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ABSTRACT: C(sp3)−C(sp) bond formations are of
immense interest in chemistry and material sciences. We
report herein a convenient, radical-mediated and catalytic
method for C(sp3)−C(sp) cross-coupling. Thus, with
AgNO3 as the catalyst and K2S2O8 as the oxidant, various
aliphatic carboxylic acids underwent decarboxylative
alkynylation with commercially available ethynylbenzio-
doxolones in aqueous solution under mild conditions. This
site-specific alkynylation is not only general and efficient
but also functional group compatible. In addition, it
exhibits remarkable chemo- and stereoselectivity.

Alkynes are not only important tools and structural
elements in material sciences and chemical biology but

also versatile building blocks in organic synthesis.1 The
introduction of an alkynyl group into a molecule, in particular
C-alkynylation, has thus drawn considerable attention.
Enormous progress has been achieved in the Sonogashira
reaction, which provides a convenient entry to C(sp2)−C(sp)
bond formations.2 Significant efforts have also been made in
C(sp3)−C(sp) coupling reactions in the past decade. Fu et al.
first extended the Sonogashira reaction to the use of primary
alkyl halides as the electrophiles.3 A number of transition-metal-
catalyzed cross-coupling reactions were later developed for the
C(sp3)−C(sp) bond formation.4−6 Nevertheless, these meth-
ods are mainly restricted to primary or secondary alkyl−alkynyl
cross coupling while the tertiary alkyl−alkynyl coupling remains
a difficult task. More recently, electrophilic C(sp3)-alkynyla-
tion7 with the use of ethynylbenziodoxolones was reported by
Waser et al.8 and found an immediate application in the total
synthesis of drimane-type sesquiterpenoids by Yang and co-
workers.9 However, this method requires the use of active
methylene compounds as nucleophiles. The development of
more general and efficient methods for C(sp3)−C(sp) bond
formation is thus of great importance.
Compared to nucleophilic or electrophilic alkynylation,

radical alkynylation reactions have received much less attention
(Figure 1). Russell et al. first studied the radical alkynylation
reactions of alkylmercury halides with various alkynes.10 Fuchs
et al. successfully developed the metal-free radical alkynylation
of C−H bonds via reaction with acetylenic triflones.11 This
method was then extended to the chemospecific alkynylation of
alkyl iodides.12 Renaud and co-workers nicely introduced the
alkynylation of B-alkylcatecholboranes with alkynyl sulfones,
thus allowing the hydroalkynylation of alkenes to proceed in a

one-pot procedure with the use of catecholborane.13 Landais et
al. extended this method to radical carboalkynylation of
olefins.14 Nevertheless, these radical methods rely heavily on
the use of alkynyl sulfones as alkynylating agents.15 In view of
the excellent functional group compatibility and mild reaction
conditions for radical reactions, it is highly desirable to develop
new radical strategies for more convenient and efficient
C(sp3)−C(sp) bond formations. Herein we report the silver-
catalyzed decarboxylative alkynylation of aliphatic carboxylic
acids with ethynylbenziodoxolones in aqueous solution.
The ready availability, high stability, and low cost of

carboxylic acids make them extremely promising raw materials
for chemical synthesis.16 We recently reported the silver-
catalyzed oxidative decarboxylative chlorination and fluorina-
tion of aliphatic carboxylic acids.17 We were then interested in
whether the alkyl radical generated by oxidative decarboxylation
could be efficiently trapped by a suitable alkynylating agent.
Thus, with K2S2O8 (1 equiv) as the oxidant and AgNO3 (10
mol %) as the catalyst,18 the reactions of adamantane-1-
carboxylic acid (A-1) with a number of alkynylating agents were
tested (Scheme 1). The reactions with phenylacetylene,
phenylethynyl bromide, or phenyl phenylethynyl sulfone in
various solvents gave either no or a very low yield (<5%) of the
expected alkynylation product 1, the major products being
adamantane or adamantan-1-ol. We then turned to electrophilic
alkynylating agents for help. The use of phenylethynyl
phenyliodonium triflate did not show any improvement.
However to our delight, when phenylethynylbenziodoxolone
(I-1)19 was employed, the reaction with A-1 in aqueous DMF
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Figure 1. Overview of radical C-alkynylation reactions.
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(or acetone) solution proceeded smoothly at room temper-
ature, furnishing the expected alkyne 1 in 72% yield. In
addition, 2-iodobenzoic acid was also isolated in >70% yield.
Since 2-iodobenzoic acid serves as the starting material for the
preparation of the benziodoxolone,19 this catalytic alkynylation
method is thus highly sustainable. To the best of our
knowledge, this is the first example of alkynyliodine(III)
compounds serving as radical acceptors.20

The above alkynylation reaction with I-1 was then extended
to other tertiary alkyl carboxylic acids without further
optimization. As shown in Scheme 2, tertiary alkyl−phenyl-

ethynyl coupling products 2 and 3 were achieved in good yields
in acetone/water solution. p-Chlorophenylethynylbenziodox-
olone (I-2) exhibited the reactivity similar to I-1, as evidenced
by the synthesis of 4 and 5. On the other hand, triisopropylsilyl
(TIPS)-substituted ethynylbenziodoxolone I-3 afforded the
expected product 6 in only 10% yield.
The low product yield in the reaction of I-3 indicated above

urged us to optimize the experimental conditions. Our
extensive study using 2-ethylhexanoic acid as the model
substrate revealed that, in the presence of AgNO3 (30 mol
%) and K2S2O8 (3 equiv), the reaction of I-3 with 2-
ethylhexanoic acid in CH3CN/H2O (1:1, v:v) solution at 50
°C for 10 h led to the clean formation of the expected alkyne

product 7 in 94% isolated yield. The control experiments
indicated that both AgNO3 and K2S2O8 were essential for the
decarboxylation. Other Ag(I) salts such as AgBF4 and AgOTf
exhibited behavior similar to that of AgNO3. Various aliphatic
carboxylic acids were then tested under the optimized
conditions, and the results are summarized in Scheme 3. The

decarboxylative alkynylation proceeded smoothly for all the
primary, secondary, and tertiary alkyl acids, and the
corresponding products 6−24 were achieved in good to
excellent yields. For tertiary alkyl acids and α-heteroatom-
substituted alkyl acids, the amount of the catalyst AgNO3 could
be reduced to 10 or 20 mol %. Note that alkyne 6 was now

Scheme 1. Decarboxylative Phenylethynylation of
Adamantane-1-carboxylic Acid

Scheme 2. Decarboxylative Alkynylation of Tertiary Alkyl
Acids in Aqueous Solution

aReaction conditions: acid (0.3 mmol), AgNO3 (0.03 mmol), K2S2O8
(0.3 mmol), alkynylating agent (0.45 mmol), DMF or acetone (3 mL),
H2O (3 mL), rt, 10 h. bIsolated yield based on the starting acid.
cSolvent: acetone/H2O.

dSolvent: DMF/H2O.

Scheme 3. Silver-Catalyzed Decarboxylative Alkynylation of
Aliphatic Acids in CH3CN/H2O

aReaction conditions: carboxylic acid (0.3 mmol), AgNO3 (0.09
mmol), I-3 (0.45 mmol), K2S2O8 (0.9 mmol), CH3CN (3 mL), H2O
(3 mL), 50 °C, 10 h. bIsolated yield based on the corresponding
carboxylic acid. c20 mol % AgNO3 was used.

d10 mol % AgNO3 was
used. eReaction time: 1 h.
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obtained in 70% yield. The catalytic processes enjoy the
tolerance of a variety of functional groups, including amide,
ester, carbonyl, halide, ether, aryl, etc., which encourages their
application to more complexed organic molecules. For example,
alkyne 28 was obtained in 61% yield as a 1:2 mixture of two
diastereoisomers from the corresponding dehydrolithocholic
acid derivative. It is interesting to note that this reaction was in
fact diastereoselective. To explore the stereoselectivity of
alkynylation, acid A-29 was employed as the probe. Indeed,
both trans-A-29 and cis-A-29 led to the exclusive formation of
trans-substituted product 29 (eq 1). Similarly, acid A-30 as the
mixture of two stereoisomers yielded the trans-configured
product 30 only (eq 1). Nevertheless, racemic product 27 was
obtained from the reaction of optically pure N-protected (S)-
phenylalanine.

Unlike aliphatic acids, aromatic acids such as 4-chlorobenzoic
acid or 2-nitrobenzoic acid failed to give any desired products
under the above experimental conditions, while all the starting
acids were recovered. This allows the successful implementa-
tion of chemoselective alkynylation. As illustrated in eq 2, the
alkylic carboxyl group in diacid A-31 was selectively removed to
provide alkyne 31 while the benzoic carboxyl group remained
intact.
The above results have clearly demonstrated the generality of

decarboxylative alkynylation. Moreover, the TIPS group in the
products (such as 13 and 25) can be easily removed by
treatment with tetrabutylammonium fluoride to give the
terminal alkynes (see the Supporting Information), which can
be utilized for further transformations such as the Sonogashira
cross-coupling.
The radical mechanism can also be inferred from the above

experiments. A more direct evidence was the reaction of acid A-
32 in which the alkynylation product 32 (49%) was
accompanied by the cyclization product 32C (41%), as
indicated in eq 3. To provide solid evidence on the radical
mechanism, cyclopropylacetic acid A-33 was designed as the
radical probe.21 The reaction of A-33 with I-3 under the
optimized conditions gave the ring-opening product 33 in 74%
yield as a 4:1 mixture of two stereoisomers determined by
HPLC (eq 4). These two experiments strongly support the
involvement of free radical mechanism in the decarboxylative
alkynylation.

On the basis of the above results, a plausible mechanism was
proposed for the catalytic decarboxylative alkynylation (Figure
2). Oxidation of Ag(I) by persulfate generates the Ag(II)

intermediate, which then undergoes single electron transfer
with a carboxylate to produce the carboxyl radical.18 Fast
decarboxylation of the carboxyl radical gives the corresponding
alkyl radical. Addition of the alkyl radical to the triple bond of I-
3 followed by subsequent β-elimination of the adduct radical
affords the final product alkyne along with the formation of
benziodoxolonyl radical (X). 2-Iodobenzoic acid is then
produced from the benziodoxolonyl radical via either H-
abstraction or reduction−protonation sequence.
To provide further evidence on the above mechanism, tert-

butyl 2-ethylhexaneperoxoate (34) was used as the alkyl radical
precursor (via O−O bond cleavage followed by decarbox-
ylation).17b The reactions of 34 with I-1 or I-3 in refluxing
benzene for 12 h afforded the corresponding alkynylation
product 35 or 7 in around 40% yield (eq 5). This result

supports our hypothesis in Figure 2, i.e., once the alkyl radical is
generated, Ag+/S2O8

2− is unlikely to be involved in the
subsequent processes. Further mechanistic investigations are
certainly required to understand the interaction of alkyl radicals
with ethynylbenziodoxolones.

Figure 2. Proposed mechanism of decarboxylative alkynylation.
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In conclusion, we have developed the decarboxylative
alkynylation of aliphatic carboxylic acids in aqueous solution
with AgNO3 as the catalyst and the commercially available
ethynylbenziodoxolones as alkynylating agents. This radical-
mediated C(sp3)−C(sp) cross-coupling is not only efficient and
general but also functional group compatible. In addition, it also
exhibits remarkable chemo- and stereoselectivity. In view of the
mild experimental conditions and ready availability of both
substrates and reagents, this convenient and site-specific
alkynylation method should find practical applications in
organic synthesis.
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