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Electron deficient high oxidation state early transition metal complexes that
contain metal–carbon double or triple bonds and bulky supporting ligands have
been found to be highly reactive catalysts for the alkene and alkyne metathesis
reactions, respectively.

Two of the most fascinating reactions

under study in the early 1970’s were the

alkene metathesis reaction, the basic

version of which is shown in equation

1, and the alkyne metathesis reaction,

the basic version of which is shown in

equation 2.1–4 Both were known to be

promoted (primarily) by molybdenum

and tungsten, although the nature of

the catalysts and the mechanism of the

reactions were not known at that time.

The catalysts and the mechanisms for the

alkene and alkyne metathesis reactions

turn out to be closely related. The correct

mechanism for alkene metathesis was

proposed in 1971 by Hérrison and

Chauvin5 and for alkyne metathesis in

1975 by Katz and McGinnis.6 The basic

step consists of a reaction between a

metal–carbon multiple bond (MLCHR

or MMCR) and a carbon–carbon multi-

ple bond of the same multiplicity to yield

a metallacycle (MC3) intermediate which

then loses an alkene or alkyne to

regenerate a MLCHR or MMCR

complex, respectively. Preparation and

characterization of MLCHR and MMCR

compounds that would be reformed

readily and repeatedly upon reaction

with an olefin or acetylene, respectively,

was an obvious and worthwhile goal.

Achieving this goal required approxi-

mately a decade and the development

of new high oxidation state complexes

that contain a MLC or MMC bond.

Comprehensive reviews of high oxidation

state alkylidene7–9 and alkylidyne chem-

istry10,11 have been published in the last

two decades. What I offer here is a broad

overview of the development of highly

active and relatively long-lived high

oxidation state alkylidene or alkylidyne

complexes for alkene and alkyne meta-

thesis and some comments from the

perspective we have today.

2 RCHLCHR9 P RCHLCHR +
R9CHLCHR9

(1)

2 RCMCR9 P RCMCR + R9CMCR9 (2)

The successful development of high

oxidation state alkylidene and alkylidyne

chemistry would have been much more

difficult without the neopentyl

(CH2CMe3) ligand, in which no mode

of decomposition involving b protons is

possible. A neopentyl ligand tends to

block intermolecular decomposition pro-

cesses and at the same time promotes

intramolecular decompositions that

involve an a hydrogen as a consequence

of an increase in the M–Ca–Cb bond

angle in crowded coordination spheres

and electron donation to the metal

through the C–C and M–C sigma

bonds. A key discovery was the product

of an attempted preparation of

‘‘Ta(CH2CMe3)5’’, as shown in equation

3.12 (Me3CCH2)3TaLCHCMe3 is ther-

mally stable, melts at y70 uC and distills

in a good vacuum, but is very sensitive to

oxygen and water because of the low

metal electron count (10e), oxophilic

nature of tantalum, and the presence of

relatively polar Ta–C bonds. Any sub-

sequent intramolecular reaction related

to the first ‘‘a hydrogen abstraction’’

shown in equation 3, namely loss of

another equivalent of neopentane from

(Me3CCH2)3TaLCHCMe3 to give

‘‘(Me3CCH2)2TaMCCMe3’’, does not

take place because of insufficient intra-

molecular steric crowding in tetrahedral

(Me3CCH2)3TaLCHCMe3. At the same

time intermolecular a hydrogen abstrac-

tion in (Me3CCH2)3TaLCHCMe3 is

sterically blocked. No analog of

(Me3CCH2)3TaLCHCMe3 is known that

is stable even at room temperature. A

neopentyl group is the most sterically

protected, the most prone to be

activated intramolecularly, and it yields

an alkylidene that is the most stable

toward bimolecular decomposition.
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Trineopentylneopentylidene tantalum

was the first compound to be isolated

that contains a terminal alkylidene

(LCHR) ligand and the first of the ‘‘high

oxidation state’’ variety (d0 if the alkyli-

dene is viewed as a dianionic ligand). The

fact that (g5-C5H5)2Ta(CH2)Me, the first

example of an isolable methylene com-

plex (equation 4),13 is unstable toward

bimolecular coupling of the methylene

ligands to give ethylene, even though it is

an 18 electron species, is a dramatic

illustration that methylene complexes in

general are much more susceptible than

neopentylidene complexes toward bimo-

lecular decomposition, probably largely

for steric reasons. At the same time there

is much evidence that formation of

methylene complexes via intramolecular

a hydrogen abstraction is orders of

magnitude slower than formation of

neopentylidene complexes.

Cp2TaMe3 DCCA
z Ph3C½ �BF4

{Ph3CMe
Cp2TaMe2½ �zBF{

4

DCCA
zMe3P~CH2

{PMez
4

BF{
4

Cp2Ta CH2ð ÞMe

(4)

What can be viewed as an attempt

to prepare ‘‘W(CH2CMe3)6’’ led to

formation of (Me3CCH2)3WMCCMe3

(equation 5).14 The mechanism of form-

ing (Me3CCH2)3WMCCMe3 is believed to

involve conversion of a neopentyl ligand

into a neopentylidene ligand by an a

hydrogen abstraction reaction at some

stage, followed by conversion of the

neopentylidene ligand into a neopentyli-

dyne ligand in a second a hydrogen abs-

traction step. The physical properties of

(Me3CCH2)3WMCCMe3 are reminiscent

of those of (Me3CCH2)3TaLCHCMe3;

(Me3CCH2)3WMCCMe3 is a volatile,

yellow, crystalline compound that melts

at approximately 70 uC and that can be

distilled in vacuo. The molybdenum

analog, (Me3CCH2)3MoMCCMe3, is also

known. Again few analogs of these

remarkable species exist. Like the neo-

pentylidene ligand, the neopentylidyne

ligand is the most readily formed and the

most stable toward bimolecular decom-

position for steric reasons.

The development of well-defined four-

coordinate high oxidation state alkyli-

dene and alkylidyne catalysts also would

not have been possible without bulky

alkoxide ligands, which lead to more

facile metathesis-like reactions of the

metal–carbon multiple bond with olefins

or acetylenes, respectively, while block-

ing bimolecular decompositions.15 For

example, (t-BuO)3WMCCMe3 reacts

rapidly with alkynes to yield analog-

ous (t-BuO)3WMCR species (R ? H) in

which the CR unit is derived from the

alkyne. In fact, (t-BuO)3WMCCMe3

will metathesize unsymmetric internal

alkynes such as 3-heptyne with remark-

able facility at room temperature.16 This

was the first time that a highly active

and identifiable alkyne metathesis cata-

lyst had been prepared and the proposed

mechanism confirmed. A large variety of

analogous (RO)3MMCR9 species were

prepared, primarily in which M 5 W.

Metallacyclobutadiene intermediates

were isolated in several cases and identi-

fied through X-ray structural studies. In

contrast to (RO)3WMCR9 species,

(dme)Cl3WMCCMe3 reacts with two

equivalents of an alkyne to give W(IV)

cyclopentadienyl complexes. Therefore

alkoxides appear to prevent ‘‘reduction’’

of the metal and encourage reformation

of the alkylidyne.

The design of tetrahedral W(VI) or

Mo(VI) complexes that contain a neo-

pentylidene and two alkoxides required

that some sterically bulky dianionic ligand

be the fourth ligand, i.e., L22 in

M(CHCMe3)(L)(OR)2. In order to max-

imize steric bulk but limit the

possibility of intramolecular CH activa-

tion reactions, the N-2,6-i-Pr2C6H3

(NAr) imido ligand was chosen as

the L22 ligand. (Today diisopropylphe-

nyl is the sterically demanding group

of choice bound to nitrogen in a large

number of ligands that have been deve-

loped for fundamental studies as well

as catalytic reactions.) The sterically

bulky nature of all four ligands in

M(NAr)(CHCMe3)(OR)2 species pre-

vents coupling of the neopentylidene

ligands and therefore allows many such

species to be isolated. Efficient routes to

M(NR9)(CHCMe3)(OTf)2(dme) species

(M 5 Mo or W) have been developed

that now allow a wide variety of

M(NR9)(CHCMe3)(OR)2 species to be

synthesized and characterized (R9 5 Ar,

2,6-Me2C6H3, 2,6-Cl2C6H3, 1-adamantyl).

The approach to catalyst synthesis

therefore has become ‘modular’ and

catalyst behavior consequently can be

finely tuned. The rate of metathesis of

olefins is especially high for Mo com-

plexes in which NR9 is NAr and OR is

OCMe(CF3)2. Three reasons are (i) the

14 electron metal center is highly

electrophilic, as well as electronically

unsaturated, and therefore reacts with

olefins readily; (ii) bimolecular decom-

position in the presence of the relatively

bulky hexafluoro-t-butoxide ligands is

relatively slow; and (iii) molybdacyclo-

butane intermediates are relatively

unstable with respect to loss of an

olefin and regeneration of an alkylidene

species. The relatively high stability

of tungstenacyclobutane intermediates,

especially those that contain an unsub-

stituted WC3 ring, is possibly the

primary reason why metathesis of

terminal olefins with tungsten catalysts

is often slower than metathesis with the

analogous molybdenum catalyst, even

though the rate of the reaction of a

WLC bond with a CLC bond is likely

to be higher than the rate of the

reaction of the analogous MoLC bond

with the same CLC bond.

Both olefin and acetylene metathesis

reactions, even with carefully constructed

and optimized catalysts, are limited first

by bimolecular decomposition reactions

(3)

(5)
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involving coupling of the alkylidene or

alkylidyne ligands. A second type of

decomposition that has been elucidated

in olefin metathesis systems is the

(unimolecular) rearrangement of metal-

lacyclobutane rings to olefins. Recent

work has focused on outlining the

pathways leading to decomposition of

alkylidene catalysts, and elucidation

of the nature of the decomposition

products.17,18 We now know that

M(NR9)(CHR0)(OR)2 species decom-

pose to yield ‘‘reduced’’ M(IV) species

such as M(NR9)(OR)2(olefin)19 (e.g.,

Fig. 1) or (RO)2(R9N)MLM(NR9)(OR)2

(e.g., Fig. 2) species,20 depending upon

circumstances. The latter are members

of a rare class of compounds that contain

MLM double bonds in the presence

of potentially bridging ligands.

Interestingly, both olefin complexes21

and MLM species22 appear to be capable

of metathesizing certain olefins slowly;

presumably the active species are mem-

bers of the M(NR9)(CHR0)(OR)2 family,

although that has not yet been proven.

Several variations of the basic olefin

metathesis reaction have been explored

with M(NR9)(CHR0)(OR)2 catalysts.

In Ring-Opening Metathesis

Polymerization (ROMP) reactions3,4,23 a

cyclic olefin such as a norbornene is

attacked by the alkylidene to give a

metallacyclobutane that opens to give a

new alkylidene (eqn. 6). If this step is

irreversible the new alkylidene can react

with more cyclic olefin in a similar

manner to form a polymer having

repeating units that consist of the

‘‘opened’’ cyclic olefin (equation 6) con-

nected by cis or trans CLC bonds. If no

intermediate of this type decomposes

during the process then these ROMP

reactions are ‘‘living’’.24 Consequently

another monomer can be added after

consumption of the first monomer and

block copolymers prepared. The polymer

also can be cleaved from the metal in a

Wittig-like reaction with a benzaldehyde.

An advantage of ROMP with

M(NR9)(CHR0)(OR)2 catalysts is the

ability to control the cis/trans structure

and tacticity through alteration of the

NR9 and OR ligands.25,26 Molybdenum

or tungsten imido alkylidene complexes

also have been employed for a variety of

other catalytic reactions of interest to

the polymer chemist, among them

polymerization of terminal alkynes,27,28

step-growth polymerization of dienes,29

cyclopolymerization of 1,6-hepta-

diynes,30,31 synthesis of various conju-

gated polymers,28,32 ROMP synthesis of

bioactive polymers,33 and the synthesis

of surface-functionalized supports and

monolithic materials.34

Another important variation of a

metathesis reaction is Ring-Closing

Metathesis or RCM, the simplest version

of which is shown schematically in

equation 7.8,35 RCM reactions catalyzed

by Mo(NAr)(CHCMe2Ph)[OCMe(CF3)2]2
were shown in 1992 to be a remarkably

facile and ‘‘clean’’ method of forming a

variety of cyclic olefins,36,37 many of

which are constituents of a natural pro-

duct. Recent additions to the arsenal of

molybdenum catalyst systems are those

that contain a variety of enantiomeri-

cally pure biphenolate or binaphtholate

ligands and one of several different

imido ligands.8,38 Such species have

been shown to catalyze a variety of

enantioselective ring-closing,35,38 cross,39

and ring-opening/cross40 metathesis

reactions efficiently. An example is

shown in equation 8. Asymmetric

metathesis reactions appear promising

as a means of relatively quickly prepar-

ing enantiomerically pure organic

Fig. 1 The structure of Mo(N-2,6-

Cl2C6H3)(Biphen)(CH2LCH2)(Et2O).

Fig. 2 The structure of {[(CF3)Me2CO]2(Ar9N)WLW(NAr9)[OCMe2(CF3)]2}2 where

Ar9 5 2,6-Me2C6H3.

(6)

(7)

This journal is � The Royal Society of Chemistry 2005 Chem. Commun., 2005, 2773–2777 | 2775



compounds from relatively simple start-

ing materials. In many cases such

products cannot be prepared readily

by other methods.

The metathesis of alkynes by high

oxidation state alkylidyne complexes

has attracted the attention of organic

chemists in the last decade.41 In general

olefin metathesis reactions yield largely

trans olefin products. Therefore, if a cis

linkage is desirable, it would be advanta-

geous to form a carbon–carbon triple

bond instead and subsequently hydro-

genate it with a Lindlar catalyst.42–45

Alkyne metathesis appears to be poised

for further assimilation into organic

synthesis. For example, molybdenum-

based catalysts have been developed that

can be prepared in situ from a trisamide

precursor.46–49 Alkyne metathesis in cir-

cumstances where the unwanted sym-

metric alkyne product is insoluble and

the desired product soluble (eqn. 9) has

been shown to be a viable alternative to

alkyne metathesis reactions that rely on

formation of a volatile, but often poly-

merizable, byproduct such as 2-butyne.50

Metathesis reactions that employ high

oxidation state Mo and W alkylidene

complexes often are compared with

catalysts that involve ruthenium.1–3

Interestingly, the active species in each

case has a 14 metal electron count.

Although there is common ground

between Mo/W and Ru catalysts, there

are also some differences that may not

disappear with time. First, the modular

design of the Mo and W imido alkylidene

catalysts allows for potentially the most

variations, with reactivities and specifi-

cities to match. Second, asymmetric

olefin metathesis reactions currently are

the most numerous and most successful

for Mo. Third, only Mo and W alkyne

metathesis catalysts currently are known.

Fourth, Mo and W catalysts have been

grafted to silica surfaces to give relatively

well-defined surface alkylidene and alky-

lidyne catalysts.51 On the other hand Ru

catalysts are generally more tolerant of

oxygen, active protons, and functional-

ities than Mo or W catalysts. Second, Ru

species also catalyze ene/yne reac-

tions,52,53 for which no high oxidation

state Mo or W catalysts are yet known.

Alkene and alkyne metatheses with

highly active and well-defined catalysts

are orthogonal to traditional organic

methods and can be fast and relatively

clean. The ability to vary the nature of

the catalyst and thereby control its

activity and the ultimate outcome of the

catalytic reaction has been demonstrated

many times in many circumstances. It

seems probable that valuable applica-

tions of metathetical reactions in organic

and polymer chemistry will continue to

be uncovered.
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