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ABSTRACT: We report a Rh(III)-catalyzed ortho-C−H bond
functionalization of nitroarenes with 1,2-diarylalkynes and
carboxylic anhydrides. The reaction unpredictably affords 3,3-
disubstituted oxindoles with the formal reduction of the nitro
group under redox-neutral conditions. Besides good functional
group tolerance, this transformation allows the preparation of
oxindoles with a quaternary carbon stereocenter using nonsym-
metrical 1,2-diarylalkynes. This protocol is facilitated by the use of
a functionalized cyclopentadienyl (CpTMP*)Rh(III) [CpTMP* = 1-
(3,4,5-trimethoxyphenyl)-2,3,4,5-tetramethylcyclopentadienyl] cat-
alyst we developed, which combines an electron-rich character
with an elliptical shape. Mechanistic investigations, including the
isolation of three rhodacyle intermediates and extensive density
functional theory calculations, indicate that the reaction proceeds through nitrosoarene intermediates via a cascade of C−H bond
activationO-atom transfer[1,2]-aryl shiftdeoxygenationN-acylation.

■ INTRODUCTION

Nitrogen-containing heterocycles are essential to life science
since they are abundant in nature and exist as subunits in
several natural products and more than half of the prescribed
drugs contain an N-heterocycle backbone.1 Moreover, they
have also found diverse applications in materials sciences.2
Therefore, their formations, manipulations, and diversifications
represent a significant stake for chemical companies, and the
discovery of novel synthetic approaches fulfilling modern
reaction ideals of green chemistry is still an important
challenge, especially starting from low-functionalized materials.
Since the pioneer studies by Fagnou on the Rh(III)-catalyzed
C−H bond annulation of acetanilides with alkynes for the
synthesis of indoles,3 several N-directed C−H bond annulation
protocols have been developed for straightforward access to N-
heterocycles.4 However, the conditions often required a
stochiometric amount of the oxidant. An external oxidant-
free alternative consists of merging C−H bond functionaliza-
tion with O-atom transfer (OAT)proving that the directing
group holds an N−O bondthen, the resulting intermediate
can undergo rearrangements to roll N-heterocycles in a one-
pot cascade process (Figure 1A). This strategy was initially
reported by Li and co-workers using quinoline-N-oxides, albeit
the reaction stopped after the OAT (Figure 1B).5 Shortly later,
the Cp*Rh(III)-catalyzed one-pot cascade of C−H bond
functionalizationOATrearrangement was implemented to

prepare indolyl scaffolds from arylnitroles (Figure 1C),6

indoles from arylnitroles (Figure 1D),7 or amine-N-oxides
(Figure 1E)..8 Although the high efficiency of these methods
for the direct synthesis of N-heterocycles, all require the
preinstallation of the oxidizing directing group (N−O bond)
using hazardous reagents.9

Nitroarenes constitute abundant feedstocks of N-containing
molecules as they are readily prepared by the nitration of
arenes.10 Despite a few examples of C−H bond functionaliza-
tions of nitroarenes,11 the NO2 group has never been
considered as a suitable oxidizing directing group to develop
redox-neutral coupling reactions yet. Therefore, we plan to use
nitroarenes in the Cp*Rh(III)-catalyzed one-pot cascade of
C−H bond functionalizationOATrearrangement(s) (Fig-
ure 1F). The advantage of this approach is to employ naturally
occurring NO2 as an oxidizing directing group. Moreover, the
OAT should deliver nitrosoarene intermediates, which are very
reactive and undergo unpredictable rearrangements toward N-
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heterocycles.12 In contrast to previous methods to generate
nitrosoarenes which employ reductants, our strategy is redox-
neutral. This cascade approach led us to discover a novel
synthesis of oxindoles. In retrospect to the realization of this
unpredictable endeavor, we also optimized the catalyst design,
investigated the scope of the reaction, and thoughtfully studied
the reaction mechanism.

■ RESULTS AND DISCUSSION

Reaction Development. We began our studies on Rh-
catalyzed C−H bond activation by reacting nitrobenzene with
diphenylacetylene in the presence of [Cp*RhCl2]2 in 1,2-
dichloroethane at 120 °C. Surprisingly, we observed the
unexpected formation of oxindole 1 in 41% yield that was
formed upon ortho-C−H bond annulation of nitrobenzene via
a multistep reaction: twofold reduction of NO2, migration of
alkyne phenyl group, and N-acylation (Table 1, entry 1). The
structure of 1 was secured by X-ray analysis. This class of
oxindoles containing an α-carbonyl quaternary center was
widely recognized as valuable synthetic intermediates, forming
the core of numerous natural products and drugs, often
requiring several consecutive reactions.13 A solvent screen
revealed 1,2-dichloroethane to be essential for the reaction
outcomes, whereas most of the common additives employed in
C−H bond functionalization had deleterious effects and did
not suppress or decrease the oligomerization of alkyne as the
side reaction.14 Following the seminal contributions of Rovis
and co-workers,15 Shibata and Tanaka,16 and Cramer and co-
workers17 on the modification of Cp ligands to improve the
selectivity and performance in Rh(III) catalysis in other
reactions, we decided to evaluate an array of [CpRRhCl2]2
catalyst precursors (Table 1). Electron-deficient [CpERhCl2]2
was inactive for this transformation (Table 1, entry 2).18 The
Rh(III) complex surrounded by the CpiPr* ligand, having a
similar disc shape and electronic nature than Cp*,15 gave the
desired product 1 in a similar yield (Table 1, entry 3). We next
prepared a set of Rh(III) complexes holding C5Me4-Ar ligands
exhibiting an elliptical shape. The presence of substituents at
the para position on the aryl group affects the redox potentials
predictably, decreasing in the order of [CF3 (−1.21), H
(−1.24), and OMe (−1.25)], which is consistent with an
increase in electron density of the rhodium center. Increasing
the electron density of the Cp ring resulted in an improvement
of the yields [CpTFT*Rh (10%) < CpPh*Rh (25%) < CpMP*Rh

(55%)] (Table 1, entries 4−6). Subsequently, we prepared two
novel [C5Me4-ArRhCl2]2 complexes with Ar = 3,4-dimethox-
yphenyl (DMP) and 3,4,5-trimethoxyphenyl (TMP). Incorpo-

Figure 1. N-Heterocycle synthesis by Rh(III)-catalyzed C−H bond activation, alkyne insertion, OAT, and rearrangements.

Table 1. Optimization: Nature of the Cp-Liganda

entry [CpRRhCl2]2 conv. (%)b yield 1 (%)b

1 [Cp*RhCl2]2 100 41c

2 [CpERhCl2]2 0 0c

3 [CpiPr*RhCl2]2 100 42c

4 [CpTFT*RhCl2]2 67 10c

5 [CpPh*RhCl2]2 100 25c

6 [CpMP*RhCl2]2 100 55c

7 [CpDMP*RhCl2]2 100 64c

8 [CpTMP*RhCl2]2 100 79 (72%)c

9 0 0c

10d [CpTMP*RhCl2]2 100 45c

a[CpRRhCl2]2 (3 mol %), AgSbF6 (12 mol %), nitrobenzene (5
mmol), diphenylacetylene (0.5 mmol), and acetic anhydride (2
mmol) in 1,2-dichloroethane (2 mL) at 120 °C. bDetermined by gas
chromatography (GC)-analysis using n-dodecane as the internal
standard, conversion is based on diphenylacetylene consumption;
isolated yield is shown in parentheses. cAlkyne-oligomers are observed
as side products by GC−mass spectrometry (MS) analysis.
dNitrobenzene (2.5 mmol).
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rating additional methoxy substituents affects the electronic
nature slightly, but their multiplication leads to a bulkier
system. Both complexes displayed higher reactivity, and the
best result was obtained with [CpTMP*RhCl2]2, allowing the
formation of 1 in 72% isolated yield (Table 1, entries 7 and 8).
No reaction occurred without the Rh(III) catalyst (Entry 9).
Similar to the C−H bond arylation of nitroarenes,11a the use of
a large excess of nitrobenzene (10 equivalents) is required
(Entry 10), but most of the nitrobenzene (70−85%) can be
recovered by distillation after the reaction.
Scope of the Reaction. With the optimized conditions in

hand using [CpTMP*RhCl2]2, the scope of nitroarene, alkyne,
and carboxylic anhydride partners was evaluated. We first
subjected 12 different nitroarenes, adorned with various
functional groups with different substitution patterns, to this
C−H bond alkenylation − OAT − [1,2]-aryl shift −
deoxygenationN-acylation.cascade reaction (Scheme 1A).
Halides (i.e., F, Cl, Br, I) at the para-position of the nitro
group were well tolerated and delivered the corresponding
products in good to moderate yields (2−5). Para- or meta-
nitrotoluene reacted to afford oxindoles 6 and 7 in 48 and 58%
yield, respectively; while ortho-nitrotoluene did not react (9).
The reaction was regioselective with meta-substituted nitro-
arenes (R = Me or Ph), affording the products resulting from
activating the less hindered C6−H bond (7, 8). From 5
equivalents of methyl 2-methyl-5-nitrobenzoate, the corre-
sponding oxindole 10 was isolated in 64% yield. From
disubstituted nitroarenes at para and meta-positions, the
corresponding products were obtained in good yields as single

regioisomers (11, 12). Interestingly, when the meta substituent
is an F atom, the reaction occurs at its adjacent C−H bond
(12). The electronically enhanced ortho-to-fluorine selectivity
is a common feature observed in C−H bond functionalizations
involving a concerted metalation-deprotonation (CMD)
mechanism.19 Reaction with 3,4,5-trifluoronitrobenzene gave
an excellent yield (13). Propionic, valeric, and isovaleric
anhydrides gave the corresponding products in good yields
(14−16) (Scheme 1B). The use of AcOH instead of Ac2O
affords the NH-free oxindole 17 in 45% yield. A broad range of
1,2-diaryl alkynes was readily converted to the corresponding
oxindole products in modest to good yields (Scheme 1C). The
reaction conditions were compatible with a variety of
functional groups at the para-position, such as bromo (18,
19), chloro (20), fluoro (21), trifluoromethyl (22), and alkyl
(23, 24). The reaction outcomes were not affected by the
substitution patterns of the aryl group as a fluorine-atom at the
meta-position (25, 26) or a chlorine-atom at the ortho-position
(27) were well tolerated. It should be noted that the [1,2]-aryl
shift took place with complete retention of the regioselectivity
of the migrated aryl group. We next explored this trans-
formation with 1,2-diaryl alkynes containing two different aryl
groups to form oxindoles with an α-carbonyl quaternary
stereogenic center (Scheme 1D). Again, the reaction tolerated
a wide range of functional groups such as F, Cl, I, CO2Et, Me,
and OMe affording the oxindoles 28−33 in 50−65% yields.
However, no reaction occurred with dialkyl alkynes or alkyl
aryl alkynes, as we have observed the both starting materials.

Scheme 1. Scope of the Rh(III)-Catalyzed C−H Bond Activation with Migrations of Nitroarenesa

aNitroarene (5 mmol), diarylacetylene (0.5 mmol), and carboxylic anhydride (2 mmol), [CpTMP*RhCl2]2 (3 mol %), AgSbF6 (12 mol %), 1,2-
dichloroethane (2 mL) at 120 °C, 16 h. bNitroarene (2.5 mmol). cUsing AcOH instead of Ac2O.
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This lack of reactivity might be due to a change of an aryl
group by an alkyl group that prevents the [1,2]-aryl shift step.
Postfunctionalizations. In addition, to further illustrate

the synthetic value of this novel reaction, we investigated the
reduction of amide groups (Scheme 2). In the presence of

LiAlH4, the selective reduction of the acetyl group was
observed, affording the indolin-2-one 17 in 97% yield, while
compound 1 was fully reduced using borane−tetrahydrofuran
to deliver 34 in 80% yield. These 3,3-disubstituted indolines
which are architectures embedded in many complex alkaloids
or key building blocksare now easy to prepare from
nitrobenzene in only two steps, where formerly multistep
synthesis was necessary.20 Due to the strongly electron-
withdrawing nature of the nitro group, the main limitation of
our novel cascade reaction is incompatibility with electron-
poor nitroarenes because of an unfavorable C−H bond
activation.11 To improve the diversity of structures accessible
through this methodology, we performed several postfunction-
alizations of iodo-substituted oxindoles. First, a formyl group
was introduced through Rh(III)-catalyzed hydroformylation,
affording oxindole 35 in 75% yield. Pd-catalyzed cyanation
with Zn(CN)2 as a coupling reagent allowed to prepare 5-
nitrile-substituted oxindole 36 in 70% yield. Finally, we also
succeeded in preparing alkynyl-substituted oxindole 37
through the Pd/Cu-catalyzed Sonogashira reaction with
phenylacetylene in 85% yield.
Experimental Mechanistic Investigations. In order to

get insight into this unpredictable reaction, mechanistic
experiments were conducted (Figure 2).21 Significant kinetic
isotope effects (KIE 3.5 or 2.6) with both [CpTMP*RhCl2]2
and [Cp*RhCl2] support that the C−H bond cleavage
corresponds to the turnover determining step of the catalytic
cycle (Figure 2A). Next, we decided to map the reaction by
capturing potential rhodacycles and studying their reactivity
(Figure 2B). Our attempts to isolate a cyclometalated Rh(III)
intermediate from a stoichiometric reaction between nitro-
benzene and [CpTMP*RhCl2]2 in the presence or absence of
AgSbF6 and acetate sources failed. However, cyclometalated
Rh(III) 38a has been prepared by transmetalation from 2-
nitrophenylmercurial.22 The reaction between 38a and 1-
diphenylacetylene with AgSbF6 in 1,2-dichloroethane at room
temperature (RT) afforded Rh(III) η3-benzyl complex 39a.
This 18e− complex 39a was fully characterized by nuclear

magnetic resonance (NMR) spectroscopy, mainly, the
exchange η3-benzyl unit was observed by nuclear Overhauser
effect spectroscopy experiments.14 This intermediate 39a
results from the alkyne insertion into Rh−C bond followed
by OAT. We tried to get some crystal for X-ray analysis, but
39a spontaneously evolved into 40. We, therefore, repeated the
experiments with [Cp*RhCl2]2. Successfully, the Rh(III) η3-
benzyl complex 39b was obtained as single crystals and
analyzed by X-ray experiments, demonstrating that OAT has
proceeded to give the formal hydration of alkyne among with
coordinated nitrosobenzene. When this reaction was con-
ducted at 80 °C, Rh(III) complex 40 was isolated by
crystallization in good yield and was fully characterized,
including by X-ray structure. This intermediate 40 is formed
via the N−Rh bond insertion into the carbonyl group followed
by a migration of the phenyl ring at the meso-position of the
nitrobenzene ring. Finally, the reaction from 38a or 40 in the
presence of Ac2O at 120 °C furnished the desired product 1.
Combining with the detection of 2-chloroacetaldehyde by GC-
analysis, these results suggest that the second N−O bond
cleavage occurred through O-alkylation with 1,2-dichloro-
ethane followed by a hydride-shift (Scheme S11 and Figures
S24−26).23 In addition, it should be mentioned that all
isolated Rh(III)-complexes (38a, 39a, and 40) catalyze the
reaction indicating they are intermediates of the reaction
(Table S5).14

Theoretical Mechanistic Investigations. The experi-
mental investigations outlined above have elucidated the
overall features of the reaction mechanism; however,
mechanistic details remained unclear, specifically the following:
(1) what is the energy barrier for formal C−H activation, (2)
how does OAT take place, and (3) how to regenerate the

Scheme 2. Access to Molecular Diversity through
Postfunctionalizations

Figure 2. Determination of the mechanism. (a) Hydrogen atoms and
SbF6 are omitted for clarity. Thermal ellipsoids are at the 50%
probability level. [CpTMP*Rh+] = [CpTMP*Rh+](SbF6), [Cp*Rh+] =
[Cp*Rh+](SbF6).
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active catalyst. To address these questions, a computational
investigation of the reaction was undertaken at the PBE0-D3/
def2-TZVPP-SMD(1,2-dichloroethane)//B3LYP-D3/def2-
SVP-SMD(1,2-dichloroethane) level of theory.24 The reaction
between nitrobenzene and diphenylacetylene in the presence
of acetic anhydride to afford product 1 using Cp*Rh(III)
catalysts was used as the model reaction in the calculations.
The free energy changes of the most favorable pathway of
Rh(III)/Cp*-catalyzed oxindole formation are shown in
Figures 3A and 4. Density functional theory (DFT)-optimized
structures of selected transition states are shown in Figure
3B,C.
Starting from the catalytically active species INT1, which is

generated from [Cp*RhCl2]2 and AgSbF6 in the presence of
Ac2O by chloride abstraction by Ag+ and ligand exchange,
nitrobenzene (a) coordination to the metal center occurs to
form INT2. Subsequent CMD arises via TS3 to cleave the C−
H bond, generating INT4. Acetic acid dissociation gives INT5.
Then, with the association of alkyne b, a more stable species
INT6 is produced from which alkyne insertion into the Rh−C
bond takes place via TS7 to give seven-membered rhodacycle
INT8. The alternative pathway involving alkyne insertion into
the Rh−O bond is not feasible (Figure S27). Next, OAT
affords the isolable η3-benzyl nitroso complex INT14, which
was verified by NMR, HRMS, and X-ray studies. Our

Figure 3. DFT-computed free energy changes (A) and DFT-optimized structures of selected transition states (B, C) of Rh(III)/Cp*-catalyzed
oxindole formation from nitrobenzene and diphenylacetylene (part I).

Figure 4. DFT-computed free energy changes of Rh(III)/Cp*-
catalyzed oxindole formation from nitrobenzene and diphenylacety-
lene (part II).
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computations indicate that this process proceeds through a
reductive elimination (via TS9) affording the Rh(I) complex
(INT10) followed by the oxidative addition of the N−O bond
(via TS12) to generate the O-bond Rh(III)-enolate
intermediate INT13. This intermediate adopts the C-enolate
form (INT14) to give a more stable η3-benzyl coordination.
Subsequent nucleophilic attack of the nitroso O on Rh via
TS15 leads to the formation of INT16. In analogy to the
semipinacol rearrangement,25 a 1,2-aryl shift via TS17 affords
the isolable N-oxido Rh(III)complex INT18. The helical shape
of CpTMP* might favor the nucleophilic attack since 39a is
converted into 40 at RT, while 39b with disc-shaped Cp* is
stable.
Finally, based on INT18, ligand exchange with AcO−

regenerates the active catalytic species (INT1) for the next
cycle, along with the formation of INT19. In the presence of
1,2-dichloroethane, we propose that a nucleophilic attack of
INT19 to 1,2-dichloroethane via TS20 produces INT21.26
Nucleophilic attack with the involvement of Rh is less
favorable (Figure S28). After that, INT21 evolves to acylated
indolinone 127 with the assistance of Ac2O in a noncatalyzed
pathway.23
On the basis of the calculated free energy changes of the

whole catalytic cycle (Figures 3 and 4), the rate-limiting step is
C−H bond activation, and the overall energy barrier is 32.0
kcal/mol (21.1 kcal/mol (Figure 3, INT1 to TS3) + 10.9 kcal/
mol (Figure 4, INT18 to INT19, corresponding to the energy
required for the active catalyst (INT1) regeneration)). The
calculated results are consistent with the experimental
observations (Scheme 3). Moreover, the computed KIE at
120 °C using CpTMP*Rh was 3.6, nearly reproducing the
experimental results (Figure 2A, KIEexp = KH/KD = 3.5).

Experimentally, Rh(III)/CpTMP* performs better than
Rh(III)/Cp*, indicating that the former facilitates the
occurrence of the rate-limiting step (C−H bond activation).
To explore the origins of ligand-controlled reaction efficiency,
we calculated the C−H bond activation step with the catalysis
by Rh(III)/CpTMP*, and compared it to the same process with
Rh(III)/Cp* catalysis. As mentioned above, the overall energy
barrier of C−H bond activation includes active catalyst
regeneration (step 1) and CMD (step 2). For both cases,
step 1 has very similar energetics (Figure S29), and the
difference in reactivity arises from the second step (CMD
step). As shown in Figure 5A, when employing Rh(III)/
CpTMP* as the catalyst, the barrier of C−H bond activation is
lowered by 1.9 kcal/mol compared to the Rh(III)/Cp* case
(TS25 vs. TS3), in agreement with the experimental results.

After careful examination of the structures of TS3 and TS25,
we believe that the leading factor responsible for the energy
difference is a hydrogen-bonding interaction, which is present
in TS25, but absent in TS3 (Figure 5B). To support our
hypothesis, TS3-model and TS25-model were constructed by
replacing methyl and aryl groups with hydrogens, respectively.
After removing the hydrogen-bonding interaction from TS25,
TS3-model and TS25-model have almost the same energy, in
agreement with our hypothesis (Figure 5C).

■ CONCLUSIONS

In conclusion, we have developed a highly selective three-
component protocol for the construction of oxindole
derivatives with the formation of a quaternary center at the
C3 position merely from nitroarenes and alkynes through
Rh(III)-catalyzed one-pot cascade of C−H bond activation

OAT[1,2]-aryl shiftdeoxygenationN-acylation. The
reaction proceeds under redox-neutral conditions and tolerates
a wide range of common functional groups. To improve the
reactivity, we designed a new ligand, namely CpTMP*. Its
resulting Rh(III) complex combines an electron-rich character
required for C−H activation or OAT with a helicoidal shape to
favor the C−H bond activation. The reaction pathway has
been rationalized by capturing and fully analyzing three
Rh(III) intermediates, and by a detailed exploration of the

Scheme 3. Computational KIE for the Rh-Catalyzed C−H
Bond Activation of Nitrobenzenes a and a-d5

a

aFree energies are in kcal/mol at 120 °C.

Figure 5. Comparison of C−H bond activation step with different
catalysts.
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mechanism with DFT calculations. This unique strategy
generating nitrosoarenes from nitroarenes will pave the way
to explore further their reactivities in the presence of other
coupling partners in the quest for novel cascade trans-
formations to expand the chemical space of N-heterocycles.
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(27) We computationally investigated the possibility of coordination
of the product (1) with the catalyst, and details are included in the
Supporting Information.
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