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Chemical bond cleavage is a fundamental process in organic
transformation.[1] Compared to traditional C�X (X = halo-
gen), C�M (M = metal), and C�Y (Y= O, N, S, P) bond
cleavage, C�H[2] and C�C[3] bond cleavage and thus associ-
ated transformations are much more challenging owing to the
unreactivity and ubiquity of these bonds. Although there has
been significant developments in this area in the recent
decades, there is still scope for the discovery of novel
reactions through direct C�H or C�C functionalization.

Owing to the inertness of C�C bonds and competing C�H
activation, examples of C�C bond activation are much less
common, with the exception of strained C�C bonds.[4, 5] For
C�C bond cleavage of unstrained molecules, special driving
forces such as chelation assistants are required to generate
stable intermediates.[6] Among the reported C�C s-bond
cleavages, a notable achievement is transition-metal-medi-
ated cleavage of Csp2�Csp bonds, in which strong C�C s-bonds
can be cleaved without the aid of ring strain or extra
coordinating groups. Despite significant developments, Csp2�
Csp bond cleavages are mostly restricted to aryl�cyano bonds
(Scheme 1a).[7] In comparison, catalytic aryl�alkyne Csp2�Csp

bond cleavage has rarely been reported. Herein, we report the

first direct Csp2�Csp bond functionalization of alkynes through
a nitrogenation process to amides, which is one of the most
important organic functional groups in natural products and
pharmaceuticals[8] (Scheme 1b).

Initially, we examined the transformation of 1,2-diphenyl-
ethyne (1a) to N,2-diphenylacetamide (2a) in the presence of
TFA and TMSN3, as a nitrogen source,[9] in DCE (Table 1). A
screen of transition metal catalysts showed that [PPh3AuCl]/
Ag2CO3 was more efficient than AuCl3, PtCl4, and other metal
salts (Table 1, entries 1–5). A better yield was obtained with
[PPh3AuCl]/Ag(CF3CO2), thus indicating that the active gold
catalytic species should be PPh3Au(CF3CO2) (see the Sup-

Scheme 1. Transition-metal-catalyzed cleavage of Csp2�Csp bonds.
FG = functional group.

Table 1: Direct transformation of 1,2-diphenylethyne 1a to amide 2a.[a]

Entry Catalyst Acid Solvent Yield of
2a [%][b]

1 AuCl3 TFA DCE 0
2 PtCl4 TFA DCE 0
3 [PPh3AuCl]/Ag2CO3 TFA DCE 52
4 Cu(OAc)2 TFA DCE 0
5 CoCl2 TFA DCE 13
6 – TFA DCE 0
7 [PPh3AuCl] TFA DCE 9
8 Ag2CO3 TFA DCE 0
9 PPh3AuCl/Ag2CO3 – DCE <5
10 [PPh3AuCl]/Ag2CO3 TfOH DCE 15
11 [PPh3AuCl]/Ag2CO3 H(NTf)2 DCE 10
12 [PPh3AuCl]/Ag2CO3 HOAc DCE <5
13 [PPh3AuCl]/Ag2CO3 – TFA 45
14 [PPh3AuCl]/Ag2CO3 TFA PhCl 31
15 [PPh3AuCl]/Ag2CO3 TFA HOAc 15
16[c] [PPh3AuCl]/Ag2CO3 TFA DCE 72
17[c,d] [PPh3AuCl]/Ag2CO3 TFA DCE 89
18[c] [XPhosAuCl]/Ag2CO3 TFA DCE 43
19[c] [JohnPhosAuCl]/Ag2CO3 TFA DCE 35
20[c] [IPrAuCl]/Ag2CO3 TFA DCE 52
21[c] [IMesAuCl]/Ag2CO3 TFA DCE 41
22[c] [(4-CF3C6H4)PAuCl]/Ag2CO3 TFA DCE 66

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

(1.0 mmol), H2O (1.0 mmol), acid (200 mL) in solvent (2 mL), stirred at
60 8C. [b] Yield of the isolated product. [c] Two portions of TMSN3

(0.5 mmol each time) were added, once every 2 h. [d] [PPh3AuCl]
(20 mol%) and Ag2CO3 (20 mol%) were used. DCE = 1,2-dichloro-
ethane, IMes= 1,3-di(2,4,6-trimethylphenyl)imidazolin-2-ylidene,
IPr = N,N’-bis(2,6-(diisopropyl)phenyl)imidazol-2-ylidene, JohnPhos= 2-
(di-tert-butylphosphino)biphenyl, Tf = trifluoromethanesulfonyl, TFA =

Trifluoroacetic acid, TMS= trimethylsilyl, Xphos= 2-dicyclohexylphos-
phino-2’,4’,6’-triisopropylbiphenyl.
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porting Information, Table S1, entry 8). However, consider-
ing the cost, we choose to use Ag2CO3 as co-catalyst. Control
experiments indicated that [PPh3AuCl] is essential for this
transformation (Table 1, entry 6). In contrast to the Au
catalyst, when the Ag catalyst was used alone this amide
formation did not occur. Besides, only a trace amount of
desired product was detected when the reaction was per-
formed in the absence of TFA (Table 1, entry 9). Reactions in
which either HOTf, HN(Tf)2, or HOAc were used as an acid
additive did not give good results (Table 1, entries 10–12). We
also investigated the use of PhCl and HOAc as the solvent.
However, this resulted in low yields (Table 1, entries 13–15).
The reactivity of other gold catalysts with different ligands
(XPhos, JohnPhos, IPr, IMes, (4-CF3C6H4)3P) were also
investigated. Unfortunately, these catalysts gave poor results
(entries 18–22). After extensive screening on other parame-
ters (see the Supporting Information, Table S1), the optimum
reaction conditions were determined as: alkynes (0.5 mmol,
1.0 equiv), [PPh3AuCl] (10 mol%), Ag2CO3 (10 mol%),
TMSN3 (2.0 equiv, added in two portions), H2O (2.0 equiv),
TFA (200 mL), DCE (2 mL), 60 8C.

The scope of the substrates were investigated under the
optimized conditions (Table 2). A variety of 1,2-diarylethynes
were found to be compatible with this protocol. Substituted
N,2-diphenylacetamides were generated through the cleavage
of Csp�Csp2 bonds of diarylethynes. Reactions of diarylethynes
bearing electron-donating substituents (Me, OMe, and nBu)
on the aryl ring afforded the desired products 2b, 2c, and 2d,
respectively, in moderate yields (74 %, 42 %, and 56 %,
respectively). When diarylethynes with both electron-rich
and electron-poor aromatic substituents were employed, the
azide anion preferred to add at the electron-rich side of the
alkynes, thus leading to a low regioselectivity (see the
Supporting Information). Significantly, in addition to diaryl-
ethynes, alkyl-substituted phenylethynes, such as but-1-yn-1-
ylbenzene (1 f), 1-methoxy-4-(oct-1-yn-1-yl)benzene (1g), 1-
(cyclohexylethynyl)-4-methoxybenzene (1 h), and 1-methoxy-
4-(5-phenylpent-1-yn-1-yl)benzene (1 i) also gave the desired
amide products through highly selective Csp2�Csp bond
cleavage (Table 2, entries 6–9). The possible amide products
from Csp3�Csp bond cleavage were not detected in these cases.
Unfortunately, electron-deficient internal alkyne ethyl 3-
phenylpropiolate (1j) did not react under these conditions.

When the reactions of terminal alkynes were tested under
the optimized conditions, the reaction of 3a in TFA produced
the desired amide 4a in 70% yield (Table 3, entry 1). Based
on this result, TFA was chosen as the solvent for the reaction
of terminal alkynes. A variety of phenylethynes were con-
verted into the desired products in modest to good yields (up
to 93 %, Table 3). Various substituents, including electron-
donating groups, such as methyl (4c and 4k), methoxy (4b, 4j
and 4 l), tert-butyl (4g), and phenyl (4h), and electron-
withdrawing groups, such as fluoride (4d and 4m), carboxyl
(4 i), were tolerated at the meta, ortho, and para positions of
the aromatic ring. Halogens were tolerated on the aromatic
ring (4d, 4e, 4 f, 4 j, and 4m), thus offering an opportunity for
further cross-coupling, and facilitating the expedient synthesis
of complex compounds. Notably, the carboxylic acid group of

N-phenylacetamide 4 i was also tolerated in this transforma-
tion (Table 3, entry 9).

To elucidate the mechanism, possible intermediates were
investigated. As ketones were detected as a by-product in this
reaction, we assumed that one possible pathway is a tandem
process involving gold-catalyzed hydration of alkynes to
ketones[10] and a subsequent Schmidt reaction.[11] To verify
this possibility, the reaction of 1a in the absence of TMSN3

was studied, and 1,2-diphenylethanone (5) was indeed
obtained in 73% yield (Scheme 2a). However, 5 failed to
be converted into 2a under the standard reaction conditions
(Scheme 2b). Thus, ketones are probably not a key inter-
mediate in this transformation.

Gold catalysts are one of the most effective catalysts for
electrophilic activation of alkynes toward a variety of
nucleophiles.[12] In a simplified form, nucleophilic attack on

Table 2: Direct transformation of diaryl alkynes 1 to amides 2.[a]

Entry Alkynes 1 Amides 2 Yield
[%][b]

1 72

2 74

3 42

4 56

5 67

6[c] 35

7 43

8[d] 44

9[d] 47

10 0

[a] Reaction conditions: 1 (0.5 mmol), [PPh3AuCl] (0.05 mmol), Ag2CO3

(0.05 mmol), TMSN3 (1.0 mmol), H2O (1.0 mmol), TFA (200 mL) in DCE
(2 mL), stirred at 60 8C. [b] Yield of the isolated product. [c] HOTf
(5.2 mmol) was used instead of TFA. [d] 0.5 mmol TMSN3 was used.
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the gold-activated alkyne proceeds to give trans alkenyl gold
complexes as intermediates.[13] Therefore, it seems reasonable
that a gold-catalyzed nucleophilic attack by an azide anion
occurs in the initial stage of this transformation. To obtain
data to support mechanism, (1-azidovinyl)benzene 6 was
synthesized and subjected to the standard reaction conditions
(Scheme 2c); as expected, 4a (85 % yield) was obtained.
Notably, in the absence of [PPh3AuCl] and Ag2CO3, 6 was
converted into 4a in a 81% yield (Scheme 2d). Moreover, the

reactions in the absence of either [PPh3AuCl] or Ag2CO3 gave
83% and 84 % yield of 4a, respectively (see the Supporting
Information). All these results indicate that gold and silver
salts are not involved in the second step.

To further explore the reaction mechanism, the progress
of the reaction of phenylacetylene was monitored by 1H NMR
spectroscopy (Figure 1). The signal corresponding to the

olefinic hydrogen in (1-azidovinyl)benzene (6 ; d = 5.63 and
5.25, J = 3.2 Hz in CDCl3) appeared at 15 min after the
reaction started. This signal became strong at the early stage
and disappeared by the end of the reaction. The consumption
of 3a and production of 4a were also observed in the
spectrum as the reaction proceeded. These results strongly
indicate that azidoethene is an intermediate of this trans-
formation.

On the basis of the above results, a proposed mechanism is
illustrated in Scheme 3. Initially, alkyne is activated by

Table 3: Direct transformation of phenylacetylenes 3 to acetanilides 4.

Entry Product Yield [%][b]

1 R =H 4a 70
2 R = OMe 4b 78
3 R =Me 4c 52
4 R = F 4d 81
5 R =Cl 4e 92
6 R =Br 4 f 93
7 R = tBu 4g 66
8 R =Ph 4h 69
9 R = COOH 4 i 52

10 4 j 72

11 4k 59

12 4 l 55

13 4m 69

[a] Reaction conditions: 1 (0.5 mmol), [PPh3AuCl] (0.05 mmol), Ag2CO3

(0.05 mmol), TNSN3 (1.0 mmol), H2O (1.0 mmol), TFA (2 mL), stirred
at 60 8C.[b] Yield of the isolated product.

Scheme 2. Mechanistic studies and control experiments.

Figure 1. Reaction monitoring by NMR spectroscopy. A= olefinic
hydrogen in 6. B = alkynyl hydrogen in 3a. C = methyl group in 4a.

Scheme 3. Proposed mechanism.
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cationic gold(I) A generated in situ from [PPh3AuCl] and
Ag2CO3.

[14] Subsequent attack of intermediate B by an azide
anion produces complexe C. The protolysis of C produces
alkenyl azide D. Further protonation of D forms resonance
azide cations E1 and E2, which could transform to amide F
through an acid-catalyzed rearrangement process.[15] It should
be noted that the electrophiles Au+ and H+ add preferentially
at the less substituted carbon atoms of the unsaturated C�C
triple and double bonds, respectively, (in intermediates B and
D) in accordance with Markovnikov�s rule.[16] In the rear-
rangement step, the migratory aptitude of aryl groups is
higher than that of alkyl groups. These two facts lead to the
high regioselectivity of this transformation, and result in no
formation of the regioisomer of amide product F’.

In summary, we have demonstrated a direct C�C func-
tionalization of aryl-substituted alkynes to amides under mild
reaction conditions. This method offers a novel application of
alkynes in organic synthesis. A nitrogenation process is
achieved by the highly selective Csp2�Csp bond cleavage of
substituted alkynes. The mechanistic insights into this novel
transformation may promote the discovery of other reactions
involving C�C bond cleavage. Further studies into the
reaction mechanism and applications of this protocol are
ongoing in our group.
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