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A method for carbon–carbon triple bond cleavage based on palladium/copper tandem catalysis is devel-
oped. In this chemistry, anilines and diaryl acetylenes were converted into benzamides through cascade
transformations combining palladium-catalyzed hydroamination of alkyne with copper-catalyzed aero-
bic oxidative C–C bond cleavage.

� 2015 Elsevier Ltd. All rights reserved.
Alkyne could be readily converted into many different com-
pounds, such as aldehydes,1 ketones,2 diketones,3 alkenes,4 and
triazoles,5 which makes this class of compounds widely used in
organic synthesis as versatile building blocks.6 Recently, the trans-
formations based on carbon–carbon triple bond cleavage have
attracted considerable attention. Among them, alkyne metathesis
is the one investigated mostly and deeply.7 However, other trans-
formations that relied on the catalytic cleavage of the carbon–car-
bon triple bond still remain in a few examples.8–11 As a result,
research on developing new methods for C„C bond cleavage will
no doubt enrich the potential application of alkyne in organic
synthesis.

Tandem reaction that enables successive transformations with-
out isolating relevant intermediates so as to minimize waste and
increase efficiency has emerged as a hot research topic.12 In
2002, Yamamoto reported a palladium-catalyzed intermolecular
hydroamination of alkynes (Scheme 1),13 in which the hydroami-
nation products, enamines, are unstable and tend to undergo
hydrolysis, giving ketones as the final products. Combining with
our recent work, a copper-catalyzed aerobic oxidative C–C bond
cleavage of unstrained ketones with air and amines,14,15 we envi-
sioned the palladium/copper tandem catalysis for carbon–carbon
triple bond cleavage of alkyne for the synthesis of amide.16

To test our hypothesis, the reaction of aniline (1a) and
diphenylacetlyene (2a) was carried out. After extensive screening
of reaction variables, the optimized conditions [PdCl2 (10 mol %),
CuCl2�2H2O (20 mol %), DPPE (10 mol %), 1,10-phenanthroline
monohydrate (40 mol %), AgOTf (20 mol %), H2O (5 equiv), and
dioxane (0.25 mL), 100 �C, air, 24 h] were obtained. Under these
conditions, carbon–carbon triple bond cleavage product 3aa was
isolated in 76% yield (Table 1, entry 1). Removing each of these
necessary conditions from the standard, such as PdCl2, CuCl2�2H2-
O, AgOTf, and H2O will lead to the poor yields of this transforma-
tion (entries 2–5). On the other hand, carried out without using
ligands, the transformation also became sluggish (entries 6 and
7). Compared with the negative impact of Cu(OAc)2 instead of
CuCl2, Pd(OAc)2 showed good catalytic effect instead of PdCl2,
giving 3aa in comparable yield (entries 8 and 9). Notably, it pro-
ceeded smoothly in an oxygen atmosphere, while the reaction
was completely thwarted in a nitrogen atmosphere. Moreover,
the amount of solvent has a significant influence on yield (entry
15).

With the optimized conditions in hand, the substrate scope of
amines was explored firstly. The transformation afforded products
with para-, meta-, ortho-methyl substituents in moderate yields
(Table 2, entries 2–5). Substrates with the halo group, such as flu-
oro, chloro, and bromo, were well-tolerated, giving the correspond-
ing amides in moderate to good yields (entries 7–12). Notably,
substrates with trifluoromethyl and cyano were also compatible
(entries 13 and 14). However, no desired product was observed
when 4-nitro aniline was employed (entry 15). In addition, the
transformation delivered N-(naphthalen-2-yl) benzamide in good
yield (entry 16).
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Scheme 1. Tandem catalysis for carbon–carbon triple bond cleavage.

Table 1
Examination of reaction conditionsa

CuCl2.2H2O (20 mol %),

dioxane (0.25 mL), 100 oC, air
NH2

Ph

Ph

+

PdCl2 (10 mol %), DPPE (10 mol %)

1a 3aa2a

AgOTf (20 mol %), H2O (5 equiv)
Ph NHPh

O1,10-Phen.H2O (40 mol %)
Ph

Entry Changes from the ‘standard conditions’ Yieldb (%)

1 None 79 (76)
2 No PdCl2 0
3 No CuCl2�2H2O 0
4 No H2O 0
5 No AgOTf Trace
6 No DPPE 38
7 No 1,10-Phen�H2O 57
8 Pd(OAc)2 instead of PdCl2 70
9 Cu(OAc)2 instead of CuCl2 66
10 DPPB instead of DPPE 44
11 DPPP instead of DPPE 70
12 AgOAc instead of AgOTf 0
13 N2 instead of air 0
14 O2 instead of air 75
15 The amount of dioxane was 1 mL 41

a Standard conditions: 1a (0.2 mmol), 2a (0.4 mmol), PdCl2 (10 mol %), CuCl2-
�2H2O (20 mol %), DPPE (10 mol %), 1,10-phenanthroline monohydrate (40 mol %),
AgOTf (20 mol %), H2O (5 equiv), dioxane (0.25 mL), stirred at 100 �C under air for
24 h. DPPB = 1,4-bis(diphenylphosphino)butane; DPPE = 1,2-bis(diphenylphos-
phino)ethane; DPPP = 1,3-bis(diphenyl phosphino)propane.

b GC-yields. The number in parentheses refers to the isolated yield.

Table 2
Substrate scope of aminesa

+

1

CuCl2.2H2O (20 mol %),

dioxane (0.25 mL), 100 oC, air

Ph

Ph

PdCl2 (10 mol %), DPPE (10 mol %)

32a

AgOTf (20 mol %), H2O (5 equiv) N
H

O
Aryl

1,10-Phen.H2O (40 mol %)

Aryl NH2

Entry Aryl Yieldb (%)

1

R 1
2

3
4

5
6

R =

H 76 (3aa)
2 4-Methyl 71(3ba)
3 3-Methyl 62 (3ca)
4 2-Methyl 55 (3da)
5c 2,4,6-Trimethyl 63 (3ea)
6 3-Methoxy 40 (3fa)
7c 4-Fluoro 81 (3ga)
8 4-Chloro 70 (3ha)
9 4-Bromo 80 (3ia)
10c 2-Bromo 51 (3ja)
11 4-Iodo 50 (3ka)
12 3-Iodo 70 (3la)
13c 4-Trifluoromethyl 47 (3ma)
14c 4-Cyano 50 (3na)
15c 4-Nitro 0 (3oa)

16 81 (3pa)

a Standard conditions, see Table 1.
b Isolated yield.
c Reaction time was extended to 36 h.
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Subsequently, the substrate scope of alkynes was explored
(Table 3). Under the standard conditions, symmetric diaryl acetyle-
nes with electron-donating or electron-withdrawing groups were
tolerated, giving amides in moderate yields (entries 1–5). However,
dibutyl acetylene did not work (entry 6). As for asymmetric diaryl
acetylenes, amide mixtures were obtained (entries 7 and 9). It is
worth noting that a single product was observed instead when
acetylene 2i was used (entry 8). Moreover, this catalytic system
was ineffective for the carbon–carbon bond cleavage of methyl-
phenyl acetylene (entry 10).

In the reaction mixture of aniline (1a) and diphenylacetlyene
(2a), GC–MS analysis did detect the formation of 1,2-dipheny-
lethan-1-one (4a). To verify the tandem catalytic process of this
transformation and unveil the reason that led to the poor yields
Please cite this article in press as: Wang, Z.; et al. Tetrahedron Lett. (20
when 4-nitroaniline, dibutyl acetylene and methylphenyl acety-
lene were used, stepwise reactions were carried out. The results
related to the first step, palladium-catalyzed hydroamination,
and the second step, copper-catalyzed aerobic oxidative C–C bond
cleavage, were summarized in Tables 4 and 5, respectively. First of
all, when this tandem catalysis proceeded stepwisely, diphenyl
acetylene (2a) could be converted into 1,2-diphenylethan-1-one
(4a) in the presence of aniline (1a) at the first step (Table 4, entry 1)
and 1,2-diphenylethan-1-one (4a) could be transformed into
amide 3aa at the second step indeed (Table 5, entry 1). Those
results proved that the tandem catalytic process did work as we
conceived and one-pot manipulation did lead to higher efficiency
(Table 1, entry 1). Secondly, 4-nitroaniline (1o) could react with
diphenyl acetylene (2a) to give 1,2-diphenylethan-1-one 4a
(Table 4, entry 2), but could not react with 4a to give amide
15), http://dx.doi.org/10.1016/j.tetlet.2015.08.020
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Table 3
Substrate scope of alkynesa

CuCl2.2H2O (20 mol %),

dioxane (0.25 mL), 100 oC, air
NH2

R2

R1
+

PdCl2 (10 mol %), DPPE (10 mol %)

1a 32

AgOTf (20 mol %), H2O (5 equiv) R1(R2) NHPh

O
1,10-Phen.H2O (40 mol %)

Ph

Entry Substrates Products Yieldb (%)

R1 = R2 =
1 p-Methylphenyl (2b) 3ab 47
2 m-Methoxyphenyl (2c) 3ac 55
3 p-Chlorophenyl (2d) 3ad 50
4 m-Fluorophenyl (2e) 3ae 56
5 p-Fluorophenyl (2f) 3af 72
6 n-Butyl (2g) 3ag 0

7c
Me

2h
Ph NHPh

O
NHPh

O

Me

+

3aa 3ab
3aa/3ab = 0.68:1

30 (3aa)
43 (3ab)

8
OMe

2i
NHPh

O

MeO 3ai

53

9c

2j
F NHPh

O

F 3af
Ph NHPh

O
+

3aa
3aa/3af = 1:1.2

28 (3aa)

33 (3af)

10

Ph Me
2k Ph

O

NHPh Me

O

NHPh

3aa 3ak

+
0

a Standard conditions, see Table 1.
b Isolated yield.
c The ratio of the mixture was determined by 1H NMR.

Table 4
Palladium-catalyzed intermolecular hydroamination of alkynea

R2

R3

R1 NH2

R2
R3

O

R3
R2

O

ordioxane (0.25 mL), 100 oC, air, 24 h

PdCl2 (10 mol %), DPPE (10 mol %)
AgOTf (20 mol %), H2O (5 equiv)

(1, 0.5 equiv)

4 4'2

Entry R1 R2 R3 Productb

1 Phenyl Phenyl Phenyl 4a (43%)
2 4-Nitrophenyl Phenyl Phenyl 4a (18%)
3 Phenyl n-Butyl n-Butyl 4g (0%)
4 Phenyl 4-Methoxyphenyl Phenyl 4i (22%), 4i0 (0%)
5 Phenyl Phenyl Methyl 4k (56%), 4k0 (0%)

a Reaction conditions: 1 (0.2 mmol), 2 (0.4 mmol), PdCl2 (10 mol %), DPPE
(10 mol %), AgOTf (20 mol %), H2O (5 equiv), dioxane (0.25 mL), stirred at 100 �C
under air for 24 h.

b Isolated yield based on alkyne 2.

Table 5
Copper-catalyzed aerobic oxidative C–C bond cleavage of ketonea

R2
R3

O

4 (0.4 mmol)

+R1 NH2

1 (0.2 mmol)

CuCl2.2H2O (20 mol %),
1,10-Phen.H2O (40 mol %)

dioxane (0.25 mL), 100 oC, air, 24 h

3

R2 N
H

O
R1

Entry R1 R2 R3 Productb

1 Phenyl Phenyl Phenyl 3aa (15%)
2 4-Nitrophenyl Phenyl Phenyl 3ao (0%)
3 Phenyl n-Butyl n-Butyl 3ga (0%)
4 Phenyl Phenyl Methyl 3aa (0%)

a Reaction conditions: 1 (0.2 mmol), 4 (0.4 mmol), CuCl2�2H2O (20 mol %), 1,10-
phenanthroline monohydrate (40 mol %), dioxane (0.25 mL), stirred at 100 �C under
air for 24 h.

b Isolated yield.
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(Table 5, entry 2). Thirdly, the hydroamination of dibutyl acetylene
with aniline was unfeasible (Table 4, entry 3). Next, palladium-cat-
alyzed hydroamination furnished ketone 4i and 4k selectively
when asymmetric alkyne 2i and 2k were employed, respectively
(Table 4, entries 4 and 5). That reasons why single product 3ai
was obtained when alkyne 2i was subjected to the standard
Please cite this article in press as: Wang, Z.; et al. Tetrahedron Lett. (20
conditions (Table 3, entry 8). Finally, 1-phenyl-1-propanone (4k)
could not generate the amide at the second step, indicating that
copper-catalyzed aerobic C–C bond cleavage is only effective to
benzyl ketone (Table 5, entry 4). It is consistent with the result
when alkyl ketone was used at the second step (Table 5, entry 3)
as well as the result we previously reported.14

In conclusion, we have developed a tandem catalytic system for
the cleavage of carbon–carbon triple bond. In this chemistry,
15), http://dx.doi.org/10.1016/j.tetlet.2015.08.020

http://dx.doi.org/10.1016/j.tetlet.2015.08.020


4 Z. Wang et al. / Tetrahedron Letters xxx (2015) xxx–xxx
anilines and diaryl acetylenes were converted into benzamides
through cascade transformations combining palladium-catalyzed
hydroamination of alkyne with copper-catalyzed aerobic oxidative
C–C bond cleavage. As far as we know, this is the first Letter of the
transformation of this kind. Further studies on the synthetic appli-
cations of this method are ongoing in our group.
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