
DOI: 10.1002/adsc.200600476

Alkyne Metathesis: Catalysts and Synthetic Applications

Wei Zhanga and Jeffrey S. Mooreb,*
a Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
b Roger Adams Laboratory, Department of Chemistry and Materials Science & Engineering, University of Illinois at

Urbana-Champaign, Urbana, Illinois 61801, USA
Fax: (+1)-217-244-8024; e-mail: jsmoore@uiuc.edu

Received: September 16, 2006

Dedicated to the inspiring and pioneering work of Bob Grubbs and Dick Schrock in the field of carbon-carbon
multibond metathesis.

Abstract: There has been rapid progress and growing
interest in alkyne metathesis within the past decade.
The availability of highly active catalysts as well as
their applications in both organic synthesis and poly-
mer chemistry has served to motivate the advance-
ment of this field. In this article, the development of
several different metathesis catalysts, including two
heterogeneous ones, are reviewed with an emphasis
on comparing strengths and weaknesses. In Section
4, the applications of alkyne metathesis to synthesis
of natural products, conjugated polymers as well as
shape-persistent macrocycles are discussed. In the
last section, a comparison of alkyne metathesis to
the well established alkene metathesis is given. De-
veloping an alkyne metathesis catalyst with both
high reactivity and robustness to air and moisture re-
mains an unsolved problem of this important and
useful reaction.
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1 Introduction

The past decade has witnessed the tremendous impact
of alkene metathesis on organic synthesis and poly-
mer chemistry.[1] The extraordinary generality and
chemoselectivity of this synthetic method as well as
the ready availability of the catalysts have greatly fa-
cilitated the wide application of alkene metathesis in
a variety of research areas. However, despite the
great success of alkene metathesis, the analogous
alkyne metathesis reaction is a less developed syn-
thetic method. Its application is impeded by the avail-
ability and performance of the alkyne metathesis cat-
alysts, especially with regard to convenience of cata-
lyst synthesis, substrate compatibility, and tempera-
ture required for catalytic activity. As catalysts im-

prove, alkyne metathesis has started to gain attention
as a powerful tool holding great synthetic promise.[2–4]

The catalysts that have been most widely used in or-
ganic synthesis and preparation of arylene-ethynylene
polymers are based on molybdenum or tungsten com-
plexes, in which alkoxide or phenoxide ligands are
most common. Both homogeneous and heterogeneous
catalysts have been successfully developed. In this
review, the historical mechanistic understanding on
alkyne metathesis will be discussed first. Comparison
of various homogeneous catalyst systems and theoret-
ical investigation of alkyne metathesis catalyzed by
tungsten or molybdenum alkylidyne complexes will
be covered in Section 3.1. Two newly developed het-
erogeneous catalytic systems will be discussed in Sec-
tion 3.2, and the recent applications of alkyne meta-
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thesis in organic synthesis and polymer chemistry will
be covered in Section 4. Finally, a comparison of
alkyne metathesis to alkene metathesis is made in
Section 5. Although there have been several previous
articles reviewing related topics,[1b,h,3,5] here we em-
phasize the most recently developed catalyst systems
and their high efficiency in addressing synthetic chal-
lenges in the field of organic and polymer chemistry.

2 Mechanistic Overview

Analogous to alkene metathesis, in which the alkyli-
dene units between two olefin compounds are mutual-
ly exchanged, alkyne metathesis refers to the ex-
change of alkylidyne units between a pair of acety-
lenes. Catalytic alkyne metathesis has been known for
over three decades. In the late 1960s, a heterogeneous
mixture of tungsten trioxide and silica was found to
be able to catalyze alkyne metathesis at a very high
temperature (200–450 8C).[6] A few years later, Mor-
treux reported the first homogeneous catalyst system
generated from Mo(CO)6 and resorcinol, which can
catalyze the metathesis of p-tolylphenylacetylene at
160 8C.[7] However, the mechanism of this transforma-
tion was not well understood until 1975 when Katz

first proposed the concept of an alkylidyne complex
metathesizing acetylenes (Scheme 1).[8] In the pro-
posed alkylidyne mechanism, metallacyclobutadienes
are initially formed from acetylenes and alkylidyne
complexes, analogous to metallacyclobutanes that are
formed in alkene metathesis from olefins and metal
alkylidene complexes.[9] The metathesis product is ob-
tained following cycloreversion along the alternative
metallocycle bonds. This mechanism was later experi-
mentally established by Schrock using well-defined
tungsten(VI) neopentylidyne complexes.[10] The isolat-
ed metallacyclobutadiene intermediates, which were
generated from a formal [2+2] cycloaddition of alky-
lidynes and alkynes, were proven to be catalytically
active toward metathesis.[11] This represents the first
rational design of well-defined homogeneous catalyst
for alkyne metathesis.

Both tungsten- and molybdenum-based alkylidyne
species (RO)3M�CR’ (M=W or Mo) (1) are com-
monly in equilibrium with alkyne adducts of formula
M2(OR)6ACHTUNGTRENNUNG(m-C2R’2) (2) (Scheme 2), and the position of
equilibrium is dependent on the nature of R and
R’.[12,13] Bulky R and R’ combinations favor the alkyli-
dyne species and the position of equilibrium is more
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Scheme 1. Alkylidyne mechanism of alkyne metathesis.
Scheme 2. Dimerization pathway leading to catalyst deacti-
vation.
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sensitive to R rather than R’ group. If the formation
of alkyne adduct 2 is strongly favored, the catalyst
will essentially lose its activity, which is also known as
the dimerization pathway leading to catalyst deactiva-
tion.[13] To avoid such problem, approaches manipulat-
ing the steric bulkiness and electronic properties of
the ligands have been utilized, which will be discussed
in the following section.

Another commonly encountered side reaction in
alkyne metathesis is polymerization of small alkyne
by-products, such as 2-butyne (Scheme 3). The poly-
merization is proposed to go through “ring expan-
sion” mechanism, in which the small alkynes are re-
peatedly inserted into the metal-carbon bond.[10,14] In
this scenario, the metathesis catalysts are transformed
into vinyl alkylidyne species 3, which would be un-
available for alkyne metathesis. This undesirable
pathway could be prevented if the alkyne by-product
is either more sterically bulky or insoluble in the reac-
tion media, which will be discussed in Section 3.

In addition to the above-mentioned side reactions
leading to catalyst deactivation, the efficiency of the
metathesis reaction is also largely dependent on the
competition between the productive and non-produc-
tive manifold (“pseudopoisoning” effect of the by-
product on the metathesis catalyst), especially in the
metathesis of alkyl aryl disubstituted substrates (e.g.,
butynyl-substituted aromatic substrate 4 in
Scheme 4).[15] In alkyne metathesis, alkyl-substituted
alkynes are more reactive than arylalkynes, and elec-
tron-deficient arylalkynes react slower than electron-
rich arylalkynes.[14,16] Hence, the reaction of the cata-
lyst with small alkyne by-product (e.g., 3-hexyne) is
presumably favored over its reaction with starting

aryl-substituted monomers or intermediate arylene-
ethynylene oligomers. The catalyst is thus kinetically
occupied with by-product rather than the desired
elongation and/or cyclization; the non-productive
route can dominate the catalytic activity. In such
cases the dialkyl-substituted alkyne by-products
should be avoided (or efficiently removed) if the
metathesis of electron-deficient aryl substrates is to
proceed with high conversion. Utilizing a benzoylbi-
phenyl-based endgroup in metathesis leading to the
formation of an insoluble by-product represents a
novel strategy[17] to overcome this “pseudopoisoning”
problem, which will be discussed in Section 4.

3 Catalyst Synthesis

Alkyne metathesis catalysts, either homogeneous or
heterogeneous, are mainly tungsten or molybdenum-
based with alkoxides or phenoxides as the ligand. The
summary below is divided into homogeneous and het-
erogeneous systems and further subdivided by metal
center.

3.1 Homogeneous Systems

3.1.1 Tungsten-Based

In the early 1980s, Schrock and co-workers prepared
several tungsten(VI) oxoalkylidene complexes (alkyli-
dene ligand counted as a dianion), which catalyzed
olefin metathesis at 25 8C.[18] They reasoned that if an
alkylidyne complex was to catalyze the metathesis of

Scheme 3. Postulated ring expansion mechanism of polymerization of 2-butyne by-product.

Scheme 4. Productive metathesis vs. non-productive metathesis. Propylidyne catalyst and butynyl substituted aromatic sub-
strate were used for illustration.
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acetylenes, it probably should also contain tung-
sten(VI) (alkylidyne ligand counted as a trianion).
The discovery of neopentylidyne complexes WACHTUNGTRENNUNG(C-t-Bu)
(CH2-t-Bu)3 (5),[19] which was the only tungsten(VI)
alkylidyne species known at that time, created the
possibility of preparing active alkyne metathesis cata-
lysts.

Reaction between WCl6 and neopentyllithium gen-
erates alkylidyne 5, which is not a good candidate for
metathesis catalyst due to the reactivity of those alkyl
ligands. Further treatment of complex 5 with HCl and
1,2-dimethoxyethane (DME) provides another alkyli-
dyne species, tungsten(VI) trichloride 6. Although a
stable tungstacyclobutadiene complex forms readily
upon addition of one equivalent of an internal alkyne
to complex 6, the metallacyclic species 7, instead of
going through desired cycloreversion, reacts further
with alkyne to yield reduced tungsten side products 8
that contain a peralkylated cyclopentadienyl ring. In
contrast, the trialkoxytungsten(VI) alkylidyne com-
plex 9, prepared via replacing chloride in 6 with tert-
butoxy group using lithium tert-butoxide, is highly
active for the metathesis of ordinary internal alkynes
(Scheme 5a).[20] The bulky alkoxide ligands are utiliz-
ed to prevent or significantly slow down the dimeriza-
tion pathway (Scheme 2). Complexes containing other
common bulky ligands (e.g. alkyls, thiolates, amides)
were also tested and showed little activity, presumably
owing to the fact that the element bound to the metal
(i.e., C, N, S) is not as electronegative as oxygen.[21]

Chloride ligands are sufficiently electronegative, but
they also readily bridge between metals and promote
rapid disproportionation or other decomposition reac-
tions. Thus, bulky alkoxides represent the best ligand
for alkyne metathesis activity. More recently, it was
reported that compound 9 can also be prepared from
metathesis between (Me3CO)3W�W ACHTUNGTRENNUNG(OCMe3)3 (10)[22]

and neoheptyne 11 (Scheme 5b), which is a more con-
venient synthetic approach.[5]

SchrockMs neopentylidyne catalyst 9 represents the
only catalytically active, well-defined tungsten-based

species among all the alkyne metathesis catalysts that
have been utilized. Complex 9 is metathesis active
under fairly mild conditions (room temperature to
90 8C) and its behavior is well understood at the mo-
lecular level.[21] The utility of this complex is evident
from its role in performing the first ring-closing
alkyne metathesis (RCAM) reactions,[23] and since
then has been successfully employed in natural prod-
uct syntheses.[24–27] Although this catalyst tolerates
many functional groups, the metathesis becomes
problematic when the substrates used contain thio
ethers, amines or crown either segments.[24] It is sug-
gested that these donor sites might deactivate catalyst
9 by coordination to its high-valent tungsten center.[28]

3.1.2 Molybdenum-Based

3.1.2.1 Trialkoxymolybdenum(VI) Alkylidynes
Prepared from Mo ACHTUNGTRENNUNG(C-t-Bu) ACHTUNGTRENNUNG(CH2-t-Bu)3

Given the successful development of tungsten-based
metathesis catalyst, investigation of the feasibility of
using d0 molybdenum alkylidyne complexes to cata-
lyze alkyne metathesis attracted attention, since the
known classical homogeneous catalysts contained mo-
lybdenum metal centers, not tungsten.[7] It was
deemed possible to enhance and control the activity
of these ill-defined molybdenum-based catalysts
through ligand variation, as has been achieved in the
tungsten system. The idea of a well-defined molybde-
num catalyst was thus very appealing.

Initial studies on molybdenum-based catalysts were
impeded by the problematic synthesis of molybde-
num(VI) propylidyne 15, which only gave low and ir-
reproducible yields.[19] In the middle 1980s, Schrock
and co-workers made progress in optimizing the syn-
thesis, which produced Mo ACHTUNGTRENNUNG(C-t-Bu) ACHTUNGTRENNUNG(CH2-t-Bu)3 in
35% yield on a moderate scale (6–7 g).[16] The synthe-
sis starts from reaction of MoO2 with chlorine gas,
providing MoO2Cl2 (12). Treatment of 12 with the

Scheme 5. Synthetic routes to trialkoxytungsten(VI) alkylidyne 9.
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Grignard reagent t-BuCH2MgCl followed by hydro-
chloric acid, afforded molybdenum alkylidyne 14,
which upon alcoholysis furnished trialkoxymolybde-
num(VI) complex 15 (Scheme 6). Although internal
alkynes did not react with 15, replacing the tert-butox-
ide with fluoroalkoxide ligands generated active spe-
cies, which could react smoothly with internal alkynes.

3.1.2.2 Trialkoxymolybdenum(VI) Alkylidynes
Prepared from Metallaaziridine-Hydride

Over one decade later, Cummins reported an im-
proved synthetic route to molybdenum-based alkyli-
dyne catalysts.[29] The synthesis starts with a metallaa-
ziridine-hydride complex 16, which is known[30] to
serve as a source of the three-coordinate
molybdenum ACHTUNGTRENNUNG(III) complex Mo[N ACHTUNGTRENNUNG(i-Pr)Ar]3 17
(Scheme 7a). Treatment of 16 with excess trimethyl-
silylacetylene followed by iodine oxidation produced
the yellow salt 18. Further reaction of 18 with [Li]-
ACHTUNGTRENNUNG[BHEt3] provided the h2-vinyl derivative 19, which re-
arranges to the alkylidyne complex via a 1,2-migra-
tion of the trimethylsilyl group.[31] Upon addition of
3 equivs. of 1-adamantyl alcohol, the trialkoxymolyb-

denum(VI) alkylidyne complex 20 could be isolated
as a crystalline solid that retained 1 equiv. of ArNHR.
So far only adamantoxymolybdenum derivatives have
been insoluble enough to isolable in pure form.[5] In
this case, the bulky alkoxide ligand was again used to
prevent catalyst deactivation through a dimerization
pathway. More recently, Cummins also reported a
new synthetic route utilizing the reductive coupling of
molybdenum(IV) acetylides toward the construction
of trialkoxy alkylidynes 23 (Scheme 7b).[32] It turned
out that the enedialkylidyne 22 itself can also serve as
an efficient metathesis precatalyst.

All the molybdenum catalysts with either adaman-
toxy or phenoxy ligand have shown metathesis activi-
ty at ambient temperature. The above synthetic
routes to trialkoxymolybdenum(VI) alkylidynes rep-
resent a significant improvement compared to the
original route to trialkoxyalkylidyne complexes,[16,33]

which was more time-consuming and not amenable to
large-scale production. However, the scope of these
catalysts is yet to be fully studied, leaving questions
about the strength and limitations of these catalytic
species.

3.1.2.3 Molybdenum-Based Catalyst generated from
Mo ACHTUNGTRENNUNG(III) Triamide and CH2Cl2

Following on the pioneering work of CumminsM on
the molybdenum species of the general type Mo[N ACHTUNGTRENNUNG(t-
Bu)Ar]3 24 (the analogue of compound 17),[34–37]

which activate the triple bond of dinitrogen in a stoi-
chiometric fashion, FOrstner and co-workers investi-
gated the reactivity of this type of compounds for
alkyne metathesis. Although compound 24 (Ar=3,5-
dimethylbenzene) was not metathesis active on its

Scheme 6. Synthetic route for trialkoxymolybdenum(VI) al-
kylidyne 15.

Scheme 7. Synthetic route to trialkoxymolybdenum(VI) alkylidyne 20 and 23.

Adv. Synth. Catal. 2007, 349, 93 – 120 H 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.asc.wiley-vch.de 97

REVIEWSAlkyne Metathesis: Catalysts and Synthetic Applications

www.asc.wiley-vch.de


own, treatment of 24 in toluene with >2 equivs. of
CH2Cl2 at 80 8C produced a mixture capable of effi-
ciently catalyzing the metathesis of acetylenes bearing
various aliphatic or aromatic substituents.[38] Using
CH2Cl2 as the solvent turned out to be equally effec-
tive as using toluene as solvent with CH2Cl2 addition.
Activation of 24 with other geminal dihalides (e.g.,
CH2Br2, PhCHCl2, etc) also generated catalytically
active species for alkyne metathesis.

Analysis of the products derived from the reaction
of molybdenum triamide 24 with CH2Cl2 indicated
the presence of several molybdenum species by NMR
and MS. The major components of this mixture with a
ratio of about 1:2 were the molybdenum monochlor-
ide species 25 and molybdenum methylidyne complex
26[39] [Eq. (1)].[28] The reactivities of these two species

were studied in a model reaction, which showed that
the monochloride compound 25 is the catalytically
active species, while the terminal alkylidyne 26 was
only poorly effective, which may be explained by the
known propensity of terminal alkylidynes to suffer
ligand loss, forming “deprotio metallacyclobutadiene”
complexes along the reaction pathway.[5,21,40] The cata-
lytic activity of the terminal alkylidyne was also stud-
ied by subjecting 2-butynylbenzene to metathesis con-
ditions catalyzed by pure 26, which was obtained via
reductive recycle strategy (see below).[41] The ob-
served low conversion (11%) of starting acetylene
further demonstrated that 26 is catalytically inactive.

Although only monochloride 25 is metathesis
active, the generated mixture in Eq. (1) can serve as
the catalyst, making this “in situ” approach very con-
venient. This catalytic system is fully operative at

80 8C, compatible with a variety of functional groups,
including thio ethers, crown ether segments, or
amines which completely inactivate the tungsten alky-
lidyne catalyst 9.[38] Such favorable reactivity is ration-
alized by the crowded coordination sphere around the
molybdenum center of the precatalyst which could at-
tenuate its effective Lewis acidity and prevents coor-
dination of potential donor sites to the central metal
leading to catalyst deactivation.[28] However, limits
were encountered with substrates containing the thio-
phene moiety or the protons of a secondary amide.[38]

Also, detailed understanding of the catalytically
active species and the pathway from 25 is highly desir-
able, potentially benefiting the future design of more
active catalysts.

3.1.2.4 Molybdenum-Based Catalysts Prepared via
Reductive Recycle Strategy

Although trialkoxymolybdenum(VI) alkylidynes (i.e.,
complex 20) can be conveniently obtained from alco-
holysis of the metathesis inactive triamide, the start-
ing complex (i.e., complex 26) requires a time-con-
suming, multistep synthetic procedure and presents a
practical limitation.[29,42] Therefore, development of an
alternative strategy for the preparation of trisamido-
molybdenum(VI) alkylidynes was pursued.

Taking advantage of the reaction discovered by
FOrstner, which generated an inseparable mixture of
molybdenum(IV) monochloride 25 and molybde-
num(VI) methylidyne 26 [Eq. (1)], we developed a
strategy for selective formation of alkylidyne com-
plexes.[14,41] Our original thinking was that if molybde-
num triamide 24 reacted with a gem-dihalide such as
1,1-dichloropropane to produce propylidyne 28 and
monochloride 25, it should be possible to find condi-
tions that selectively reduced 25 in the presence of 28
returning this undesired product to the parent trisami-
do compound 24. Indeed in the presence of magnesi-
um and excess 1,1-dichloropropane, an 89% yield of
28 was obtained. We called this procedure the reduc-
tive recycle approach, although to date we have not
investigated the mechanism to confirm that this is
indeed the actual pathway. Other mechanisms could
be conceived. The strategy is generally useful for pre-
paring various molybdenum alkylidynes 26–28. By
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using the reductive recycle strategy, molybdenum(VI)
propylidyne 28 was successfully prepared on the
multi-gram scale [Eq. (2)].[43]

Alcoholysis of 28 with 3 equivs. of phenol or alco-
hol generated a catalytically active species, which was
directly applied to metathesis studies. The catalyst is
metathesis active in a variety of solvents, even in ace-
tonitrile and THF which are usually considered coor-
dinating solvents. However, because alkoxide ligands
are displaced by water or methanol, protic solvents
and adventitious water should be avoided, which rep-
resents a general drawback for most of the alkyne
metathesis catalysts currently utilized. The catalyst is
also compatible with a broad range of functional
groups, even protons of a secondary amide, which is
problematic to the catalyst generated from molybde-
num(IV) monochloride 25.[38] Moreover, for the first
time the catalyst enabled the metathesis of thiophene-
containing substrate 29 [Eq. (3)], which had not previ-

ously been achieved by any other homogeneous
alkyne metathesis catalyst.[4,28] Realizing the full sub-
strate scope greatly benefited from investigations of
the alkynyl substituent effect on metathesis reaction,
from which we found that in the metathesis of small
molecules, the butynyl substituent is superior to the
propynyl group due to the inertness of hexyne by-
product (vs. butyne by-product generated from pro-
pynyl substrates) toward catalyst-initiated polymeri-
zation side reaction (Scheme 3).[44]

Owing to the importance of electronic effects of
the ligands on metathesis activity, further optimiza-
tion on the catalyst efficiency was accomplished by a
ligand survey, in which a variety of phenols and alco-
hols were tested as ligands.[14] Reactivity studies
showed that the catalytic activity of molybdenum
complexes was improved upon increasing the elec-
tron-withdrawing character of the ligands, and the cat-
alyst from p-nitrophenol 31 or 2,3,5,6-tetrafluoro-4-
trifluoromethylphenol 32 displayed the highest activi-
ty. In addition to the fast reaction rates, the low cost
of p-nitrophenol prompted us to select this ligand for
further studies.

It was surprising to see the high activity of the cata-
lyst generated from p-nitrophenol, which is just a
simple phenol, not bulky at all. Usually bulky alkox-
ides are used as catalyst ligands to prevent catalyst

deactivation via the dimerization pathway
(Scheme 2).[21] However, the success of the p-nitro-
phenol catalyst seems to indicate that the bulkiness of
the ligand is not a prerequisite for high catalyst activi-
ty. Presumably, bulky ligands not only prevent catalyst
dimerization, but also slow down the desired metathe-
sis reaction, making the catalyst less reactive. On the
other hand, small ligands (e.g., p-nitrophenol) greatly
facilitate the desired metathesis. In these cases the
metathesis equilibrium reaches completion before cat-
alyst dimerization significantly occurs.

By using the catalyst generated from molybdenum
triamide 28 and p-nitrophenol, under dynamic
vacuum conditions, the metathesis of butynyl-substi-
tuted substrates 33 with various functional groups
provided alkyne dimer products 34 in 83–97% isolat-
ed yield [Eq. (4)], which represents a synthetic ap-

proach to acetylene derivatives. Such highly active
catalysts also enabled the preparation of defect-free
arylene-ethynylene conjugated polymers[45] as well as
provided a highly efficient, one-step synthesis of
shape-persistent macrocycles,[15,17,46] which will be dis-
cussed in detail in Section 4. High sensitivity of this
catalyst to air and moisture represents a limitation
and identifies a grand challenge for future catalyst de-
velopment.

3.1.2.5 Molybdenum-Based Catalyst Prepared from
Nitrides by Metathesis with Alkynes

Recently Johnson reported another synthetic route to
trialkoxymolybdenum(VI) alkylidyne complexes via
metathesis of molybdenum nitride with alkynes.[47]

Complex 38 was first prepared two decades ago by
Schrock, who demonstrated its activity in alkyne
metathesis reactions.[16] Johnson found that although
in the case of trialkoxytungsten(VI) complex 35, the
formation of nitride 36 from alkylidyne 35 and nitrile
is favored,[48–50] the molybdenum(VI) analogue
showed thermodynamic preference for the formation
of alkylidyne complex from nitride species and al-
kynes (Scheme 8). Although no terminal nitrido com-
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plexes were formed in the reaction between propyli-
dyne complex 38 and nitriles, heating nitride 37[51]

with 3-hexyne and 1 equiv. of DME at 95 8C for sever-
al days generated compound 38. This indicated that
the alkylidyne complexes are formed irreversibly
from the nitride complexes, but with a large activation
barrier. Higher reaction rate was achieved in the ab-
sence of DME and conversion to the propylidyne 38
is quantitative after 14.5 h at 95 8C. The generated cat-
alyst 38 with highly fluorinated alkoxide ligands
showed metathesis activity in the homodimerization
of propynylbenzene at room temperature. However,
the scope of this catalyst has not been reported.

3.1.2.6 Molybdenum-Based Catalyst Generated in
situ from Mo(CO)6 and Phenol

Another type of homogeneous catalyst is based on
Mo(CO)6 and phenol additives, which was briefly
mentioned in Section 2. A catalytically active species
is generated in situ from Mo(CO)6 or related molyb-
denum sources and phenols at elevated temperatures.
Such a catalyst system was initially discovered by
Mortreux,[7,52] and later improved and widely used by
Bunz,[4,53,54] Mori,[55] FOrstner[3] and more recently
Grela.[56,57] This “instant” method is attractive because
all the ingredients are inexpensive, commercially
available and stable “off the shelf” reagents can be
used directly without the rigorous purifications and
an inert atmosphere.[58] However, this catalytic system
shows poor compatibility with some heteroatom func-
tional groups, such as esters, aldehydes, pyridines
etc.[53] Moreover, this system requires high tempera-
tures (� 130 8C) to be catalytically active, restricting
its application to only robust substrates.

To improve this catalyst system, a variety of ap-
proaches were examined, including purging the reac-
tion mixture with nitrogen to facilitate by-product re-

moval,[53,59] temperature adjustment and the utilization
of chelating 1,2-diphenyloxyethane additive,[60] which
improved the reaction yields and reaction rates to
some extent. Further extension of the scope and the
use of lower temperature was achieved by a pre-acti-
vation approach, in which Mo(CO)6 and phenols were
heated either with[54] or without[60] 3-hexyne prior to
substrate addition. More recently, Grela and co-work-
ers surveyed a variety of phenols as catalyst additives
and identified 2-fluorophenol and 2-fluoro-5-methyl-
phenol as optimal.[57]

Despite considerable optimization on this catalyst
system, its relatively harsh operative conditions as
well as the low activity towards highly functionalized
substrates present limitations in its wide application
in organic synthesis and polymer chemistry. More-
over, the exact nature of the catalytically active spe-
cies is still not clear. Better mechanistic understanding
on this system would help further improving its cata-
lytic activity.[61]

3.1.3 Comparison of Available Catalysts

There is, as of yet, no ideal catalyst system for alkyne
metathesis. Each catalyst has its own advantages and
drawbacks. An attempt to compare the known cata-
lysts is made in Table 1, regarding the convenience of
catalyst preparation, functional group incompatibility,
operative temperature, commercial availability, sensi-
tivity to air/moisture, and realized synthetic applica-
tions.

3.1.4 Theoretical Investigation of Alkyne Metathesis
Catalyzed by W/Mo Alkylidynes

Given that many theoretical studies previously con-
ducted on olefin metathesis have improved the under-
standing of the reaction mechanism and enabled the
development of new catalysts,[62] detailed theoretical
studies on alkyne metathesis are expected to be of
great help in gaining deeper insight into the current
catalyst systems.[63]

Recently, Jia and Lin performed theoretical calcula-
tions based on the B3LYP density functional theory
to examine structural and energetic aspects related to
the possible reaction pathways of alkyne metathe-
sis.[64] Their calculations showed that the alkyne bind-
ing capability of the metal alkylidyne species corre-
lates to the stability of the transition states in the ini-
tial metallacyclobutadiene formation step and the fol-
lowing cycloreversion step. Compared with tungsten
alkylidyne compounds bearing alkoxide ligands, those
analogues with amide ligands have poorer alkyne
binding ability due to the stronger W(VI)-NR2 p-
bonding interaction, consistent with known catalytic

Scheme 8. Conversion of tungsten alkylidyne to nitride com-
plex vs. conversion of molybdenum nitride to alkylidyne
species.
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performance. For trialkoxymolybdenum(VI) alkyli-
dyne species with electron-rich ligands, the transition
state structure leading to the metallacyclobutadiene is
strongly disfavored. The difficulties stem from the sig-
nificant deformation of the complex and the alkyne
substrate due to the less diffuse d orbitals at the Mo
center compared to W. However, introduction of elec-
tron-withdrawing groups to the alkoxide ligands sig-
nificantly increases the alkyne binding capability of
Mo(VI) alkylidyne species, lowering the barrier to the
metallacyclic intermediate. Calculations also revealed
that the poor metathesis activity of alkylidyne com-
plexes containing chloride ligands (6) is due to a high
energy barrier for the cycloreversion step and a rela-
tively low barrier for the formation of cyclopentadien-
yl (Cp) side products (8) through a second alkyne in-
sertion into the metallacyclobutadiene intermediate
(Scheme 9).[65] While the calculation results are con-
sistent with experimental findings, they reinforce the
importance of the electronic effects of ligands on cat-
alyst activity.

3.2 Heterogeneous Systems

Much effort has been devoted to development of
“well-defined” heterogeneous catalysts. The advantag-
es of heterogeneous catalysis include avoiding catalyst
deactivation through a bimolecular dimerization path-
way,[13,21] easy separation of products from metals and
catalyst recycling. Although the first heterogeneous
catalyst for alkyne metathesis, which consists of a
mixture of tungsten trioxide and silica, was discovered
over three decades ago, its extremely harsh operative
conditions (200–450 8C) has greatly impeded practical
use.[6] In contrast to the many homogeneous catalyst
systems reported so far, heterogeneous catalysis for
alkyne metathesis is less developed. Within the past a
few years, two different silica-supported transition
metal catalysts were reported.[66,67]T
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Scheme 9. Schematic representation of the energy profile
for cycloreversion vs. cyclopentadiene formation from tung-
sten trichloride-based metallacyclobutadiene intermediate.
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3.2.1 Silica-Supported Rhenium Catalyst

In 2001 Basset and co-workers reported a silica-sup-
ported rhenium catalyst, which represents the first ex-
ample of a heterogeneous catalyst for alkyne meta-
thesis.[66] Catalyst 40 was generated from mixing a d0-
Re ACHTUNGTRENNUNG(VII) complex 39 with SiO2 in pentane at 20 8C
(Scheme 10). The product was characterized by 1H

and 13C NMR. Microanalysis results indicated the
grafting of one Re per silanol. Additional evidence
for 40 was gained from model compound 42 with a
triphenylsiloxy substituent in place of a siloxy group
of the silica surface. The obtained rhenium species
can catalyze the metathesis of 2-pentyne at room tem-
perature with equilibrium reached being in 20 min.
However, further work on this catalyst toward alkyne
metathesis has yet to be reported. Further studies ex-
ploring the substrate scope of this system is desired.

3.2.2 Silica-Supported Molybdenum Catalyst

Very recently we described the molybdenum-based
heterogeneous catalyst 43, which was prepared simply
by mixing triamide 28 with a suspension of silica in
toluene at room temperature (Scheme 11).[67] Elemen-
tal analysis of the impregnated silica indicated an
average Mo/aniline ratio of 1:1.35 on the surface. Fur-
ther evidence for the formation of 43 was obtained
from IR, X-ray photoelectron spectroscopy (XPS)
and 13C-MAS NMR. The scope of the metathesis ac-
tivity of 43 was probed with acetylene substrates with

alkyl, thienyl, benzoate and anisole substituents. Half-
lives at room temperature of less than 1 h were gener-
ally observed, even with as little as 0.8 mol% catalyst
loading. The fact that catalyst 43 was able to metathe-
size propynyl derivatives, including the well known
problematic thiophene-containing substrate,[4,14] with-
out the undesirable interference of polymerization,
demonstrates the practical success of the heterogene-
ous approach in controlling the coordination sphere
around the molybdenum center. The recyclability of
catalyst 43 was tested on propynyl thiophene with an
initial 4.0 mol% catalyst loading. Three cycles pro-
duced conversions in the range of 32–52%, respec-
tively. The three-phase test demonstrated that the
metal center does not dissociate from the silica sup-
port. The applicability of this system for preparative
synthesis was demonstrated by the gram-scale meta-
thesis of 1-phenyl-1-propyne at room temperature
under vacuum conditions, providing the homodimer
in 88% isolated yield. Such a readily accessible heter-
ogeneous catalyst system, with high catalytic activity
and good stability, represents another useful synthetic
tool in the field of alkyne metathesis.

4 Synthetic Applications of Alkyne
Metathesis

4.1 Ring-Closing Alkyne Metathesis (RCAM)

Given the successful application of ring-closing meta-
thesis (RCM) in macrocycle formation,[1,68,69] FOrstner
and co-workers investigated the possibility of closing
acyclic diynes to generate large cyclics by using
alkyne metathesis.[3] In their early studies, they found
that efficient preparations of functionalized macrocy-
cles were achieved by RCAM, catalyzed by tungsten
alkylidyne 9 at 80 8C under high dilution in either tri-
chlorobenzene, chlorobenzene or toluene. In some
cases higher conversions were obtained with removal
of butyne or hexyne by-product under vacuum. More
importantly, they showed that cyclic products with
ring size 12 or greater can be obtained in good to ex-
cellent yields,[23] demonstrating the general usefulness
of RCAM in synthesizing large cyclic alkynes

Scheme 10. Preparation of Re ACHTUNGTRENNUNG(VII)-based heterogeneous
catalyst 40 and its model species 42.

Scheme 11. Preparation of Mo(VI)-based heterogeneous
catalyst 43.
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(Scheme 12). They also tested the “instant approach”,
generating catalytic species in situ from Mo(CO)6 and
phenol additives, in RCAM reactions and showed
that this system is also applicable to macrocycle syn-
thesis at 135 8C but displays a narrower substrate
scope due to its poor functional group compatibili-
ty.[24]

Recently Overhand and co-workers reported the
synthesis of conformationally restricted peptidic b-
turn mimics.[70] A range of oligopeptides 48–51 con-
taining two acetylenic amino acids were prepared and

subjected to metathesis cyclization conditions in the
presence of tungsten catalyst 9 (Scheme 13). In con-
trast to the productive cyclization of 48 (70% yield)
and 50 (36% yield), cyclization of 49 and 51 proved
to be unsuccessful. The results indicate that the
nature of the dipeptide (mimic) linking the two acety-
lenic amino acid moieties plays a key role for a pro-
ductive RCAM event. 2D NMR analysis of the cyclic
products indicates that replacement of a disulfide
bridge with an acetylene moiety makes the cyclic pep-
tides more rigid, thus favoring additional interstrand
proton-proton interactions.

van Boom et al. reported the synthesis of diamino-
suberic acid (DAS) derivatives via RCAM.[71] As
shown in Scheme 14, the orthogonally protected
adduct 53 was prepared from 52 in four steps. Tung-
sten alkylidyne 9 mediated cyclization of 53 provided
cyclic alkyne 54 in 66% yield. Catalytic hydrogena-
tion of 54 followed by protection of the resulting
amine with an Fmoc group gave the orthogonally pro-
tected diaminosuberic acid product 55 in 76% yield.
Alternatively, the Z-alkene derivative can also be ob-
tained from 54 by Lindlar reduction. Such a synthetic
approach allows the preparation of stereochemically
pure saturated and unsaturated cysteine isosters as
the free diaminodicarboxylic acids or in orthogonally
protected form. With both enantiomers of the starting
amino acids available, thus ensuring access to all pos-
sible diastereomers, selective reduction of the triple

Scheme 12. Representative examples of large cyclic alkynes
prepared via RCAM.

Scheme 13. Synthesis of conformationally restricted peptidic b-turn mimics via RCAM.
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bond allows the synthesis of geometrically pure and
conformationally restricted DAS derivatives.

Recently Gladysz and co-workers reported the syn-
thesis of metallamacrocycles catalyzed by either tung-
sten alkylidyne 9 or molybdenum catalyst of “instant
approach”.[72,73] As shown in Scheme 15a–c, reaction
of complex 56–58 with phosphine ligand 59 gave the
linear precursor 60–62 in 30–54% isolated yield. In
the presence of tungsten complex 9, metathesis of 60–
62 went smoothly, even in the case of complex 62,
which involves antiperiplanar- or trans-directed
groups making cyclization intrinsically more difficult.
Metallamacrocycles 63–65 were obtained in 47–59%
isolated yield. Further hydrogenation of 65 in the
presence of Pd/C catalyst provided 66 with a saturat-
ed carbon bridge between the phosphorus atoms in
87% yield. Interestingly, in the presence of molybde-
num catalyst, metathesis of 60 provided trans-chelate
product 67 instead of the isomeric cis-chelate product
63 as obtained from the tungsten-catalyzed reaction.
Surprisingly, the nature of the catalyst could affect
the metallamacrocycle product. All these macrocycles
exhibit good thermal stabilities and showed no ten-
dency to cyclooligomerize. This synthetic approach
provides a valuable complement to earlier developed
alkene metathesis and improves the applicability of
metal-catalyzed metathesis reactions to the prepara-
tion of architecturally unusual inorganic and organo-
metallic complexes.[74]

4.2 Natural Product Synthesis

4.2.1 Macrocyclic (Z)-Alkenes

RCM of acyclic dienes has been widely applied to the
synthesis of carbo- and heterocycles of almost any

size including medium and macrocyclic products.[1,68]

However, a significant drawback remains with these
cyclization reactions: while RCM generally enables
formation of large rings in good to excellent yields,
the stereochemistry of the newly formed double bond
can hardly be predicted and in many cases is difficult
to control. Often mixtures of both geometrical iso-
mers are obtained, and the separation of these is usu-
ally difficult. This problem strongly affected the key
cyclization step in the synthesis of epothilone A, in
which the 16-membered ring was formed via RCM.[75]

To address this deficiency of RCM, FOrstner envi-
sioned RCAM/semireduction as a viable solution.[28]

The combination of RCAM and Lindlar reduction of
the resulting cycloalkynes constitutes a stereoselective
route to (Z)-alkenes, which are often the less favora-
ble product of RCM (Scheme 16). This two-step pro-
cess applies similar retrosynthetic logic as RCM while
having the advantage of better control on double
bond stereochemistry.

FOrstner pioneered the synthesis of natural prod-
ucts via the RCAM approach.[3] They first utilized the
RCAM/semireduction method to synthesize naturally
occurring musks containing (Z)-configured alkenes.[24]

As shown in Scheme 17, RCAM of diyne 68 proceed-
ed smoothly in the presence of either a catalytic
amount of tungsten alkylidyne (71% isolated yield of
69) or by means of the “instant approach” using
Mo(CO)6 and p-chlorophenol (67% isolated yield of
69). Lindlar reduction of the resulting cycloalkyne 69
followed by deprotection of the N-Fmoc group with
TBAF gave epilachnene 70 in good overall yield. Its
higher homologue homoepilachnene 71 was also ob-
tained by following a similar synthetic route.

The catalyst system of Mo ACHTUNGTRENNUNG(III) triamide 24 and
CH2Cl2 was also applied to the synthesis of cyclic nat-
ural products.[76,77] As shown in Scheme 18, esterifica-

Scheme 14. Synthesis of diaminosuberic acid derivative 55 via RCAM.
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Scheme 15. Synthesis of metallamacrocycles 63–67 via RCAM.
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tion of secondary alcohol 72 with 5-heptynoic acid 73
provided diyne 74, the precursor for RCAM. The key

macrocyclization step proceeded very well in the pres-
ence of the metathesis catalyst (24/CH2Cl2), affording
the desired cycloalkyne 75 in 70% yield. Standard
Lindlar hydrogenation of 75 followed by deprotection
of the residual TBS ether completes the total synthe-
sis of the marine natural product prostaglandin E2-
1,15-lactone 76. It should be noted that this RCAM
approach into the prostaglandin series is inherently
flexible. Esterification of 72 with alkynoic acids other
than 73 followed by RCAM opens a rather general
way for the assembly of prostaglandin libraries.

This approach does not require installation of
modified a-chains and has been successfully applied
to the synthesis of several analogues of 76 (77–80)
(Scheme 19), further demonstrating its strategic ad-
vantages over more conventional approaches. The

Scheme 16. RCAM/semireduction approach toward stereo-
selective synthesis of macrocyclic (Z)-alkenes.

Scheme 17. Synthesis of epilachnene 70 by using RCAM/semireduction approach.

Scheme 18. Synthesis of prostaglandin E2-1,15-lactone 76.
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route also demonstrates the ability to conduct alkyne
metathesis in the presence of alkenes. In contrast,
alkene metathesis in the presence of alkynes is more
problematic.[1]

Recently, application of this RCAM/semireduction
method to more challenging synthetic targets was re-
ported.[78] Epothilones A (81) and C (82) as well as
lactrunculins (83) were successfully prepared in good
yield (Scheme 20). In all cases, the pre-existing alkene
moieties were unaffected, demonstrating the high che-
moselectivity of the alkyne metathesis catalyst.

4.2.2 Macrocyclic (E)-Alkenes

Although the synthesis of macrocyclic (Z)-alkenes via
RCAM/semireduction is well established, the comple-
mentary stereoselective synthesis of (E)-alkenes via
semi-reduction has been less thoroughly developed.
Many of the known methods for transforming acety-
lenes to (E)-alkenes either have poor selectivity or
are incompatible with functional groups.[79] Recently,

Scheme 19. Analogues of prostaglandin E2-1,15-lactone 76.

Scheme 20. Synthesis of epothilones A and C and lactrunculins via RCAM/semireduction approach.
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Trost[80] and FOrstner[81] independently developed a
general and mild procedure based on a hydrosilyla-
tion/protodesilylation strategy. The use of ruthenium
complex [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6 and (EtO)3SiH for hy-
drosilylation of the alkynes enabled a highly chemo-
and stereoselective trans addition[82] in good yields
and also showed good compatibility with a variety of
functional groups. In the desilylation step, AgF was
used as a mild fluoride source, which led to rapid,
quantitative and selective desilylation under mild con-
ditions (Scheme 21). The overall set of conditions
holds promise for the application of this three-step
procedure (RCAM/hydrosilylation/protodesilylation)
to synthesis of natural products containing (E)-cyclo-
alkene skeletons.

The feasibility of this three-step method was dem-
onstrated in the synthesis of (E,E)-cycloalkadienes 86
(Scheme 22).[81] RCAM of enyne-yne substrate 84 cat-
alyzed by tungsten alkylidyne 9 provided lactone 85
in good yield. Subsequent chemoselective trans-hy-
drosilylation at the alkyne site, followed by protodesi-
lylation with AgF afforded 1,3-diene product 86. This
work also represents the first step of applying the
RCAM approach towards the total synthesis of natu-
ral products containing macrocyclic diene structures.

4.3 Polymer Synthesis

4.3.1 Ring-Opening Alkyne Metathesis
Polymerization

In contrast to the wide application of RCAM in or-
ganic synthesis, ring-opening alkyne metathesis has
not been intensively investigated. Probably the main
reason for this is the lack of suitable substrates. Two
examples are briefly discussed below.

In the late of 1980s, Schrock reported the polymeri-
zation of the strained cyclic monomer 87 by ring-
opening metathesis, in which tungsten dimer complex
88 was utilized as catalyst precursor (Scheme 23).[83]

The insoluble elastomer 89 was obtained as polymeric
product with a wide molecular weight distribution,
Mw/Mn>4. This result indicates either the initiation
step occurs sluggishly or the polymer already formed
is partially degraded (back-biting) to cyclooligomers,
which suggests this polymerization cannot be regard-
ed as “living”. The corresponding polymer 89 can also
be obtained by the step growth process known as acy-
clic diyne metathesis (ADIMET) (see Section 4.3.2).

Scheme 21. RCAM/hydrosilylation/protodesilylation ap-
proach for synthesis of (E)-cycloalkenes.

Scheme 22. Synthesis of cycloalkadiene 86 via RCAM/hy-
drosilylation/protodesilylation approach.

Scheme 23. Ring-opening metathesis polymerization of monomer 87.
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Removal of 2-butyne from 2,10-dodecadiyne 90 gives
89 in good yield.

Bazan and co-workers later reported a further ap-
plication of ring opening alkyne metathesis in the
polymerization of cyclodiyne 91 (Scheme 24).[84] By
using catalyst precursor 92, monomer 91 was regio-
specifically polymerized to the head-to-tail product
93, which was rationalized by the steric effect of alkyl
substituents. The disilane polymer 93 became con-
ducting upon treatment with SbF5, and also showed
attractive optical properties.

4.3.2 Acyclic Diyne Metathesis Polymerization

Poly(p-phenylene-ethynylene)s (PPEs)[4,85] or poly(ar-
ylene-ethynylene)s[86] (PAEs) are the dehydrogenated
analogues of the PPVs,[87] and they have been inten-
sively studied due to their desirable electronic and op-
tical properties.[4,85,86,88] The conventional synthesis of
PAEs is mainly restricted to Pd/Cu-catalyzed coupling
reactions, which is often limited in its ability to ach-

ieve high molecular weight and well-defined
endgroups without the presence of diyne defects in
the polymer backbone.[89] The drawbacks of Pd-cata-
lyzed coupling reactions make it desirable to develop
a complementary synthetic route to PAEs, and alkyne
metathesis was envisioned as an attractive alterna-
tive.[4]

Weiss and co-workers first reported the synthesis of
PPEs by alkyne metathesis (Scheme 25).[90] Catalyzed
by tungsten alkylidyne 9 at 80 8C, ADIMET of 2,5-di-
hexyl-1,4-dipropynylbenzene monomer 94 provided
PPE 95 in good yield, and the degree of polymeri-
zation (Pn) reached almost 100 repeating units. The
NMR and mass spectra of 95 confirmed the presence
of propynyl endgroups. The optical and spectroscopic
properties of 95 are identical with those of the poly-
mer synthesized by cross-coupling methods, thus indi-
cating the ADIMET route to PPE is competitive with
the more common Pd-catalyzed synthetic scheme.

The catalyst system Mo(CO)6/phenol has been ex-
tensively applied to PPE synthesis due to its conven-
ient generation. A series of dipropynylated benzenes
96 was prepared and subjected to ADIMET, provid-
ing PPEs 97 in quantitative yields and high purity
(Scheme 26).[91,92] It was found that the degree of
polymerization (Pn) is strongly dependent on the side-
chains. Although PPE 97 with hexyl side-chains never
exceed a Pn of 100, due to insufficient solubility of the
polymer in the reaction medium, PPEs with up to
1200 repeating units were reported when long side-
chains were employed as solubilizing groups.[92]

Given the success in synthesizing PPEs 97, meta-
thesis of other propynylated aromatic monomers was
also tested. Metathesis copolymerization of monomer
98 and 96b afforded a series of random copolymers

Scheme 24. Ring-opening metathesis polymerization of mo-
nomer 91.

Scheme 25. Synthesis of PPEs 95 via acyclic diyne metathesis polymerization of monomer 94.

Scheme 26. Synthesis of PPEs 97 via acyclic diyne metathesis polymerization of monomers 96.
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99, in which naphthyl and phenylene units are sepa-
rated by an alkynyl group (Scheme 27).[93] These co-
polymers were obtained in high yield, with moderate
to high degrees of polymerization (30<Pn<100).
With a high solid-state photoluminescent quantum
yield of blue light emission, PPE 99 is an attractive
candidate for OLED applications.

More recently, Bunz and co-workers also reported
the metathesis of carbazole-based monomers 100,
which gave polymers 101 in good yields
(Scheme 28).[94] These polymers show a blue shift in
their fluorescence upon addition of a poor solvent.
Copolymerization of monomer 100b and 96b was also
conducted and the degree of polymerization increased
with decreasing carbazole content, possibly because
heteroatom-containing monomers react relatively
sluggishly in ADIMET as compared with pure hydro-

carbon monomers when the Mortreux catalytic
system is utilized.[53] The fluorescence of emissive po-
lymer 102 can be reversibly quenched by the addition
or removal of TFA.

Although the Mortreux catalytic system has been
intensively applied to polymer synthesis via
ADIMET, its limited functional group tolerance and
requirement of high temperatures restrict its use
mainly to hydrocarbon PPE synthesis. At tempera-
tures above 150 8C, the polymer products contain
defect structures which limit extended conjugation.[92]

Moreover, small-scale polymerizations are reported
to give material of lower Pn, making this approach
not generally useful for the laboratory synthesis of
PPEs.[92]

Recently we applied the molybdenum-based cata-
lyst from 28 and p-nitrophenol[14,41] to poly(thieny-

Scheme 27. Synthesis of copolymer 99 via acyclic diyne metathesis of monomers 98 and 96b.

Scheme 28. Synthesis of carbazole-based polymer 101 and copolymer 102 via acyclic diyne metathesis polymerization.
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lene-ethynylene) (PTE) synthesis, which represents
much milder conditions for PAE preparation via
ADIMET.[45] Polymerization of thiophene monomer
103 was conducted in 1,2,4-tricholobenzene at room
temperature under open driven conditions,[95] provid-
ing defect-free, high molecular weight PTEs with Pn=
128 (Scheme 29). Polymer 104 showed similar absorp-

tion and emission features to the previously reported
PPEs.[96] The well known incompatibility issue of the
thiophene functional group in alkyne metathesis[4,28]

prevented other catalytic systems from accomplishing
this transformation.

4.4 Cyclooligomerization

Shape-persistent arylene-ethynylene macrocycles have
attracted great attention in supramolecular chemistry
and materials science due to their unique structures
and novel properties.[2,97] Conventional macrocycle
synthesis mainly relies on cross-coupling ap-

proaches.[98] The primary disadvantage of the coupling
methods is the kinetically determined product distri-
bution, in which a significant portion of oligomers
grow beyond the length of the cyclic targets (“over-
shooting”).[2] Such problems can be resolved by using
a dynamic covalent approach involving reversible
alkyne metathesis reactions that afford macrocycles in
one step starting from simple monomers.

Bunz and co-workers first reported the synthesis of
hexakis(phenylene-ethynylene) macrocycles via
alkyne metathesis utilizing the Mortreux catalytic
system.[99] Metathesis of dipropynylated monomer 105
in 1,2-dichlorobenzene at 150 8C provided macrocy-
cles 106 in 0.5–6% yield (Scheme 30). An X-ray crys-
tal structure analysis revealed that hydrocarbon mac-
rocycle 106a arranges into stacked tubular structures
with internal channels, even without the help of hy-
drogen bonding or long alkyl chains. van der Waals
interactions alone are suggested to be sufficient to
line up these rings into tubular forms.

Similarly, silicon-containing phenylene-ethynylene
cyclic trimer 108 and tetramer 109 were prepared
from metathesis of corresponding dipropynylated mo-
nomer 107 with isolated yields of 14% and 18%, re-
spectively (Scheme 31).[100] Crystalline 109 exhibits a
rhomboidal structure that contains a large interior
cavity occupied by two molecules of hexane, indicat-
ing the potential applications of these box-shaped
molecules in host-guest chemistry.

SchrockMs tungsten catalyst was also utilized in mac-
rocycle synthesis as reported by Vollhardt and co-
workers.[101] Metathesis of diyne monomer 110 at
80 8C in toluene provided trimeric macrocycles 111 in
yields of 12–54% (Scheme 32). However, the doubly
ortho-substituted precursors 110e–f did not undergo
cyclization, presumably due to the steric hindrance
caused by the substituents beside the alkyne groups,
impeding the metathesis reactions.

Scheme 29. Synthesis of PTEs 104 via acyclic diyne metathe-
sis polymerization of monomer 103.

Scheme 30. Synthesis of hexameric phenylene-ethynylene macrocycles 106 via alkyne metathesis.
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To further improve the efficiency (higher product
yield, less catalyst loading) of macrocycle synthesis
and more importantly to enable low-temperature dy-
namic covalent approaches, we investigated the mac-
rocycle synthesis via alkyne metathesis utilizing the
room temperature molybdenum catalyst derived from
28 and p-nitrophenol.[17]

Although the metathesis of dipropynylated mono-
mers 112 under conventional vacuum-driven condi-
tions afforded hexameric macrocycyles 113 in good
yields on a small scale (15–33 mg) (Scheme 33), fur-
ther increasing the scale of the vacuum-driven strat-
egy turned out to be problematic and macrocycles
were obtained in poor yields and with considerable
amounts of unreacted starting monomers and oligo-
meric products. Failure to scale the reaction was
thought to be due to the “pseudopoisoning” effect of
the by-product on the metathesis catalyst
(Scheme 4);[15] the catalyst is occupied in the non-pro-
ductive metathesis with 2-butyne (3-hexyne) and not
available to perform the desired cyclooligomerization.

The accumulated 2-butyne by-product may also deac-
tivate the catalyst via polymerization through ring-ex-
pansion mechanism (Scheme 3).

To overcome this pseudopoisoning effect and im-
prove the efficiency of alkyne metathesis for macrocy-
cle preparation, we developed a precipitation-driven
alkyne metathesis approach, in which a poorly solu-
ble, less-reactive diarylacetylene by-product enables
the efficient removal of the by-product from the reac-
tion mixture, thus allowing the desired metathesis re-
action to be performed in a closed system.[17] Precipi-
tation rather than evaporation serves as the driving
force to shift the metathesis equilibrium. This ap-
proach has the additional advantage that all sub-
strates react at comparable rates and none of the by-
products are prone to polymerize. The high efficiency
of this novel approach was demonstrated by success-
ful metathesis of diynes 114 at 30 8C, providing macro-
cycles 115 in high yields (Scheme 34). Moreover, the
multigram synthesis of 115a was accomplished in one
step by using this precipitation-driven method (5.68 g,

Scheme 31. Synthesis of macrocycle 108 and 109 via alkyne metathesis of monomer 107.

Scheme 32. Synthesis of trimeric macrocycles 111 via alkyne metathesis.
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77%), which represents the first successful large-scale
preparation of hexakis(phenylene-ethynylene) macro-
cycles.[17] These results highlight the significant advan-
tages of precipitation-driven alkyne metathesis over
the traditional vacuum-driven approach. Moreover,
the product is isolated simply by filtration followed
by concentration of the solution.

The generality of this precipitation-driven strategy
was further demonstrated by the high-yielding synthe-
ses of tetrameric carbazole-based macrocycle 117
(84%)[17,102] and trimeric macrocycle 119 (86%)[46]

from their corresponding diyne monomers 116 and
118 (Scheme 35). In both cases, the target macrocycles
are the only products observed in the reaction mix-
tures. It is interesting to note that the low tempera-
ture route using catalyst form 28 in Scheme 35 gener-
ates macrocycles while the high temperature route

using in situ catalyst from Mo(CO)6 in Scheme 28
gives polymeric products. Very recently, nanofibril
structures were prepared from macrocycle 117
through a gelating process.[103] The favorable 1D mo-
lecular assembly is proposed to result from the de-
creased mobility of molecules during the gelation,
which minimizes the steric hindrance of side-chains.
In addition to the large cavity size (9.5 R), macrocycle
117 has a highly rigid, p-conjugated backbone in a to-
tally planar conformation, which holds great promise
for its 1D self-assemblies to produce a new type of
nanomaterials with well-fined, non-collapsible inter-
nal channels, that have interesting potential applica-
tions in nanoscale optoelectronic devices.

We further conducted a series of experiments
toward mechanistic understanding on the reaction
pathway of marocycle formation, which successfully

Scheme 33. Synthesis of hexameric macrocycles 113 under vacuum-driven conditions.

Scheme 34. Synthesis of hexameric macrocycles 115 under precipitation-driven conditions.
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revealed the underlying “energy gap” principle for
the selective generation of certain arylene-ethynylene
macrocycles via alkyne metathesis.[2,15] We also dem-
onstrated that the reaction is a truly thermodynami-
cally controlled, reversible process.[15] Both enthalpy
and entropy factors should be taken into consider-
ation for rational design of building blocks for con-
structing macrocycles. The highly efficient one-step
preparation of macrocycles using precipitation-driven
alkyne metathesis may open the way to other two-di-
mensional or three-dimensional arylene-ethynylene
structures as well as alkyne-bridged oligomers and
polymers.

5 Alkyne Metathesis vs. Alkene
Metathesis

Although alkyne metathesis and alkene metathesis
are closely related and share analogous mechanistic
pathways, there also exists a great difference between
these two types of transformation. A comparison of
these two processes can help to highlight the unique
advantages of both and point to deficiencies that rep-
resent challenges for further development.

5.1 Catalysts

From SchrockMs molybdenum alkylidene catalyst
120[104] to GrubbsM second generation of ruthenium
carbene catalyst 121,[105] the past three decades have
witnessed the successful development of a series of

alkene metathesis catalysts, which have shown enor-
mous applications in both organic synthesis and poly-
mer chemistry. Both commercially available catalysts
120 and 121 are well defined, operative at ambient
temperatures and show a good compatibility with a
variety of functional groups. Although complex 121 is
generally considered as less reactive than 120, its
broader substrate scope and robustness to air and
moisture greatly facilitate its wide applications. In

Scheme 35. Synthesis of carbazole-based tetrameric macrocycle 117 and catechol-based trimeric macrocycle 119 via precipi-
tation-driven alkyne metathesis.
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both cases, strong ligand effects play important roles
in catalyst optimization,[106,107] indicating the impor-
tance of electronic effect of the ligand to catalyst ac-
tivity.

For alkyne metathesis, although there have been
several types of catalysts developed so far, except the
tungsten alkylidyne 9 and the Mortreux catalytic
system, all other catalysts are not commercially avail-
able, which partially impedes their applications.
Moreover, most of the catalysts are highly sensitive to
air/moisture and require Schlenk or glove-box tech-
nique. Only the Mortreux system is robust enough to
air/moisture,[58] but it exhibits low reactivity and poor
functional group tolerance. Obviously, the develop-
ment of alkyne metathesis catalyst has lagged behind
alkene metathesis. Analogous to alkene metathesis
catalysts, the ligand electronics and sterics are also
critical to alkyne metathesis catalyst activity. Usually
more electron-withdrawing ligands lead to more reac-
tive catalysts.[14,21]

5.2 Cross-Metathesis

In recent years, alkene cross-metathesis has emerged
as a powerful and convenient synthetic technique in
organic synthesis.[1i] However, the lack of predictabili-
ty in olefin geometry and stereoselectivity can limit
its practical use. To overcome this problem, Grubbs
and co-workers investigated the alkene cross-metathe-
sis with several classes of olefins, including substituted
and functionalized styrenes, secondary allylic alcohols,
tertiary allylic alcohols, and olefins with a-quaternary
centers, and they found a general empirical model
useful for the prediction of cross-metathesis selectivi-
ty, in terms of product selectivity, regioselectivity and
chemoselectivity (Scheme 36).[108] The reactivity of
olefins in cross-metathesis is ranked by their relative
ability to undergo homodimerization and the suscepti-
bility of their homodimers toward secondary metathe-
sis reactions. Product selectivity can be achieved by
suppressing the tendency of homodimerization of one
component and manipulating the rate of secondary
metathesis of the desired cross-product. These rates
can be controlled by utilizing olefins with significantly
different activities, which can be modified by altering
their steric and electronic properties through substitu-
ents, functionalities, or protecting groups. Moreover,

an appropriate choice of olefin metathesis catalyst is
suggested to be another critical factor for achieving
high product selectivity.[108] This empirical approach
toward understanding cross-metathesis selectivity by
categorizing the substrate reactivity opens a new pos-
sibility for predicting and designing new, selective
cross-metathesis reactions, including multicomponent
processes.

For alkyne metathesis, there are only a few reports
of synthetically useful cross-metathesis reactions[55,109]

and there has been no useful model, which can pre-
dict the product selectivity. During the investigation
of our molybdenum-based catalyst, we found that the
tert-butyl-substituted alkyne 122 cannot homodimer-
ize; instead, cross-metathesis between 122 and 3-
hexyne was observed (Scheme 37).[14] Presumably, due
to the steric bulkiness of the tert-butyl group, forma-
tion of the productive metallacyclobutadiene inter-
mediate is strongly disfavored, thus blocking the ho-
modimerization pathway. This represents an interest-
ing example of using substrate steric effects to achieve
selective heterodimer formation. Better understand-
ing of the selectivity issue in alkyne cross-metathesis
will definitely further broaden the application scope
of alkyne metathesis. Therefore, the development of a
predictive model for alkyne cross-metathesis is highly
desired and could be facilitated by using the knowl-
edge gained from studies of alkene cross-metathesis.

Scheme 36. Olefin categorization and rules for alkene cross-
metathesis selectivity.[108]

Scheme 37. Homodimerization of tert-butyl substituted acetylene 122 vs. heterodimerization of 122 with 3-hexyne.
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5.3 Ring-Opening Metathesis

Ring-opening alkene metathesis polymerization of
cyclic olefins had been studied many years before
well-defined catalysts were developed.[110] By utilizing
molybdenum alkylidene and ruthenium carbene cata-
lysts, Schrock and Grubbs demonstrated that in the
right circumstances, these well-defined catalysts could
catalyze olefin polymerization in a “living” fashion;
that is, intermediate alkylidenes that contain the
growing polymer chain would not decompose, nor un-
dergo back-biting or chain transfer reactions.[111] It
was also found that the polymerization process could
be controlled through minute, but critical changes in
the catalyst structure to yield polymers with highly
regular repeating units.[112] In great contrast, ring-
opening alkyne metathesis polymerization has been
rarely applied in polymer chemistry, presumably due
to the lack of readily available monomers.

5.4 Ring-Closing Metathesis

Ruthenium-catalyzed ring-closing alkene metathesis
has become a standard transformation in organic syn-
thesis, especially in the late stage of a total synthesis
owing to the chemoselectivity exhibited by the cata-
lyst and the mild reaction conditions required.[1k] On
the other hand, molybdenum species 120 was also ap-
plied to natural product synthesis (fluvirucin-B1
123),[113] in spite of its sensitivity to air, moisture and
some functionalities. In addition to total synthesis,
given the useful feature of the reactionMs reversibility,
ring-closing alkene metathesis has proven to be ad-
vantageous for producing interlocked, “magic” ring
systems in high yield.[114] While this approach general-
ly allows formation of large rings in good to excellent
yields, the stereochemistry (E/Z) of the newly formed
double bond can hardly be predicted or controlled,
which represents a limitation in the current field of
ring-closing alkene metathesis.

The use of alkyne metathesis catalysts in the syn-
thesis of cyclic compounds was also realized in the
1990s, pioneered by FOrstner and co-workers, who
showed that large rings could be prepared through
ring-closing alkyne metathesis (see Section 4.2).[23] A
cyclic alkyne then could be hydrogenated selectively

(Lindlar reduction) to yield a cis olefin (Scheme 16).
This alternative to alkene metathesis circumvented
the aforementioned unsolved selectivity problem, pre-
senting a practically useful synthetic approach toward
(Z)-cycloalkene compounds.

5.5 Cyclooligomerization

Although ring-closing alkene metathesis has been in-
tensively used in synthesis of flexible large cyclic com-
pounds, there has been no report on its application in
shape-persistent macrocycle synthesis by cyclooligo-
merization. In contrast to conformationally flexible
cycles, shape-persistent macrocycles generally have a
regular repeating unit with few degrees of conforma-
tional freedom. Macrocyclic strain and entropy con-
siderations determine the preferred ring size, with
macrocycles having the smallest number of monomer
units being entropically favored. The bond angles and
conformational rigidity of the monomer determine if
a particular macrocycle is strained or strain-free. The
energy gap between the most stable product and the
second most stable product determines whether a
unique product will be formed under reversible con-
dtions.[2] The uncontrolled double bond configuration
(E/Z) in alkene metathesis represents a potential
problem in the high-yielding synthesis of shape-persis-
tent macrocycles. The presence of both E- and Z-
double bonds will lead to a variety of macrocyclic
products with different angles and geometry. The lack
of a strong thermodynamic preference of this system
might impede the generation of a unique product
(Scheme 38). Moreover, the significantly higher reac-
tivity of the alkene metathesis catalyst on endgroups
than on internal double bonds may also hamper selec-
tive generation of a complex, thermodynamically
most stable structure: formation of some intermediate
compounds may not be truly reversible due to the rel-
ative inertness of the internal double bonds. Nonethe-
less, it would be of interest to experimentally test the
feasibility of utilizing alkene metathesis to synthesize
shape-persistent macrocycles.

In great contrast to the few applications of alkene
metathesis in this area, alkyne metathesis has been
successfully applied to synthesis of a variety of shape-
persistent macrocycles. The linear geometry of ethy-
nylene group avoids the potential stereochemistry
issue as in alkene metathesis. Therefore, a unique,
thermodynamically favored, macrocyclic product can
often be obtained based on rational design. Both tri-
meric,[46] tetrameric and hexameric macrocycles[17,102]

have been prepared in one step starting from mono-
mers via alkyne metathesis. The newly developed pre-
cipitation-driven approach[17] represents a general and
highly efficient synthetic method towards shape-per-
sistent macrocycle synthesis.
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5.6 Acyclic Diene/Diyne Metathesis

Acyclic diene metathesis (ADMET) polymeri-
zation[115] is mainly used for synthesizing polymers
with flexible backbones. High molecular weight poly-
mers are usually obtained by removing the ethene by-
product under refluxing conditions. However, there
has been no report on its application toward conjugat-
ed polymer synthesis, which, if realized, would serve
as an alternative synthetic route toward poly(pheny-
lenevinylene) (PPV)[87] materials.

Acyclic diyne metathesis (ADIMET) polymeri-
zation has also been widely used in polymer chemis-
try. Polymers with both flexible and rigid backbones
have been prepared by this method. In particular, a
variety of poly(phenylene-ethynylene)s (PPEs) or pol-
y(arylene-ethynylene)s (PAEs) conjugated polymers
have been successfully synthesized and studied, show-
ing interesting electronic and optical properties.[4,45]

Compared to the conventional cross-coupling ap-
proach to PAEs, the ADIMET polymerization is su-
perior with respect to purity, yield and molecular
weight of the product.

6 Conclusion and Outlook

After three decades of development, alkyne metathe-
sis now represents a widely applicable synthetic ap-
proach in both organic and polymer chemistry. From
the early development of MortreuxMs in situ catalytic

system, which requires high temperature and is only
applicable to hydrocarbon species, catalysts are now
available that allow metathesis of highly functional-
ized substrates under mild conditions. However, the
current catalysts still have their own disadvantages,
such as inconvenient preparation, high sensitivity to
air/moisture, or poor functional group tolerance etc.
Therefore, development of a “dream” catalyst that
functions at or below ambient temperature and over-
comes the above-mentioned drawbacks, especially
with robustness to air and moisture, represents a chal-
lenging task in this field. Commercialization of well-
defined, molybdenum-based catalysts would also
greatly facilitate the application of this approach.

Alkyne metathesis, combined with subsequent Lin-
dlar reduction is now emerging as an indirect but ste-
reoselective tool in the synthesis of (Z)-cycloalkenes
under mild conditions. Such a strategy by-passes the
requirement for isomer separation and allows modu-
lar synthesis to be incorporated. The utility of this ap-
proach has been demonstrated in various flexible syn-
theses of natural products. Transformation of (cyclo)-
alkynes to (E)-alkene products still needs further in-
vestigation, and will provide a complementary ap-
proach to RCM.

ADIMET has greatly improved the current synthe-
sis of PAEs and shape-persistent macrocycles. In the
presence of highly active catalysts, metathesis of rigid,
angular, aromatic diyne monomers is under thermo-
dynamic control, leading the reaction toward the for-
mation of the thermodynamically most stable cyclics.

Scheme 38. Possible oligomeric intermediates and cyclic products formed during cyclooligomerization via alkene metathesis
(simple m-divinylbenzene monomer is used for illustration). Due to the presence of both Z- and E-double bonds in the
cyclic products, no significant thermodynamic driving force may exist for selective generation of a single product.
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It should also be noted that the concept of the energy
gap principle illustrated for macrocyclization via
alkyne metathesis also applies broadly to other dy-
namic covalent methods, as long as the reaction is a
fully reversible process.

Finally, given the history of alkene metathesis de-
velopment, it is reasonable to say that as catalysts be-
coming better understood, more readily accessible
and more user-friendly, alkyne metathesis will likely
become a widely-utilized, powerful approach in syn-
thesis.
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