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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
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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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H * o
= [Cp*Col,CO] (5 mol%)
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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Sy H TBAB (10 mol%), PSP (5 mg) NN
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,
4-n-Bu-CgHy, 4-t-Bu-CgHy, 4-n-Pr-CgHy, 4-c-Pr-CgHy; R® = Ts, Ms, F3COC,

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; R? = CgHs, 3-Br-CgHy, 4-Br-CgHy, 4-Cl-CgHy, 2-F-CgHa, 3,4-(F)-
CgHa, (3-F,4-Et0)-CgHa, 4-HO,C-CgHs, 3-MeO,C-CqHy, 4-MeO,C-CgHy, 4-O,N-CgHy, 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
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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%) at mRz
decanoic acid (20 mol%) X N

2,6-Lutidine (1.1 equiv) R®

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

Scheme 15

Ar! Ar!
Z Z Z N N 1
R‘f/ | amination R cyclization R & | Ar
X aq. NH; X _H N
Br N b
'1‘ 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
N R' = H, 4-Me, (2-Me, 4-Me, (2-NO,, 4-Me); R? = H, Me, CgHs,
N\ 4-F-CgHj, 3-MeO-CgH,, Bn; amine = piperazines, morpholine,
19 COCF3 anilines, allylamine, ethylamine, benzylamine, n-butylamine.

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

S R!
@\ﬁN HTs | Rl-———H m/
X’ X

MeCN, 100 °C
X =0, NH, AcN; R = CgHs, 3-thienyl, PhCH,CH,. 21,38-74%
Scheme 20
=
Z zZ NHNTs  CuBr, t-BuOLi @_\
I TR MeCN, 80 °C VAW

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?
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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
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— 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
H,0
Ph or TBHP Ph
=" Z Z
)H<H _CulTBHP _ T ¢ Lu,
N H N H NS
Me Me H
o]
o) OH/Ot- Bu
Ph Ph
Ny [0] H
N N H
Me Me
Scheme 34

Org. Chem. Front, 2020, 7, 155-210 | 161


https://doi.org/10.1039/c9qo01315f

Published on 22 November 2019. Downloaded on 11/24/2024 9:21:39 PM.

Review

Ar'
=z
NN

H
37,14-71%
'

CuCly-2H,0 (0.2 equiv)
R': | o Cu powder (0.6 equiv)
dioxane, 100 °C

R' = H, 4-Me, 4-MeO, 4-Br, 2-Br, 4-Cl, 4-Et;N, 4-Et0,C; R? = H, Me, MeOC, HO(Me)CH, CgHs;
Ar! = CgHs, 4-Me-CgHy,

Scheme 35

X X
= =
R1©[ . ROC—=—pun KCOurt R'{:‘[
A N,H DMF/H,0 (9:1) X

NH >
COR
b )Q/
n-Bu
R' = H, 4-Me, 2,4-(Me),, 4-MeO,C, 4-NC, Cu(OAc),
4-1, 4-HyN, 4-O,N, 3-O,N; R? = Ph, n-Pr. Cs,C03
DMF, 125°C
COR?

=z
R: | S—Bu-n
NN
H
38, 69-92%

Scheme 36
X
A oo —EOH R1©[
Rz | + MeOC—=—Rs o N
S H 60°C,5h N1 Coome
b Rf

CuBr (10 mol%)
K,CO3 (2.0 equiv)
DMSO, 60 °C, 5 h

R' = H, 3-Me, 4-Me,3-MeO, 4-MeO, 3-Cl, 4-Cl, 4-F,
3-F4C, 4-F5C, 4-NC, 3-MeO,C, 2,4(Me)y; R; = F4C,
FsCp, n-F+Cs.

CO,Me
=
NN
H
39, 16-93%

Scheme 37

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 attentio