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ABSTRACT: An unprecedented Cu-catalyzed oxidative cleavage
of two C−N bonds of 3-aminoindazoles is reported herein, which
represents the first example for denitrogenative ring-opening of 3-
aminoindazoles. This novel reactivity of 3-aminoindazoles enables
the production of diverse aromatic nitrile-containing (hetero)-
arenes via C−H arylation of (hetero)arenes with wide subsrate
scope under mild conditions.

The transition-metal-catalyzed denitrogenative reaction is
one of the most significant achievements in synthetic

chemistry. Because triazoles are well-known as precursors to
generate α-imino metal carbenoid species, during the past
decades, a great deal of work based on the transition-metal-
catalyzed denitrogenation of triazoles has been reported.1 In
addition to triazoles, the denitrogenative ring-opening of
benzotriazoles,2 benzotriazinones3 and tetrazoles4 were also
explored by chemists. Although remarkable progress has been
made on the denitrogenation of polynitrogen heterocycles
(Scheme 1a), to our knowledge, the denitrogenative ring-
opening of 3-aminoindazoles has never been documented to
date (Scheme 1b).
Heterobiaryls are privileged core structural motifs as they

widely distribute in biologically active molecules, peptide
mimetics, drugs and optoelectronic materials.5 A huge number
of transition-metal-catalyzed arylations of the innate C−H
bond of heteroarenes have been excavated to forge these
ubiquitous heterobiaryls6 because direct C−H arylation

overcomes preactivation of heteroaromatics, which is cost-
effective for the step-economical diversification of heteroar-
enes. In this regard, C−H arylation of (hetero)arenes using
aryl halides as coupling partners is dominant in organic
chemistry.7 As alternative strategies, C−H arylation using
highly reactive arylation agents (such as hypervalent iodine
reagents,8 diazonium salts,9 organoboranes,10 and others11),
transition-metal-free process,12 C−H/C−H cross-coupling,13

and photoinduced C−H arylation14 have also been developed
by chemists in recent years. Despite great progress achieved in
the field of C−H arylation of (hetero)arenes, most of the
previous methods often suffer from inert gas protection and
high reaction temperature ranging from 100 to 200 °C. Given
this point, the development of facile tactics and novel arylation
agents is in demand and is desirable to accomplish C−H
arylation of (hetero)arenes concomitant with the installation of
additional functionalities, which could be converted to expand
the molecular complexity. In this Letter, we endow a new
reactivity of 3-aminoindazoles for use as arylating agents in C−
H functionalization of (hetero)arenes under mild conditions
(Scheme 2).
We commenced our study by exploring suitable systems for

the envisioned denitrogenation of 3-aminoindazoles. Several
oxidative systems were investigated initially by using
commercially available 3-amino-1H-indazole (1a) and 2-
phenyl-1H-indole (2a) as model substrates (Table S1, entry
1−6). To our delight, the denitrogenative ring-opening of 3-
aminoindazole was indeed observed when the reaction was
conducted with the Cu/[O] catalyst system. After thoroughly
screening the reaction parameters, the desired product 2-(2-
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Scheme 1. Denitrogenation of Polynitrogen Heterocycles
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phenyl-16H-indol-3-yl)benzonitrile (3a) could be obtained in
69% yield when the reaction was performed in the presence of
Cu(OAc)2 (20 mol %) using tert-butyl hydroperoxide (TBHP)
as oxidant in CH3CN at 60 °C.15

Having established the optimal reaction conditions, the
scope of this Cu-catalyzed denitrogenative ring-opening of 3-
aminoindazoles to afford benzonitrile-containing indole
derivatives was assessed. A variety of 2-phenylindoles bearing
different substituents on the benzene ring of C2 position were
inspected initially. As shown in Scheme 3, the desired 2-(2-

phenyl-1H-indol-3-yl)benzonitriles (3a−g) were obtained in
62−87% yields. The structure of 3a was unambiguously
confirmed by X-ray crystallographic analysis.16 In addition to
C2-phenyl-substituted indoles, 2-(benzofuran-2-yl)-1H-indole
2h, and 2-methyl-1H-indole 2i were amenable to this reaction
as well, delivering the targeted products 3h and 3i in modest

yields. Unfortunately, the polar functional groups such as free
OH and NH2 were not compatible in this transformation.
When 2-methyl-1H-indol-5-ol or 2-methyl-1H-indol-5-amine
was used as substrate, the reaction was deteriorated. We also
screened a suite of 2-phenylindoles (2j−n) having different
groups on the indole ring, and it turned out that they were
good candidates in this oxidative C−H functionalization to
render the corresponding products (3j−n) in decent isolated
yields (57−83%). 2-Phenyl-1H-benzo[g]indole 2o was also
found to proceed smoothly, enabling the production of 3o in
55% yield. Subsequently, we focused on the scope with respect
to various 3-aminoindazoles. A series of substituted 3-
aminoindazoles were good donors for generating benzoni-
trile-containing indole derivatives in this denitrogenative
reaction. The expected products 3p−v could be isolated in
58−75% yields under the standard conditions. Of note, the
reaction was amenable to scale-up without loss of its efficiency,
and product 3p could be obtained in 65% yield when the
reaction was performed in 5 mmol scale.
Intrigued by the novel reactivity of 3-aminoindazoles to

provide benzonitrile-containing indole derivatives, we extended
the transformation to other heterocycles underlying this Cu-
catalyzed denitrogenation of 3-aminoindazoles. As described in
Scheme 4, pyrroles 4a−c were also good substrates for C−H
functionalization, affording the desired 2-(1H-pyrrol-2-yl)-
benzonitriles 5a−c in good yields. When an excess amount
of 3-aminoindazole (1a) was added, double arylation of
pyrroles took place, furnishing products 5d and 5e in 72 and

Scheme 2. Cu-Catalyzed Denitrogenative Ring-Opening of
3-Aminoindazoles

Scheme 3. Substrate Scope for Synthesis of Benzonitrile-
Containing Indole Derivativesa

aAll reactions unless otherwise stated were carried out with 1 (0.3
mmol), 2 (0.02 mmol), Cu(OAc)2 (20 mol %), and TBHP (2 equiv)
in MeCN (1.0 mL) heated at 60 °C for 18 h. All isolated products are
reported. bStarting from 5 mmol of 1p.

Scheme 4. Substrate Scope with Respect to Other
Heterocyclesa

aThe reactions were carried out with 1 (0.3 mmol), 4 (0.2 mmol),
Cu(OAc)2 (20 mol %), and TBHP (2 equiv) in MeCN (1.0 mL)
heated at 60 °C for 18 h. All isolated products are reported.
bCompounds 1 (0.2 mmol) and 4 (0.6 mmol). cCompounds 1 (0.2
mmol) and 4 (0.4 mmol). dCompounds 1 (0.5 mmol) and 4 (0.2
mmol) at 50 °C.

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b02629
Org. Lett. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.orglett.8b02629


76% yields, respectively. Subsequently, a range of furans were
tested. Compared with pyrroles, furans demonstrated relatively
conservative reactivity in this Cu-catalyzed C−H arylation of
(hetero)arenes, and the desired 2-(furan-2-yl)benzonitriles
(5f−j) were gained in moderate isolated yields. The current
C−H functionalization was also applied to thiophenes. Various
thiophenes (4k−p) could undergo C−H arylation at the
ortho-position to deliver the targeted products 5k−p in 40−
66% yields. Thieno[3,2-b]thiophene (4q) was also suitable
substrates for producing benzonitrile-containing thiophenes 5q
in 59% yield. To our delight, the C−H arylation of
imidazo[1,2-a]pyridines in this Cu-catalyzed denitrogenation
of 3-aminoindazoles was also successful, providing products 5r
and 5s in 67 and 58% yields, respectively.
For the substrate scale to be broadened, various arenes were

also utilized as limiting reagents in this Cu-catalyzed C−N
bond activation/C−H arylation of arenes. As described in
Scheme 5, toluene, mesitylene, and 1,3,5-trimethoxybenzene

were all arylated under this denitrogenation of 3-amino-
indazoles, affording the corresponding products 7a−c in 79,
68, and 65% yields, respectively. In addition to electron-rich
arenes, ferrocene could undergo this C−H functionalization as
well. The treatment of ferrocene in conjection with a variety of
3-aminoindazoles gave the targeted benzonitrile-derived
ferrocenes 7d−I in modest isolated yields. Polycyclic aromatic
hydrocarbons such as acenaphthene, pyrene, and 9-phenyl-
anthracene, which are important frameworks in material
science,17 could be functionalized smoothly under this
transformation as well, furnishing the desired products 7j−l
in 42−60% yields.
As demonstrated in Scheme 6, the potential application in

drug decoration of this method was also showcased by late-
stage functionalization of indometacin derivative, delivering the
indometacin derivative 7m in 63% yield. In addition, the
product ethyl 3-(2-cyanophenyl)-1-methyl-1H-indole-2-car-

boxylate 3w could undergo a cyclopropanation-lactamization
sequence to produce indole-fused lactam 8 in good yield,
which is an analogue of the inhibitors for the treatment of
tubulin polymerization.18

Because the mechanistic details of this Cu-catalyzed
denitrogenation of 3-aminoindazoles are unclear, preliminary
mechanistic investigations were carried out. When 3-amino-
1H-indazole (1a) was submitted to the reaction conditions in
the absence of 2-phenyl-1H-indole, a trace amount of
benzonitrile (9) and [1,1′-biphenyl]-2,2′-dicarbonitrile (10)
were detected by GC-MS (Scheme 7a). When 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO) and 2,6-di-tert-butyl-
4-methylphenol (BHT) were added as radical scavengers
under the standard conditions, this reaction was significantly
inhibited (Scheme 7b), and compound 11 was detected by
GC-MS when 1,1-diphenylethylene served as the additive
(Scheme 7c). These results indicate that a radical-type reaction
regime might be involved in this denitrogenative ring-opening
of 3-aminoindazoles. To gain more insight into this Cu-
catalyzed oxidative C−N bond activation/C−H functionaliza-
tion, we executed several kinetic experiments. The intermo-
lecular competition experiment in Scheme 7d manifested that
electron-poor 3-aminoindazoles react preferentially, which can

Scheme 5. Scope for Aromatic Ringsa

aAll reactions unless otherwise stated were carried out with 1 (0.2
mmol), 6 (0.4 mmol), Cu(OAc)2 (20 mol %), and TBHP (2 equiv)
in MeCN (1.0 mL) heated at 80 °C for 20 h. All isolated products are
reported. bPhMe:CH3CN = 1:1 (v/v). cMesitylene:CH3CN = 1:3 (v/
v).

Scheme 6. Synthetic Applications and Transformations

Scheme 7. Primary Mechanism Studies
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be explained by the occurrence of a radical-controlled SOMO-
HOMO interaction.19,9d An intermolecular kinetic isotope
effect (KIE) was also studied to elucidate the step of C−H
bond cleavage. When a 1:1 mixture of 6c and [D3]-6c was
treated with 3-aminoindazole 1a, a KIE of 1.6 from the
competition experiment was observed (Scheme 7e), which
suggested that C−H functionalization in this transformation is
facile.
On the basis of the primary mechanism studies, a plausible

mechanism for this ring-opening of 3-aminoindazoles is
proposed in Scheme 8. First, compound I is formed by the

oxidation of 3-aminoindazole 1 under these oxidative
conditions. Simultaneously, the Cu(II) species donates an
electron to TBHP to generate the Cu(III) species and the tert-
butoxyl radical. Then, the tBuO• abstracts a hydrogen atom
from compound I, which successively suffers from the
extrusion of one molecular nitrogen to produce the radical
intermediate II. Subsequently, intermediate II is attacked by
the indole 2 to provide radical intermediate III, which
undergoes oxidation by the Cu(III) species to deliver
carbocation intermediate IV. At the same time, the Cu(II)
species is regenerated to continue the catalytic cycle.
Ultimately, deprotonation of intermediate IV affords desired
product 3.
In summary, we have successfully developed a novel method

for the streamlined synthesis of aromatic nitrile-containing
(hetero)arenes by merging C−N bond activation and C−H
arylation of (hetero)arenes, which represents the first example
of denitrogenation of 3-aminoindazoles through oxidative
cleavage of two C−N bonds. A broad scope of (hetero)arenes
were tolerated in this transformation to afford diverse
functionalized aromatic nitrile-derived (hetero)arenes. A
mechanism study shows that a radical-type reaction is involved
in this denitrogenative ring-opening of 3-aminoindazoles. The
current protocol can be readily scaled-up without loss of its
efficiency. Meanwhile, further synthetic utility as demonstrated
in the late-stage functionalization of drug derivatives could lead
to valuable bioactive compounds.
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