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ABSTRACT: [Cp*RhCl2]2 is the most prevailing catalyst
employed for rhodium-catalyzed chelation-assisted C−H/
C−H cross-coupling reactions due to the special ligand effect
of Cp*. In this article, a novel concept of using a simple
inorganic rhodium salt, RhCl3·3H2O, as the catalyst by taking
advantage of in situ π-coordination to Rh with a (hetero)-
aromatic reaction component to stabilize Rh intermediates is
proposed and evaluated. Our studies not only prove the
feasibility of this concept but also disclose a novel 2-fold
C−H/C−H cross-coupling reaction of N-(hetero)-
arylimidazolium salts with various (hetero)arenes to access water-soluble, fluorescent, cationic, and planar polycyclic
heteroaromatic molecules, in which RhCl3·3H2O outperforms [Cp*RhCl2]2. Mechanistic experiments and DFT calculations
reveal that this successive quadruple C−H activation reaction consists of two different C−H activation modes, i.e., concerted
metalation−deprotonation (CMD) and oxidative addition. Notably, this is the first report of a C−H bond activation via
oxidative addition to RhI in a bi(hetero)aryl formation with hydrogen evolution. Finally, the different ligand electrochemical
parameters of neutral (hetero)arenes and anionic Cp* are used to explain the different catalytic behaviors of RhCl3·3H2O and
[Cp*RhCl2]2.

■ INTRODUCTION

Over the past decades, transition-metal-catalyzed C−C bond
formation reactions via C−H bond activation have met
tremendous development.1 Direct C−H/C−H cross-coupling
of two (hetero)arenes to build bi(hetero)aryl scaffolds is
generally considered as an ideal and more step-/atom-
economic strategy over the traditional cross-coupling reactions
using organometallic reagents and/or organo(pseudo)halides.2

In this context, Cp*-coordinated RhIII complexes ([Cp*RhIII],
e.g., [Cp*RhCl2]2, Cp* = 1,2,3,4,5-pentamethylcyclopenta-
dienyl) have shown great power in chelation-assisted C−H/
C−H cross-coupling reactions due to their high efficiency,
selectivity, and functional group tolerance (Scheme 1a).3,4 The
Cp* ligand is believed to be necessary not only to stabilize
organorhodium intermediates via π-coordination but also to
facilitate reductive elimination to yield coupling products due
to its steric hindrance.3,5 [Cp*RhCl2]2 is generally prepared
from the coordination reaction of RhCl3·3H2O with excess
1,2,3,4,5-pentamethylcyclopentadiene in methanol under an
inert atmosphere,6 and now is also a commercially available
reagent.

Due to the aforementioned reasons, the Rh source to
produce [Cp*RhCl2]2, a simple inorganic salt, RhCl3·3H2O is
seldom considered as a catalyst.7 An easily neglected and rarely
noticed fact is that neutral (hetero)arenes are also capable of π-
coordinating to Rh,8 although their coordination is weaker
than that of anionic Cp*. We envisaged that whether RhCl3·
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Scheme 1. Strategies for the Chelation-Assisted C−H/C−H
Cross-Couplings Using [Cp*RhIII] and [RhCl3]
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3H2O could be employed directly as the catalyst instead of
[Cp*RhIII] complexes for chelation-assisted C−H/C−H cross-
coupling reactions considering that (hetero)arenes could not
only serve as a reaction component but also in situ π-
coordinate to Rh in the reaction flask to play a similar role to
Cp* ligand (Scheme 1b).
For Rh-catalyzed chelation-assisted C−H/C−H cross-

coupling reactions, the majority of C−H bond activation
occurs on RhIII via a base-assisted concerted metalation−de-
protonation (CMD) mechanism.9 Nevertheless, C−H bond
activation via oxidative addition to RhI has never been
disclosed in any C−H/C−H cross-coupling reaction to
synthesize bi(hetero)aryls.10 In this article, we would like to
present the feasibility of our proposed in situ π-coordination
strategy for simple RhCl3·3H2O-catalyzed C−H/C−H cross-
coupling reactions, which leads to the discovery of a novel 2-
fold C−H/C−H cross-coupling reaction of N-(hetero)-
arylimidazolium salts with various (hetero)arenes to access
polycyclic heteroaromatic molecules. The mechanistic experi-
ments as well as DFT calculations support the proposed
strategy and reveal for the first time the C−H bond activation
via oxidative addition to RhI for a C−H/C−H bi(hetero)aryl
formation with hydrogen evolution.

■ RESULTS AND DISCUSSION
Proof of Concept. To validate the hypothesis, we

tentatively subjected three representative substrates, benzalde-
hyde O-methyl oxime11 (S1), N-(2-methoxyphenyl)-
pivalamide12 (S2), and 1-(pyrimidin-2-yl)-1H-indole13 (S3)
to cross-coupling with benzofuran (2a) by utilizing RhCl3·
3H2O as the catalyst (Scheme 2). Trifluoroacetic acid (TFAH)

was added intentionally to enhance the π-coordination of 2a
toward rhodium.14 The desired products were delightfully
obtained, albeit in slightly lower yields than those in the
corresponding [Cp*RhCl2]2-catalyzed reactions.
Surprisingly, when 3-methyl-1-phenyl-1H-imidazol-3-ium

iodide (1a) was used as the substrate, the RhCl3·3H2O-
catalyzed reaction afforded a 2-fold C−H/C−H cross-coupling
product 3aa in 78% yield (eq 1). Apparently, 3aa was formed

by an N-heterocylic carbene (NHC)-directed cascade inter/
intramolecular cross-coupling reaction. However, under the
catalysis of [Cp*RhCl2]2, 3aa was obtained in a lower yield of
55% inevitably with a small amount of 3-fold C−H/C−H
cross-coupling product 4aa (10%) as a byproduct. The
structures of 3aa and 4aa were confirmed by 1H, 13C, and
19F nuclear magnetic resonance (NMR) spectroscopy and
high-resolution mass spectrometry (HRMS).
This reaction provides the first example of a direct 2-fold

C−H/C−H cross-coupling reaction to build a polycyclic
heteroaromatic molecule via quadruple C−H activation.15 It
also combines the first NHC-directed intermolecular C−H/
C−H cross-coupling16 and the first intramolecular C2-
heteroarylation of an imidazolium salt with a heteroarene.17

Most importantly, it demonstrates that the simple inorganic
rhodium salt, RhCl3·3H2O, can outperform the prevailing
[Cp*RhCl2]2 in a C−H/C−H cross-coupling reaction with
even better selectivity.
Other reaction parameters were also investigated (Tables

S1−5). Besides RhCl3·3H2O and [Cp*RhCl2]2, other rhodium
complexes such as Cp*Rh(OAc)2 and RhCl(PPh3)3 were also
workable but gave lower yields. Other transition metal catalysts
(e.g., Ru, Pd, Co, and Ir) were inactive. Among the oxidants
tested, only copper-based oxidants were compatible, and
Cu(OAc)2·H2O was the best. TFAH is so critical that the
reaction almost completely ceased with other acidic or basic
additives. Moreover, the yield of 3aa steeply decreased with
variation of the reaction temperature. Among the solvents
tested, the reaction only proceeded in benzenoid solvents, and
toluene provided the highest yield. These results indicated that
π-coordinated rhodium intermediates might be in situ
generated with benzofuran and/or benzenoid solvents as we
proposed (Scheme 1b). We further envisioned that if
benzofuran was employed as both a reactant and the solvent
then the organorhodium intermediates would also be
effectively stabilized by benzofuran to facilitate the coupling
reaction to occur. As anticipated, when the reaction was
performed in benzofuran for 10 h, 3aa was obtained in 67%
yield, which is lower than that obtained with toluene as the
solvent.18 Finally, the optimal conditions were set to 5 mol %
RhCl3·3H2O, 2 equiv of Cu(OAc)2·H2O, and 2 equiv of
TFAH in toluene at 140 °C for 24 h, and 3aa was obtained in
78% yield.
To support the feasibility of the in situ π-coordination of

(hetero)arenes, DFT calculations were performed to compute
the structures and energetics of some possible reaction
intermediates (Chart 1). First, benzene was chosen as a
representative example of (hetero)arenes (it was also used as a
solvent, see Table S5, entry 6). DFT calculations indicated that
benzene generates 18-electron intermediate A1 in a manner
similar to that of its counterpart A* with anionic Cp* ligand.16a

Benzofuran favors η6-coordination (A2) to RhIII over the η5-
one (A3) by 7.4 kcal/mol.19 In addition, the π-coordination
energy of benzofuran in A2 (−30.3 kcal/mol) is between those
of benzene in A1 (−28.3 kcal/mol) and toluene in A4 (−33.3
kcal/mol). Among rhodium−benzene complexes A1−D1 with
different anionic ligands (I−, Cl−, OAc−, and TFA−,
respectively), trifluoroacetate D1 possesses the strongest π-
coordination, confirming that the TFA− could enhance the π-
coordination of (hetero)arenes toward RhIII.14 Finally, the
feasibility of the in situ π-coordination of (hetero)arenes to
RhIII was further supported by the similar metal−benzene
coordination energies of B1 (−30.6 kcal/mol) and its

Scheme 2. Comparison of Cross-Couplings of S1−3 with 2a
Catalyzed by [Cp*RhCl2]2 and RhCl3·3H2O
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isoelectronic RuII counterpart Ru1 (−33.7 kcal/mol), which is
a model complex of the fully characterized [(p-cymene)RuII]
complexes.20

In order to capture the possible Rh intermediates, the
reactions of 1a and 2a in the presence of a stoichiometric
amount of RhCl3·3H2O and 2 equiv of TFAH were conducted
at both room temperature and 140 °C for 2 h. However, no Rh
complex could be isolated for characterization. Fortunately, the
MALDI−TOF−MS analysis of the mixture of the standard
reaction for 2 h showed a peak at m/z = 490.996 (Figure 1),

which matched the structure of proposed Rh intermediate D2
(calcd mass: 491.008). Also noted is that no similar Rh
intermediate could be captured in the absence of TFAH,
indicating its crucial role in stabilizing the Rh intermediates.14

These experimental results suggest that complex D2 could
possibly be one of the actual Rh intermediates in this reaction.
However, the participation of a similar toluene π-coordinated
Rh intermediate (D4) could not be completely ruled out at the
current stage.
Substrate Scope. The reaction scope with respect to N-

(hetero)arylimidazolium salts was explored under the optimal
conditions (Scheme 3). Various functional groups at the o/m/
p-positions of the phenyl ring such as methyl, methoxy, acetyl,
dimethylamino, and ester groups were well-tolerated, and the
corresponding products were isolated in moderate to excellent
yields (3aa−3ia). Chloro-substituted product 3ja could be

obtained in 58% yield, while significant debromination was
observed for a bromo-substituted substrate. The bulky 1-
naphthyl substituent led to a lower yield of 58% (3ka). When
2-naphthyl substrate 1l was used, the coupling occurred at the
3-position to give 3la in 70% yield. Besides the methyl group,
imidazolium salts with other N-alkyl substituents could also be
successfully fused (3ma−3oa). Notably, this protocol was also
applicable to heteroarylimidazolium salts. N-(2-Benzothio-
phenyl) and N-(3-benzothiophenyl) benzimidazolium salts
furnished the corresponding cationic propellers 3qa and 3ra in
46 and 41% yields, respectively.
As depicted in Scheme 4, a variety of heteroarenes including

benzothiophene (2b), N-methylindole (2c), N-methylpyrrole
(2d), 2-methylfuran (2e), and thiophenes (2f−m) were all
suitable substrates. Alkoxy, ester, and amino groups were well-
tolerated. It is noted that the regioselectivity for the NHC-
directed C−H/C−H cross-couplings of the phenyl ring with
heteroarenes occurred commonly at the C2-positions of furan,
thiophenes, and pyrrole and at the C3-position of indole
(3ab−3am).2d Although the reaction using toluene (2n) as
both the reactant and solvent only afforded a trace amount of
3an at higher temperature of 150 °C, the reactions employing
o-xylene (2o) and o-dimethoxybenzene (2p) provided
corresponding products 3ao and 3ap in 14 and 48% yields,
respectively. It should be noted that the in situ π-coordinated
RhIII intermediate with 2p was also captured by the
MALDI−TOF−MS analysis (Figure S1).
Polycyclic heteroaromatic products 3 feature a planar and

cationic triheteroarylene core with fluorescence in water, which
could be applied as DNA intercalators.21 Moreover, the
corresponding neutral molecules could be obtained by the
dealkylation of 3. For example, debenzylation of 3oa with
pyridine furnished 5oa in 83% yield (eq 2), and demethylation
product 5ao was generated from the reaction of 3ao with
tributylphosphine in 60% yield (eq 3).

Chart 1. Computed Gibbs Energies for π-Coordination of
(Hetero)arenesa

aComputed at the M06-D3/def2-TZVPP//M06/def2-SVP level in
the gas phase. Reported in kcal/mol.

Figure 1. MALDI−TOF−MS analysis of a possible Rh intermediate
D2 obtained from the reaction of 1a and 2a under the optimal
conditions for 2 h.

Scheme 3. Scope of Imidazolium Saltsa,b

aReaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), RhCl3·3H2O (5
mol %), Cu(OAc)2·H2O (2.0 equiv), and TFAH (2.0 equiv) in
toluene (1.0 mL) at 140 °C for 24 h under N2.

bIsolated yield.
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Mechanistic Studies. At first glance, the reaction seems
like a 2-fold C−H/C−H cross-coupling via two successive
typical RhIII−RhI−RhIII cycles (Figure 2, cycle I). On the basis
of previous reports,9,16 the first two C−H activations of 1a
plausibly occur via CMD to form RhIII intermediates A−D.
The C2−H activation of 2a then takes place on the RhIII

center, leading to intermediate E. Reductive elimination of E
accomplishes the first C−C bond formation and forms a RhI

species F, which is then oxidized by the CuII salt to generate
RhIII species G. The subsequent CMD of the C3−H bond of
the benzofuranyl moiety followed by reductive elimination
results in the second C−C bond formation, affording final
product 3aa and releases a RhI species, which is oxidized by the
CuII salt to regenerate the RhIII catalyst. To judge this
mechanism, imidazolium salt 6aa was synthesized22 and
treated under the optimal conditions (in the absence of 2a).
However, expected product 3aa could only be detected in a
trace amount (eq 4), ruling out this pathway.
Another possible pathway involves the C3−H bond

activation of the benzofuranyl group in F via direct oxidative
addition to RhI, leading to a RhIII intermediate I (Figure 2,

cycle II). To verify this hypothesis, DFT calculations were
performed on the reaction of simplified model intermediate D1
with 2a (Figure 3).23,24 The reaction begins with the formation
of 18-electron RhIII intermediate COM1 (benzene and 2a are
η1- and η2-coordinated, respectively), which undergoes the C2
metalation of 2a via 16-electron CMD transition state TS1
(benzene and 2a are η2- and η1-coordinated, respectively).25

Resulting intermediate E1 accomplishes the first C−C bond
formation via reductive elimination transition state TS2,
generating 18-electron RhI intermediate F1. Then, F1
undergoes an oxidative addition to form a RhIII−H complex
I1 via TS3 with an activation Gibbs energy of 26.1 kcal/mol.
Subsequently, the second C−C bond formation occurs via
reductive elimination transition state TS4 with an overall
activation Gibbs energy of 31.9 kcal/mol (from F1 to TS4),
generating 3aa−RhI−H complex J1. Finally, the reaction of J1
with TFAH releases product 3aa, hydrogen gas, and a
RhI−benzene complex, which is then oxidized by the CuII

salt to regenerate the RhIII catalyst. It is noteworthy that the
transformation of F1 into J1 is endergonic and thus requires to
be combined with an exergonic hydrogen evolution process to
complete the catalytic cycle, which is the reason why a strong
acidic environment is necessary for this reaction (Table S3 and
eqs S5−S8).
According to these computational results, the intramolecular

C−H/C−H coupling of 6aa might produce 3aa with hydrogen
evolution under the catalysis of a RhI catalyst in the absence of
any oxidant (Figure 3, dashed). To our delight, 3aa was
isolated in 33% yield by employing RhCl(PPh3)3 as the catalyst
(eq 5). Hydrogen gas was also detected by GC in a large-scale
reaction (see the Supporting Information). To the best of our
knowledge, this transformation represents the first example of
bi(hetero)aryl formation via a RhI-catalyzed C−H/C−H cross-
coupling reaction with hydrogen evolution.

Ligand Effect on the Selectivity. To rationalize the
different catalytic behaviors of [Cp*RhCl2]2 and RhCl3·3H2O
in this C−H/C−H cross-coupling reaction (eq 1), we
conducted a series of control experiments. First, the reaction
of 3aa with 2a under rhodium catalysis did not lead to the
formation of the 3-fold C−H/C−H cross-coupling product
4aa, while 3aa was fully recovered (eq 6):This result precluded
the possibility of an abnormal N-heterocylic carbene (aNHC)-
directed C−H/C−H cross-coupling after 3aa was for-
med.16b−d

Furthermore, the stoichiometric experiments of the
[Cp*RhIII] complex A* with 2a provided 4aa only in the
presence of Cu(OAc)2·H2O (eq 7), indicating that its

Scheme 4. Scope of (Hetero)arenesa,b

aReaction conditions: 1a (0.2 mmol), 2 (0.4 mmol), RhCl3·3H2O (5
mol %), Cu(OAc)2·H2O (2.0 equiv), and TFAH (2.0 equiv) in
toluene (1.0 mL) at 140 °C for 24 h under N2.

bIsolated yield. c2 (0.6
mmol). d2 (1.0 mL as solvent) at 150 °C.
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formation might originate from oxidation of RhI intermediate
F* by the CuII salt (Scheme 5). A reasonable explanation is
that a portion of F* was oxidized by the CuII salt into RhIII

intermediate G*. Then, G* underwent an NHC-directed ortho
C−H bond activation on the phenyl ring to generate K*,
which was then transformed into 4aa via a similar pathway

from D1 to 3aa as depicted in Figure 3 (see also Figure S4).
When RhCl3·3H2O was employed as the catalyst, however, the
transformation of F into I via oxidative addition completely
suppressed the oxidation of F into G by the CuII salt, providing
3aa as the only product without 4aa.
The blocked pathway of the oxidation of F with the CuII salt

probably stems from the lower oxidizability of (hetero)arene-
coordinated Rh complex F than its Cp* counterpart F*. The
much larger Lever’s ligand electrochemical parameters (ELs)

26

of neutral (hetero)arenes than anionic Cp* (e.g., EL(benzene)
= +1.86 V, EL(Cp*) = ca. 0 V) indicate the higher oxidation
potential of F than F*. It is also in line with the frontier
molecular orbital (FMO) analysis that the HOMO energy of
F1 (−9.0 eV) is lower than that of F* (−4.3 eV).

Figure 2. Possible reaction mechanisms. Ligands are not fully shown in some intermediates for clarity. X = I, Cl, OAc, TFA.

Figure 3. Gibbs energy profile for the two successive C−C bond formations. Computed at the SMD(toluene)/M06-D3/def2-TZVPP//M06/def2-
SVP level.
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Although G might not be generated by the oxidation of F
with the CuII salt, direct C−H bond activation of 6aa by
RhCl3·3H2O should be viable taking the 2-benzofuranyl group
solely as an intact substituent. As anticipated, the reaction of
6aa with 5-methoxybenzofuran (2q) provided the correspond-
ing 2-fold C−H/C−H cross-coupling product 4aq in 52%
yield (eq 8). This is in support of the proposed mechanism
shown in Scheme 5.

■ CONCLUSIONS
An in situ π-coordination strategy is proposed and evaluated
for C−H/C−H cross-coupling reactions using a simple
inorganic salt, RhCl3·3H2O, as the catalyst instead of the
prevailing [Cp*RhCl2]2. It is not only proven to be feasible for
several selected C−H/C−H cross-coupling reactions but also
leads to the discovery of a novel 2-fold C−H/C−H cross-
coupling reaction of N-(hetero)arylimidazolium salts with
(hetero)arenes via quadruple C−H bond activation. This
reaction has a broad substrate scope and delivers various
cationic polycyclic heteroaromatic molecules, which can also
be easily transformed into neutral ones. The interesting
photophysical properties as well as applications of these
water-soluble, fluorescent, cationic, and planar triheteroarylene
analogues are currently under investigation in our laboratory.
Mechanistic experiments and DFT calculations reveal that
(hetero)arenes in situ η6-coordinated to RhIII to stabilize the
organorhodium intermediates in this reaction in a similar
manner to [Cp*RhIII] complexes as we proposed. More
interestingly, the first C−H/C−H cross-coupling goes through
a typical RhIII−RhI process, while the second one undergoes an
unprecedented RhI−RhIII−RhI cycle with hydrogen evolution.
The crucial role of TFAH is not only to facilitate in situ π-
coordination of (hetero)arenes to RhIII but also to react with
the Rh−H species to complete the catalytic cycle. Moreover,
the different catalytic behaviors of RhCl3·3H2O and

[Cp*RhCl2]2 are attributed to the ligand effect on the redox
properties of the reaction intermediates. We envision that this
in situ π-coordination strategy would also be applicable to
reactions catalyzed by other metals (such as Ir and Co) having
structurally similar Cp* complexes.

■ EXPERIMENTAL SECTION
Procedure for the RhCl3·3H2O-Catalzyed Reaction of 1a

with 2a. A flame-dried Schlenk test tube with a magnetic stirring bar
was charged with 3-methyl-1-phenyl-1H-imidazol-3-ium iodide (1a)
(57.2 mg, 0.2 mmol), benzofuran (2a) (44.1 μL, 0.4 mmol), RhCl3·
3H2O (2.6 mg, 0.01 mmol), Cu(OAc)2·H2O (79.9 mg, 0.4 mmol),
TFAH (29.7 μL, 0.4 mmol), and toluene (1.0 mL) under a N2
atmosphere. The reaction mixture was stirred for 5 min at room
temperature and then heated at 140 °C for 24 h. The reaction
solution was cooled down to ambient temperature, diluted with 10
mL of CH2Cl2, filtered through a Celite pad, and washed with 10−20
mL of CH2Cl2. The combined organic extracts were then
concentrated, and the resulting residue was purified by column
chromatography on silica gel with CH2Cl2/MeOH (v/v, 20/1) to
provide 60.2 mg of 3aa as a white solid in 78% yield. Mp 218−220
°C. 1H NMR (400 MHz, DMSO-d6) δ = 4.58 (s, 3H), 7.56 (t, J = 8.0
Hz, 1H), 7.67 (t, J = 8.4 Hz, 1H), 7.89 (t, J = 7.6 Hz, 1H), 7.93 (d, J =
8.4 Hz, 1H), 8.04 (t, J = 8.8 Hz, 1H), 8.36 (d, J = 2.4 Hz, 1H), 8.40
(d, J = 9.2 Hz, 1H), 8.44 (d, J = 8.0 Hz, 1H), 8.70 (d, J = 8.8 Hz, 1H),
9.19 (d, J = 2.4 Hz, 1H) ppm. 13C NMR (100 MHz, DMSO-d6) δ =
38.2, 104.2, 112.8, 113.5, 114.5, 117.4, 120.2, 122.9, 123.5, 125.4,
126.2, 128.4, 128.6, 130.6, 132.4, 136.8, 153.6, 155.3 ppm. 19F NMR
(376 MHz, DMSO-d6) δ = −73.55 ppm. HRMS (ESI+) calcd for
C18H13N2O

+ [M − CF3COO
−]+ 273.1022, found 273.1019.

Computational Methods. DFT calculations were performed
with Gaussian 09.27 Pruned integration grids with 99 radial shells and
590 angular points per shell were used. Geometry optimizations of the
stationary points were carried out at the M0628/def2-SVP29 level
without any constrains. Unscaled harmonic frequency calculations at
the same level were performed to validate each structure as either a
minimum or a transition state and to evaluate its zero-point energy
and thermal corrections at 298 K. Quasiharmonic corrections were
applied during the entropy calculations by setting all positive
frequencies that are less than 100 cm−1 to 100 cm−1.30 On the
basis of the optimized structures, single-point energies were computed
at the M06-D3/def2-TZVPP level.28,29,31 Gibbs energies of solvation
in toluene were obtained at the same level using the SMD solvation
model.32 All discussed energy differences were based on Gibbs
energies at 298 K unless otherwise specified. Standard states for gases
and solutes in toluene solution are the hypothetical states at 1 atm and
1 mol/L, respectively. Orbital energies were computed at the M06/
def2-SVP level.
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