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Abstract: The direct and site-selective transition
metal-catalysed N1-, C2- or C3-arylations of indoles
have been the subject of almost continuous improve-
ments since their discovery in early 1980s. This re-
search area is mainly motivated by the biological
relevance of this class of compounds in order to pro-
pose catalytic alternative syntheses to the well
known methodologies involving the formation of the
indole ring like the Fischer, Larock, Cacchi, Lautens
etc. reactions. Since the late 1990s it has experienced
new impulses related to the intensive development
of catalytic C—H activation. Today, through the in-
tensive studies of Buchwald and Hartwig, the N1-ar-
ylation of indoles has reached sufficient maturity for
both academic and industrial applications. On the
other hand, the selective C2- or C3-arylation of in-
doles, initiated by Ohta in the middle 1980s, has
become a hot research area these last years following
the reports of Sames. Surprisingly, only few reports
concern the use of heterogeneous catalysts; however,
the application of these emerging methodologies
seems to be related to the discovery of industrially
attractive systems.
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1 Introduction

Arylindoles are ubiquitous in biochemical, biological
and medicinal structures and functions."? N1-Arylin-
doles are of interest as antigiotensin II-1 antagonists,”!
MT, melatonin receptor partial agonists,* antipsy-
chotic agents,"! etc., and synthetic intermediates used
in the preparation of other biologically active hetero-
cycles.® Similarly, C2- and C3-arylindoles exhibit also
important biological responses,’! for example, as anti-
microbial compounds active against fungi and Gram-
positive bacteria, antiprotozoal agents,® gonodotropin
releasing hormone antagonists,”) h5-HT,, receptor
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antagonist,'” etc. Others are cell proliferative inhibi-
tors or botulinum neurotoxin inhibitors. To underline
the diversity of these bioactive molecules, the World
Drug Index contains forty-six referenced 2-arylindoles
and thirty-eight 3-arylindoles.!'!}

In the light of the importance of these bioactive
molecules, several synthetic protocols have been re-
ported. Concerning the Nl-arylindoles, traditionally,
these compounds have been synthesised by SyAr of
NH-containing m-electron-rich nitrogen heterocycles
with electron-deficient aryl halides>™ or via stoi-
chiometric Ullmann-type!™ or Goldberg-type!" cou-
pling methodologies. Alternatively, some authors re-
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ported the activation of aryl halides, mainly fluoride,
by m-complexation with either chromium tricarbonyl
or analogues."”?"! However, all these methods are not
considered as catalytic routes and will not be further
developed in this review. Recent reports involved the
Nl-arylation of indole without transition metal cata-
lysts under microwave heating conditions.”"! Never-
theless, these methods generally concern only few ex-
amples and do not constitute a general approach for
the preparation of N1-arylindoles."*!

Generally, C2- and C3-arylated indoles are synthes-
ised by coupling preactivated arenes with indoles or
by intermolecular cyclisations that produce the azole
ring. Among the methods reported, the Fisher™ and
Larock indole syntheses that belong to the first
class of reaction, are probably the most known as
they cover as well these two substitution positions.
Today’s popular alternative methods to produce
either C2- or C3-arylindoles through intramolecular
cyclisations, known as Cacchil”’ and Lautens™?" syn-
theses, have been described. All these methods have
been the subject of specific research works that are
almost out of the scope of this review article and we
do not intend to give more details here. The reader
interested in these fields can refer to the correspond-
ing more authoritative articles.’?*"]

This review covers rather an emerging area that has
been under development for two decades. It concerns
the direct arylation of the indole nucleus catalysed by
transition metals (mainly Cu and Pd), through either
a Buchwald-Hartwig amination™*) reaction for N1-
arylindoles or C—H activation for C2- and C3-arylin-
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doles (Figure 1). These methods appeared to be very
powerful for producing these important classes of
molecules. This review article provides a survey of the
relevant literature on the N1-, C2- and C3-arylation
of indoles according to the substitution position since
this makes the organisation easier. It also contains a
mechanistic outlook before the concluding remarks.

2 Selective N1-Arylation
2.1 Copper-Catalysed Methodologies
2.1.1 Ligand-Free Procedures

One of the first catalytic procedures, based on the
Ullmann reaction, was reported by Unangst and co-
workers in 1987. Using either copper oxide
(30mol%) or a mixture of cuprous bromide
(10 mol%) and cuprous oxide (10 mol%) as catalyst
in refluxing DMF, the authors reported the arylation
of 2-carboxy-5-methoxy-1H-indole methyl ester by
bromobenzene.’” This catalytic system was also ap-
plied to indole-2-carboxylic acid by Olgen and co-
workers.”!! The method was further adapted by Perre-
gard and co-workers for the synthesis of 5-HT, antag-
onists.*>*! Working in NMP and using copper iodide
as catalyst (25 mol%) in the presence of K,CO; as
base and ZnO as co-catalyst, variously substituted in-
doles were Nl-arylated using aryl iodide derivatives
(Scheme 1). This method was further applied by
Tarzia and co-workers®™ and Espejo-Gonzédlez and

Adv. Synth. Catal. 2009, 351, 673 -714


http://asc.wiley-vch.de

Transition Metal-Catalysed, Direct and Site-Selective N1-, C2- or C3-Arylation

C3-arylation
N\ ry
N
H
:“/\ ‘-JH X

bai @or@ m C2-arylation

N N

; H

H

o
N: N1—arylation
Figure 1. Overview of selective N1-, C2- or C3-arylation of the indole core.
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Scheme 1. Synthesis of 5-HT, antagonists by copper-catalysed N1-arylation of the corresponding indole derivatives.

co-workers?®! for the synthesis of novel indole melato-
nin analogues, by Andersen and co-workers for the
synthesis of a new class of selective a,-adrenoreceptor
antagonists,”® and by Vaz and co-workers for the
preparation of Sertindole analogues (antipsychotic
drugs).’

Alternatively, Barton and co-workers reported in
1988 a copper-catalysed methodology based on the
use of Cu(OAc), in the presence of triphenylbis-
muth(IV) diacetate as arylating agent. The reaction
was performed in dichloromethane at room tempera-
ture using 10 mol% copper catalyst. Applied to
indole, moderate yields were achieved; other 2,3-dis-
ubstituted indoles (i.e., 2,3,4,9-tetrahydro-1H-carba-

zole or 9H-carbazole) gave moderate to good yields
of the expected N-phenyl compounds.”!

Similarly, Ohta and co-workers reported the N1-ar-
ylation of indole by 2-chloro-3,6-dialkylpyrazine in
the presence of copper iodide (5 mol% ) using potassi-
um carbonate as base in dimethylacetamide (DMA).
Depending on the substituents present on the hetero-
aryl halide moderate to good yields were achieved
(Scheme 2).*

Chen and co-workers reported an alternative,
ligand-free procedure using diaryliodonium salts
(Figure 2). Good isolated yields were achieved in rela-
tively short reaction times; however, the N1-arylation
must be performed at high reaction temperatures
(140-150°C).1*1 Interestingly, using this method full

@ JINj:R Cul (5 mol%), K,CO, (1.4 equiv.)
+
N R™ N DMA, reflux, 12 h

Cl

(0.7 equiv.)

R = CHj: 37% yield
R = i-Bu: 72% yield

Scheme 2. N1-Arylation of indole by 2-chloro-3,6-dialkylpyrazine.
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Figure 2. Copper-catalysed N1-arylation of indoles with diaryliodonium salts.

selectivities in the coupling reaction of indole with
aryl iodide derivatives substituted by either a bromine
or a chlorine atom were achieved.

A variation of this ligand-free procedure was re-
ported by Fukayama and co-workers. Using a stoi-
chiometric amount of Cul with CsOAc (2.5 equiv.) as
base in DMF at 90°C, the Nl-arylation of indole by
4-iodonitrobenzene gave a 73% yield in 24 h.*!

Interestingly, the synthesis of luminescent atropo-
isomeric N,N-chelating ligands by a copper-catalysed
one-pot C—N and C—C coupling reactions starting
from indole was recently described by Wang and co-

Br

CuSO, (10 mol%)

workers. Using CuSO,, the authors described the
preparation of a series of “monomeric” compounds
(Scheme 3).*?) Remarkably, using this simple proce-
dure they achieved either the mono-, di- or trisubsti-
tution with respectively mono-, di- or tribromoaro-
matic compounds in reasonable to high yields. Notice-
ably, under these reaction conditions, the authors ob-
served the formation of a “dimeric” structure result-
ing from concomitant C—N and C—C coupling at the
C3-position in 5-15% yield.

Correa and Bolm reported a ligand-free procedure
for the Nl-arylation of heterocycles catalysed by

O

dodecane, K,CO; (1.1 equiv.)
reflux, 8 - 24 h

CuSO, (10 mol%)

7\
/N
e

61%

7 \ Br
/N
+
NH
Br

(2.2 equiv.)
Br

dodecane, K,CO; (1.1 equiv.)
reflux, 8 - 24 h

CuSO, (10 mol%)

BriB

r

dodecane, K,CO; (1.1 equiv.)
reflux, 8 - 24 h

23%

Scheme 3. One-pot consecutive C—N coupling reactions of 2-(pyridin-2-yl)-1H-indole with mono-, di or tri-bromobenzene

catalysed by CuSO,.
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Figure 3. Iron-catalysed N1-arylation of indole derivatives.

copper oxide. However, only one example concerned
the Nl-arylation of indole with iodobenzene in 95%
yield [Cu,0O (10 mol%), Cs,CO; (2.0 equiv.), DMF,
100°C, 18 h].[*

Pursuing their investigation they reported a proce-
dure catalysed by iron chloride in the presence of
DMEDA (N,N'-dimethylethylenediamine) affording
moderate to good yields towards the expected N1-ar-
ylindoles under relatively common reaction condi-
tions [indole (1.0 mmol), aryl iodide (1.5equiv.),
K;PO, (2.0equiv.), FeCl; (10 mol%), DMEDA
(20 mol%), toluene, 135°C, 24 h] (Figure 3).1*/

Another ligand-free procedure was recently report-
ed by Chan and co-workers. Using a mixture of
copper iodide and n-Bu,NBr, the authors described
the Nl-arylation of indole by iodobenzene and p-io-
dotoluene giving respectively 80% and 64% isolated
yields [Cul (5 mol%), NaOH (2.0 equiv.), toluene,
reflux, 2 h].") While the authors call this procedure
“ligand and additive free”, we do consider the extra
added n-Bu,NBr as an additive, following the general-
ly accepted definition in the literature.

Recently, Taillefer and co-workers reported an im-
proved iron/copper co-catalysed procedure. Using
CuO (10 mol%) and [Fe(acac),] (30 mol%) the au-
thors reported a 93% yield in the Nl-arylation of
indole with iodobenzene at 90°C after 30 h in DMF
using Cs,CO; as base.*) However, regarding the
other reported procedures in this area, the use of an
extra 30 mol% iron salt did not contribute to a strong
improvement.

RZ
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Figure 4. Copper-catalysed N1-arylation of indoles in presence of trans-1,2-cyclohexanediamine (CHDA).
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Scheme 4. N1-Arylation of tryptamine on a solid phase.
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2.1.2 Diamine and Related Dinitrogen Ligands

Following their achievement in the amination of aryl
halides, Buchwald and co-workers reported a proce-
dure based on the use of a copper catalyst (Cul) for
the Nl-arylation of various indoles using trans-1,2-cy-
clohexanediamine (CHDA) as ligand (Figure 4). High
isolated yields were achieved; however the low cata-

lyst loading (1 mol% ) remain linked to the use of aryl
iodides, otherwise the sole example reported with 4-
bromotoluene as aryl halide required a catalyst load-
ing of 5mol%.*" This method was successfully ap-
plied by Wu and Schultz to the N1-arylation of trypt-
amine on a solid-phase affording a compound with
>80%  purity and 10-20%  purified yields
(Scheme 4).*81 Zhang and co-workers applied this

R2
X \/\
N \/RZ Cul (5 mol%), ligand (20 mol%) - z
R m 7 + _R3 R1\/\ / N R3
P N R / /

toluene, K3;PO, (2.1 equiv.)

H
(1.2 equiv.)

NH,

L1

Py Sy

M
L1 88% (Br)

L2 91% (Br) 98% )

Q?Q c?bf

72 %

COOEt

110°C, 24 h —

O:NHMe
NHMe

L2

@?@ Slg_ T

NMe, NHBoc
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Figure 5. Copper-catalysed N1-arylation of indoles in presence of diamine ligands.
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Figure 6. N1-Arylation of indoles using phenanthroline ligands.
methodology using ethylenediamine as ligand to pre-
pare 1-(2-bromophenyl)-1H-indoles as intermediates
in the synthesis of indolo[1.2-f]phenanthridines.*! @ @\
Developing further the reaction conditions, Buch-
wald and co-workers screened various diamine li- 86% 79% 92%
gands, the best results being achieved with either
trans-1,2-cyclohexanediamine or trans-N,N'-dimethyl- = NH,
1,2-cyclohexanediamine (Figure 5).°° Alternatively, N
the authors reported a solvent-free variation: using
N, N-diethylsalicylamide as ligand, the N1-arylation of
indole by 3,5-dimethylbromobenzene gave an 89% ELB;";/;
r %

isolated yield in 18-22 h.*!

Kang and co-workers reported a general procedure
for the Nl-arylation of various nitrogen heterocycles
including indoles catalysed by copper iodide in the
presence of ethylenediamine as ligand and Cs,CO; as
base. Working in dioxane at 100°C, the coupling reac-
tion of indole with 3,5-dimethyliodobenzene afforded
a 96% isolated yield of the target compound.”?

Strijdonck and co-workers reported a copper-cata-
lysed procedure using Cul(OTf), PhH for the N1-ary-
lation of indoles by aryl bromides using 1,10-phenan-
throline or 4,7-dichloro-1,10-phenanthroline as li-
gands. Good to high conversions were achieved in
NMP with a low catalyst loading (0.5 mol%) in rela-
tively short reaction time (17 h) when using Cs,CO;
as base (Figure 6).5)

Alternatively, Chandrasekhar and co-workers re-
ported a procedure that uses ethylenediamine as
ligand following the ones described by Buchwald. The
authors worked in PEG-400 as solvent that allows re-
cycling of the catalyst (Cul/Ligand) for up to 6 runs;
however a gradual deactivation (i.e., 79% yield for
the run of the fresh catalyst, 60% yield for the 6™
cycle) was observed. For the evaluated reactions,
good yields were achieved under standard conditions
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Figure 7. N1-Arylation of indoles in PEG-400 media.

[indole (1.0 mmol), aryl halide (1.2 equiv.), K,CO;
(2.0equiv.), Cul (5mol%), ethylenediamine
(10 mol% ), PEG-400, 80°C, 24 h] (Figure 7).

Wong and co-workers reported the synthesis of 9-
azajulodinine as a dinitrogen ligand in the copper
iodide-catalysed Ullmann N-arylation of heterocycles.
Under classical reaction conditions [N-heterocycle
(1.2 equiv.), aryl iodide (1.0equiv.), NaO-t-Bu
(2 equiv.), Cul (5mol%), ligand (10 mol%), toluene,
110°C, 40 h] the N1l-arylation of indole with 4-iodoto-
luene afforded the expected compound in 99%
yield.>)

Similarly, the use of the commercially available
DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) associated
with Cu(OAc), was reported by Liu and co-workers
in a ligand-free N1-arylation of indole by both iodo-
benzene or bromobenzene affording, respectively,
92% and 95% yield in 10 min under microwave irra-
diation.”®! However, one should note that DBU while
acting as a base is also considered as a dinitrogen
ligand in related reactions.
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Figure 8. N1-Arylation of indoles catalysed by copper/hydrazone systems.

In the same direction, a Cul-catalysed procedure
was reported by Mino and co-workers using hydra-
zones as ligands. The authors particularly studied the
reaction conditions (base, solvent, ligand) in the phe-
nylation of indole finding that ligand L3 was the most
suitable for this reaction. The optimum conditions
[indole (1.0 mmol), aryl iodide (1.5 equiv.), Cs,CO;
(2 equiv.), Cul (5mol%), ligand (10 mol%), DMEF,
110°C, 24 h] were then applied to a wide range of de-
rivatives (Figure 8).]

Periasamy and co-workers revisited the Buchwald
N1l-arylation of indoles using piperazine-based ligands
(Figure 9) associated to copper(I) salts in toluene.
The authors evaluated the reactivity of the catalytic
system (& )-trans-2,3-diarylpiperazine/copper(I) halide
in the phenylation of indole [reaction conditions:
indole (1 mmol), iodobenzene (1.5equiv.), base
(2 equiv.), Cul (10 mol%), ligand (10 mol%), toluene,
reflux, 24 h]. Varying the base [K,CO; or K;PO,] they
showed that little difference in terms of yield exists
when Cul was used as the catalyst precusor; however

680 asc.wiley-vch.de
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slightly better yields were achieved with K;PO, (i.e.,
generally +5-8%). The best results were achieved
with ligands LS and L6. Varying the nature of the
copper salt (Cul, CuBr, CuCl) they found that the
iodide gave the highest yields with both ligands (re-
spectively, 94% and 96%). The best conditions
[indole (1 mmol), aryl halide (1.5equiv.), K;PO,
(2 equiv.), Cul (10 mol%), L6 (10 mol%), solvent,
reflux, 24 h] were applied to other aryl halides, that is,
bromonaphthalene and 4-bromotoluene. In these
cases, the authors noticed that toluene was not suita-
ble as solvent and DMF should be used to give, re-
spectively, 82% and 95% yields. This was attributed
to the low polarity of the C—Br bond in aryl bromides
compared to aryl iodides. Interestingly, during the
course of this study the authors observed the forma-
tion of copper diimine complexes (C1-6) that gave
almost the same results when used as catalysts under
the optimised conditions. Alternatively, a mixture of
Cul and the corresponding diimine ligands could be
used.™™ The results achieved here are really compara-
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Figure 9. Piperazine-based ligands and associated copper-diimine complexes observed by Periasamy et al.

ble to those obtained by Buchwald and co-workers
when using diamine ligands.""!

2.1.3 Schiff Base and Related Oxime Ligands

Cristau, Taillefer and co-workers reported an impor-
tant study on the Nl-arylation of heterocycles devel-
oping the original method of Unangst and co-work-
ers®™! using Schiff base L1 or salicyladoxime L2 as li-
gands. Optimising the reaction conditions, the authors
reached a lower catalyst loading (5 mol% versus
30 mol%) under milder conditions; however using
aryl iodides instead of bromides (Scheme 5).’

Attempting to improve this procedure, Wan and
co-workers reported the N1-arylation of indole by io-
dobenzene catalysed by a system made from Cu,O
(5 mol%) and [2-(diphenylphosphine oxide)benzalde-
hyde oxime] as ligand (10 mol%).*) However, the
procedure was more successful when applied to other
N-heterocyles as a moderate 64% yield was achieved
with indoles when working in acetonitrile with
Cs,CO; as base.

Jiang and co-workers developed a simple, efficient,
and inexpensive catalytic system for the N1-arylation
of indoles with aryl iodides and bromides by applying

Coy- @ Coy
N
(1.5 equiv.) @
OH
\ 2N L1: > 99%
=N N5 OH
L1 L2

L2: 82%
Scheme 5. N1-Arylation of indole catalysed by Cu,O and
Schiff base or oxime ligands.

Cu,0O (5 mol%), Ligand (20 mol%)

MeCN, Cs,CO; (2.0 equiv.)
82°C,24h
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Cul (5 mol%), N

Ilgand L1 or L2 (10 mol%)
©j> DMSO, N R’
7

AcONa (1.5 equw)
90 °C, 1 -24h

(0.7 equiv.) =
0O
QN—OH
CH3
L1 L1: 97% (1) L1: 48% (Br)
L2: 94% (1)

@ cﬁ Cﬁ

L1: 86% =)
L2: 99% (Br)

B
L1:86% ()

Figure 10. N1-Arylation of indole using oxime ligands.

Cul as catalyst and either N-hydroxysuccinimide L1
or N-hydroxyphthalimide L2 as ligand (Figure 10).["
For the examples reported, the methodology de-
scribed here gave comparable results to palladium-
catalysed procedures.

2.1.4 o-Amino Acids as Ligands

Ma and Cai reported a procedure, similar to that of
Buchwald,® in which the diamine ligand is replaced
by amino acids, the best results being achieved with
L-proline. Thus, the Nl-arylation of various indoles
was achieved using copper iodide as catalyst and
K,CO; as base under mild reaction conditions (75—
90°C, 22-40 h) in DMSO (Figure 11).1%4

Similarly, Guo and co-workers reported a proce-
dure using the catalytic system Cul/L-proline for the
Nl-arylation of indole with K;PO, as base. Under
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R1
| \/\7
(j\/\\/R1 Cul (5 mol%), L-proline (10 mol%) N )
7 * -R? > R
” DMSO, K,CO, (2.5 equiv.) @
—

(0.8 equiv.)

75-90°C,22-40h

Py Py Frym Ty

85% (90°C, 40 h) 88% (80°C, 34 h)

~
ho
OMe
91% (90°C, 40 h)

93% (75°C, 42 h)
X
OMe
: 0D

79% (90°C, 48 h)

90% (80°C, 22 h) COCHs

e Me
ho
OMe
75% (90°C, 40 h)

Figure 11. Copper-catalysed N1-arylation of indoles using L-proline as ligand.

these conditions, the reaction could be performed in
1,4-dioxane as solvent instead of the generally used
DMSO, or alternatively in DMF. Furthermore, aryl
bromides reacted quite similarly as the corresponding
aryl iodides (Figure 12).1%

The use of the commercially available pipecolinic
acid as ligand in the copper iodide-catalysed N1-aryla-
tion of indole was reported by Fu and co-workers.
Using a mixture of 10 mol% Cul and 20 mol% pipe-
colinic acid in the presence of K,CO; as base
(2 equiv.) in DMF, high yields of the target com-

X

pounds (i.e., 91% when using bromobenzene; 95%
when using iodobenzene) were achieved. Interesting-
ly, the authors observed a full selectivity when cou-
pling 4-bromoiodobenzene towards the N-(4-bromo-
phenyl)indole with high yield (94%).1°! These authors
reported also an alternative procedure giving compa-
rable isolated yields using an easily available biden-
tate ligand (pyrrolidine-2-phosphonic acid phenyl
monoester) to perform the same transformations with
very similar reaction conditions (K;PO, was used as
base).["’!

, \/RZ Cul (6 mol%), L-proline (20 mol%)
R 7 + 3
. N -R . ) R
H

R2
—
</ N SR
dioxane, K;PO, (2.1 equiv.) s
100 °C, 24 h =

(0.8 equiv.)

Foy Ty Gy Fy

| 80%
Br 90%

I 90%
Br 92%

OMe COMe
| 99%

Br 91%

I 99%
Br 85%

cﬁf cﬁ @?g

| 85%
Br 80%

Figure 12. N1-Arylation of indoles catalysed by Cul/L-proline.
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2.1.5 Miscellaneous

Liu and co-workers reported the synthesis of air-
stable diazaphospholane ligands for the N-arylation
of heterocycles, including the indole nucleus. Optimi-
sation of the reaction conditions using iodobenzene as
aryl halide and benzylamine revealed that copper bro-
mide was the best catalyst precursor when such li-
gands are used [reaction conditions: amine
(1.2 equiv.), aryl iodide (1.0 equiv.), Cs,CO; (2 equiv.),
CuBr (10 mol%), ligand (12 mol%), DMSO, 55°C,
24 h]. Under these conditions, the Nl-arylation of
indole by iodobenzene gave a 71% isolated yield.[*"!

You and co-workers reported a procedure using
copper iodide as catalyst for the N-arylation of vari-
ous heterocycles. Using 20 mol% Cul in DMF in pres-
ence of Cs,CO; as base the authors described the N1-
arylation of indole with iodobenzene in 95% yield at
120°C®! Adding N-methyl-(S)-pyrrolidinylmethyl-
imidazole as ligand allowed them to decrease the cat-
alyst loading down to 5mol% and to perform the
same transformation without loss of activity (98%
yield).[

The use of the commercially available copper
bis(2,2,6,6,-tetramethyl-3,5-heptanedionate) as cata-
lyst [Cu(TMHD),] in the Nl-arylation of indole was
reported by Bhanage and co-workers. Good to high
yields with either aryl iodides or bromides were ach-
ieved under common reaction conditions [indole
(2 mmol), aryl halide (1.5equiv.), BuOK
(2.0 equiv.), Cu(TMHD), (20 mol%), DMF, 120°C,
24 h] (Figure 13).""

Recently, several research groups reported ligand
variations (Figure 14) for the Cul-catalysed N1-aryla-
tion of indoles [general reaction conditions: indole
(1.2-1.5 equiv.), iodobenzene (1.0 equiv.), base
(2 equiv.), [Cu] (10 mol%), ligand (10-20 mol% ), sol-
vent]. Sun, Chen and co-workers reported the use of
p-ketoimine L1 associated with CuO, working in
DMF and using +-BuOK as base. Under these condi-
tions the Nl-arylation of indole with iodobenzene

~ S _ S
< ;N T NN N
/ /
D YD Y
OMe NO,
92% (1) 86% (1) 87% (1)
88% (Br)

Figure 13. N1-Arylation of indoles catalysed by Cu(TMHD),
complex.
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Figure 14. Various ligands described recently in the copper-
catalysed N1-arylation of indoles.

gave 95% yield.”? Chen and co-workers described
the use of pyridine functionalised 1,3-diketones L2 in
DMF with Cul as the pre-catalyst. In these conditions
the Nl-arylation of indole with bromobenzene gave
85% yield in presence of K,CO; as base.””! The use of
ninhydrin L3 associated to CuO in DMSO in pres-
ence of KOH as base was reported by Xu and co-
workers for the Nl-arylation of indole by iodoben-
zene; the reaction afforded 91% vyield in 24h at
110°C."¥ Ji, Mao and co-workers described the use of
hippuric acid L4 as a ligand in the copper-catalysed
Nl-arylation of indoles. Associated to Cu(OAc), and
Cs,CO; in DMF, the Nl-arylation of indole with vari-
ous aryl halides gave moderate to good yields
(Figure 15).! Surprisingly, an enhanced yield was
achieved when replacing 4-iodonitrobenzene by 4-
chloronitrobenzene. While this point was not com-
mented by the authors we can postulate that it might
be related to a change of mechanism (from N1-aryla-
tion to SyAr). Unfortunately, the authors did not eval-
uate under these conditions the corresponding fluoro
derivative that would have afforded clearer insights
into the mechanisms.

X S =X
£ >/:N T VN < >/:N
OB} (@]
45% ()

55% (Cl)

Figure 15. N1-Arylation of indoles with the Cu(OAc),/hip-
puric acid (L4) catalytic system.

9M1% 43%

2.2 Palladium-Catalysed Methodologies
2.2.1 Phosphine Ligands
Palladium-catalysed procedures were initially report-

ed by Hartwig and co-workers. Based on studies relat-
ed to the palladium-catalysed amination of aryl hal-
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X Pd(OAc), (1 mol%)

dppf (1.5 mol%)
Co «
* -R
N
H

9%

4
toluene, I %R
) Cs,CO; (1.2 equiv.) —
(1.2 equiv.) 100°C,12h

22 <

78%

©_Pph2

98% 76%

salivalion
g QG

CONE,
90% 72% 85%

Q—Pm

Figure 16. N1-Arylation of indole catalysed by the Pd-
(OACc),/dppf catalytic system.

ides, the authors reported the N-arylation of azoles,
including that of indoles (Figure 16). Generally, the
reactions were run in toluene as solvent using palladi-
um acetate in presence of dppf [1,1'-bis(diphenylphos-
phino)ferrocene] as ligand. Cs,CO; was used as base,
except for the coupling reaction of indole with bro-
mobenzene for which ~-BuOK had to be used.” In
an alternative procedure, these authors reported the
Nl-arylation of variously substituted indoles using 3—
5 mol% Pd,(dba); as the palladium source in the pres-
ence of P(¢-Bu),, all other reaction conditions remain-
ing identical (Figure 17).”” This procedure was used
by Marugan and co-workers for the preparation of
precursors in the synthesis of non-peptidic a,f3; antag-

onist (i.e.,
meta- or para-bromobenzoic acid ethyl ester).

Similarly, Watanabe and co-workers reported the
Nl-arylation of indoles using Pd(OAc), (1 mol%)
with P(#-Bu); (3 mol%) in the presence of Rb,CO; as
base in xylene at 120°C." Under these conditions,
the authors reported 96% isolated yield in 4 h for the
coupling of indole with bromobenzene. In the same
way, a 78% yield was achieved for the arylation of
indole with 4-fluorobromobenzene using the more
common K,COj; base; however, when reacting deacti-
vated aryl bromides like 4-bromoanisole, the use of
Rb,CO; was helpful (75% yield in 24 h).

Intensive development of the Nl-arylation of vari-
ously substituted indoles was made by Buchwald and
co-workers. The procedure was mainly based on their
studies on the amination of aryl halides; as a conse-
quence they applied the best bulky, electron-rich
phosphine ligands to this important reaction. Using
Pd,(dba); as palladium source, good to high yields in
the target compounds irrespective of the use of aryl
chloride, bromide, triflate or iodide as aryl coupling
partners were achieved (Figure 18).5) As no reaction
time was reported, the completion of the reaction
being judged by GC analysis as corresponding to the
full consumption of the aryl halide, the reactivities of
the different coupling partners cannot be evaluated.
However, as it could be expected, the reaction carried
out with aryl iodides or triflates gave the highest
yields. Further optimisation of the reaction conditions
allowed yield improvements in some cases,® giving
complementary protocols to the copper-catalysed pro-
cedure reported by the same group for the N1-aryla-
tion of indoles.””! Interestingly, the authors have
shown that the copper-catalysed coupling of 5-amino-
indole with simple aryl iodides (or bromides) gave ex-
clusively arylation on the indole nitrogen whereas
moderate to high selectivity was achieved for the ary-
lation of the 5-amino group when a palladium catalyst
was used (Scheme 6).

Nl-arylation of 5-benzyloxyindole with
[78]

RZ
X 3
o R Pd,(dba); (3 - 5 mol%), P(t-Bu), (0.8 - 1 equiv./Pd) = /]
R1—; /) + _p3 > N N 3
R ] R'T / R
Z N toluene, Cs,CO; (1.2 equiv.) 7
. 100°C,6-12h _—
(1.2 equiv.)

Figure 17. N1-Arylation of indoles catalysed by the Pd,(dba),/P(:Bu); catalytic system.
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X Pd,(dba); (1 - 5 mol%)
Ligand Ln (1.5 - 7.5 mol%)

1
R0

2
P s
+ -R
= N
H

(1.2 equiv.)

I PCy, P(t-Bu), I PCy,
O T O
L1 L2 L3

toluene, NaO-t-Bu (1.4 equiv.)

80-100°C

| P(t-Bu), | PCy, | P(t-Bu),
L4 L5 L6

Cﬁ”@ Cﬁ”@ Cﬁ“@ Cﬁ“@ Cﬂ@

Me t-Bu NMe,
L1 L2 L2, 84% (Br) L2 L2
90% (1), 88% (Br), 87% (Cl) 93% (Br) L1, 87% (OTf) 91% (Br) 74% (Br)
COOMe
L2 Me L2
85% (Br), 64% (Cl) 87% ) 90% OTf) 87% (Br) 81% (Br)
~
COOMe COzMe =
e © el 7¢7 T
F
L3 L2
90% (OTf) 87% (Br) 90% (OTf) 69% (Br) 74% (Br)
=~ Ph B
0 Us e
t-Bu Me Me
L4 L4 L5 L1
91% (Br) 65% (Br) 5% (Br) 43% (Br) 88% (CI)
EtO,C
Q Q O - C;r
L4 Me L5 L2 OMe L6
94% (Br) 53% (Br) 85% (Cl) 90% (Br) 91% (Br) Me

Figure 18. Palladium-catalysed N1-arylation of indoles with bulky and electron-rich phosphine ligands.

As an alternative procedure, Smith and co-workers
reported a palladium-catalysed Nl-arylation of in-
doles in supercritical carbon dioxide using aryl bro-
mides; however this procedure was limited to the use
of N-trimethylsilylindoles in order to avoid the forma-
tion of carbamic acids (Scheme 7). Using a mixture
of palladium acetate with a bulky phosphine ligand,
moderate to good yields towards the expected com-
pounds were achieved.

Adv. Synth. Catal. 2009, 351, 673-714
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Wiist and Kniess reported the Nl-arylation of
indole derivatives with the 4-["*F]fluoroiodobenzene
towards the synthesis of '"F-labelled (Scheme 8) o, re-
ceptor ligands for positron emission tomography.
They studied several palladium (and copper) catalytic
systems and optimised the reaction conditions (base,
solvent) in order to achieve the highest radiochemical
yields (Table 1).[%
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Pd(OAC), (2 mol%)/ILT (5 mol%)

PhMe/t-BuOH (5:1), K3PO4 (2.0 equiv.), 110 °C, 20 h
@OTS A > 99%
(1.2 equiv.)
RS
©j\> Pd(OAc), (2 mol%)/LT (5 mol%) N
N PhMe/t-BuOH (5:1), K;PO, (2.0 equiv.), 110 °C, 3 h
H /@OTS
h t-Bu
t-Bu (1.2 equiv.) > 99%
RS
O Pd,dbag (0.5 mol%)/L7 (2 mol%) Cﬁ\j
PCy, water, KOH (2.0 equg[.), 110°C, 16 h Q
i-Pr i-Pr 0(1 2 equiv.) n-Bu
- .2 equiv.
O n-Bu q 9%
i-Pr
L7
S
Cul (1 mol%)/CHDA (5 mol%}) HoN N Me
1
dioxane, K3PO, (2.0 equiv.), 110 °C, 24 h
X
+
N n-Bu
H RS
(1.2 equiv.) H NH
Pd,dbas (1 mol%)/L7 (5 mol%) N
cl
t-BuOH, K,CO3 (2.5 equiv.), 110°C, 3 h
2COs ( quiv.) Me 0%
Me

Scheme 6. Complementary palladium- or copper-catalysed N1-arylation of indoles.

Pd(OAC), (5 mol%)/Ln (10 mol%)

P(t-Bu), @E\>
N

SiMe,

KF (1.2 equiv.), Cs,CO; (1.4 equiv.)
scCO, (1800 psi), 100°C, 17 h

oy B 0.8 equiv.)
R

Effect of ligand on yield [%]

R L1 L2
P(t-Bu), CO,Me 70 88
H 68 70

OMe 25 50

()
9
()
g

Scheme 7. Palladium-catalysed N1-arylation of N-trimethylsilylindole in supercritical carbon dioxide.

The Nl-arylation of indoles catalysed by commer-
cially available palladium catalysts and phosphine li-
gands was reported by Pujol and co-workers. The au-
thors reported moderate to high yields (Figure 19) de-
pending on the nature of the aryl bromides and the
686
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ligand used at low catalyst loading (0.12 mol%) “with-
out” solvent (i.e., an aliquot of solvent is added in
order to dissolve the solid reagents).[s

Willis and co-workers reported the selective N1-ar-
ylation of tryptophan derivatives catalysed by Pd-
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Catalytic system
(M/ligand=0.5, M: 25 mol%)

X
o 4
N solvent, base (0.8 equiv),
H 65 - 140 °C, 30 min

C,Br 18
FT(1.0 equiv.)
Scheme 8. N1-Arylation of indole derivatives with the 4-

['*F]fluoroiodobenzene.

(OAc),/Xantphos catalytic system using various aryl
bromides (Figure 20).

2.2.2 N-Heterocyclic Carbene Ligands and Related
Imidazolium Salts

Few examples dealing with the use of N-heterocyclic
carbene ligands or imidazolium salts were reported in
this area. To the best of our knowledge, the only suc-
cessful example was described by Nolan and co-work-
ers. While developing the amination of aryl halides
mediated by a palladium/imidazolium salts catalytic
system, they reported the Nl-arylation of indoles
using aryl bromides. Whereas a Pd(0)-based catalytic
system [from Pd,(dba);] was found to be suitable for

almost all evaluated amines, the latter was not effi-
cient when considering the Nl-arylation of indoles.
Screening various palladium sources and associated li-
gands afforded suitable reaction conditions [that is,
Pd(OAc), and SiPr in the presence of NaOH] applied
to a range of indoles and aryl halides (Figure 21).%!
A palladium-carbene complex was suggested as the
active species, or at least its precursor.

2.3 Heterogeneously Catalysed Methodologies

Few reports deal with the use of heterogeneous cata-
lysts for the N1-arylation of indoles. The first example
was reported by Reddy and co-workers using cellu-
lose supported Cu(0) catalyst. However, the only il-
lustration concerning the Nl-arylation of indoles
deals with the phenylation of indole using iodoben-
zene that gave 60% yield in 24 h under relatively
common reaction conditions [indole (2 mmol), iodo-
benzene (1.0 equiv.), K,CO; (2equiv.), Cu catalyst
(ca. 2 mol%), DMSO, 130°C].1%!

Choudary and co-workers reported the use of
copper exchanged NaY zeolite for the N1-arylation of
indoles under similar conditions [indole (1.2 mmol),
aryl halide (0.8 equiv.), K,CO; (2 equiv.), Cu/NaY-cat-

Table 1. N1-Arylation of indole derivatives with the 4-[**F]fluoroiodobenzene.

Entry Catalytic system Base Solvent Radiochemical yield [%]
1 Cul/trans-1,2-diaminocyclohexane K;PO, THEF/toluene 0
2 Cul/trans-1,2-diaminocyclohexane K;PO, Toluene 0
3 Cul/ethylenediamine K;PO, THF/toluene 7
4 Cul/ethylenediamine K;PO, Toluene 36
5 Pd,(dba);/Xantphos NaO--Bu THF 5
6 Pd,(dba);/Xantphos KO--Bu THF 6
7 Pd,(dba),/Xantphos NaO-t-Bu THF/toluene 13
8 Pd,(dba),/Xantphos Cs,CO;4 THF/toluene 0
9 Pd,(dba),;/Xantphos K,PO, THF/toluene 16
10 Pd,(dba),/Xantphos NaO--Bu Toluene 28
11 Pd,(dba),/2-(dicylohexyl-phosphino)-2’-(N,N-diamino)-biphenyl NaO--Bu THF/toluene 22
12 Pd,(dba),/2-(dicylohexylphosphino)-2'-(N,N-diamino)-biphenyl NaO-t-Bu Toluene 71
\

d,(dba); (0.12 mol%), ligand (0.75 mol%) —

' \
R{;q; T

H few drops of toluene
(0.8 equiv.) Cs,CO; (1.0 equiv.)
120°C,2h
N N N N
N Br
[ ON S NH
— —
SO,CH,

BINAP: 87% BINAP: 48% BINAP: 86% BINAP: 30% (150 °C, 6 h)
PPh;,: 90% ’ PPh;: 88% BINAP: 65% (150 °C, 24 h)

Figure 19. “Solvent-free” N1-arylation of indoles.
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BocHN”‘g
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Pd(OAc), (56 mol%), Xantphos (7.5 mol%) N
N
N dioxane, Cs,CO; (1.4 equiv.), 55 - 80 °C,40 h / ~
H ~ Br ’L

R = CONHCH,CO,Et

S, Ty

CN CO,Me

94% 54%

i (1.2 equiv.)
R

R R
= =
ho ko)
CF, SO,NR,
70% (16 h) 86%

R' = CH,CH(NHBoc)CONHCH,CO,Et

Figure 20. N1-Arylation of tryptophan derivatives [Xantphos=4,5-bis(diphenylphosphino)-9,9-dimethylxanthene].

R1
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R
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(0.8 equiv.)

PA(OAC); (3 Mol%) \/7
SiPr "ligand" (3 mol%) N 5
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dioxane, NaOH (2.0 equiv.)
100°C,1-16h —

AN
N @ N
7/
cl® SiPr imidazolium salt

oy, Tl Flg_ 9%

97% 100% 88%

o S

100% 61%

Me Me
66% 100%
= p-FCgH,4 \ p-FCgH,4
: N@ : N@
Me
97% 83%

Figure 21. Palladium/imidazolium salts-catalysed N1-arylation of indoles.

alyst (ca. 10 mol% ), DMF, 120°C, 24 h]. With such a
catalytic system, quantitative yields were achieved for
the cross-coupling of indole with either 4-iodotoluene
or 4-bromotoluene.*”

The use of nanocrystalline copper(1l) oxide as a re-
coverable heterogeneous catalyst was reported by
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Kantam and co-workers.®® Remarkably, the catalyst
is highly effective for the coupling of activated aryl
chlorides and was applied to the N-arylation of vari-
ous heterocycles including the indole nucleus
(Figure 22). While this part of the report did not con-
cern the indoles, we can mention that the catalyst
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Cl
&8

0.8 equiv.)

120°C,2-23h

nano-CuO (10 mol%) =
o -
N DMF, K,CO, (2.0 equiv.) @
(

S Ty T

NO
83% 2

76% 89%

AN AN
NN NN
7I/ A\ / N
N __ —
94% 7%

Figure 22. Heterogeneous copper oxide-catalysed N1-aryla-
tion of indole.

could be recovered by simple centrifugation and
reused; however with slight deactivation. TEM ex-
periments performed both on the fresh and the
reused catalyst indicated that the size and the shape
of the nanoparticles did not change upon reuse.

Similarly, Punniyamurthy and co-workers reported
the use of commercially available CuO nanoparticles
as catalyst for the N-arylation of various amines, in-
cluding indole.® The authors compared the activity
of homogenous and heterogeneous conditions in the
cross-coupling of aryl halides with aniline. Interrest-
ingly, they found that CuO nanoparticles were the
best catalyst compared to CuSO,, Cu(OAc), or CuO
powder. Applied to the Nl-arylation of indole with
iodobenzene, the optimised reaction conditions
[indole (1.2 mmol), iodobenzene (0.8 equiv.), KOH
(0.8 equiv.), nano-CuO (1.3 mol%), DMSO, 110°C,
3.5 h] gave the expected compound in 94% yield. Al-
ternatively, Chen and co-workers reported a proce-
dure using copper(I) oxide as catalyst under very sim-
ilar reaction conditions [indole (1.5 equiv.), iodoben-
zene (1.0 mmol), KOH (1 equiv.), Cu,O (10 mol%),
DMSO, 120°C, 24 h], providing N-phenylindole in
90% yield.™ In this report, recycling of the catalyst
was evaluated for the N-arylation of imidazole and
pyrrole: the catalyst was found to be stable for at
least 4 cycles.

The use of Cu,O nanoparticles was reported by Li
and co-workers. The authors evaluated the activity of
various morphologies of Cu,O nanoparticles (cubic,
octahedral, bulky, etc.) associated to diamino ligands
(mainly based on the phenanthroline structure). The
best association was obtained with cubic nanoparti-
cles/1,10-phenanthroline and applied to the N1-aryla-
tion of indole with various aryl halides (Figure 23).!

Adv. Synth. Catal. 2009, 351, 673-714

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

)X\ Cu,0 (10 mol%) EN
Ligand (20 mol%)
A\ z7z N 1
+ I R ZR
@f[} K/ TBAF (3.0 equiv.), 27/\///]
H (12equiv) 110-145°C,24h =
~ ESS ~
N
N N ; N,
O 2 &
OMe
; ?‘% I?EI)) 74% (Br) 86% (Br)
(] r

S ES
N N N
VAR =
N _ S
68% (Cl) 74% (Br)
85% (Br)

Figure 23. “Heterogeneous-like” Nl-arylation of indole by
Cu,0O nanoparticles associated to 1,10-phenanthroline.

While the catalytic system seems to answer to hetero-
geneous catalysts, no data concerning this point are
available. The authors claim that the mechanism is
discussed; however they postulated it starting from
Cul and not from the Cu,O nanoparticles used in this
report.

Similar to the procedure reported by Taillefer, Wa-
kharkar and co-workers described the use of a
copper/iron exchange hydrotalcite. The material was
prepared from a layered double hydrotalcite (LDH)
by exchange with an aqueous solution of copper ni-
trate and ferric nitrate in order to obtain a material
containing Cu(II) and Fe(II) species in a 3:1 ratio.
This material was used for the coupling reaction of
indole with either bromobenzene or 4-bromoanisole
giving, respectively, 85% and 87% yields. The reac-
tions were carried out in toluene using 10% wt Cu/
Fe-LDH (no data are given regarding the metal load-
ings in the material; therefore, no data are available
concerning the molar ratio), at 130°C for 12 h.”?

Two recently reported heterogeneous procedures
differ from the above described methodologies. Alper
and co-workers reported the preparation of magnetic
nanoparticles-supported L-proline as a recyclable and
recoverable ligand in the Cul-catalysed N-arylation of
heterocycles. The ligand was immobilised by the so-
called “click chemistry”. The magnetite nanoparticles
(Fe;0,) were modified by grafting azido groups at the
surface that were further reacted with modified L-pro-
line bearing a terminal alkyne function (Figure 24).
This hybrid material was used in the N1-arylation of
indole with 4-bromoacetophenone in DMF at 110°C
using 10 mol% Cul as catalyst and a “ligand” loading
of 20 mol%. The reaction gave 85% yield towards the
expected compound using Cs,COj; as base.” The sep-
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Figure 24. Preparation of the magnetic nanoparticle-supported L-proline.

arated material could be recycled without adding
copper iodide.

Likewise, You and co-workers reported a procedure
using immobilised ionic liquid on a polystyrene
matrix as a metal scavenger for catalytic applica-
tions.”" The material was prepared by radical copoly-
merisation of styrene, 1,4-divinylbenzene and 1,2-di-
methyl-3-(4-vinylbenzene)imidazolium chloride. For
catalytic applications, the remaining chloride ions
were exchanged through the L-proline moiety. The re-
sulting material showed excellent capacity in trapping
transition metals, and particularly copper. It was used
in the Cul-catalysed N-arylation of heterocycles and
was applied in the Nl-arylation of indole with iodo-
and bromobenzene under classical reaction conditions
[indole (0.5mmol), bromobenzene (1.2 equiv.),
K,CO; (24equiv.), Cul (10mol%), “ligand”
(20 mol%), DMSO, 120°C, 60 h] giving, respectively,
99% and 68% yields. The authors claimed that this
procedure led to higher activities than the corre-
sponding reactions carried out either in ionic liquids
(IL) or under homogeneous conditions. However, in
this contribution, the high yields were achieved after
60 h whereas reactions conducted in IL or under fully
homogeneous conditions required only 12-24 h. Fur-
thermore, the authors reported that the material re-
sulting from a first run loaded with the trapped
copper species could be reused without loss of activity
for up to nine runs for the N-arylation of imidazole
with 4-bromoacetonitrile; however the only data re-
ported concern the first run (95% yield) and the
ninth run (73% yield) evidencing a loss of activity.

2.4 Stoichiometric Methodologies

The initial reports on the transition metal-mediated
Nl-arylation of indoles like the Ullmann coupling!™
or the early works described by Goldberg!'® were
generally performed using an excess of transition
metal, mainly Cu(I) or Cu(Il) salts. Since catalytic
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Scheme 9. N1-Arylation of ethyl 1H-indole-2-carboxylate
with phenylboronic acids “catalysed” by copper acetate.

procedures were reported, few reports deal with the
use of such stoichiometric methodologies. Recent de-
scriptions concerned generally the use of arylboronic
acids as coupling partners.

Mederski and co-workers reported the use of phe-
nylboronic acids as arylating agents (Scheme 9).
Unfortunately, the procedure led to low yields (21—
50%) despite an excess of copper acetate to perform
the transformation. Similarly, Miyachi and co-work-
ers” (Figure 25), and Espinosa and co-workers”” de-
scribed the cross-coupling of phenylboronic acid acti-
vated by copper acetate to prepare various precursors
to cyclooxygenase inhibitors derived from thalido-
mide. Bekolo reported recently a study on this reac-
tion using electron-defficient indoles and arylboronic
acids (Figure 26).1%!

These procedures, while being stoichiometric allow
to perform the N1-arylation at room temperature that
could be required when preparing sensitive com-
pounds.

Recently, Bellina and co-workers reported the N1-
arylation of indoles mediated by copper acetate under
base-free conditions using aryl iodides as coupling
partners. These revisited Mederski conditions allowed,
after optimisation, high tolerance of functional groups
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Figure 25. N1-Arylation of indoles with 3,5-dimethylphenylboronic acid.
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Figure 26. N1-Arylation of indoles with arylboronic acids (DIPEA = N-ethyldiisopropylamine).

(Figure 27). The authors compared this procedure to
the palladium-catalysed route [5S mol% Pd(OAc), in
the presence or not of copper acetate] that led gener-
ally to lower chemical yields.”” However, the proce-
dure reported here did not seem to be competitive
with the best copper- and palladium-catalysed meth-
odologies, except when considering OH-free iodophe-
nols. This approach is rather limited due to the re-
quired high temperatures and long reaction times.
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3 Selective C2-Arylation
3.1 Oxidative Couplings

To the best of our knowledge, the first example of a
direct C2-arylation of the indole nucleus, involving an
oxidative cross-coupling, was reported by Itahara in
the early 1980s.'"" The authors have previously re-
ported the intramolecular C2- or C4-arylation of N-
methylindoles by employing 0.5 equiv. of Pd(OAc), in
a refluxing acetic acid solution.'"""'”?l However, devel-
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Figure 27. Stoichiometric copper acetate-mediated N1-arylation of indoles with aryl iodides.

oped in an intermolecular manner, this procedure re-
quired the use of N-acetylindoles and a stoichiometric
amount of palladium catalyst in a refluxing AcOH/
ArH solution, leading to the corresponding 2-phenyl-
indoles in low to moderate isolated yields (Figure 28).
These conditions were also successfully applied to the
oxidative coupling of pyrrole, thiophene and furan de-
rivatives.

The development of catalytic versions of this palla-
dium-catalysed oxidative arene cross-coupling is an
emerging alternative to the direct Heck-type coupling,
avoiding the use of stoichiometric activating groups.
Recently, Fagnou and co-workers have first re-visited
this oxidative cross-coupling.'” They found that the
catalytic C2-arylation could be achieved with high se-
lectivities by fine tuning of the nitrogen protecting
group, oxidant and additive nature. Thus, employing
N-pivaloylindole instead of N-acetylindole, as well as

Pd(OAc), (1 mmol)

a stoichiometric silver oxidant (AgOAc, 3 equiv.) in
the presence of a large excess of pivalic acid allowed
the use of 5mol% Pd(TFA), and resulted in a 25/1
C2/C3 ratio and an almost full conversion within 3 h.
These conditions are tolerant towards a large range of
indole substrates and symmetrical benzenes, albeit
with 10 mol% Pd(TFA), being required for the latter,
affording the corresponding 2-arylindoles in moderate
to high yields (Figure 29).

At the same time, DeBoef and co-workers have ini-
tially reported an oxidative coupling with N-methyl-
or N-acetylindole using high Pd(OAc), catalyst load-
ings (i.e., 15 to 20 mol%) and a stoichiometric amount
of Cu(OAc), (1 to 4equiv.) in an AcOH/C;Hy mix-
ture.'™ However, low to poor C2/C3 selectivities (up
to 5/1) were achieved under these conditions and the
best result was obtained in an intramolecular manner
with an activated N-benzoylindole. On the other

@@ + @

(1 mmol) (excess)
O
N
\
Ac
22%

AcOH/ArH (1/1)
reflux, 14 h

Me Me
N N
\ \
Ac Me Ac

10% 48%

Figure 28. Oxidative coupling of N-acetylindoles in AcOH/ArH media with Pd(OAc),.
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Figure 29. Selective C2 palladium-catalysed oxidative cross-coupling of arenes with N-pivaloylindoles.

hand, they have demonstrated that, in the case of
benzo[b]furan, replacing Cu(OAc), by phosphomo-
lybdovanadic acids (HPMVs) allowed full C2 selectiv-
ity and moderate to high yields. In 2008, the same au-
thors found that switching solvents from acetic acid to
dioxane produced an inversion in regioselectivity.!'””!
The use of Cu(OAc), as stoichiometric oxidant result-
ed in a clean C3-arylation (4/1 C3/C2 ratio) while
AgOAc favoured the C2-arylation (3.5/1 C2/C3 ratio)
as previously observed by Fagnou and co-workers.
Under these conditions [Pd(OAc),, AgOAc, dioxane],
low to moderate isolated yields were obtained with a
broad range of substituted indoles (Figure 30). Un-
fortunately, electron-rich arenes such as p-xylene or
anisole failed to react, as well as N-acetylazaindole.
Finally, given that selectivities are only available for
N-acetylindole and regarding the high catalyst loading

~
R N

[that is, 25 mol% Pd(OAc),], this rather low-yielding
procedure is not competitive to the one reported by
Fagnou.

3.2 Palladium-Catalysed Procedures
3.2.1 Phosphine Ligands

In 1985, Ohta and co-workers reported the first direct
C2 intermolecular Heck-type coupling of free (NH)-
indole with chloropyrazines (Scheme 10).'% They
used Pd(PPh;), as a palladium source, or a combina-
tion of [Pd(PPh;),Cl,] and Cul as co-catalyst, with, re-
spectively AcOK or K,CO; as base in refluxing
DMA. Under such conditions, moderate to good iso-
lated yields in the target 2-pyrazinylindoles were ob-

Pd(OAc), (25 mol%) N

Z N

| AgOAc (4.0 equiv.)
Ac Dioxane, PhH, 60 - 120 °C

30% 52% 38%

Figure 30. Selective C2 palladium-catalysed oxidative cross-coupling of N-acetylindoles. [*! 1/1 C3/C2 ratio.
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Scheme 10. C2-Arylation of free (NH)-indole and N-alkylindoles with chloropyrazines.
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Figure 31. Selective palladium-catalysed C2-arylation of N-methylindoles.

tained. Moreover, they have demonstrated that only
C2-arylation occurred as the coupling of 2-methylin-
dole failed when using [Pd(PPh;),/AcOK] whereas 3-
methylindole reacted successfully under similar condi-
tions. The authors have observed the same selectivity
when reacting N-alkylindoles,*” the N-methyl deriva-
tive leading to higher yields than the N-benzyl one.
However, more sterically bulky pyrazines like 2-
chloro-3,5-diphenylpyrazine failed to react with N-
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methylindole whereas high yields were obtained with
free (NH)-indoles.

Surprisingly, the development of new palladium-
catalysed methodologies for the direct C2-arylation of
indoles received little attention during the following
two decades, whereas one-pot methodologies requir-
ing in situ functionalisation of the indole nucleus into
indolylzinc," " indolylindium!"®! or indolylboro-
nate!"'®""! species prior to a palladium-catalysed C—C
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Figure 32. Catalytic C—H arylation of SEM-protected indoles with palladium complexes of NHCs and phosphines. ' 5 mol%
of B and bromobenzene were used. [ 3.5/1 ratio in favour of the C2 regioisomer. [! Product characterised after deprotection

coupling were extensively used. At the beginning of
the 2000s, Sames and co-workers became interested in
such challenging chemistry. They first reported a pro-
cedure based on the use of MgO as base; however,
the non-reproducibility of this work was assessed two
years ago. Further studies devoted to this field led
these authors to the discovery of a new C2-arylation
protocol of N-substituted indoles." The use of a low
catalyst loading (i.e., 0.5 mol%), the easiness of the
procedure as well as a high degree of functional
group tolerance and good isolated yields made this
new method useful for organic chemists (Figure 31).
Recently, as an alternative to the use of phosphine
ligands, Bhanage and co-workers have described the
preparation of the air-stable complex Pd(TMHD),
(TMHD =2.2,6,6-tetramethyl-3,5-heptanedionate)
and its use as an efficient catalyst for the direct C2-ar-
ylation of N-methylindole, as well as various O-, N-
and S-containing heterocycles, with K;PO, as base in
NMP or DMSO."”!! However, further developments
are required in order to decrease the high catalyst
loading (i.e., 10 mol%) and to extend this procedure
to free (NH)-indoles.

3.2.2 N-Heterocyclic Carbenes
Since the N-methyl protecting group is almost impos-

sible to remove, limiting their Pd/phosphine proce-
dure!™ to access free (NH)-arylindoles, Sames and
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co-workers pursued their efforts and reported in 2006
a catalytic C—H arylation of SEM-protected indoles
with palladium complexes of N-heterocyclic carbenes
(NHCs) and phosphines.”?! Although SEMCI is ex-
pensive, this class of substrates is of great interest to
provide free (NH)-indoles due to their easiness of de-
protection in the presence of a fluoride source. Inter-
estingly, among all the NHCs complexes investigated,
they found that the activity of the bulky and more
electron-rich complex A mirrored that of the elec-
tron-deficient analogue B (easily available on a large
scale) implying the predominant role for steric effects.
Thus, treatment of SEM-protected indoles under con-
ditions very similar to that reported for N-methylin-
doles afforded the 2-arylindoles in moderate to good
yields (Figure 32), except for the case with an elec-
tron-withdrawing group at the C3 position of indole.
In addition, this procedure could also be successfully
applied to a wide range of other heterocyclic cores
like pyrrole, azaindole, imidazole and imidazo[l,2-
a]pyridine.

In 2006, Sanford and co-workers have first reported
the use of aryliodonium salts in a room-temperature
palladium-catalysed C2-arylation of indoles."? They
found that Pd(OAc), was a suitable catalyst for this
transformation within only 5 min at 25°C in AcOH,
affording N-methyl-2-phenylindole in a moderate
49% vyield. Additionally, screening a range of Pd(II)
complexes (PdX,, X=Cl, Br, I, TFA; Na,PdCl,;
PdCl,(BnCN),] revealed that IMesPd(OAc),, contain-
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Figure 33. Room temperature palladium-catalysed C2-arylation of indoles with aryliodonium salts.

ing more stabilising ancillary ligands, afforded a sig-
nificantly enhanced 86% isolated yield, in spite of a
longer reaction time (i.e., 18 h). Under such condi-
tions, a wide range of substituted indoles and symmet-
rical aryliodonium salts afforded the corresponding 2-
arylindoles in good to high isolated yields. One can
note that free (NH)-indoles have a similar reactivity
as their N-methyl analogues; moreover, this cross-
coupling is compatible with arenes bearing C—Br
bonds (Figure 33). The authors have also develop a
one-pot approach to this transformation by in situ
generation of I(II) arylating reagents from Arl-
(OAc), and Ar'B(OH), to afford the corresponding
N-methyl-2-arylindoles in 67-81% isolated yields.

3.3 Ligand-Free Procedures
3.3.1 Aryl Halides as Coupling Partners

Sames and co-workers reported in 2007 a phosphine-
free palladium-catalysed C—H arylation of free (NH)-
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indoles." Using common reaction conditions [that is,
Pd(OAc),, CsOAc, DMA], this ligandless and opera-
tionally simple procedure allowed an efficient entry
to a wide range of C2-arylated (NH)-indoles in mod-
erate to good isolated yields when aryl iodides were
employed [Figure 34, Eq. (1)]. As expected, aryl bro-
mides were less efficient than their iodo analogues;
however, this lack of reactivity could be overcome by
adding a stoichiometric amount of (i-Pr),NH
[Figure 34, Eq. (2)]. Under such conditions, the au-
thors have only reported the direct C2-arylation of
C3-substituted indoles like 3-methylindole and trypt-
amine derivatives, affording respectively good and
modest isolated yields.

In the meantime, Bellina and co-workers have de-
scribed a palladium and copper-mediated C2-aryla-
tion of free (NH)-indoles under base-free and ligand-
less conditions.'"™'?*) Anyway, this rather low yielding
procedure requires an excess of a copper co-catalyst
and drastic conditions (i.e., 160°C), which limits ap-
plications (Figure 35). However, free (NH)-imidazoles
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Figure 34. Phosphine-free palladium-catalysed C2-arylation of free (NH)-indoles. ! Pd(OAc), (5mol%) and PhI or bro-
moarene (2 equiv.) were employed. ' -BuNH, (1 equiv.) was added. [ (i-Pr),NH (3 equiv.) was used. [/ Pd(OAc), (2 mol%)
was used.
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Figure 35. Palladium and copper-mediated direct C2-arylation of free (NH)-indoles under base-free and ligandless condi-
tions.
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Figure 36. Room temperature and phosphine-free palladium-catalysed direct C2-arylation of N-methylindoles. [ The reac-
tion was carried out with 5 equiv. of iodoarene for 38 h. ! 38 h at 50°C. I! 10 mol% Pd(OAc), was used.

or benzimidazoles as well as thiazoles and oxazoles
were particularly reactive under these conditions.
Recently, Larrosa and co-workers described an effi-
cient room-temperature and phosphine-free palladi-
um-catalysed direct C2-arylation of N-methylin-
doles."”" They used a combination of Ag,0 as base
and o-nitrobenzoic acid, which afforded the best reac-
tivity among all the carboxylic acids tested, in order
to generate in situ the corresponding silver(I) carbox-
ylate. The authors suggested that the formation of
more electrophilic cationic palladium species by ab-
straction of the halides promoted by silver(I) salts
would increase the rate of the palladation step. Thus,
by employing 5 mol% Pd(OAc), in DMF, a broad
scope of N-methylindoles and iodoarenes were con-
verted to the desired C2-arylindoles in good to excel-
lent yields even at room temperature (Figure 36).
This high yielding cross-coupling procedure, regarding
its tolerance toward electron-rich or electron-deficient
substrates as well as its efficiency with free (NH)-
indole and the full I/Br selectivity under very mild re-
action conditions, represents the easiest and most con-
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venient one among all the methods described in this
review for the selective C2-arylation of indoles.

3.3.2 Arylboron Reagents as Coupling Partners

Zhang and co-workers reported in 2008 the use of po-
tassium aryltrifluoroborate salts for the Pd(IT)/Cu(II)-
catalysed direct C2-arylation of N-methyl- and (NH)-
indoles.'” While O, was found to be the best oxidant
with Pd(OAc),, adding a catalytic amount of Cu-
(OAc), allowed one to work under an air atmosphere
to furnish 2-phenylindole in 81% while a 62% yield
was obtained without this co-catalyst. Thus, under
very mild conditions [5mol% Pd(OAc),, 10 mol%
Cu(OAc),, AcOH, room temperature, air], a wide
range of Ar-BF;K salts and substituted indoles gave
the corresponding C2-arylindoles in moderate to high
yields, although strong electron-withdrawing groups
(CF;, F, CN, CO,Et) depressed the cross-coupling effi-
ciency (Figure 37). Noticeably, the authors have com-
pared their results to the use of the corresponding ar-
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Figure 37. Palladium-catalysed direct C2-arylation of free (NH)-indoles with potassium aryltrifluoroborate salts. [ 1 equiv.
Cu(OAc), was used. Values in square brackets refer to the yields obtained with the corresponding N-methylindole.

ylboronic acids and found that higher yields (4 10—
15%) were generally obtained with Ar-BF;K salts as
well as with N-methylindoles.

At the same time, Shi and co-workers have inde-
pendently reported the use of arylboronic acids for
the palladium-catalysed C2-arylation of (NH)-in-
doles." Under very similar reaction conditions
[5 mol% Pd(OAc),, AcOH, room temperature, 1 atm
O,] to the ones reported by Zhang and co-workers, al-
though in absence of a copper co-catalyst, moderate
to good isolated yields were achieved with a large
range of substituted indoles and arylboronic acids
(Figure 38). It’s noteworthy that under such condi-
tions, boronic acids bearing electron-withdrawing
groups gave better yields than those reported by
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Zhang. Moreover, benzo[b]thiophene, benzofuran
and even pyrrole reacted smoothly to give the desired
C2-heteroaryls.

3.4 Rhodium-Catalysed Procedures

During the course of their studies, Sames and co-
workers have also reported a direct C2-arylation of
free (NH)-indoles catalysed by Ar—Rh(III) complexes
assembled in situ.® Indeed, mechanistic investiga-
tions revealed that the combination of a rhodium cat-
alyst (i.e., [Rh(coe),Cl],), an electron-deficient phos-
phine such as [p-(CF;)C¢H ;P and the weak base
CsOPiv with an aryl iodide (Arl) generates in situ a
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Figure 38. Palladium-catalysed direct C2-arylation of indoles with arylboronic acids. ! 10 mol% Pd(OAc), was used with
free (NH)-indoles. Values in square brackets refer to the yields obtained with the corresponding N-methylindole.

highly electrophilic and reactive Ar—Rh(III) species
of the general formula Rh(OPiv),(Ar)L, {L=[p-
(CF5)C¢H,]5P}. This protocol was especially applied to
indole substrates bearing acidic N—H and even C—Br
bonds, and proved tolerance to a wide range of func-
tional groups, affording the corresponding C2-arylin-
doles in good to high yields (Figure 39). In addition,
this methodology was successfully extended to the se-
lective C2-arylation of free (NH)-pyrroles, the 7-
azaindole being unreactive under these reaction con-
ditions.

Mechanistic studies and X-ray analyses of the
Rh(III) active species, synthesised independently on a
preparative scale, were used to get better insights into
the mechanism of the reaction. The authors suggested
that displacement of a phosphine ligand by indole
takes place in a pre-equilibrium, followed by the slow
C—H bond metallation step assisted by the coordinat-
ed pivalate anion, as supported by the large kinetic
isotope effect (ky/kp=3.0). The resulting intermedi-
ate then undergoes reductive elimination to furnish
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the desired 2-arylindole. The Rh(I) complex formed
in this step is rapidly converted to the active Rh(III)
species via oxidative addition of iodobenzene and
halide-pivalate exchange (Figure 40).

3.5 Copper-Catalysed Procedures

Gaunt and co-workers reported in 2008 the direct and
site-selective C2-arylation of N-acetylindoles with ar-
yliodonium salts catalysed by Cu(OTf), under mild
reaction conditions."®! This procedure was tolerant
toward various substituted indoles, bearing either
electron-donating or electron-withdrawing groups,
when the symmetrical [Ph-I-Ph]JOTf salt was used
[Figure 41, Eq. (3)]. The authors have also developed
the use of unsymmetrical iodonium salts, of the gener-
al formula [TRIP-I-Ar]OTf [Figure 41, Eq. (4)], the
more sterically bulky 2,4,6-triisopropylphenyl (TRIP)
group allowing the exclusive transfer of the desired
aryl group (Ar). Under such conditions, low to good
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Figure 39. Direct C2-arylation of free (NH)-indoles catalysed by Ar—Rh(III) complexes assembled in situ.
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Figure 40. Proposed catalytic cycle for the rhodium-catalysed selective C2-arylation of indoles.

selectivities (up to 9/1 C2/C3) and good yields of the  worthy that aryl substrates bearing C—Br or even C—1
target C2-arylindoles were achieved with either elec- bonds were not affected by this copper-catalysed ary-
tron-deficient or electron-rich aryl moieties. It is note-  lation.
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Figure 41. Cu(II)-catalysed C2-arylation of indoles with aryliodonium salts. " Isolated yield at 63% conversion of indole

using 20 mol% of Cu(OT¥),.

4. Selective C3-Arylation
4.1 Palladium-Catalysed Procedures
4.1.1 Phosphine Ligands

During their investigation on the synthesis of pyrazy-
nilindoles, Otha and co-workers found that the nature
of the nitrogen protecting group on indole had a sig-
nificant effect on the regioselectivity of the palladi-
um-catalysed coupling.” They have thus reported for
the first time a direct and highly selective C3-aryla-
tion of indole with 2-chloropyrazine when the indolic
nitrogen was protected with an electron-withdrawing
protecting group (Scheme 11). Under similar condi-
tions to those reported for the selective C2-arylation
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[i.e., Pd(PPh;),/AcOK], moderate to good isolated
yields were obtained. Additionally, it was found that
the more sterically bulky pyrazine moieties (R =i-Pr,
i-Bu) afforded the highest C3/C2 ratios.

During the course of their studies on the selective
C2-arylation of indoles, Sames and co-workers found
that bulky o-iodoarenes led to C3-regioisomers as the
major products. Thus, on the basis of mechanistic in-
vestigations, they suggested that the use of sterically
bulky arylpalladium(II) intermediates and indolyl-
magnesium salts should favour the C3-arylation.!*
Interestingly, phenylation of the N—MgCl indole
Grignard salt gave a 7/1 C3/C2 ratio under classical
conditions, despite a low 24% yield [Scheme 12, [Eq.
(5)]. It’s noteworthy that the addition of TMEDA led
to the formation of 3-phenylindole with improved se-
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AcOK (1.2 equiv.) N
DMA, reflux, 12 h Ts
(1.2 equiv.) c3/c2
R=Me 40% 8/
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-Pr  46% 50/
FBu 68% 50/

Scheme 11. Selective C3-arylation of N-tosylindole with 2-
chloropyrazines.

lectivity (14/1 C3/C2), presumably via formation of a
sterically demanding magnesium complex [Scheme 12,
Eq. (6)]. Moreover, when the bulky IMes ligand was
used, an almost full C3/C2 selectivity was achieved
even with bromobenzene in a high 96% yield
[Scheme 12, Eq. (7)]. Finally, the use of the N-Mg-
(HMDS) salt was sufficient to achieve a 26/1 C3/C2
selectivity without the use of the IMes ligand; further-
more, under such conditions, a 77% yield based on
indole as limiting reagent was obtained [Scheme 12,
Eq. (8)].

In 2007, Zhang and co-workers reported for the
first time the direct palladium-catalysed C3-arylation
of free (NH)-indoles with aryl bromides.'* They
found that almost full C3/C2 selectivities (~100/1)
were achieved by using the air-stable palladium/phos-
phinous acid complex [(+-Bu),P(OH)],PdCl, in combi-
nation with K,COj; in refluxing dioxane. This simple
procedure afforded the corresponding C3-arylindoles
in moderate to good isolated yields; however, indoles
bearing electron-withdrawing groups (such as 2-Ac, 5-

MeMgCI (1.1 equiv.)

dioxane, 65 °C

MeMgCl (1.1 equiv.
() o™
N +TMEDA Cl/'\gg\)
H

dioxane, 65 °C Me/l\\l
| Me
. N\
Mg(HMDS), (2 equiv.)
N SiMe,

dioxane, 65 °C Mg N

\

SiMe3_

CN or 5-NO,) were quite unreactive under these con-
ditions (Figure 42).

According to their own procedure applied to the
benzo[b]thiophene scaffold** and related to the one
reported by Sames, Lemaire and co-workers de-
scribed the Heck-type cross-coupling of N-methylin-
dole with 4-bromo-3-nitroanisole (Scheme 13).['*
Under classical conditions [Pd(OAc), (5 mol% ), PPh;
(10 mol%), K,CO; (3 equiv.), DMF, 130°C, 4 h], a 4/1
C3/C2 regioselectivity was observed with a 75% over-
all yield.

4.1.2 Ligand-Free Procedures

In 2006, Djakovitch and co-workers reported a simple
palladium-catalysed procedure for the selective C3-ar-
ylation of 2-substituted indoles.**'*”) The combina-
tion of aryl bromides and a catalytic amount of
AgBF, gave exclusively the C3-arylated compounds
under classical reaction conditions [Pd(OAc),,
AcONa, NMP], whereas iodo derivatives led to the
corresponding Nl-arylindoles in presence of PPh;.
Surprisingly, a full C3 versus N1 regioselectivity was
observed with a carboxylate moiety onto the C2 posi-
tion of indole whatever the nature of the aryl halide,
presumably due to the slightly more stable transition
state 0-Pd complex TS1 than the N—Pd one TS2
(Figure 43).

According to the procedure reported by Zhang,
Djakovitch and co-workers described in 2008 the first
heterogeneously palladium-catalysed selective C3-ary-
lation of free (NH)-indoles."*®! Under similar condi-
tions, the use of only 1 mol% of the well-known [Pd-
(NH;),]/NaY was sufficient to achieve high conver-
sions and moderate to good isolated yields with either

Ph
Conditions @% 24% C3/C2 7/1 (5)
Ph-1 (0.5 equiv.) N
H

Conditions

Ph 61% C3/C2 14/1  (6)
Ph-l (0.5 equiv.)

N\

Conditions N

Ph-Br (0.5 equiv.)
IMes (2.5 mol%)

96% c3/C2671  (7)

Ph

_ Conditions N 77%c3ic228/1  (8)
Ph-1 (1.2 equiv.) N
H

Scheme 12. Selective C3-arylation of N-magnesium salts. Reaction conditions: Pd(OAc), (2.5 mol%), PPh; (10 mol%),

CsOAc (2 equiv.), dioxane, 125°C, 24 h.
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Figure 42. Direct palladium-catalysed C3-arylation of indoles
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\
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Scheme 13. Selective C3-arylation of N-methylindole with p-
bromo-m-nitroanisole.

indole, 2-methyl- or 2-phenylindole (Figure 44). Nev-
ertheless, the reactivity was strongly dependent on the
electronic nature of the bromoarene, electron-donat-
ing substituents giving generally the highest conver-

53%

54% 80%

with palladium/phosphinous acid complex.

sions, without a rationale explanation being available
at this time.

Recently, Bellina and co-workers proposed a phos-
phine-free direct palladium-catalysed C3-arylation of
free (NH)-indoles with aryl bromides.*” It was found
that replacing dioxane by toluene afforded slightly
higher yields (4 10% ) but traces of C2- and N1-arylin-
doles, which are not detected in dioxane, were ob-
served. When a catalytic amount of a quaternary am-
monium salt [i.e.. Bn(Bu);NCI], known to stabilise
soluble Pd clusters and preventing their aggregation
to inactive Pd black, was added instead of a phos-
phine (PPh; or PCys;) a full C3 versus C2/N1 regiose-
lectivity and improved yields of the C3-arylindoles
were achieved. These conditions were successfully ap-
plied to a range of electron-donating or electron-with-
drawing substituted aryl bromides and electron-rich

R
X
Br Pd(OAG), (1 mol%) /.
mR . N AcONa (1.1 equiv.)
N |/ P AgBF, (2 mol%) N
R NMP, 140 °C, 96 h N
(1.1 equiv.)

NO,
h
N
H

74% 84%

NO, NO,

(O - O
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Cry-2
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O D—Me O V—co,Me N  OMe A
N N
H H

OMe
A\

N
B

N\

TS1 (-76.5 kcal/mol) TS2 (-69.5 kcal/mol)

68% [81%]

Figure 43. Selective C3-arylation of 2-substituted indoles. *! 4-Todonitrobenzene and 2 mol% PPh, were used.
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affording the C3-arylindoles in

5-CN and 2-

the corresponding C2-ary-

it is worth

B ” YR free (NH)-indoles,
r [Pd(NH,)"/NaY /e good to high yields (Figure 45). Some limitations ap-
m (1 mol%) — peared with strongly deactivating groups (i.e., 4-bro-
K,CO, (3.0 equiv.) N monitrobenzene), N-methylindole and indoles bearing
dioxane, reflux, R electron-withdrawing groups (i.e.,
(1.1 equiv.) 24-48h ” CO,Et).
While such a catalytic system comprising Pd(OAc),,
OMe cl R,NX and K,CO; known as Jeffery conditions,'*! was
O applied here for the first time to the selective C3-ary-
O O lation of indoles, we wish to point out that it has al-
A\ ready been described in the literature for the direct
O N H O Ny O \_— arylation of the thiophene scaffold.!"*!4-143]
H H H
70% 40% 75% 4.2 Rhodium-Catalysed Procedures
NO- cl In 2006, Itami and co-workers developed the use of a
O O rhodium complex bearing the strongly m-accepting
O ligand P[OCH(CF;),]5."* While very effective with
O N\ electron-rich five-membered heterocycles such as
O N Me N Ph O N pp thiophene and furan (i.e.,
” H N lated compounds were obtained in good yields), this
H protocol led to a poor 2.4/1 C3/C2 regioselectivity
80% 62% 85% when N-methylindole was employed;

Figure 44. Heterogeneously palladium-catalysed selective noting that N-phenylpyrrole was selectively arylated

C3-arylation of free (NH)-indoles with bromoarenes.

at the C3 position.
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Figure 45. Direct palladium-catalysed C3-arylation of free (NH)-indoles with aryl bromides.
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4.3 Copper-Catalysed Procedures

In 1988, Barton and co-workers reported the first
copper-catalysed C3-phenylation of indoles with tri-
phenylbismuth(V) bis-trifluoroacetate under very
mild conditions [indole (1.0 mmol), Ph;Bi(TFA),
(1.0 equiv.), Cu(0) (1 mol%) for indole or Cu(OAc),
(10 mol%) for 2-methylindole or Cu(TFA),
(10 mol%) for N-methyl-2-methylindole, CH,Cl,,
room temperature, 1-24 h.] (Figure 46)." The role of
the copper catalyst is not clear since arylation of
(NH)-indole occurs even in the absence of Cu(0) to
afford 3-phenylindole in a moderate 41% isolated
yield. A slightly improved yield (i.e., 50%) was ach-
ieved by adding 1 mol% of this undefined catalyst.
However, when reacting 2-methylindole or N-methyl-
2-methylindole, the need for 10 mol% Cu(OAc), or
Cu(TFA), appeared, giving the corresponding C3-
phenylindoles in excellent yields.

Recently, Gaunt and co-workers described a
copper-catalysed direct and site-selective arylation of
indoles!"”! with aryliodonium salts depending on the
nature of the nitrogen protecting group. It was found
that N-methylindole and even (NH)-indole deriva-
tives underwent a clean C3-arylation at room temper-
ature with the catalytic system Cu(OTf),/dtbpy (while
N-acetylindoles afforded the C2 analogues under sim-
ilar conditions). This cross-coupling process was toler-
ant with various substituted indoles, bearing either
electron-donating or electron-withdrawing groups,
when the symmetrical [Ph—I-Ph]X salt was used
[Figure 47, Eq. (9)]. The authors also developed the
use of unsymmetrical iodonium salts of the general
formula [TRIP—I-Ar]OTf, the more sterically bulky
2.,4,6-triisopropylphenyl (TRIP) group allowing the
exclusive transfer of the desired aryl group (Ar).
Under such conditions, high selectivities (up to 20/1
C3/C2) and good yields of the target C3-arylindoles
were achieved with either electron-deficient, electron-
rich, sterically hindered or heterocyclic aryl moieties
[Figure 47, Eq. (10)]. It is noteworthy that aryl sub-
strates bearing C—Br or even C—I bonds were not af-
fected by this copper-catalysed arylation. However,
despite the efficiency of this site-selective arylation,
the optimisation study is quite surprising regarding 1)

o O O
Cy O G-

H \
Me Me

50% 96% 94%

Figure 46. Selective copper-catalysed C3-phenylation of in-
doles.
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the use of 1 mol% Cu(OAc), is sufficient to achieve a
57% vyield; 2) although the use of dtbpy (2,6-di-tert-
butylpyridine) prevented indole dimerisation, the con-
version (i.e., 14%) and the C3/C2 selectivity were
dramatically lower; 3) a comparable 57% yield was
obtained by increasing the catalytic amount to
10 mol% while dtbpy was used; 4) replacing Cu-
(OAc), by Cu(OTY), slightly improved the yield to
72% and allowed a better selectivity. For all these
reasons, the optimisation study is inconsistent given
that Cu(OTTf), has not been evaluated as a single cata-
lyst without the use of dtbpy.

4.4 Oxidative Couplings

Recently, Fagnou and co-workers described the use of
a Pd(IT)/Cu(Il) catalytic system for the selective C3
oxidative cross-coupling of N-acetylindoles with
arenes.'""! The optimal catalytic reactivity was
achieved with Pd(TFA), in combination with catalytic
quantities of 3-nitropyridine and CsOPiv, superior
turnover numbers and reproducibility being associat-
ed with the use of these two additives. Under such
conditions, a broad range of substituted indoles and
arenes gave the desired C3-arylindoles with good C3/
C2 regioselectivities (up to 11.2/1) and moderate to
high yields (Figure 48). However, despite the scope of
this successful and highly challenging chemistry, this
procedure still does not represent a competitive alter-
native to the direct Heck-type coupling of free (NH)-
indoles with regard to the complex and drastic reac-
tion conditions (i.e., high catalyst loading, excess of a
copper oxidant, additives, microwave heating) as well
as the need for an indolic nitrogen protecting group
and the use of symmetrical arenes.

S. Mechanisms
5.1 N1-Arylation

Whether or not the Nl-arylation is performed with
copper- or palladium-based catalysts, mechanisms
have been reported in the literature and are today
generally accepted.

Initially, the first mechanistic consideration for the
copper-catalysed procedure was described by Barton
and co-workers who suggested that the copper salts
formed in situ an indolyl copper(I1l) species.*™™ Cris-
tau and co-workers studied in detail the possible
mechanisms of the Nl-arylation of indoles catalysed
by copper oxide.” Based on their experience, the au-
thors support the formation of copper(I1l) species re-
sulting from an oxidative addition of the aryl halides
at the metal centre. The mechanism involves three el-
ementary steps: (i) oxidative addition of the aryl
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Figure 47. Cu(II)-catalysed C3-arylation of indoles with aryliodonium salts. (a) BF, salt at 60°C; (b) 25 mol% Cu(OTf),.

halide to copper(l) generating a transient copper(III)
species, (ii) nucleophilic substitution of copper-bound
halide by the indole anion, and (iii) reductive elimina-
tion of the coupling product regenerating the active
copper(I) species (Figure 49, a). What is not really
clear is to know if the nucleophilic substitution takes
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place before the oxidative addition step. This mecha-
nism is today generally accepted, and most of the au-
thors consider that the oxidative addition takes place
before the nucleophilic substitution as both the reac-
tivity of the aryl halides and the ligand effects in this
reaction are better explained thus. This mechanism
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Figure 48. Oxidative site-selective C3-arylation of N-acetylindoles with arenes. ! Conventional heating in a Schlenk tube
due to significant amounts of hydrodechlorination under microwave heating. ) 20 mol% Pd(TFA),. ) 10 mol% Pd(acac),

under conventional heating.

supports very well the results reported when using
heterogeneous catalysts that could run similarly to
palladium cross-coupling reactions through dissolved
copper species. Additionally, it accounts also for the
stoichiometric N1-arylation of indoles involving phe-
nylboronic acids.'"*’!

Recent investigations from Liu and co-workers in-
dicate that the nucleophilic substitution is the first
step in the reaction, based on quantum chemical cal-
culations at the B3LYP/LANL2DZ level as long as
imidazoles are considered.’® However, the results of
the calculation did not give the order of the elementa-
ry steps but only that the two intermediates consid-
ered in this mechanism may exist since the authors
have not evaluated the other possibility.

Mechanistically, the palladium-catalysed N1-aryla-
tion of indole is similar to the copper-catalysed one.
The generally accepted mechanism is related to the
Buchwald-Hartwig amination of aryl halides for
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which intensive studies have been reported and re-
viewed in recent papers.”>**!* It involves (i) the for-
mation of palladium catalytically active species che-
lated by donor ligands from the precatalyst, (ii) the
oxidative addition of the aryl halide on the Pd(0)
centre leading to the formation of Pd(II) species, (iii)
the indole binding to the metallic centre, (iv) the de-
protonation of the chelated amine by the base fol-
lowed by the halide abstraction generating a palladi-
um-amido complex, and (v) the reductive elimination
of coupling products regenerating the active Pd(0)
species (Figure 49, b).

5.2 C2- and C3-Arylation through Palladium-
Catalysed Cross-Coupling

Both Pd(0)/Pd(II) and Pd(II)/Pd(IV) catalytic cycles
have been proposed for the C2/C3-arylation of in-
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doles; however no clear insights have been reported
for the latter that is mainly based on related C—H ary-
lations in presence of silver salts in acetic or trifluoro-
acetic acid at high reaction temperatures. Alternative-
ly, Larrossa and co-workers suggested that under such
conditions (silver salts, polar solvent like DMF) the
palladium-catalysed C2/C3-arylation of indoles in-
volves cationic Pd(II) species issued from the abstrac-
tion of the halide from the metal centre in the pres-
ence of silver salts or silver oxide after the oxidative
addition step; these species being thus more reactive
towards the coordination of the indole ring than the
corresponding neutral complexes allowing one to per-
form the reaction at room temperature.'?’)

Nevertheless, the main outcomes concern the
Pd(0)/Pd(II) catalytic cycle that was mainly investigat-
ed by Sames and co-workers.*?) Except for a few re-
ports that explain the selective C3-arylation through a
“pure” SyAr mechanism, three mechanisms allow ra-
tionalisation of the results reported in the literature
(Figure 50): (i) the electrophilic metallation/migration,
(ii) the non-electrophilic metallation, and (iii) the car-
bometallation that is very similar to the Heck reac-
tion

Although direct palladation of the indole ring via
o-bond metathesis has been reported,'* it generally
requires strong directing groups in order to explain
the C2/C3 selectivity and did not account for all re-
sults reported. Likewise, the Heck-type mechanism,
while feasible and often suggested, can be discarded
as it implies an anti-deshydrogenation (i.e., anti-p-hy-
dride elimination) step that is not conventional (i.e.,
the Heck mechanism involves a syn-f-hydride elimi-
nation step) and as it was never supported by experi-
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mental observations. Alternatively, a Heck-type
mechanism in which an isomerisation to afford an in-
termediate allowing the syn-f-hydride elimination
step could also be considered; however while known
with other transition metals (i.e., Pt, Ru) such reac-
tion pathways have never been observed with palladi-
um.

As a consequence, the electrophilic metallation/mi-
gration appears to be the most reasonable mechanism
that explains both the reactivities and the selectivities
observed. This mechanism is based on the well estab-
lished direct electrophilic substitution at the C3-posi-
tion of the indole ring and implies a 1,2-migration
(i.e., C3—C2 migration) of the palladium centre.
Based on previous results related to the rhodium-cat-
alysed C2-arylation of indoles,™") Sames and co-work-
ers investigated this hypothesis in depth for the reac-
tion of indole with iodobenzene catalysed by
Pd(OAc),. After determining the reaction rate for
each partner as zero order for iodobenzene and first
order for both indole and the catalyst, the authors
performed Kkinetic isotope experiments. Both 3- and 2-
deutero-N-methylindoles were used in these kinetic
experiments giving KIE values of, respectively, 1.6
and 1.2. These rather surprising values encouraged
the authors to perform competitive studies using N-
methyl- and N-ethylindole derivatives under the reac-
tion conditions used for the arylation of indoles.
While different from the kinetic experiments, this
method confirms the presence and the magnitude of
the KIE. Additionally, the authors investigated the
substitution effect on the reaction rate (Hammet plot)
for 6-substituted N-methylindoles. A good relation-
ship between the ¢°; values and the rate constants
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Figure 50. Different plausible reaction pathways (mechanisms) leading either to C2- or C3-arylated indoles. The most rea-

sonable mechanism is outlined.

was observed for almost all evaluated substrates
giving a negative p value (—0.71) in agreement with a
positive charge at the C3 position of the indole ring.
All these experiments (i.e., KIE, competitive studies
and Hammet plot) support the electrophilic substitu-
tion mechanism followed (eventually) by a C3—C2
palladium migration, the driving force for the latter
being related to the stabilisation of the carbon-palla-
dium bond by the adjacent nitrogen atom. Both the
electrophilic substitution at C3 and/or the C3—C2
palladium migration are considered as the limiting
steps of the catalytic cycle; the relative rates account-
ing for the C2/C3 selectivity. Additional experiments
support such an interpretation as the use of both a
bulky protecting group at the N1-position and bulky
phosphine ligands tends to favour the C3-arylation.

5.3 C2- and C3-Arylation through Oxidative Cross-
Coupling

Arylation of indoles by unactivated aromatic com-
pounds (i.e., benzene, xylenes, anisoles, etc. and
penta-substituted aromatics) was reported by few
groups. This rather recent research area emerged in
2007 and there are significantly less reported results
in the literature to help give clear insights. Therefore,
all attempted mechanistic explanations, based on few
observations, still remain in the range of hypotheses.
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Initially, one of the first mechanistic accounts was
reported by Fagnou and co-workers.'”!*!l Using a cat-
alytic system made from (palladium trifluoroacetate/
3-nitropyridine/cesium pivalate) in presence of copper
acetate as oxidant, the authors obtained high conver-
sions with high selectivities towards the C3-arylated
indoles. Using low palladium loading (i.e., 2 mol%)
increased further the selectivity (i.e., 96% for the ary-
lation of N-acetylindole with benzene). Developing
further the catalytic system, the authors discovered
that they could manage the C2/C3-selectivity. Replac-
ing the Cu(OAc), by AgOAc produced an inversion
of the selectivity towards the C2-arylated compound
(i.e., 90%). Caesium acetate used as additive gave
very similar results. The authors ruled out the metal-
lation of the indole nucleus by either the Cu(II) spe-
cies or the Ag(I) species as no reaction was observed
with the corresponding salt used alone. However, the
authors suggested that the key of the selectivity is
either due to the formation of [Pd/Cu] clusters to-
wards the C3-arylated compounds, or due to the for-
mation of monomeric palladium species as the acetate
anion introduced as a silver or caesium salt could
induce the cleavage of higher order palladium clusters
favouring thus the C2-arylation.

Recently, DeBoef and co-workers reported similar
observations."” While the use of Cu(OAc), favours
the C3-arylation of indoles, the use of AgOAc fav-
oured strongly the C2-arylation. Similarly to Fagnou,
these authors proposed that the oxidant-controlled se-
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Figure 51. C2- versus C3-arylation of indoles by oxidative coupling reaction catalysed by palladium complexes.

lectivity resulted from the formation of poly-
(hetero)metallic catalytically active species like [Pd/
Cu] or [Pd/Ag] clusters (Figure 51). Attempting to
support such explanation by KIE, the authors noted
that it was significantly different for both oxidising
agents, therefore they concluded that the oxidant is
not only present in the metallation of indole step but
also in the proton abstraction step as well.

As a comment, it is noteworthy that the catalytic
cycle presented by DeBoef is very similar to the elec-
trophilic mechanism reported by Sames and co-work-
ers (see above). The conclusion applied by Sames to
rationalise the C2/C3-selectivity through a palladium
migration could be applied here as well. Indeed, the
initial step of the reaction could be the activation of
the aromatic compound followed by intramolecular
deprotonation to give in fine a [Pd(II)Ar(OAc)(L),]
complex able to coordinate the indole nucleus leading
to electrophilic substitution mechanism with possible
C3—C2 palladium migration. At this stage of the in-
vestigations reported in the literature we cannot
decide upon the “most reasonable” mechanism that
can account for the results observed.

6 Concluding Remarks

The development of new catalytic systems for the
direct N—H or C—H arylation of the indole core has
grown considerably over the last 10 years.

Following their studies on the amination of aryl hal-
ides, Buchwald and Hartwig revisited the old Ullmann
and Goldberg copper-based procedures affording effi-
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cient and complementary Cu- and Pd-catalysed solu-
tions for the N1-arylation of indoles. Except for a few
developments mainly related to modification of the li-
gands, we can consider that this area is today mature.
Therefore, these valuable tools are of great interest
for both academic and industrial chemists.

On the other hand, the C—H arylation of indole re-
mained undeveloped for a long time despite the pio-
neering works of Ohta in the middle of the 1980s. At
the beginning of the 2000s, following the considerable
developments on C—H activation, the catalytic and
site-selective C2 and C3 arylations experienced new
developments mainly under the impule of Sames. Re-
cently, studies have focussed on the development of
milder, phosphine-free and room temperature direct
C—H activations, conditions achieved by varying the
nature of the coupling partners (from iodonium salts
to boronic acids) and additives. Lately, Fagnou rein-
troduced the Pd-catalysed oxidative arene cross-cou-
pling as an alternative to the classical Heck-type cou-
plings, avoiding thus the use of stoichiometric activat-
ing groups. In this context, the next “generation” of
catalytic systems will probably be related to the dis-
covery of fully catalytic procedures avoiding the use
of stoichiometric transition metal salts as oxidants
similarly to procedures reported for the alkenylation
of indoles.["*1%3]

Under the light of these 20 years of improvements,
we believe that the future of catalytic procedures for
the selective arylation of indoles, and more generally
heterocycles, will be greatly related to the discovery
of industrially attractive heterogeneous catalysts al-
lowing the use of economic aryl chlorides and even
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unactivated arenes. In our opinion, this area is still in
its infancy and we hope that this review will stimulate
further work.
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