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1.1 INTRODUCTION

Metathesis (1–5) occupies a central place in the synthesis
of complex organic molecules and polymers, and the
major problems concerning the catalysts have been solved,
including the presence of various functional groups in the
organic substrates. Unlike palladium catalysis of cross
carbon–carbon bond formation that is the other break-
through in the formation of organic skeleton architectures,
the metathesis reactions do not consume stoichiometric
amounts of base, producing stoichiometric amounts of salts
as wastes. In this sense, the metathesis reactions belong to
the field of green chemistry, saving a number of steps in
total syntheses and avoiding the handling and production of
inorganic wastes. The discovery of homogeneous catalysis
by Osborn and Wilkinson (6), allowing the hydrogenation
of olefins, and its efficient asymmetric version by Kagan
(7) considerably enhanced the possibilities of bringing
about high selectivity and approaching a perfect knowledge
of the molecular mechanisms leading to improvements
and optimization. Thus, after the pioneering research of
American industrial chemists in the 1960s, a significant
advance in metathesis chemistry has been the mechanistic
insight of Yves Chauvin in the early 1970s in disentan-
gling the “black box” and the intense academic research
by organometallic chemists at the end of the twentieth
century (8), in particular by the groups of Robert Grubbs
at Caltech and Richard Schrock at MIT in their quest for
transition-metal-alkylidene (or benzylidene) and alkylidyne
metathesis catalysts. Therefore, in this historical chapter,
we wish to underline the role of the development of ideas
and research efforts that have led to a success story in the
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advancement of metathesis chemistry and its applications.
This chapter also includes examples of the most recent
and major developments and applications of the various
metathesis reactions, with emphasis on catalyst design and
sustainable chemistry.

1.2 THE METATHESIS REACTIONS:
EXCHANGES OF CARBENES AND CARBYNES

The word metathesis comes from the Greek 𝜇𝜖𝜏𝛼𝜃𝜖𝜎𝜄𝜁 that
means transposition. Metathesis of ions between two ion
pairs is a long-known example of metathesis in which two
ion pairs exchange their partners (Eq. 1.1) (8).

A+  B−   +   C+  D− A+  D−   +   C+  B− (1.1)

Likewise, the exchange of the two carbenes of an olefin
with those of another olefin molecule (Eq. 1.2) was first
called olefin metathesis by Calderon (9) in 1967, but this
reaction requires a catalyst.
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The metathesis reactions are under thermodynamic con-
trol, which means that the reactions of Eqs 1.2 and 1.3
present the inconvenient of being equilibrated. The prob-
lem is usually solved by using terminal olefins that produce
gaseous ethylene as one of the metathesis products, which
displaces the reaction toward the metathesis products. For
alkyne metathesis, terminal alkyne metathesis is possible
(see Section 1.15) but of little use due to competitive alkyne
polymerization, so methyl-terminated alkynes are used for
metathesis, which produces 2-butyne that is also removed
according to the same principle.

1.3 THE EARLY DAYS OF OLEFIN METATHESIS
IN AMERICAN INDUSTRY

The uncatalyzed reaction of propene upon heating at 852 ∘C
had been reported in 1931 by Schneider and Fröhlich (10)
to give very low amounts of ethene and 2-butenes among
other products, but the publication remained ignored for
a long time. Ziegler and Natta’s discoveries of ethylene
and propylene polymerization in 1953 induced considerable
research interest in olefin polymerization reactions and their
mechanisms. The first catalyzed metathesis reactions were
reported in the late 1950s when industrial chemists at Du
Pont, Standard Oil and Phillips Petroleum (H. S. Eleuterio,
E. F. Peters, B. L. Evering, R. L. Banks, and G. C. Bailey)
reported that propene led to ethylene and 2-butenes when

Ethylene and 2-butenes are found in small amounts upon heating propene at 852°C: Schneider and 
Fröhlich (1931)

Heterogeneous metathesis catalysts: M(CO)6 (M = Mo or W) on alumina or silica, or Re2O7 (150–500°C): 
Eleuterio (1956) and Bank (1964)

Chauvin mechanism: metal–alkylidene + olefin and metallacyclobutane intermediate, 1971

First stoichiometric metathesis reaction between a metal–carbene and an olefin, Casey (1974)

First isolated metal–alkylidene complex, [Ta=CHBut(CH2But)3]: Schrock (1974)

First catalytic metathesis reaction using a unimolecular catalyst, [LnTa=CHBut]: Schrock (1980)

First unimolecular ruthenium–carbene metathesis catalyst, [Ru=C=CHPh(PR3)2Cl2]: Grubbs (1992)

First ruthenium–benzylidene metathesis catalyst: [Ru=CHPh(PCy3)2Cl2]: Grubbs (1995)

Chiral Mo–alkylidene catalyst for enantioselective olefin metathesis: Schrock-Hoveyda (1998)

Second-generation Grubbs-type catalysts with N-heterocyclic carbene ligands L [Ru=CHPh(PCy3)(L)(Cl):
Grubbs, Nolan, Fürstner-Herrmann (1999) (and chiral version: Grubbs, 2001)

Robust isopropoxybenzylidene Ru catalysts: Hoveyda, Blechert (with NHC), Grela (with NO2), 2000–2002

History of the olefin metathesis reactions

Figure 1.1 Dates of the history of olefin metathesis.

it was heated with molybdenum [in the form of the metal,
oxide, or [Mo(CO)6] on alumina (Fig. 1.1)] (11–16).

The first polymerization of norbornene by the system
WCl6/AlEt2Cl was independently reported in 1960 by Eleu-
terio (11,15) and by Truett et al. (13), but it was recognized
only in 1967 by Calderon (9,17) at Goodyear that the poly-
merization of cyclic alkenes to polyalkenemers and the dis-
proportionation of acyclic alkenes were the same type of
reaction, the metathesis. The following year, labeling ex-
periments by Calderon (9,17) at Goodyear and Mol (18) in
Amsterdam confirmed this key finding.

1.4 UNSUCCESSFUL ATTEMPTS TO SOLVE THE
MECHANISTIC PUZZLE

The first mechanistic suggestion to solve the mechanistic
puzzle came in 1967 from Bradshaw et al. (19) who proposed
a four-centered cyclobutane–metal intermediate. This hy-
pothesis was supported the following year by Calderon (20).
No other hypothesis appeared in the United States for three
years, and this mechanism seemed to be adopted as being
“conventional” by the metathesis community in the United
States. Yet, cyclobutanes are not produced by metathesis,
and they are not metathesis substrates either. Other mech-
anistic hypotheses by American chemists appeared only in
the early 1970s. In 1971, the brilliant organometallic chemist
Pettit (21,22), who had generated the first transition-metal
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methylene species [Fe(η5-C5H5)(CO)2(=CH2)][BF4], sug-
gested the possibility of a tetra(methylene)metal interme-
diate in which the four methylene units were bonded to
the transition metal (23–25). Double oxidative addition to
a transition-metal center is not possible, however (24,25).
Grubbs (26) proposed rearranging metallocyclopentane in-
termediates and cyclobutane complexed to a carbene (27).
Neither of the mechanisms mentioned above (Fig. 1.2) fit the
data, and the olefin metathesis mechanism remained rather
mysterious in the United States until the mid 1970s.

1.5 THE CHAUVIN MECHANISM: A METATHESIS
DANCE

Chauvin from the Institut Français du Pétrole, had three key
findings in mind when he envisaged the mechanism of olefin
metathesis: the report of Fischer (28) on the synthesis of
a tungsten–carbene complex, [W(CO)5{C(CH3)(OCH3)}],
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Calderon (1968) Pettit (1971) Grubbs (1972)

Figure 1.2 Erroneous intermediates proposed around 1970 for the
olefin metathesis mechanism.

that of Natta (29) on the polymerization of cyclopentene by
ring-opening catalyzed by a mixture of WCl6 and AlEt3,
and that of Banks and Bailey (14) on the formation of
ethylene and 2-butene from propene catalyzed by [W(CO)6]
on alumina. Consequently, Chauvin and his student Hérisson
published their proposition of metathesis mechanism in 1971
(Scheme 1.1) (30).
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Scheme 1.1 Linear representation of the Chauvin mechanism (including the degenerate metathesis
steps).
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The Chauvin mechanism involves a metal–carbene
species (or more precisely metal–alkylidene), the coordi-
nation of the olefin onto the metal atom of this species,
followed by the shift of the coordinated olefin to form the
metallocyclobutane intermediate, and finally the topolog-
ically identical shift of the new coordinated olefin in the
metallocyclobutane in a direction perpendicular to the initial
olefin shift. This forms a metal–alkylidene to which the
new olefin is coordinated, then liberated. This new olefin
contains a carbene from the catalyst and the other carbene
from the starting olefin. The new metal–alkylidene contains
one of the two carbenes of the starting olefin and it can
re-enter a catalytic cycle of the same type as the first one
(Schemes 1.1 and 1.2).

In fact, depending on the orientation of the coordinated
olefin, the new catalytic cycle can give two different
metallacyclobutenes, one leading to the symmetrical olefin
and the other leading to the starting olefin. This latter
cycle is said to be degenerate olefin metathesis. Thus, the
catalytic cycles alternatively involve both metal–alkylidene
species resulting from the combination of the metal
with each of the two carbenes of the starting olefin
(Scheme 1.1).

When the Chemistry Nobel prize was announced on
October 5, 2005, Chauvin’s metathesis mechanism was
compared in a video to a dance in which couples exchange
partners, which represents the two carbene fragments of the
olefin. The dancers cannot exchange their partner directly,
but they have to do the exchange by coupling with a master

of ceremony that is the metal center. The master of ceremony
also has a partner and, with the entering couple they form a
circle so that the master of ceremony can exchange partners
within the circle by taking a new partner from the couple.
Then with his new partner, he can go to another couple for
another exchange, and so on (31).

Chauvin and Hérisson not only suggested the metal-
lacyclobutane mechanism, but also published several ex-
periments to confirm it. For instance, they reported that
reaction of a mixture of cyclopentene and 2-pentene led to
C-9, C-10, and C-11 dienes in the ratio 1 : 2 : 1. Also, the
reaction of a mixture of cyclooctene and 2-pentene led al-
most exclusively to the C-13 product. The latter reaction,
but not the first one, was compatible with Calderon’s mech-
anism. In 1973 and 1976, Chauvin (32,33) published other
results showing that the mixture of WCl6 +MeLi catalyzes
the formation of propene by reaction of 2-butene, which was
proposed to proceed via methylation of tungsten, followed by
the α-elimination in the tungsten–carbon bond of W–CH3 to
form a W(=CH2)(H) species, then metathesis. Here again,
Chauvin’s intuition was remarkable, because at that time,
σ-bond metathesis in d0 meta-alkyl complexes, that is the
only available mechanism to activate such α-C–H bonds,
was unknown and was disclosed only more than a decade
later by the groups of Watson (Lu) (34), Bercaw (Sc) (35),
and Marks (Th) (25,36,37).

The first recognition of Chauvin’s valuable mechanism
together with an elegant confirmation came from Casey and
Burkhardt (38) when they reported that the carbene complex
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Scheme 1.2 Cyclic representation of the Chauvin metathesis mechanism.
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[W(CO)5(=CPh2)] reacted with isobutene to form a new
olefin, 1,1-diphenylethene (Eq. 1.4), as the major product
and that the same complex reacted with H2C=C(OCH3)Ph
to form 1,1-diphenylethene and the metal–carbene complex
[W(CO)5{=C(OCH3)Ph}] (Eq. 1.5), just as predicted in the
Chauvin mechanism.
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Later, labeling experiments by the groups of Grubbs
and Katz (39–41) demonstrated that alkenes underwent
non-pairwise exchange as required by the Chauvin mecha-
nism. In particular, Grubbs (39) showed that a mixture of
1,7-octadiene and its analog that was deuterated on both
methylene termini underwent metathesis to yield a statisti-
cal mixture of d0-, d2-, and d4-ethylene, and that d0- and
d4-ethylene were not scrambled after their formation. At that
point, however, the actual catalytically active species was
unknown, because the precatalysts used were 18-electron
metal–carbene complexes such as [W(CO)5(=CPh2)] or
[W(CO)5{C(OMe)Ph] or eventually metal precursors that
did not contain a carbene ligand (38–41). Such complexes
cannot bind olefins because the metal valence electron shell
does not rise to 20 electrons; hence some decomposition of
these pre-catalysts had to occur. Casey had nicely shown
that the decomposition was partly limited to a single car-
bonyl ligand with the former complex, but also half of
the starting material decomposed. The second complex that
was sometimes used by Katz is more problematic, because
carbenes bearing a heteroatom are, like CO itself, singlet
carbenes. Thus, contrary to common usage, a double bond
between this carbene and the metal should not be used in
Fischer-type carbene complexes (28) such as this one (in
the same way as the representation of the metal–carbonyl
bond that is not written as M=C=O). Accordingly, we now
know that the Fisher-type metal–carbene complexes are
poor metathesis pre-catalysts, and that good tungsten olefin
metathesis catalysts systematically have a high oxidation
state (4).

1.6 THE IMPORTANCE OF THE CHAUVIN
MECHANISM FOR OVERALL
ORGANOMETALLIC CATALYSIS

Chauvin’s mechanism introduced several new ideas. First,
he proposed a metal–carbene complex to initiate the catal-
ysis of the metathesis reaction. This idea first suggested that
one could just synthesize unsaturated metal–alkylidene com-
plexes (i.e., with 16 valence electrons on the metal or less)
and let them react as catalysts or pre-catalysts with olefins to
carry out the metathesis reaction. Of course, many authors
later engaged in such research directions, first delineated by
Chauvin. The induction time was long, however. Relatively
few chemists became interested in such a route in the first
half of the decade following Chauvin’s proposal.

The second key point mentioned above was the ex-
planation of the “black box” of the American industrial
chemists: a d0 metal–alkyl complex formed using such
a mixture undergoes the formation of a metal–methylene
or metal–alkylidene species that serves as a catalyst for
alkene metathesis. For that purpose, Chauvin included in
his metathesis mechanism the crucial proposition of an α-H
elimination, a pioneering idea that was reactivated and ratio-
nalized by its σ-bond mechanism only much later.

Another very important aspect of the Chauvin mech-
anism concerns the intermediacy of the metallacyclobu-
tane. Such metallocyclobutane complexes are sometimes
stable, and some stable metallacyclobutenes have indeed
been shown to be involved in metathesis. Elegant studies
by Grubbs’ group in 1980 showed that Tebbe’s complex
[Cp2Ti(CH2)(ClAlMe2)], reported in 1978 (42), reacted with
olefins in the presence of dimethylaminopyridine to give ti-
tanacyclobutanes that slowly catalyze metathesis and could
be used to identify all the intermediates in olefin metathesis
(43–45).

Chauvin’s mechanism applies to the whole range of olefin
metathesis reactions, including cross metathesis (CM),
ring-closing metathesis (RCM), acyclic diene metathe-
sis polymerization (ADMEP), ring-opening metathesis
polymerization (ROMP), enyne metathesis (EYM), and
ring-opening cross metathesis (ROCM) (Fig. 1.3) (1–4).

Finally, it is possible to represent a generalization of the
metallosquare formed by the shift of the olefin coordinated
to the metal in the metal–alkylidene species (25). The
metallosquare is not only involved as an intermediate or
transition state in alkene metathesis, but also in many
other catalytic organometallic mechanisms. Indeed, the
metathesis of alkynes and the metathesis polymerization
of cycloalkenes and alkynes formulated by Katz (41)
are completely analogous. Moreover, it is possible to
represent by a metallo-square scheme the mechanisms of
σ-bond metathesis and β-elimination. Scheme 1.3 gathers
together the different organometallic reactions involving a
metallo-square (that can eventually have puckered shapes).
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Figure 1.3 Various types of olefin metathesis reactions (all proceeding according to the Chauvin
mechanism).

1.7 SCHROCK’S HIGH OXIDATION STATE
ALKYLIDENE AND ALKYLIDYNE COMPLEXES

From the middle of the nineteenth century to the middle of
the twentieth century, chemists believed that metal–alkyl
compounds were intrinsically unstable, because of the sup-
posedly too low energy of the metal–carbon bond. Wilkinson
(46–48) then synthesized stable binary metal–alkyl com-
plexes that did not contain β-hydrogen, showing that this
instability was in fact kinetic, due to β-H elimination, be-
cause chemists had been trying to make binary metal–ethyl
complexes. Organometallic chemists could then syn-
thesize a whole series of thermally stable binary (and
other) metal–alkyl complexes with alkyl groups lacking
β-hydrogens, such as methyl, benzyl, neopentyl, trimethylsi-
lylmethyl, and mesityl, even if the metal had less than 18
valence electrons in the valence shell (47,48). Such binary
metal–poly(alkyl) complexes have indeed a low number of
valence electrons in conflict with the 18-electron rule (49).

Richard Schrock was a PhD student at Harvard of John
Osborn, who had been a PhD student of Geoffrey Wilkinson,
who was at Imperial College, London, after Harvard had
turned down his promotion for tenure. The influence of
Wilkinson on his scientific grandson Schrock is seen clearly.

Also inspired by Schmidbauer’ synthesis of pentaalkyl phos-
phorous and arsenic derivatives, Schrock, then at Du Pont,
synthesized [TaMe5], [Ta(CH2Ph)5] (47) and tried to syn-
thesize [Ta(CH2CMe3)5], which, analogously, would not
contain β-hydrogens and thus, according to this principle,
should have been stable. An α-elimination reaction occurred,
however, upon attempting to coordinate the fifth neopentyl
group, which produced one mole of neopentane and led to
the isolation of the first stable metal–alkylidene complex,
[Ta(CH2CMe3)3(=CHCMe3)] that was reported in 1974
(Scheme 1.4) (50).

Schrock’s group subsequently showed that the
α-elimination reaction was quite general when the co-
ordination sphere became crowded in these Ta and Nb
complexes. This yielded a rich family of high oxidation
state Ta and Nb alkylidene complexes in which the carbenic
carbon is nucleophilic, somewhat resembling phosphorus
ylids (51,52). At the time of this finding, the detailed
mechanism of this reaction was unknown, but as stated
above, the σ-bond metathesis that takes the α-elimination
reaction into account was recognized 8 years later (34–37).
Neither the 18-electron Fischer-type metal–carbene com-
plexes (see above) nor the 10-electron Schrock-type Ta-
or Nb-alkylidene complexes gave olefin metathesis upon
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Scheme 1.3 Square schemes involved in the mechanisms of catalytic organometallic reactions (the
metallosquares can eventually have puckered shapes).
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Scheme 1.5 The three modes of evolution of metallacyclobutanes formed by reaction between a
metal–carbene complex and an olefin.

reaction with olefins, however, because the metallocy-
clobutane intermediates gave other products. Fischer-type
metal–carbene complexes react with some olefins to give
cyclopropanes eventually (but not always) by reductive
elimination of intermediate metallacyclobutanes (53),
whereas metallacyclobutanes resulting from the reaction of
olefins with Schrock-type complexes gave β-H elimination,
because they had less than 18 electrons in the Ta valence
shell (Scheme 1.5).

The metal–alkenyl hydride species formed in the latter
case gave reductive elimination. Then, the free coordina-
tion sites allowed reaction with 2 mol of olefins giving
tantalacyclopentane intermediate that also underwent β-H
elimination followed by reductive elimination to yield for
instance 1-butene, when the olefin was ethylene. The metal
species thus catalyzed olefin dimerization. Interestingly,
Chauvin (54,55) also discovered extremely efficient and
selective titanium-based olefin dimerization catalysts that
are used industrially. In 1975, Schrock (56) also synthesized
at Du Pont the first stable transition-metal–methylene
complex, [TaCp2(CH3)(=CH2)] by deprotonation of the
cationic Ta-methyl precursor [TaCp2(CH3)2][BF4], and this
methylene complex was characterized inter alia by its X-ray
crystal structure.

It was only in 1980 that Schrock’s group at MIT re-
ported a tantalum–alkylidene complex, [Ta(=CH-t-Bu)(Cl)
(PMe3)(O-t-Bu)2], 1 (Fig. 1.4, also Nb and W complexes),
that catalyzed the metathesis of cis-2-pentene (57).

After Casey’s finding in 1974 and stereochemical ar-
guments from the Grubbs and Katz groups, this provided
another evidence for Chauvin’s mechanism of olefin
metathesis with well-defined high oxidation state alkylidene
complexes, almost a decade after Chauvin’s proposal.

The reason that these complexes catalyzed the metathesis
reaction, whereas the other members of the family of
niobium– and tantalum–alkylidene complexes failed to
do so, was the presence of ancillary alkoxide ligands in
the catalysts. Molybdenum and tungsten, however, were
obviously the most active metals in alkene metathesis
and, around 1980, Schrock and his group considerably
increased their efforts in the search for stable molecular
alkylidene and alkylidyne complexes of these metals includ-
ing alkoxide ligands that would catalyze the metathesis of
unsaturated hydrocarbons. This search was successful (58)
and eventually produced a whole family of molybdenum–
and tungsten–alkylidene complexes of the general formula
[M(=CHCMe2Ph)(N–Ar)(OR2], R and Ar being bulky
groups. In these complexes, the imido ligand is supposed
to be a four-electron ligand, because the lone pair of the
nitrogen atom is engaged in a vacant tungsten orbital, so that
these four-coordinate pseudo-tetrahedral complexes are best
considered as 14-electron complexes. These compounds
presently are the most active alkene metathesis catalysts
(Fig. 1.4). Their metathesis mechanism involves direct
(weak) coordination of the olefin to provide 16-electron
M(=CH-t-Bu)(olefin) intermediates, presumably of trigonal
bipyramidal structure that form 14-electron metallacyclobu-
tanes according to the Chauvin (59–61) mechanism and
further continue to give olefin metathesis.

Other chemists such as John Osborn in Strasbourg (26)
and Jean-Marie Basset (27) in Lyon played an important
role in the history of olefin metathesis by reporting tungsten
complexes that were active as olefin metathesis catalysts in
the 1980s. Osborn reported a well-defined W(VI) alkylidene
metathesis catalysts, 2 (Fig. 1.4) and showed the living
character of the polymerization system and the intermediacy



GRUBBS’ APPROACH AND THE RU OLEFIN METATHESIS CATALYSTS 13

Br

W
H

CMe3

t-BuCH2O

Br

t-BuCH2O

GaBr3

C

CCM
H

t-Bu

O-t-Bu

O-t-Bu

Cl

Me3P O
W

C
H

t-Bu
OEt2

ArO

Cl

M
H

CMe2Ph
OR

RO

NAr

Kress–Osborn 
catalyst, 1983

Prototype of Schrock’s catalysts 
RCM of tri- and tetra substituted olefins, 1990

First Unimolecular  
olefin metathesis 
catalysts, M = Nb or Ta

Family of Schrock’s  
high oxidation-state catalysts 
(M = Mo or W; R and  
Ar bulky substituents), 1990

Basset’s catalyst, 1985

1 2 3

4

Mo C
H

C

C

O
O

HH

N

C
CF3

CF3

CCF3

F3C

5

Figure 1.4 Early and optimized “unimolecular” Nb, Ta, Mo, and W metal–alkylidene catalysts of
olefin metathesis.

of a tungstacyclobutane by 1H NMR spectroscopy (62–65).
Basset (66–68) reported aryloxoalkoxoalkylidene W(VI)
catalysts and one of the first examples of Lewis-acid-free
initiators, 3 (Fig. 1.4) that allowed the polymerization of
substituted norbornenes following the ROMP mechanism.

The advantage of Schrock’s (59–61) catalysts, whose
most efficient members 4 and 5 (Fig. 1.3) were reported in
1990–1991, was that even though they are extremely active,
they are molecular (without additives) and also provided a
commercial catalyst and chiral versions for the first examples
of asymmetric metathesis catalysis (69–76).

In 1975, Schrock (77) also reported the first high oxida-
tion state alkylidyne complex, [Ta(C-t-Bu)(CH2t-Bu)3]. As
its alkylidene analog and the Fischer-type carbyne complex
[W(CO)4(Br)(C–Ph)], however, this Ta complex was inac-
tive in metathesis. Schrock (78) applied the same principles
as with olefin metathesis and thus turned to W complexes
with alkoxide ancillary ligands. In 1982, his group reported a
very active catalyst, [W(C-t-Bu)(O-t-Bu)3] for the metathe-
sis of internal alkynes. Schrock’s W-alkylidyne complexes
do not react with olefins, but they selectively and efficiently
metathesize alkynes without the need for a co-catalyst. For
instance, the prototype [W(CCMe3)(O-t-Bu)3] effects sev-
eral hundred turnovers per minute of 2-heptyne metathesis
under mild conditions. Some reactions even proceed at 25 ∘C.
Here again, the alkoxide ligands are indispensible for the
catalysis of the metathesis reactions.

1.8 GRUBBS’ APPROACH AND THE RU OLEFIN
METATHESIS CATALYSTS

Among the late transition metals, ruthenium is known
as a magic metal by organometallic chemists. Despite a
promising start with Pettit’s (21,53) elusive methylene
complex and its cyclopropanation chemistry upon reaction
with olefins, an iron-based metathesis catalyst has not yet
been discovered. The first ruthenium carbene complex,
[RuCp{=C(Me)OMe}(CO)(PCy3)][PF6], an 18-electron
complex of Fischer-type, was synthesized by Malcolm
Green’s group in Oxford (78) but did not show any
metathesis activity. The success of Grubbs’ approach to
stable benzylidene complexes containing the electrophilic
benzylidene ligand may appear, by comparison, somewhat
surprising, but it is due to the neutrality of the complexes,
thus affording a considerably reduced electrophilicity of the
carbene ligand compared to cationic complexes, and the
great versatility of ruthenium that forms stable 16-electron
complexes.

Grubbs (26,27) had been interested for a long time in
the metathesis reaction, as indicated by his mechanistic
proposals early on. He had eventually noticed Natta’s 1965
publication on the catalysis by RuCl3 of the polymerization
of cyclobutene and 3-methylcyclobutene by ring opening
(79). This process (in butanol) had been developed by
Norsorex. In this context, the Ziegler–Natta polymerization
of olefins under mild conditions obviously had a considerable
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impact on polymer chemistry (80). The delineation of a new
polymerization mechanism, however, was not a simple task.
Greatly inspired by this approach, Grubbs published in 1988
the polymerization of 7-oxanorbornene into a high molecular
weight monodisperse polymer (Mw = 1.3× 106 g mol−1;
Mw/Mn = 1.2) by RuCl3⋅xH2O or [Ru(H2O)6](OTs)2] (OTs
= toluene sulfonate), 6 (Fig. 1.5).

This catalytic reaction was all the more remarkable as it
was conducted in water (81). Shortly afterward, he could
show, in the course of the same reaction, the formation
of a Ru-alkylidene intermediate, then the polymerization
of cyclooctene, an olefin with little constraints, when the
alkylidene ligand source was ethyl diazoacetate added to
the aqueous solution of [Ru(H2O)6](OTs)2 (82). Consecu-
tively and according to the same logic, a great step forward
was accomplished by Grubbs in 1992. He reported the first
molecularly well-defined ruthenium–carbene complex that
promoted the ROMP of low strain olefins as well as the cat-
alytic RCM of functionalized dienes without the need of a
co-catalyst (83). Grubbs showed that these vinylidene com-
plexes, [RuCl2(PR3)(=CH–CH=CPh2)] (R = Ph, 7, or Cy),
were efficient molecular catalysts for these polymerization
reactions and other metathesis reactions such as those involv-
ing ring closing of terminal diolefins (83,84).

Interestingly, Noels’ group (85) reported, also in 1992, the
Ru-catalyzed ROMP of cycloolefins initiated by diazoesters.
In 1995, this group showed that addition of such diazoesters
to [Ru(η6-cymene)PR3] (R = Cy or t-Bu) produces very
active arene-free ruthenium–carbene catalysts in which the
carbene proton could be observed by 1H NMR, shedding
light onto the catalyst structure (86). In 1995, the new
molecularly well-defined catalysts [Ru(=CHPh)Cl2(PR3)2],
R = Ph or Cy, whose structures are closely related to the
vinylidene ones published 3 years earlier, were reported
by the Grubbs group and commercialized with R = Cy.
The complex [Ru(=CHPh)Cl2(PCy3)2], 8, is now known as
the first-generation Grubbs catalyst and is even today the
metathesis catalyst most used by organic chemists, because
of its stability in air and compatibility with a large variety
of functional groups (except for amines, nitriles, and basic
media) (87). Subsequently, the best organometallic research
groups also offered astute alternative syntheses to Grubbs’
catalysts in the late 1990s (88–91).

Fine mechanistic studies with this catalyst led Grubbs’
group to conclude that the mechanism first involved the
dissociation of one phosphine to generate the reactive
14-electron ruthenium intermediate for coordination of
the olefin. In order to supposedly favor this dissociative
step, Grubbs introduced, in place of one phosphine, an
N-heterocyclic (NHC) bis-amino carbene ligand that is
relatively stable, even in the free form obtained by deproto-
nation of the corresponding imidazolium cation (92). These
NHC ligands are excellent σ-donors without π-acceptor
properties and have been known for several decades, but they

have only recently become very popular in organometal-
lic chemistry and catalysis (92–95). It was Herrmann’s
group (93) that first synthesized ruthenium complexes
with two such NHC carbene ligands in the context of the
catalysis of olefin metathesis, but their catalytic activity
was shown to be modest. In Grubbs’ second-generation
catalysts 9 and 10 containing only one such ligand, the
electron density at the ruthenium center is increased, which
favors alkene coordination from the 14-electron interme-
diate. Thus, the second generation of Grubbs catalysts
[RuCl2{C(N(mesityl)CH2)2}(PCy3)(=CHPh)] containing
a single NHC carbene ligand and its catalytic activity in
metathesis were successively proposed within a few months
by the groups of Grubbs (96,97), Nolan (98), and, with a
variation of the NHC ligand, Fürstner and Herrmann (99)
(Fig. 1.5). The complex 10, and the third-generation of
Grubbs’ catalyst 15, simply obtained upon addition of a
pyridine to 10, are presently the most used catalysts for
efficient cross-metathesis reactions. These commercially
available catalysts are even more active than Grubbs’
first-generation catalyst 8, although they are also more
thermally stable than 8 (Fig. 1.5) (100–107).

In the late1990s, other ruthenium olefin metathesis cat-
alysts were reported (108–113) including that of Peter
Hofmann. The latter, also very active, was obtained by chlo-
ride abstraction providing a dicationic dimer from a ruthe-
nium analog bearing a cis-diphosphine (108–110).

Hoveyda (114,115), Grela (116,117), Buchmeiser (118),
Misutani (119), and Blechert (120–122) reported other
related, very active, stable, and functional group-tolerant
ruthenium metathesis catalysts of this family in the early
2000s. Some of the best catalysts are represented in
Figure 1.4. The first Hoveyda metathesis catalyst 12 is
derived from Grubbs’ first-generation catalyst 8, and the
chelating benzylidene ligand improved the stability com-
pared to 8. It bears only one phosphine and a chelating
carbene ligand. In 2000, Blechert and Hoveyda indepen-
dently reported a more active and more stable complex 13,
also bearing a NHC ligand instead of the phosphine. Both
catalysts are now commercially available, although expen-
sive. Grela reported variations of the Hoveyda catalyst with
increased efficiency (active even at 0 ∘C) when the aryl group
of the benzylidene ligand bears a nitro group in the meta or
para positions or two methoxy substituents (14, Fig. 1.5).
Grela’s successful idea was to destabilize the Ru–O(ether)
bond in order to favor the ether decoordination that generates
the catalytically active 14-electron species (116,117). This
key finding was further confirmed by Grela’s group upon
reporting the poorer catalytic performances of this catalyst in
which the nitro group was replaced by the electron-releasing
NEt2 group at the para position, whereas the introduction of
the related electron-withdrawing diethyl methyl ammonium
substituent brought about a remarkably excellent activity.
This family of Grubbs–Hoveyda–Grela catalysts, whose
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Figure 1.5 Key steps in the discovery and improvements or variations of ruthenium metathesis
catalysts.

activity compares with that of the second-generation Grubbs
catalyst, are especially useful for difficult cases of metathe-
sis of polysubstituted olefins and selective CM in which
homo-coupling needs to be avoided (114,115,123,124). A
successful variation of these Ru-benzylidene catalysts so far
has been reported by Blechert (120–122), whose strategy
to sterically destabilize the Ru–O(ether) bond consisted of
the introduction of an aryl (phenyl or naphthyl) substituent
on the benzylidene aryl in the ortho position relative to the
O(ether). The catalytic efficiency and stability of these Grela
(116,117) and Blechert (120–122) complexes reported in
the early 2000s surpasses those of many other Ru catalysts,
although it has been shown several times that the catalytic
efficiency depends on the type of metathesis reaction
examined and the tolerance toward the required functional
group.

Since the mid 2000s, the introduction of the NHC ligands
and their chelate forms have led to myriads of structural
variations of the ruthenium–NHC carbene–benzylidene
complex structures toward the optimization of catalytic ac-
tivities and recyclability in the various metathesis reactions.
This very rich design research has been all the more attrac-
tive as these complexes are air- and water stable and of very
practical use in organic chemistry, and this area has been the
subject of excellent reviews (125–131). In-depth comparison
of the catalytic efficiencies among various benzylidene and

indenylidene ruthenium complexes conducted by Grela’s
group showed that different catalysts proved to be optimal for
different applications, and that no single catalyst outperforms
all others in all cases. A strong temperature effect was noted
in all the reactions tested, and the authors suggested that
difficult metathesis transformations should be conducted at
70 ∘C in toluene, rather than simply by increasing the catalyst
loading at ambient temperature (127). For instance, under
such conditions, Fürstner’s and Nolan’s (131–137) robust
and readily accessible indenylidene complexes were shown
to be in many cases fully equivalent to the second-generation
Grubbs and Grubbs–Hoveyda complexes (although their
activities under ambient conditions were lower, their practi-
cal and easy synthesis makes them interesting; Scheme 1.6)
(126).

Probably more than 500 ruthenium metathesis catalysts
have been reported to date, including all ligand variations,
and all these complexes react with olefin eventually, after
phosphine or ether (or other heteroatom) ligand decoordina-
tion, that is, at the 14-electron stage, to give metathesis via
14-electron ruthenacyclobutane intermediates (130).

Although the ruthenium metathesis catalysts are
16-electron complexes that require ligand decoordination
before olefin coordination (Scheme 1.7), Piers’ group
(138–141) has isolated remarkable 14-electron ruthenium
phosphonium–alkylidene complexes that are all better
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metathesis catalysts as they do not require ligand decoor-
dination before olefin binding, which results in very low
olefin binding energy, high catalytic activity in model RCM
reactions, and direct relevant observation of ruthenacy-
clobutane intermediates resulting from olefin coordination
(139–141).

An opposite strategy reported by the Lemcoff and
Grela groups consisted in synthesizing ruthenium–NHC
complexes that were thermo-switchable latent metathesis

catalysts with a chelating benzylidene thioether, sulfoxide,
or sulfone ligand. These robust complexes are not catalyti-
cally active under ambient conditions but show very good
RCM and EYM catalytic activity upon heating (Fig. 1.6)
(141–145).

Among the multiple ligand variations, Grubb’s third-
generation metathesis catalysts are especially remarkable
five- and six-coordinate mono- and bis-pyridine complexes
(see for instance the structure of the most active catalyst of
this series, 15, Fig. 1.4). The cis-bis(pyridine) complexes,
simply prepared by adding an excess of the appropriate pyri-
dine to Grubbs’ second-generation catalyst 10 (146,147) are
efficient in the challenging CM of acrylonitrile (147) and
are among the fastest initiating ruthenium catalysts known,
which, for instance, with 3-bromopyridine in 15 proved ex-
tremely useful for the synthesis of polymers with very nar-
row polydispersity and for the synthesis of block copolymers
(148). The corresponding mono(pyridine) complexes are ob-
tained from the bis(pyridine) complexes under vacuum and
many structural variations are also known in this series of
Grubbs’ third-generation catalysts (129).

1.9 OLEFIN METATHESIS IN AQUEOUS
SOLVENTS AND WATER

Water obviously is the greenest solvent, due to its abundance
and lack of toxicity and risks. The ruthenium molecular
metathesis catalysts withstand water, and often even benefit
from its presence in the medium. Early studies by Grubbs
(82) involved the ROMP of 7-oxanorbornene catalyzed by
RuCl3(hydrate) in which water acted favorably, and further
studies conducted in water as the only solvent produced
a larger polymer and with a better polydispersity index
(PDI) than in organic solvents (82). Later, this catalyst
and method was applied to neoglycopolymers (149). Since
then, ruthenium benzylidene catalysts have been widely
used as olefin metathesis catalysts in aqueous solvents or
water only under homogeneous or heterogeneous conditions,
water-soluble ruthenium catalysts have been synthesized and
efficiently used, and the area of aqueous olefin metathesis has
been the subject of an excellent review (150).

Classic examples include the use of ruthenium benzyli-
dene catalysts such as 21–23 in aqueous solvents lead-
ing to homogeneous mixtures when water was added to a
water-miscible organic solvent added in sufficient quantities
to dissolve the substrates and catalyst (Fig. 1.7) (151,152).

Metathesis “on water” is a very interesting concept that
was developed by Grela’s group with standard ruthenium
benzylidene catalysts that are, as substrates, water insolu-
ble. Such reactions were conducted using ultrasonification
that produces emulsions in which CM (with electron-poor
olefins), RCM, and EYM took place smoothly in quantitative
yields (153). Metathesis in aqueous emulsions containing a



OLEFIN METATHESIS IN AQUEOUS SOLVENTS AND WATER 17

Ru C
HCl

S

Cl

C
NN

Ru C
HCl

S
Cl

C
NN

Ru C
HCl

S

Cl

O

C
NN

19 Grela (2009)18 Lemcoff (2008)

isomers

20 Grela (2009)

Figure 1.6 Thermo-switchable latent ruthenium metathesis catalysts with chelating benzylidene–
thioether and benzylidene–sulfoxide ligands. A whole family of Lemcoff’s metathesis catalysts
related to 18 was also synthesized with various sulfur substituents (129).

Ru C
HCl

O

Cl

O

C
NN

C
NN

Ru C
H

Ph

Cl

Cl

N

O

O
HO

Ru C
HCl

O

Cl

C
NN

OO
Me

NO

O
HO

21 Blechert (2003) 22 Grubbs (2006)

n

3

3

23 Beitenkamp and Emrick (2005)

Figure 1.7 Examples of hydrophilic neutral ruthenium complexes that catalyze metathesis olefin
reactions in aqueous solvents: 21 catalyzes RCM (but not CM) in CH3OH/H2O or DMF/H2O
mixtures. 22 and 23 catalyze RCM (22) and ROMP reactions of some water-soluble substrates (150).

surfactant has been broadly applied to polymer syntheses by
ROMP metathesis reactions using hydrophilic or hydropho-
bic norbornene derivatives (150,154–158). Then this strat-
egy was first applied by Sinou’s group (159) to RCM and
CM metathesis in water with and without a sodium dodecyl
sulfate (SDS) surfactant using Grubbs’ commercial catalysts
8 and 10. Lipschulz’s group (160,161) reported the use of
a nonionic PTS amphiphile derived from vitamin E as an
efficient surfactant for the metathesis of CM reactions in wa-
ter with Grubbs catalyst 10. Astruc’s group reported efficient
RCM, CM, and EYM of water-insoluble substrates with low
amounts of commercial Grubbs catalysts 8 and 10 under am-
bient condition in water only and air, using a water-soluble
dendrimer serving as a nanoreactor host with hydrophobic
interior. The water-insoluble catalyst was recovered by filtra-
tion after the reaction, and the water-soluble dendrimer was
used in very small amounts and re-used at least 10 times with-
out loss (162). Nicolaou’s group (163) reported the CM catal-
ysis of vancomycin derivatives in a heterogeneous mixture of

water and CH2Cl2 (>95 : 5) using [C12H25NMe3]+Br− as the
phase-transfer catalyst. In another approach, the commercial
Grubbs catalysts were occluded in a slab of polymethyl-
siloxane for CM and RCM metathesis reactions of sub-
strates that are soluble in aqueous methanol (164). Another
classic approach involves the modification of the ruthenium
metathesis catalyst with a small (most often ionic) or hy-
drophilic polymer (polyethylene glycol (PEG) type) group
on one of the ligands (phosphine, NHC carbene, or benzyli-
dene) in order to render it water soluble. This method is
applied to water-soluble substrates for metathesis in a ho-
mogeneous aqueous solution (Fig. 1.7) (150,165,166). It has
also been applied in the outer aqueous phase of 1–4 μm li-
posomes for ROMP reactions by Maingotaud’s group to het-
erogeneous mixtures of ruthenium catalysts that are in the
same time-surfactants (“inisurf”) via a polyalkyl or polyflu-
orinated alkyl tag (167,168). The use of ammonium sub-
stituents in ruthenium–benzylidene–isopropyl ether chelate
catalysts such as 24–26 has proved very efficient, not only



18 OLEFIN METATHESIS REACTIONS: FROM A HISTORICAL ACCOUNT TO RECENT TRENDS

Ru C
HCl

O

Cl

N

Et
R

Et

C
NN

I−

C
NN

Ru C
HCl

O

Cl

N

PF6
−

C
NN

Ru C
HCl

O

Cl

N+

+
+

Grela (2002)24

R = H or Me

Grela, Mauduit and Clavier (2006)

25

Grela, Mauduit and Clavier (2006)

26

PF6
−

Figure 1.8 Examples of Grela’s cationic ruthenium benzylidene–isopropyl ether complexes 24–26
that catalyze RCM, CM, and EYM reactions in water. The ammonium substituent also serves as a
non-covalent anchoring group for the fixation of anionic tags (150).

for metathesis catalysis in water, but also as a viable strategy
to introduce tags noncovalently (Fig. 1.8).

In conclusion, metathesis in water is extremely attractive,
using water- and oxygen-stable very active ruthenium cata-
lysts, which, for instance, enables applications of metathesis
in biological molecules (150,169).

1.10 OLEFIN METATHESIS IN OTHER “GREEN
SOLVENTS”: IONIC LIQUIDS AND sCO2

The concept of the use of ionic liquids in catalysis (170–173)
was raised by Chauvin and Olivier-Bourbigou (170,171) in
1995 when they efficiently used [bmin]Cl-AlCl3-EtAlCl2
ionic liquid as a solvent for the metathesis of pentene cat-
alyzed by [W(OAr)2Cl4] (ArH = 2,6-diphenylphenol or
2,4,6-trimethylphenol). Many advantages are provided by
their use, including high chemical and thermal stability, ex-
tremely low vapor pressure, insolubility, or immiscibility
with aqueous and organic reaction media, and good ability
to solvate both polar and nonpolar compounds. Since this
first report, more than 50 publications have appeared on this
specific subject that was reviewed in 2008 (172). The studies
concerned, almost exclusively, ruthenium catalysts (173), the
first example of which was reported by Buijsman (174), with
the synthesis of hydantoin using Grubbs’catalysts. Indeed, in
the early 2000s, commercial Grubbs’s catalysts were used as
such in ionic liquids without a tag. Our group reported several
reactions in [bmim]PF6 including the multiple RCM reac-
tion of a nona-allyl dendritic core to a tetracyclic aromatic
in 75% yield (175). Occasionally, microwave irradiations
were efficiently used to accelerate reactions, but without cat-
alyst recovery (176,177), and a biphasic catalyst composed
of ionic liquid and scCO2 was astutely applied to the macro-
cyclization of pharmaceutical precursors (178). Charged al-
lenylidene ruthenium catalysts were also efficiently used in
biphasic [bmim]BF4 –toluene at 80 ∘C (179). A step for-
ward in the area was accomplished with the introduction of
ruthenium catalysts incorporating the imidazolium motif of

the ionic salt as a tag (180–185). In particular, the use of
the biphasic system [bmim]PF6 –toluene at 25 ∘C allowed
the formation of tri- and tetra- substituted olefins together
with catalyst recycling and low ruthenium contamination
(1–22 ppm, Fig. 1.9) (181). Alternatively, the introduction of
pyridinium group in the tag instead of imidazolium brought
about promising results (Fig. 1.8) (186,187).

Another “green” solution consists of conducting the
metathesis reaction in supercritical carbon dioxide (scCO2),
rendering catalyst recovery easier than with organic
solvents (126,188,189). Combined use of ionic liquid
and scCO2 has already been involved (see above) (178).
This field was pioneered by DeSimone (190) with the
ROMP of norbornene catalyzed by [Ru(H2O)6][OTs]2 (Ts
= para-toluenesulfonate), then by Fürstner and Leitner
(112,191) with Schrock’s and Grubbs’ metal–carbene cata-
lysts. Using the Grubbs–Hoveyda-type catalysts covalently
immobilized on solid supports, Bannwarth et al. (192)
obtained excellent recycling of the catalysts.

1.11 SOLID CATALYST SUPPORTS

Solid catalyst supports allow, in principle, to recover the
solid catalyst simply by filtration and thus remove it from the
substrate solution after the reaction. The solid support must
be attached to one of the ligands. In the ruthenium catalysts,
there is the choice between anionic ligands (by substitution
of one or two Cl ligands in the Ru catalysts), phosphines
(first-generation Grubbs catalysts), NHC carbenes (sec-
ond and third-generation Grubbs catalysts), pyridines
(third-generation Grubbs catalysts), arenes (Fürstner cata-
lyst), or most commonly benzylidenes (Grubbs–Hoveyda
catalysts). In the Schrock-type catalysts, the Basset group
has replaced an alkoxide ligand by silica in Mo, W, and
Re catalysts. The area has been reviewed several times,
in particular by Buchmeiser (165,193), Basset (194–197),
Weck (198), Toma (199), and in the review on sustainable
concepts in olefin metathesis by Clavier et al. (126).
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1.11.1 High Oxidation-State Mo, W, and Re
Silica-Bonded Catalysts

Basset’s group has provided well-defined heterogeneous cat-
alysts for olefin metathesis upon coordinating active metal
centers (Mo, W, and Re) to silica, with the metal-bearing
ligands that have already proved useful in homogeneous
catalysis and with silica as an additional ligand (60). Re-
call that Schrock had turned metathesis-inactive alkyli-
dene complexes into active ones by the introduction of
alkoxy groups. In Basset’s catalysts, this beneficial role is
played by a siloxide ligand from silica. Thus, the catalysts
[(SiO)M(=CH-t-Bu)(CH2-t-Bu)2], M = Mo or W (200),
and [(SiO)Mo(=NH)(=CH-t-Bu)(CH2-t-Bu)] (200,201) are
active at 25 ∘C, unlike previously reported ill-defined het-
erogeneous catalysts and the early Mo and W oxides on
silica or alumina. The only oxide that had catalyzed olefin
metathesis at 25 ∘C was Re2O7/Al2O3, but it suffers from
a low number of active sites, side reactions caused by the
acid support, and deactivation of the catalyst (193). On
the other hand, Basset’s silica-supported rhenium catalyst
[(SiO)(Re(C-t-Bu)(=CH-t-Bu)(CH2-t-Bu)], 29 (Fig. 1.10)
catalyzes the metathesis of propene at 25 ∘C with an initial
rate of 0.25 mol per mol Re per second.

O
Si
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O
Re

O

C

t-Bu

t-Bu

t-Bu

H

Silica

Basset (2001)29

Figure 1.10 Example of Basset’s highly active silica-supported
alkene metathesis catalysts (196).

The formation of 3,3-dimethylbutene and 4,4-dimethyl-
pentene in a 3 : 1 ratio results from cross metathesis between
propene and the neopentylidene ligand, and the ratio of cross
metathesis products matches the relative stability of the met-
allacyclobutane intermediates. Cross metathesis of propene
and isobutene and self-metathesis of methyl oleate can also
be achieved, and TON reaches 900 for the latter reaction,
which is unprecedented for heterogeneous and most homo-
geneous catalysts (202,203). In his recent Chemical Review
article on high oxidation state Mo and W imido alkylidene
complexes, Schrock (204) has included a review on Mo
and W metathesis catalysts supported on silica. In addition
to the advantage of separating the solid catalyst from the
products, Schrock has emphasized that another advantage of
the support is to minimize bimolecular alkylidene coupling
by retaining the metal centers far apart on the solid support.
Finally, Basset’s (205) work has produced silica-supported
Schrock-type metathesis catalysts that are sometimes, as
for [Mo(NAr)(CHCMe2R)(O-t-Bu)(OSi700)], dramatically
more active in metathesis with their siloxide ligand than
their soluble version with the t-BuO ligand, although it is
difficult to deconvolute the various reasons for increased
catalytic activity.

1.11.2 Ruthenium Benzylidene Olefin Metathesis
Catalysts on Solid Supports

Anchoring catalysts on solid supports allows easy removal
of catalysts and their re-use. As the subject has been
reviewed (128–131,165,193,197–199), only some of the
main representative examples are given here. Buchmeiser
(197) has reported perfluoroalkylcarboxylate ligands that
result in less than 0.015 ppm Ru contamination, but these
supported catalysts have not been recycled. Air-stable sup-
ported pyridine complexes, active in CM and RCM, could be
recycled five time with almost no yield decrease, but no Ru
contamination was reported (206), as for polymer-supported
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Ru–arene–allenylidenes complexes that catalyzed RCM
upon recycling three times (207). An NHC ligand deriva-
tized with a poly(norbornene) support provided a ROMP
and RCM catalyst with only 70 ppm ruthenium leaching
(208). However, silica-supported NHC ligand-containing
catalysts were also efficiently recycled multiple times, and
they did not leach ruthenium (<5 ppb by ICP-MS) (209).
Anchoring the metathesis catalyst to a solid support via the
benzylidene ligand is the most widely used method, because
the benzylidene ligand with its support is released at the
beginning of the metathesis mechanism, allowing catalysis
to proceed homogeneously in solution, but is recovered
at the Ru center according to the “boomerang” process
of the chelate carbene ligand at the end of the reaction
(126,165). The Grubbs–Hoveyda catalyst with the chelating
benzylidene–ether ligand is particularly efficient for this

strategy and has been developed with various supports
(Scheme 1.8 and Fig. 1.11), but contamination usually
reaches several hundred ppm, which is an inconvenience
because of the re-anchoring of the active Ru species to
the support at the end of the reaction (165). With a Wang
resin attached to the benzylidene ligand, however, the
ruthenium catalyst could be recycled up to five times (210).
Likewise, the dendrimer technique (211) did not prove to be
productive, as recycling failed (212).

1.12 METAL CONTAMINATION OF THE
METATHESIS REACTION PRODUCTS

The preceding sections have summarized the efforts to re-
cover and recycle the metathesis catalysts in the spirit
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Scheme 1.8 Boomerang synthesis of Ru metathesis catalysts 31 derivatized on solid supports
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so-called “boomerang” recycling that is allegedly efficient.
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Scheme 1.9 Proposed mechanism for the decomposition of the second-generation Grubbs
ruthenium–methylene complex 35 to the carbide-bridged diruthenium complex 37 (100).

of “green chemistry.” Ruthenium catalysts have concen-
trated most studies on metal contamination of the prod-
ucts, although immobilization of Mo and W catalysts is
also well known (165,193–196,200–204,213). Metathesis
chemistry requires a rather large amount of catalyst due
to the high reactivity of the metal–methylene species in-
volved in the metathesis of terminal olefins. For instance,
many metathesis steps in total synthesis use 20 mol% ruthe-
nium (126,214,215). Yet, the acceptable limit for pharma-
ceutical industries concerning ruthenium contamination is
10 ppm. Thus, considerable efforts have been devoted to
the removal of metal contamination either by chromato-
graphic purification or by tagging the catalyst to separate
it from the products. The most classic and efficient tag is a
solid phase involving attachment of the catalyst to an insol-
uble organic or inorganic polymer as indicated in the above
section, but water (Section 1.9), ionic liquids, or perfluori-
nated solvents (Section 1.10) are alternative media attract-
ing tags that have specific affinities for these solvents and
allow separation from organic products. A simple example
is the derivatization of an NHC carbene ligand with PEG
of the Grubbs–Hoveyda complex that catalyzes RCM, fol-
lowed by extraction of the reaction mixture with water, lead-
ing to a contamination level of 41 ppm, which was de-
creased to 0.04 ppm (ICP-MS) by treatment with activated
carbon (216). Other published strategies to decrease Ru con-
tamination down to 60–200 ppm involve purification of

the products on silica gel followed by treatment with acti-
vated carbon, use of DMSO, Ph3P=O, or lead tetra-acetate
as Ru scavengers in combination with chromatography
and treatment with isocyanide CNCH2CO2K (130). As
the decomposition of Grubbs’ dichlororuthenium catalyst
10 was shown to yield (via the methylene complex 35)
the neutral carbide-bridged organo-diruthenium complex 37
(Scheme 1.9) (100,217,218), an additional potential solution
to remove them from the organic metathesis products might
be to oxidize them.

A drawback of a large number of publications on metathe-
sis catalysis is the lack of reports of the metal contamina-
tion of the reaction products, although inductively coupled
plasma mass spectrometry (ICP-MS) is an ideal tool for this
purpose. This issue is the key to the awaited industrial de-
velopment of drugs involving olefin metathesis steps in their
synthesis.

1.13 INDUSTRIAL APPLICATIONS

1.13.1 Simple Alkenes

Some simple alkenes are produced on an industrial scale.
Although propene is mainly produced from naphtha steam
crackers, strong demand has led to the development of the
Phillips tri-olefin process from ethylene and 2-butene, using
heterogeneous metathesis catalysts such as WO3/SiO2 at
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>260 ∘C and 30–35 bar. 1-Butene can be used in such a
process with MgO as a catalyst for isomerization to 2-butene.
This process has been developed in Texas by Lyondell
Petrochemical Co. and BASF Petrochemical, in Osaka by
Mitsui Chemicals, in Singapore by Shell Chemicals and
Sumitomo Chemical and in Caojing, China, by Shangai
Secco Petrochemical. The Institut Français du Pétrole and
the Chinese Petroleum Corporation at Kaoshiang, Taiwan,
have also developed the Meta-4 process in liquid phase using
Re2O7/Al2O3 at 35 ∘C and 60 bar (219).

Neohexene (3,3-dimethyl-1-butene), an intermediate in
the synthesis of Tolalide, a synthetic musk perfume, and
Terbinafine, an antifungal agent, is produced by metathe-
sis of ethylene and the dimer of isobutene (a mixture of
2,4,4-trimethyl-2-pentene and 2,4,4-trimethyl-1-pentene).

In the Shell Higher Olefin Process (SHOP), lighter
(<C6) and heavier (>C18) terminal alkenes produced by
nickel-catalyzed oligomerization of ethylene are isomerized
over a potassium metal catalyst, then metathesized over
a MoO3/Al2O3 catalyst at 100–125 ∘C and 10 bar to a
statistical distribution of C11 –C14 linear internal alkenes
sold by Shell Chemical as Neodene (>1,000,000 t per
year) (220).

CH3-CH = CH-CH3 + CH3(CH2)7CH = CH(CH2)9CH3 ⇌

CH3-CH = CH(CH2)7CH3 + CH3-CH = CH(CH2)9CH3

1.13.2 Polymers

The three main cycloolefins that have been transformed to
polymers using the ROMP reaction in industrial processes
are norbornene (the classic example), dicyclopentadiene,
and cyclo-octene (221,222). Cyclopentene, however, was
also polymerized to trans- and cis-cyclopentenamer for the
rubber industry soon after the discovery of olefin metathesis
(Scheme 1.10) (221–224).

(CH2)n(CH2)nm
m

n = 3 (cyclopentene), 6 (cycloctene)

ROMP

ROMP

RuCl3/butanol

n n

Polynorbornene

Scheme 1.10 Main cycloalkenes (together with dicyclopentadi-
ene) utilized for ROMP reactions in industry.

In 1976, CdF Chimie and Elf Atochem in France started
to produce norbornene polymers. The ROMP reaction of
2-norbornene catalyzed by RuCl3/HCl in butanol operat-
ing in air gives a 90% trans polymer of molecular weight
>3× 106 g/mol, Norsorex, produced by Atofina and devel-
oped by Nippon Zeon as Zeonex (225,226).

The ROMP reaction of endo-dicyclopentadiene (obtained
from naphtha crackers) leads to opening of the strained
norbornene ring, yielding linear polymers. Under certain
conditions, however, the cyclopentene double bond also
opens, giving cross linking. The catalyst can be WCl6 +
WOCl4, with the EtAlCl2 co-catalyst and additives, a tetrakis
(tridodecylammonium)octa-molybdate activated with a mix-
ture of Et2AlCl, propanol and SiCl4 or a Grubbs-type
ruthenium catalyst. These polymers are largely used for
heavy-vehicle applications (220).

Degussa has been producing Vestenamer 8012 by ROMP
of cyclooctene since 1980. The reaction proceeds in hexane
using WCl6 as the catalyst. The trans double bond content is
80% and the molecular weight is 75,000. A minor fraction
of the product results from cyclization of short oligomers.
Vestenamer 8012 is hard at 20 ∘C and has an exceptionally
high viscosity, then becomes fluid above 60 ∘C. It is useful in
blends (225).

1.13.3 Fine Chemicals

The availability of highly chemo-selective catalysts is now
developing applications in oleochemistry, agrochemicals
(insect pheromones, etc.), fragrances, drugs, pharmacy, and
so on (see Sections 1.14 and 1.15) (227).

1.14 APPLICATIONS TO ORGANIC SYNTHESIS

Metathesis reactions have a huge impact on the possibilities
of transformation of organic molecules and are systemati-
cally thought of and involved in organic strategies, including
those concerning complex structures and total syntheses
(1,214,215). This area is well developed in the second
volume of Grubbs’ (1) metathesis handbook, and a book
on metathesis in natural product synthesis edited by Janine
Cossy (215) that has recently appeared. Several Grubbs-type
and Schrock-type catalysts and derivatives are commercial
and now of common use in organic synthesis. A study of
the tolerance of Mo metathesis catalysts has indicated that
Schrock’s Mo catalysts, although air- and moisture-sensitive,
are effective in the presence of phosphanes, thioethers,
nitriles (whereas the Ru catalysts are decomposed by
these substrates), sterically protected free alcohols, metal
carbonyls and, in many cases, in the presence of amines
(even giving unparalleled enantioselectivity with the latter
groups) (4). Grubbs and the family of Grubbs-type catalysts
benefit from the largest use in organic synthesis, because
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they are stable in air and moisture, and metathesis reactions
can be conducted in water or aqueous solvents (Section
1.8). The main type of metathesis used in organic synthesis
is olefin RCM, despite unpredictable and problematic E/Z
selectivity (a problem that is avoided in alkyne RCM, see
below Section 1.14), because complex rings are of great
value in pharmaceuticals. CM and EYM are also largely
used (228). Ethylene (or 2-butyne) is lost in RCM and
CM reactions of terminal dienes (or diynes terminated by
ethylidyne fragments), which displaces the thermodynamic
equilibrium toward the formation of the metathesis products.
On the other hand, EYM is “greener” in the sense that no
carbon is lost in the metathesis reactions.

Remarkably, RCM metathesis allows the synthesis of
small, medium, and large rings. The easiest RCM reactions
are those affording synthesis of 5-membred rings (carbocy-
cles and a large variety of heterocycles), and the entropic and
enthalpic factors become less favorable as the ring size in-
creases (229–231). Many eight-membered rings have been
synthesized by metathesis, however. Large macrocycle for-
mation (calixarenes, cyclodextrins, macrolactones, macro-
lactams, and catenanes) usually requires high dilution (to
minimize oligomerization), high catalyst content, and higher
reaction temperatures because of competition with catalyst
decomposition (228). Tandem or domino reactions, that is,
successive one-pot reactions involving RCM and another re-
action such as ring-opening metathesis (ROM), CM, or a
non-metathesis reaction are particularly elegant, ecologically
advantageous, and useful, because they allow the rapid con-
struction of complex structure from relatively simple pre-
cursors (228,232,233). Optically pure cyclic compounds are
accessible from an optically pure precursor diene upon treat-
ment with an achiral RCM catalyst or alternatively a racemic
RCM product can be resolved using an enantiomerically pure
catalyst, such as one of Schrock’s or Grubbs’ chiral catalysts
(Eqs 1.6, 1.7) (3,4,234).
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A plethora of RCM reactions have been reported for the
synthesis of bioactive compounds, including total synthe-
ses (233–236). As an example, the macrocyclic hepatitis
C virus (HCV) S3 protease inhibitor-labeled BILN 2061
(Ciluprevir™), 39, was synthesized via RCM (237). This
RCM reaction gave the best results with Grela’s (238) cat-
alysts (in particular 14), yielding the macrocycle 38 with the
desired Z selectivity using an RCM reaction that has then
been scaled-up to 400 kg (Scheme 1.11) (239).

Cross metathesis is another currently used metathesis
reaction for the synthesis of a wide variety of biologically
active compounds and organic materials, although it also
suffers from the lack of E/Z selectivity with many olefins (Eq.
1.8) (239).
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The problem of the lack of Z selectivity has been recently
solved by Grubbs’ and Schrock’s groups (240) with new cat-
alysts bringing about Z selectivity based on kinetic control
in the metathesis products. When one of the olefin bears an
electron-withdrawing or bulky substituent, however, excel-
lent E selectivity can be obtained as a result of thermody-
namic control (241–243). For instance, CM also is a key
step in the synthesis of E-stilbenes that are precursors of an-
ticancer compounds also useful for cardiovascular properties
such as resveratrol, piceatanniol, and pinostilbene (244,245).

CM has been used for the total synthesis inter alia of plas-
tensimycin (and carbaplatensimycin) and analogs that attract
considerable interest due to their pharmaceutical properties
related to strong activity against many drug-resistant bac-
teria. A CM step is a crucial common point in their total
syntheses (236,246,247).

EYM is largely applied to the cyclization of enynes
producing cyclic conjugated dienes, although intermolecular
metathesis between an alkyne and an olefin (enyne cross
metathesis) is almost limited to ethylene and thus much less
applied in organic chemistry (particularly in total synthesis)
to produce acyclic conjugated 2,3-disubstituted dienes due
to selectivity problems. This metathesis reaction between
internal alkynes and ethylene (1 atm) to produce such
dienes, however, was introduced by Mori’s group for the
synthesis of anolignan A. High yields for cross EYM under
1 atm ethylene are usually obtained with the catalyst 10
(248). Earlier, in the mid 1990s, it was Mori who had
pioneered intramolecular EYM using the first-generation
Grubbs catalyst, and rapidly applied it to total synthesis, a
field that has been considerably expanded (235,249).

Many applications of alkyne metathesis to total syntheses
have also been elegantly developed by Fürstner’s group
(Section 1.15).

1.15 ALKYNE METATHESIS

Although the metathesis of internal (and sometimes termi-
nal, see below) alkynes proceeds according to the same
Chauvin-type mechanism (2) as olefin metathesis (250), via
metallacyclobutadiene intermediates (that can be isolated
and also serve as alkyne metathesis catalysts (78,251,252)), it
is remarkable that olefin metathesis catalysts do not metathe-
size alkynes (except enynes), and alkyne metathesis catalysts
do not metathesize olefins.



ALKYNE METATHESIS 25

Besides the unpractical heterogeneous mixture of tung-
sten oxide and silica that was found in the late 1960s to
metathesize alkynes at 200–450 ∘C (253), the first useful
internal alkyne metathesis catalysts were reported by
Mortreux and Blanchard (254) in 1972 and consisted of
a mixture of [Mo(CO)6] and a simple phenol derivative
in high boiling solvents. In 1998, Bunz’s group (255,256)
reported that phenols bearing electron-deficient substituents
such as p-chlorophenol, a temperature of 130 ∘C, and
purging 2-butyne with a N2 stream gave optimized yields
and rates, which proved to be synthetically valuable, and
other groups indicated that microwave assistance was also
helpful (257,258). Improvement of the [Mo(CO)6] catalyst
with 2-flurorophenol was reported in 2002 by Grela and
Ignatowska (117,259). In 2003, Lavigne and Chauvin’s
group (260) found that the temperature could be decreased to
50 ∘C in the presence of 1,2-diphenoxyethane and molecular
sieves.

Schrock’s high oxidation state Mo and W alkylidyne
complexes bearing the key alkoxide ligands (as in olefin
metathesis) are well defined, unimolecular catalysts that
are more reactive than Mortreux’ catalyst and had been
disclosed in the early 1980s (78,252,261,262). For instance,
the prototype of this family, [W(C-t-Bu)(O-t-Bu)3], 42, was
obtained in a remarkable metathesis reaction between a triply
bonded tungsten–tungsten dimer 40 (an alkyne metathesis
catalyst (78,263)) and neoheptyne (or also conveniently
with t-BuCN) via the W2C2 tetrahedrane intermediate 41
(Scheme 1.12) (264,265).

It is an efficient catalyst at ambient temperature for
3-heptyne that is equilibrated with the metathesized alkynes

in 5 min at 20 ∘C (260). In the light of the structure and
efficiency of Schrock’s catalysts, it appears probable that in
Mortreux’s improved system the phenol molecules are turned
into phenoxide ligands, diphenoxyethane eventually serves
as a bulky stabilizing chelate ligand, and the carbyne ligand
comes from the same metathesis reaction as that involved in
the synthesis of Schrock’s catalyst.

In the late 1990s, Fürstner discovered even more active
alkyne metathesis pre-catalysts such as the binary compound
[Mo{N-t-Bu(2,4-dimethylphenyl)}3], 43 (Fig. 1.12) produc-
ing [MoX{N-t-Bu(2,4-dimethylphenyl)}3], X = Cl or Br
upon reaction with a halogen source, in particular CH2Cl2.

These complexes do not contain a carbyne ligand, and
the X-ray crystal structure of the Mo–Cl derivative showed
considerable shielding of the metal by the bulky ligands
(266,267). These precatalysts could even initiate (presum-
ably also through a high oxidation-state catalytically active
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Figure 1.12 Fürstner’s and Moore’s efficient Mo alkyne metathe-
sis initiators.
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metal–carbyne species (268)) the metathesis of alkynes con-
taining a thioether, amine, or crown ether fragment that could
not be metathesized using Schrock’s catalysts. The complex
[Mo(Cl){N-t-Bu(2,4-dimethylphenyl)}3], formed by reac-
tion of 43 with CH2Cl2 is the pre-catalyst that was conve-
niently used in the metathesis reactions in this solvent.

Moore (268–270) has reported the use of [EtCMo
{NAr(t-Bu)}3], 44 (Fig. 1.12) for the remarkable synthesis
of arylene ethynylene macrocycles by precipitation-driven
alkyne metathesis. Discrete alkylidyne W and Mo complexes
on silica prepared by Basset’s group (271) also produce use-
ful catalysts that are intermediate between homogeneous and
heterogeneous, with the advantages of both types. Metathesis
of 2-pentyne by the silica-supported alkylidyne–alkylidene
complex [(SiOxRe(C-t-Bu)(=CH-t-Bu)(CH2-t-Bu)], 29
(Fig. 1.10) has been reported.

Applications of alkyne metathesis catalysis have been
greatly developed using the improved Mortreux-type-,
Schrock-type-, and Fürstner-type catalysts. The categories
of metathesis reactions that have been exploited are the
RCM, CM, and acyclic diyne metathesis (ADIMET).
Although the metathesis of terminal alkynes is successful
(272–275) using Schrock’s catalyst [W(C-t-Bu)(O-t-Bu)3]
in the presence of quinuclidine, it has not been exploited
in organic synthesis. However, 80% of the metathesis
compounds were obtained from terminal alkynes at 80 ∘C
within 1 min using 4 mol% catalyst. Even phenylacetylene
that was earlier found to polymerize more easily than other
terminal alkynes gave several turnovers of carbyne exchange
metathesis (273,274). Besides, one can also find a literature
report of an heterogeneous catalyst, CoO–MoO3 –SiO2, for
the carbyne exchange metathesis of terminal alkynes such as
1-heptyne (276). Terminal alkynes, however, polymerize in
the presence of ordinary transition-metal initiators (such as
[W(CO)6]) to yield polymers according to the Katz mech-
anism that starts with the well-known isomerization of the
terminal alkynes to a metal–vinylidene complex followed

by coordination of another terminal alkyne molecule that
forms a metallocyclobutene intermediate (41,250).

Thus, organic strategies involving alkyne metathesis use
molecules terminated by a propynyl group for CM or two
propynyl ends for diyne RCM. The byproduct of these alkyne
metathesis reactions, 2-butyne, is volatile and removed from
the reaction medium in the course of the reactions (a slight
vacuum is necessary), which shifts the metathesis equi-
librium toward the metathesis products. Owing to the ring
strain of the cycloalkyne, no macrocycle smaller than 11 or
12 members can be obtained. A key point is the stereose-
lectivity that is obtained using alkyne metathesis, whereas
the E/Z selectivity is a major drawback of many olefin RCM
reactions. Lindlar reduction of alkynes gives Z olefins,
whereas Birch reduction yields E olefins (Scheme 1.13).

This is exemplified here in the problem of the total
synthesis of epothilone C. Several previous total syntheses
of epothilone C using nonsteroselective olefin RCM had
been less attractive than conventional methods. The total
synthesis of epothilone C, 45, was subsequently elegantly
achieved by Fürstner’s group via alkyne RCM followed
by stereospecific Lindlar reduction to give the precursor
yielding epothilone C in only one more step (Scheme 1.14).
In this alkyne RCM metathesis reaction, Fürstner’s
pre-catalyst [MoCl{N-t-Bu(2,4-dimethylphenyl)}3], 43,
in CH2Cl2/toluene was used whereas Schrock’s catalyst
[W(C-t-Bu)(O-t-Bu)3] was not efficient due to the incom-
patible presence of sulfur and nitrogen atoms in the thiazole
ring (277).

An impressive example of alkyne CM is the total synthe-
sis of (+)dehydrohomoancepsenolide reported by Fürstner
and Dierkes in 2000. It involves an alkene RCM catalyzed
by the first-generation Grubbs’ catalyst leaving the alkyne
bond unreacted, followed by alkyne CM using Schrock’s
catalyst [W(C-t-Bu)(O-t-Bu)3] (10%) at 100 ∘C leaving the
olefinic bond unreacted, and finally stereoselective Lindlar
reduction (277).

− 2-butyne

Birch reductionLindlar reduction

Alkyne metathesis catalyst

RCM

Scheme 1.13 Selective access to E and Z olefins initiated by Fürstner via alkyne RCM (131).
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Scheme 1.14 Synthesis of epothilone C: Fürstner’s stereospecific
synthesis via alkyne RCM followed by Lindlar semi-hydrogenation
(277).

The alkyne CM reaction has also been largely developed
by Bunz’s group with the simple catalyst [Mo(CO)6] +
p-ClC6H4OH for the synthesis of poly(dialkylparaphenyl-
eneethynylene)s that are conjugated cyclic molecular
nanostructures (256,279) and polymers with high molec-
ular weights (with particularly interesting optical and
liquid-crystalline properties) resulting from the metathesis
of dipropynylated dialkylbenzenes (255,256).

1.16 ALKANE METATHESIS

The metathesis of alkanes was first reported by Burnett
and Hugues (280) at the Chevron Company in 1973. When
butane was passed at 400 ∘C on a heterogeneous Pt–Al2O3
mixture, a deshydrogenation catalyst, and WO3 –SiO2
mixture, an olefin metathesis catalyst, the direct metathesis
products propane and pentane were predominantly formed,

together with lower and higher molecular weight alkanes
(Scheme 1.15).

Basset’s group reported a family of well-defined
single-site heterogeneous Ta and W–alkylidene catalysts
containing siloxy ligands that metathesize alkanes. These
catalysts resulted from the reactions of silica with Schrock’s
high oxidation-state olefin metathesis catalysts. The siloxy
ligand brought by silica played the role of alkoxy ligands in
favoring metathesis activity with even an improved reactivity
with the siloxy ligand resulting from the increased metal
electrophilic properties compared to alkoxy complexes. The
strategy was thus clearly to metathesize olefins resulting
from alkane dehydrogenation (196,281–287). In particular,
Basset et al. also noticed that propane and propene gave
similar Cn+1/Cn+2 ratio of cross-metathesis products on
silica-supported Ta-neopentylidene catalysts at 150 ∘C. The
complexes [(SiO)xTa(=CH-t-Bu)(CH2-t-Bu)3−x] (x= 1 or 2
catalyzed the metathesis of alkanes into a mixture of higher
and lower alkanes at 150 ∘C, as did the hydride complex
[(SiO)xTa–H]. For instance, ethane reversibly yielded
methane and propane. The mechanism was suggested to
proceed by a composite series of σ-bond metathesis of C-H
bonds and 𝛼 and β-eliminations (rather than direct σ-bond
metathesis of C–C bonds). The α-elimination from d2

metal–methyl or metal–alkyl species formed, respectively
HTa=CH2 or HTa=CHR, and the mechanism was proposed
to then follow an alkene metathesis pathway with olefins
generated by β-elimination (including metallacyclobutane
intermediates as in the Chauvin mechanism; Scheme 1.16)
(194–196).

What is most elegant and original in this strategy is the
multiple activation by a single site, and the in-depth charac-
terization techniques of surface organometallic species that
resulted in very efficient, well-controlled, and robust het-
erogeneous metathesis catalysts for alkanes, alkenes, and
alkynes.

With this background in mind, Goldman and Brookhart
also recently directly mimicked the system of the Chevron
company (280), using well-defined homogeneous catalysts
for alkane metathesis. The challenge was the compatibility
between the alkane dehydrogenation catalyst and the
olefin metathesis catalyst operating separately in solution.
Successful “tandem” catalytic activation using homoge-
neous catalysts for both alkane dehydrogenation and olefin
metathesis types was thus reported in 2006 (288,289). The
dehydrogenation catalysts are Ir pincer complexes nicely
designed and improved by Goldman (290–292) and further
optimized by both research groups (293–297), and the
olefin metathesis catalyst is a Schrock-type complex such
as [Mo(NAr)(=CHCMe2Ph)(ORF6)2] or a heterogeneous
catalyst, Re2O7 on Al2O3. Reactions in neat octane or de-
cane require heating for several days at more than 125 ∘C to
approach alkane metathesis equilibrium, but the reaction is
limited by the decomposition of the Mo–alkylidene catalyst.
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Scheme 1.15 Alkane metathesis: the Chevron process at 150 ∘C involving alkane dehydogenation
followed by alkene metathesis and hydrogenation of the metathesized alkenes (280).

H

M

Alkane activation

H2

M

R

α-H
elimination

β-H
elimination

M

R

H

M

R

H

MH

R

+

MH
R

+

Olefin metathesis

R
+2H2

− M–H

R + CH3R

Alkane metathesis: 2 RCH2CH3

RCH2CH3

M–H
RCH3 + RCH2CH2CH3

M–H = [(SiO)xTa–H] 
R = H or alkyl

Scheme 1.16 Alkane metathesis at 150 ∘C on Basset’ single-site early transition-metal catalysts
containing siloxy ligands and its mechanism. The alkane activation step involves σ-bond metathesis
between the M–H bond and an alkane C–H bond (196,281).

More than 40 Mo and W alkylidene catalysts were tested, W
catalysts outperforming Mo ones, and the greatest activity
was obtained using [W(NAr)(=CHCMe2Ph)(OSiPh3)2]
(297). Indeed, as in Basset’s catalyst (see above), the siloxy
ligand brings an advantage over the alkoxy ligand because
it presumably reduces the donation of 𝜋 electron density to
the metal.

1.17 POLYMERIZATION METATHESIS AND
POLYMER MATERIALS

Several types of metathesis reactions produce polymers and
the polymer field occupies a major part of the overall ac-
tivities in metathesis research. For instance, the entire third
volume of Grubbs’ (1) handbook on metathesis is devoted
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Scheme 1.17 Relationships between ring-closing, ring-opening,
and polymerization/depolymerization processes in metathesis reac-
tions initiated by metal–carbene complexes (301).

to polymers. The best known metathesis reaction leading
to polymers is the ring opening metathesis polymerization
(ROMP) that is mostly used for norbornene derivatives (the
other cyclo-olefins undergoing ROMP are those that are also
subjected to release of ring strain upon opening, which pro-
vides the driving force of the reaction, that is, in particular,
cyclobutene, cyclopentene, cyclo-octene, and dicyclopenta-
dience), including industrial developments (Section 1.8 and
Scheme 1.10).

The acyclic diene metathesis (ADMET) polymerization is
also well known to proceed when the RCM of the terminal di-
ene is sterically inhibited (298). Its equivalent with aromatic
methyl-terminated diynes (ADIMET) produces, as indicated
in Section 1.15, poly(dialkylparaphenyleneethynylene)s
in addition to sacrificial 2-butyne (256). Terminal alkynes
polymerize according to the Chauvin–Katz metathesis
mechanism subsequent to alkyne coordination and isomer-
ization to metal–vinylidene complexes upon catalysis by
tungsten carbonyl (41) and other simple organometallic
compounds (299). This mechanism is different from the
Ziegler–Natta-type polymerization of alkynes resulting
from alkyne coordination followed by insertion into a
metal alkyl bond (300). Finally, a unifying view should be
highlighted by recalling that the ROMP and ADMET (or
ADMEP) are also connected to the RCM, and that the reverse
reaction of ROMP, cyclodepolymerization, is also known
(Scheme 1.17). The equilibrium between RCM and its re-
verse leading to oligomerization, and the ring-chain equilib-
riums in ROMP have been emphasized and analyzed in depth
in an excellent review by Monfette and Fogg (301) in 2009.

During the last decade, the stereo-control among the
monomer units introduced by ROMP has been addressed,
involving cis/trans configuration of the exo-cyclic double
bond, configuration of the allylic bridgehead carbons,
and linkage of unsymmetrically substituted monomers
(302,303). For instance, a Schrock-type Mo initiator with
hexa(isopropyl)terphenoxide and monopyrrolide ligand
allowed cis selectivity in the ROMP of norbornadiene and

cyclooctene derivatives, although these initiators suffered
from high sensitivity toward moisture and oxygen (304).
Another example is the alternative polymerization of
cyclooctene and norbornene that was achieved with Ru ini-
tiators based on the different insertion rates for norbornene
and cyclooctene that depend on the previous monomer
inserted (305–310).

Most advances in polymer materials synthesized by
ROMP have involved Grubbs’ first-, second-, and third-
generation catalysts and the indenylidene ruthenium
catalysts (310,311). The ruthenium-based initiators are
usually chosen for ROMP because of their functional-
group tolerance and allowance to achieve copolymer
syntheses (312,313). Highly functionalized polynor-
bornene homopolymers have been synthesized by
ROMP, for instance, with radical moieties (TEMPO,
2,2,6,6-Tetramethylpiperidinyloxy) for applications as
cathode-active materials in organic radical batteries (314).
Random co-polymer synthesis allows to incorporate, for
instance, optical sensors (309). Well-defined block copoly-
mers with narrow size distributions have been reported
(307). End-group functionalization can be implemented
using a carbene-functionalized initiator, a chain-transfer
agent during polymerization, or a terminating agent and is
a valuable means for combining different polymerization
techniques (reversible addition–fragmentation chain trans-
fer (RAFT), atom transfer radical polymerization (ATRP),
etc.) (315). The structural diversity that can be reached
involves grafted, dendronized, and hyperbranched polymers
with various material applications (resistant plastics, an-
tifouling coating, thermoplastic elastomers, and emulsifiers)
(316) and liquid crystals (317), porous polymers (318),
and self-healing materials (310). Finally, implications of
polymers in green chemistry often involve natural products
(319) and water-soluble polymers (Section 1.7) (310).

1.18 CONCLUDING REMARKS

From the Chauvin mechanism, alkene, alkyne, and alkane
metathesis reactions are rather well understood. All viable
olefin metathesis catalysts proceed by olefin coordination of
a 14-electron transition-metal species to produce 14-electron
metallocyclobutane intermediates that can sometimes be iso-
lated and shown to also be good metathesis catalysts. The
various types of metathesis reactions lead to numerous ap-
plications in pharmacologically important drugs (alkene and
alkyne RCM, and EYM) and polymer materials (ROMP, AD-
MET, and ADIMET) (1,320). The metathesis reactions are
greener than many other bond forming reactions, because
they do not require a base or product salt as in Pd-catalyzed
cross carbon-carbon and carbon-element forming reactions.
Yet there are a number of key challenges to address before
metathesis catalysis can be extensively adopted in industrial
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processes. The present drawbacks are the metal contaminants
related to the rather high loading of catalysts in reactions
(from a few % to sometimes up to 50% in some steps of
total syntheses) (321). Thus the robustness of the catalysts
must still be improved, as well as the turnover numbers (322).
Metathesis catalyst decomposition or aerobic sensitivity due
to the intermediacy of fragile metal–methylene species in-
termediates in the catalytic cycles of common terminal olefin
metathesis reactions remains a crucial problem. The defini-
tion and prevention of decomposition pathways is therefore a
difficult challenge that remains to be faced. Olefin metathesis
catalysts should be designed to reach (particularly) Z selec-
tivity (323,324). The synthesis of large rings still requires the
use of high dilution to minimize the formation of oligomers.
This trend cannot be presently extended to large scales. This
stereochemistry is especially challenging for the formation
of di- and trisubstituted olefins. The design of chiral catalysts
to produce highly enantioselective reactions is also called for
(325–327). The progress that has been accomplished in the
last thirty years is formidable and has brought the metathesis
reactions to the forefront of organic synthesis and materials
science. There is no doubt that the present exciting chal-
lenges to bring metathesis of current use in industry will
encourage researches to make decisive new discoveries in
the area (331–335).

ACKNOWLEDGMENTS

I am grateful to my students for their enthusiasm, hard
work, and great ideas, to a number of colleagues for fruitful
collaborations and discussions, and to the Université de
Bordeaux 1, the Centre National de la Recherche Scientifique
(CNRS), the Agence Nationale de la Recherche (ANR), the
Ministère de la Recherche et de l’Enseignement Supérieur et
(MRES), and the Institut Universitaire de France (IUF) for
funding.

REFERENCES

1. Grubbs RH, editor. Handbook of Metathesis. Weinheim:
Wiley-VCH; 2003. Volumes 1–3: Catalyst Development
(Volume 1); Applications in Organic Synthesis (Volume 2);
Applications in Polymer Synthesis (Volume 3).

2. Chauvin Y. Angew Chem Int Ed 2006;45:3740(Nobel Lec-
ture).

3. Grubbs RH. Angew Chem Int Ed 2006;45:3760(Nobel Lec-
ture).

4. Schrock RR. Angew Chem Int Ed 2006;45:3748(Nobel Lec-
ture).

5. Recent review on metathesis reactions: Deraedt C, d’Halluin
M, Astruc D. Eur J Inorg Chem 2013:4881.

6. Evans D, Osborn JA, Jardine FH, Wilkinson G. Nature
(London) 1965;208:1203.

7. Kagan H, Dang TP. J Chem Soc, Chem Commun 1971:481 J
Am Chem Soc 1972;94:6429.

8. Loupy A, Tchoubar B, Astruc D. Chem Rev 1992;92:1141.

9. Calderon N. Tetrahedron Lett 1967;34:3327.

10. Schneider V, Frölich PK. Ind Eng Chem 1931;23:1405.

11. Eleuterio HS. German Pat 1960:1072811.

12. Peters EF, Evering BLU.S. Patent. 19602,963,447.

13. Truett WL, Johnson DR, Robinson IM, Montague BP. J Am
Chem Soc 1960;82:2337.

14. Banks RL, Bailey GC. Int Eng Prod Dev 1964;3:170.

15. For a detailed historical account of the early days, see
Eleuterio HS. J Mol Catal 1991;65:55.

16. Rouhi AM. Chem Eng News 2002;80:29(December 23).

17. Calderon N. Acc Chem Res 1972;5:127.

18. Mol JC. Chem Commun 1968:633.

19. Bradshaw CPW, Howmen EJ, Turner L. J Catal 1967;
7:269.

20. Calderon N. J Am Chem Soc 1968;90:4133.

21. Jolly PW, Pettit R. J Am Chem Soc 1966;88:5044.

22. The synthesis of the C5M5 analogue of Pettit’s complex later
allowed the observation of the Fe=CH2 bond and its rotation
barrier by (1)H NMRGuerchais V, Astruc D. J Chem Soc,
Chem Commun 1985:835.

23. Pettit R. J Am Chem Soc 1971;93:7087.

24. Note that contrary to the common double oxidative addition of
O2 to a metal center (typically group 4 to 6 transition metals)
yielding a di(oxo)metal complex, double oxidative addition
of an olefin to metal center to give a metal–bis-carbene
species is still unknown to-date (although single oxidative
addition to give a metallacyclopropane is known in the case
of electron-poor olefins and electron-rich metal centers). See
Ref. 25.

25. Astruc D. Organometallic Chemistry and Catalysis. Heidel-
berg: Springer; 2008.

26. Grubbs RH. J Am Chem Soc 1972;94:2538.

27. Grubbs RH. Inorg Chem 1973;12:2166.

28. Fischer EO. Angew Chem Int Ed Engl 1964;3:580.

29. Natta G. Angew Chem Int Ed Engl 1964;3:723.

30. Chauvin Y, Hérisson J-L. Makromol Chem 1971;141:161.

31. http://www.nobelprize.org/nobel_prizes/chemistry/laureates
/2005/animation.html XXXX

32. Chauvin Y. C R Seances Acad Sci, Sér C 1973;276:169.

33. Chauvin Y, Commereuc D, Cruypelinck D. Makromol Chem
1976;177:2637.

34. Watson PL. J Am Chem Soc 1983;105:6491.

35. Thompson ME, Bercaw JE. Pure Appl Chem 1984;56:1.

36. Fendrick CM, Marks TJ. J Am Chem Soc 1984;108:425.

37. Brookhart M, Green MLH. J Organomet Chem 1983;250:
395.

38. Casey CP, Burkhardt TJ. J Am Chem Soc 1974;96:7808.

39. Grubbs RH, Carr DD, Hoppin C, Burk PL. J Am Chem Soc
1976;98:3478.



REFERENCES 31

40. McGinnis J, Katz TJ, Hurwitz S. J Am Chem Soc 1976;98:
605.

41. Katz TJ. Adv Organomet Chem 1978;16:283.

42. Tebbe FN, Parshall GW, Reddy GS. J Am Chem Soc
1978;100:3611 Although Tebbe’s compound was reported
only in 1978, it was known several years earlier when Tebbe
was at the du Pont de Nemours Company in the same time
as Schrock. It is formed from Cp2TiCl2 and AlMe3 according
to an α-H elimination reaction yielding CH4 and the bridging
methylene complex that can generate a reactive Schrock-type
Ti=CH2 species upon reaction with a base. There is an anal-
ogy, in the formation and reactivity of Tebbe’s reagent, with
the formation of Schrock’s Ta- and Nb alkylidene complexes
also proceeding according to α-H elimination (see Section
1.7) (42–45).

43. Howard TR, Lee JB, Grubbs RH. J Am Chem Soc
1980;102:6876.

44. Anslyn EV, Grubbs RH. J Am Chem Soc 1987;109:4880.

45. Hawkins JM, Grubbs RH. J Am Chem Soc 1988;110:2821.

46. Wilkinson G. Pure Appl Chem 1959;71:627 and Science
1974;185:109.

47. Schrock RR, Parshall GW. Chem Rev 1976;76:243.

48. Lappert MF, Pierce R. Chem Rev 1976;76:219.

49. Langmuir I. Science 1921;54:59.

50. Schrock RR. J Am Chem Soc 1974;96:67796.

51. Schrock RR. Science 1983;219:13.

52. Feldman J, Schrock RR. Prog Inorg Chem 1991;39:1.

53. Brookhart M, Stubaker WB. Chem Rev 1987;87:432.

54. Bre A, Chauvin Y, Commereuc D. Nouv J Chim 1986;10:
535.

55. Chauvin Y, Olivier H. In: Cornils B, Herrmann WA, editors.
Applied Homogeneous Catalysis. Weinheim: Wiley-VCH;
1996Volume 1, chaps 2.3.1 and 2.3.6.

56. Schrock RR. J Am Chem Soc 1975;97:6577.

57. Schrock RR, Rocklage SM, Wengrovius JH, Rupprecht G,
Feldmann J. J Mol Catal 1980;8:73.

58. Wengrovius JH, Schrock RR, Churchill MR, Missert JR,
Youngs WJ. J Am Chem Soc 1980;102:4515.

59. Schrock RR, Murdzek JS, Bazan GC, Robbins J, DiMare M,
O’Regan M. J Am Chem Soc 1990;112:3875.

60. Bazan GC, Khosravi E, Schrock RR, Feast WJ, Gibson VC,
O’Regan MB, Thomas JK, Davis WM. J Am Chem Soc
1990;112:8378.

61. Bazan GC, Oskam JH, Cho HN, Park LY, Schrock RR. J Am
Chem Soc 1991;113:6899.

62. Kress J, Wesolek M, Osborn JA. J Chem Soc, Chem Commun
1982:514.

63. Kress J, Wesolek M, Osborn JA. J Am Chem Soc
1983;105:6346.

64. Kress J, Osborn JA, Green RME, Ivin KJ, Rooney JJ. J Am
Chem Soc 1987;109:899.

65. Kress J, Aguero A, Osborn JA. J Mol Catal 1986;36:1.

66. Quignard F, Leconte M, Basset J-M. J Chem Soc, Chem
Commun 1985:1816.

67. Leconte M, Basset J-M, Quignard F, Larroche C. In:
Braterman PS, editor. Reactions of Coordinated Ligands. New
York: Plenum; 1986 Volume 1. p 371–420.

68. Lefebvre F, Lecomte M, Pagano S, Mutch A, Basset J-M.
Polyhedron 1995;14:3209.

69. Alexander JB, La DS, Cefalo DR, Hoveyda AH, Schrock RR.
J Am Chem Soc 1998;120:4041.

70. Zu SS, Cefalo DR, La DS, Jamieson JY, Davis WM, Hoveyda
AH, Schrock RR. J Am Chem Soc 1999;121:8251.

71. Aeilts SL, Cefalo DR, Bonitatebus PJ, Houser JH, Hoveyda
AH, Schrock RR. Angew Chem Int Ed 2001;40:1452.

72. Teng X, Cefalo DR, Schrock RR, Hoveyda AH. J Am Chem
Soc 2002;124:10779.

73. Hultzsch KH, Jernelius JA, Hoveyda AH, Schrock RR. Angew
Chem Int Ed 2002;114:609.

74. Tsang WCP, Jernelius JA, Cortez GA, Weatherhead GS,
Schrock RR, Hoveyda AH. J Am Chem Soc 2003;125:
2591.

75. Tsang WCP, Hultzsch KC, Alexander JB, Bonitatebus PJ,
Schrock RR. J Am Chem Soc 2003;125:2652.

76. Schrock, R. R. In Ref. 1, Volume 1, chap. 1.2, XXXX, p 8.

77. Guggenberger LJ, Schrock RR. J Am Chem Soc
1975;97:2935.

78. Schrock RR, Listermann ML, Sturgeoff LG. J Am Chem Soc
1982;104:4291.

79. Green MLH, Mitchard LC, Swanwick MG. J Chem Soc A
1971:794.

80. Natta G, Dall’ Asta G, Porri L. Makromol Chem 1965;81:
253.

81. Grubbs RH, Tumas WJ. The capture by Grubbs of the
renaissance of polymerization chemistry is well represented
by his review article. Science 1989;243:907.

82. Novak BM, Grubbs RH. J Am Chem Soc 1988;110:7542.

83. France MB, Grubbs RH, McGrath V, Paciello RA. Macro-
molecules 1993;26:4742.

84. Nguyen ST, Johnson LK, Grubbs RH, Ziller JW. J Am Chem
Soc 1992;114:3974.

85. Demonceau A, Noels AF, Saive E, Hubert AJ. J Mol Catal
1992;76:123.

86. Stumpf AW, Saive E, Demonceau A, Noels AF. J Chem Soc,
Chem Commun 1995:1127.

87. Schwab P, France MB, Ziller JW, Grubbs RH. Angew Chem
Int Ed Engl 1998;37:1124.

88. Olivan M, Caulton K. Chem Commun 1997:1733.

89. Wolf W, Stüer C, Grünwald C, Werner H, Schwab P, Schulz
M. Angew Chem Int Ed Engl 1998;37:1124.

90. Werner, H., Wolf, J. In Ref. 1, Grubbs, RH., editor.
Wiley-VCH, Weinheim, 2003, Volume 1, XXXX, chap. 1.8.

91. Gandelman M, Rybtchinski B, Ashkenazi N, Gauvin RM,
Milstein D. J Am Chem Soc 1997;119:3887.

92. Arduengo AJ. Acc Chem Res 1999;32:913.

93. Herrmann WA, Köcher C. Angew Chem Int Ed Engl
1997;109:2256.



32 OLEFIN METATHESIS REACTIONS: FROM A HISTORICAL ACCOUNT TO RECENT TRENDS

94. Bourissou D, Guerret O, Gabbaï FP, Bertrand G. Chem Rev
2000;100:39.

95. Wetskamp T, Schattenmann WC, Herrmann WA. Angew
Chem Int Ed 1998;37:2490.

96. Scholl M, Trnka TM, Morgan JP, Grubbs RH. Tetrahedron
Lett 1999;40:2247.

97. Scholl M, Ding S, Lee CW, Grubbs RH. Org Lett 1999;1:953.

98. Huang J, Stevens ED, Nolan SP, Petersen JL. J Am Chem Soc
1999;121:2647.

99. Ackermann L, Fürstner A, Weskamp T, Kohl FJ, Herrmann
WA. Tetrahedron Lett 1999;40:4787.

100. Trnka TM, Morgan JP, Sanford MS, Wilhelm TE, Scholl M,
Choi TL, Ding S, Day MW, Grubbs RH. J Am Chem Soc
2003;125:2546.

101. Love A, Sanford MS, Day MW, Grubbs RH. J Am Chem Soc
2003;125:10103.

102. Chatterjee AK, Choi T-L, Sanders DP, Grubbs RH. J Am
Chem Soc 2003;125:11360(this article is particularly useful
for the E selectivity in cross metathesis).

103. Morril C, Grubbs RH. J Org Chem 2003;68:603.

104. Kilbinger FM, Candrill SJ, Waltman AW, Day MW, Grubbs
RH. Angew Chem Int Ed 2003;42:3281.

105. Love JA, Morgan JP, Trnka TM, Grubbs RH. Angew Chem Int
Ed 2003;42:4035.

106. The second-generation Grubbs’ catalyst 10 thermally decom-
poses at 55 ∘C in benzene to give, after 72 h, a 46% isolated
yield of a hydridic dinuclear carbyne (HRuCRu) complex that
catalyzes olefin isomerizationHong H, Day MW, Grubbs RH.
J Am Chem Soc 2004;126:7414.

107. Trnka TM, Grubbs RH. Acc Chem Res 2001;34:18.

108. Hansen SM, Volland MAO, Rominger F, Eisenträger F,
Hofmann P. Angew Chem Int Ed 1999;38:1273.

109. Hansen SM, Rominger F, Metz M, Hofmann P. Chem-Eur J
1999;5:557.

110. Volland MAO, Ansen SM, Rominger F, Hofmann P.
Organometallics 2004;23:800.

111. Demonceau A, Stumpf AW, Saive E, Noels AF. Macro-
molecules 1997;30:3127.

112. Fürstner A, Koch D, Langemann W, Leitner C. Angew Chem
Int Ed 1997;36:2466.

113. Fürstner A, Picquet C, Bruneau C, Dixneuf PH. Chem Com-
mun 1998:1315.

114. Kingsbury JS, Harrity JPA, Bonitatebus PJ, Hoveyda AH. J
Am Chem Soc 1999;121:791.

115. Garber SB, Kingsbury JS, Gray BL, Hoveyda AH. J Am Chem
Soc 2000;122:8168.

116. Grela K, Harutyunyan S, Michrowska A. Angew Chem Int Ed
2002;41:4038.

117. Michrowska A, Bujok R, Harutyunyan S, Grela K. J Am Chem
Soc 2004;126:9318.

118. Krause O, Zarka MT, Anders U, Weberskirch R, Nuyken O,
Buchmeiser MR. Angew Chem Int Ed 2003;42:5965.

119. Honda T, Namiki H, Kaneda K, Misutani H. Org Lett
2004;6:87.

120. Connon SJ, Dunne A, Blechert S. Angew Chem Int Ed
2002;41:3835.

121. Wakamatsu H, Blechert S. Angew Chem Int Ed 2002;41:2403.

122. Dunne AM, Mix S, Blechert S. Tetrahedron Lett
2003;44:2733.

123. Cossy J, Bargiggia F, Bouzbouz S. Org Lett 2003;5:459.

124. Bouzbouz S, De Lemos E, Cossy J. Adv Syn Catal
2002;344:627.

125. Connon SJ, Blechert S. Angew Chem Int Ed 2003;42:1900.

126. Clavier H, Grela K, Kirschning A, Mauduit M, Nolan SP.
Angew Chem Int Ed 2007;46:6786.

127. Bieniek M, Michowska A, Usanov DL, Grela K. Chem Eur J
2008;14:806.

128. Samojlowicz C, Bieniek M, Grela K. Chem Rev
2009;109:3708.

129. Disendruck CE, Tzur E, Lemcoff NG. Eur J Inorg Chem
2009:4185.

130. Vougioukalakis GC, Grubbs RH. Chem Rev 2010;110:1746.

131. Fürstner A. Angew Chem Int Ed 2000;39:3012.

132. Fürstner A, Hill AF, Liebl M, Wilton-Ely JDET. Chem
Commun 1999:601.

133. Fürstner A, Radkowski K, Wittz C, Goddard R. J Am Chem
Soc 2002;124:7061.

134. Fürstner A. Proc Natl Acad Sci U S A 2004;101:11960.

135. Jafarpour L, Schane H-J, Stevens ED, Nolan SP. J Organomet
Chem 1999;18:5416.

136. Clavier H, Petersen JL, Nolan SP. J Organomet Chem
2006;691:5444.

137. For a review of indenylidene ruthenium metathesis catalyst,
see Dragutan V, Dragutan I, Verpoort F. Platinum Met Rev
2005;49:33.

138. Romero PE, Piers WE, Mc Donald R. Angew Chem Int Ed
2004;43:6161.

139. Romero PE, Piers WE. J Am Chem Soc 2005;127:5032.

140. Romero PE, Piers WE. J Am Chem Soc 2007;129:1698.

141. Van der Eide EF, Romero PE, Piers WE. J Am Chem Soc
2008;130:4485.

142. Ben-Asuly A, Tzur E, Diesendrück CE, Sigalov M, Goldberg
I, Lemcoff NG. Organometallics 2008;27:811.

143. Kost T, Sigalov M, Goldberg I, Ben Asuly A, Lemcoff NG. J
Organomet Chem 2008;693:2200.

144. Szadkowska A, Makal A, Wozniak K, Kadyrov R, Grela K.
Organometallics 2009;28:2693.

145. Szadkowska A, Samojlowicz C, Grela K. Pure Appl Chem
2011;83:553.

146. Sanford MS, Love JA, Grubbs RH. Organometallics
2001;20:5314.

147. Love JA, Morgan JP, Trnka TM, Grubbs RH. Angew Chem Int
Ed 2002;41:4035.

148. Choi TL, Grubbs RH. Angew Chem Int Ed 2003;42:1743.

149. Mortell KH, Wertherman RV, Kiesling LL. J Am Chem Soc
1996;118:2297.

150. Burtscher D, Grela K. Angew Chem Int Ed 2009;48:442.



REFERENCES 33

151. Connon SJ, Rivard M, Zaja M, Blechert S. Adv Syn Catal
2003;345:572.

152. Binder JB, Blank JJ, Raines RT. Org Lett 2007;9:4885.

153. Gulajski L, Sledz P, Lupa A, Grela K. Green Chem
2008;10:279.

154. Lynn DM, Kanaoka S, Grubbs RH. J Am Chem Soc
1996;118:784.

155. Gordon EJ, Sanders WJ, Kiessling LL. Nature 1998;392:30.

156. Claverie JP, Viala S, Maurel V, Novat C. Macromolecules
2001;34:382.

157. Quemeneur D, Heroguez V, Gnanou Y. Macromolecules
2005;38:7977.

158. Monteil V, Wehrmann P, Mecking S. J Am Chem Soc
2005;127:14568.

159. Davis KJ, Sinou D. J Mol Catal 2002;177:173.

160. Lipschulz BH, Aguinaldo GT, Ghorai S, Voigtritter K. Org
Lett 2008;10:1325.

161. Lipschulz BH, Ghorai S, Aguinaldo GT. Adv Synth Catal
2008;7–8:953.

162. Diallo AK, Boisselier E, Ruiz J, Astruc D. Chem Eur J
2010;132:2729.

163. Nicolaou KC, Hughes R, Cho SY, Wissinger H, Labischinki
H, Endermann R. Chem Eur J 2001;7:3824.

164. Mwangi LT, Runge MB, Bowden NB. J Am Chem Soc
2006;128:14434.

165. Buchmeiser MR. New J Chem 2004;28:549.

166. Michrowska A, Grela K. Pure Appl Chem 2008;80:31.

167. Jarroux N, Keller P, Mingotaud AF, Sykes C. J Am Chem Soc
2004;126:15958.

168. Mingotaud AF, Krämer M, Mingotaud C. J Mol Catal A
2007;263:39.

169. Zamman S, Curnow OJ, Abell AD. Aust J Chem 2009;62:91.

170. Chauvin Y, Mussmann L, Olivier-Bourbigou H. Angew Chem
Int Ed 1995;34:2698.

171. Chauvin Y, Olivier-Bourbigou H. CHEMTECH 1995:26.

172. Sledz P, Mauduit M, Grela K. Chem Soc Rev 2008;37:2433.

173. Dupont J, de Souza RF, Suarez PA. Chem Rev 2002;102:3667.

174. Buijsman RC, van Vuuren E, Sterrenburg JG. Org Lett
2001;3:3785.

175. Martinez V, Blais JC, Astruc D. Org Lett 2002;4:651.

176. Mayo KG, Nearhoof, Kiddle JJ. Org Lett 2002;4:1567.

177. Garbacia S, Desai B, Lavastre O, Kappe CO. J Org Chem
2003;68:9136.

178. Boehringer Ingelheim Pharma GmbH § Co. KG, Patent Appl.
WO2006/075021 A1, 2006.

179. Csihony S, Fishmeister C, Bruneau C, Horvath I, Dixneuf PH.
New J Chem 2002;26:1667.

180. Audic N, Clavier H, Mauduit M, Guillemin J-C. J Am Chem
Soc 2003;125:9248.

181. Chavier H, Audic N, Mauduit M, Guillemin J-C. Chem
Commun 2004:2282.

182. Yao Q, Sheets M. J Organomet Chem 2005;690:3577.

183. Consorti CC, Aydos GLP, Ebeling G, Dupont J. Org Lett
2008;65:3397.

184. Consorti CC, Aydos GLP, Ebeling G, Dupont J.
Organometallics 2009;28:4527.

185. Chen SW, Kim JH, Ryu KY, Lee W-W, Hong J, Lee S-g.
Tetrahedron 2009;65:3397.

186. Rix D, Clavier H, Gulajski L, Grela K, Mauduit MJ.
Organomet Chem 2006;691:5397.

187. Rix D, Caïjo F, Laurent I, Grela K, Mauduit M. Chem
Commun 2007:3771.

188. Jessop PG, Ikariya T, Noyori R. Chem Rev 1999;99:475.

189. Prajapati D, Gohain R. Tetrahedron 2005;61:815.

190. Mistele CD, Thorp HH, DeSimone JM. J Macromol Sci Pure
Appl Chem 1996;A33:953.

191. Fürstner A, Ackermann L, Beck K, Hiro H, Koch D, Lage-
mann K, Liebl M, Six C, Leitner W. J Am Chem Soc
2001;123:9000.

192. Michalek F, Mädge D, Rühe J, Bannwarth W. Eur J Org Chem
2006:577.

193. Copéret C, Lefebvre F, Basset J.-M. In Ref. 1, Volume 1,
XXXX, chap. 1.12, p 190.

194. Copéret C, Chabanas M, Saint-Arroman RP, Basset J-M.
Angew Chem Int Ed 2003;42:156.

195. Copéret C, Basset J-M. Adv Syn Catal 2007;349:78.

196. Basset J-M, Copéret C, Soulivong D, Taoufik M, Cazat JT.
Acc Chem Res 2010;43:323.

197. Buchmeiser MR. Chem Rev 2009;109:303.

198. Sommer WJ, Weck M. Coord Chem Rev 2007;251:860.

199. Sebesta R, Kmentova I, Toma S. Green Chem 2008;37:2433.

200. Chabanas M, Baudouin A, Copéret C, Basset J-M. J Am Chem
Soc 2003;125:492.

201. Basset J-M, Copéret C, Lefort L, Maunders BL, Maury O,
Le Roux E, Saggio G, Soigner S, Soulovong D, Sunley GJ,
Taoufik M, Thivole-Cazat J. J Am Chem Soc 2005;127:864.

202. Herrmann WA, Stumpf AW, Priermeier T, Bogdanovic S,
Dufaud V, Basset J-M. Angew Chem Int Ed Engl
1996;35:2803.

203. Saint-Aroman PR, Chabanas M, Copéret C, Basset J-M,
Emsley L. J Am Chem Soc 2001;123:3820.

204. Schrock RR. Chem Rev 2009;109:3211.

205. Blanc F, Rendon N, Berthoud R, Basset J-M, Copéret
C, Tonzetich ZJ, Schrock RR. J Chem Soc Dalton Trans
2008:3156.

206. Mennecke K, Grela K, Kunz U, Kirschning A. Synlett
2005:2948.

207. Akyiama R, Kobayashi S. Angew Chem Int Ed 2002;41:2602.

208. Mayr M, Mayr B, Buchmeiser MR. Angew Chem Int Ed
2001;40:3839.

209. Allen DP, van Wingerden MM, Grubbs RH. Org Lett
2009;11:1261.

210. Randl S, Buschman N, Connon SJ, Blechert S. Synlett
2001;10:1547.

211. Astruc D, Boisselier E, Ornelas C. Chem Rev 2010;110:1857.



34 OLEFIN METATHESIS REACTIONS: FROM A HISTORICAL ACCOUNT TO RECENT TRENDS

212. Garber SB, Kingsbury JS, Gray BL, Hoveyda AH. J Am Chem
Soc 2000;41:9973.

213. Dolman SJ, Hultzsch KC, Pezet F, Teng X, Hoveyda AH,
Schrock RR. J Am Chem Soc 2004;126:10945.

214. Nicolaou KC, Buger PG, Sarlah D. Angew Chem Int Ed
2006;118:4564.

215. (a) Cossy J, Arseniyadis S, Meyer C, editors. Metathesis in
Natural Product Synthesis. Weinheim: Wiley-VCH; 2010. (b)
Cossy J. In: Grela K, editor. Metathesis Reactions. Wiley;
2013chap. 3.

216. Hong SH, Grubbs RH. Org Lett 2007;9:1955.

217. Dinger MB, Mol JC. Eur J Inorg Chem 2003:2827.

218. Banti D, Mol JC. J Organomet Chem 2004;689:3113.

219. Parkinson G. Chem Eng 2001;108:27.

220. Mol JC. J Mol Cat A: Chem 2004;213:39.

221. Dragutan V, Streck R. Catalytic Polymerization of Cy-
cloolefins. Amsterdam: Elsevier Science B. V.; 2000.

222. Schuster S, Blechert S. Angew Chem Int Ed 1997;36:2036.

223. Graulich W, Swodenk W, Theisen D. Hydrocarbon Process
1972;51:71.

224. Dall’s Asta G. Rubber Technol 1974;47:511.

225. Singh OM. J Sci Ind Res 2006:957.

226. Schrock RR, Krouse SA, Knoll K, Felmann J. J Mol Catal
1988;46:243.

227. Pedersen, R.L. In Ref. 1, Volume 2, chap. 2.14, XXXX, p 491.

228. Han S-Y., Chang S. In Ref. 1, Volume 2, chap. 2.2, XXXX, p
5.

229. For the RCM synthesis of heterocycles, see Deithers A, Martin
SF. Chem Rev 2004;104:2199.

230. For applications of ring-closing metathesis to alkaloid synthe-
sis, see: Martin, S.F. In Ref. 1, Volume 2, XXXX, p 338.

231. For olefin metathesis strategies in synthesis of biologically
relevant molecules, see Love, J. A. In Ref. 1, Volume 2, chap.
9, XXXX, p 295.

232. Alexakis A, Croset K. Org Lett 2002;4:4147.

233. Randl S., Blechert S. In Ref. 1, Volume 2, chap. 2.4, XXXX,
p 151.

234. Hoveyda, AH. In Ref. 1, Volume 2, chap. 2.3, XXXX, p 128.

235. Nicolaou KC, Bulger PG, Sarlah. Angew Chem Int Ed
2005;44:4490.

236. Bicchielli D, Borguet Y, Delaude L, Demonceau A, Dragutan
I, Dragutan V, Jossifov C, Kalinova R, Nicks F, Sauvage X.
In: Dragutan V, Demonceau A, Dragutan I, Finkelshtein ES,
editors. Green Metathesis Chemistry. Dordrecht: Springer;
2010. p 207.

237. Tsantrizos YS, Ferland JM, McClory A, Poirier M, Frina V,
Yee NK, Wang X-J, Haddad N, Wei X, Zhang L. J Organomet
Chem 2006;691:5163.

238. Bienek M, Bujok R, Stepowska H, Jacobi A, Hagenkötter
R, Arlt D, Jarzembska K, Makal A, Wozniak K, Grela K. J
Organomet Chem 2006;691:5289.

239. Nicola T, Brenner M, Donsbach K, Kreye P. Org Process Res
Dev 2005;9:513.

240. (a) Keitz BK, Endo K, Patel PR, Herbert MB, Grubbs RH.
J Am Chem Soc 2012;134:693. This new family of Ru
metathesis catalysts features a C–H-activated ligand and a
chelating nitrato ligand. It appears from DFT calculations that
it is the steric repulsions between the substituents on the olefin
and the N-substituent on the NHC carbene that leads to kinetic
control of the highly selective formation of the Z product.
See Liu P, Xu XF, Dong FX, Keitz BK, Herbert MB, Grubbs
RH, Houk KN. J Am Chem Soc 2012;134:1464. For an
example of application, see Herbert MB, Marx VM, Pederson
RL, Grubbs RH. Angew Chem Int Ed 2013;52:310. (b)
Kinetic control for Z selectivity in the stereoselective Schrock’
Mo and W catalysts is provided by a bulky pyrrolidine
ligandJiang AJ, Zhao Y, Schrock RR, Hoveyda AH. J Am
Chem Soc 2009;131:16630 Example of application: Meek SJ,
O’Brien RV, Llaveria J, Schrock RR, Hoveyda AH. Nature
2011;471:461.

241. For an example of cross metathesis with complete E se-
lectivity in polymer and dendrimer syntheses, see Ornelas
C, Méry D, Cloutet E, Ruiz J, Astruc D. J Am Chem Soc
2008;130:1495.

242. Ornelas C, Méry D, Blais J-C, Ruiz J, Astruc D. Angew Chem
Int Ed 2005;44:7399.

243. Brümmer O, Rückert S, Blechert S. Chem Eur J 1997;3:441.

244. Ferré-Filmon K, Delaude L, Demonceau A, Noels F. Eur J
Org Chem 2005:3319.

245. Velder J, Ritter S, Lex J, Schmalz H-G. Synthesis 2006;2:273.

246. Nicolaou KC, Pappo D, Tsang KY, Gibe R, Chen DY-K.
Angew Chem Int Ed 2008;47:944.

247. Tiefenbacher K, Mulzer J. Angew Chem Int Ed 2008;47:2548.

248. Mori M, Tonogaki K, Nishigushi N. J Org Chem
2002;43:2235.

249. Mori, M. In Ref. 1, Volume 2, chap. 2.5, XXXX, p 176.

250. Katz TJ, McGinnis J. J Am Chem Soc 1975;97:1592.

251. Pedersen SF, Schrock RR, Chruchill MR, Wassermann HJ. J
Am Chem Soc 1982;104:6808.

252. Schrock RR. Acc Chem Res 2001;19:342.

253. Pennella F, Bank RL, Bailey GC. Chem Commun 1968:1548.

254. Mortreux A, Blanchard M. Bull Soc Chim Fr 1972:1641.

255. Kloppenburg L, Song D, Bunz UHF. J Am Chem Soc
1998;79:7973.

256. Bunz, U. H. F. In: Modern Arene Chemistry; Astruc, D.,
editor; Wiley-VCH, Weinheim, 2002, chap. 7, p 217.

257. Villemin D, Héroux M, Blot V. Tetrahedron Lett
2001;42:3701.

258. Fürstner A, Stelzer F, Rumbo A, Krause H. Chem Eur J
2002;2:1856.

259. Grela K, Ignatowska J. Org Lett 2002;4:3747.

260. Huc V, Weihofen R, Martin-Jimenez I, Oulie P, Lepetit C,
Lavigne G, Chauvin R. New J Chem 2003;27:1412.

261. Wengrovius JH, Sancho J, Schrock RR. J Am Chem Soc
1981;103:3932.

262. Sancho J, Schrock RR. J Mol Catal 1982;15:75.

263. Schrock RR, Listemann ML, Sturgeoff LG. J Am Chem Soc
1982;104:6729.



REFERENCES 35

264. Listermann ML, Schrock RR. Organometallics 1985;4:74.

265. Schrock RR. J Chem Soc Dalton Trans 2001:2541.

266. Fürstner A, Mathes C, Lehmann CW. J Am Chem Soc
1999;121:9453.

267. Fürstner A, Mathes C, Lehmann CW. Chem Eur J
2001;7:5299.

268. Zhang W, Kraft S, Moore JS. Chem Commun 2003:832.

269. Zhang W, Kraft S, Moore J. Am Chem Soc 2004;126:329.

270. Zhang W, Moore JS. J Am Chem Soc 2004;126:12796.

271. Le Roux E, Taoufik M, Copéret C, de Mallmann A,
Thivole-Cazat J, Basset J-M, Maunders BM, Sunley GJ.
Angew Chem Int Ed 2005;44:6755.

272. Bray A, Mortreux A, Petit F, Petit M, Szymanska-Buzar T.
Chem Commun 1993:197.

273. Mortreux A, Petit F, Petit M, Szymanska-Buzar T. J Mol
Catal A: Chem 1995;96:95.

274. Mortreux A, Coutelier O. J Mol Cat A: Chem 2006;254:96.

275. Astruc D. New J Chem 2006;30:1848.

276. Mushegyan AV, Ksipterides VK, Dzhylakyan RK, Gevorkyan
NA, Chukhadzhyan GA. Armyan Khim Zh 1975:672.

277. Fürstner A, Dierkes T. Org Lett 2000;2:2463.

278. Fürstner A, Mathes C, Grela K. Chem Commun 2001:1057.

279. Ge PH, Fu W, Campana C, Hertweck E, Herman WA, Adams
RD, Bunz UHF. Angew Chem Int Ed 2000;39:3607.

280. Burnett RL, Hughes TR. J Catal 1973;31:55.

281. Vidal V, Theolier A, Thivole-Cazat J, Basset J-M. Science
1997;276:99.

282. Copéret C, Maury O, Thivolle-Cazat J, Basset J-M. Angew
Chem Int Ed 2001;40:2331.

283. Basset J-M, Copéret C, Soulivong D, Taoufik M,
Thivole-Cazat J. Angew Chem Int Ed 2006;45:6082.

284. Blanc F, Copéret C, Thivole-Cazat J, Basset J-M. Angew
Chem Int Ed 2006;45:6201.

285. Schinzel S, Chermette H, Copéret C, Basset J-M. J Am Chem
Soc 2008;130:7984.

286. Blanc F, Thivole-Cazat J, Basset J-M, Copéret C. Chem Eur
J 2008;14:9030.

287. Maury O, Lefort L, Vidal V, Thivolle-Cazat J, Basset J-M.
Organometallics 2010;29:6612.

288. Goldman AS, Roy AH, Huang Z, Ahuja R, Schinski W,
Brookhart M. Science 2006;312:257.

289. Ahuja R, Kundu S, Goldman AS, Brookhart M, Vincente BC,
Scott SL. Chem Commun 2008:253.

290. Xu W, Rosini GP, Krogh-Jespersen K, Goldman AS, Gupta
M, Jensen CM, Kaska WC. Chem Commun 1997:2273.

291. Liu F, Pak EB, Singh B, Jensen CM, Goldman AS. J Am Chem
Soc 1999;121:4086.

292. Zhu K, Achord PD, Zhang X, Krogh-Jespersen K, Goldman
AS. J Am Chem Soc 2004;126:13044.

293. Göttker-Schnetmann I, White P, Brookhart M. J Am Chem
Soc 2004;126:1804.

294. Göttker-Schnetmann I, Brookhart M. J Am Chem Soc
2004;126:9330.

295. Ahuja R, Punji B, Findlater M, Supplee C, Schinski W,
Brookhart M, Goldman AS. Nat Chem 2011;3:167–171.

296. Coi J, MacArthur AHR, Brookhart M. Chem Rev
2011;111:1761.

297. Bailey BC, Schrock RR, Kundu S, Goldman AS, Huang Z,
Brookhart M. Organometallics 2009;28:355.

298. Lehman S.E., Wagener K.B. In Ref. 1, Volume 3, chap. 3.9,
XXXX, p 283.

299. This alkyne polymerization mechanism (41) can be consid-
erably accelerated by coupling with electron-transfer-chain
catalysisDesbois M-H, Astruc D. New J Chem 1989;13:595.

300. Masuda T, Sanda F. In Ref. 1, Volume 3, chap. 3.11, XXXX,
p 375.

301. Monfette S, Fogg DE. Chem Rev 2009;109:3783.

302. Delaude L, Demonceau A, Noels AF. Macromolecules
2003;36:1446.

303. Hayano, Takeyama Y, Tsunogae Y, Igarashi I. Macro-
molecules 2006;39:4663.

304. Flook MM, Jiang AJ, Schrock RR, Müller P, Hoveyda AH. J
Am Chem Soc 2009;131:7962.

305. Bornand M, Chen P. Angew Chem Int Ed 2005;44:7909.

306. Bornand M, Tocker S, Chen P. Organometallics
2007;26:3585.

307. Vehlow K, Wang D, Buchmeiser MR, Blechert S. Angew
Chem Int Ed 2008;47:2615.

308. Lichtenheldt M, Wang D, Vehlow K, Reinhardt I, Kühnel
C, Decker U, Buchmeiser MR, Blechert S. Chem Eur J
2009;15:9451.

309. Sutthasupa S, Shiotsuki M, Masuda T, Sanda F. J Am Chem
Soc 2009;131:10546.

310. Leitgeb A, Wappel J, Slugovc C. Polymer 2010;51:2927.

311. Bielawski CW, Grubbs RH. Prog Polym Sci 2007;32:1.

312. Bielawski CW, Grubbs RH. Controlled and Living Polymer-
izations. Weinheim: Wiley-VCH; 2009. p 297.

313. Qu J, Katsumata T, Satoh M, Wada J, Matsuda T. Polymer
2009;50:391.

314. Noormofidi N, Slugovc C. Eur J Chem 2010;46:694.

315. Hilf S, Kilbinger AFM. Nat Chem 2009;1:537.

316. Hadjichristidis N, Pispas S, Pitsikalis M, Iatrou H, Lohse
DJ. Graft Copolymers, Encyclopedia of Polymer Science and
Technology. 3rd ed. Hoboken, NJ: Wiley; 2004.

317. Trimmel G, Riegler S, Fuchs G, Slugovc C, Stelzer F. Adv
Polym Sci 2005;176:43.

318. Buchmeiser MR. J Sep Sci 2008;31:1907.

319. Meir MAR. Macromol Chem Phys 2009;210:1073.

320. Ivin KJ, Mol JC. Olefin Metathesis and Metathesis Polymer-
ization. San Diego, CA: Academic Press; 1997.

321. Vougioukalakis GC. Chem Eur J 2012;18:8868.

322. Peeck LH, Savka RD, Plenio H. Chem Eur J 2012;18:
12845.

323. Khan RKM, Zhugralin AR, Torker S, O’Brien RV, Lombardi
PJ, Hoveyda AH. J Am Chem Soc 2012;134:12438.

324. Wegner HA. Nachricht Chem 2012;60:738.



36 OLEFIN METATHESIS REACTIONS: FROM A HISTORICAL ACCOUNT TO RECENT TRENDS

325. Lujan C, Nolan SP. Catal Sci Technol 2012;2:1027.

326. Kress S, Blechert S. Chem Soc Rev 2012;41:4389.

327. Bicchielli D, Borguet Y, Delaude L, Demonceau A, Dragutan
I, Dragutan V, Hans M, Jossifov C, Nicks F, Willem Q. Curr
Org Chem 2012;9:397.

328. Schrock RR, McLain S, Sancho J. J Am Chem Soc
1979;101:4558.

329. Huang Z, Rolfe E, Carson EC, Brookhart M, Gold-
man AS, El-Khalafi SH, MacArthur AHR. Adv Syn Catal
2010;352:125.

330. Halbach MC, Kundu S, Brookhart M, Goldman AS. Acc
Chem Res 2012;45:947.

331. Catalytic synthesis of n-alkyl arenes through alkyl group
cross metathesis: Dobereiner GE, Yuan J, Schrock RR,

Goldman AS, Hackenberg JD. J Am Chem Soc 2013;135:
12572.

332. Recent review on alkyne metathesis by Mo and W alkylidyne
complexes: Schrock RR, Chem Commun 2013;49:5529.

333. Olefin metathesis under continuous fow mode: Skoerski K,
Wierzbicka C, Grela K. Curr Org Chem 2013;17:2740.

334. Silica-OWMe5 efficient alkane metathesis catalyst with ob-
served methyl/methylidyne species: Samantaray MK, Cal-
lens E, Abou-Hamad E, Rossini AJ, Widdifield CM, Dey R,
Emsley L, Basset JM. J Am Chem Soc 2014;136:1054.

335. Ru-catalyzed Z-selective cross metathesis of allylic-
substituted olefins: Quigley BL, Grubbs RH. Chem Sci
2014;5:501.


