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A highly efficient Rh(III)-catalyzed direct C–H arylation of indoles with aryl boronic acids under mild con-
ditions has been developed. The methodology features wide substrate scope and excellent functional
group compatibility (34 examples, up to 99% yield). The arylated products can also be conveniently trans-
formed into biologically active polycyclic indole derivatives.
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Arylated indoles and their derivatives are common structural
motifs in a series of natural products, pharmaceuticals, and biolog-
ically active compounds.1 Therefore, enormous efforts have been
devoted to the construction of arylated indole scaffolds over last
several decades.2 The majority has always been based on the tradi-
tional cross-coupling reaction, which requires preactivation of
both aryl coupling partners.3 Recently, transition-metal-catalyzed
C–H activation has emerged as one of the most powerful tools
for functionalization of indoles and other bioactive heterocycles
due to its step- and atom-economical features.4 In this context,
various coupling species had been employed in the field of direct
C–H arylation of indoles.5 Pioneering works on C–H arylation of
indoles using aryl halides have been reported by Sames’ and
Larrosa’s groups, respectively (Scheme 1a).6 Shortly after, Sanford
reported on the direct C–H arylation of indoles with hypervalent
iodine reagents via a Pd(II)/(IV) catalytic cycle in the presence of
HOAc (Scheme 1b).7 Shi and Zhang also independently disclosed
that both aryl boronic acids and arylsiloxanes proved to be good
coupling partners in the oxidative arylation of indoles under acidic
conditions (Scheme 1c).8 Despite significant advances, there are
still some limitations with these methods, such as the use of high
catalyst loading, acidic medium, long reaction time, or lower effi-
ciency. Therefore, it is still highly desirable to develop more
efficient methods for regioselective direct C–H arylation of indoles
under mild conditions.

The last several years have witnessed remarkable progress in
the selective activation of C2–H bond of indoles through installa-
tion of removable directing groups at the N1-position of indoles.9,10

For instance, Ackermann had documented the first example of
direct C–H arylation of indoles using the readily installable and
removable pyrimidyl group (Scheme 1d).11 Quite recently, Xu
and Loh developed an elegant Rh(III)-catalyzed C–H arylation of
N-pyrimidyl indoles with arylsilanes in aqueous media
(Scheme 1e).12 Compared with arylhalides and organosilicon, aryl
boronic acids have several unique advantages, including nontoxic-
ity, high stability, environmental benignity, and readily availabil-
ity.13 Very recently, Cui and co-workers had achieved
carboxamide group-assisted coupling of indoles and aryl boronic
acids using Rh(III)/Cu(II) catalytic system.14 Encouraged by these
excellent works, herein, we developed a Rh(III)-catalyzed highly
efficient and regioselective C–H arylation of indoles with aryl-
boronic acids under mild conditions.

At the outset of our study, we examined the C–H arylation of N-
pyrimidyl indole 1a with phenylboronic acid 2a using the
[RhCp*Cl2]2 in MeOH at 60 �C (Table 1). Fortunately, the product
3a was isolated in moderate yield in the presence of Ag2O or
Cu(OAc)2 as the oxidant. Much to our delight, the yield was drasti-
cally increased to 91% when we change the oxidant to AgOAc
(Table 1, entry 3). Encouraged by this result, a variety of silver salts
had been tested in this catalytic system. Gratifyingly, the yield was
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Scheme 1. Direct C–H arylation of indoles.
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Substrate scope of C–H arylationa,b
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R = 5-Me, 99%, 3da
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R = 5-Cl, 99%, 3ga
R = 5-Br, 98%, 3ha
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R = 5-NO2, 63%, 3ja
R = 6-Me, 99%, 3ka
R = 6-F, 98%, 3la
R = 6-Br, 97%, 3ma
R = 7-Me, 95%, 3na

MeO2C

a Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), [RhCp*Cl2]2 (1.0 mol %),
AgOOCCF3 (0.8 mmol) and MeOH (1.0 mL), 60 �C, 4–6 h under Ar.

b Isolated yields.
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further improved to 98% and the reaction time could be shortened
to 6 h when AgOOCCF3 was used in this C–H arylation process
(Table 1, entry 5). It was worthy to note that high reaction activity
could be also maintained even at lower reaction temperature
(Table 1, entry 8). Next, a survey of the reaction media revealed
that protic solvents such as EtOH and i-PrOH were effective reac-
tion medium. Other solvents, such as toluene, CH3CN or DMF were
almost ineffective for this transformation (Table 1, entries 12–16).
The control experiment confirmed that the transformation did not
occur in the absence of the catalyst.

With the optimal conditions in hand, we subsequently investi-
gated its scope in the C2-selective arylation of diverse N-pyrimidyl
indoles. As shown in Table 2, N-pyrimidyl indoles containing elec-
tron-donating and electron-withdrawing groups from C3 to C7
position proceeded smoothly to give the desired products in good
to excellent yields in short reaction time. A number of alkyl and
alkyoxyl substituents (3ba, 3da–3fa, 3ka, and 3na) can be incorpo-
rated on the indole ring at various positions without significant
Table 1
Optimization of reaction conditions

N

N
N

+
N

N
N

B(OH)2

1a 2a 3aa

[RhCp*Cl2]2
Oxidant
Solvent, T

Entrya Oxidant Temp (�C) Solvent t (h) Yield (%)b

1 Ag2O 60 MeOH 24 55
2 Cu(OAc)2 60 MeOH 24 53
3 AgOAc 60 MeOH 24 91
4 Ag2CO3 60 MeOH 24 59
5c AgOOCCF3 60 MeOH 6 98(98)
6 AgBF4 60 MeOH 24 23
7 AgSO3CF3 60 MeOH 24 18
8 AgOOCCF3 40 MeOH 24 94
9 AgOOCCF3 25 MeOH 24 55
10 AgOOCCF3 60 EtOH 24 95
11 AgOOCCF3 60 i-PrOH 24 72
12 AgOOCCF3 60 t-BuOH 24 10
13 AgOOCCF3 60 THF 24 21
14 AgOOCCF3 60 Toluene 24 5
15 AgOOCCF3 60 CH3CN 24 8
16 AgOOCCF3 60 DMF 24 14
17d AgOOCCF3 60 MeOH 24 —

a Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), [RhCp*Cl2]2 (1.0 mol %),
oxidant (0.8 mmol) and solvent (1.0 mL) under Ar.

b Isolated yields.
c Yield in parentheses without any particular precautions to extrude oxygen or

moisture.
d Without catalyst.
loss in reaction efficiency. The reaction showed good functional
group compatibility. The reaction of indoles with electron-with-
drawing groups, such as a fluoro, chloro, bromo, cyano, and ester
groups, worked efficiently and generated the corresponding prod-
ucts 3la, 3ga, 3ha, 3ma, 3ia, and 3ca in excellent yields. These
functional groups could be used for further functionalization and
applications in organic synthesis. Tolerance to strongly electron-
deficient NO2-group, which was less explored in C–H functionliza-
tion of indole core, was especially noteworthy since it was a useful
functional handle for further amination. Perhaps more impor-
tantly, substituents at the C3- and C7-position of indole (3oa,
3pa, and 3na) not only demonstrate that steric interactions were
well tolerated, but also excellent regioselectivity was observed in
our catalytic system. Besides the pyrimidine group, substrate with
pyridine as a directing group also worked well with 94% yield
(3ra). Importantly, this protocol could also be successfully applied
to pyrrole substrate to provide 90% yield of the corresponding pro-
duct 3sa.

Encouraged by those excellent results, the scope of the C–H ary-
lation reaction was further extended to different functionalized
arylboronic acids (Table 3). A large variety of arylboronic acids
bearing electron-donating (Me, OMe, t-Bu, and OCF3) and elec-
tron-withdrawing (CF3, CN, CO2Me, Cl, and F,) groups proceeded
efficiently to produce the arylated products (3ab–3al) in excellent
yields. These results clearly indicated that there was no obvious
correlation between the yield and the electronic effect of the sub-
stituent. Particularly, substrate with a strongly electron-withdraw-
ing NO2-group could also successfully participate in this catalytic
transformation, affording the corresponding product (3am) with
97% yield. Notably, the acetyl group on the aryl ring was compati-
ble in this catalytic process and the desired product 3ai was
obtained in a nearly quantitative yield. The current catalytic sys-
tem was not restricted to the use of monosubstituted substrate,
but also allowed for different disubstituted arylboronic acids
(3an–3ao). Additionally, the thiopheneboronic acid was also found
to be a good coupling-partner (3ap).

In order to gain an understanding of more details on the reac-
tion, the competition experiments between different substituted
indoles indicated that electron-rich indole 1e was preferentially
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Scheme 2. Intermolecular competition experiment.

(2)

N

N
N

+
N

N
N

B(OH)2
1a 0.2 mmol

0.4 mmol KH/KD = 1:1
N

N
N

1a-d 0.2 mmol

D

H

[RhCp*Cl2]2 1 mol%
CF3COOAg 4.0 eq.

MeOH, 60 oC, 1 h

Scheme 3. Kinetic isotope effect.

Cp*RhX2

N

N
N
RhCp*X2

N

N
N

RhCP*X

N

N
N

Rh
Cp*

Cp*Rh(I)

1aAg(I)

Ag(0)

Ph

B(OH)2

N

N
N

Ph

B

C

D

1/2 [CP*RhCl2]2
AgOOCCF3

AgCl

HX

A

3aa

N

N
N

Scheme 4. Proposed mechanism.

N

N
N
+

N

N
N

B(OH)2

1a
5.5 mmol, 1.074 g

2a 3aa
96% yield

[RhCp*Cl2]2 1 mol%
CF3COOAg 4.0 eq.

MeOH, 60 oC

Scheme 5. Gram-scale experiment.

N

N
N N

H

Ph
Ph N

PhPh
4aa 99% yield 5aa 95% yield

(1) NaOEt, DMSO, 110 oC, 2 h
(2) Diphenylacetylene, [RhCp*Cl2]2, Cu(OAc)2.H2O
Na2CO3, o-Xylene, Ar, 100 oC

(1) (2)

3aa

Scheme 6. Synthesis of polycyclic indoles.
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converted, suggesting they were better substrates than electron-
poor indoles (Scheme 2).

Intermolecular kinetic isotope effect was readily achieved
through a competition experiment between N-pyrimidyl indole
1a and its deuterated analogue 1a-d (H/D = 1) (Scheme 3). It was
observed that the reaction did not exhibit kinetic isotope effect
(kH/kD = 1.0), which may imply that the C–H bond cleavage at the
C2 position of indole was not involved in the rate-determining step
in the overall catalytic process.
Based on the above preliminary results and precedent reports, a
plausible mechanism is proposed in Scheme 4.13 The Rh complex
would be activated by AgOOCCF3 to generate the electrophilic
cationic complex A. Then, coordination of the pyrimidyl group of
indole 1a and the subsequent regioselective C–H activation provide
the rhodacycle species C. Subsequently, The five-membered rhoda-
cycle C reacts with boronic acid to afford the new Rh(III) interme-
diate D, reductive elimination gives the final product 3aa and Rh(I)
species, which is oxidized to regenerate Rh(III) to complete the cat-
alytic cycle.

To demonstrate the synthetic potential of this methodology, the
C–H arylation of N-pyrimidyl indoles 1a was performed on a gram
scale under the optimized conditions without a significant
decrease in the product yield (Scheme 5).

In addition, we removed the pyrimidyl group in compound 3aa
according to the reported method to afford N-free phenylindole in
excellent yields.10 Then, oxidative coupling N-free phenylindole
4aa with alkynes using Miura’s method provided the polycyclic
indole derivative 5aa, which has been well documented as the
privileged core structural motif in many bioactive alkaloids and
pharmaceuticals (Scheme 6).15

In summary, we have developed a highly efficient Rh(III)-cat-
alyzed direct C–H arylation of indole with arylboronic acids under
mild conditions. A wide range of functionalized substrates were
suitable for this reaction, furnishing the corresponding products
with excellent yields and regioselectivity. A plausible reaction
mechanism was proposed based on several competition and
kinetic isotope experiments. Moreover, the method may find appli-
cations in the synthesis of polycyclic indole derivatives.
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