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The transformation of alkynes is a fundamental method that
has been widely used in organic synthesis.[1–11] Alkyne
chemistry can be dated back to the early nineteenth century.
The hydration of alkynes to ketones[1] (Scheme 1a) and the
addition reactions of alkynes[2] (Scheme 1b) are early exam-
ples. Subsequently, various catalytic systems were developed.
For example, the Pd-catalyzed Wacker-type oxidation[3,4] to
generate 1,2-diketones (Scheme 1c) is one of the most
important industrial processes. The development of cycliza-
tion reactions[5] such as click chemistry (Scheme 1d)[6] has
established new perspectives for the use of alkynes in drug
discovery, materials science, supramolecular chemistry, poly-
mer chemistry, and biotechnology.[7] Furthermore, the cou-
pling of terminal alkynes, such as the Sonogashira coupling

(Scheme 1e), provides important methods for C"C bond
formation.[8] The catalytic cleavage of C!C bonds to produce
carboxylic acids[9] and new alkynes[10] has also been disclosed
(Scheme 1 f,g). Because of the significance and wide applica-
tions of such chemistry in organic synthesis, the exploration
for new types of alkyne transformations is very attractive to
researchers.

Nitriles[11] are one of the most common structural motifs
in nature, and are versatile building blocks in the synthesis of
natural products, pharmaceuticals, agricultural chemicals,
materials, and dyes. Their importance in synthetic and
medicinal chemistry has attracted considerable attention for
the development of new synthetic strategies for these com-
pounds.[12–15] Azides have been widely used in organic
reactions,[16–18] but recent progress on the direct transforma-
tion of simple hydrocarbons into N-containing compounds[18]

through a nitrogenation strategy encouraged us to try the
direct transformation of alkynes. Although metal-catalyzed
C!C bond cleavage involving alkyne metathesis has been
disclosed,[9,10] direct C!C bond cleavage to form nitriles
(Scheme 1h) is still unknown and remains both challenging
and of great value.

Herein, we report a novel and direct silver-catalyzed
nitrogenation reaction of alkynes to nitriles through C!C
bond cleavage (Scheme 1h). The significance of the present
chemistry is threefold: 1) It is the first example of a direct
transformation from terminal alkynes to nitriles. 2) The
application of selective C"C bond cleavage in organic syn-
thesis presents one of the most attractive and challenging
projects. This chemistry provides a novel means of C"C bond
cleavage. 3) Compared to traditional gold salt p-acid cata-
lysts,[19] the silver catalyst plays a key role in this trans-
formation. This research not only provides a new application
for alkynes in organic synthesis, but also offers valuable
mechanistic insights into this novel nitrogenation chemistry,
which may promote the discovery of other new types of
nitrogenation reactions for the construction of N-containing
compounds.

The initially investigated substrate for the direct nitro-
genation of acetylenes was para-methoxy phenylacetylene.
When the reaction is performed in the presence of Ag2CO3

using azidotrimethylsilane (TMSN3) as the nitrogen source,
p-methoxy-benzonitrile (2a) was obtained in 58% yield
(Table 1, entry 1). Reactions catalyzed by other transition
metals, such as AuCl3, NiCl2, FeCl2, Cu(OAc)2, and Pd(OAc)2,
either did not proceed or gave poor yields (Table 1, entries 2
and 3; see also the Supporting Information). Product 2a was
obtained in 81% yield when DMSO was employed as the

Scheme 1. Direct transformations of alkynes.
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(Table 2, entries 16–19). Substrates with electron-rich aryl
groups, such as 1-cinnamyl-4-methoxybenzene (1p), could be
highly regioselectively converted into the corresponding
tetrazole (94% yield, 13:1 ratio; Table 2, entry 16). In
addition, the sterics of the substrate also has a big influence
on the regioselectivity. For example, 2t and 2 t’ were obtained
in the ratio of 1.2:1 (determined by HMBC spectroscopy, see
the Supporting Information) in the reaction of 1-cinnamyl-2-
methylbenzene (1t, 80%; Table 2, entry 20).

Notably, bisaryl methanes could also be successfully
converted into the corresponding 1,5-diaryl tetrazoles in
moderate yields under these reaction conditions (Table 3).
Moreover, the bisheteroaryl methane compound bis(1-Boc-
1H-indol-3-yl)methane (3d) was also tolerated in this trans-
formation giving the desired tetrazole 4d in 32% yield
(Table 3, entry 4).

To probe the mechanism of this novel transformation,
control experiments were conducted under the optimized
reaction conditions. When chalcone (5) andN-phenylcinnam-
amide (6) were employed as the substrate, no desired product
2a was obtained and 60% of the starting material (5 and 6)
was recovered respectively [Eq. S1–2 in the Supporting
Information]. The results suggest that the traditional Schmidt
reaction[14] via a ketone intermediate is not involved in this
novel process.

On the basis of the above experimental observations, a
plausible mechanism for this transformation is proposed
(Scheme 2). Initially, substrates 1 undergo a copper-assisted
single-electron-transfer (SET) oxidation with DDQ[15] to
produce the corresponding allyl radical A, which could be
further oxidized to the allyl cation B. Subsequently, the
substitution reaction of allyl cation B would generate allyl
azides C and C’, which would exist as an equilibrating mixture
by [3,3] sigmatropic rearrangement.[16] The allyl azide C could

then be oxidized to allyl azide cationD by the copper-assisted
DDQ oxidative system. Subsequent isomerization ofDwould
lead to intermediate E. Then the highly chemoselective aryl
migration from the carbon atom to the nitrogen atom could
occur to generate intermediate F.[14] Subsequent nucleophilic
addition and cyclization with another azide would lead to the
desired tetrazole product 2.[17] For unsymmetrical substrates,
the regioisomer 2’ could be generated by the same procedure
via the allyl azide C’ (Scheme 2).

In summary, we have demonstrated a novel Cu-promoted
direct implanting of nitrogen into simple hydrocarbon
molecules. 1,5-Disubstituted tetrazoles were efficiently con-
structed by two Csp3!H and one C!C bond cleavages under
mild and neutral reaction conditions. This protocol not only
extends the application of azides in organic transformations,
but also offers an alternative method to prepare 1,5-disub-
stituted tetrazoles, which are ubiquitous structural units in a
number of biologically active compounds. This method
provides a new and unique strategy to functionalize simple
and readily available hydrocarbon molecules by C!H and C!
C bond cleavages. Further investigation of the scope and
synthetic application of these reactions are ongoing in our
group.
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Table 3: Direct Transformation of diarylmethane 3 into tetrazoles.[a]

No. Substrate 3 Product 4 Yield
R [%][b]

1 OMe (3a) 4a 65
2 OEt (3b) 4b 57
3 NMe2 (3c) 4c 54

4 – (3d) 4d 32

[a] Reaction conditions: 1a (0.3 mmol), TMSN3 (1.65 mmol), CuI
(0.03 mmol), DDQ (0.6 mmol), molecular sieves (4 !; 30 mg), MeCN
(2 mL), stirred at 80 8C under argon. [b] Yield of the isolated product.
Boc= tert-butyloxycarbonyl.

Scheme 2. A proposed pathway for tetrazole formation.
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nitrogen-containing compounds by the functionali-
zation of simple hydrocarbon molecules using azide.
The preliminary investigation employed (E)-1,3-
diphenylprop-1-ene (1a) as the substrate. When the
reaction was performed in the presence of azidotri-
methylsilane (TMSN3) and 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) using CuI as the catalyst
at 80 8C in MeCN, (E)-1-phenyl-5-styryl-1H-tetra-
zole (2a) was obtained in 27% yield (Table 1,
entry 1). The structure of 2a was further confirmed
by single-crystal X-ray analysis (Figure S1 in the
Supporting Information). The high chemoselectivity
of this result indicates that the aryl groups have a
greater migratory aptitude to the nitrogen atom than
alkenyl groups in the rearrangement process. Taking
into consideration that at least 2.0 equivalents of
TMSN3 is required to realize this transformation, the
amount of TMSN3 was increased from 2 equivalents
to 4 equivalents. Under these reaction conditions, 2a
was obtained in 63% yield (Table 1, entry 2). A 73%
yield of 2awas achieved in the presence of molecular
sieves (4!; Table 1, entry 3). Furthermore, the yield
rose to 88% using 10 mol% of CuI, as the catalyst, in
the presence of 5.5 equivalents of TMSN3 (Table 1,
entry 6). When the amount of CuI was reduced to
5% a lower yield was obtained (Table 1, entry 7).
Although the addition of copper salt did not
significantly improve the yield in this case (Table 1,
entry 8), it significantly affected the efficiencies in
other reactions (Table S1 in the Supporting Infor-
mation). The reaction also could be conducted at
room temperature and under air to give the products
in moderate yields (Table S1 in the Supporting
Information). Importantly, when the amount of
DDQ was increased 2a was produced in lower
yield because of decomposition of the substrate; a
decrease in the amount of DDQ also gave a lower
yield, owing to the lack of oxidant in this catalytic
system (Table 1, entries 9–10).

Under the optimized reaction conditions, the
scope of this copper-facilitated tetrazole formation
was investigated (Table 2). Notably a variety of
substituted 1,3-diphenylprop-1-enes could easily be
converted into the corresponding tetrazoles in mod-
erate to excellent yields (up to 94%). Various
electron-donating (Me, OMe, OCF3, tBu; Table 2,
entries 5–9) and electron-withdrawing substituents
(F, Cl, Br, CF3; Table 2, entries 3, 4, 10 and 11) on the
aryl group were tolerated in this transformation.
Furthermore, the position of the substituents on the
aryl group (para-, meta-, and ortho-position) did not
affect the efficiency of the reaction (Table 2,
entries 5, 9, and 12). It is noteworthy that halo-substituted
1,3-diarylprop-1-ene reacted well, thus leading to halo-
substituted products, which could be used for further trans-
formations (Table 2, entries 3, 11, 13, and 15). In addition, the
heteroaryl-substituted substrate (E)-2-(3-(thiophen-2-yl)al-
lyl)thiophene (1n) could be converted into the target product
2n in 58% yield (Table 2, entry 14). Regioisomers were

obtained when unsymmetric 1,3-diphenylprop-1-enes were
employed as the substrates under the standard reaction
conditions (Table 2, entries 16–21). The structures of the
isomers were determined by HMBC spectroscopy or single-
crystal X-ray analysis (see the Supporting Information). It is
noteworthy that the regioselectivity can be significantly
influenced by the electronic nature of the substituents

Table 2: Direct conversion of 1,3-diarylprop-1-enes into tetrazoles.[a]

Entry Substrate 1 Product 2 Yield
R [%][b]

1 H 1a 2a 88
2 OMe 1b 2b 81
3 Cl 1c 2c 80
4 F 1d 2d 77
5 Me 1e 2e 90
6 OCF3 1 f 2 f 61
7 tBu 1g 2g 76

8 OMe 1h 2h 90
9 Me 1 i 2 i 83
10 CF3 1 j 2 j 27
11 Br 1k 2k 49

12 Me 1 l 2 l 90
13 Br 1m 2m 30

14 – 1n 2n 58

15 – 1o 2o 76

16 OMe 1p 2p:2p’ (13:1) 94
17 Me 1q 2q:2q’ (6.2:1) 88
18 F 1r 2 r:2 r’ (1:1.0) 83
19 Cl 1s 2s:2s’ (1.1:3) 66

20 – 1 t 2 t:2 t’ (1.2:1) 80

21 – 1u 2u:2u’ (1:2.3) 62

[a] Reaction conditions: 1a (0.3 mmol), TMSN3 (1.65 mmol), CuI (0.03 mmol), DDQ
(0.6 mmol), molecular sieves (4 !; 30 mg), MeCN (2 mL), stirred at 80 8C under Ar
atmosphere. [b] Yield of the isolated product.
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Selective metal-promoted C!C bond cleavage under mild
reaction conditions presents one of the most challenging and
attractive processes[1] because: 1) it enables the straightfor-
ward utilization of hydrocarbons in organic synthesis;
2) polymers, which are not biodegradable and produce
a large amount of environmental pollution, may be degraded
and reused by chemical C!C bond cleavage; 3) the liquefac-
tion of biomass and coal through selective C!C bond cleavage
may alleviate the energy crisis we are facing. As a result of the
inertness of C!C bonds and the competition of C!H
activation,[2] examples of C!C bond activation are much less
common, with the exception of strained C!C bonds,[3]

functionalized substrates having functional fragments as the
leaving group such as carbonyl,[4] cyano,[5] and carboxylic
acids.[6] However, the metal-catalyzed cleavage of unactivated
C!C bonds under mild reaction conditions is still undevel-
oped. Therefore, the discovery of a novel process for selective
C!C bond cleavage is undoubtedly attractive and formidably
challenging.

Arylamines are common and fundamental industrial
feedstocks. For instance, N-alkylanilines are widely used in
the synthesis of important dyes, polymers, herbicides, insecti-
cides, pharmaceuticals, plant-growth agents, and antiknock
agents for gasoline engines.[7] On behalf of green and
sustainable chemistry, the direct intermolecular amination
strategy of simple arenes through C!H or C!C bond cleavage
has attracted considerable attention, but is very challeng-
ing[8–10] and has not yet been realized. In the case of direct C!
H amination of non-preactivated arenes, the control of
chemoselectivity, prior oxidation of the parent nucleophilic
amines, and secondary amination when using primary amines
as a coupling partner are the challenging issues. Alternatively,
a selective C!C bond cleavage strategy with a suitable

nitrogen source may provide a novel approach for diverse
arylamine derivatives.

Herein, we describe the discovery of a FeCl2-catalyzed
cleavage of unactivated C!C bonds for the straightforward
synthesis of various arylamines [Eq. (1)]. This transformation

has a remarkably broad substrate scope. A variety of diaryl-
methanes and alkylarenes are compatible with this protocol.
Significantly, the readily available and industrial feedstock
cumene, which is usually used for industrial preparation of
phenol (O2, sulphuric acid, 180 8C),

[11] could be converted into
the corresponding economically important N-alkylanilines
and propanone. Notably, even a mixture of alkylarenes could
be employed as substrates, thus validating the potential
application for industrial crude materials. Furthermore, the
diversity of the aminating agent enables the wider application
of the industrial chemical cumene. Significantly, polystyrene,
which is an important commodity thermoplastic in our daily
life does not biodegrade for hundreds of years and is resistant
to photolysis, thus generating huge amounts of environmental
pollution,[12] could be degraded by this strategy. This may
provide a novel concept for polystyrene degradation and
reuse. Furthermore, an inexpensive and environmentally
benign iron salt is employed as the catalyst, thus making
this strategy green and practical.

To test the possibility of the proposed direct arylamine
synthesis through C!C bond cleavage, we chose as a model
the reaction of diphenylmethane (1a) with 1-azidononane
(2a ; alkyl azides with long chain are stable; Table 1). The
initial screening indicated that a Brønsted acid additive could
assist the C!C bond cleavage,[13] thus generating the desired
nitrogenation product N-nonylaniline (3a ; 11–39%) by
employing FeCl2 as catalyst in the presence of 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) as the oxidant in 1,2-
dichloroethane (DCE; Table 1, entries 2–4; for additional
screening results see Table S1 in the supporting Information).
When trifluoroacetic acid (TFA) was used as the solvent, 3a
was obtained in 75% yield upon isolation, with the generation
72% (GC) benzaldehyde (4a ; entry 6). Nickel, cobalt,
manganese, and copper salts also catalyze this transformation,
but with low yields (entries 7–11). Although the reaction
under metal-free conditions worked, with an average yield
(40%, entry 12), the iron catalyst is essential in for relatively
unactivated alkylarene substrates. Other oxidants such as
ceric ammonium nitrate (CAN) and PhI(OAc)2 gave low
yields (entries 13 and 14).
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benzophenone can be observed as a by-product in some cases,
4,4’-dimethoxybenzophenone (5) cannot be converted into 3b
and 4b under standard reaction conditions [Eq. (8)], thus

suggesting that the reaction does not undergo oxidation of
diphenylmethane to benzophenone. Furthermore, the deu-
terated substrate [D2]-1b was subjected to the reaction and
produced the deuterated product 4-methoxybenzaldehyde
([D1]-4b) in 62% yield [Eq. (9)], thus possibly excluding the
pathway involving the initial oxidation to a ketone or the

formation of an imine intermediate through the nitrene
before the aryl shift. Furthermore, the intra- and intermolec-
ular kinetic isotopic effects (kH/kD) were 5.3 and 2.6,
respectively [Eq. (10) and (11)].[14]

Although we cannot be certain of the exact mechanism of
this C!C bond cleavage/ammination process, we propose an
iron-assisted oxidation[15] of the substrate to cation 6
(Scheme 1), which undergoes attack by nucleophilic organic
azides[16] to generate the intermediate 7. The subsequent
Schmidt-type rearrangement[17] process involves release of
nitrogen and migration of the trans aryl group R2 from the
carbon to nitrogen atom, thus generating the intermediate 8.

Subsequent isomerization of the cation 8 leads to an iminium
cation, which may exist as the iminium trifluoroacetic acid salt
9 in the reaction mixture. Finally, N-alkylanilines and
benzaldehydes are generated by hydrolysis of 9.

The application of the selective C!C bond cleavage
strategy in organic synthesis presents an attractive and
challenging goal. From the results of the present nitrogena-
tion reaction and the proposed mechanism, it should be
possible to develop some novel chemical transformations
through C!C bond cleavage. Versatile substrates including
industrially common cumene and aminating partners for this
method may enable the potential applications for the syn-
thesis of N-alkylarylamines. With the selective cleavage of
unactivated Csp2!Csp3 bonds, the method may provide a strat-
egy for degradation of polystyrene under mild reaction
conditions, and therefore prove important for laboratory
and industrial purposes. Additional studies to better under-
stand the reaction mechanism and discover synthetic appli-
cations are ongoing in our group.
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The transformation of alkynes is a fundamental method that
has been widely used in organic synthesis.[1–11] Alkyne
chemistry can be dated back to the early nineteenth century.
The hydration of alkynes to ketones[1] (Scheme 1a) and the
addition reactions of alkynes[2] (Scheme 1b) are early exam-
ples. Subsequently, various catalytic systems were developed.
For example, the Pd-catalyzed Wacker-type oxidation[3,4] to
generate 1,2-diketones (Scheme 1c) is one of the most
important industrial processes. The development of cycliza-
tion reactions[5] such as click chemistry (Scheme 1d)[6] has
established new perspectives for the use of alkynes in drug
discovery, materials science, supramolecular chemistry, poly-
mer chemistry, and biotechnology.[7] Furthermore, the cou-
pling of terminal alkynes, such as the Sonogashira coupling

(Scheme 1e), provides important methods for C"C bond
formation.[8] The catalytic cleavage of C!C bonds to produce
carboxylic acids[9] and new alkynes[10] has also been disclosed
(Scheme 1 f,g). Because of the significance and wide applica-
tions of such chemistry in organic synthesis, the exploration
for new types of alkyne transformations is very attractive to
researchers.

Nitriles[11] are one of the most common structural motifs
in nature, and are versatile building blocks in the synthesis of
natural products, pharmaceuticals, agricultural chemicals,
materials, and dyes. Their importance in synthetic and
medicinal chemistry has attracted considerable attention for
the development of new synthetic strategies for these com-
pounds.[12–15] Azides have been widely used in organic
reactions,[16–18] but recent progress on the direct transforma-
tion of simple hydrocarbons into N-containing compounds[18]

through a nitrogenation strategy encouraged us to try the
direct transformation of alkynes. Although metal-catalyzed
C!C bond cleavage involving alkyne metathesis has been
disclosed,[9,10] direct C!C bond cleavage to form nitriles
(Scheme 1h) is still unknown and remains both challenging
and of great value.

Herein, we report a novel and direct silver-catalyzed
nitrogenation reaction of alkynes to nitriles through C!C
bond cleavage (Scheme 1h). The significance of the present
chemistry is threefold: 1) It is the first example of a direct
transformation from terminal alkynes to nitriles. 2) The
application of selective C"C bond cleavage in organic syn-
thesis presents one of the most attractive and challenging
projects. This chemistry provides a novel means of C"C bond
cleavage. 3) Compared to traditional gold salt p-acid cata-
lysts,[19] the silver catalyst plays a key role in this trans-
formation. This research not only provides a new application
for alkynes in organic synthesis, but also offers valuable
mechanistic insights into this novel nitrogenation chemistry,
which may promote the discovery of other new types of
nitrogenation reactions for the construction of N-containing
compounds.

The initially investigated substrate for the direct nitro-
genation of acetylenes was para-methoxy phenylacetylene.
When the reaction is performed in the presence of Ag2CO3

using azidotrimethylsilane (TMSN3) as the nitrogen source,
p-methoxy-benzonitrile (2a) was obtained in 58% yield
(Table 1, entry 1). Reactions catalyzed by other transition
metals, such as AuCl3, NiCl2, FeCl2, Cu(OAc)2, and Pd(OAc)2,
either did not proceed or gave poor yields (Table 1, entries 2
and 3; see also the Supporting Information). Product 2a was
obtained in 81% yield when DMSO was employed as the

Scheme 1. Direct transformations of alkynes.
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solvent (Table 1, entry 5). In contrast, other solvents such as
acetic acid and trifluoroacetic acid (TFA) did not perform
well (Table 1, entries 6 and 7). Other azide reagents such as
diphenylphosphoryl azide (DPPA), NaN3, and p-tosyl azide
did not yield the desired products (Table 1, entries 8–10).

The scope of the transformation was then investigated
under the standard conditions (Table 1, entry 5). Phenyl-
acetylenes bearing electron-donating substituents (MeO,
EtO, BocN, Me, and tBu) afforded the desired products in
good to excellent yields (Scheme 2, 2a–2c, 2e–2g, 2 j, 2k, and
2n). Halo-substituted phenylacetylenes worked well to pro-
duce the corresponding halo-substituted benzonitriles, which
could be used in further coupling reactions (Scheme 2, 2d, 2 l,
and 2p). Some substrates with unprotected reactive groups,
such as NH2 and NH, are well tolerated (2t, 2u, and 2y).
Heteroaryl-substituted substrates could also be converted
into the desired products in moderate yields (2s and 2y).
Moreover, the alkenyl nitrile product 2v was also obtained in
73% yield.

To our delight, aliphatic alkynes could be smoothly
converted into the expected alkyl nitriles in moderate to
excellent yields (Scheme 3). A substrate bearing a strongly
coordinating sulfur atom did not inhibit this Ag catalysis
(Scheme 3, 4d). Substrates with double C!C bonds, such as
octa-1,7-diyne, produced 4h in 54% yield. The long-chain
alkyl alkyne dec-1-yne was converted into 4 i in better yield
(96%) than other, shorter chain, alkyl alkynes (4 f and 4g).

To further probe the mechanism, control experiments
with possible intermediates were designed and investigated.
The reactions performed well in the presence of TEMPO or
BHT producing the desired product 2a in 77% and 72%

yields, respectively (see Eq. (S1-2) in the Supporting Infor-
mation), which may exclude a radical process in this trans-
formation. During the reaction, a key intermediate, vinyl
azide 5, was observed and characterized (Scheme 4a). This
species can be directly transformed into nitrile product 2a in
81% yield under the standard conditions (Scheme 4b). In
contrast, 2a was obtained in only 11% yield in the absence of
TMSN3, which indicates that another equivalent of TMSN3

plays an important role in C!C bond cleavage (Scheme 4b).
A catalytic amount of TMSN3 is enough to enable the
conversion of 5 into 2a (Scheme 4b). It can thus be concluded
that the conversion from vinyl azide 5 into nitrile 2a does not

Table 1: Reaction optimization for the direct conversion of p-methoxy
phenylacetylene 1a into nitrile 2a.[a]

Entry Catalyst [N] source solvent Yield of 2a [%][b]

1 Ag2CO3 TMSN3 DMF 58
2 AuCl3 TMSN3 DMF 0
3 NiCl2 TMSN3 DMF 0
4[c] Ag2CO3 TMSN3 DMSO 68
5 Ag2CO3 TMSN3 DMSO 81
6 Ag2CO3 TMSN3 HOAc 0
7 Ag2CO3 TMSN3 TFA 0
8 Ag2CO3 NaN3 DMSO trace
9 Ag2CO3 TsN3 DMSO 0
10 Ag2CO3 DPPA DMSO 0
11 – TMSN3 DMSO 0
12[d] Ag2CO3 TMSN3 DMSO 62
13[e] Ag2CO3 TMSN3 DMSO 60
14[f ] Ag2CO3 TMSN3 DMSO 84

[a] Reaction conditions: 1a (0.5 mmol), catalyst (0.05 mmol), TMSN3

(1.0 mmol), solvent (2 mL), stirred at 80 8C under air for 12 h. [b] Yield of
isolated products. [c] The reaction was carried out at 130 8C. [d] 5 mol%
of Ag2CO3 was used. [e] The reaction was carried out under Ar.
[f ] 4.0 equiv of TMSN3 was used. Ac=acetyl, DMF=dimethylforma-
mide, DMSO=dimethylsulfoxide, DPPA=diphenylphosphoryl azide,
TFA= trifluoroacetic acid, TMS= trimethylsilyl.

Scheme 2. Direct conversion of aryl alkynes 1 into nitriles 2. Standard
conditions: 1 (0.5 mmol), TMSN3 (1.0 mmol), and Ag2CO3

(0.05 mmol) in DMSO (2 mL) at 100 8C under air for 12 h. Yields
shown are of isolated products. [a] These reactions were carried out at
80 8C for 24 h. Bn=benzyl, Boc= tert-butoxycarbonyl, DMSO=di-
methylsulfoxide, MOM=methoxymethyl.

Scheme 3. Direct conversion of alkyl alkynes 3 into aliphatic nitriles
4.[a] These reactions were carried out at 100 8C under air for 12 h.
Unless otherwise noted yields shown are based on NMR spectroscopy.
[b]Yield of isolated products. [c] 4.0 equiv of TMSN3 was used.
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solvent (Table 1, entry 5). In contrast, other solvents such as
acetic acid and trifluoroacetic acid (TFA) did not perform
well (Table 1, entries 6 and 7). Other azide reagents such as
diphenylphosphoryl azide (DPPA), NaN3, and p-tosyl azide
did not yield the desired products (Table 1, entries 8–10).

The scope of the transformation was then investigated
under the standard conditions (Table 1, entry 5). Phenyl-
acetylenes bearing electron-donating substituents (MeO,
EtO, BocN, Me, and tBu) afforded the desired products in
good to excellent yields (Scheme 2, 2a–2c, 2e–2g, 2 j, 2k, and
2n). Halo-substituted phenylacetylenes worked well to pro-
duce the corresponding halo-substituted benzonitriles, which
could be used in further coupling reactions (Scheme 2, 2d, 2 l,
and 2p). Some substrates with unprotected reactive groups,
such as NH2 and NH, are well tolerated (2t, 2u, and 2y).
Heteroaryl-substituted substrates could also be converted
into the desired products in moderate yields (2s and 2y).
Moreover, the alkenyl nitrile product 2v was also obtained in
73% yield.

To our delight, aliphatic alkynes could be smoothly
converted into the expected alkyl nitriles in moderate to
excellent yields (Scheme 3). A substrate bearing a strongly
coordinating sulfur atom did not inhibit this Ag catalysis
(Scheme 3, 4d). Substrates with double C!C bonds, such as
octa-1,7-diyne, produced 4h in 54% yield. The long-chain
alkyl alkyne dec-1-yne was converted into 4 i in better yield
(96%) than other, shorter chain, alkyl alkynes (4 f and 4g).

To further probe the mechanism, control experiments
with possible intermediates were designed and investigated.
The reactions performed well in the presence of TEMPO or
BHT producing the desired product 2a in 77% and 72%

yields, respectively (see Eq. (S1-2) in the Supporting Infor-
mation), which may exclude a radical process in this trans-
formation. During the reaction, a key intermediate, vinyl
azide 5, was observed and characterized (Scheme 4a). This
species can be directly transformed into nitrile product 2a in
81% yield under the standard conditions (Scheme 4b). In
contrast, 2a was obtained in only 11% yield in the absence of
TMSN3, which indicates that another equivalent of TMSN3

plays an important role in C!C bond cleavage (Scheme 4b).
A catalytic amount of TMSN3 is enough to enable the
conversion of 5 into 2a (Scheme 4b). It can thus be concluded
that the conversion from vinyl azide 5 into nitrile 2a does not

Table 1: Reaction optimization for the direct conversion of p-methoxy
phenylacetylene 1a into nitrile 2a.[a]

Entry Catalyst [N] source solvent Yield of 2a [%][b]

1 Ag2CO3 TMSN3 DMF 58
2 AuCl3 TMSN3 DMF 0
3 NiCl2 TMSN3 DMF 0
4[c] Ag2CO3 TMSN3 DMSO 68
5 Ag2CO3 TMSN3 DMSO 81
6 Ag2CO3 TMSN3 HOAc 0
7 Ag2CO3 TMSN3 TFA 0
8 Ag2CO3 NaN3 DMSO trace
9 Ag2CO3 TsN3 DMSO 0
10 Ag2CO3 DPPA DMSO 0
11 – TMSN3 DMSO 0
12[d] Ag2CO3 TMSN3 DMSO 62
13[e] Ag2CO3 TMSN3 DMSO 60
14[f ] Ag2CO3 TMSN3 DMSO 84

[a] Reaction conditions: 1a (0.5 mmol), catalyst (0.05 mmol), TMSN3

(1.0 mmol), solvent (2 mL), stirred at 80 8C under air for 12 h. [b] Yield of
isolated products. [c] The reaction was carried out at 130 8C. [d] 5 mol%
of Ag2CO3 was used. [e] The reaction was carried out under Ar.
[f ] 4.0 equiv of TMSN3 was used. Ac=acetyl, DMF=dimethylforma-
mide, DMSO=dimethylsulfoxide, DPPA=diphenylphosphoryl azide,
TFA= trifluoroacetic acid, TMS= trimethylsilyl.

Scheme 2. Direct conversion of aryl alkynes 1 into nitriles 2. Standard
conditions: 1 (0.5 mmol), TMSN3 (1.0 mmol), and Ag2CO3

(0.05 mmol) in DMSO (2 mL) at 100 8C under air for 12 h. Yields
shown are of isolated products. [a] These reactions were carried out at
80 8C for 24 h. Bn=benzyl, Boc= tert-butoxycarbonyl, DMSO=di-
methylsulfoxide, MOM=methoxymethyl.

Scheme 3. Direct conversion of alkyl alkynes 3 into aliphatic nitriles
4.[a] These reactions were carried out at 100 8C under air for 12 h.
Unless otherwise noted yields shown are based on NMR spectroscopy.
[b]Yield of isolated products. [c] 4.0 equiv of TMSN3 was used.

.Angewandte
Communications

2 www.angewandte.org ! 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 1 – 5
!!
These are not the final page numbers!

Atefeh Garzan @ Wipf Group Page 7 of 14 4/21/2013



solvent (Table 1, entry 5). In contrast, other solvents such as
acetic acid and trifluoroacetic acid (TFA) did not perform
well (Table 1, entries 6 and 7). Other azide reagents such as
diphenylphosphoryl azide (DPPA), NaN3, and p-tosyl azide
did not yield the desired products (Table 1, entries 8–10).

The scope of the transformation was then investigated
under the standard conditions (Table 1, entry 5). Phenyl-
acetylenes bearing electron-donating substituents (MeO,
EtO, BocN, Me, and tBu) afforded the desired products in
good to excellent yields (Scheme 2, 2a–2c, 2e–2g, 2 j, 2k, and
2n). Halo-substituted phenylacetylenes worked well to pro-
duce the corresponding halo-substituted benzonitriles, which
could be used in further coupling reactions (Scheme 2, 2d, 2 l,
and 2p). Some substrates with unprotected reactive groups,
such as NH2 and NH, are well tolerated (2t, 2u, and 2y).
Heteroaryl-substituted substrates could also be converted
into the desired products in moderate yields (2s and 2y).
Moreover, the alkenyl nitrile product 2v was also obtained in
73% yield.

To our delight, aliphatic alkynes could be smoothly
converted into the expected alkyl nitriles in moderate to
excellent yields (Scheme 3). A substrate bearing a strongly
coordinating sulfur atom did not inhibit this Ag catalysis
(Scheme 3, 4d). Substrates with double C!C bonds, such as
octa-1,7-diyne, produced 4h in 54% yield. The long-chain
alkyl alkyne dec-1-yne was converted into 4 i in better yield
(96%) than other, shorter chain, alkyl alkynes (4 f and 4g).

To further probe the mechanism, control experiments
with possible intermediates were designed and investigated.
The reactions performed well in the presence of TEMPO or
BHT producing the desired product 2a in 77% and 72%

yields, respectively (see Eq. (S1-2) in the Supporting Infor-
mation), which may exclude a radical process in this trans-
formation. During the reaction, a key intermediate, vinyl
azide 5, was observed and characterized (Scheme 4a). This
species can be directly transformed into nitrile product 2a in
81% yield under the standard conditions (Scheme 4b). In
contrast, 2a was obtained in only 11% yield in the absence of
TMSN3, which indicates that another equivalent of TMSN3

plays an important role in C!C bond cleavage (Scheme 4b).
A catalytic amount of TMSN3 is enough to enable the
conversion of 5 into 2a (Scheme 4b). It can thus be concluded
that the conversion from vinyl azide 5 into nitrile 2a does not

Table 1: Reaction optimization for the direct conversion of p-methoxy
phenylacetylene 1a into nitrile 2a.[a]

Entry Catalyst [N] source solvent Yield of 2a [%][b]

1 Ag2CO3 TMSN3 DMF 58
2 AuCl3 TMSN3 DMF 0
3 NiCl2 TMSN3 DMF 0
4[c] Ag2CO3 TMSN3 DMSO 68
5 Ag2CO3 TMSN3 DMSO 81
6 Ag2CO3 TMSN3 HOAc 0
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10 Ag2CO3 DPPA DMSO 0
11 – TMSN3 DMSO 0
12[d] Ag2CO3 TMSN3 DMSO 62
13[e] Ag2CO3 TMSN3 DMSO 60
14[f ] Ag2CO3 TMSN3 DMSO 84

[a] Reaction conditions: 1a (0.5 mmol), catalyst (0.05 mmol), TMSN3

(1.0 mmol), solvent (2 mL), stirred at 80 8C under air for 12 h. [b] Yield of
isolated products. [c] The reaction was carried out at 130 8C. [d] 5 mol%
of Ag2CO3 was used. [e] The reaction was carried out under Ar.
[f ] 4.0 equiv of TMSN3 was used. Ac=acetyl, DMF=dimethylforma-
mide, DMSO=dimethylsulfoxide, DPPA=diphenylphosphoryl azide,
TFA= trifluoroacetic acid, TMS= trimethylsilyl.

Scheme 2. Direct conversion of aryl alkynes 1 into nitriles 2. Standard
conditions: 1 (0.5 mmol), TMSN3 (1.0 mmol), and Ag2CO3

(0.05 mmol) in DMSO (2 mL) at 100 8C under air for 12 h. Yields
shown are of isolated products. [a] These reactions were carried out at
80 8C for 24 h. Bn=benzyl, Boc= tert-butoxycarbonyl, DMSO=di-
methylsulfoxide, MOM=methoxymethyl.

Scheme 3. Direct conversion of alkyl alkynes 3 into aliphatic nitriles
4.[a] These reactions were carried out at 100 8C under air for 12 h.
Unless otherwise noted yields shown are based on NMR spectroscopy.
[b]Yield of isolated products. [c] 4.0 equiv of TMSN3 was used.
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require the silver catalyst (Scheme 4b). Furthermore, when
3-(4-methoxyphenyl)-2H-azirine (6), which is potentially
generated by the nitrene intermediate,[20] and tetrazole 7
[21,22] were employed as the substrates, the reactions did not
proceed (Scheme 4c and d). These results exclude azirine and
tetrazole as intermediates in this transformation.

To gain additional insight, the reaction of 1a under
standard reaction conditions in [D6]DMSO was monitored by
1H NMR spectroscopy (Figure 1). By comparison with stan-
dard samples in [D6]DMSO (see the Supporting Informa-
tion), the signal at 4.0 ppm (0–1.5 h) was assigned to 1a. After
reacting with TMSN3 for 10 min, the weak signals at 4.93 and
5.53 ppm were assigned to the olefinic hydrogen of vinyl azide
5, which reached a peak after 1.5 h (Figure 1). The signals at
7.7, 7.1, and 3.8 ppm were assigned to the nitrile product 2a,
which appeared and increased after 10 min along with the
decrease of 1a. The peaks of vinyl azide 5 became weak at
3.5 h, and completely disappeared at 6.5 h as it was converted
into nitrile product 2a (Figure 1).

On the basis of these preliminary results, possible
mechanisms are proposed (Scheme 5). Initially, the alkyne is
activated by the silver catalyst. Subsequent attack by azide
anion generates trans-alkenyl metal complexe B. The proto-
nation of B generates vinyl azide C with a trace amount of
H2O in the DMSO solvent, which was supported by an
exchange experiment in the presence of D2O (see the
Supporting Information). Next, vinyl azide C cyclizes with
azide like traditional click reaction to form the unstable
intermediate D (Scheme 5).[21] Although the rearrangement
of intermediate D could occur and produce tetrazole E in
conjunction with the release of CH2N2,

[21] the control experi-
ment excludes the conversion of tetrazole E into nitrile
product 2 under the standard reaction conditions
(Scheme 4d). Therefore, the direct transformation of inter-
mediateD into nitrile product 2 through a fast rearrangement
process that releases HN3 and CH2N2, which were detected by
GC-MS (see the Supporting Information), is proposed. In the
last step, the HN3 produced is reused in the cyclization step of
C to produce D.

In summary, we have demonstrated the first direct
conversion of alkynes into nitriles by Ag-catalyzed nitro-
genation of alkynes through C!C bond cleavage. From the
results of the present study, and on the basis of the proposed
mechanism, it should be possible to develop novel chemical
transformations through C"C bond cleavage, which should be
of interest to both industrial and academic researchers.

Received: January 9, 2013
Revised: February 28, 2013
Published online: && &&, &&&&

.Keywords: alkynes · azides · nitriles · rearrangement · silver

[1] a)Organic Reactions, Wiley, Hoboken, 1994, 46; b) M. Oes-
treich, Sci. Synth. 2006, 25, 199; c) G. Schilling, GIT Labor-
Fachz. 2003, 47, 621.

[2] For reviews, see: a) H. Takaya, R. Noyori, Comprehensive
Organic Synthesis (Ed.: B. M. Trost, I. Fleming), Pergamon,
Oxford, 1991; b) S. Nishimura, Handbook of Heterogeneous

Scheme 4. Mechanistic studies and control experiments.

Figure 1. Reaction of 1a monitored by 1H NMR spectroscopy
(400 MHz, [D6]DMSO). A=1a alkynyl group, B=1a methoxy group,
C=1a Ar"H, D=5 alkenyl group, E=5 Ar"H, F=2a Ar"H, G=2a
methoxy group.

Scheme 5. Proposed mechanism.
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methoxy group.
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require the silver catalyst (Scheme 4b). Furthermore, when
3-(4-methoxyphenyl)-2H-azirine (6), which is potentially
generated by the nitrene intermediate,[20] and tetrazole 7
[21,22] were employed as the substrates, the reactions did not
proceed (Scheme 4c and d). These results exclude azirine and
tetrazole as intermediates in this transformation.

To gain additional insight, the reaction of 1a under
standard reaction conditions in [D6]DMSO was monitored by
1H NMR spectroscopy (Figure 1). By comparison with stan-
dard samples in [D6]DMSO (see the Supporting Informa-
tion), the signal at 4.0 ppm (0–1.5 h) was assigned to 1a. After
reacting with TMSN3 for 10 min, the weak signals at 4.93 and
5.53 ppm were assigned to the olefinic hydrogen of vinyl azide
5, which reached a peak after 1.5 h (Figure 1). The signals at
7.7, 7.1, and 3.8 ppm were assigned to the nitrile product 2a,
which appeared and increased after 10 min along with the
decrease of 1a. The peaks of vinyl azide 5 became weak at
3.5 h, and completely disappeared at 6.5 h as it was converted
into nitrile product 2a (Figure 1).

On the basis of these preliminary results, possible
mechanisms are proposed (Scheme 5). Initially, the alkyne is
activated by the silver catalyst. Subsequent attack by azide
anion generates trans-alkenyl metal complexe B. The proto-
nation of B generates vinyl azide C with a trace amount of
H2O in the DMSO solvent, which was supported by an
exchange experiment in the presence of D2O (see the
Supporting Information). Next, vinyl azide C cyclizes with
azide like traditional click reaction to form the unstable
intermediate D (Scheme 5).[21] Although the rearrangement
of intermediate D could occur and produce tetrazole E in
conjunction with the release of CH2N2,

[21] the control experi-
ment excludes the conversion of tetrazole E into nitrile
product 2 under the standard reaction conditions
(Scheme 4d). Therefore, the direct transformation of inter-
mediateD into nitrile product 2 through a fast rearrangement
process that releases HN3 and CH2N2, which were detected by
GC-MS (see the Supporting Information), is proposed. In the
last step, the HN3 produced is reused in the cyclization step of
C to produce D.

In summary, we have demonstrated the first direct
conversion of alkynes into nitriles by Ag-catalyzed nitro-
genation of alkynes through C!C bond cleavage. From the
results of the present study, and on the basis of the proposed
mechanism, it should be possible to develop novel chemical
transformations through C"C bond cleavage, which should be
of interest to both industrial and academic researchers.
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process that releases HN3 and CH2N2, which were detected by
GC-MS (see the Supporting Information), is proposed. In the
last step, the HN3 produced is reused in the cyclization step of
C to produce D.

In summary, we have demonstrated the first direct
conversion of alkynes into nitriles by Ag-catalyzed nitro-
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Conclusion:	
  

v The	
  first	
  direct	
  conversion	
  of	
  alkynes	
  into	
  nitriles	
  by	
  Ag-­‐
catalyzed	
   nitrogenaQon	
   of	
   alkynes	
   through	
   CΞC	
   bond	
  

cleavage.	
  
	
  

v 	
  From	
  the	
  results	
  of	
  the	
  present	
  study,	
  and	
  on	
  the	
  basis	
  
of	
   the	
   proposed	
  mechanism,	
   it	
   should	
   be	
   possible	
   to	
  

develop	
   novel	
   chemical	
   transformaQons	
   through	
   C-­‐C	
  
bond	
   cleavage,	
   which	
   should	
   be	
   of	
   interest	
   to	
   both	
  

industrial	
  and	
  academic	
  researchers.	
  

Atefeh Garzan @ Wipf Group Page 14 of 14 4/21/2013




