arylhydroxylamines with aliphatic
terminal alkynes giving access to o-alkenyl-N-arylhydroxyla-
mines, which underwent sequential 3,3-rearrangements and
cyclodehydrations to afford 2-alkylindoles 86 (Scheme 75).'%
The reaction was best catalyzed by (ArO);PAuNTf, (Ar = 2,4-di-
tert-butylphenyl) in DCE. The authors reported the high regio-
selectivity towards 2-alkylindoles in the complete absence of
3-alkylindoles. This regioselectivity was attributed to the
Markovnikov additions of hydroxamic acids to the gold-acti-
vated terminal alkynes. The reaction conditions were general
for terminal alkyl alkynes with limitations to aryl terminal
alkynes and internal alkynes, and the corresponding indoles
were obtained in poor yields. Alternatively, AuCl(P(z-Bu),(ortho-
biphenyl) catalyzed reactions of propargyl ethers with
N-hydroxyanilines yielded ethyl 2-(1H-indolyl) derivatives 87
(Scheme 76)."°° The authors studied the N- versus o-attack
chemoselectivity and concluded that for propargyl ethers and
their benzoate derivatives the o-attack occurred selectively,
whereas for 1,6-enynes the N-attack proceeded exclusively.

The cycloaddition reaction has been extensively applied to
generation of heterocycles. For the indole synthesis a gold(i)-
catalyzed intermolecular formal [4 + 2] reaction between 1,3-
diynes and pyrroles has been developed. This reaction involved
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2 2
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86, 62-89%
R' = H, 4-Me, 4-Br, 4-F, 3,5-(Cl);-CgH3, 4-MeO,C; R? = n-CoHgq, ¢-C3Hs, c-CsHg,

c-CeHr1, PhCH,CH,  BnOCH,CHp,  THPOCH,CHp,  PhthNH(CH,),CH,,
CI(CH,)3CHa, HO,C(CH,)5CH.

Scheme 75
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the intermolecular hydroarylation of 1,3-diynes with pyrroles,
followed by an intramolecular hydroarylation to afford the 4,7-
disubstituted indoles 88 (Scheme 77).'°” A gold-catalyzed
cycloisomerization/[3 + 2] cycloaddition sequence, with diynes
having an ynamide propargyl ester or carbonate group, has
been developed for the preparation of 3-acyloxy-1,4-dihydro-
cyclopenta[blindoles 89 (Scheme 78).'°® Control experiments
indicated that the formation of indoles 89 proceeds through a
competitive 1,2-OAc migration, followed by [3 + 2] cyclo-
addition of the vinyl gold-carbenoid intermediate 90 with the
alkyne (Scheme 79).

2.5. Indium-catalyzed synthesis of indoles

Indium-mediated cyclization reaction of alkynes with a nitro-
gen source was also utilized to prepare indole derivatives.
When ortho-alkynylnitroarenes were reacted with indium and
aqueous HI, under reflux of benzene, 2-arylindoles 91 were
obtained in good yields (Scheme 80).'°° The reaction carried
out in the presence of indium(mi) chloride, in a mixture of THF
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and H,O as the solvent, formed only ortho-alkynylanilines.
However, when ortho-alkynylanilines having an alkyl or aryl
group on the alkyne were treated with indium(m) bromide in
toluene under reflux, the 2-susbtituted indoles 92 were
obtained from 48 to 98% yields (Scheme 81)."'° In contrast,
the ortho-alkynylanilines with a trimethylsilyl group or with no
substituent group on the terminal alkyne gave polysubstituted
quinoline derivatives via indium-promoted intermolecular
dimerization.

B-(N-Indolyl)-a,p-unsaturated esters 93 are readily accessible
by tandem f-enamino ester formation, followed by cyclization
with ortho-alkynylanilines catalyzed by indium(m) bromide
(Scheme 82)."™' 1t was observed that indium(ur) bromide cata-
lyzed the intermolecular amination with a subsequent intra-
molecular cyclization and promoted the formation of the
f-enamino esters instead of intramolecular cyclization. The
experimental results also indicated that the cyclization pro-
ceeded exclusively via a 5-endo-dig mode in place of 6-exo-dig
mode.

2.6. Iridium-catalyzed synthesis of indoles

Indoles can also be synthesized from ortho-nitrogen substi-
tuted aryl alkynes under iridium-catalyzed cyclization reaction.
The synthesis of 2-substituted indoles 94 via [Cp*IrCl,],-cata-
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lysed cyclization of internal ortho-alkynylanilines has been
developed (Scheme 83).''> If hydrogen-substituted alkynes
were used as substrates, 2,2-biindoles 96 were obtained in
good yields (Scheme 84).""* The mechanistic studies indicated
that the reaction proceeds via formation of a (vinylidene)
iridium intermediate 95 and an intramolecular hydroamina-
tion, followed by the insertion reaction.

The asymmetric synthesis of functionalized N-allylindoles
97 was achieved by the iridium-catalyzed asymmetric allylic
amination reaction with ortho-alkynylanilines, followed by
cyclization reactions (Scheme 85)."'* An interesting secondary
sp® carbon-hydrogen bond activation of N-benzylureas and an
N-allyl urea, initiated by a cationic Ir(1)-JOSIPHOS catalyst, led
to the preparation of 2,3-disubstituted indoles 98
(Scheme 86)."™ The use of urea as a directing group, the sec-
ondary sp® carbon-hydrogen bond cleavage and an intra-
molecular alkyne insertion were a key for the formation of
indoles in good yields.

A concise route based on visible-light induced intra-
molecular oxidative cyclization of N,N-dibenzyl ortho-alkynyl-
anilines, using an iridium complex as a photocatalyst, was
developed for the synthesis of 3-acylindoles 99 (Scheme 87).''°
The reaction proceeds via addition of an sp® carbon-radical
alpha-amino group to the carbon-carbon triple bond of the
alkyne, followed by a carbon-oxygen bond formation. When
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ortho-alkynylanilines having a carboxylic acid as a substituent
were treated with the iridium complex as the photocatalyst, the
3-acylindoles 100 were obtained in yields ranging from 29 to
78% (Scheme 88).""” The control experiments, carried out by
the authors, indicated that the oxygen atom of the ketonic car-
bonyl group comes from the atmosphere rather than carboxylic
acid.

2.7. Iron-catalyzed synthesis of indoles

In recent years, the necessity for the development of environ-
mentally benign protocols for the synthesis of heterocycles
using green, mild, and relatively cheaper methods has grown
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significantly."'® Therefore, iron salts have appeared as a versa-
tile alternative due to their low price and toxicity."*° The use of
catalytic amounts of iron salts has been applied to promote
the carbon-heteroatom (C-N, C-O, and C-S) bond for-
mation.’*® Catalytic and stoichiometric amounts of iron
reagents also appear as a useful alternative to promote cycliza-
tion type reactions."*" Indoles have also been synthesized by
several methods using catalytic or stoichiometric amounts of
iron salts as discussed below. The catalytic combination
between FeCl; and PdCl, was successfully used for the syn-
thesis of 2-substituted indoles 101 (Scheme 89)."** In this reac-
tion, iron(m) presented a dual activity as a cooxidant and a
Lewis acid to promote the cyclization.
N-Methyl-3-chalcogeno-indoles 102 were prepared by iron-
iodine-mediated electrophilic annulation reactions of ortho-
alkynylaniline derivatives using diorganyl disulfides or diorga-
nyl diselenides as a chalcogen source (Scheme 90)."** In this
reaction, the function of iron was to form a complex with nitro-
gen and the alkyne enabling cyclization, whereas iodine was
used to promote the in situ preparation of the chalcogen elec-
trophilic species, responsible for the activation of the triple
bond and functionalization of the 3-position of the indole. We
developed an approach for the synthesis of 3-organoselenyl-(N-
methyl)indoles 103 via cyclization of ortho-alkynylanilines
using a cooperative action between iron(ur) chloride and dior-
ganyl dichalcogenides in the complete absence of a halogen
source (Scheme 91).">* The main advantage of this method-
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ology is the incorporation of both portions of diorganyl disele-
nides (2 RSe) in the final product, which makes it a more
useful and valuable method in terms of atom economy.

The iron-catalyzed annulation reactions of aryl hydroxyl-
amines with terminal and internal alkynes provide another
useful route to synthesize 3-arylindole derivatives 104
(Scheme 92)."** The best results were obtained with 10 mol%
iron(u) phthalocyanine [Fe(Pc)] under toluene reflux. The pro-
posed catalytic mechanism involved the initial oxidation of
hydroxylamines by a Fe(ur)(Pc) species to give the arylnitroso
intermediate, which reacts with alkynes in a cyclocondensation
reaction affording N-hydroxyindole. The catalytic cycle is com-
pleted by reducing the N-hydroxyindole to the corresponding
indole with Fe(u)(Pc) (Scheme 93).

2.8. Mercury-catalyzed synthesis of indoles

Until now, limited methods for indole synthesis via mercury-
promoted cyclization reactions of alkynes with a nitrogen sub-
strate have been developed. In 2007, it was reported that mer-
curic triflate-catalyzed cycloisomerization reaction of ortho-
alkynylanilines afforded indole derivatives 105 (Scheme 94)."*°
The results support the hypothesis that an activation of the
carbon-carbon triple bond by Hg(OTf), via a n-complexation
of the alkyne, followed by a nucleophilic attack of nitrogen,
leads to the indol 3-mercury intermediate and TfOH.
Protonation and demercuration of 106 give the indole and

=
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vt DCM, rt. N

R2 R?
105, 20-100%
R = H, iPr, n-C4Hg, t-Bu, HO(CH,)s, TSO(CHy)s, ACO(CHy)s,
TBSO(CHa)g, CeHs, 4-MeO-CqHg, 4-OoN-CeHa; RZ = H, Ts, Ac, 2-
0,N-CeH30,S, 4-O,N-CgH30,S.

Scheme 94

172 | Org. Chem. Front, 2020, 7, 155-210

View Article Online

Organic Chemistry Frontiers

T~y
> R TFOH HgoTf H FggOTf
O, — Ol — Qg —
N N N+ N
R2 106 R? R? R?
Scheme 95
R! COR! F
FZ R?>—=—NR°R*
Z Hg(ll _ D—NRIR
<0 N
NO, N H
Ik ° o
Q‘\g(u) / Xwe RLPO / R
109, 51-99%
[Hal o
V& N
R1
107 NO RA ) NHRSRA
[Hg]

108
R" = CgHs, 4-Me-CgHy, 4-t-Bu-CgHg, 3-Cl-CgHg, 4-CI-CqHg, 3-F-CgHy, 4-F-CgHy, 2-MeO-CgHj, 2-NC-
CgHa, N-CsHyy, t-Bu; R? = CgHs, 4-Cl-CgHg, 4-Me-CgHj, 4-t-Bu-CgHy, 2-MeO-CgHj, 4-MeO-CgHj,
naphthyl; R3= Me, allyl, propargyl, n-C4Hg' Bn; R4= Ms, Ts.

Scheme 96

regenerate the catalyst Hg(OTf), (Scheme 95). Very recently, it
has been demonstrated that Hg(OTf), catalyzed the cyclization
of ortho-nitroalkynes to produce the corresponding indoles
109 in good yields via a regioselective 6-endo-dig process
(Scheme 96)."*” The structures of mercury-carbenes 107 and
108 have been proposed as the key intermediates in the reac-
tion mechanism.

2.9. Nickel-catalyzed synthesis of indoles

The nickel-catalyzed (6-3 + 2) cycloaddition reaction of anthra-
nilic acid derivatives and alkynes gave indoles 110
(Scheme 97).*® The cyclization was carried out with catalytic
amounts of Ni(cod), and xylene, under reflux. The mechanism
of the reaction is believed to proceed via oxidative addition of
an ester to a Ni(0) complex, decarbonylation, alkyne insertion,
1,3-acyl migration, and reductive elimination.

2.10. Palladium-catalyzed synthesis of indoles

The palladium-catalyzed cyclization of alkynes is one of the
most convenient methods for the preparation of indoles."*™*38
Extensive efforts have been made in developing new methods
for the synthesis of indoles by inter- or intramolecular palla-
dium-catalyzed cyclization on functionalized alkynes. The
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principal synthetic strategies for this purpose are based on the
nitrogen nucleophilic addition to the active carbon-carbon
triple bond. The nitrogen atom can be a portion of the starting
material or introduced in a key position of the molecule that
leads to a subsequent cyclization reaction. In cases in which
the nitrogen atom is a part of the molecule, the cyclization
reactions may occur via: (i) palladium cross-coupling of
2-haloanilines and terminal alkynes or palladium-catalyzed
cyclization of 2-alquinilanilines (Scheme 98, eqn (1) and (2)),
or (ii) palladium-catalyzed annulation of 2-haloanilines and di-
substituted alkynes (Scheme 98, eqn (3)), and palladium-cata-
lyzed C-H activation of anilines, followed by inter- or intra-
molecular cyclization with alkynes (Scheme 98, eqn (4)). When
the nitrogen atom is not present on the structure of the start-
ing material, the palladium-catalyzed N-arylation/hydroamina-
tion sequence has been widely used to generate functionalized
indoles (Scheme 98, eqn (5)). Next, the utility of these method-
ologies is addressed in terms of such specific examples that
appear in the literature.

2.10.1. Palladium-catalyzed cyclization of ortho-alkynylani-
lines. Propargyl carbonates have been used as substrates in
palladium-catalyzed reductive cyclization reactions to access
NH free 3-unsubstituted 2-alkylindoles 111 (Scheme 99).**°
Under palladium-catalyzed conditions, the 3-(ortho-trifluoroa-
cetamidophenyl)-1-propargyl carbonates were transformed
into the n-propargyl palladium intermediate 112 and c-allenyl
palladium complex 113, which gave the carbene 114, via an
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(4-Cl, 6-F4C), 4-MeCO, 4-MeO,C; R? = H, CgHs, 3-MeO-CgHg, 4-MeO-CqHy,
4-F-CgH,

Scheme 99
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intramolecular nucleophilic attack of the nitrogen atom at the
central carbon of the allenyl/propargyl palladium complex.
The transformation of the carbene 114 into a n-allylpalladium
complex gave the alkylindoles 111 via a concerted decarboxyl-
ation and hydride transfer sequence (Scheme 100).

The ligand-free PdCl, catalyst was active for the cyclization
of 2-alkynyl urea affording indole-1-carboxamide derivatives
115 (Scheme 101)."*° The 2-alkynyl urea was prepared in situ
through reactions of 2-alkynylanilines with isocyanates. The
main advantage of this protocol is the use of a simple experi-
mental procedure (PdCl, (10 mol%), THF and 80 °C) giving the
indoles in 43-88% yields via an exclusive 5-endo-dig cyclization
mode.

The reaction of 1-(2-alkynylphenyl)ketoximes with a palla-
dium catalyst using cyanuric chloride and InCl; as cocatalysts
can afford the corresponding indole derivatives 116
(Scheme 102)."*' The 2-alkynylanilide required as a starting
material was initially formed via a Beckmann rearrangement
of 1-(2-alkynylphenyl)-ketoxime. Thus, the intramolecular
cyclization occurred in the presence of two catalytic systems to
generate the indole derivatives. The authors also described
that the simple addition of CuCl, (2.0 equiv.) to the reaction
medium led to the 3-chloroindoles 117 via a multicatalytic

=
%) 7NN
R + R3N=C=0 PdCl; (10 mol%, rE ] R?
N NH, THF, 80 °C NN
CONHR®

115, 43-88%
R'=H, 4-F3C, 4-Me; R? = CgHs, 4-MeO-CgHy, c-C3Hs; R® = CgHs, 4-MeO-CgHj, 4-F-CgHy

Scheme 101
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=
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™ /N\ MeCN, reflux X N
OH 2) PdCly(MeCN), (10 mol%) COR?

R3
116, 52-80%

R'=H, 5-Cl, 5-CH3; R? = CgHs, 4-Me-CqHa, 4-MeO-CgHj, c-C3Hs, n-C4Hg, Me3Si;
R3 = Me, Et, Ph

Scheme 102

Org. Chem. Front, 2020, 7, 155-210 | 173


https://doi.org/10.1039/c9qo01315f

Published on 22 novembre 2019. Downloaded on 05/08/2025 00:07:09.

Review
_ R? cl
e Z 1) InCl3 (10 Mol%), TCCA (10 mol%) R1_<)\/\g7R2
SNy 2) PACla(MeCN); (10 mol%), CuCl; (2.0 equiv) XN
\
R3 MeCN, reflux COR®

117, 61-70%
R'=H, 5-Cl, 5-CHz; R? = CgHs, 4-Me-CgHy, 4-MeO-CgHy, c-C3Hs, n-C4Ho, MesSi; R® = Me, Et, Ph

Scheme 103

one-pot Beckmann rearrangement/intramolecular cyclization/
halogenation process (Scheme 103).

The asymmetric palladium-catalyzed reaction of 2-(t-butyl)-
N-(2-ethynylphenyl)anilines has led to an enantioselective 5-
exo-aminocyclization forming the nitrogen-carbon axially
chiral indoles 118 in up to 83% ee (Scheme 104)."*>'** The
authors suggested that the enantioselectivity was strongly
influenced by the bulkiness of the ortho-substituents and the
electron density on the arylethynyl group due to the dynamic
axial chirality generated by the twisting of the aryl substituent
(Scheme 105).

A versatile one-pot multi-step synthetic methodology, com-
bining solid-supported heterogeneous and homogeneous pal-
ladium salts, was applied as a catalytic system in the synthesis
of indoles 119 (Scheme 106).'** The sequence started with
Sonogashira coupling of 2-iodoaniline with trimethyl-
silylacetylene giving the 2-[(trimethyl)ethynyl]aniline. The
second step involved desilylation, affording the ethynylaniline.
Then, Sonogashira coupling with an aromatic iodide, followed

R!

=
Z | N_Rt
PdCI; (5 mol%), (R)-SEGPHOS (7 moi%) LML R
6* ~0

EtOH, 80 °C

118, 18-83%

R'= n-C4Hg, n-CeHi1, CoHs, 2-Me-CgHy, 2-i-Pr-CoHg, 2-CI-CoHg, 2-Br-CeHa,
4-0,N-CgHy, 4-Cl-CqHg, 4-Me-CqHg, 4-MeO-CqHy

Scheme 104

NH ) N ’\RJ
%(j @k

Scheme 105

1) PACI,DPP-Si (5 mol%)
| Cul (2 mol%), 12 h Z
Rz + TMS—=—H @ o) R D—ar
\ 2) TBAF, 2h SN
3) Ar-l, 220 h H
4) PdCl, (5 mol%), 5-45 h 119, 11-59%

R'=Cl, CN, NO,, MeO,C; Ar = phenyl, 2-naphthyl, 2-pyridyl, 2-thienyl, 3-F-CgHy, 4-Br-CgHy4_

Scheme 106
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by cyclization gave the indole derivatives in yields ranging
from 11 to 59% for the four-step reactions (Scheme 106).

A variety of nitro- or amino-indoles have been selectively
synthesized via tandem Sonogashira coupling/heteroannula-
tion reaction of 2-halonitroanilines and terminal alkynes. The
selective product formation was achieved by controlling the
solvent; by choosing DMA as the solvent, nitro-indole deriva-
tives 120 were exclusively obtained; whereas the use of DMF
gave  selectively the amino-indole derivatives 121
(Scheme 107).'** It was suggested that in the reaction using
DMF, as the solvent, an ammonium formate derivative was
in situ formed, which could act as a source of hydrogen becom-
ing, in association with palladium salt, a reducing system.

The palladium-catalyzed, one-pot, two-step reaction of yna-
mides with ortho-iodoanilines led to 2-aminoindoles 122
(Scheme 108)."*° After the Sonogashira reaction took place, the
spontaneous intramolecular hydroamination of the triple
bond afforded the 2-aminoindoles from 26% to 87% yields.

When ortho-iodoanilines are subjected to palladium-cata-
lyzed cross-coupling with (trimethylsilyl)acetylene plus a solu-
tion of K,CO3 in aqueous MeOH, the 2-(hetero)aryl indoles 123
were isolated in good yields instead of the 2-alkynylanilines
(Scheme 109)."*” The power of the methodology is the use of
10% Pd/C-Cul/PPh; to achieve the sequential (i) C-C coupling,
followed by (ii) C-Si bond cleavage and subsequent (iii) C-C
and (iv) C-N bond forming reactions in a single pot.

DMA RE TN g
ONT Ny

v

H
120, 47-89%

DME RmRz
HoN'L N
b

121, 30-66%
R' = 4-CI-CgHy, 4-Me-CgHy; R? = Ph, ¢-CgHg, n-C4Hg, n-CsHy+, 4-F,3-Me-CgHs, 3-Cl-

1) PACIy(PPha); (3 mol%)
Cul (5 mol%), Et;NH
2) NaOH, 140 °C

= + R*—=—H
ON
2N NSNH,

CeHy
Scheme 107
£ S
! Z
N i , O \—=_p _Pd(OAc); (5 moi%), PhsP (20 moi%) me,\)\\o
NS NHX BusNOAc, DMF, 60 °C X N ?J
Bn X Bn

879
R'=Cl, F3C, NC, CO, Me, O,N; X = H, Boc, EtO,C 122, 26-87%

Scheme 108

1) Pd/C (10 mol%), PhyP (20 mol%)
Cul (10 mol%)
2) K3CO3, H,0

94
r1C

3

)N v

Ar= 3-Cl-CgHy, 3-F3C-CgHg, 4-Me-CgHg, 4-MeO-CqHg, 4-HO-CgHg, 3-HoN-CgHg, 3-
Et0,C-CgHg; R? = 4-Me-CgHg, 4-Cl-CgHy, 4-F-CgHy

Arl + TMS———H

=
NN

Ms
123, 60-85%

Scheme 109
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Scheme 110

Zinc chloride can also serve as a co-catalyst in place of
copper(i) iodide in the palladium-cross coupling/cyclization
reaction of N-tosyl-2-iodoanilines with terminal alkynes for the
synthesis of 2-substituted indoles."*® In this study, when
2-iodoanilines reacted with terminal alkynes, at 110 °C, in the
presence of 10% Pd/C, moist ZnCl,, Et;N and PPh;, using
DMF as the solvent, the indole derivatives 124 were obtained
in high yields (Scheme 110). The authors reported that the
reactions carried out under anhydrous conditions gave only
the Sonogashira products in the complete absence of a
cyclized product. It was suggested that the presence of HO™,
liberated from moist ZnCl,, allows an in situ generation of zinc
acetylide, which accelerates the cross-coupling/cyclization
sequence. In order to obtain N-unsubstituted indoles, some
studies were carried out utilizing N-formamide-2-iodoanilines
instead of N-tosyl-2-iodoanilines. In this case, when N-(2-iodo-
aryl)formamides were reacted with terminal alkynes under pal-
ladium cross-coupling/cyclization, indoles 125 were formed
through an intramolecular cascade carbon-carbon/carbon-
nitrogen bond formation (Scheme 110)."*°

In an effort to prepare 4-chloroindoles 126, the reaction of
2,3-dichloroaniline derivatives with terminal alkynes, catalyzed
by palladium and dicyclohexyl-(dihydroxyterphenyl)phosphine
(Cy-DHTP), allowed the Sonogashira coupling, followed by the
cyclization reaction at the ortho-position. The addition of
boronic acid to the above conditions resulted in the synthesis
of 2,4-disubstituted indoles 127 via a one-pot Sonogashira cross-
coupling/cyclization/Suzuki-Miyaura sequence (Scheme 111)."*°

The palladium nanoparticles supported on a siliceous
mesocellular foam (Pd(0)-AmP-MCF) were used as the catalytic

cl Cl
cl + Ri=_y ) PACL(CH;CN), (2 mol%), Cy-DHTPHBF (4 mol%) ®R1
NHTs o t-BuOLi (2.4 equiv), toluene, reflux, 3 h N
2) H0, reflux, 3 h Ts

PCy, Hi 126a, R' = Ph, 88%

o
126b, R" = CygHy1, 83%
orome (40
HO

Cl R3
|
@[C + Rlo—_py 1) PdCL(CH;CN), (2 mol%), Cy-DHTPHBF, (4 mol%) ®R1
NHTs t-BuOLi (2.4 equiv), toluene, reflux, 3 h N
2) H,0, reflux, 3 h Ts

3) R®B(OH)y, K3POy, reflux, 6 h 127, 28-87%

R = CgHs, CoHar; R® = aryl, vinyl

Scheme 111
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Scheme 113

system in the reaction of ortho-iodoanilines with terminal
alkynes, which gave the indoles 128 (Scheme 112)."*' This
transformation was influenced by the presence of a small
amount of water (1 equiv.). The authors suggested that the
presence of water improved the yields of the indoles by
increasing the rate of hydrolysis of the vinyl palladium inter-
mediate 129, formed in the cyclization process (Scheme 113).
2.10.2. Palladium-catalyzed cascade reactions of alkynes
via an aminopalladation/reductive elimination process.
Palladium-catalyzed cascade reactions are a rapidly growing
area of modern organic chemistry because their timesaving,
high efficiency and atom economy. These reactions can be
efficiently applied to the formation of n-alkyne-sigma-arylpal-
ladium complexes having a proximal nitrogen nucleophile that
can undergo a new carbon-nitrogen bond formation, giving
consequently indoles. Extensive efforts have been also made in
recent years in developing synthesis of indoles via aminopalla-
dation/reductive elimination reactions. In 2009, Larock
reported the results on the microwave-assisted, one-pot, three-
component coupling reaction for the synthesis of indoles 130
(Scheme 114).">> The reaction was carried out in two steps
under standard Sonogashira coupling conditions from
2-iodoanilines and terminal alkynes, followed by the addition
of an aryl iodide (Scheme 114). Larock proposed a reaction
mechanism for the one-pot synthesis of indoles, which is illus-
trated in Scheme 115. The oxidative addition of the aryl iodide
to Pd(0) affords an ArPdI species, which activates the alkyne
triple bond of the N,N-dialkyl-2-(1-alkynyl)aniline formed in
the first step via a Sonogashira coupling. The intramolecular
trans-aminopalladation gives the indolium anion 131 that
loses a methyl group via Sx2 displacement by the in situ gener-
ated iodide anion, leading to the indole-containing Pd(u) inter-

Ar

1 1
R\@(' 1) PACL(PPh), (3 mol%), Cul (2 mol%) Rsz
T —
NMe, EtsN, r.t, 5 h, RR———H N
2) Arl, MeCN, 60 °C Me
130, 33-94%
R' = H, Br, Me; R? = CgHs, 2,5-(Me0)y-CgH3, 3-MeO-CgH,, 4-MeO-CgHy, 4-NC-CgHy,
NCCHy(CHy),-CHa, HOCH,CHp-CgHy, 2-thienyl; Ar = CgHs, 4-Et0,C-CoHg, 3-Et0,C-CgHa,
3-Et0,C-CoHg, 4-O,N-CgHy, 3-OpN-CgHy, 4-CI-CgHy, 3,4-(MeO),-CoHa, 2-thienyl, 3-thienyl

Scheme 114
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mediate 132. The reductive elimination generates the indole
(Scheme 115).

The palladium-catalyzed reaction of arenediazonium tetra-
fluoroborates and 2-alkynyltrifluoroacetanilides afforded free
N-H-2,3-disubstituted indoles 133 (Scheme 116).">* The reac-
tion is believed to proceed through a domino process that
starts with the reaction of iododediazoniation with TBAI to the
in situ formation of the aryl iodide. The reaction tolerates a
variety of useful substituents, both in the starting alkyne and
the arenediazonium salt, including halo substituents, and
nitro, cyano, keto, ester, ether, methoxy and methyl groups.

The aminopalladation/reductive elimination sequential
reaction, developed by Cacchi and co-workers, has also been
employed as a useful strategy for the regioselective construc-
tion of 3-aryl-4-fluoro-2-substituted-1H-indoles 134 from ortho-
alkynyltrifluoroacetanilides (Scheme 117)."** The authors
showed that although the use of an inorganic base, such as
K,CO; or Cs,CO;, gave good results in the formation of
indoles, the cyclization worked better with Et;N as a base in a
microwave-irradiated process.

The scope of the aminopalladation/reductive elimination
sequential reaction described by Cacchi can be extended to
2-bromoanilides instead of the corresponding iodides in the
preparation of 2,3-disubstituted indoles 135 (Scheme 118).'*

R? Ar

=
7 + - Pd(PPh),, TBAI, KoCO3 PN\ e
R'- | + ANGBF, — ————=——> R | R
N “NHCOCF, MeCN, 60 °C NN

H
133, 49-96%

R' = H, 4-Cl, 4-F, 4-Me, 4-MeCO; R? = n-CsHyy, CgHs, 2-Br-CgHy, 4-MeO-CqHa,
4-MeOC-CgHy, 2-Me-CgHs,  4-MeOC-CgHy,  2-Me 4-MeO-CgHy; Ar = CgHs,
4-MeO-CgHy, 4-MeOC-CgHy, 4-Me-CqHa, 3-F5C-CgHy, 4-Cl-CoHa, 2-Me,4-MeO-CgHs,
4-CN-CgHy, 3-F-CgHg, 3-0,N-CgHy, 4-MeOC-CqHy

Scheme 116
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Scheme 118

However, the major difficulty found in this reaction was the
low reactivity of bromides, which led to the formation of a
hydroamidation product without the incorporation of the aryl
group at the 2-position of the indole ring. This problem was
solved by the authors through a complete study of the best
reaction conditions, which involved important parameters
such as the base, solvent, temperature, and ligand.

A series of 2-aryl indoles 136 has been prepared using
2-alkynyl arylazides and aryl bromides under catalysis of
Pd,dba;, dppe as a ligand and #BuOLi as a base in toluene at
100 °C (Scheme 119)."*® In this cyclization, the nitrogen
nucleophile is generated in situ from azides by a Staudinger
reaction.”” The authors proposed two possible pathways,
which are illustrated in Scheme 130. In the first one, the imino-
phosphorane 137 is formed in situ from 2-alkynyl arylazide
by a Staudinger reaction. Then, the 5-endo-dig cyclized inter-
mediate 138 is generated through the nitrogen nucleophilic
attack on the activated triple arylpalladium(u). The reductive
elimination of intermediate 138, followed by hydrolysis, gives
the product. The second mechanism proposed involves the
palladium(ur) carbene species 139 formed from intermediate
138, which after a migratory insertion, isomerization and pro-
tonation sequence affords the indole (Scheme 120).

Another type of aminopalladation/reductive elimination
reaction involved the regioselective palladium-catalyzed
5-endo-dig ring-closing reaction of 2-alkynylarylcarbamates
with diaryliodonium salts to give 2,3-disubstituted indoles 140
(Scheme 121)."*® In this reaction, diaryliodonium salts react
with palladium to form a palladium(u) intermediate that acts
by activating the carbon-carbon triple bond and as an arylat-
ing agent.

Very recently, Cacchi described the preparation of 2-(amino-
methyl)-3-arylindoles 141 via palladium-catalyzed reaction of
3-(ortho-trifluoroacetamidoaryl)-1-propargyl alcohols, amines,
and aryl iodides through a simple procedure that allows for
the formation of two carbon-nitrogen bonds and a carbon-

carbon bond in a one-pot reaction (Scheme 122).*>° The experi-
™
R —
Pz
@( R “ | Br Pd,dbaj; (2.5 mol%), dppe (50 mol%) N\ gt
N x ¢BuOLi, toluene, 100 °C, 24 h N

i
136, 40-88%

R' = 1-C4Hg, ¢-C3Hs, CgHs, 4-Me-CgHy, 4-F4C-CgHy, 4-F-CHa; R2 = 2-Br, 4-Br, 4-Cl, 4-F, 4-MeO,
4-CHy, 4-t-Bu, 4-TMS, 3-CF3, 4-F4C, 3-MeO, 2-CN

Scheme 119
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Scheme 122

mental evidence obtained by the authors supported the
hypothesis that a trifluoroacetyl ester is formed in the reaction
medium and that a palladium intermediate 142 is directly
involved in the formation of indoles (Scheme 123, eqn (1)).
The results of these experiments led the authors to discard the
formation of indoles via a direct nucleophilic substitution of
the amino nucleophile for the hydroxyl group assisted by the
coordination of oxygen to palladium species 143 (Scheme 123,

eqn (2)).
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Scheme 124

Instead of aryl halides, vinyl halides are also suitable elec-
trophiles for the sequential aminopalladation/reductive elim-
ination of palladium(0) to afford indoles. Alfa-iodoenones at
different ring sizes were efficiently used as electrophiles in the
palladium-catalyzed cyclization of 2-alkynyltrifluoroacetani-
lides to afford 2,3-disubstituted indoles 144 (Scheme 124)."%°
Various experimental conditions were tested by the authors for
the cyclization, and the best results were obtained with
Pd,(dba); as a catalyst and AsPh; as a ligand; although, in the
absence of the ligand, Pd,(dba); was also effective.

The 1-phenylvinyl iodides have also been used for the one-
pot conversion of N-protected ortho-alkynylanilines to 2-(1-phe-
nylvinyl)indoles 145 (Scheme 125).'®" A mixture of unsubsti-
tuted enynes 146 and indoles 147 was obtained and the ratio
between them can be greatly dependent on the substituent on
the aniline nitrogen atom. Unprotected anilines gave no trace
of products, N-tosylanilide and trifluoromethyl acetanilide
gave a mixture of enynes 146 and indoles 147 and the best
result was obtained with N-mesylanilide, which gave the
desired indole 145 in 73% yield together with small amounts
of unsubstituted indoles 147. Under Pd(PPh;), (5 mol%), Cul
(10 mol%), and DBU (12 equiv.) and using a mixture of DMF
and water as the solvent, the N-mesyl ortho-alkynylanilines
were transformed into the corresponding 2-(1-phenylvinyl)
indoles 145 from moderate to good yields.

The aminopalladation reactions with the concomitant oxi-
dative coupling have also been reported by using alkenes
instead of halide derivatives. The palladium-catalyzed cascade
reaction of 2-alkynylaniline and functionalized alkenes led to
structurally diverse 3-alkenylindoles 148 (Scheme 126).'°> The
cyclization reactions follow the regioselective 5-endo-dig-mode,
whereas the subsequent Heck-type coupling with alkenes
occurs stereoselectively with exclusive formation of the E
isomers.

Using palladium-catalyzed reactions of arenediazonium tet-
rafluoroborates with N-allyl-2-alkynyl anilines, Cacchi has

™S
=
o~ . RL/O)J\' PA(PPh), (5 mol%), Cul 10mol%) _ il” T )
RL\ | X DBU/H,O/DMF, r.t., overnight X N
NHMs vs ¢ N
—\
145,55-95% R
NHMs
s o0
@ ;
Ms

146 147

R'=H, 3-MeO, 4-MeO, 4-F4C, 4-F; R? = 2,3,4-MeO-CyHy, 2-F,3-MeO-CgHg, 2,3-Cl-CgHs, 4-F-CoHg, 4-Br-CHy

Scheme 125
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obtained 2-alkenyl indoles 149 via an intramolecular amino-
cyclization/oxidative Heck-coupling sequence (Scheme 127).'%
The reaction can be efficiently carried out via a simple one-
pot, two-step procedure just by the addition of PPh; and
K,CO; to the crude mixture and heating at 100 °C. Although
the cyclization follows a mechanism similar to that shown in
Scheme 128, it should be highlighted that the central step is
the formation of w-allylpalladium species 150, which activates
the carbon-carbon triple bond and introduces the functional-
ity at the 3-position of the indoles.

Instead of simple alkenes, allylic alcohols were efficiently
used in palladium-catalyzed oxidative cyclization of 2-alkynyl
anilines in the synthesis of f-indole ketones 151
(Scheme 129).'°* The effectiveness of the cyclization depends
on the catalyst species (Pd(OAc),) and the presence of oxygen
for the regeneration of palladium(u) active species.

A series of 2,3-disubstituted indoles 152 have been prepared
by cascade reaction of N-unprotected-2-alkynylanilines with
electron-deficient alkenes using palladium as a catalyst
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(Scheme 130)."®® The authors observed that the product distri-
bution was affected by the nature of the palladium catalyst.
The use of PdCIl, in acetonitrile at 60 °C resulted in the for-
mation of 2,3-disubstituted indole derivatives 152, whereas the
catalytic system formed by Pd(OAc),/LiCl in THF at 60 °C pro-
duced N-alkylated-2-alkynylaniline derivatives 153.

The synthesis of highly substituted unsymmetrical diarylin-
dolylmethane derivatives 154 has been developed through pal-
ladium-catalyzed annulation of ortho-alkynylanilines, followed
by 1,6-conjugate addition to para-quinones (Scheme 131)."°°
Various substituted ortho-alkynylanilines and para-quinones
were used in the cyclization, giving the unsymmetrical diaryl-
indolylmethanes in excellent yields. The careful monitoring of
the reaction revealed that the amine addition product 155 was
also formed in considerable amounts; however, it is not an
intermediate of the reactions. The formation of 155 is revers-
ible and its concentration gradually decreased with the for-
mation of indoles 154. The authors suggested that the 2-aryl-
indole 156 is a key intermediate and its formation is the rate-
determining step of the cyclization (Scheme 132).
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6-(Me)-4-naphthyl-CgHg, 2-Me-4-MeO-CgHg, 4-MeN-CgHy, 4-Br-CqHy, 4-Ph-CgHy, 4-NC-CgHy;
3 = Me, i-Pr, t-Bu; R* = H, Et, t-Bu, 2-F, 4-F3C, naphthyl, alkynyl.
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The Pd(OAc),, bipyridine and DNF/H,O/AcOH catalytic
system is active for the intramolecular cyclization of aniline-
tethered alkynyl cyclohexadienones in the preparation of cyclo-
hexenone-fused tetrahydropyrano[3,4-bJindoles 157
(Scheme 133)."” The authors suggested that the intra-
molecular cascade reaction would be initiated by aminopalla-
dation of alkynes and quenched by the addition to the intra-
molecular cyclohexenone. The asymmetric version of this
tandem cyclization was also described by using a chiral bipyri-
dine ligand, which gave the chiral cyclohexanone fused tetra-
hydropyrano[3,4-bJindoles 158 in good yields with excellent
enantioselectivities (93-96% ee) (Scheme 134).

The addition of a halide source to palladium-catalyzed
annulation of an ortho-alkynylaryl containing nitrogen nucleo-
phile has been a methodology used for the synthesis of 3-halo-
indoles. For example, Li and co-workers reported that in the
presence of PdX, and CuX, (X = Cl, Br), the annulation reac-
tions of 2-ethynylbenzeneamines gave the 2-substituted
3-haloindoles 159 (Scheme 135)."®® More recently, Li and
Zhang discovered that in the presence of PdX, (X = Br, Cl) and

o
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halide sources, the 2-alkynyl aryl azides were also suitable sub-
strates for halopalladation cyclization reactions to afford the
corresponding 2-substituted 3-haloindoles 160 (Scheme 136)."%°

The intermolecular version of the sequence of carbon-
nitrogen and carbon-carbon bond formation has been
described in the course of the reaction of N-tosyl-2-arylethyny-
lanilines with aldehydes catalyzed by the palladium(u) species
in the synthesis of substituted 3-hydroxymethylindoles 161
(Scheme 137)."”° The same reaction conditions were extended
to ethyl glyoxylate, which afforded the alpha-hydroxyindolyl
acetate 162 in good yield. According to the authors, a tandem
reaction is started by an aminopalladation of 2-arylethynylani-
lines, followed by quenching of the carbon-palladium bond
with a carbonyl group. This regenerates the active palladium(u)
species without the necessity of a redox system (Scheme 138).

The intramolecular version of the sequence of carbon-
nitrogen and carbon-carbon bond formation with the
migration of the functional carbonyl group was also described.
Thus, the reaction of N-acyl-2-alkynylanilines with
PdCl,(CH;CN), in CH3CN at 90 °C gave the 3-acyl-indoles 163,
resulting from the acyl migration (Scheme 139)."”" The reac-
tion conditions also promoted the migration of pyruvoyl,
amide and sulfonyl groups in comparable yields.
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4-O,N, 5-Cl-4-O,N, 4-CH30C, 4-NC.
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Bn; R*= CHO, COR(CO),;R, CONHR, SO;R.

Scheme 139

The palladium-catalyzed oxidative carbonylation of 2-alky-
nylaniline imines and 2-alkynylaniline derivatives in the prepa-
ration of indole-3-carboxylic acid esters has also been reported.
When imine derivatives were used as the starting material, the
sequential reaction with an initial nucleophilic attack on
carbon of the imine group, followed by a palladium-catalyzed
oxidative nitrogen-cyclization-alkoxycarbonylation, occurred to
form the [1-(alkoxyarylmethyl)indole]-3-carboxylic esters 164
(Scheme 140).'”> When 2-alkynylanilines were used as the
starting material, in the reaction with CO, O,, and an alcohol
in the presence of the PdI,/KI as the catalytic system, indole-
3-carboxylic esters 165 were formed in good yields
(Scheme 141)."”* In addition, on changing the alcohol to tri-
methyl orthoformate, 2-alkynylanilines gave 1-(dimethoxy-
methyl) indole-3-carboxylic esters via N-(dimethoxymethyl)-
2-alkynylaniline derivatives as intermediates.

Ketones can be also used as electrophiles in the aminopal-
ladation-initiated tandem cyclization. As reported, the Pd
(OAc), catalyst was effective at tandem cyclization of 2-alkynyla-
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R2 N NORE 0,,80°C R2 N

1) " H )\R4
CHR Med
164, 40-73%
R'=H, CI, CgHs, Me; R?=H, Me, F5C; R® = n-Bu, CgHs, 4-Br-CgHy, 4-Me-CgHj, 3-thienyl;
R*=Me, Et.
Scheme 140
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nilines having a cyclopentanone to synthesize pentaleno[2,1-5]
indoles 166 (Scheme 142)."”* This reaction involves the initial
aminopalladation of the carbon-carbon triple bond, followed
by quenching of the palladium intermediate by intramolecular
addition to carbonyl groups. In the obtained tetracyclic indole
framework 167, two neighboring stereocenters were formed,
with excellent diastereoselectivity in a single process by using
an oxazole derivative as the ligand (Scheme 143).

Results from the palladium/copper cocatalyzed oxidative
cyclization of 2-alkynylanilines showed that 3-acylindoles 168
were obtained in good yields by using PdBr, (10 mol%) and
Cul (10 mol%) in the presence of ¢-butyl hydroperoxide
(Scheme 144)."7° In this cyclization reaction, ¢-butyl hydroper-
oxide was used as either the oxidant or oxygen source to intro-
duce the carbonyl functionality. Based on the results of control
experiments the authors concluded that the ketone moiety did
not originate from water and molecular oxygen. These results
in association with ESI/MS analysis results indicated that the
reaction followed the mechanism shown in Scheme 145. The
2-alkynylaniline reacts with two molecules of ¢-butyl hydroper-
oxide under copper catalysis to give the peroxide 169, which is
in equilibrium with the iminium intermediate 170. The
nucleophilic attack of ¢butyl hydroperoxide on the activated
carbon-carbon triple bond of 170 generates the intermediate
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171 that gives the 3-acylindoles after the intramolecular cycli-
zation, oxidation, and deprotonation sequence.

In a recent study, 2-alkynyl arylazides and sulfonic acids
were examined with regard to the synthesis of 1H-indole-3-sul-
fonates via palladium-catalyzed tandem reactions.'”’® It was
found that the desired products, 1H-indole-3-sulfonates 173,
were obtained in moderate to excellent yields when 2-alkynyl
arylazides reacted under Pd(OAc), at room temperature, fol-
lowed by the addition of MSOH (Scheme 146). It was proposed
that the formation of the intermediate 172 is responsible for
the success of the reaction. The reaction conditions could be
applied to 2-alkynyl arylazides with an aryl group containing
pendant electron-donating and electron-withdrawing substitu-
ents or a hetero aryl group on the alkyne carbon. 2-Alkynyl aryl-
azides bearing the aliphatic substituted groups on the alkyne
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MeO,C-CgHj, n-C4Hg, n-CsHy4, t-Bu, ¢-C3Hs, BnOCH,CH,, 3-thienyl.

Scheme 146
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carbon were also suitable substrates, giving the desired
indoles in comparable yields; however, 2-alkynyl arylazides
containing a terminal alkyne did not afford the products.

The application of isocyanides as electrophiles in the ami-
nopalladation-initiated tandem cyclization was studied for the
synthesis of 3-amidylindoles 176'”” and 1H-indole-3-carboxa-
midines 177."7® In the former case, Pd(OAc), and silver acetate
catalyzed the reaction of N,N-dimethyl-2-alkynylanilines and
isocyanides, leading to 3-amidylindoles 176 in moderate to
good yields (Scheme 147). When Pd(TFA), was used as the
catalyst and silver acetate was switched to silver trifluoroace-
tate, N,N-dimethyl-2-alkynylanilines gave 3-cyanoindoles 177
(Scheme 147). In addition, the use of a trace amount of water
under these reaction conditions led to the formation of 3-ami-
dylindoles.””® In the mechanism proposed, the authors
hypothesized that silver acetate would act as an oxidant and a
reactant and that 174-176 are the key intermediates in the for-
mation of products (Scheme 147). In the latter case,'”® isocya-
nides, ortho-alkynyltrifluoroacetanilides and amines are
involved in a three-component process for the synthesis of
2-substituted 1H-indole-3-carboxamidines 178 (Scheme 148).
The reaction proceeds through intramolecular aminopallada-
tion of alkynes activated by isocyanide-ligated palladium(u)
species 179 (Scheme 149).

The same group has used diazoacetates to synthesize 3-alkyl-
indole derivatives 180 via a carbene insertion.'®® In this cycli-
zation reaction, ortho-alkynyltrifluoroacetanilides were acti-
vated by PdCl,, starting an aminopalladation triggered
carbene insertion reaction via intermediates 181-184 to give
aryl-substituted methyl 2-(2-phenyl-1H-indol-3-yl)acetates 180
(Scheme 150). The use of alpha-diazoacetates could result in a
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Scheme 150

competition between the carbon-carbon bond formation and
nitrogen-hydrogen insertion. The authors thus postulated that
the migratory insertion of the carbene into the sigma-indolyl-
palladium intermediate was favored over the nitrogen-hydro-
gen insertion.

Terminal alkynes are useful partners for the palladium-cata-
lyzed oxidative cyclization of ortho-alkynylanilines, have been
proven to be extremely useful for the synthesis of 3-alkynylin-
doles via carbon-carbon bond formation. In this regard, a
range of 2,3-disubstituted 3-alkynylindoles 185 were prepared
by palladium(u)-catalyzed domino reaction between ortho-alky-
nylanilines and terminal alkynes (Scheme 151)."*" The control
experiments were carried out to determine the reaction mecha-
nism, in which the authors identified as elementary steps the
formation of a c-alkynylpalladium(u) complex and aminopalla-
dation of ortho-alkynylaniline, leading to a sigma-indolylpalla-
dium(n) intermediate. In these experiments, they also found
that the N-demethylation step occurs after the formation of the
o-alkynylpalladium intermediates (Scheme 152). Thus, the pro-
posed mechanism for this transformation involves the amino-
palladation of ortho-alkynylanilines, giving the c-indolylpalla-
dium intermediate. The coordination of the terminal alkyne
with c-indolylpalladium, followed by deprotonation, leads to
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o-alkynylpalladium. The N-demethylation promoted by iodide
affords 3-indolylpalladium intermediate and reductive elimin-
ation provides the 3-alkynylindoles 185 (Scheme 152).

In a similar manner to that of 3-alkynylindoles 185, the
2,3"-bisindoles 186 were prepared by intermolecular cyclization
using two ortho-alkynylanilines. The palladium-catalyzed con-
ditions, consisting of Pd/C, n-Bu,;NBr, AcOH, and DMSO at
80 °C, were very effective at promoting the cyclization of ortho-
alkynylanilines and 2-ethynylaniline to 2,3"-bisindole deriva-
tives 186 (Scheme 153)."®> For the mechanism, the authors
proposed two temporally separate catalytic cycles, in which the
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R3= Me, n-CsHy4, MeO,CCH,CHy; R4= CgHs, 3-F-CgHy, 4-F-CgHa, 3-
CI-CgHy,4-Cl-CgHy, 4-Me-CgHy; Rs= Ac, Boc.

Scheme 153
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formation of 3-alkynylindole 187 occurs first, followed by a
second cyclization from 187 giving the bisindoles 186
(Scheme 153).

The palladium-catalyzed cyclization of ortho-alkynylanilines
merged with cross-coupling with bis-(pinacolato)diboron was
achieved upon treatment with Pd,(dba); and Ph;As, affording
indole 3-boronic esters 188 (Scheme 154).'® The authors
carried out control experiments to confirm that the borylation
reaction is a process that occurs during cyclization rather than
after indole formation.

An efficient one-pot protocol was developed for the syn-
thesis of the 3-sulfenylindoles 189 from diorganyl disulfides
and ortho-alkynylanilines (Scheme 155)."* The results from
this cyclization process, using PdCl, in DMSO at 80 °C, indi-
cated that a molar ratio of 2:1 between ortho-alkynylanilines
and diorganyl disulfides and excellent yields were obtained.
This result is significant because it indicates that the two por-
tions (RS) of organosulfur reagents were transferred to the
substrate.

An important extension of this methodology was accom-
plished by the conversion of ortho-alkynylanilines to 3-sulfeny-
lindoles 190 via three-component cyclization reaction involving
sulfur and boronic acids catalyzed by Pd(TFA), and Cul in
ionic liquids (Scheme 156)."® The innovation of this method-
ology was the preparation of 3-sulfenylindoles in excellent
yields by a one-pot procedure avoiding the previous prepa-
ration of diorganyl disulfides. Several control experiments indi-

R2 :
{/ BPin
Z Pd,(dba)s (5 mol% Z
R .t Bping 5(dba)s (e o) rE T Dr2
N R PhzAs (10 mol%), Cs,CO3 NN
4 DMA, 60 °C, 0.5 h R3

188, 51-79%

R'= H, 5-CI; R2= CgHs, n-C4Hg, PACH,CH,, BnNOCHy; R3=Ts, Ms.

Scheme 154
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189, 19-96%
R = H, 4-Cl, 4-Me; R2 = CgHs, 2-Br-CgHy, 2-MeO-CgHy, 4-MeOC-CqH,

2-thienyl, n-CgHi3, -Bu; R®= H, Me, Ac; R* = Me, CgHs, 4-Cl-CqHy, 4-F-
CeHa, 4-MeCgHy, 4-MeO-CgHy, 2-HoNp-CoHy, 4-O,N-CeHy,

Scheme 155
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cated that the sulfur moiety is introduced via a copper thiolate
191 generated in situ from elemental sulfur, Cul and boronic
acid and that palladium complex 192 is the key intermediate
for the success of this cyclization (Scheme 157).

The exploration of the application of trifluoromethanesulfa-
nylamide for the palladium-catalyzed -cyclization/trifluoro-
methylthiolation of ortho-alkynylanilines was also described.
The sequential cyclization and thiolation reactions between
ortho-alkynylanilines with trifluoromethanesulfanylamide in
the presence of Pd(OAc), and bismuth(m) chloride allowed a
straightforward synthesis of 3-((trifluoromethyl)thio)indole
derivatives 193 in excellent yields (Scheme 158).'%® The pres-
ence of a quantitative amount of bismuth(m) chloride is essen-
tial for the success of this transformation because it partici-
pates in the formation of sulfur electrophilic species via an
activation of trifluoromethanesulfanylamide. The transform-
ation is believed to proceed via a palladium-catalyzed intra-
molecular cyclization of N,N-dimethyl-ortho-alkynylaniline
giving the intermediate 194. The removal of the methyl group
from intermediate 194 by chloride anions from bismuth(ur)
chloride with concomitant trifluoromethanesulfanyl cation
formation affords the 3-((trifluoromethyl) thio)indoles 193
(Scheme 159).

Another good example of a simple, but efficient, intra-
molecular migration of the sulfonyl group instead of allyl
groups was described in the preparation of 3-sulfonyl indoles
195 (Scheme 160).'*” In this reaction, the authors studied the
influence of different oxidation states of palladium salts in the
migratory effect. It was found that the reaction of N-allyl-N-sul-

R SCF;
Z H _ » 5
RZ . Ph/N‘SFa Pd(OAc), (10 mol%), BiCls (1.0 equiv) R1{JV\S*R7
Ny Me DCE, 80°C SN
Ve Ve

193, 50-87%

R' = H, 5-Cl, 5-F, 5-Me, 5-Et0,C; R? = H, CgHs, 4-Cl-CqHa, 4-Me-CgHy, 4-MeO-CgHy, 2-MeO-CqHa,
4-Me0,C-CgHa, 6-C3Hs, n-CqHg

Scheme 158
H
Ph/N\SFS + BiCly
R? l
_ = Ny T, SCF3
=z =z
R1_\| Ve _ [Pd RtmRz &. meRz
N’ NN, ci NN
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Scheme 160

fonyl-ortho-alkynylanilines with Pd(PPh;), led to the formation
of 3-allylindoles 196, with exclusive transference of the allyl
group, whereas with PdCl,(CH3;CN), the sulfonyl group was
selectively transferred, giving the 3-sulfonylindoles 195
(Scheme 160).

Moving the sequential aminopalladation reactions from
functionalization of the 3-position to the 2-position of indoles,
Gabriele and co-workers have described that 1-(2-aminoaryl)
ynols, having a primary or secondary amino group, afforded
indol-2-acetic esters 197 via a carbonylation reaction promoted
by the PdI,/KI catalytic system in the presence of CO, O, and
MeOH (Scheme 161).'%® In addition, 1-(2-aminoaryl)ynols,
having a primary amino group, gave quinoline-3-carboxylic
esters, under oxidative conditions, via a 6-endo-dig cyclization.

Cacchi and co-workers showed that the reaction of ethyl 3-
(ortho-trifluoroacetamidoaryl)-1-propargyl ~ carbonates  with
primary or secondary amines in the presence of Pd,(dba)s,
dppf and carbon monoxide in THF at 80 °C afforded NH-
indole 2-acetamides 198 (Scheme 162)."*° The authors found
some limitations in the methodology when aniline and ben-
zylamine were used as substrates, whereas the indole products
were formed in trace amounts.

Cacchi and co-workers also demonstrated that PACl,(PPh;),
and Pd(PPhj), are effective at catalyzing the cyclization reac-
tion of 3-(ortho-trifluoroacetamidoaryl)-1-propargyl alcohols
and carbonate derivatives with amines to give 2-(aminomethyl)
indoles 199 and 200, respectively (Scheme 163)."°%'°! This is a
very useful procedure, which works well with primary and sec-
ondary amines, although primary amines give moderate yields.

HO R® R3

R2 R2 4
N » Pdl,, CO R
N‘H MeOH N CO,Me
R' RS Rt R®
197, 42-88%
R'=H, MeO; R?= H, CI; R®= Me, Ph; R*= t-Bu, n-Bu, Ph,TMS; R® = H, Me.
Scheme 161
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H H
198, 19-92%

R'=4-Cl, 4,5(F),, 4-MeO,C; R? = H, Me, C4Hs; amines= piperazine, morpholine, tert-butylamine, cyclohexylamine,
pyrrolidine.
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The author justified that primary amines could cause competi-
tive side reactions. When the palladium-catalyzed cyclization
conditions were applied to ethyl 3-(ortho-trifluoroacetami-
doaryl)-1-propargyl carbonates, bearing an alkyl substituent at
the propargyl position, an elimination reaction occurred to
form 2-vinylic indoles 201 instead of 2-(aminomethyl)indole
derivatives (Scheme 164).

Results from the palladium-catalyzed cascade cyclization of
(aminoaryl)propargyl alcohols and isocyanides showed that
2-indolylacetamides 202 were obtained in excellent yields,
using Pd(TFA), as the palladium source and MeCN as the
solvent, under air atmosphere at 60 °C (Scheme 165)."> Under
these conditions, the intermolecular cycloaddition was suc-
cessfully applied to a range of substrates, although hindered
isopropyl isocyanide, phenyl isocyanide and internal alkynes
were found to be unreactive, even after the prolonged reaction
time and at elevated temperatures. The reaction is believed to
proceed through a cascade that includes aminopalladation,
isocyanide insertion, and 1,4-hydroxyl migration in which the
two oxidation states of palladium promoted the activation and
cyclization processes of each cycle without the use of oxidants.

For intermolecular functionalization of 2-position of
indoles, an interesting study has recently been developed
aiming at the synthesis of tetrahydro[1,4]diazepino[1,2-a]

HO_R? R2
Z N o =z
R L S+ 2rNC __PATFAR (Smol%) _ e TN
NN Cs,C03 (2.0 equiv) NN CONHR®
COCFg air, MeCN, 60 °C, 4-24 h H

202, 55-85%

R'=H, 4-Me, 5-Me, 4-Cl, 4-O,N; R2= CgHs, 2-F-CqHy, 4-F-CqHy, 2-Cl-CqHy, 4-Cl-CqHa,
2-MeO-CgHj; R3= t-Bu, +-BuCH,(Me),CH.

Scheme 165
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Scheme 167

indoles 203 from 2,2,2-trifluoro-N-(2-iodophenyl)acetamides
and N-protected (prop-2-yn-1-yl)acrylamides (Scheme 166).'%
It was proposed that the cascade sequence, including the pal-
ladium-catalyzed Sonogashira coupling, indole cyclization,
regio- and chemoselective N-acylation, and 1,4-Michael
addition, is involved in obtaining the indole derivatives. The
control experiments carried out by the authors indicated that
indole 204 is the key intermediate for this cyclization. They
discard the participation of intermediate 205, formed via an
intermolecular transamidation (Scheme 166).

The palladium-catalyzed cascade cyclization can be a useful
alternative to other methods to access C2 functionalized
indoles. For example, the (2-propynyl)anilines and (2-ami-
noaryl)propynols were applied as suitable substrates in the
preparation of 2-arylmethylindoles. Chowdhury and co-
workers found that in the presence of a palladium catalyst
(2-propynyl)anilines and (2-aminoaryl)propynols demonstrated
divergent reactivity. On the one hand, the reaction of (2-propy-
nyl)anilines with aryl halides, catalyzed by Pd(OAc),, PPh; and
DBU, led to the direct formation of 2-arylmethylindoles 206 in
good yields in a single step (Scheme 167)."°* On the other
hand, when (2-aminoaryl)propynols were used as substrates in
the reaction with PdCl,, PPh;, K,CO3, and n-Bu,NBr in DMF,
the products obtained were (arylmethylidene)indolinols 207.
The hydrogenolysis employing Pd/C and cyclohexene in reflux-
ing ethanol afforded 2-arylmethylindoles 206 in a two-step
reaction (Scheme 167).'%

2.10.3. Palladium-catalyzed annulation of internal alkynes.
The palladium-catalyzed annulation of internal alkynes by aryl
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Scheme 169

halides, bearing a nucleophile at an appropriate distance, is a
versatile way to generate a wide variety of heterocycles. When
the nucleophile is a nitrogen atom located in the ortho-posi-
tion of aryl halides, the substrates deliver the indole deriva-
tives. This reaction normally involves the addition of aryl
halides to a palladium(0) complex, with cleavage of the
covalent carbon-halogen bond and oxidation of palladium(0)
giving a sigma-organopalladium(u) halide complex. This palla-
dium(u) species undergoes rapid insertion of a carbon-carbon
bond of the alkynes to give the palladium(n) intermediate via
cis-carbopalladation. The intramolecular nitrogen nucleophile
attack induces the displacement of palladium(0), most likely
by prior palladacycle formation and reductive elimination
giving the indole (Scheme 168). This chemistry, originally
developed by Larock,*' has been an area of continuing expan-
sion; for example a methodology using phosphine-free ligands
to mediate palladium-catalyzed indolization of 2-bromoani-
lines with internal alkynes was developed.'®® Phenylurea was
found to be an optional ligand, which together with Pd(OAc),
catalyzed the synthesis of 2,3-disubstituted indoles 208 in
good yields with high regioselectivity (Scheme 169).

The use of a heterogeneous ligand and a salt-free procedure
to prepare indoles was also described. In this reaction, ortho-
haloanilines reacted with internal alkynes under Pd/C,
Na,COj;, and DMF at 120 °C to afford the indole derivatives
209 (Scheme 170)."*77'°° This catalytic system could be used
under aerobic conditions, and successfully re-used at least for
four cycles.

In an alternative method, indole derivatives 210 were
efficiently prepared by palladium-catalyzed annulation of func-
tionalized aryl iodides with internal alkynes in aqueous
medium under microwave irradiation (Scheme 171).>°° Both
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symmetrical and unsymmetrical internal alkynes bearing
alkyl, aryl and silyl groups could be used as substrates for this
cyclization. The annulation reactions exhibit excellent regio-
selectivity, where the most hindered group is located on the
2-position. The catalytic system was successfully recycled five
times with a slight decrease in activity.

The alkynyldimethylsilyl ¢butyl ethers reacted with ortho-
iodoanilines, with excellent regioselectivity, to afford 2,3-di-
substituted indoles 211 (Scheme 172).>°" The regioselectivity
depends mainly upon the bulkier ¢-butoxysilyl ether substitu-
ent on the alkynes, whereas migratory insertion could occur to
minimize the steric strain. In addition, the triethylsilyl propar-
gyl glycine derivatives were coupled with ortho-iodoanilines,
catalyzed by Pd(OAc), and PPh;, providing useful access to
N-ethyl-p-tryptophans.>®?

Palladium-catalyzed annulation of 1-alkynylphosphine sul-
fides with ortho-iodoanilines gave the corresponding 2-indolyl-
phosphine sulfides 212, which could be easily reduced to the
corresponding trivalent phosphines 213 in the presence of
tris-(trimethylsilyl) silane and a catalytic amount of AIBN.
With the parent 1-alkynylphosphine oxides, the palladium-
mediated cyclization gave, exclusively, the 2-indolylphosphine
oxide derivatives, which were reduced to the trivalent phos-
phine 214 by treating with trichlorosilane and tributylamine
(Scheme 173).2%3

The reaction of ethynyloxazolidinones with ortho-iodoani-
lines, under Larock’s heteroannulation conditions, produced

R3
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N NHR2 H,0 (3.0 equiv), LiCl, KoCO3, NN
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2. hydrolysis 211, 59-95%

R = H, 4- Me, 5-Me0,C, 4-Cl, 5-Cl, 4-MeO, 5-MeO; R? = H, Me, Bn; R® = n-CsHy+, c-CsHg,
(Me)(MeO,C)NBocCHCH,; R* = HO(Me),, Et.

Scheme 172
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optically active 2-silyl-3-indolylglycine derivatives 215, which
can be induced to undergo a desilylation reaction resulting in
3-indolylglycine 216 (Scheme 174).”°* Treatment of ethynyloxa-
zolidinones and ortho-iodo-N-Ts-anilines with Pd(OAc),, LiCl,
Na,CO;, and DMF at 90 °C promoted the cyclization to give
215. In contrast, the reaction with Pd(OAc),, PPhs, n-Bu,Cl,
DIPEA, and DMF at 90 °C afforded 217.

The generation of indoles via palladium-catalyzed three- or
four-component coupling of aryl iodides, alkynes, and amines
has also been described. In a one-pot protocol, the treatment
of N-substituted-ortho-iodoanilines, alkynes and amines with
Pd(OAc),, cyclopentadiene-phosphine, and #BuOLi, led to the
desired indole derivatives 218 (Scheme 175).>° These con-
ditions could be efficiently applied to a variety of ortho-iodoa-
nilines, symmetric and unsymmetric alkynes, and cyclic and
acyclic amines. The author argues that the cleavage of the
C(sp?)-N bond on the intermediate 219 is the key step for the
formation of desired products. After this cleavage step, the
reaction could follow two pathways as illustrated in
Scheme 176. The same research group also described that the
indole-containing alkyl iodides 220 were obtained in the
absence of amines, where palladium promoted C(sp*)-I bond
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RO v R o o PUOARGmO R1mRz
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R' = H, 4-MeO, 5-Me, 5-Cl, 5-F; R? = Et, n-Pr; amine= piperidine, morpholine, 4-
PPhy iperidi 1 ine, 2: aniline, t-buthyl amine,
diethyl amine, methyl ethyl amine.
L1

Scheme 175
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formation via reductive elimination instead of syn-f-hydride
elimination (Scheme 177).>°® The authors observed that the
use of Pd(r-allyl)Cp instead of Pd(OAc), facilitated the C(sp®)-I
for the reductive elimination process.**”

An important improvement in Larock’s indole synthesis
was accomplished by the application of propargyl bromides as
alkyne sources. In this methodology, the palladium(0)-cata-
lyzed one-pot reaction of N-Ts or N-Ms ortho-iodoanilines and
propargyl bromides afforded indoles 221 (Scheme 178).2°% It
was assumed that the reaction involves the carbon-carbon
bond coupling forming allenes and azapalladation. The substi-
tuent group of the nitrogen atom greatly influenced the reac-
tion. The N-Ts- and N-Ms-substituted ortho-iodoanilines gave
the corresponding indoles in good yields; however, N-p-Ns-sub-
stituted 2-iodoaniline (p-Ns = 4-nitrobenzenesulfonyl) afforded
a trace amount of indole products.
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Scheme 178
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Expanding upon the use of alkynes in the Larock indole
synthesis, very recently, the palladium(u)/N-heterocyclic
naphthalimide carbene complex heteroannulation of tertiary
propargyl alcohols with ortho-haloanilines, resulting in the for-
mation of 2-alkenylindoles 222, has been reported
(Scheme 179).>°° A single regioisomer was obtained and this
high regioselectivity was attributed to the coordination of the
palladium catalyst to the propargyl hydroxyl moiety during the
palladium insertion step. In addition, the authors concluded
through experimental evidence that the in situ generation of
HBr is the promotor of terminal double bond formation by a
dehydration process. Moreover, the presence of naphthalimide
units of the NHC was crucial for the success of the catalytic
process.

ortho-lodobenzoic acid has also been studied under palla-
dium-catalyzed annulation conditions. Under these con-
ditions, ortho-iodobenzoic acid was converted to indole deriva-
tives 223 by a one-pot Curtius rearrangement>'°/palladium-
> In this syn-
thetic strategy, the ortho-iodoaniline and sodium chloride,
which are essential for the cyclization, are produced in situ as

catalyzed indolization process (Scheme 180).

by-products of the Curtius rearrangement. In addition, when
an acylating agent was added under the reaction conditions,
indole N-carboxamide derivatives 224 were produced
(Scheme 180).

The intramolecular palladium-catalyzed annulation reac-
tions have also been employed in the generation of indole
systems. In this case, when N-acetyl-N-(3-phenylpropynyl)-2-
iodoanilines reacted with N-tosylhydrazones in the presence of
the Pd(PPh;), catalyst and Cs,COj; in toluene at 80 °C, the
3-vinylindoles 225 were obtained in good yields (Scheme 181).
These reaction conditions led to the desired 3-vinylindoles 225
via carbon-carbon single bond and carbon-carbon double
bond formation in a one-step operation. The authors
suggested that the migratory insertion of palladium carbene

- 1) NaNs CbzCl 1) NaN, Phococl R
t-BuONa (15 mol%) | t-BuONa (15 mol%)
®R2 DMF, 75°C,5h NMP, 75°C,5h N gt
N 2) Pd(OAc),, base, OH 2) R®°R*NH, NMP, 75 °C, 3h N "
H DMF, 120°C, 16 h 0 3) Pd(OAc); (5 mol%) )\N'R
223, 50-82% Rl— R? 120°C, 16 h o ks
RI-=—R!' 224, 39-68%

"= R? = CgHs; R" = Me, R? = t-C4Hg; R" = CgHs, R? = TMS R' = CgHs, Pr; R?, R* = morpholine, pyrrolidine

Scheme 180
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226 to form the intermediate 227, followed by p-hydride elim-
ination, are the principal steps of the cyclization (Scheme 182).

2.10.4. Indoles via palladium-catalyzed carbon-hydrogen
activation. Palladium-catalyzed Csp®>-~H bond activation has
been recognized as an attractive tool in synthetic organic
chemistry for carbon-hydrogen functionalization.®" The use
of this concept has been considered by synthetic researchers
in the preparation of indoles from alkynes. For example, palla-
dium-catalyzed intermolecular cyclization of anilines and sym-
metrical diarylalkynes afforded 2,3-diarylindoles 228 or pyrrole
derivatives (Scheme 183).>'> Unsymmetrical diarylalkynes gave
a mixture of indoles with no regioselectivity. The choice of sol-
vents governed the product distribution, in which the reaction
carried out in DMF gave the indoles, whereas the use of 1,4-
dioxane as the solvent resulted in pyrrole formation.

A high regioselectivity was achieved when unsymmetrical
electron-deficient alkynes, such as methyl perfluoroalk-2-
ynoates, were used in the sequential Michael-type addition
and palladium(u)-catalyzed cross-dehydrogenative coupling in
the preparation of  2-(perfluoroalkyl)indoles 229
(Scheme 184).>" After an electrophilic palladation and depro-
tonation of the nucleophilic enamine, generated by Michael-
type addition of aniline and the alkyne, the palladium inter-

NH
N 2 = PdCI, (10 mol%)
R | + R? 4 =
X _ / Cu(OAc); (1.0 equiv)
N,, DMF, 100 °C, 6 h H
228, 18-74%

R' = H, 2-Me, 3-Me, 4-Me, 4-MeO, 2-Cl, 3-Br, 4-Br,4-F; R? = H, 4-Me, 4-MeO, 4-Br, 4-F, 4-MeOC.

Scheme 183
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mediate 230 is formed. The electrophilic aromatic palladation,
followed by reductive elimination from intermediate 231, gives
the desired indole (Scheme 185). The presence of O, and an
acid are crucial to regenerate the active catalyst in the cycle.

A similar strategy based on the direct carbon-hydrogen acti-
vation using oxygen as the oxidant was applied to regio-
selective reactions of anilines and internal alkynes in the
preparation of indole derivatives 232 (Scheme 186).>'* Because
the oxidant plays an essential role in the catalytic cycle of the
carbon-hydrogen activation, the authors performed a com-
plete study to determine the activity of various oxidants, such
as Cu(OAc),, AgOAc, PhI(OAc),, and BQ. The authors indicated
dioxygen as an ideal oxidant. Under the optimal reaction con-
ditions, the scope of the reaction was applied to anilines
having electron-withdrawing or electron-donating groups and
electron-deficient alkynes, and it proceeded efficiently giving

R2
NN
H

232, 20-99%

_~NH,
i ) ) Pd(OAc), (10 mol%), O, ( 1.0 atm)
R + R=FR - S
DMA/PIVOH, 120 °C, 12 h

R'=4-Cl, 4-F, 4-Me, 6-Me, 5-i-Pr, 4-c-Hex, 4-MeO, 6-MeO, 4,6-(MeO),, 3,6-(MeO),, 4,5-
(MeO),, 4-F3CO, 4-EtO,C, 4-HO, indoline, 2-methyl-indoline, tetrahydroquinoline;
R? = MeO,C, Et0,C, i-PrO,C.

Scheme 186
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the indoles in moderate to excellent yields. Additional reac-
tions demonstrated that the carbon-hydrogen activation is not
a reversible reaction and that hydroamination occurs before
reductive elimination.

The wuse of N-acylbenzotriazoles to replace ortho-
haloanilides in the preparation of indoles, via palladium-cata-
lyzed annulation reactions, has also been reported. In the
palladium-catalyzed dehydrogenative indolization sense,
N-aroylbenzotriazoles reacted with disubstituted alkynes under
Pd(PPh;),, in the absence of a solvent at 130 °C to afford the
corresponding polysubstituted indoles 233 in good to high
yields (Scheme 187).>"> Under these conditions, although
asymmetric alkynes gave a mixture of regioisomers, the
indoles having a bulkier substituent at the 2-position were
obtained as major products. The reaction is believed to occur
via an initial thermal isomerization of the benzotriazole,
giving the corresponding 2-iminobenzenediazonium species
234. The oxidative addition of the diazonium moiety to palla-
dium(0) leads to intermediate 235 or 236, which delivers the
palladacycle species 236 after insertion of the alkyne. The
reductive elimination of palladium(0) from 237 produces the
corresponding indoles (Scheme 188).

The use of N-acetyl anilines in the palladium carbon-hydro-
gen activation is an efficient method for the preparation of
indoles. In this case, the acetyl group can act as a directing
group and the nitrogen atom source for indole cyclization.
Thus, the reaction of N-aryl amides with internal alkynes cata-
lyzed by Pd(OAc), in DMA, using Cu(OTf), and Ag,O as oxi-
dants, gave indoles 238 (Scheme 189).>'® The author also
showed that the cyclopalladated complex 239 is the key inter-

R3 R*
NN o
RETN | e PO mw
NN neat, 130 °C NN S
)\Rz )"Rz )\Rz
o (e}

233a + 233b, 22-74%

R = H, Me, MeO, NC; R2 = Me, EtO, CgHs, 3,5-(F3C)2-CeHa, 4-F3C-CgHg, 3,5-F5-CgHa, 4-Ac-CeHg, 3-F-CgHy,
4-MeO-CgH; R® = Cy, t-Bu, CgHs, 4-MeO-CgHy, 4-F3C-CgHy; R* =H, Me, n-CsHy4, n-C4Hg.

Scheme 187
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R' = H, 4-Me, 2-Me, 4-t-Bu, 2-MeO, 3-MeO, 4-MeO, 4-Cl, 4-F, 2-Ph, 3,4(OCH,0); R? = R® =
n-Pr, CgHs, 4-MeO-CgHy, 4-Cl-CgHy, 2-thiophenyl; R? = CgHs and R® = Me; R? = CgHs and R®
= n-Pr; R? = 2-thiophenyl and R® = n-Pr.

Scheme 190

mediate of this cyclization and its stoichiometric reaction with
internal alkynes in the presence of bipyridine and DMF at
120 °C led also to the formation of indoles in moderate yields.

In order to extend the application of different N-aryl com-
pounds as substrates for palladium-catalyzed direct
functionalization of carbon-hydrogen bonds, N-aryl-2-amino-
pyridines were reacted with internal alkynes under catalysis by
Pd(MeCHj3;),Cl,, using CuCl, as an oxidant, resulting in the
direct formation of N-(2-pyridyl)indoles 240 (Scheme 190).>'”
When the reaction conditions were applied to internal alkynes,
bearing an alkyl chain directly bonded to the carbon-carbon
triple bond, a mixture of two regioisomers was obtained. On
the other hand, unsymmetrically heteroaryl- and alkyl-substi-
tuted alkynes gave the corresponding indoles as a single
isomer. The authors attributed the selectivity of the cyclization
to the electronic and steric differences between the substituent
groups. They also found that the reaction was sensitive to the
steric bulk around the pyridine nitrogen and in the N-aryl ring
and favored by electron-withdrawing groups in the N-aryl ring.
Wu and co-workers>'® have extended the scope of this reaction
using the system palladium/cerium(iv) oxide and CuCl, in the
cyclization of aryl-2-aminopyridines with unsymmetrically aryl-
and alkyl-substituted alkynes. N-(2-Pyridyl)indoles were
obtained in excellent yields and very similar results were
obtained for the selectivity, whereas the major product was the
indole having the alkyl group at the 3-position.

Alkynylimines have been also employed as substrates in the
palladium-catalyzed synthesis of 2-fluoroalkyl-3-methylene-
indoles 241 via a domino carbopalladation/carbon-hydrogen
activation procedure (Scheme 191). In order to find the suit-
able reaction conditions, the authors studied the influence of
palladium salts, bases and solvents in this reaction. After the
optimization, the best reaction conditions were established as
Pd(OAc), and Na,CO; in DMF at 80 °C. According to the
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authors, the carbon-carbon triple bond of alkynylimines could
be activated by the arylpalladium(u) species formed by the oxi-
dative addition of palladium(0) with aryl iodide. The syn carbo-
palladation, followed by carbon-hydrogen activation of alkyny-
limines, gave a six-membered palladacycle, which after reduc-
tive elimination afforded the indoles (Scheme 192).

2.10.5. Indoles via a palladium-catalyzed N-arylation/
hydroamination sequence. The present section deals with the
application of the palladium-catalyzed N-arylation hydroami-
nation sequence-type reactions involving aryl halides, alkynes
and amines in the preparation of indoles. The reaction
pathway for this sequence, in general, involves a consecutive
palladium-catalyzed carbon-nitrogen bond formation with a
sp>-hybridized carbon, followed by the hydroamination of
carbon-carbon triple bonds to promote the cyclization in a 5-
endo-dig mode. As an example, the reaction of ortho-alkynyl-3-
halophenyl ethers and meta-alkynyl-2-halophenyl ethers with
benzylamine under Pd(OAc),, 1,3-bis-(2,6-diisopropylphenyl)
imidazolium chloride (HIPrCl) as the catalyst, in toluene
under reflux, and with #BuOK as a base, afforded the alkoxy-N-
benzyl-2-substituted indoles 242 and 243 via a tandem amin-
ation/cyclization reaction (Scheme 193).>'° The authors
observed a limitation in this protocol when an unprotected
hydroxy 2-chloro-3-(phenylethynyl)phenol derivative was used
as the substrate. In this case, a 7-hydroxyindole derivative
could not be obtained, although, the starting material was
completely consumed. This approach has been also utilized
for the synthesis of an indole inhibitor of phospholipase A2
244 that is a secreted phospholipase, found at high levels in
patients suffering from inflammatory diseases.
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The  palladium-catalyzed  N-arylation/hydroamination
sequence can be also performed with bulky alkyl amines. The
palladium complex derived from an N-heterocyclic ligand was
applied in the reaction of sterically hindered amines with
ortho-alkynylhaloarenes in the preparation of sterically hin-
dered N-substituted indoles 245 (Scheme 194).>*>**' The
authors found that the association of Pd(OAc), with a sterically
hindered unsaturated imidazolium salt gave the best catalytic
system, affording the indole derivatives in moderate to high
yields. This protocol tolerated ortho-alkynylchloroarenes,
l-adamantylamine, and ¢butylamine, and hindered Iless
nucleophilic anilines.

2-Alkynyl indoles 246 could be synthesized in a one pot pro-
cedure from ortho-bromo-(2,2-dibromovinyl)benzenes, term-
inal alkynes, and arylamines via a palladium-catalyzed three-
component coupling process (Scheme 195).>** In this reaction,
the three reagents were added at the same time in the reaction
system, showing a very high chemical selectivity. Important
results were obtained in the studies of the reaction mecha-
nism, for example when the reaction was carried out in the

~ R? Pd(OAC), (5 mol%)
= i o =
R . RONH, _lgndGmoi%) R1mRz
NN +BuOK (3.0 equiv) X N
toluene R
245, 43-94%
Me e MeM
i e R' = H, 5-Me, 4-OMe, 4-HO, 6-F5C; R2= n-Bu, n-Hex, n-
/C\I Pr, c-Pr, CgHs, 3-Me-CgHy, 4-n-Pr-CgH,, 4-MeO-CgH,, 4-
N@N F-CgHa, 4-F3C-CgHy; R® = adamantyl, +-Bu, t-Pent, 2,6-(i-
Pr)a-CeHa,
Me Me Me’ Me
ligand
Scheme 194
Br Pd(OAc),, Xantph Z
RE + RZNH, + R3—=—H S X phes R‘%Rs
X B 2 Cs,C03, NMP, 120 °C NN

R2
246, 39-75%

R =H, 4-Me, 5-F; R? = CgHs, 4-Me-CgHj, 2-MeO-CgHy, 4-MeO-CqHg, 4-F-CoHy, 4-O,N-CoHa;
R® = CgHs, 4-F3C-CqHg, 3-MeO-CgHy, 3-thienyl, 2-pyridyl.

Scheme 195
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absence of aniline, the 1,3-diyne 247 was obtained
(Scheme 196). In addition, when C was reacted with aniline,
under optimized reaction conditions, the corresponding
2-alkynyl indole was obtained in 65% yield. These last two
experiments indicated that the reaction could follow the
pathway shown in Scheme 196.

Ammonia has been used as the nitrogen source in the syn-
thesis of 2-arylindoles 248 from ortho-alkynylbromoarenes
through a tandem cross-coupling/alkyne amination sequence
(Scheme 197).>** The authors carried out a serious study
aiming to find a suitable ligand to participate together with
the palladium salt as a catalyst of this reaction. They found the
best results by using [Pd(cinnamyl)Cl], and Josiphos, deliver-
ing the indoles in 31-89% yields. They also found that hetero-
cyclic substrates with the heteroatom ortho to the bromo or
alkyne group and alkynes having silyl, alkyl, or alkenyl groups
did not give the products. However, when ammonia was
replaced with methylamine, the corresponding N-methyl
indoles were obtained in good yields. In order to extend the
above methodology, the same group found that (silanyloxyphe-
nyl)phosphines were efficient ligands for palladium-catalyzed
carbon-nitrogen cross-coupling/cyclization of ortho-alkynyl-
haloarenes with primary amines affording 2-substituted indole
derivatives 249 (Scheme 198).*** Catalytic amounts of [Pd(cin-
namyl)Cl], and (silanyloxyphenyl)phosphine, in the presence
of +-BuOK and toluene, were able to promote the cyclization of

R?

=
=z
R'*\ | + R3NH,
Br

[PdCl(cinnamyl)] (1.25 mol%)
Josiphos (2.5 mol%)
t-BuOK (3.0 equiv)

XN

1,4- dioxane or toluene R®
90°C, 3:24h 248, 31-89%
Pt-B
! 12 R'=H, 4-Me, 5-F, 3-Br-5-Me; R2 = CgHs, 4-Me-CgHy, 2,4,6-(Me)s-
Fe Pcy,
) 2 CeHy, 4-F5C-CgHy, 3-F-5-Cl-CgHs, 3-BocHN-CgHy, 2-Bn-CeH,
3,4(Me0),-CgHg, 2-HO-CgHj, thienyl, pyridyl; R3 = H, Me.
Josiphos

Scheme 197
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L= thienyl; R® = Me, £-Bu, Adm, N-methyl-piperazyl, CgHs, 2,6-
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(Me),-CgHs, 4-Cl-CgHy, 4-t-Bu-CeHa, 2,6-(-Pr),-CoHs,

Scheme 198

ortho-alkynylhaloarenes bearing alkyl, aryl, and heteroaryl
groups with hindered and unhindered aryl amines, including
those having electron-donating and electron-withdrawing sub-
stituents, to afford indoles containing alkyl, aryl, and hetero-
aryl substituents at the C2 position.

N,N-Disubstituted hydrazines were also used as the nitro-
gen source in the palladium catalyzed cross-coupling/alkyne
amination reaction with ortho-alkynylhaloarenes providing a
useful method for the synthesis of substituted 1-aminoindoles
250 (Scheme 199).>*° For this cyclization, it was proposed that
an initial palladium catalyzed coupling between the ortho-
alkynylhaloarenes and hydrazines gives ortho-alkynylhydra-
zine, which after an alkyne amination reaction affords the
N,N-disubstituted-1-aminoindole via 5-endo-dig cyclization
(Scheme 200).

Using t-butyl sulfonamide is a useful method for introdu-
cing nitrogen-containing moieties in the palladium catalyzed
cross-coupling/alkyne amination reaction.”*® In this case, the
t-butyl sulfonamide, under appropriate conditions, is a suit-
able ammonia source. Thus, the reaction of ¢butyl sulfon-
amides with ortho-alkynylbromoarene, in the presence of Pd
(OAc),/Xantphos/Cs,CO; as the catalytic system in 1,4-dioxane
at 110 °C, gave the 2-aryl-indoles 251 from 71 to 90% yields
(Scheme 201).

In the amination reaction of ortho-haloaryl alkynyl bro-
mides, amines and amides reacted with high selectivity in Csp
instead of Csp” leading to o-haloaryl-substituted ynamides that
can be useful in the construction of 2-amido indoles 252

2
= R PdCl, (5 mol%)
RL/ ] . H2N~N,R3 t-BugPHBF, (10 mol%) . mRZ
Ny R4 Cs,CO; (1.4 equiv) NN

DMF, 110°C, 3-6 h N-gé
R3
250, 61-99%
1= H, 6-F, 5-F4C, 6-MeO; R? = ¢-C3Hs, n-CsHyy, t-C4Hg, £BUOCHS, +BuO,C, CeHs,

4-F3F-CgHy, pyridyl; R® = Boc, EtO,C, Me; R* = Ph; R®, R4 = pyrrolidine, morpholine,
N-methyl-piperazyl, pyrroyl; X = Cl, Br

Scheme 199
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=
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4-MeO,C-6-Br-CgH3; R?, R® = oxazolidinone; R? = Bn and R® = Me; R?= Ts and R® =
TBSOCH,CHj; X = Cl, Br, |

Scheme 202

(Scheme 202).**” Specifically, ortho-haloarylynamides reacted
with p-Tol-NH, under catalysis of Pd,(dba)s, in the presence of
X-phos as a ligand, giving 2-amido-indoles in high yields. In
these studies, the authors concluded that other phosphine
ligands were ineffective and that aryl chlorides and bromides
were better suited in this cyclization than aryl iodides.

2.11. Platinum-catalyzed synthesis of indoles

Platinum-based catalysts have attracted considerable attention
in transition metal catalysis for participating in various trans-
formations in organic chemistry; however, their applications
in the preparation of indoles have been limited. Recent reports
demonstrated growing interest in this area, and platinum(u)
salts have proven to be excellent catalysts for the cyclization of
2-propargyl  anilines to give 3-alkoxyindoles 253
(Scheme 203).>*® The reaction conditions and the substituent
at the propargyl position and at the nitrogen atom had a dra-
matic influence on the course of the PtCl,-catalyzed cycloi-
somerization. For example, when the reaction was carried out
at room temperature, the indole 253 was obtained exclusively,
whereas on increasing the temperature to 80 °C the reaction
gave the indole adduct 254.

Indole carbamates, indole ureas and indole phosphoranes
255 were prepared by a platinum-catalyzed Hofmann-type

oX ox
oX
@\)\}\ PICI, (5 mol%) N . A
N,R toluene, r.t. or 80 °C N N
- R N\ R \

R = Me, Allyl, Bn; X = Ac, Me. 253, 19-94% 254, 13-60%

Scheme 203
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R'=H, F, O;N, MeO; R? = H, n-C4Hg, CgHs, 4-Me-CgH,, TMS; R® = Et, Bn, t-Bu.

Scheme 204

rearrangement of ortho-alkynylbenzamides and ortho-alkynyl-
benzylamides. The reaction occurred via a nucleophilic
addition of alcohols and amines to the isocyanate intermedi-
ates, followed by an intramolecular
(Scheme 204).22923¢

Another important development in the functionalized
indole synthesis is the platinum-catalyzed tandem annulation/
arylation reaction. Diindolylmethanes 256 were prepared using
propargyl ethers and substituted indoles via a platinum-cata-
lyzed  tandem  indole  annulation/arylation  cascade
(Scheme 205).*' The electrophilic platinum carbene inter-
mediate was proposed to be the key intermediate in this
cascade reaction. This tandem reaction was also attempted
using p-dicarbonyl compounds as nucleophiles in the prepa-
ration of 2-substituted indoles 257 (Scheme 206).>*> The reac-
tion generated a,f-unsaturated carbene intermediates via an
intramolecular nucleophilic addition into alkynes bearing pro-
pargyl ethers, followed by vinylogous nucleophilic additions
using enol as the nucleophile.

A sequential platinum-catalyzed cyclization/intermolecular
addition was performed for the preparation of 2,3-di-
substituted indoles 258 (Scheme 207). The reaction involved
ortho-alkynylanilines with ethyl propiolate, dimethyl acetylene-

aminocyclization

RZ
= “ome
i .l B PtCl, (10 mol%)
A N’H A N NayCO; (1.5 equiv)
Boc R* dioxane, 100 °C

256, 55-88%

R' = H, 4-MeO, 4-Et0,C, 4-HOH,C; R? = H, Me; R® = H, 3-NC, 4-MeO, 3-Br, 4-Br, 3-Cl, 4-Cl; R* = H, Me, Boc.

Scheme 205
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R'=H, MeO, O;N; R? = Me, Bn; R® = H, Me, Et; R* = Me, Ph, EtO; R® = H, Me, Et; EWG = MeCO,
MeOCO, EtOCO, Me;NCO, OoN, NC; X = NR, O.

Scheme 206
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Scheme 208

dicarboxylate and PtCl, as the catalyst. The platinum catalyst
showed a dual action by acting in catalytic n-activation of both
ortho-alkynylanilines and ethyl propiolate.”*® The platinum-
catalyzed cyclization/intramolecular carbon-nitrogen bond for-
mation-[1,3] shift of carbamoyl and ester groups provides
another useful route to synthesize indole-3-carbamides and
-carboxylates 259 (Scheme 208).>** The authors concluded, via
crossover experiments, that the cyclization of ortho-alkynylphe-
nyl ureas or ortho-alkynylphenyl carbamates, catalyzed by Ptl,,
occurred in an intramolecular manner instead of an inter-
molecular manner. In addition, the formation of 3-protonated
indole was observed as a by-product in all reactions. It has also
been concluded that the proton source was the methyl moiety
of the migrating carbamoyl group, which would be eliminated
in the [1,3] carbamoyl migration.

2.12. Rhenium-catalyzed synthesis of indoles

The cyclization of ortho-alkynylaryl piperidines catalyzed by
[ReBr(CO);5] gave N-fused tricyclic indole derivatives 261 in
moderate to good yields (Scheme 209).>*® The catalytic process
assumed by the authors involves the initial formation of metal
containing ammonium ylides 260, which undergo ring
expansion through a 1,2-rearrangement, followed by 1,2-alkyl

o
R? LM R2 ML, ML,

~ L
zZ 4
R1@/ M| a2 . R«%Rz R1%Rz
NN S NQ) NN NN
h h ), "}
260a 260b

-

ML,

R2
N R? [1,2]-R migration fZ TN
S S
N D), N D)
M] n

261, 45-80%

[1,2] Stevens-type
rearrangement

n=1;M=W(CO)s
n=2; M =ReBr(CO)s
R" = H, 4-F4C, 3-F4C, 4-MeO; R2 = Me, n-Pr, TIPSOCH,CH,,

Scheme 209
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migration to form N-fused tricyclic indole derivatives. In
addition, the authors found that using ortho-alkynylaryl pyrro-
lidines the best catalytic action was achieved with [W(CO)g].

2.13. Rhodium-catalyzed synthesis of indoles

2.13.1. Rhodium-catalyzed cyclization of ortho-alkynylani-
lines. For several decades, rhodium-catalyzed transformations
have been successfully employed in the development of novel
methodologies, which have found widespread use in different
areas because of their versatility and diverse applications. In
organic synthetic methodologies, rhodium catalysis is broadly
applied in olefin functionalization, hydrogenation, carbon-
hydrogen functionalization, cycloisomerization, and cyclo-
addition reactions.>*® In particular, rhodium-catalyzed reac-
tions with alkynes allow the synthesis of diverse carbo- and
heterocycles. In this section, we will show the synthetic efforts
in developing indoles based on rhodium-catalyzed reactions
using alkynes and different nitrogen compounds as substrates.
In an early report, rhodium-catalyzed cycloisomerization of
unprotected anilines and terminal alkynes proceeded effec-
tively to produce indoles 262 in good yields (Scheme 210).>*”
The reaction conditions were carefully optimized indicating
that the use of Rh(cod)Cl, (1 mol%) and PPh; (4 mol%) in
DMF at 85 °C was the optimal conditions to deliver the indoles
in best yields.

The intramolecular reaction of propargyl alcohol derivatives
with Rh(CO),Cl, generated rhodium(i) carbenes 263, via a
dehydrative indole annulation. Depending on the substituent
on the aniline nitrogen nucleophile, either a cyclopropanation
or dimerization product could be selectively obtained. The
results indicated that cyclopropanation products 264 were
exclusively formed with N-Ts protected aniline, whereas the
N-Boc-protecting group gave the dimerization products 265
(Scheme 211).>%®

N,H

[{Rh(cod)Cl}], PPh; R N
DMF, 85°C, 2h \©\/>
\ N
4
262, 52-90%
R' = 4-Me, 4-Cl, 4-EtO,C, 4-NC, 4-MeOC, 4-O,N.

Scheme 210
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NHR® N3 Rh
R 3
R
263 \ R N 1 N e
N /N
X N R1

R3
265, 33-92%

R'=H, Me, Et, i-Pr, n-Bu, Ph; R? = H, Br; R® =
Boc.
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268, 36-69%

R = H, 2-Me, 4-Me, 3-OMe, 4-F; R2 = (Mey, -Bu), (Ph,, t-Bu), (Me)s, (Et)s, (i-Pr)s.

Scheme 213

The methylsulfonyl-protected aniline derivatives were suc-
cessfully utilized for the development of a convenient protocol
for the general synthesis of siloles. The intramolecular cycliza-
tion of aniline substrates generated an organometallic inter-
mediate 266, which after the activation of the Csp®-Si bond
afforded the desired indole [3,2-b] siloles 267 (Scheme 212).>*°
Subsequently, 3-silylindole derivatives 268 were formed from
the reaction between the 2-silylethynylanilines and cationic
rhodium(1)/H8-BINAP complex via a 1,2-silicon migration. The
authors observed that the use of H8-BINAP in place of BINAP
led to obtaining the products in good yields (Scheme 213).>*°

Several 2,3-disubstituted indoles have been obtained
through an intramolecular rhodium-catalyzed tandem cycliza-
tion-addition sequence using ortho-alkynylanilines as sub-
strates and an electrophile source. For example, the cyclization
of ortho-alkynylanilines catalyzed by Rh(1)/BINAP with a sub-
sequent reaction with electrophilic alkenes gave the indole
derivatives 269 having an alkyl chain at the C3-position
(Scheme 214).>** When isocyanates were used as an electro-
phile source in the cyclization of ortho-alkynylanilines cata-
lyzed by [RhCI(COD)], (5 mmol%), K,CO; and 2-BuOH, the
indole-3-carboxamides 270 were formed in excellent yields
(Scheme 215).>*> The authors confirmed, via a control experi-

EWG
Bu-n
=Z
[Rh(cod)OH], (3 mol%) {
. =
o ewe  dioxanelH;0 (20:1), 90°C, 4h N
s e

269, 91-94%
EWG = CN, EtOC, EtO,C.

Scheme 214
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Ms 2-BUOH (0.04 M), r.t., 2h Ms

270, 56-94%
R' = H, 4-Br, 3-Cl, 4-Cl, 4-F, 3-MeO, 4-Meo, 4-MeO,C, 4-NC; R? = Ph, n-Bu, t-Bu; R® = n-Pr, i
Pr, Bn, Cy, CgHs, 4-MeO-CgHj.

Scheme 215
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Scheme 216

ment, that the formation of a 3-rhodium indolyl intermediate
occurred during the cyclization process rather than after
indole formation. In the same way, the rhodium(m)-catalyzed
cascade cyclization/electrophilic amidation of ortho-alkynylani-
lines, using N-pivaloyloxylamides as the electrophilic nitrogen
source, gave 3-amidoindoles 271 (Scheme 216).>**

2.13.2. Indoles via rhodium-catalyzed carbon-hydrogen
activation. The rhodium-catalyzed annulation reaction of
alkynes via carbon-hydrogen activation is a valuable method
for the synthesis of heterocycles.>** The cyclization basically
involves the reaction of an aromatic system with a highly elec-
trophilic rhodium species to give a rhodacycle intermediate.
Subsequently, the insertion of the rhodacycle into the carbon-
carbon bond of the unsaturated substrate, followed by reduc-
tive elimination, releases the product and rhodium catalyst. In
an attempt to prepare 1,2-disubstituted indoles 272, via
rhodium-catalyzed annulation, simple anilines were reacted
with symmetrical and unsymmetrical internal alkynes in the
presence of the rhodium(m) catalyst under aerobic conditions
(Scheme 217).>*> The advance of this methodology is the
evidence that the rhodium() species is oxidized to rhodium(m)
species via molecular oxygen in the presence of an appropriate
acid.

The acetanilide derivatives were successfully utilized for the
development of a convenient protocol for the general synthesis
of 1,2-disubstituted indoles 273 (Scheme 218).>*°?%® In the

R3
NH, "
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then NaOH H

272, 31-93%

R = H, 3-Me, 4-Me, 3-t-Bu, 4-t-Bu, 4-MeO, 3,4-(MeO),, 3,5-(MeO),, 4-CF30, 4F, 3-Cl, 4-Cl,
4-Br, 4-NC, 4-CH30,C, 1-naphthyl; R? = CgHs, 4-Me-CqHy, 4-CH30-CoHy, 4-F-CqHg, 4-Br-
CeHa, 4-CHaCoHa, 3,5-(CF3)p-CoHy; R® = CoHs, 4-Me-CgHy, 4-CHyO-CoHy, 4-F-CoHg, 4-Br-
CeHa, CHg, Bn.

Scheme 217
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Pr, (CHg),CHCH,CH,, Me, n-Bu, n-Hex, c-CgHs, EtO,CH,  (EtO,),CHCH,,
TBSOCH,CHy; R® = CgHs, p-MeO-CgHy, 0-Cl-CgHy, 2-thienyl, Me, n-Pr, TMS.

Scheme 218
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Scheme 220

preliminary study, the reaction was carried out at high temp-
erature (120 °C) using [Cp*RhCl,], as a precatalyst and a stoi-
chiometric amount of Cu(OAc), as an oxidant. A broad study
to improve these reaction conditions showed that the combi-
nation of [Cp*RhCl,],, AgSbF,, and Cu(OAc), H,O was the best
catalytic system to form the indoles in higher yields. It was
also observed that molecular oxygen worked as the internal
oxidant, reactivating the reduced rhodium(i), which allowed
the reaction to be carried out at mild temperatures (60 °C).
This permitted the expansion of the compatibility of the reac-
tion to include a range of internal alkynes bearing useful func-
tional groups. As an alternative to improve the yields of the
less reactive alkynes, the dicationic analogue [Cp*Rh
(MeCN);][SbF¢], was efficiently employed as a catalyst. The
rhodium-catalyzed oxidative annulation of acetanilides with
internal alkynes, under ambient conditions, was also carried
out using an in situ generated electron-deficient dicationic
rhodium(m) complex 274, derived from n’-cyclopentadienyl
rhodium(ui). The authors reported a high catalytic activity
under ambient conditions, at room temperature, and under
air, giving the desired indoles 275 in 49-99% yields
(Scheme 219).>*° Very recently, in an alternative strategy for the
generation of indoles 276, Bolm and co-workers reported a
mechanochemical rhodium(mi)-catalyzed carbon-hydrogen
bond functionalization, involving oxidative coupling of aceta-
nilides and alkynes, in a planetary mill and in the absence of
any solvent and heating (Scheme 220).>°° The reaction con-
ditions required [Cp*Rh(MeCN);][SbF¢], (5 mol%) as a catalyst,
and a catalytic amount of Cu(OAc), in association with dioxy-
gen as a terminal oxidant.

Substituted indole derivatives 277 were synthesized from
N-arylureas and internal alkynes via a rhodium-catalyzed
carbon-hydrogen activation strategy, in which N-arylurea
assisted the activation of the carbon-hydrogen bond and a
copper salt acted as an oxidant, closing the catalytic cycle
under aerobic conditions (Scheme 221).>*" The optimized reac-
tion conditions were compatible with electron-donating and
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Scheme 223

electron-withdrawing functional groups in the substituted
N-arylurea; however, strongly electron-withdrawing groups,
such as nitro and cyano groups, did not give the corresponding
indoles. The sterically hindered ortho-F and ortho-Br substi-
tuted arylureas were other limitations observed, which yielded
the indoles in a trace amount. N-(2-Pyridyl)anilines were also
suitable substrates for the directing group in the rhodium-
catalyzed oxidative coupling with alkynes to give N-(2-pyridyl)
indoles 278 (Scheme 222).>>* The results indicated that groups
containing the oxygen atom and the electronic effects of the
aryl ring directly bonded to the nitrogen atom governed the
high selectivity achieved in the cyclization. N-(2-Pyridyl)ani-
lines can also be efficiently used in rhodium-catalyzed carboa-
mination of unsymmetric alkynyl cycloalkanols leading to
1,2,3-trisubstituted indoles 279 (Scheme 223).>>* The authors
carried out a number of control experiments to elucidate the
reaction mechanism, which confirmed that the formation of
indoles 279 proceeds through a sequential aryl carbon-hydro-
gen/Csp>~Csp® activation process, whereas the pyridyl nitrogen
intermediate 280 plays an important role in chelation assist-
ance (Scheme 224).

A regioselective synthesis of indoles 181 from primary
2-acetyl-1-arylhydrazines and internal alkynes was described to
occur via a rhodium(m)-catalyzed hydrazine-directed carbon-
hydrogen activation (Scheme 225).>* The advance of this
methodology was the application of 2-acetyl-1-arylhydrazines
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Scheme 225

as directing groups and the use of mild conditions for the
nitrogen-nitrogen bond cleavage that typically requires harsh
reaction conditions when it is used in redox-neutral reactions.
The arylhydrazine derivatives were excellent precursors for the
regioselective synthesis of indoles 182 (Scheme 226).>> The
products were obtained in high yields when the reaction of
arylhydrazines with internal alkynes was carried out using
[RhCp*Cl,], (2 mol%) and AgSbFs (8 mol%), in the presence of
HOAc and MeOH as the solvent. In this reaction, the oxidant
required for rhodium-catalyzed carbon-hydrogen bond acti-
vation was produced in an internal oxidation mechanism
through the cleavage of the nitrogen-nitrogen bond with the
formation of NH;3, which was captured by AcOH. Another exter-
nal-oxidant-free rhodium(ur)-catalyzed carbon-hydrogen acti-
vation of aryl hydrazines with alkynes used hydrazone as a
directing group to prepare indoles 183 (Scheme 227).>°® The
hydrazone group was formed in situ via condensation of hydra-

RZ
| + RR=—R’ [(RhCp*Clp)] (2 mol%) Z ] N_ge
N2 AGSbF (8 mol%), AcOH (12 equiv) &
Me MeOH, .t 12 h Me

182, 59-90%

R' = H, 2-Me, 4-Me, 5-Me, 4-Br, 4-Cl, 2-F, 4-F, 5-F, 4-MeO, 4-MeOSC, 4-NC; R? = Me, Et, n-Bu, n-Pr,
allyl, CgHs, R® = CgHs, Et, n-Bu.

Scheme 226
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Y
[(RhCp*Cl,),] (2.5 mol%) = A
R3 . -~ R | R®
N,NH2 . HCI KOACc (1.1 equiv), i-PrCHO (2.0 equiv) X N
H MeOH, 80 °C, Ny, 12-16 h Me
183, 56-92%

+ R=

R' =H, 2-Me, 3-Me, 4-Me, 4-MeO, (2-Me, 4-MeO), 4-Br, 4-Cl, 4-F, (2-Me, 5-F), (2-Me, 4-Cl), (3-Cl, 4-Me);
R? = R3 = CgHs, 4-Me-CgHj, 4-MeO-CgHj, 4-Br-CgHg, 4-F-CgHy; R? = HOCH,CH, and Ry = CgHs; R? =
HOCH,CH, and R® = thienyl; R? = Me and R® = CgHs; R? = H and R® = t-Bu.

Scheme 227

R? R?

[(RhCp*Cly)s] (2 mol%) . %RS
NN

- \Hz - Hel NaOAc (1.5 mmol), AcOH (3.0 mmol)

b R® \
H EtOH, 110°C, 20 h H

184, 71-90%

+ I+ Etco

R' = H, 4-Me, 2-Me, 4-tBu, 4-MeO, 4-Br, 2-Br, 4-Cl, 4-F, 4-1, 4-F4C, 4-HO,C, 4-HO; R? = R3 = CgHs,
4-Me-CgHa, 4-MeO-CgHg, 4-Br-CgHg, 4-F-CoHy; R? = CgHs and R® = Me, Et, EtO,C, MeO,C, MeO, Br, Cl.

Scheme 228
RZ
iy . R g [(RhCp*Cly),] (5 moi%) R1%R3
Ny NHAC NaOAc (30 mol%), NaOAc (30 mol%) NN
}l| 1,3-dinitrobenzene (2.0 equiv) NHAc

1,2-DCE, 60-80 °C, 24-36 h 185, 45-94%

R' = H, 4-Me, 4-MeO, 4-Cl, 4-F, 4-CF30, 4-NC; R?= R® = CgHs, 4-Me-CgHy, 4-MeO-CgHy,
4-Cl-CgHy, 4-F-CgHg, 2-thienyl; R2 = CgHs and R® = n-CgHya, Ph(CHy)s, HOCH,, HOCH,CH,, HO(CH,)s.

Scheme 229

zines with isobutyraldehyde. In this methodology, the nitro-
gen-nitrogen bond worked as an internal oxidant without the
necessity of the pre-installation and post-cleavage of the
directing group. Similarly, the regioselective synthesis of
indoles 184, using the hydrazone group, prepared in situ by
condensation of arylhydrazine hydrochloride with diethyl
ketones as a directing group and an internal oxidant, was also
described (Scheme 228).>*” 1,3-Dinitrobenzene was also used
as an external oxidant in rhodium-catalyzed oxidative annula-
tion of hydrazines with alkynes in the preparation of 1-ami-
noindoles 185 (Scheme 229).>°® Mechanistic studies demon-
strated that 1,3-dinitrobenzene served as an oxidant during the
reaction, consuming the leaving hydrogen atoms and regener-
ating the active rhodium catalyst.

In another variation of the rhodium-catalyzed carbon-
hydrogen bond activation, triazenes have successfully trans-
formed in unprotected indoles 186 via reaction with internal
alkynes (Scheme 230).>°>*°° This reaction is proposed to
undergo a 1,2-rhodium shift ring contraction, in which tria-

R2 R?
N Q [RhCp'Clal, CulOAeH0 AN
R'C | N + |l = R | R
X N"N AgSgFs, MeOH, 90 °C, Ar X N
R3 H

186, 42-95%
R! = H, NC, Me0,C, Ac, (3-Me, 4-Br), (2-F, 4-O,N), (2-MeO, 4-O,N), (3-Cl, 4-F), (2-Cl, 4-Me),

3-Cl, 4-Cl, 3-Br, 4-Br, 4-F, 2-1, 4-O;N, 2-HOCH, 4-Me; R?=R® = CgHs, 4-Me-CgHj, 4-MeO-
CgHa, n-Pr; R? = Me and R® = CgHs, c-CgH11.

Scheme 230
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R3  [(RhCp*(OAc);] (8 mol%), MeOH, 90 °C R
o+ | : R
X\ NO [(RhCp*Cl,),] (4 mol%), AgSbFe (16 mol%) NN
ri{2 R t-BuCO,H (1.0 equiv), H,O (8.0 equiv) R2

CH4CN, 90 °C, 16h 187, 42-95%
R' = H, 4-Me, 4-MeO, 4-Br, 4-F, 4-MeO,C, 4-Ac, 3,4-(MeO,); R? = Me, Et, i-Pr, Ph, Bn; R%=R* =
CgHs, 4-Me-CgHy, 4-MeO-CgHy, 4-t-Bu-CgHy, 4-Br-CqHy, 4-MeS-CgHy; R® = Me, R* = 4-BnO-
CgHy; R® = n-Bu, R* = CgHs,

Scheme 231
R2 R?
7 [(RhCp*(MeCN)3](SbFe), (5 mol%) Z
S AT, o
N7 Mes HOPIiv (2.0 equiv) X N
& R® MeOH (0.1 M), 80 °C H

188, 19-94%

R' = H, 3-Me, 4-Me, 5-Me, 3-MeO, 3-Br, 3-Cl, 3-F, 3-NC, 3,4-(Me),, 3,4 (F); R?=R%=2-
Me-CgHy, 3-Me-CgHy, 4-Me-CgHg, 4-MeO-CgHj, 4-Cl-CgHg, 4-F-CgHy, naphthyl; R? =
CgHs, R® = 4-0,N-CgHy, Me, n-C4Hg, t-Bu; R? = 4-O,N-CgHg; R® = n-Bu; R? = 4-EtO,C-
CeHg; R® = n-Bu; R? = 4-MeOC-CgHg; R® = n-Bu.

Scheme 232

zene behaved as an internal cleavable directing group. The
studies using HRMS and theoretical calculations suggested
that a 1,2-alkyl migration might be responsible for the in situ
cleavage of the directing group. N-Nitrosoanilines and alkynes,
in the presence of the rhodium catalyst, were employed in the
synthesis of N-alkyl indoles 187, via redox-neutral carbon-
hydrogen activation and annulation, using a traceless nitroso
directing group (Scheme 231).°"?°> The N-nitroso group
serves as both a directing group for carbon-hydrogen acti-
vation and an internal oxidant for catalyst turnover. The con-
struction of indole derivatives 188 was also successfully
described using a nitrone as the oxidizing directing group
(Scheme 232).>°®> The presence of a sterically hindered Mes
group on the carbon center of the nitrones was decisive in
forming indoles in high yields. In a similar reaction, nitrones
were used to selectively prepare unsymmetrical 2,3-diaryl sub-
stituted indoles 189 (Scheme 233).>°* The rhodium(m)-cata-
lyzed carbon-hydrogen annulation of anilines with internal
alkynes afforded the unsymmetrical 2,3-diaryl substituted
indoles with poor regioselectivity. The authors used an excel-
lent alternative to control this selectivity, in which they carried
out the rhodium(m)-catalyzed annulation of nitrones with sym-
metrical diaryl alkynes, giving 2,3-diaryl-substituted
N-unprotected indoles having two different aryl groups.
Because one of the aryl substituents came from the N=C-aryl
group present in the nitrone and the other came from the

Ar?

[(RhCp*Cl,)] (2.5 mol%) - %Aﬁ
XN

R1©\+ +  AP=—A2
NP A AgSbFg (10 mol%)

O CuOAc (1.0 equiv) H
DCE, EDE, 100 °C, 12 h 189, 52-85%

R' = H, 4-Me, 4-Br, 4-Cl, 5-MeO, 4-EtO,C; Ar' = CgHs, 4-MeO-CgHj, 4-F3C-CgHy, 4-Cl-CgHy, 2-Me-
CgHs, 1-naphthyl, n-Pr; Ar2 = CgHs, 4-MeO-CgHy, 4-F3C-CgHg, 4-F-CgHg, 4-O,N-CgHy, 4-Br-CgHg,
2-thienyl, 2-furyl.

Scheme 233

This journal is © the Partner Organisations 2020

View Article Online

Review

alkyne, the methodology delivered the corresponding indoles
with an exclusive regioselectivity.

Another example of a rhodium-catalyzed carbon-hydrogen
bond activation was the regioselective annulation of tertiary
aniline N-oxides with alkynes, giving N-alkylindoles 190
(Scheme 234).%°® The reaction proceeds via a sequential Csp>-
H and Csp>-N activation, in which the N-oxide acts as a trace-
less directing group, avoiding the use of metal oxidants. A
related process was employed in an approach to the synthesis
of indoles bearing an N-(3-aminobutenoyl) substituent 191
through rhodium(m)-catalyzed redox-neutral carbon-hydrogen
bond activation of pyrazolones and alkynes (Scheme 235).>°
The key step was the formation of a bicyclic metallacycle
rhodium(v) intermediate via a 1,2-thodium migration,
accompanied by the nitrogen-nitrogen bond cleavage of the
pyrazolone ring, without loss of the N-terminus.

A concise route to substituted indoles 192 was based on a
rhodium-catalyzed  denitrogenative  transannulation  of
N-sulfonyl-1,2,3-triazoles and 1-ethynylcyclohexenes
(Scheme 236).°” In this reaction, the key rhodium-stabilized
iminocarbene intermediate 193 was generated via ring-chain
isomerization and nitrogen extrusion. The methodology based
on rhodium(n)-catalyzed denitrogenative annulation of
N-sulfonyl-1,2,3-triazoles was also applied to the construction

A

1
il ‘ ar [(RhCP*Cly),] (5 mol%) p
SO+ || TAgSHFs (20 moi%), CyCOOH (20 equiv) R | ’: Arl

Y Art MeOH, 60 °C, 24 h

Me
190, 40-80%
R" = H, 3-Me, 4-Me, 4-t-Bu, 4-MeO, 4-Br, 3-Br, 3-Cl, 3-F, 3-EtO,C; Ar' = CgHs, 3-Me-CgHy, 4-
Me-CgHa, 4-t-Bu-CgHg, 4-MeO-CqHy, 4-MeO-CgHy, 4-Cl-CgHy, 4-F-CgHg, 4-F3C-CeHy,

Scheme 234

ﬁ( — R . . _IRACp"Cly)y] (26 mol%)
\N,N \ / + R=R NaOAc (2.0 equiv)

2
R PhBr, 130 °C
o\ g2

HoN
191, 30-85%

R' = H, 4-Me, 4-MeO, 4-Cl, 4-Br, 3-F, 5-F, 3,4(Me),, (3-Cl, 4-Me); R? = Me, Et, i-Pr; R3 = R* =
CgHs, 4-Me-CgHy, 4-MeO-CgHy, 3-Cl-CgHy, 4-Cl-CgHy, 3-F-CqHa, 3-F3C-CgHy, 4-t-Bu-CeHy,

Scheme 235

R

1

X =CHyand R' = H, 2-Me, 4-Me, 4-t-Bu, 4-Ph, 4-TBDMSO;
X=NandR'=H

[(Rh(esp),], CuTC i ‘ A\
then DDQ Sy
DCE, 60°C, 8 h Ts

192, 71-91%

NgTs — +

NN N (rm
N-Ts N* H
O/K( — N, — 3
H H s
193
Scheme 236
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TsN-N Rhy(oct)s )
Y JH CuTC (10mol%) ﬁ/N 1.2DCE 60°C.4h_ o TN
R Toluene, rt, 2h R x l NN
N TsN. N N R?
R? 3 R2 R
194, 25-87%
R = H, 4-Br, 3-Cl, 4-Cl, 4-F, 41, 4-n-Bu, 3-O,N, 4-O,N, 2,3-naphthyl; R? = H, Me, Et, n-Pr, n-C4Ho,
n-CgHyq3, Bn, Boc, Bz, CH,=CH,CH,,
Scheme 237
R3 R3 R3
_ Il (RAH(CO)PhsP)s] (4-10 mol%) i ‘ R {I\g,
R1©\ (CF3),CHOH S XN
N R2 R?
RZ

195, 39-98%
R' = H, 2-MeO, 3-MeO, 4-MeO, 4-Br, 4-F, 4-F5C, 3,5(F); R? = H, Bn, Et; R® = H, Me, n-CsHy4, Ph.

Scheme 238

of 3-indolylimines 194 using N-propargylanilines as the start-
ing material (Scheme 237).2

The amino-Claisen rearrangement of N-propargylaniline
derivatives involves the [3,3]-sigmatropic shift of N-alkenyl-N-
arylamine to furnish ortho-allenylanilines. An alternative
version of this rearrangement has been reported in the syn-
thesis of 2,3-substituted indole derivatives 195 using the [Rh
(cod),]OTf catalyst in hexafluoroisopropyl alcohol (HFIP)
(Scheme 238).*°°*”° The authors confirmed by single-crystal
X-ray crystallographic analysis that [Rh(CO)(PhsP),]JOCH(CF3),
is the active catalyst, which was generated in situ from RhH
(CO)(Ph;P); and HFIP. In addition, they also confirmed that
ortho-allenylaniline is the intermediate of the cyclization. The
catalytic system was also active for the one-pot synthesis of
indoles by reacting N-alkylanilines with propargyl bromide in
the presence of K,CO; in HFIP.

2.14. Ruthenium-catalyzed synthesis of indoles

Ruthenium can form a large number of different complexes
with oxidation states ranging from divalent negative to octava-
lent positive, although the complexes with oxidation states 0,
II and III are most common. This characteristic makes the
salts of ruthenium versatile catalysts with extensive appli-
cations. Among them, the intramolecular carbon-hydrogen
activation, hydrogenation reactions, reduction, oxidation, iso-
merization, carbon-carbon bond formation, and hydrogen
transfer reactions have been commonly applied.>”* Ruthenium
complexes have been proven to be highly efficient at converting
acyclic substrates in carbon- and heterocycles via metathesis
and nonmetathesis reactions.?”? In this section, we will cover
the main methods described for the preparation of indoles
using alkynes in ruthenium-catalyzed cyclization. Among
them, ortho-ethynylanilines were used as substrates, in an
alkyne hydration reaction catalyzed by [RuL,Cp(CH;CN)][PF],
to form indoles 197 (Scheme 239).””® The experimental evi-
dence indicated that the ruthenium vinylidene 196 is the key
intermediate for this intramolecular cyclization.
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Z I [RULZCP(CHSCNIIPFe] (210 Smol%) M
R Sy ~y-H THF or acetone, 25-70 °C K\Y N
Re R?
PhaR _ Sc. + 197, 74-99%
XH
tBu 196

R = H, 3-O,N, (2-ethynyl, 4-Me); R? = H, Ts, allyl, 4-Me-CgHsCHy; Y = CH, N.

Scheme 239
=z
R Z | CpRuUCI(PPhg), (10 mol%) Rl Z ‘ A
X H pyridine, reflux A N

R . R?
R@[Rul 199, 73-98%
NHR

198
R'=H, 4-O,N, 4- NC, 4-MeO,C, 3- MeO,C; R =H, Ms, Ts.

Scheme 240

The ruthenium catalyst, with triphenylphosphine instead of
bifunctional pyridine-phosphine as the ligand, was employed
in the catalytic cyclization of ortho-alkynylanilines for the
preparation of indoles 199 (Scheme 240).>”* This cycloisomeri-
zation process occurred regioselectively via a 5-endo cyclization
mode, where the ruthenium vinylidene 198 is the key inter-
mediate. The catalytic activity of CpRuCl(PPhj;), was supported
by the presence of an amine/ammonium base-acid pair which
can also offer higher conversions of ortho-alkynylanilines.

A very efficient method to form 2-trifluoromethyl indoles
200 involved the ruthenium-catalyzed intramolecular radical
cyclization of trifluoroacetimidoyl chlorides (Scheme 241).>”>
This photoreaction was carried out via a reductive cleavage of
the carbon(sp®)-chlorine bond of trifluoroacetimidoyl chloride
by Ru(phen)**, prepared in situ by photoexcitation and single-
electron transfer of Ru(phen);>".

Recently, another example of a nonmetathesis reaction with
the use of a ruthenium carbene catalyst has been described for
the preparation of 2,3-disubstitued indoles 201 via a cycloi-
somerization of N-acyl-N-vinyl-2-silylalkynylaniline derivatives
(Scheme 242).>”® The results obtained from the control experi-
ments suggest that the cycloisomerization proceeds via ruthe-
nium hydride 202, generated in situ from the Grubbs II cata-
lyst, which activates the alkyne to give the corresponding
indole (Scheme 243).

Intramolecular ruthenium-catalyzed annulation of nitro-
gen-functionalized alkynes, followed by carbon-migration has
been the key to synthesize 3-substituted indoles. In one

o}
P R2 RuCly(phen)s (2 mol%) R?
A~ (0-MeOPh)3N (5 mol%) A5
R | - R | Rf
N N/)\Rf H,0 (1.0 equiv), DMSO, Ny, r.t. X N
5W blue LED H

200, 28-95%

R' = H, 3-Me, 4-Me, 2,4-(Cl)y; R? = H, n-C4Hg, c-C3Hs, 3-Me-CgHy,
4-Me-CgHy, 4-MeO-CgHy, 4-Br-CqHg, 4-Cl-CgHg, 4-F-CgHy, 4-NC-CgHg,
naphthyl, 3-thienyl, TMS.

Scheme 241
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R? R?
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R RuHCI(CO)(PPha); (10 mol%) R
NN p-xylene, 100 °C, 1 h NN
RO R
(EI1Z=1:1)
OTMS
Ry, =/
R2 R?
/
rC T (+) - CSA (20 mol%) i | /
XN reflux, 1 h NN
R? R3
(E1Z=1:1)

201, 62-92%

R'=H, 3-C, 4-Cl, 5-Cl, 6-Cl, 4-Me, 5-Me, 4-MeO, 4-MeO,C; R? = Me;Si,
PhMe,Si, BnM,Si, t-Bu, i-PrMeOSi, H; R®=CHO, Ts.

Scheme 242
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R? CcHO

=z // [Ru(I)Cly(p-cym),] =
R ERORPYTRL RIE T D—r2

X N,CHo DCM, reflux, Ar S N

R?

R3
203, 30-99%

R' = H, 4-Me, 4-Cl, 4-Br, 4-F, 4-F3C; R? = n-CgHy3, c-C3Hs,
c-CgHg, HOCO(CHj)3, CgHs, 4-Me CgHg, 2-Br-CgHj, 4- MeOC,
1-naphthyl, 2-thienyl; R® = H, Bn, Me.

Scheme 244

example, 1H-indole-3-carbaldehydes 203 were prepared by
ruthenium-catalyzed intramolecular annulation of ortho-alky-
nylamides (Scheme 244).””” The reaction involved formyl trans-
location, which occurred via cleavage of the N-CHO bond
alone, instead of a cleavage of the aldehyde C-H bond. In
another example, the ruthenium-catalyzed cycloisomerization
of ortho-alkynylanilides afforded 3-substituted indoles 205
(Scheme 245).>”® Experimental evidence related to the reaction
mechanism was addressed in detail indicating that the cata-
lytic process proceeds via a ruthenium vinylidene intermediate
204, which is formed by 1,2-carbon migration.

This journal is © the Partner Organisations 2020

View Article Online

Review
R? R2
.
1 = 1

R\@( [CPRUCI(dppe)] (3 mol%) R A

NH NaBArF,-3H,0 (3.6 mol %) N
3 PhCI, 90-145 °C R
205, 57-97%

2 BA,
1
R . R' = H, Cl, MeO, EtO,C; R? = n-C4Hs, +-C4Ho,
N [Ru] ¢-CsHg, CgHs, 4-Me-CgHj, 2,6-(Me),-CgHs, 4-
204 NHR Br-CgHy, 4-MeO-CqHs, 4-Et0,C-CgHa, PhOC,
EtO,C; R® = H, Ac, Bz.
Scheme 245
RA
RL/ i H . Ri—_Rs [RuCly(p-cymene);], (2.5 mol%) R’—/ ‘ N\ RS
S -N NaOAc (2.0 equiv) S N

R2
PhCI, 110°C R
2R3
R NH;

[e]
206, 53-92%
R'=H, 2-Me, 3-Me, 4-Me, 4-MeO, 4-Br, 4-Cl, 4-F, 4-NC, 4-F5CO, 4-F5C, 4-O,N; R? = H and R® = Me;

R?=R® = H, Me; R* = H, Me, Me(CHy)3, Me(CHy)s; R® = CgHs, 4-Ph-CgH, 2-Me-CgHj, 4-Me-CgHy,
4-4-Bu-CgHy, 2-CI-CgHy, 3-CI-CgHy, 4-Cl-CgHa, 4-CN-CgHy, 3-MeO,C-CgHg, n-CsHq, BROCH,,

Scheme 246

Ruthenium-catalyzed carbon-hydrogen activation and
annulation of alkynes is an attractive method for the synthesis
of indoles with concomitant introduction of two substituents
at 2- and 3-positions. It has been employed in the conversion
of pyrazolidinones into 2,3-substituted indoles 206
(Scheme 246).>”° In this reaction, carbon-hydrogen was acti-
vated for expending a nitrogen-nitrogen bond cleavage of the
pyrazolidinones, which work as both a directing group and an
internal oxidant. The hydrazine group was also applied for the
directed carbon-hydrogen functionalization of alkynes
affording the indole derivatives. Thus, the reaction of aryl
hydrazines with internal alkynes under catalysis of ruthenium
(n) and Zn(OTf), allowed the formation of 2,3-substituted
indoles 207 (Scheme 247).>%° The authors determined that the
best catalytic action was achieved by using Ru(p-cymene)
(OTf), as the catalyst, which was prepared in situ by reacting
RuCl,(p-cymene), and Zn(OTf), in an anion exchange
reaction.

The use of an external oxidant in the ruthenium(u)-cata-
lyzed carbon-hydrogen activation process has also been
reported. The reaction between N-phenylacetamides and
internal alkynes, under the catalysis of RuCl,(p-cymene),, gave
the best yields of the N-acyl indole derivatives 208 when Cu
(OAc),-H,O was used as an external oxidant (Scheme 248).>%!
Besides copper salt, the presence of the oxygen atom from the
amide, to direct the cyclometalation at the ortho carbon-hydro-

R2
9 o
RL/ | . R— R [{RuCly(p-cymene)},] (3 mol%) R‘f/ | A R
X N,Me 2Zn (OTf), (1.2 equiv) X N

NH, MeOH, 60 °C, 6-12 h Me

207, 59-91%
R'=H, 4-Me, 4-MeO, 4-Br, 4-Cl, 4-F, 4-MeO,C, 4-NC; R? = Me and R® = Ph; R? = Ph and R® = H;
R? = Ph and R® = Et, n-Pr, allyl, Ph; R? = R® = Et, n-Pr, n-Bu,

Scheme 247

Org. Chem. Front, 2020, 7, 155-210 | 199


https://doi.org/10.1039/c9qo01315f

Published on 22 novembre 2019. Downloaded on 05/08/2025 00:07:09.

Review
[{RuCly(p-cymene)},] (5 mol%) R®
e R o CH3S0,0Ag (0.3 equiv) R1%R4
NS N/go Cu(OACc)y-H20 (0.6 equiv) X N
4 toluene, Ar, 110 °C O)N R?

208, 34-83%
R' = H, 2-Me, 3-Me, 4-Me, 4-MeO, 4-OyN, 4-Cl, 4-I; R? = Me, Et, i-Pr, cyclohexyl;
R3 = R* = 2-Me-CgHy, 3-Me-CgHj, 4-Me-CgHj, 4-MeO-CgHj, 4-Cl-CgHj, n-C4Hg; R® = CgHg
and R* = EtO,C, t-C4Hg; R® = t-C4Hg and R* = CgHs,

Scheme 248

2 R?

R
R1@\ )N\ﬂ ol [Ru,Cla(p-cymene),] [PFg] (3 mol%) R1@fng3
NN Cu(OAc),-H20 (2.0 equiv) X N
b

H R® PEG-400/H,0 (3:2), 100 °C N
A
209, 61-96%

R' = H, 2-Me, 3-Me, 2-MeO, 2-F5C, naphthyl; R? = R® = Ph, Et; R? = Me, Et, n-Bu; R® = CgHs, 4-
MeO-CgHy, 4-HO-CgHg, 4-MeOC-CgHa, 4-OHC-CeHy.

Scheme 249

gen activation, and the temperature were essential in the cata-
lytic system. The 2-pyrimidyl-substituent in the anilines was
also used as a directing group in oxidative annulation of
alkynes. For example, the reaction of N-2-pyrimidyl-substituted
anilines with alkynes, in the presence of [Ru,Cls(p-
cymene),|[PF¢] as the catalyst, Cu(OAc),-H,O as the oxidant
and PEG-400/H,0 as the solvent, resulted in the formation of
1-(pyrimidinyl)-1H-indole 209 (Scheme 249).”®> The PEG-400/
H,O catalytic system was recycled and reused six times without
any loss of catalytic activity.

2.15. Scandium-catalyzed synthesis of indoles

Scandium salts have also been used as catalysts in the cycliza-
tion reaction of alkynes and nitrogen source to prepare
indoles. The Friedel-Crafts reaction of 5-(arylamino)penty-
nones using Sc(OTf); as a catalyst has been described for the
synthesis of 3-substituted indoles 210 (Scheme 250).**° The
mechanism proposed by the authors most likely involves the
coordination of the carbonyl moiety to the Sc(OTf); catalyst,
followed by the nucleophilic attack of the aromatic ring on the
carbon-carbon triple bond giving the allene intermediate,
which after an isomerization, followed by a 1,3-H shift, delivers
the indole derivatives (Scheme 251).

2.16. Silver-catalyzed synthesis of indoles

Because of their electronic configuration and mild r-acidity,
silver salts are very efficient at alkyne activation.*®* These

O R® R?
Il °
- @\ Sc(OTf); (10 mol%) g I
X N DCE, 85 °C S N
R2 R?

210, 30-81%

R = H, 2-Me, 4-Me, 4-MeO, 3-Cl, 4-CI; R2 = Me, Bn, Ph, propargyl, allyl; R® =
CgHs, 4-Cl-CgHa, 4-Me-CgHq.

Scheme 250
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R' = H, Me; Ar' = CgHs, 4-CI-CgHa, 4-F-CgHs, 3-Me-CgHa; amines = Et,NH, n-ProNH, morpholine, pyrrolidine, piperidine;
alcohols = MeOH, EtOH.

Scheme 252

special properties make silver salts highly effective at promot-
ing cyclization reactions providing a facile access to hetero-
cycles. An interesting application of the properties of silver was
in the synthesis of indole N-carboximidamides or
N-carboximidoates 211 using silver(i)-catalyzed regioselective
cyclization of iminophosphoranes (Scheme 252).>*> The reac-
tion of iminophosphoranes with isocyanates gave the carbodii-
mides, which after reaction with secondary amines afforded
the (2-alkynylphenyl)guanidine (or isourea) intermediates. The
in situ addition of a catalytic amount of AgNO;, at room temp-
erature, promoted the cyclization affording the indole
N-carboximidamides or N-carboximidoates in good yields
(Scheme 252). A variation of this silver-catalyzed cyclization
involved the cycloisomerization of N-imidoyl-2-alkynylanilines
to form indole derivatives 212 (Scheme 253).>*® The authors
suggested that the structure of the silver-alkyne complex 213
would be beneficial for the 5-endo-dig N-nucleophilic attack
(pathway a, complex 213). In a similar way, the reaction of
ortho-alkynyl isothiocyanates with secondary amines, catalyzed
by silver triflate, led to the formation of N-thiourea indoles 214
via a 5-endo-dig mode (Scheme 254).>%”

+
Ag =N
RSN (=

R2 R!

b\ /, 212, 49-99%
"L
RSN
R2

213 (n-complex)

R = n-Pr, i-Pr, t-Bu, CgHs, 4-Me-CgHj, 4-MeO-CgHg, 4-F3C-
CgHa; R? = n-Pr, CgHs; R® = Et, CgHs,

Scheme 253
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[{RuCly(p-cymene)},] (5 mol%) R®
=z 2 CH3S0,0Ag (0.3 i =z
X N o Cu(OAc),-Ho0 (0.6 equiv) X N
Y toluene, Ar, 110 °C J~R2
[0}

208, 34-83%
R' = H, 2-Me, 3-Me, 4-Me, 4-MeO, 4-OyN, 4-Cl, 4-I; R? = Me, Et, i-Pr, cyclohexyl;
R3 = R* = 2-Me-CgHy, 3-Me-CgHj, 4-Me-CgHjy, 4-MeO-CgHj, 4-Cl-CgHj, n-C4Hg; R® = CqHs
and R* = EtO,C, +-C4Hg; R® = t-C4Hg and R* = CgHs

Scheme 254

The 2-substituted NH-indoles 215 were synthesized by a
regioselective cyclization reaction from 2-aryltriazene alkynes
via a silver(1) salt mediated nitrogen-nitrogen bond cleavage
(Scheme 255).>®® The authors postulated that the solvolysis of
the intermediate 216 by MeOH led to the corresponding
indoles and AgOMe. The absence of catalytic activity of the
silver salt can be attributed to the decomposition of MeOAg. A
similar route was also used to describe the preparation of
N-cyano-2-substituted indoles 218 using 2-aryltetrazole alkynes
as the starting material in a silver(i) catalyzed intramolecular
cyclization (Scheme 256).>*° The advance of the methodology
is the identification of a cyclopropyl argentium cationic inter-
mediate 217, which could be responsible for the use of a cata-
lytic amount of the silver salt.

Silver-catalyzed cascade cyclization/3-carbon functionali-
zation represents a versatile strategy for construction of 3-func-
tionalized indoles because of its efficiency, atom economy and
ability to deliver the product in a single reaction step. Listed
below are a number of silver-catalyzed cascade cyclization

AgOAc ~ B

=z
Ry
. oC ai N
\ N,N\,\O MeOH, 90 °C, air NH

215, 5-92%
Ag Ag
Q MeOH m
Ph Ph
Y- o~ LU
ue \N:K‘Q M eon= N H

R = H, 4-Cl, 2,4-(Cl)3, 4-F, (2-MeO,C, 4-Cl); R? = n-CqHs3, ¢-CqHs, c-CHis, CeHs,
4-F-CgHy, 3-NH,-CgHy, 3-Me-CgHy, 3-pyridyl,

N Ph + MeOAg

Scheme 255
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R' = H, 4-Cl, 3-Cl, 4-F, 4-Me; R? = n-C4Hg, n-CgH13, t-Pr, t-Bu, c-CHs,
¢-CsHg, c-CgH11, CgHs, 4-Cl-CgHg, 4-F3C-CgHg, 4-HO-CgHg, 4-MeO-CgHy,
4-MeO,CCHy, PhCH,CH,, HOCH,,

Scheme 256
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R'=H, 3-Cl, 4-Cl, R? = n-C4Hg, HOCH,CHy, PhCO,CCH,CH,, CgHs; R® = 4-Me, 2-Cl, 4-Cl, 4-O;N, (3-
MeO, 4-HO), 2-thienyl, 2-furyl.

Scheme 257
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220, 30-58%
R' = 4-Cl, 2-F, 3,5-(F3C),, Ac; R? = H, Me, Bn.

Scheme 258

examples that led to the formation of 3-substituted indoles. A
silver(i)-catalyzed activation of ortho-alkynylanilines and alde-
hydes gave 2,2'-disubstituted bisindolylarylmethanes 219, via a
domino 5-endo-dig indole annulation, addition to the carbonyl
group, second indole annulation, and dehydroxylative
sequence (Scheme 257). Another example applying silver-cata-
lyzed cascade cyclization has been used in the preparation of
3-fluoroindoles 220 (Scheme 258).°° In this reaction, ortho-
alkynylanilines, having an electron-withdrawing group directly
bonded to the alkyne, in the presence of catalytic amounts of
AgNO; and Selectfluor, gave the corresponding 3-fluoroindoles
in moderate yields, even by adding a base in the medium to
prevent the formation of the 3-unsubstituted indoles.

A recent study described the preparation of 3-phosphinoyl-
indoles 221 through silver-mediated cycloaddition between
N-Ts-ortho-alkynylanilines and H-phosphine oxides
(Scheme 259).>°* On the basis of experimental evidence, the
authors proposed that a radical pathway is involved in this
phosphinoylation-cyclization-desulfonylation sequence. Also
in this topic, 2-tributylstannylfuran was used in the silver-cata-
lyzed cascade cyclization-stannylation of ortho-alkynylanilines
to introduce a stannyl substituent at the 3-carbon of the indole
ring giving (3-indolyl)stannanes 222 (Scheme 260).>°> The reac-
tion mechanism studies indicated that the stannylation did
not occur by the carbon-hydrogen functionalization of indole.

lRS
R2 O=P\R4
P>
Z4 [e] =
RT—/ | + HepoRS AgOAc R’—\ | N_Rr?
" o .
Syt R4 DMF, 100°C, 6 h ”

221, 28-74%

R'=H, 4-Me, 4-Cl, 4-F, 4-NC; R? = H, 3-Me, 4-Me, 4-Et, 4-Ph, 4-MeO, 4-Br, 4-Cl,
3-F, 4-F, 4-MeO,C, 4-CHO, 4-NC, 4-MeOC, ¢-C3Hs, n-C4Hg, 2-thienyl; R® = R* = 3-
Me-CgHg, 4-Me-CgH,, 4-Cl-CgHy, 4-F-CgH,, 4-MeO-CgHy; R3 = n-C4Hg and R* =
CgHs; R®=EtO and R* = C¢Hs.

Scheme 259
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R! = H, CI; R? = CgHs, 4-MeO-CyHy, 4-Cl-CqHy, 4-F-CoHy, 4-EtO,C-CHa, 2-thienyl, 2-pyridyl, n-C4Hg, ¢
CaHs, c-CgHay; R3 = Ts, Ms, PhOC, MeOC, Me; Y = CH, N.

Scheme 260

The authors proposed that the reaction of electrophilic Bu;Sn*
with a 3-indolyl silver(1) intermediate could lead to product for-
mation. The stannyl electrophilic species is produced via a
silver-catalyzed  destannylation of 2-tributylstannylfuran
through transmetalation and protodemetalation.

N-Protected ortho-alkynylanilines underwent a AgSbF¢-cata-
lyzed cascade involving the ring opening of donor-acceptor
cyclopropanes to produce 2,3-disubstituted indoles 223
(Scheme 261).>°® The silver catalyst presented dual action by
activating the carbon-carbon bond, promoting the cyclization
of the aniline and activating the cyclopropanes toward the
nucleophilic attack of the 3-indolyl silver intermediate.

When iminoethers are incorporated into nitrogen of the
anilines, a silver-catalyzed two-component condensation, fol-
lowed by a tandem silver-induced cycloisomerization and 1,3-
alkenyl shift to the silver-activated carbon, formed 2,3-di-
substituted indoles 224 (Scheme 262).>°* Not only can silver(1)
catalyze the 5-endo-dig cyclization but also the silver carbene
may be formed, which increases the electron density on the
nitrogen atom driving the 1,3-alkenyl migration.
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R! = H, 4-Me, 3-F4C, 4-Cl; R? = H, n-CH,, 4-MeO, 4-Me, 3-F, 4-F, 2-Et0,C, TMS,
phenylacetyle; R® = 4-Me-CqHg, 4-Ph-CgHy, 4-Cl-CoHa, 4-F-CoHg, (4-F, 3-Cl)-CoHg, 4-MeO-
CeHa, 3,4-(MeO),-CoHa, 4-MeO,C-CgHy, 2-furyl; EWG = NC, MeO,C, H.
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An oxidative dearomatization of ortho-alkynylanilines, fol-
lowed by a silver(i)-catalyzed domino reaction with silyl enol
ethers, provided an expedient approach to synthesize 4-aceto-
nylindoles 225 (Scheme 263).>>° In this sequence, the PhIO
mediated oxidative dearomatization of ortho-alkynylanilines
gave ortho-alkynylcyclohexadienimines, whereas AgOTf pro-
moted the heterocyclization of ortho-alkynylcyclohexadieni-
mines, which led to 4-acetonylindoles after a Mukaiyama-
Michael addition with silyl enol ethers (Scheme 264).

2.17. Titanium-catalyzed synthesis of indoles

Indoles can be directly obtained from alkynes and a nitrogen
substrate in an intra- or intermolecular reaction of titanium-
catalyzed cyclization. Although, titanium-catalyzed cyclization
is less commonly used, the reactions show impressive reactiv-
ity and good control in the regioselectivity. A very efficient
method for the synthesis of substituted 3-(tert-butyldimethyl-
silyloxy)indoles 227 via titanium-catalyzed hydrohydrazination
of a protected propargyl alcohol derivative has been developed
(Scheme 265).>°® The reaction gave regioselectively the key
intermediate 226, via a Markovnikov addition, which afforded
exclusively the 2,3-disubstituted indoles. The anti-Markovnikov

OTBDMS
H -
z = ) T(NEty)s, BHT o
= + H—= _DTNEG)y BHT 2 {
A @N‘Rz *\OTBDMS 2) Lewis acid, toluene R S I N Me
NH 100°C, 24 h R?
: 227, 20-65%
OTBDMS
= Me
R I ! R' = 4-Br, 4-Cl, 4-F, 4-Me, 4-MeO, 4-MeO,S; R? = Me, Bn.
X N
226 R?

Scheme 265
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Scheme 266

hydroamination of alkynes was achieved in the reaction
of a hydrazine-catalyzed bis-(amidate)-bis-(amido)titanium
complex, which gave indoles 228 as products (Scheme 266).>%”

2.18. Zinc-catalyzed synthesis of indoles

For improving the efficiency of the transition metal-catalyzed
reactions in terms of price, toxicity, availability, and pro-
duction of waste, zinc chemistry is a very attractive option.
Many different examples of classical processes that employ
zinc have been well established, including the Reformatsky
reaction, Fukuyama coupling, and Negishi coupling. In these
reactions, because of the filled d-orbitals, zinc acts as a promo-
ter rather than a catalyst. However, in the last few years many
efforts have focused on increasing the effectiveness of zinc as
a catalyst. As an example, the zinc-catalyzed intramolecular or
intermolecular cyclization reaction between alkynes and a
nitrogen moiety is efficiently used for the preparation of
indoles. An interesting method using a catalytic amount of
ZnBr, as a Lewis acid to promote the cyclization of ortho-2-
alkynylanilines was described for the synthesis of 2-substituted
indoles 229 (Scheme 267).>°® In a related study, the tandem
zinc-based Sonogashira cross-coupling, followed by a 5-endo-
dig cyclization of ortho-anilines with terminal alkynes, led to
the formation  of  1,2-disubstituted indoles 230
(Scheme 268).%°° The reaction required the presence of N,N'-di-
methylethylenediamine in a 1:2 ratio of zinc to form a Zn-
DMEDA complex, which catalyzed the tandem process. The
cascade sequence was also used to synthesize indolo[1,2-c]qui-
nazolines. Thus, the reaction of N-2-[(2-aminophenyl)ethynyl]
phenylamides with ZnBr, gave indolo[1,2-c]quinazolines 231
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229, 88-93%
R'=H, MeO, Br, Cl; R? = CgHs, n-Pr, n-Pent; R® =H, Ts; X = Br, Cl, I.

R
R3

Scheme 267
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Scheme 269

via a zinc bromide-promoted domino sequence involving a
5-endo-dig hydroamination and the intramolecular cyclization
sequence (Scheme 269).*°

Another interesting cascade reaction is the zinc-catalyzed
intramolecular hydroamination and cyclization-nucleophilic
addition of ortho-alkynylanilines to form 2,3-disubstituted
indoles. Thus, N-tosyl-protected aliphatic ortho-aminoalkynes
reacted with diethylzinc in toluene, followed by the electro-
phile addition to give the corresponding 2,3-disubstituted
indoles 232 (Scheme 270).**" When carbon dioxide was used
as the electrophile, the reaction produced indole-3-carboxylic
acids 233 (Scheme 271). The methodology was applied to the
synthesis of Lotronex, a drug molecule used for the treatment
of irritable bowel syndrome.**> More recently, in a tandem
cyclization, dizinc ortho-ethynylaniline was found to act as a
nucleophile in the formation of 2,3-dimetalloindole, which
was functionalized with one or two electrophiles to give 2,3-
disusbtituted indoles 234 (Scheme 272).>** The authors dis-
cussed the structures of zinc intermediates and concluded that
the key intermediate could be a dimeric structure, where the
ZnCl, group is coordinated to the indole n-system to form a
zwitterion, with the C3-carbon being tetrahedral and the C2-
carbon being trigonal. The domino alkyne-amination-Fischer-
indole sequence was described for the preparation of indole-

P Ph E
CEK 1) EtyZn (1.2 equiv) @—Ph
2)E*
NN ) N

h Ts
Ts 232, 65-90%

E* = PhCOCI, EtCOCI, acryloyl chloride, 2-furyl chloride,
cyclopropanecarboxylic acid chloride, pivaloyl chloride, NBS.

Scheme 270
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233, 45-98%

R' = H, 2-Cl, 3-Cl, 4-Cl, 4-Br, 2-F, 4-F, 4-F3C, 4-MeO,C, 4-NC, 4-O;N,
4-MeO, 2-Me, 3-Me, 4-Me; R2= H, c-C3Hs, n-C4Hg, n-CgH43, ¢-CgHyy, n-
CgHq7, PhCh,CHy, CI(CHz)3, NC(CHp)s, AcCH,CH,, HOCH,CHy,
BnOCH,, CgHs, 4-MeO-CgHj,

Scheme 271
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EtO,C and R = Ph.

Scheme 273

2,3-dicarboxylates,’**  2-methyl-3-substituted-indoles®* and
2-methyl-3-amino-indoles.>*® The method was based on the
reaction of phenylhydrazines with terminal or internal alkynes
promoted by ZnCl,, ZnBr,, or Zn(OTf), affording the indole
derivatives 235 (Scheme 273). In these reactions, the zinc salts
participate in the intramolecular hydroamination of the arylhy-
drazine with terminal alkynes forming the arylhydrazone inter-
mediate to promote the [3,3]-sigmatropic cyclization to the
corresponding indoles (Scheme 273).

2.19. Zirconium-catalyzed synthesis of indoles

Reports on zirconium-catalyzed cyclization of alkynes to
prepare indoles are not extensive in organic chemistry in the
last ten years. A detailed study regarding the influence of the
reaction mechanism on the selectivity in domino reactions of
hydrazine zirconium complexes with alkynes was described in
the preparation of indoles 236 (Scheme 274).°°°°® The
authors showed that the reaction of diarylhydrazines with

R!

Ph
N-NH; 4 RI=F 211 (10 mol%) @—RQ
Ph NHz N

Ph

236, 11-84%

R' = Me, Et, CgHs, 4-F3C-CgH, 6-MeO-naphthyl; R? = H, Me, Et, 4-F3C-CgH.

Scheme 274
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terminal and internal alkynes using zirconium complex 237 at
room temperature gave the corresponding indole derivatives.
Although the reaction mechanism is relatively complex, the
structures 238 and 239 represent the key reaction
intermediates.

3. Conclusion

Transition metal-catalyzed activation of alkynes, followed by
an intramolecular or intermolecular nucleophile addition, has
become a powerful tool for the construction of the indole ring.
Transition metal complexes containing bismuth, cobalt,
copper, gold, indium, iridium, iron, manganese, mercury,
nickel, palladium, platinum, rhenium, ruthenium, scandium,
silver, titanium, tungsten, zine, and zirconium have been
employed as active catalysts for the activation of alkynes. The
synthetic approaches to form indole derivatives developed in
the last ten years using transition metal-catalyzed cyclization
of alkynes with nitrogen compounds were summarized in this
review. Further studies related to indole synthesis will
undoubtedly lead to the discovery of new structures with bio-
logical activity and consequently the development of new
medical and pharmacological applications. This will guide the
new studies to overcome the challenges and keep this impor-
tant class of N-heterocycles active for many years. It is our
hope that this review article will assist the chemists in choos-
ing the suitable methodology for indole preparation and
stimulate the development of new synthetic methods for their
synthesis.
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