
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

10
:5

8:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Dual C–H activa
Department of Chemistry, College of Ch

University, Guangzhou, 511443, China. E-m

† Electronic supplementary informa
10.1039/d1ra01779a

‡ Contributed equally to this work.

Cite this: RSC Adv., 2021, 11, 13030

Received 6th March 2021
Accepted 26th March 2021

DOI: 10.1039/d1ra01779a

rsc.li/rsc-advances

13030 | RSC Adv., 2021, 11, 13030–13
tion: Rh(III)-catalyzed cascade p-
extended annulation of 2-arylindole with
benzoquinone†

Qijing Zhang,‡ Qianrong Li‡ and Chengming Wang *

A rhodium-catalyzed, N–H free indole directed cyclization reaction of benzoquinone via a dual C–H

activation strategy is disclosed. This protocol has a good functional group tolerance and affords useful

indole-fused heterocylces. Besides, it is insensitive to moisture, commercially available solvent can be

directly used and work quite well for this transformation.
Fig. 1 Selected examples of bioactive molecules containing the
benzoquinone moiety.
Quinones are widely distributed in nature, and commonly occur
in bacteria, owering plants and arthropods (Fig. 1). They have
a wide range of applications, including diverse important
pharmacological properties, involvement in redox reactions and
development for advanced electrochemical energy storage.1

Among varied reported quinones, benzoquinone (BQ) is the
simplest andmost important one. It has been well reported that
BQ has a signicant and unique role in oxidative palladium(II)-
catalyzed coupling reactions.2 The chemistry of benzoquinone
has been extensively explored in detail, including nucleophilic
addition and cycloaddition reactions, photochemistry and
oxidative coupling.1b,c,2 Although great achievements have been
obtained, only a few examples are disclosed about BQ as
a reactant applying to transition-metal catalyzed C–H functio-
nalization.1e Among the examples reported, cyclization or BQ
direct functionalization products were mainly afforded (Scheme
1a).

Transition-metal catalyzed C–H functionalization has
undergone great progresses in the past two decades.3 In order to
get a better reactivity and controlled selectivity, a directing
group is usually needed for this process. Therefore, various
directing groups have been developed.4 However, many of them
(e.g. various nitrogen-containing heterocycles) remained parts
of products aer reaction, therefore increasing the procedures
and difficulty for structure further modication and manipu-
lation.5 As a result, it is highly demanded to explore traceless or
easily removable directing groups.6 In this context, N–H free
indole moiety has gradually emerged as a versatile functiona-
lizable directing group in transition-metal catalyzed cyclization
reaction.7
emistry and Materials Science, Jinan
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tion (ESI) available. See DOI:

033
On the other hand, although the above-mentioned great
breakthrough obtained in C–H functionalization, there are few
examples reported for dual C–H activation reactions.8 During
our research program exploring transition-metal catalysis and
heterocyclic synthesis,9 we intended to prepare the indole-
Scheme 1 Transition-metal catalyzed C–H functionalization of BQ.
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Table 2 Substrates scopea

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

10
:5

8:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
containing heterocycles based on the consideration of their
potential biological activity. Herein, we report a rhodium-
catalyzed N–H free indole directed annulation reaction with
BQ through dual C–H activation strategy (Scheme 1b).

Our initial study was carried out by examining 2-phenyl
indole 1a and benzoquinone 2a in the presence of [{Cp*RhCl2}2]
and Cu(OAc)2$H2O in commercial available N,N-dime-
thylformamide under argon atmosphere. To our delight, the
desired 9H-dibenzo[a,c]carbazol-3-ol product 3a was isolated in
55% yield (Table 1, entry 1). Further investigation showed the
reaction did not occur in the absence of copper additive (Table
1, entry 2). DMF appears to be the best solvent for this trans-
formation, other solvents such as DMAc, DMSO and t-Amyl-OH
did not participate in this transformation (Table 1, entry 4–6)
[{Cp*RhCl2}2] proved to be crucial to this reaction, other cata-
lysts only gave trace product (Table 1, entry 3, 7–9). Several other
additives were tested, all of them shut down this transformation
(Table 1, 10–12). The optimized conditions were eventually
identied as (Table 1, entry 13): 1.5 equiv. 2-phenyl indole, 1.0
equiv. BQ, 5 mol% [{Cp*RhCl2}2], 2 equiv. NaOAc, and 2.1 equiv.
Cu(OAc)2$H2O.

With the optimized conditions in hand, we next tend to
examine the substrates scope of this reaction. Various 2-aryl
indoles with electron-rich substituted groups were tested and
worked well for this reaction (Table 2, 3b–g); in some cases, the
reaction temperature could even be lowered to 60 �C. Halogens
did not interfere with this transition-metal catalyzed process,
affording the desired products smoothly (Table 2, 3h–k, 3p–r).
Substrates with strong electron-withdrawing groups (3l, 3n),
such as nitro-, triuoromethyl, also proceeded regularly in this
transformation. Interestingly, substrate containing other
Table 1 Conditions optimizationaa

Entry Solvent Catalyst Additive Yield

1 DMF [Cp*RhCl2]2 Cu(OAc)2$H2O 55%
2 DMF [Cp*RhCl2]2 — <5%
3 DMF — Cu(OAc)2$H2O —
4 t-Amyl-OH [Cp*RhCl2]2 Cu(OAc)2$H2O —
5 DMAc [Cp*RhCl2]2 Cu(OAc)2$H2O <5%
6 DMSO [Cp*RhCl2]2 Cu(OAc)2$H2O Trace
7 DMF [RuCl2(p-cymene)]2 Cu(OAc)2$H2O —
8 DMF Pd(OAc)2 Cu(OAc)2$H2O —
9 DMF RhCl(PPh3)3 Cu(OAc)2$H2O <5%
10 DMF [Cp*RhCl2]2 AgOAc —
11 DMF [Cp*RhCl2]2 Ag2O —
12 DMF [Cp*RhCl2]2 Cu(acac)2 Trace
13bb,cc DMF/DCE [Cp*RhCl2]2 Cu(OAc)2$H2O 84%

a Reaction on a 0.2 mmol scale, using 1a (1.0 equiv.), 2a (1.0 equiv.),
additive (2.0 equiv.), CsOAc (2.0 equiv.), [TM] (5 mol%), solvent (1.0
mL), under N2, isolated yield. b 1a (1.5 equiv.), solvent (0.3 M).
c NaOAc was used instead of CsOAc.

a Condition A: 2-aryl indole (1.5 equiv.), BQ (1.0 equiv.), [Rh] (5 mol%),
Cu(OAc)2$H2O (2.1 equiv.), NaOAc (2.0 equiv.), DMF/DCE(1.5 mL, 2 : 1),
100 �C. b Condiiton B: 2-aryl indole (1.0 equiv.), BQ (2.0 equiv.), [Rh]
(5 mol%), Cu(OAc)2$H2O (2.1 equiv.), NaOAc (2.0 equiv.), DMF/
DCE(1.5 mL, 2 : 1), 60 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
directing group such as amide group could also produce the
related product 3n in 64% yield, with quite excellent regiose-
lectivity.10 Finally, an interesting S, N-fused heterocycle 3m was
obtained when 2-thienyl indole was employed. Other derivatives
of benzoquinone such as 1,4-naphthaquinone or methyl-p-
benzoquinone currently failed to produce the related cyclization
products with proper yields.

In addition, this method allows quick access to a number of
functional heterocycles (Scheme 2).7g,11 For example, the
hydroxyl group can be easily removed to afford 9H-dibenzo[a,c]
carbazole 4a which can be further converted into organic elec-
troluminescent element 5a via reported methods.11
RSC Adv., 2021, 11, 13030–13033 | 13031
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Scheme 2 Diversity of the product.

Scheme 3 Proposed mechanism.
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Finally, we proposed a mechanism for this transformation
(Scheme 3) based on reported literatures.7,9a–c,12 First,
[{Cp*RhCl2}2] dissociates and delivers the active catalyst
monomer [Cp*Rh(OAc)2] with the assistance of copper acetate
and sodium acetate.9a–c C–H activation of 2-phenyl indole by
Rh(III) produces rhodacyclic intermediate A,7 followed by
insertion of benzoquinone affording intermediate B, which can
be transformed into C via two folds protonation and fullls the
catalytic cycle. The nal product 3a can be easily accessed via
intramolecular condensation of C.7g

In conclusion, we have developed a Rh(III)-catalyzed traceless
directed dual C–H activation of 2-aryl indole and annulation
with benzoquinone affording indole-fused heterocycles. The
protocol is applicable to a wide range of indole derivatives,
affording related products in middle to good yields. Further
exploration of the synthetic utilities of this chemistry and
detailed mechanistic study are currently in progress in our lab
and will be reported in due course.
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