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Alkynes are a recurring functional group in numerous
natural products, bioactive compounds, and organic materials
as well as versatile intermediates in synthesis.[1] Among the
methods for the incorporation of alkynyl functionality into
organic molecules, metal-mediated cross-coupling reactions
have a prominent role.[2] Arguably, one of the most valuable
transformations in this context is the Sonogashira reaction
involving terminal alkynes reacting with aryl or vinyl halides,
and even alkyl halides as coupling partners.[3] A recent
addition to the arsenal of cross-coupling-based synthesis of
substituted alkynes is the “inverse Sonogashira coupling”
involving metal-catalyzed direct alkynylation of arenes and
heterocycles with alkynyl halides.[4] In view of the diverse
requirements of C�C bond-forming reactions, the develop-
ment of a complementary and, especially conceptually
innovative strategy would be highly desirable. Recently,
metal-mediated oxidative cross-coupling reactions of alkynyl
metal reagents or terminal alkynes have emerged as a
promising new strategy for access to various alkynes.

The first copper-mediated oxidative acetylenic homocou-
pling was pioneered by Glaser[5,6] in 1869, however, metal-
mediated oxidative cross-coupling reactions of alkynyl metal
reagents or terminal alkynes with other nucleophiles remain a
significant challenge, largely because of the lack of solutions
to overcome the undesired homocoupling under oxidative
conditions. In 2006, Lei and co-workers reported a remark-
able example of metal-mediated oxidative cross-coupling of
alkynyl metal reagents in high yields and selectivity.[7] This
protocol is a palladium-catalyzed oxidative cross-coupling of
alkynylstannanes with alkyl zinc halides, using 2-chloro-2-
phenylacetophenone (desyl chloride) as an oxidant
(Scheme 1). Mechanistically, the oxidative addition of desyl
chloride to the Pd0 catalyst and subsequent tautomerization
generates an O-bound palladium enolate chloride. This PdII

species undergoes double transmetallation with zinc and tin

reagents to produce the Csp�Pd�Csp3 intermediate which
undergoes reductive elimination to yield the desired cross-
coupling products (Scheme 1). This protocol constitutes a
conceptually attractive method for the alkyl–alkynyl cross-
coupling. Although two organometallic substrates are used in
this protocol, this reaction has the following advantages
compared to the Sonogashira coupling[8] of alkyl halides with
terminal alkynes: 1) The simple catalyst precursor [Pd(dba)2]
(dba = dibenzylideneacetone)without extrogenous ligands
showed the best results in this oxidative cross-coupling.
However, the exogenous ligands such as N-heterocyclic
carbenes[8a, b] and a pincer NN2 ligand[8c] were required in the
Sonogashira coupling of alkyl halides. In addition, copper co-
catalysis was necessary in the Sonogashira reactions of
unactivated alkyl halides;[8] 2) no additional base was re-
quired in this oxidative cross-coupling; 3) the aliphatic and
aromatic alkynylstannanes with alkylzinc reagents, including
b-hydrogen-containing primary and secondary alkylzinc re-
agents, can be smoothly coupled together in this oxidative
cross-coupling. Notably, there is only one example of a
Sonogashira coupling of both primary and secondary alkyl
halides to date, however, the alkyne substrate scope is rather
limited as arylacetylenes are reported to not be suitable
substrates.[8b]

Later, Knochel and co-workers[9] described a novel
oxidative cross-coupling from alkynyl lithium and aryl

Scheme 1. Palladium-catalyzed cross-coupling of alkylzincs and alkynyl-
stannanes. THF = tetrahydrofuran.
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magnesium reagents. This protocol involved the use of
stoichiometric amounts of CuI to generate a mixed lithium
aryl(alkynyl) cuprate, which was subsequently oxidized by
chloranil to give polyfunctional alkynes in good yields
[Eq. (1)]. A key feature of this methodology is that halide-
containing aryl and heteroaryl magnesium reagents as well as
sterically hindered aryl magnesium reagents are all good
substrates for this aryl–alkynyl coupling. Generally, the
Sonogashira coupling fails for the selective monocoupling of
dihaloarenes as well as for the coupling of sterically congested
haloarenes.[10]

A drawback of the work from Knochel and co-workers[9]

and from Lei and co-workers involving palladium-catalyzed
oxidative cross-coupling of alkynylstannanes,[7] is that the use
of chloranil or desyl chloride as the oxidant is not either
environmentally or economically advantageous.

In 2009, an elegant metal-catalyzed oxidative cross-
coupling-based synthesis of alkynes by using atmospheric
oxygen as an oxidant[11] was disclosed by Cahiez et. al.[12]

Various alkynyl and aryl magnesium halides were coupled
successfully in the presence of MnCl2/O2 as a cheap and
environmentally friendly catalytic system, providing a variety
of arylacetylenes in good yields [Eq. (2)]. Notably, this
protocol can also be extended to alkynyl–alkynyl, alkenyl–
alkynyl, and aryl–aryl coupling. It was found that the
selectivity between hetero- and homocoupling was highly
dependent upon the nature of the two Grignard reagents. In
most cases, the outcome of the reaction is not statistical and it
is possible to obtain preferentially the heterocoupling prod-
ucts by using an excess of either alkynyl or aryl magnesium
halides (2.5 equiv).

A disadvantage of the reactions above is the additional
synthetic step needed to preform alkynyl metal reagents.
From a practical viewpoint, direct cross-coupling of terminal
alkynes and other nucleophiles using atmospheric oxygen or
air as the oxidant, which avoids the use of “prefunctionaliza-
tion” process is highly attractive. More recently, several
groups reported the latest development of this methodology.

Lei and co-workers employed a palladium catalyst to
couple terminal alkynes and alkylzinc reagents under aerobic
conditions [Eq. (3); TES = triethylsilyl].[13] It was found that

the addition of a certain amount of CO was critical in terms of
enhancing the chemical yields and improving the selectivity.
When only a dry air or oxygen atmosphere was used,
heterocoupling products were produced in lower yields
together with polymerization of the alkynes. In this palla-
dium-catalyzed oxidative cross-coupling reaction, CO was
speculated to serve as a p-acidic ligand to promote the
Csp�Csp3 reductive elimination.[14] Thus, various alkylacety-
lenes were obtained in good yields and excellent selectivity
when a 10:1 ratio of air/CO and 3 equivalents of the alkyl zinc
reagent were used.

The trifluoromethylation of terminal alkynes reported by
Qing and co-workers[15] involved copper-mediated aerobic
oxidative cross-coupling of terminal alkynes with CuCF3

generated in situ from Me3SiCF3, KF, and CuI [Eq. (4);
DMF = N,N’-dimethylformamide, phen = 1,10-phenanthro-
line]. This protocol provides a general, straightforward, and
practically useful method for the preparation of trifluorome-
thylated acetylenes, which are versatile building blocks, in
medicinal, agrochemical, and material science.

Another elegant example of metal-catalyzed oxidative
cross-coupling for the synthesis of fluorinated alkynes
through Csp�Csp2 bond-forming reactions was recently report-
ed by Su and co-workers.[16] This protocol involved copper-
catalyzed aerobic oxidative cross-coupling of terminal al-
kynes with electron-deficient polyfluoroarenes (activated
arenes) under strong basic conditions [Eq. (5); DDQ = 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone, DMSO = dimethyl-
sulfoxide]. Although this direct alkynylation of an aromatic
C�H bond with terminal alkynes appears quite attractive, the
reaction has only two or so turnover numbers based on Cu—
that is barely catalytic. Fortunately, the catalyst used in this
reaction is CuCl2, which is inexpensive.

Almost simultaneously, Nevado and co-workers reported
an unusual gold-catalyzed direct alkynylation of arenes with
terminal alkynes by using PhI(OAc)2 as an oxidant.[17] The
most remarkable feature of this protocol is that the use of
“deactivated” electron-deficient alkynes and electron-rich
arenes as coupling partners [Eq. (6); DCE = dichloroethane].
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Recently, a metal-catalyzed oxidative heterocoupling of
two different terminal alkynes was reported by Lei and co-
workers [Eq. (7); TMEDA = N,N,N’,N’-tetramethyl-1,2-etha-
nediamine].[18] They employed NiCl2·6 H2O/CuI as the cata-
lyst, and used air or O2 as the oxidant. By using an excess of
one of the terminal alkyne substrates, a variety of unsym-
metric conjugated diynes can be obtained in good yields.
However, the use of 5 equivalents of one of the terminal
alkynes would inevitably result in the formation of a consid-
erable amount of homocoupled products.

Metal-catalyzed oxidative coupling of terminal alkynes
with heteroatom nucleophiles has also been developed. Two
recent examples are highlighted here [Eq. (8)].[19] In the
protocol reported by Stahl and co-workers,[19a] various nitro-
gen nucleophiles including cyclic carbamates, amides, and
ureas as well as 4-substituted-N-alkyl benzenesulfonamides
were smoothly coupled with terminal alkynes to give yna-
mides, which are of importance in organic synthesis.

The protocol from Han and co-workers[19b] provides a
straightforward entry into synthetically and biologically
important alkynylphosphonates employing terminal alkynes
with H-phosphonates as coupling partners [Eq. (9)].

As a promising new strategy for the synthesis of alkynes,
metal-mediated oxidative cross-coupling reactions of alkynyl
metal reagents or terminal alkynes has shown remarkable
advantages and enormous potentials in the construction of
Csp�Csp3, Csp�Csp2, Csp�Csp, and Csp�heteroatom bonds.
Although some mechanistic details are still unexplored, the

current advances promise continuing interest in and broad
application of this method in modern synthesis.
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