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ABSTRACT: [Cp*RhIII]-catalyzed annulation of tertiary
aniline N-oxides with alkynes was reported to achieve the
challenging ortho C−H functionalization of tertiary anilines via
N−O bond acting as a traceless directing group. More
significantly, this system represents the first example which
integrates C−H activation, oxygen-atom transfer, and N-
dealkylative cyclization in one reaction. This unprecedented
coupling reaction has allowed the construction of N-
alkylindole derivatives in high efficiency with broad substrate scope and good functional group tolerance.
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As a powerful tool for synthetic innovation, transition-
metal-catalyzed direct functionalization of C−H bonds led

to a more step-economical and waste-reducing synthetic route
compared with classical organic synthesis.1 During the past
decades, this new strategy has been intensively studied and
well-identified for organic synthesis, medicinal chemistry, and
materials science.2 Despite the fact that the direct C−H
transformation of various compounds has been established,
tertiary anilines remain a big challenge for transition-metal-
catalyzed ortho-selective aromatic C−H functionalization, partly
due to the steric hindrance of tertiary amino groups. Up to
now, only a few examples have been reported for this purpose.3

Lei and co-workers demonstrated the first palladium/copper-
catalyzed oxidative ortho C−H alkenylation/N-dealkylative
carbonylation of tertiary anilines.3a Later, the group of You
developed a rhodium-catalyzed ortho C−H alkenylation of
tertiary aniline N-oxides to form 2-alkenylated tertiary
anilines.3b Very recently, Zhou et al. disclosed a rhodium-
catalyzed ortho C−H functionalization of tertiary aniline N-
oxides with diazomalonates to access aminomandelic acid
derivatives.3c Given that tertiary anilines are important
synthetic building blocks for pharmaceuticals, agrochemicals,
and organic functional materials,4 the development of new
transformation of tertiary anilines through ortho-selective C−H
activation is highly desirable. On the other hand, C−N bond
activation is one of the central topics in organic chemistry
which provides nitrogen and/or carbon sources for the
synthesis of the desired product,5 and transformation of C−
N bond has become a hot area in organic synthesis over the
past years. In this context, however, C−N bond cleavage of

tertiary anilines has been less investigated, especially the
employment of tertiary anilines as nitrogen nucleophiles after
cleavage of C−N bond.3a,6

Meanwhile, it is known that the integration of C−H
activation and O atom transfer (OAT) has been realized by
the utilization of [Cp*RhIII] catalyst recently.3c,7 In this regard,
the elegant contributions from the research groups of Li,
Chang, Wang, Liu and Lu, and Zhou have disclosed that the
catalytic OAT took place in the redox-neutral coupling of
quinoline N-oxides and arylnitrones with alkynes, and tertiary
aniline N-oxides with diazomalonates. The N−O bonds served
as both directing groups for C−H activation and as oxygen-
atom donors in these processes.
Despite these impressive advances, we envisioned that

combination of C−H activation, OAT, and C−N bond
cleavage in one transformation would be highly interesting
and attractive to form nitrogen-containing heterocycles when
readily available tertiary anilines N-oxides and internal alkynes
are used as common starting materials. In line with our interest
in heterocycle synthesis via metal-catalyzed C−H coupling with
alkynes,8 we here present our new development of rhodium-
catalyzed oxidative annulation of tertiary anilines N-oxides with
alkynes through N-oxide behaving as a traceless directing group
and N-alkyl as leaving group to provide an efficient and
straightforward access for the preparation of N-alkyl substituted
indole derivatives (Scheme 1). Importantly, the resulting indole

Received: January 30, 2016
Revised: April 15, 2016

Research Article

pubs.acs.org/acscatalysis

© XXXX American Chemical Society 3856 DOI: 10.1021/acscatal.6b00311
ACS Catal. 2016, 6, 3856−3862

pubs.acs.org/acscatalysis
http://dx.doi.org/10.1021/acscatal.6b00311


products are widely found as core structural units in both
biologically active natural products and pharmaceutical
products.9−11

We initiated our optimization experiments with N,N-
dimethylaniline N-oxide (1a) and diphenylacetylene (2a) as
model substrates for the cyclization reaction (Table 1). After
many trials, we were pleased to find that the reaction indeed did

proceed leading to annulation product in the presence of a
rhodium catalyst. Under the standard reaction conditions, N-
methyl-2,3-diphenylindole (3a) was isolated in 80% yield
(entry 1). Interestingly, good to high yields of 3a were obtained
in alcohol solvents and t-BuOH was found to be most optimal
(entries 1−3), whereas the reactions were totally inactive when
MeCN and DMF were employed as solvents (entries 4 and 5).
The reaction efficiency was also sensitive to the reaction
temperatures (entry 7). Notably, the addition of AgBF4 (2
equiv) is crucial for this transformation (entry 8), which
provided higher yields than other metal salts such as AgClO4,
AgNO3, AgOAc or Cu(BF4)2·6H2O (entries 9−12). It was
observed that the omission of MesCO2H dramatically affects
the reaction efficiency (entry 13), while a relative lower yield of
3a was obtained by increasing the loading of MesCO2H (entry
14). Other carboxylic acids, for instance, PivOH or 1-AdCO2H,
are inferior to MesCO2H as an additive (entries 15 and 16).
The efficiency of the reaction was not improved with addition
of CsOAc12 as additive (entry 17) or changing the ratio of
1a:2a (from 3:1 to 2:1 or 1:2) (entries 18 and 19). No desired
product was obtained in the absence of rhodium catalyst (entry
20), and a decrease in the amount of catalyst resulted in lower
conversion (entry 21). Finally, further experiments revealed
that other metal catalysts like [Cp*IrCl2]2 and [Ru(p-
cymene)Cl2]2 displayed very low catalytic activity under the
present reaction conditions (entries 22 and 23). It should be
noted that complex 3a*, characterized as an OAT product, was
isolated in several studies during the course of optimization
process (entries 8, 10, and 11). This observation is noteworthy
providing a hint for mechanistic understanding (vide infra).
With the promising optimal conditions, the reaction scope

with respect to the tertiary aniline N-oxides in reaction with 2a
was investigated (Scheme 2). The annulation proceeded
smoothly with tertiary aniline N-oxides bearing diverse arene
substituents to provide the corresponding indole derivatives in
moderate to excellent yields. For para-substituted substrates,
electron-donating groups resulted in relative lower reaction
efficiency, as exemplified by 3c (55%) and 3f (46%). The
examination of the meta-substituted aniline N-oxides scope
showed that cyclization commonly occurred at the less steric
hindered aromatic C−H bond with exclusive regioselectivity
(3m, 3n, 3p, 3q, and 3r). The structures of 3p and 3r were
unambiguously confirmed by X-ray crystallographic analysis
(see the Supporting Information).13 In comparison, two
regioisomers 3o and 3o′ were obtained in a nearly 1:1 ratio
from m-OMe substituted substrate. It was found that 2-bromo-
N,N-dimethylaniline N-oxide was less reactive, giving rise to 7-
bromo-indole 3t (33%) along with small amount of
debrominated product 3a. However, when 2-methylaniline
derived N-oxide was subjected to the standard conditions, not
only the corresponding indole product 3s but also an OAT
complex 3s* were isolated.14 Note that various functional
groups, such as methoxy (3f and 3o), ester (3g and 3p), fluoro
(3h), chloro (3i, 3j, and 3q), and bromo (3k, 3l, and 3r)
substituents, were strongly compatible with the present reaction
conditions, thus allowing further functionalization to construct
more complicated molecules. Moreover, the reaction could be
conducted on a gram scale with good performance (1.28 g of
3l, 85% yield).
To our satisfaction, the cyclization approach was successfully

applied to a wide range of N,N-diethylaniline N-oxides, which
were demonstrated not suitable for C−H olefiantion in
previous report,3b even exhibited higher reactivity than the

Scheme 1. Rhodium-Catalyzed Oxdative Coupling of
Tertiary Anilines N-Oxides with Alkynes

Table 1. Optimization Studiesa

yield (%)b

entry change from the standard conditions 3a 3a*c

1 standard conditions 80 0
2 t-AmOH instead of t-BuOH 65 0
3 i-PrOH instead of t-BuOH 62 0
4 MeCN instead of t-BuOH 0 0
5 DMF instead of t-BuOH <5 0
6 130 °C 80 0
7 100 °C 74 0
8 1.0 equiv of AgBF4 34 15
9 2.0 equiv of AgClO4 instead of AgBF4 74 0
10 2.0 equiv of AgNO3 instead of AgBF4 22 16
11 2.0 equiv of AgOAc instead of AgBF4 6 18
12 2.0 equiv of Cu(BF4)2·6H2O instead of AgBF4 <5 0
13 without MesCO2H 57 <5
14 2.0 equiv of MesCO2H 70 0
15 1.0 equiv of PivOH instead of MesCO2H 60 <5
16 1.0 equiv of 1-AdCO2H instead of MesCO2H 64 0
17 add 20 mol % of CsOAc 78 0
18 0.40 mmol of 1a 71 0
19 0.20 mmol of 1a with 0.40 mmol of 2a 67 0
20 without [Cp*RhCl2]2 0 0
21 2.5 mol % of [Cp*RhCl2]2 32 0
22 5.0 mol % of [Cp*IrCl2]2 instead of [Cp*RhCl2]2 <5 0
23 5.0 mol % of [Ru(p-cymene)Cl2]2 instead of

[Cp*RhCl2]2
0 0

aStandard reaction conditions: 1a (0.60 mmol), 2a (0.20 mmol, 1.0
equiv), [Cp*RhCl2]2 (5.0 mol %), AgBF4 (2.0 equiv), MesCO2H (1.0
equiv), t-BuOH (2.0 mL), sealed tube under Ar atmosphere, 115 °C,
10 h. bYields of isolated products. Cp* = pentamethylcyclopenta-
dienyl, Mes = 2,4,6-trimethylphenyl, DMF = N,N-dimethylformamide,
t-Am = tert-amyl, Piv = pivaloyl, Ad = adamantyl. cCharacterized as an
OAT product.
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N,N-dimethyl counterparts (Scheme 2). Similarly, the
introduction of dipropyl, dioctyl, and diisobutyl as N-
substituents of aniline N-oxides minimally affected the outcome
of reactivity to furnish the desired products 3u−3w in high
yields without difficulty. On the other hand, treatment of N-
ethyl-N-methylaniline N-oxides (1x) with 2a led to the
formation N-ethyl and N-methyl cleaved products 3a and 3b
in 55% and 35% yields, respectively (eq 1). N-benzyl-N-
methylaniline N-oxide (1y) was also reacted to afford N-benzyl
cleaved product 3a in major (65%) with a small amount of N-
methyl cleaved product 3x (14%) (eq 2). These results were in
contrast to previous report that the C−N cleavage commonly
occurred at the less sterically hindered alkyl group, which
provides a mechanistic implication of a different C−N bond
activation process (vide infra). In addition, N-oxides derived
from N,N-dimethyl 4-nitroaniline, 4-cyanoaniline, 1-naphthyl-

amine, 2-naphthylamine, N-methyldiphenylamine, and 1-ethyl-
1,2,3,4-tetrahydroquinoline failed to work under the current
reaction conditions.15−17

Furthermore, the reaction showed broad substrate tolerance
with internal alkynes. As illustrated in Scheme 3, a variety of

symmetric diarylacetylenes were all readily employed in
reactions with 1a and 1b. Many important functional groups
(for example, OMe, CO2Et, F, Cl, Br, Ac, CN, and NO2) were
well-tolerated, and the resulting indole products were isolated
in moderate to high yields (4a−4m). Heteroaryl-substituted
alkyne was also suitable for the present annulation protocol but
generated the desired product 4n in relatively low yield. In the
cyclization with unsymmetrical aryl alkyl-disubstituted alkynes,
the complete regioselective coupling took place albeit in
moderate reactivity (4o−4r). To our surprise, when 4-octyne
was allowed to react, a mixture of indole 4s and OAT product
4s* was isolated.14

Subsequently, a series of experiments were carried out to
unveil the reaction mechanistic pathway. First, N-methylaniline
(5) and N,N-dimethylaniline (6) were tested as the substrates
under the standard conditions or with additional oxidant (2.0
equiv of Cu(OAc)2·H2O for 6) (eq 3). No products were
detected for all reactions, which reveals the necessity of N−O
bond for the present transformation. With addition of 2.0 equiv
of 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO, a radical
inhibitor), the OAT complex 3a* could be isolated in 24%
yield along with 3a (61%) when 1a annulated with 2a under
the standard reaction conditions (eq 4). To our surprise, the

Scheme 2. Tertiary Aniline N-Oxides Substrate Scopea

a1 (0.60 mmol), 2a (0.2 mmol, 1.0 equiv), yields of isolated products.
Unless otherwise noted, the corresponding OAT complex for each
reaction is not detected (for most cases) or isolated in <5% yield. b4.0
mmol scale reaction. c5.0% of 3a was also isolated. dThe difficulty in
separating 3v and N,N-dihexylaniline leads to the low isolated yield of
pure 3v.

Scheme 3. Alkynes Substrate Scopea

a1 (0.60 mmol), 2a (0.2 mmol, 1.0 equiv), yields of isolated products.
Unless otherwise noted, the corresponding OAT complex for each
reaction is not detected (for most cases) or isolated in <5% yield.
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OAT complex 3a* was efficiently converted into indole 3a just
with the aid of AgBF4 (2.0 equiv) in t-BuOH at 80 °C.
However, 3a* was stable in the presence of [Cp*RhCl2]2 and
MesCO2H (eq 5). These results suggest that (i) the OAT
complex might probably be the reaction intermediate; (ii) the
whole transformation consists of a [Cp*Rh]-catalyzed C−H
activation/oxygen-atom transfer and a Ag-mediated N-deal-
kylative cyclization; and (iii) a radical process might be involved
in the latter step (N-dealkylative cyclization).
To understand the O atom transfer process, a reaction of 1a

with 2a was conducted in the presence of H2O
18 (4.0 equiv)

(eq 6]). No 18O incorporation was detected in the isolated 3a*,

indicating that water is not involved in the OAT step and an
intramolecular OAT is most likely to occur. Moreover, an
alkenylated N,N-dimethylaniline N-oxide 7 was synthesized
following a modified method of Rh(III)-catalyzed intermolec-
ular hydroarylation of alkynes (eq 7).18 The resulting olefin 7
was then subjected to the standard conditions, and very low
transformation from 7 to 3a was observed (eq 7). Therefore,
the ortho-olefination intermediate can be ruled out.
To gain more insight into the mechanism of this reaction, the

following experiments were also conducted. The H/D exchange
experiment of 1a suggested that the ortho C−H bond
cyclometalated step is an irreversible process (eq 8). In the
intermolecular isotopic study of two parallel competition
reactions between 1a and [D5]-1a, a kinetic isotope effect
(KIE) of kH/kD = 1.14 was observed (eq 9), thus demonstrating
that the cleavage of the C−H bond is not involved in the rate-
determining step.19 It was found that the preferential formation
of product 3d with an electron-rich substituent (3d:3h = 4.5:1)

in the competition reactions between 1d (4-Me) and 1h (4-F)
with 2a (eq 10), which indicates that the C−H activation step
might be an electrophilic aromatic substitution process.3b,20

Additionally, the cyclization was smooth in the stoichiometric
reaction of the isolated five-membered rhodacycle 83b with
alkyne 2a to furnish the desired product 3k in 93% yield (eq
11). In a catalytic reaction, complex 8 also exhibited
comparable efficiency for the coupling of 1k with 2a (eq 12).
These results supported that rhodacycle 8 might probably be an
active species in the catalytic cycle.
On the basis of the above observations and precedent

literatures,3,6,7 a plausible mechanism is proposed (Scheme 4).
The reaction initiates the formation of five-membered cyclo-
metalated species I via ortho C−H activation of 1a, which is
followed by alkyne insertion into the Rh−C bond to generate a
seven-membered rhodacycle intermediate (II) (Path A). After
reductive elimination of C−O bond of II, the resulting
intermediate III or IV (tautomerization from III through
OAT) undergoes oxidative addition to afford enolate
intermediate V or VI. Then, the transformation from enolate
intermediate V or VI to the OAT complex 3a* occurs by
cyclometalation of an incoming substrate 1a. The subsequent
silver-mediated C−N bond cleavage of 3a* and further
intramolecular nucleophilic cyclization could give the final
product 3a. On the other hand, the alkyne insertion into the
Rh−O bond which leads to intermediates VII, VIII, and V
(Path B) cannot be completely ruled out at the present stage.
To further understand the C−N bond cleavage process, the

reactions of cyclic amine N-oxide were examined [eq 13].
Under the standard conditions, 1-phenylpiperidine N-oxide 9
coupled with 2a to afford complex products. Fortunately, N-5-t-
butoxypentyl indole 10a (5%), 5-indol-1-yl pentanal 10c
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(17%), and 5-indol-1-yl pentanoic acid 10d (37%) were
successfully isolated and fully characterized. Similar results
were obtained when the reaction was conducted in i-PrOH,
from which N-5-isopropoxypentyl indole 10b as well as 10c
and 10d were isolated in 8%, 12%, and 32% yields, respectively.
On the basis of these experiments, two possible pathways of

C−N bond cleavage starting from OAT intermediate IX have
been proposed in Scheme 5a. As a major pathway (Path C),
iminium ion X is generated via one-electron oxidation of
nitrogen, deprotonation, and a second one-electron oxidation
with the aid of silver salt acting as an oxidant.5 Then hydrolysis
(or alcoholysis) of X affords amine XI, which undergoes an
intramolecular nucleophilic cyclization to give product 10c.
After further oxidation, acid 10d is formed from 10c. The above
proposal on C−N cleavage is in well agreement with the
reaction results of 1x and 1y (eq1 and eq 2): iminium ions
generated by deprotonation at Et and Bn group are more
favored than that deprotonated at Me group (Scheme 5b)
according to their relative stability, which result in the cleavage
N−Et and N−Ph bonds proceeds favorably to form N-methyl
complex 3a as major product for both reactions. Although the
process of hydrolysis of X is postulated to be more favored, the
alcoholysis process cannot be fully ruled out as evidenced by
the formation of 3a and 3a* (in relative lower yield) by
addition of 4 Å molecular sieve to the model reaction (see the
Supporting Information). Alternatively, in Path D (minor

pathway), coordination of AgI to N-atom of IX followed by
alcoholysis and intramolecular nucleophilic cyclization is
assumed to occur, thus giving rise to indole 10a. If hydrolysis
happens, it would lead to the formation of intermediate XIV,
which could be oxidized by N-oxide to form 10c. As can be
seen in both pathways, alcohol acts as an important role for the
transformation from OAT intermediate to the final indole
product, especially in the early stage of reaction system when
the water content is low. This is in line with the solvent effect
found in optimization studies that the formation of indole was
favored in alcohol solvent (Table 1, entries 1−5).
In summary, we have developed a rhodium(III)-catalyzed

oxidative coupling reaction of tertiary aniline N-oxides with
internal alkynes, which has allowed the construction of N-
alkylindole derivatives in high efficiency. A broad substrate
scope for both tertiary aniline N-oxides and alkynes are strongly
compatible with this catalytic process. The challenging ortho
C−H functionalization of tertiary anilines has been achieved by
the utilization of N−O bond as a traceless directing group.
More significantly, the present protocol represents the first
example which integrates C−H activation, oxygen-atom
transfer, and N-dealkylative cyclization in one reaction. Further
studies on catalytic C−H activation and transformation of C−
N bond of tertiary aniline are currently underway.
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