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ABSTRACT: A metal-free esterification of alkynes via CC triple bond cleavage has been developed. In the presence of
phenyliodine bis(trifluoroacetate), a diverse range of alkyne and alcohol substrates undergoes triple bond cleavage to produce
carboxylic ester motifs in moderate to good yields. The transformation is proposed to proceed via hydroxyethanones and
ethanediones as intermediates on the basis of mechanistic studies and exhibits a broad substrate scope and good functional group
tolerance.

■ INTRODUCTION

Carbon−carbon bond cleavage has attracted much attention
and is considered as one of the most challenging goals in
organic synthesis because of the inherent stability of the
carbon−carbon linkages.1 It is conceptually different from
conventional organic synthesis because the existing molecular
skeletons can be reorganized through this strategy to construct
valuable desired structural units. Among them, various
significant and useful processes involving C−C single and
double bond cleavage have been extensively developed,2,3 and
the resulting compounds from those methods take a privileged
position in the fields of agrochemicals, pharmaceuticals, and
materials. However, the cleavage of the C−C triple bond
remains very underdeveloped. Most studies on C−C triple
bond cleavage, such as alkyne-ligand scission on metal
complexes and oxidative cleavage, involved the use of
stoichiometric organometallic reagents and oxidants,4 thereby
making their application less desirable. Recently, considerable
efforts have been made to approach this goal through
transition-metal catalysis, except for metathesis of alkynes.5 In
2001, Jun reported catalytic C−C triple bond cleavage via the
rhodium-catalyzed hydroimino acylation.6 Subsequently, Yama-
moto described the cleavage of diynes through ruthenium-
catalyzed hydroamination.7 Liu discovered that ethynyl alcohol
could catalytically be split into alkene and CO by a ruthenium
complex. Liu reported the gold-catalyzed cleavage of C−C
triple bonds via cascade cyclization/oxidative cleavage.8 Jiang
recently reported the palladium-catalyzed oxidative cleavage of
the C−C triple bond with molecular oxygen promoted by
Lewis acid.9 Very recently, Jiao developed a silver-catalyzed
nitrogenation of alkynes with azidotrimethylsilane (TMSN3) as

the nitrogen source through C−C triple bond cleavage.10 Our
group also reported a manganese-catalyzed oxidative rearrange-
ment of internal alkynes to give one-carbon-shorter ketones
using molecular oxygen as a terminal oxidant.11 However, most
of the above approaches suffered from harsh reaction
conditions, limited substrate scope, and use of precious and/
or toxic metal complex which led to the difficult purification of
the desired products from heavy transition-metal impurities.
Thus, it is challenging to update these processes for green and
sustainable organic synthesis. In this context, C−C triple bond
cleavage under metal-free conditions is undoubtedly the ideal
and promising route to address the aforementioned challenges.
In fact, examples for metal-free cleavage of C−C triple bond
cleavage are rare. For example, Tanaka reported a nucleophilic
attack on chloro(phenyl)ethyne by azide ion in which some
byproducts are formed via the cleavage of the C−C triple
bond.12 Later, Ochiai presented the iodomesitylene-catalyzed
oxidative cleavage of C−C triple bonds using m-chloro-
perbenzoic acid as a terminal oxidant.13 More recently, Yanada
reported the N-iodosuccinimide-mediated direct cleavage of
alkynes to nitriles using TMSN3 as the nitrogen source.14

Despite some advances, the development of a new, efficient,
and safe metal-free method is still highly desirable. Herein, we
describe a novel and convenient protocol for the cleavage of
C−C triple bonds in the presence of phenyliodine bis(tri-
fluoroacetate) (PIFA) under mild conditions in which alkyne is
split into carboxylic ester in various alcohols.
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■ RESULTS AND DISCUSSION
Recently, we reported the phenyliodonium diacetate (PIDA)-
mediated direct synthesis of benzonitriles from styrenes
through oxidative cleavage of C−C double bonds in the
presence of NH4HCO3.

15 When the reaction was extended to
phenylacetylene, benzonitrile was obtained in only 10% yield.
We questioned whether a stronger oxidant PIFA was utilized in
place of PIDA that would directly convert phenylacetylene into
the desired benzonitrile. When phenylacetylene was carried out
with 5.5 equiv of PIFA and 6.0 equiv of NH4HCO3 in
CH3OH/H2O at 60 °C for 12 h, much to our surprise, we
found that the product isolated in 46% yield was actually
methyl benzoate 2a, not the expected benzonitrile (<5% yield).
This unexpected result prompted us to do further investigation.
Initially, we chose phenylacetylene in a model reaction to test
different reaction conditions. Selected data from this study are
listed in Table 1. First, when the reaction was conducted in the

presence of 2.0 equiv of PIFA in CH3OH at 60 °C for 12 h,
methyl benzoate 2a was obtained in 36% yield (Table 1, entry
1). Control experiments showed that the reaction did not
proceed in the absence of PIFA (Table 1, entry 2). Prolonging
the reaction time to 15 h increased the yield of 2a to 43%
(Table 1, entry 3), whereas further increase of the reaction time
did not improve the yield (Table 1, entry 4). The best yield
(84%) was achieved when increasing the amount of PIFA to 3.5
equiv (Table 1, entries 5−7), while further increase of PIFA
dropped the yield (Table 1, entry 8). We are confident that
trace metals are not the cause of the transformation, as
reactions performed in new, acid-washed flasks provided a yield
similar to those performed in old flasks. Furthermore, reagents
from different commercial sources perform similarly. Substitut-
ing the oxidant PIFA with PIDA led to very little product
(Table 1, entry 9). To achieve a reasonable reaction rate,
heating was required (Table 1, entries 10 and 11). Increasing
the reaction temperature to 70 °C decreased the yield to 72%
(Table 1, entry 12). In addition, methyl benzoate 2a was
obtained in 81% yield when the reaction was carried out under
an atmosphere of N2 (Table 1, entry 3). On the basis of these
results, we determined the optimized conditions to be PIFA
(3.5 equiv), CH3OH (1 mL), 60 °C, 15 h. However, when

styrene was subjected to the optimized conditions, methyl
benzoate was not detected by GC-MS.
With the optimized reaction conditions in hand, we next

sought to define the scope of alkynes and alcohols. As shown in
Table 2, various substituents with different electronic features at
the phenyl ring showed good to excellent reactivity. Phenyl-
acetylenes bearing electron-donating substituents (Me, Et, Pr,
Bu, and MeO) afforded the desired products in 62−86% yield
(Table 2, entries 2−8), while phenylacetylenes with electron-
withdrawing substituents worked well to produce the
corresponding benzoic esters in 65−76% yield (Table 2, entries
9−11). Notably, F (2i), Cl (2j), Br (2k), and MeO (2h)
substituents on the phenyl ring were well-tolerated, which
enables a potential application in further functionalization.16

The experimental results indicated that methyl 4-ethynyl-
benzoate provided the corresponding ester in 63% yield, while
3-hydroxyphenylacetylene and 4-aminophenylacetylene gave a
black complex mixture, and the corresponding product was not
detected by GC-MS (Table 2, entries 12−14). 3-Ethynylthio-
phene, which a heteroaryl-substituted substrate, could also be
converted into the desired product in 63% yield (Table 2, entry
15). To our delight, aliphatic alkynes readily undergo cleavage
reaction to generate the expected carboxylic esters in good
yields (Table 2, entries 16 and 17, 83 and 78% yield). In
addition, symmetrical and unsymmetrical internal alkynes were
included in this study. The symmetrical internal alkynes
produced the same product in moderate yields (Table 2,
entries 18 and 19, 90 and 72% yield), while the unsymmetrical
internal alkynes were cleaved to two different products (Table
2, entries 20−23, 53−62% yield). Moreover, reaction of
phenylacetylene with diverse alcohols such as ethanol, n-propyl
alcohol, i-propyl alcohol, and n-butyl alcohol proceeded
smoothly to provide the corresponding benzoic esters in
moderate yields (Table 2, entries 24−27, 65−78% yield). As
expected, 4-methylphenylacetylene also efficiently reacted with
ethanol to give the desired ethyl 4-methylbenzoate in 74% yield
(Table 2, entry 28).
To investigate the possible one-carbon product resulting

from terminal alkynes, reaction of phenylacetylene was carried
out in methanol under the optimized conditions. After the
reaction, dimethoxymethane as another product was detected
in the solvent by GC-MS. Likewise, diethoxymethane as
another product was also detected by GC-MS in the reaction of
phenylacetylene with ethanol. However, under the optimized
conditions, treatment of phenylacetylene with i-propyl alcohol,
n-propyl alcohol, and n-butyl alcohol provided i-propyl formate,
n-propyl formate, and n-butyl formate as another product,
respectively (for details, see the Supporting Information).
To get more information on the reaction mechanism, control

experiments with possible intermediates were designed and
investigated. The reactions performed well in the presence of
BHT (2,6-di-tert-butyl-4-methylphenol), producing the desired
product methyl benzoate 2a in 78% yield, which may exclude a
radical process in this transformation (Scheme 1a). Further-
more, when benzyl alcohol 4, benzaldehyde 5, and benzoic acid
6 were employed as the substrates, the reactions provided the
desired ester 2a in 12, 16, and <1% yield, respectively (Scheme
1b−d). These results might exclude 4, 5, or 6 as the possible
intermediates of this metal-free C−C triple bond cleavage
reaction. The above results indicate that the ester products 2
and 3 should be generated simultaneously in the reaction
processes.

Table 1. Initial Studies toward C−C Triple Bond Cleavage

entry oxidant (equiv) temp (°C) t (h) yield (%)a

1 PIFA (2.0) 60 12 36
2 none 60 12 0
3 PIFA (2.0) 60 15 43
4 PIFA (2.0) 60 20 38
5 PIFA (2.5) 60 15 59
6 PIFA (3.0) 60 15 74
7 PIFA (3.5) 60 15 84
8 PIFA (4.0) 60 15 78
9 PIDA (3.5) 60 15 <5
10 PIFA (3.5) 50 15 68
11 PIFA (3.5) rt 15 24
12 PIFA (3.5) 70 15 72
13b PIFA (3.5) 60 15 81

aYields are determined by GC. bUnder N2.
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The results in Table 2 show that the ester products 2 and 3
were produced in similar yields. The data of Table 3 indicate
that the ester products 2 are stable under the standard
conditions because all the recovered yields of 2 are nearly 100%
(Table 3). The above results further support the hypothesis
that a pathway for the simultaneous formation of ester products
2 and 3 may be involved in the reaction processes.
To further probe the mechanism, we also tried to catch some

intermediates by GC-MS. During the reaction, two key
intermediates, α-hydroxyacetophenone 7 and 1-phenyl-1,2-
propanedione 8, were observed, respectively, by GC-MS in
the initial stage of phenylacetylene and 1-phenylpropyne
reaction (see the Supporting Information). Both species can
be directly transformed into the desired methyl benzoate in
good yields in the presence of PIFA (Scheme 1e,f).
Furthermore, phenylglyoxal was subjected to the standard
reaction conditions, and the desired methyl benzoate was
obtained in good yield (Scheme 1g). The data indicate that the
cleavage reaction proceeds via 7, 8, and 9 as intermediates.
Based on these preliminary results and related reports,17 a

plausible mechanism for this cleavage is proposed (Scheme 2).
Initially, the alkyne is activated by the PIFA to form A.17i,j

Subsequent attack by trifluoroacetate anion generates complexe
B,17l which was supported by the isolation of byproduct α-
methoxyacetophenone 10 (Scheme 1h), and the intermediate B
could form the cyclic intermediate C, which had also been

proposed by Li et al.17i and Gade et al.17j in a similar
hypervalent iodine(III) species/alkene system. The cyclic
cation is further converted into hydroxyethanone D,17m

which undergoes oxidation to afford ethanedione E.17n Further
oxidative fragmentation of E would produce the desired 2 with
the formation of 3 as another product. However, when R2 was
hydrogen and R3 was methyl or ethyl, the E undergoes cleavage
to produce the desired 2 with the formation of acetal G as
another product.

■ CONCLUSION

In summary, we have demonstrated that the metal-free cleavage
of C−C triple bonds proceeds efficiently in various alcohols in
the presence of phenyliodine bis(trifluoroacetate) (PIFA),
affording carboxylic esters in moderate to good yields. This
transformation exhibits broad substrate scope and good
functional group tolerance. Mechanistic studies show that the
cleavage reaction proceeds via hydroxyethanones and ethane-
diones as intermediates. Further investigation of the detailed
mechanism and relevant reactions is currently underway.

■ EXPERIMENTAL SECTION
General Comments. All reagents and solvent used were obtained

commercially and used without further purification unless indicated
otherwise. All products were characterized by GC-MS, 1H NMR, and
13C NMR. Mass spectra were measured on a mass instrument (EI).

Table 2. Substrate Scope of the Oxidative Esterification of Alkynes with Various Alcoholsa

aReaction conditions: alkynes (0.3 mmol), PIFA (3.5 equiv), R2-OH (1 mL), 60 °C, 15 h. bGC yields. cReaction conditions: alkynes (0.3 mmol),
PIFA (5.0 equiv), CH3OH (1 mL), 65 °C, 15 h. d3t was detected by GC-MS.
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Analyses of the yield and conversion of phenylacetylene were
performed by gas phase chromatography, using a RTX-5 capillary
column and a framei onization detector (FID). 1H NMR spectra were
recorded on 400 MHz in CDCl3, and

13C {1H} NMR spectra were
recorded on 100 MHz in CDCl3 using TMS as internal standard.
Multiplicities are indicated as s (singlet), d (doublet), t (triplet), q
(quintet), and m (multiplet), and coupling constants (J) are reported
in hertz. Copies of 1H NMR and 13C{1H} NMR spectra are provided
as Supporting Information.
General Procedure for the Esterification Reaction of Alkynes

with Alcohols. A 10 mL sealed tube was charged with alkynes (0.3
mmol), PIFA (1.05 mmol, 451.5 mg), and alcohols (1 mL). The
reaction was stirred at 60 °C for 15 h. The reaction mixture was then
allowed to cool to room temperature, after which the crude reaction
mixture was loaded directly onto a column of silica gel and purified by
column chromatography to give the corresponding carboxylic esters.
Methyl Benzoate (2a):9 Obtained as colorless oil from 1a, 1r, 1t,

1u, 1v, and 1w in 82% (33.5 mg), 90% (36.7 mg), 62% (25.3 mg),
58% (23.7 mg), 53% (21.6 mg), and 54% (22.0 mg) yield, respectively;
flash chromatography (petroleum ether/ethyl acetate, 12/1); 1H NMR
(CDCl3, 400 MHz) δ 3.90 (s, 3 H), 7.42 (t, J = 8.0 Hz, 2 H), 7.53 (t, J
= 8.0 Hz, 1 H), 8.04 (d, J = 8.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101
MHz) δ 52.0, 128.4, 129.6, 130.2, 132.9, 167.1 ppm. All spectral data
correspond to those given in the literature.

Methyl 4-Methylbenzoate (2b):9 Following general procedure,
the product was isolated as colorless oil in 78% (35.1 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 10/1); 1H NMR
(CDCl3, 400 MHz) δ 2.38 (s, 3 H), 3.88 (s, 3 H), 7.21 (d, J = 8.0 Hz,
2 H), 7.92 (d, J = 8.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ
21.6, 52.0, 127.3, 129.0, 129.5, 143.5, 167.1 ppm. All spectral data
correspond to those given in the literature.

Methyl 3-Methylbenzoate (2c):18a Following general procedure,
the product was isolated as colorless oil in 74% (33.3 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 20/1); 1H NMR
(CDCl3, 400 MHz) δ 2.38 (s, 3 H), 3.89 (s, 3 H), 7.29−7.36 (m, 2 H),
7.82−7.85 (m, 2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ 21.2, 52.0,
126.7, 128.2, 130.0, 130.1, 133.6, 138.1, 167.2 ppm. All spectral data
correspond to those given in the literature.

Methyl 4-Ethylbenzoate (2d):18b Following general procedure,
the product was isolated as colorless oil in 68% (33.5 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 15/1); 1H NMR
(CDCl3, 400 MHz) δ 1.25 (t, J = 8.0 Hz, 3 H), 2.70 (q, J = 8.0 Hz,
2H), 3.90 (s, 3 H), 7.26 (d, J = 8.0 Hz, 2 H), 7.96 (d, J = 8.0 Hz, 2 H);
13C {1H} NMR (CDCl3, 101 MHz) δ 15.4, 29.0, 52.0, 127.6, 127.9,
129.7, 149.8, 167.2 ppm. All spectral data correspond to those given in
the literature.

Methyl 4-Propylbenzoate (2e):18c Following general procedure,
the product was isolated as colorless oil in 67% (35.8 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 20/1); 1H NMR
(CDCl3, 400 MHz) δ 0.93 (t, J = 8.0 Hz, 3 H), 1.60−1.69 (m, 2 H),
2.62 (t, J = 8.0 Hz, 2H), 3.89 (s, 3 H), 7.23 (d, J = 8.0 Hz, 2 H), 7.95
(d, J = 8.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ 13.7, 24.2,
38.0, 52.0, 127.6, 128.4, 129.6, 148.2, 167.2 ppm. All spectral data
correspond to those given in the literature.

Methyl 4-Butylbenzoate (2f):18d Following general procedure,
the product was isolated as colorless oil in 62% (35.7 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 20/1); 1H NMR
(CDCl3, 400 MHz) δ 0.92 (t, J = 8.0 Hz, 3 H), 1.31−1.37 (m, 2 H),
1.56−1.62 (m, 2 H), 2.64 (t, J = 8.0 Hz, 2H), 3.89 (s, 3 H), 7.23 (d, J
= 8.0 Hz, 2 H), 7.95 (d, J = 8.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101
MHz) δ 13.9, 22.3, 33.3, 35.7, 52.0, 127.5, 128.4, 129.6, 148.4, 167.1
ppm. All spectral data correspond to those given in the literature.

Methyl 4-Pentylbenzoate (2g):18e Following general procedure,
the product was isolated as colorless oil in 64% (39.5 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 20/1); 1H NMR
(CDCl3, 400 MHz) δ 0.88 (t, J = 8.0 Hz, 3 H), 1.30−1.34 (m, 4 H),
1.60−1.65 (m, 2 H), 2.64 (t, J = 8.0 Hz, 2H), 3.89 (s, 3 H), 7.23 (d, J
= 8.0 Hz, 2 H), 7.95 (d, J = 8.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101
MHz) δ 14.0, 22.5, 30.8, 31.4, 35.9, 51.9, 127.5, 128.4, 129.6, 148.5,

Scheme 1. Control Experiments Table 3. Control Recovery Experiments of 2 under the
Standard Conditionsa

aReaction conditions: 2 (0.3 mmol), PIFA (3.5 equiv), CH3OH (1
mL), 60 °C, 15 h.
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167.2 ppm. All spectral data correspond to those given in the
literature.
Methyl 4-Methoxybenzoate (2h):9 Following general procedure,

the product was isolated as colorless solid in 86% (42.8 mg) yield;
flash chromatography (petroleum ether/ethyl acetate, 15/1); mp =
47−49 °C; 1H NMR (CDCl3, 400 MHz) δ 3.86 (s, 3 H), 3.88 (s, 3
H), 6.92 (d, J = 8.0 Hz, 2 H), 7.99 (d, J = 8.0 Hz, 2 H); 13C {1H}
NMR (CDCl3, 101 MHz) δ 51.9, 55.4, 113.6, 122.6, 131.6, 163.6,
166.9 ppm. All spectral data correspond to those given in the
literature.
Methyl 4-Fluorobenzoate (2i):18a Following general procedure,

the product was isolated as colorless oil in 65% (30.0 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 15/1); 1H NMR
(CDCl3, 400 MHz) δ 3.89 (s, 3 H), 7.05−7.11 (m, 2 H), 8.01−8.05
(m, 2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ 52.2, 115.4 (d, JC−F =
22.2 Hz), 126.3(d, JC−F = 3.0 Hz), 132.0 (d, JC−F = 9.1 Hz), 165.7 (d,
JC−F = 254.5 Hz), 166.1 ppm. All spectral data correspond to those
given in the literature.
Methyl 4-Chlorobenzoate (2j):18f Following general procedure,

the product was isolated as colorless oil in 73% (37.3 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 50/1); 1H NMR
(CDCl3, 400 MHz) δ 3.85 (s, 3 H), 7.34 (d, J = 8.0 Hz, 2 H), 7.91 (d,
J = 12.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ 52.1, 128.6,
128.7, 131.0, 139.4, 166.3 ppm. All spectral data correspond to those
given in the literature.
Methyl 4-Bromobenzoate (2k):9 Following general procedure,

the product was isolated as colorless solid in 76% (49.0 mg) yield;
flash chromatography (petroleum ether/ethyl acetate, 15/1); mp =
74−76 °C; 1H NMR (CDCl3, 400 MHz) δ 3.91 (s, 3 H), 7.58 (d, J =
8.0 Hz, 2 H), 7.90 (d, J = 12.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101
MHz) δ 52.3, 128.1, 129.0, 131.1, 137.7, 166.4 ppm. All spectral data
correspond to those given in the literature.
Dimethyl Terephthalate (2l):18l Following general procedure,

the product was isolated as colorless solid in 63% (36.7 mg) yield;
flash chromatography (petroleum ether/ethyl acetate, 10/1); mp =
137−139 °C; 1H NMR (CDCl3, 400 MHz) δ 3.92 (s, 6 H), 8.07 (s, 4
H); 13C {1H} NMR (CDCl3, 101 MHz) δ 52.4, 129.5, 133.8, 166.2
ppm. All spectral data correspond to those given in the literature.
Methyl 4-Thiophenecarboxylate (2o):18g Following general

procedure, the product was isolated as colorless oil in 63% (26.8 mg)
yield; flash chromatography (petroleum ether/ethyl acetate, 15/1); 1H
NMR (CDCl3, 400 MHz) δ 3.87 (s, 3 H), 7.31 (s, 1 H), 7.53 (d, J =
8.0 Hz, 1 H), 8.11 (s, 1 H); 13C {1H} NMR (CDCl3, 101 MHz) δ
51.9, 126.0, 127.9, 132.7, 133.5, 163.3 ppm. All spectral data
correspond to those given in the literature.

Ethyl Benzoate (2t):9 Following general procedure, the product
was isolated as colorless oil in 78% (35.1 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 15/1); 1H NMR
(CDCl3, 400 MHz) δ 1.39 (t, J = 8.0 Hz, 3 H), 4.38 (q, J = 8.0 Hz, 2
H), 7.42 (t, J = 8.0 Hz, 2 H), 7.54 (t, J = 8.0 Hz, 1 H), 8.05 (d, J = 8.0
Hz, 2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ 14.3, 60.9, 128.3,
129.5, 130.5, 132.8, 166.6 ppm. All spectral data correspond to those
given in the literature.

Propyl Benzoate (2u):18h Following general procedure, the
product was isolated as colorless oil in 72% (35.4 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 15/1); 1H NMR
(CDCl3, 400 MHz) δ 1.03 (t, J = 8.0 Hz, 3 H), 1.75−1.84 (m, 2 H),
4.28 (t, J = 8.0 Hz, 2 H), 7.44 (t, J = 8.0 Hz, 2 H), 7.55 (t, J = 8.0 Hz, 1
H), 8.05 (d, J = 8.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ
10.5, 22.1, 66.5, 128.3, 129.5, 130.5, 132.8, 166.7 ppm. All spectral data
correspond to those given in the literature.

i-Propyl Benzoate (2v):18i Following general procedure, the
product was isolated as colorless oil in 67% (33.0 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 15/1); 1H NMR
(CDCl3, 400 MHz) δ 1.37 (d, J = 8.0 Hz, 6 H), 5.23−5.29 (m, 1 H),
7.42 (t, J = 8.0 Hz, 2 H), 7.53 (t, J = 8.0 Hz, 1 H), 8.04 (d, J = 8.0 Hz,
2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ 22.0, 68.3, 128.3, 129.5,
130.9, 132.7, 166.1 ppm. All spectral data correspond to those given in
the literature.

Butyl Benzoate (2w):18j Following general procedure, the product
was isolated as colorless oil in 65% (34.7 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 15/1); 1H NMR
(CDCl3, 400 MHz) δ 0.98 (t, J = 8.0 Hz, 3 H), 1.41−1.52 (m, 2 H),
1.71−1.78 (m, 2 H), 4.32 (t, J = 8.0 Hz, 2 H), 7.42 (t, J = 8.0 Hz, 2 H),
7.54 (t, J = 8.0 Hz, 1 H), 8.05 (d, J = 8.0 Hz, 2 H); 13C {1H} NMR
(CDCl3, 101 MHz) δ 13.4, 19.3, 30.8, 64.8, 128.3, 129.5, 130.5, 132.8,
166.7 ppm. All spectral data correspond to those given in the
literature.

Ethyl 4-Methylbenzoate (2x):9 Following general procedure, the
product was isolated as colorless oil in 74% (36.4 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 15/1); 1H NMR
(CDCl3, 400 MHz) δ 1.38 (t, J = 8.0 Hz, 3 H), 2.39 (s, 3 H), 4.35 (q, J
= 8.0 Hz, 2 H), 7.21 (d, J = 8.0 Hz, 2 H), 7.93 (d, J = 8.0 Hz, 2 H);
13C {1H} NMR (CDCl3, 101 MHz) δ 14.4, 21.6, 60.7, 127.8, 129.0,
129.6, 143.4, 166.7 ppm. All spectral data correspond to those given in
the literature.

α-Methoxyacetophenone (10):18k Following general procedure,
the product was isolated as pale yellow oil in 6% (2.7 mg) yield; flash
chromatography (petroleum ether/ethyl acetate, 12/1); 1H NMR
(CDCl3, 400 MHz) δ 3.52 (s, 3 H), 4.72 (s, 2 H), 4.35 (q, J = 8.0 Hz,
2 H), 7.48 (t, J = 8.0 Hz, 2 H), 7.59 (t, J = 8.0 Hz, 1 H), 7.94 (d, J =

Scheme 2. Proposed Reaction Mechanism
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8.0 Hz, 2 H); 13C {1H} NMR (CDCl3, 101 MHz) δ 59.5, 75.3, 127.8,
128.8, 133.6, 134.8, 196.2 ppm. All spectral data correspond to those
given in the literature.
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Reḿond, E.; Chatani, N. J. Am. Chem. Soc. 2012, 134, 115. (d) Hu, P.;
Zhang, M.; Jie, X.; Su, W. Angew. Chem., Int. Ed. 2012, 51, 227.
(e) Zhang, C.; Xu, Z.; Shen, T.; Wu, G.; Zhang, L.; Jiao, N. Org. Lett.
2012, 14, 2362. (f) Baidya, M.; Yamamoto, H. J. Am. Chem. Soc. 2011,
133, 13880. (g) Li, H.; Li, Y.; Zhang, X.-S.; Chen, K.; Wang, X.; Shi,
Z.-J. J. Am. Chem. Soc. 2011, 133, 15244. (h) Song, R.-J.; Liu, Y.; Hu,
R.-X.; Liu, Y.-Y.; Wu, J.-C.; Yang, X.-H.; Li, J.-H. Adv. Synth. Catal.
2011, 353, 1467. (i) Li, H.; Li, W.; Liu, W.; He, Z.; Li, Z. Angew.
Chem., Int. Ed. 2011, 50, 2975. (j) He, C.; Gou, S.; Huang, L.; Lei, A. J.
Am. Chem. Soc. 2010, 132, 8273. (k) Seiser, T.; Cramer, N. J. Am.
Chem. Soc. 2010, 132, 5340. (l) Sattler, A.; Parkin, G. Nature 2010,
463, 523. (m) Hirata, Y.; Yada, A.; Morita, E.; Nakao, Y.; Hiyama, T.;
Ohashi, M.; Ogoshi, S. J. Am. Chem. Soc. 2010, 132, 10070. (n) Waibel,
M.; Cramer, N. Angew. Chem., Int. Ed. 2010, 49, 4455. (o) Wang, C.;
Deng, L.; Yan, J.; Wang, H.; Luo, Q.; Xi, Z. Chem. Commun. 2009,
4414. (p) Takahashi, T.; Kuzuba, Y.; Kong, F.; Nakajima, K.; Xi, Z. J.
Am. Chem. Soc. 2005, 127, 17188. (q) Jun, C.-H.; Lee, H.; Lim, S.-G. J.
Am. Chem. Soc. 2001, 123, 751.
(3) For some selected examples on C−C double bond cleavage, see:
(a) Wang, T.; Jiao, N. J. Am. Chem. Soc. 2013, 135, 11692. (b) Lin, R.;
Chen, F.; Jiao, N. Org. Lett. 2012, 14, 4158. (c) O’Brien, M.;
Baxendale, I. R.; Ley, S. V. Org. Lett. 2010, 12, 1596. (d) Thottumkara,
P. P.; Vinod, T. K. Org. Lett. 2010, 12, 5640. (e) Singh, F. V.; Milagre,
H. M. S.; Eberlin, M. N.; Stefani, H. A. Tetrahedron Lett. 2009, 50,
2312. (f) Neisius, N. M.; Plietker, B. J. Org. Chem. 2008, 73, 3218.

(g) Hoveyda, A. H.; Zhugralin, A. R. Nature 2007, 450, 243.
(h) Miyamoto, K.; Tada, N.; Ochiai, M. J. Am. Chem. Soc. 2007, 129,
2772. (i) Liu, S.-T.; Reddy, K. V.; Lai, R.-Y. Tetrahedron 2007, 63,
1821. (j) Xing, D.; Guan, B.; Cai, G.; Fang, Z.; Yang, L.; Shi, Z. Org.
Lett. 2006, 8, 693. (k) Dhakshinamoorthy, A.; Pitchumani, K.
Tetrahedron 2006, 62, 9911. (l) Boer, J. W.; Brinksma, J.; Meetsma,
W. R.; Browne, A.; Alsters, P. L.; Hage, R.; Feringa, B. L. J. Am. Chem.
Soc. 2005, 127, 7990. (m) Kogan, V.; Quintal, M. M.; Neumann, R.
Org. Lett. 2005, 7, 5039. (n) Travis, B. R.; Narayan, R. S.; Borhan, B. J.
J. Am. Chem. Soc. 2002, 124, 3824. (o) Baucherel, X.; Uziel, J.; Juge, S.
J. Org. Chem. 2001, 66, 4504. (p) Takemori, T.; Inagaki, A.; Suzuki, H.
J. Am. Chem. Soc. 2001, 123, 1762. (q) Grubbs, R. H.; Miller, S. J.; Fu,
G. C. Acc. Chem. Res. 1995, 28, 446. (r) Barton, H. R.; Chavasiri, W.
Tetrahedron 1994, 50, 19. (s) Criegee, R. Angew. Chem., Int. Ed. Engl.
1975, 14, 745.
(4) (a) Adams, H.; Guio, L. V. Y.; Morris, M. J.; Spey, S. E. J. Chem.
Soc., Dalton Trans. 2002, 2907. (b) Chamberlin, R. L. M.; Rosenfeld,
D. C.; Wolczanski, P. T.; Lobkovsky, E. B. Organometallics 2002, 21,
2724. (c) Hayashi, N.; Ho, D. M.; Pascal, R. A., Jr. Tetrahedron Lett.
2000, 41, 4261. (d) Cairns, G. A.; Carr, N.; Green, M.; Mahon, M. F.
Chem. Commun. 1996, 2431. (e) O’Connor, J. M.; Pu, L. J. Am. Chem.
Soc. 1990, 112, 9013. (f) Moriarty, R. M.; Penmasta, R.; Awasthi, A.
K.; Prakash, I. J. Org. Chem. 1988, 53, 6124. (g) Sawaki, Y.; Inoue, H.;
Ogata, Y. Bull. Chem. Soc. Jpn. 1983, 56, 1133. (h) Sullivan, B. P.;
Smythe, R. S.; Kober, E. M.; Meyer, T. J. J. Am. Chem. Soc. 1982, 104,
4701.
(5) For some reviews, see: (a) Zhang, W.; Moore, J. S. Adv. Synth.
Catal. 2007, 349, 93. (b) Villar, H.; Frings, M.; Bolm, C. Chem. Soc.
Rev. 2007, 36, 55. (c) Deshmukh, P. H.; Blechert, S. Dalton Trans.
2007, 2479 and references therein. (d) Fürstner, A.; Davies, P. W.
Chem. Commun. 2005, 2307. (e) Bunz, U. H. F. Acc. Chem. Res. 2001,
34, 998. (f) Fürstner, A.; Mathes, C.; Lehmann, C. W. Chem.Eur. J.
2001, 7, 5299. (g) Bunz, U. H. F.; Kloppenburg, L. Angew. Chem., Int.
Ed. 1999, 38, 478.
(6) Jun, C.-H.; Lee, H.; Moon, C.-W.; Hong, H.-S. J. Am. Chem. Soc.
2001, 123, 8600.
(7) Shimada, T.; Yamamoto, Y. J. Am. Chem. Soc. 2003, 125, 6646.
(8) Datta, S.; Chang, C.-L.; Yeh, K.-L.; Liu, R.-S. J. Am. Chem. Soc.
2003, 125, 9294.
(9) Wang, A.; Jiang, H. J. Am. Chem. Soc. 2008, 130, 5030.
(10) Shen, T.; Wang, T.; Qin, C.; Jiao, N. Angew. Chem., Int. Ed.
2013, 52, 1.
(11) Sheng, W.-B.; Jiang, Q.; Luo, W.-P.; Guo, C.-C. J. Org. Chem.
2013, 78, 5691.
(12) Tanaka, R.; Yamabe, K. J. Chem. Soc., Chem. Commun. 1983,
329.
(13) Miyamoto, K.; Sei, Y.; Yamaguchi, K.; Ochiai, M. J. Am. Chem.
Soc. 2009, 131, 1382.
(14) Okamoto, N.; Ishikura, M.; Yanada, R. Org. Lett. 2013, 15, 2571.
(15) Xu, J.-H.; Jiang, Q.; Guo, C.-C. J. Org. Chem. 2013, 78, 11881.
(16) (a) Negishi, E. In Handbook of Organopalladium Chemistry for
Organic Synthesis; Negishi, E., Ed.; Wiley-Interscience: New York,
2002; Vol. I, pp 213−1119. (b) Metal-Catalyzed Cross-Coupling
Reactions; de Meijere, A., Diederich, F., Eds.; Wiley-VCH: New York,
2004 and references therein. (c) Yu, D.-G.; Li, B.-J.; Shi, Z.-J. Acc.
Chem. Res. 2010, 43, 1486.
(17) (a) Dohi, T.; Ito, M.; Morimoto, K.; Minamitsuji, Y.; Takenaga,
N.; Kita, Y. Chem. Commun. 2007, 4152. (b) Kim, H. J.; Kim, J.; Cho,
S. H.; Chang, S. J. Am. Chem. Soc. 2011, 133, 16382. (c) Kita, Y.;
Morimoto, K.; Ito, M.; Ogawa, C.; Goto, A.; Dohi, T. J. Am. Chem. Soc.
2009, 131, 1668. (d) Du, Y.; Liu, R.; Linn, G.; Zhao, K. Org. Lett.
2006, 8, 5919. (e) Dohi, T.; Ito, M.; Itani, I.; Yamaoka, N.; Morimoto,
K.; Fujioka, H.; Kita, Y. Org. Lett. 2011, 13, 6208. (f) Antonchick, A.
P.; Samanta, R.; Kulikov, K.; Lategahn, J. Angew. Chem., Int. Ed. 2011,
50, 8605. (g) Yu, W.; Du, Y.; Zhao, K. Org. Lett. 2009, 11, 2417.
(h) Alla, S. K.; Kumar, R. K.; Sadhu, P.; Punniyamurthy, T. Org. Lett.
2013, 15, 1334. (i) Zhong, W.; Liu, S.; Yang, J.; Meng, X.; Li, Z. Org.
Lett. 2012, 14, 3336. (j) Kang, Y.-B.; Gade, L. H. J. Am. Chem. Soc.
2011, 133, 3658. (k) Kantak, A. A.; Potavathri, S.; Barham, R. A.;

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo5003517 | J. Org. Chem. 2014, 79, 2709−27152714

http://pubs.acs.org
http://pubs.acs.org
mailto:ccguo@hnu.edu.cn


Romano, K. M.; DeBoef, B. J. Am. Chem. Soc. 2011, 133, 19960.
(l) Mo, D.-L.; Dai, L.-X.; Hou, X.-L. Tetrahedron Lett. 2009, 50, 5578.
(m) Kita, Y.; Yakura, T.; Terashi, H.; Haruta, J.; Tamura, Y. Chem.
Pharm. Bull. 1989, 37, 891. (n) Vasileva, V. P.; Khalfina, I. L.;
Karpitskaya, L. G.; Merkushev, E. B. Zh. Org. Khim. 1987, 23, 2225.
(18) (a) Liu, C.; Wang, J.; Meng, L.; Deng, Y.; Li, Y.; Lei, A. Angew.
Chem., Int. Ed. 2011, 50, 5144. (b) Nakamura, R.; Obora, Y.; Ishii, Y.
Adv. Synth. Catal. 2009, 351, 1677. (c) Zhou, L.; Liu, Z.; Liu, Y.;
Zhang, Y.; Wang, J. Tetrahedron 2013, 69, 6083. (d) Das, A.;
Chaudhuri, R.; Liu, R.-S. Chem. Commun. 2009, 4046. (e) Miyaura, N.;
Itoh, M.; Suzuki, A. Synthesis 1976, 9, 618. (f) McNulty, J.; Capretta,
A.; Laritchev, V.; Dyck, J.; Robertson, A. J. J. Org. Chem. 2003, 68,
1597. (g) Satonaka, H. Bull. Chem. Soc. Jpn. 1983, 56, 2463.
(h) Pelletier, S. W.; Djarmati, Z.; Pape, C. Tetrahedron 1976, 32,
995. (i) Gooßen, L. J.; Manjolinho, F. B.; Khan, A.; Rodríguez, N. J.
Org. Chem. 2009, 74, 2620. (j) Iwasaki, T.; Maegawa, Y.; Hayashi, Y.;
Ohshima, T.; Mashima, K. J. Org. Chem. 2008, 73, 5174. (k) Mo, D.-
L.; Dai, L.-X.; Hou, X.-L. Tetrahedron Lett. 2009, 50, 5578. (l) Shang,
R.; Fu, Y.; Zhang, S.-L.; Guo, Q.-X.; Liu, L. J. Am. Chem. Soc. 2009,
131, 5738.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo5003517 | J. Org. Chem. 2014, 79, 2709−27152715


