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Catalysis by Transition Metals: Metal- 
Carbon Double and Triple Bonds 

Richard R. Schrock 

Transition metal complexes have long 
been used to catalyze reactions of organ- 
ic molecules ( I ) .  A relatively simple ex- 
ample is addition of molecular hydrogen 
to a carbon-carbon double bond in an 
alkene (olefin) to give an alkane with 
platinum metal used as the catalyst (2). 
This is a heterogeneous catalytic reac- 

some reactions of metal alkyls that are 
not well understood. An important ex- 
ample is polymerization of ethylene (or 
propylene) by catalysts of the Ziegler- 
Natta type to give high molecular 
weight, crystalline polymers, a reaction 
that was discovered almost 30 years ago 
(3) and is believed to involve growth of 

Summary. Several well-characterized transition metal catalysts contain a metal- 
carbon double bond or a metal-carbon triple bond. In other homogeneous (or 
heterogeneous) catalyst systems in wh~ch the metal is likely to be in a relatively high 
oxidation state, such as molybdenum(Vl) or tungsten(Vl), metal-carbon multiple 
bonds may play an important role. Some recent results suggest that even supposedly 
well understood reactions such as ethylene polymerization may actually involve 
catalysts that behave as if they contained a metal-carbon double bond instead of a 
metal-carbon single bond. The chemistry of metal-carbon double and triple bonds 
should eventually complement and perhaps overlap the known chemistry of complex- 
es containing metal-oxygen double bonds or metal-nitrogen triple bonds, respectively; 
unique catalytic reactions involving carbon, nitrogen, and oxygen ligands multiply 
bonded to transition metals are therefore possible. 

tion since the catalyst (a solid) is in a 
different phase than the reactants (gas or 
solution). When the catalyst and reac- 
tants are in the same phase (usually in 
solution) the catalytic reaction is said to 
be homogeneous. 

One of the most important and funda- 
mental types of intermediates in a cata- 
lytic reaction involving organic mole- 
cules is one that contains a metal-carbon 
single bond, that is, a metal alkyl. A 
great many well-defined metal alkyl 
compounds have been isolated, and re- 
actions that are steps in known homoge- 
neous catalytic reactions have been stud- 
ied in great detail. Yet there are still 

an alkyl chain bound to a transition metal 
by "insertion" of the ethylene into the 
metal-alkyl (M-R) bond (Eq. 1). 

CH2=CH2 
M-R - M-CH2-CH2-R 

( 1  
(n-1 )CH2=CH2 

* M(CH2CH2lnR 

Fischer's discovery of the carbene 
complex (4, 5 )  (C0)5W=C(OCH3)(C,,H5) 
in 1964 demonstrated that transition met- 
als can form double bonds to carbon (6). 
At about the same time a remarkable 
unprecedented catalytic reaction called 
the olefin metathesis reaction was dis- 
covered. In this reaction an ill-defined 
molybdenum, tungsten, or rhenium cata- - 

The author is a professor in the Department of lyst (homogeneous or heterogeneous) Chemistry, Massachusetts Institute of Technology, 
Cambridge 02139. rapidly establishes the equilibrium 

shown in Eq. 2 (R and R' are alkyl 
groups) from either direction (7). About 
5 years later it was proposed that the 

2RCH=CHR' - RCH = CHR + 
(2 )  

R'CH=CHRf 

catalyst was a carbene complex and that 
the reaction consisted of random, revers- 
ible formation of all possible metallacy- 
clobutane rings (for instance, Eq. 3). But 
the fact that complexes such as 

M=CHR + RCH=CHR' + M-CHR 
I I 

R 'HC-CHR 
(3)  - M Z C H R '  + RCH=CHR 

(CO)5W=C(OCH3)(C6H5) did not cata- 
lyze the metathesis of simple olefins sug- 
gested that the as yet uncharacterized 
metathesis catalysts were probably sig- 
nificantly different from those discov- 
ered by Fischer. 

A tantalum alkylidene complex (8) dis- 
covered in 1974 (Eq. 4; Me = CH3) was 
the first of many (9) that appeared to be 
fundamentally different from the carbene 

complexes discovered by Fischer. If we 
view the neopentylidene ligand as a dian- 
'on (8) ,  it is isoelectronic with an 0x0 
(02-) ligand and the metal is formally in 
its highest oxidation state, Ta(V). These 
types of molecules will react with al- 
kenes as shown in Eq. 3. A few years 
later related compounds containing a 
metal-carbon triple bond (alkylidyne 
complexes) were discovered. These al- 
kylidyne complexes react with alkynes 
as shown in Eq. 5 and therefore catalyze 
the almost unknown alkyne metathesis 

reaction. In this article I will discuss the 
preparation and structure of high-oxi- 
dation-state alkylidene and alkylidyne 
complexes, how they metathesize al- 
kenes and alkynes, and what other reac- 
tions involving multiple metal-carbon 
double or triple bonds have been discov- 
ered recently. As we will see, even rela- 
tively old catalytic reactions such as 
alkene insertion into a metal-alkyl bond 
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may actually involve alkylidene-like li- (Eq. 6). The a-hydrogen atom abstrac- 
gands . tion reaction has also been observed in 

All the transition metal complexes dis- 
cussed here are well-defined compounds 
that catalyze reactions in solution. There 
is no good reason why the principles 
behind this chemistry should not extend 
to heterogeneous catalytic systems, 
since all the homogeneous catalytic reac- 
tions mentioned here are also catalyzed 
by heterogeneous catalysts. 

Preparation and Structure of 

Alkylidene and Alkylidyne Complexes 

The first tantalum alkylidene complex 
was prepared by the reaction shown in 
Eq. 4. The unique aspect of this reaction 
is what is called a-hydrogen atom ab- 
straction. In its simplest form a-hydro- 
gen atom abstraction consists of migra- 
tion of a hydrogen atom from the a- 
carbon atom (the one bound directly to 
the metal) of one alkyl group to another 

complexes containing other alkyl ligands 
(such as benzyl, CH2Ph; Ph = C6H5) 
that do not have any hydrogen atoms on 
their P-carbon atom. An alkylidene lig- 
and can also be formed by removing a 
proton from the a-carbon atom in a cat- 
ionic alkyl complex by adding some ex- 
ternal base (Eq. 7). 

base 
Ta(n5-C5H5I2Me2+ - Ta (7) 

In T ~ ( ~ ' - C ~ H ~ ) ~ ( C H , ) ( C H ~ )  the 
Ta=CH2 bond length (2.03 angstroms) is 
approximately 10 percent less than the 

Fig. 1. (a) Computer-generated (ORTEP 11) drawing of [Ta(CHCMe3)(PMe3)C13]2; (b) detail of 
half the structure. Except for H 1, all hydrogen atoms have been omitted for clarity. 

14 

Ta-CH3 bond length (2.25 A), and the 
Ta=C-H angle is - 125". 

An unusual structural feature of many 
tantalum alkylidene complexes is an in- 
ordinately large metal-C,-Cp angle. In- 
stead of - 125" it can be as high as 175". 
An example is shown in Fig. 1. The 
reason is believed to be that the metal 
draws electron density from the C,-Ha 
bond toward it and, in effect, partially 
forms a metal-carbon bond of multiplic- 
ity greater than two. As a result, the a -  
hydrogen atom is placed in a nonclassical 
bridging position between C, and Ta, the 
tantalum-carbon "double bond" is too 
short (- 1.90 A), and the C,-Ha bond is 
much longer (1.13 A) than it should be 
(1.09 A). The reason why the methylene 
ligand in the T ~ ( ~ ' - C ~ H S ) ~ ( C H ~ ) ( C H ~ )  
complex above is not distorted is that the 
metal has already achieved its maximum 
possible, 18-electron configuration (10). 

The reaction shown in Eq. 8 was an 
attempt to prepare W(CHCMe4 
(OCMe3)4 by exchanging an 0x0 ligand 
on tungsten with a neopentylidene ligand 

on tantalum (in Eq. 8, Et  = CH2CH3). 
The reaction took an entirely different 
course to give an 0x0 alkylidene com- 
plex (11). The most significant feature of 
tungsten 0x0 alkylidene complexes is 
that the neopentylidene ligand is not 
distorted significantly by the metal. For 
example, the W=C,-CB angle in 
W(0)(CHCMe3)(PEt3)Cl2 is - 141" (12) ,  
the smallest of any observed so far (Fig. 
2). It is believed that the electron-defi- 
cient metal can acquire electron density 
more easily from the two nonbonded T- 

electron pairs on the 0x0 ligand than it 
can from the bonding electron pair be- 
tween C, and H, in the neopentylidene 
ligand. In fact, the 0x0 ligand is one of 
the best T-electron donors known (13). 
Recently, it was found that two alkoxide 
ligands can take over the role of the 0x0 
ligand (14) in trigonal bipyramidal mole- 
cules of the type W(CHCMe3)(0R)2C12. 

Alkylidyne complexes are formed by 
an a-hydrogen atom abstraction reaction 
(Eq. 9) which is related to the reaction 
that produces alkylidene complexes (Eq. 
6). An important example is shown in 
Eq. 10 (15). Typical tantalum-carbon or 
tungsten-carbon triple bond lengths are 
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- 1.80 A, - 10 percent shorter again 
than double bond lengths. The M=C,- 
C p  angle is usually within a few degrees 
of 18O0, as it should be by analogy with 
an alkyne. 

An important reaction that is related to 
a-hydrogen atom abstraction is what has 
been called u-hydride elimination (16). 
Here the a-hydrogen atom migrates from 
an a-carbon atom to the metal, rather 
than to the a-carbon atom of another 
alkyl ligand. This can occur only when 
the complex that results is isoelectronic 
with other alkylidene or alkylidyne com- 
plexes. Therefore, the initial alkyl or 
alkylidene complexes must first be 
reduced by two electrons. Examples 
are shown in Eqs. 11 and 12. Not sur- 
prisingly, a-hydride elimination is 
reversible; that is, Ta(CHCMe3)(H) 
(PMe3)3C12 is in equilibrium with 
Ta(CH2CMe3)(PMe3)3C12. 

2 NaIHg 
CI4TaCH2CMe3 - 

excess PMe3 

None of the alkyl complexes I have 
mentioned so far contain hydrogen at- 
oms on a P-carbon atom. Formation of a 
carbon-carbon double bond by p-hydride 
elimination (Eq. 13) is believed to be 

faster than formation of a metal-carbon 
double bond by a-hydrogen atom ab- 
straction or a-hydride elimination. 

Reaction of Alkylidene 

Complexes with Alkenes 

The niobium and tantalum alkylidene 
complexes whose reactions with alkenes 
have been studied most thoroughly are 
octahedral complexes, for example, 
Ta(CHCMe3)C13(PMe3)2 (1 7). Each 
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Fig. 2. ORTEP I1 
drawing of W(0) 
(CHCMe,) (PEt,) Cl,. 
All hydrogen atoms 
have been omitted for 
clarity. 

member of the class of M(CHR)X3L2 
complexes (M = Nb or Ta; R = CMe3 
or Ph; X = C1 or Br; L = an alkyl phos- 
phine ligand) reacts with an alkene to 
give an intermediate metallacyclobutane 
complex (for instance, Eq. 14). Since p- 
hydrogen atoms are now present, a pro- 
cess related to that shown in Eq. 13 
converts the metallacyclobutane ring 
into an olefin (Eq. 15). Another possible 
fate of the metallacyclobutane complex, 

H\ /CH2CMe3 
C - M-tl 

and a step that is the heart of the alkene 
metathesis reaction, is re-formation of 
the other possible alkylidene complex, a 
methylene complex, by loss of t-butyl- 
ethylene (Eq. 16). Evidently, rearrange- 

ment of the metallacyclobutane ring is 
faster than cleavage of the ring. If we are 
interested in catalytically metathesizing 
alkenes we might begin by attempting to 
slow down the rate of rearrangement of 
the metallacyclobutane ring. 

On the basis of some related work 

involving rearrangement of metallacy- 
clopentane (MCd rings (18) we believed 
that replacing some chloride ligands with 
alkoxide ligands would yield that result. 
Indeed, Ta(CHCMe3)(0CMe3)2C1(PMe3)2 
reacts with ethylene to give only 
cleavage products (Eq. 17). Ta(CH2) 
(OCMe3)2C1(PMe3)2 cannot be isolated 
because it decomposes readily (Eq. 
18) by a process that is probably re- 

excess 
C 2 H 4  

Ta(CHCMe3)(0CMe3),CIL2 - 
(17)  

Me3CCH=CH2 + Ta(CH2)(0CMe3)2CIL2 

(L  = PMe3) 

lated to the bimolecular decbmposition 
of T ~ ( ~ ~ - C ~ H ~ ) ~ ( C H ~ ) ( C H ~ )  to give, 
among other things, T ~ ( ~ ' - C ~ H S ) ~  
(CH2=CH2)(CH3) (19). When a terminal 
alkene is added to Ta(CHCMe3) 
(OCMe3)2C1L2 the reaction proceeds 
largely as shown in Eq. 19. The Ta(CHR) 

I 

(OCMe3)2C1L2 complexes do not decom- 
pose bimolecularly nearly as fast as 
Ta(CH2)(0CMe3)2C1L2 does. Therefore 
they live long enough to react with more 
RCH=CH2, and they can do so either in 
a "productive" (Eq. 20) or "degener- 
ate" (Eq. 21) sense. But the methylene 
complex (Eq. 20) must still be formed in 



Table 1. Productive metathesis of acetylenes in toluene at 25'C. Initial metathesis products 
formed rapidly (> 90 percent yield). The rate was measured after initial metathesis products 
had formed but while more than 90 percent of initial acetylene reactant remained. Unless 
otherwise noted, the error in k is on the order of t 10 percent (three to seven measurements). 

Catalyst Acetylene k ( M - '  sec-') 

order to catalytically metathesize a ter- 
minal alkene to give ethylene and the 
internal alkene. Since the methylene 
complex decomposes, terminal alkenes 
cannot be metathesized catalytically. 

One might expect internal alkenes 
(RCH=CHR1) to be metathesized cata- 
lytically starting with Ta(CHCMe3) 
(OCMe3)2C1L2 since formation of 
Ta(CH2)(0CMe3)2C1L2 is not possible. 
This is the case, but, unfortunately, the 
catalytic activity is not long-lived. A 
new problem has arisen. The alkylidene 
ligands in the two intermediate com- 
plexes, Ta(CHR)(OCMe3)2ClL2 and 
Ta(CHRf)(OCMe3)2C1L2 (R may be 
CH3; R' = CH2CH3), contain P-hydro- 
gen atoms. Although these alkylidene 
complexes do not decompose readily in a 
bimolecular reaction, the alkylidene li- 
gands do rearrange readily to alkenes 
(Eq. 22). This 6-hydride elimination re- 
action is related to those shown in Eqs. 
13 and 15. 

The study of niobium(V) and tanta- 
lum(V) alkylidene complexes showed 
that, although certain complexes have 
some of the necessary properties to me- 
tathesize alkenes, bimolecular decompo- 
sition of alkylidene complexes, rear- 
rangement of metallacyclobutane rings, 
and rearrangement of alkylidene ligands 
are three ways in which an alkylidene 
ligand is removed from the catalytic cy- 
cle and the potential catalytic alkene 
metathesis reaction thereby prevented. 
In retrospect, it is not surprising that 
tantalum and niobium alkylidene com- 
plexes do not metathesize alkenes well; 
niobium and tantalum do not form good 
metathesis catalysts in the classical 
"black-box" catalyst systems (7). Con- 
versely, since tungsten is one of the 
three classical catalysts, it was grati- 

fying to find that isolated tungsten(V1) 
alkylidene complexes do metathesize 
alkenes. 

W(0)(CHCMe3)L2Cl2 reacts with ter- 
minal alkenes in the presence of a trace 
of a Lewis acid such as AlC13 (20) to 
yield a mixture of the two possible alkyli- 
dene complexes that result from cleav- 
age of the two possible initial metallacy- 
clobutane rings (for instance, Eq. 23). 

Both the ethylidene complex and the 
methylene complex [the only isolable 
"high-oxidation-state" methylene com- 
plex besides T ~ ( ~ ~ - C ~ H ~ ) ~ ( C H ~ ) ( C H ~ ) I  
can be isolated. Therefore, the 0x0 
alkylidene complex will slowly catalyt- 
ically metathesize both internal and 
terminal alkenes. Complexes of the type 
W(CHCMe3)(0R)2Br2 will also metathe- 
size olefins, especially rapidly in the 
presence of aluminum halides (14). In 
each case it seems likely that the v- 
electron donor ligands (0x0 or alkoxide, 
respectively) retard formal reduction of 
W(V1) to W(1V)-that is, they slow 
down the rate of rearrangement of inter- 
mediate tungstenacyclobutane rings (Eq. 
15) and probably also slow down the rate 
of rearrangement of intermediate alkyli- 
dene complexes in which P-hydrogen 
atoms are present in the alkylidene lig- 
and (as in Eq. 22). At the same time the 
rate of cleavage of intermediate tung- 
stenacyclobutane rings to give an alkene 
and an alkylidene complex may increase 
markedly. Although aluminum halides 
are not required as cocatalysts (21), they 
increase the rate of alkene metathesis 
enormously, possibly by forming cation- 
ic alkylidene complexes. For example, 
addition of one or two equivalents of 
A1C13 to W(0)(CHCMe3)(PEt3)2C12 in 
polar, noncoordinating solvents such 
as dichloromethane or chlorobenzene 
yields [W(0)(CHCMe3)L2C11+AlC14 - 
and [ w ( o ) ( c H c M ~ ~ ) L ~ ] ~ + ( A ~ c ~ ~ - ) ~  (L 
= PEt3), some of the longest lived me- 
tathesis catalysts we have prepared. 

It is now fairly certain that tung- 
sten(V1) alkylidene complexes must be 
~ resen t  in the classical black-box alkene 
metathesis systems. One of the remain- 

ing important questions concerning the 
classical alkene metathesis catalyst is 
how the initial alkylidene ligand forms. 
Although it now seems likely that there 
are many routes to alkylidene complex- 
es, some form of a-hydrogen atom ab- 
straction is almost certainly an important 
step in many, if not most, cases. 

Reaction of Tungsten Alkylidyne 

Complexes with Alkynes 

If W(V1) alkylidene complexes will 
metathesize alkenes, will W(V1) alkyli- 
dyne complexes react with alkynes to 
give new alkylidyne complexes (Eq. 24) 
and thereby catalyze the metathesis of 
alkynes (Eq. 25)? The only known homo- 
geneous alkyne metathesis catalyst is 
inefficient and its composition is un- 
known (22). Alkylidyne complexes such 
as (CO)5BrW=CPh, one of numerous 
species prepared by Fischer over the last 
decade (23), do not catalyze the alkyne 
metathesis reaction. We should now not 
be surprised by that fact, since they 
contain W(IV), the "wrong" oxidation 
state. 

/ 
MECR + RCECR' - M-c - 

101 
C-C 

The first known tungsten(V1) alkyli- 
dyne complex ( 1 3 ,  (Me3CCH2)3W= 
CCMe3, serves as a starting material for 
preparing blue [NEt41[Cl4W=CCMe31 
(Eq. 26), and from it white (Me3C0)3W- 
CCMe3. The (Me3C0)3W=CCMe3 re- 
acts rapidly with diphenyl acetylene as 
shown in Eq. 27 to give orange-red, 

(Me3C0)3WBCCMe3 + PhCfCPh - 
(27) 

(Me3CO)3WaCPh + Me3CC2CPh 

sublimable (Me3C0)3W=CPh. There- 
fore, unsymmetrical alkynes such as 
EtC=CPh and PrCzCPh (where Pr = 

CH2CH2CH3) are catalytically metathe- 
sized by (Me3C0)3W=CCMe3 (24). 
Some estimates of the initial rate of 
productive metathesis of several acety- 
lenes are shown in Table 1. The most 
impressive is the metathesis of 3-hep- 
tyne. In neat 3-heptyne at 25°C it is 
estimated that on the order of one to ten 
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metathesis steps per second are carried 
out by each molecule of catalyst. Some 
of the most active homogeneous cata- 
lysts known have turnover numbers of 
- 100 per second. 

We found that metathesis of alkynes is 
the exception rather than the rule (25). 
When alkoxide ligands are not present a 
tungstenacyclobutadiene complex is 
formed which is relatively stable toward 
cleavage to reform an alkylidyne com- 
plex (Eq. 28, for example). Furthermore, 

it readily reacts with a second equivalent 
of alkyne to give a cyclopentadienyl 
complex (Eq. 29, for example). The met- 
al is thereby reduced from tungsten(V1) 
to tungsten(1V). Interestingly, alkyne 
metathesis activity in the system involv- 
ing (Me3C0)3W=CR catalysts eventual- 
ly does cease (in days), and when it does, 
catalytically inactive cyclopentadienyl 
complexes can be isolated. We can con- 

CMe3 

clude that alkoxide ligands slow down 
the rate of reduction of the metal [forma- 
tion of W(1V) cyclopentadienyl complex- 
es] and probably also enhance the rate of 
cleavage of the tungstenacyclobutadiene 
ring to give (Me3CO)3W=CR complex- 
es. This role for t-butoxide ligands is 
analogous to their role (and that of the 
0x0 ligand) in alkene metathesis, as dis- 
cussed in the previous section. 

Metathesis-Like Reactions of 

Other Triple Bonds 

In thinking about the possibility of 
metathesis-like reactions of other W=X 
bonds, we noted that we had never 
observed (Me3C0)3W=CR to de- 
compose to give RC=CR and 
(Me3C0)3W=W(OCMe3)3, one of many 
dimeric compounds of molybdenum, 
tungsten, or rhenium that contain triple 
(or quadruple) bonds (26). We found this 
surprising for two reasons: metal-metal 
triple and quadruple bonds are thought 

to be extremely strong (and formation of 
them therefore thermodynamically quite 
favorable), and bimolecular decomposi- 
tion of alkylidene complexes to give 
olefins is probably a major decom- 
position pathway in all homogeneous 
alkene metathesis reactions. Therefore, 
we attempted to add alkynes to 
(Me3C0)3W-W(OCMe3)3 (27). This re- 
action was successful (Eq. 30). We were 

(Me3C0)3W3W(OCMe3)3  + EtCfCEt  

(30) 

2 (Me3C0)3WECEt  
fas t  

surprised, since compounds containing 
metal-metal triple bonds, including their 
reactions with alkynes, have been the 
subject of a good deal of research in the 
last decade (26). We soon found that of 
the several common compounds contain- 
ing a metal-metal triple bond [includ- 
ing (Me3C0)3Mo=Mo(OCMe3)3] none 
reacted with alkynes the way 
(Me3C0)3W=W(OCMe3)3 does. There- 
fore it appears once again that the alkox- 
ide ligand (or, more specifically, perhaps 
the t-butoxide ligand) is a rather special 
ligand. It is possible also that at least in 
this reaction tungsten is a rather special 
metal. 

The observations above prompted two 
questions. First, do organonitriles, in 
which the carbon-nitrogen bond disso- 
ciation energy is approximately 215 kilo- 
calories per mole (compared to a C=C 
bond energy of - 200 kcallmole in al- 
kynes) also react with W2(OCMe3)6? 
They do, as shown in Eq. 31. The nitrido 

( M ~ ~ c o ) ~ W ~ W ( O C M ~ ~ ) ~  + CH3CN 250-C 
f a s t  (31) 

ligand is isoelectronic with the alkyli- 
dyne ligand. Therefore it is not surpris- 
ing to find that nitrido complexes analo- 
gous to alkylidyne complexes can be 
formed. Interestingly, nitrido complexes 
also will form (slowly) by the reaction 
shown in Eq. 32. Hence it appears that 

(Me3C0)3WeCR + RCEN - 
(32) 

(Me3C0)3WfN + RCECR 

tungsten prefers to bond to the more 
electronegative atom (N). This finding is 
similar to the observation that a tantalum 
alkylidene complex can be converted 
into an isoelectronic imido complex, and 
the imido complex into an 0x0 complex 
(28), as shown in Eq. 33. 

The second question is whether mo- 
lecular nitrogen, whose N=N bond 
strength is - 225 kcallmole, reacts with 
W2(OCMe3)6. At up to 100 atmospheres 
and 80°C it does not. Molecular nitrogen, 
unlike alkynes or nitriles, coordinates 
most strongly to relatively electron-rich 
metals in lower oxidation states (29), that 
is, it is a poor nucleophile. Therefore, 
the reaction of N2 with W2(0CMe3)6, 
like many reactions of N2, probably 
failed for kinetic rather than thermody- 
namic reasons. 

Ethylene Polymerization 

I mentioned earlier in this article that 
tantalum neopentylidene hydride com- 
plexes can be prepared by reducing 
Ta(V) neopentyl complexes by two elec- 
trons. An example is shown in Eq. 11. 
Since a hydride ligand is rarely unreac- 
tive in organometallic chemistry, an in- 
teresting question is how alkylidene hy- 
dride complexes react with alkenes. 

Green Ta(CHCMe3)(H)L312 (L = 
PMe3) in toluene reacts slowly with ex- 
cess ethylene to give a pale green poly- 
mer (30). Protonolysis of this pale green 
polymer with HC1 yields a white poly- 
mer, which was shown by field desorp- 
tion mass spectroscopy to consist of 
primarily alkenes, C,H2,, where n = 50 
to 100 and is both even and odd. The 
mechanism by which the polymers are 
believed to form is shown in Eq. 34. The 
odd-carbon polymers result from growth 

H CH2CH2R 
I / - M=C, 

H 

of a polymer that contains the original C5 
fragment and termination of that growth 
by formation of an alkene. The even- 
carbon polymer is authentic polyethyl- 
ene. The polymer mixture is pale green 
since it contains some "living" polymer, 
Ta[CH(CH2CH2),CH31(H)L312, which is 
destroyed by HC1 to give even-carbon 
alkanes, CH3(CH2CH2),CH3, which can 
be observed in small amounts in the 
mass spectrum. 

One of the most interesting aspects of 
the mechanism shown in Eq. 34 is the 
last step, an a-elimination reaction to 
give the new alkylidene hydride com- 
plex. Such a proposal appears contrary 
to common sense, that is, "more favor- 
able" P-hydride elimination to give an 
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olefin hydride complex. But our results 
do not necessarily imply that p-elimina- 
tion to give an alkene hydride complex is 
relatively slow. As shown in Eq. 35 it is 
possible that although K2 is greater than 
K1, kl is greater than k2 (K1 = kllk-l, 
K2 = k2lkp2)-that is, p-elimination 

could still be faster-if the olefin hydride 
complex also is relatively stable toward 
displacement of CH2=CHR by ethylene 
under the reaction conditions employed 
here. 

The alkylidene hydride catalyst close- 
ly resembles a Ziegler-Natta ethylene 
polymerization catalyst (3), except that 
the chain length with the tantalum cata- 
lyst is actually comparatively short. It 
has been proposed that alkylidene hy- 
dride complexes may be responsible for 
the stereospecific polymerization of pro- 
pylene by Ziegler-Natta catalysts (31). 
However, an enormous amount of cir- 
cumstantial evidence favors the accept- 
ed mechanism (32) of ethylene and pro- 
pylene polymerization (Eq. I), and 
growth of a polymer chain has been 
observed directly on a lutetium center 
(33). Although lutetium is, strictly speak- 
ing, not a transition metal, it resembles 
typical transition metals that are active 
in Ziegler-Natta systems. 

Rather than attempt to choose be- 
tween the two mechanisms, it should be 
pointed out that it is possible, on the 
basis of what I discussed earlier in this 
article, that an alkyl ligand in some alkyl 
complexes of titanium, vanadium, or 
chromium (typical Ziegler-Natta cata- 
lysts) may be severely distorted toward 
being an alkylidene hydride (Eq. 36). It 
would not be surprising if such an alkyl 

complex were to behave as an alkylidene Chem. Rev. 72,575 (1972); F. A. Cotton and C. 
M. Lukehart, Prog. Inorg. Chem. 16, 243 

hydride complex behaves. Such mole- (1972). 
cules will be difficult to observe since 7. N. Calderon, J. P. Lawrence, E. A. Ofstead, 

Adv. Organometal. Chem. 17, 449 (1979). 
they may be some of the truly rapid 8. When the carbene ligand contains only carbon 
alkene polymerization catalysts. and hydrogen, and especially if the metal is not 

in a relatively low oxidation state, the carbene 
ligand is more accurately called an alkylidene 

.H. . . (CHR2-) ligand. 
M - C H ~ R  - M - - b ~ ~  (36) 9. R. R. Schrock, Arc. Chem. Res. 12,98 (1979); in 

Reactions of Coordinated Ligands, P. S. Brater- 
man, Ed. (Plenum, New York, in press). 

10. F. A. Cotton and G. Wilkinson, Advanced Inor- 
ganic Chemistry (Wiley-Interscience, New 

Conclusions York, ed. 4, 1980). 
11. J. H. Wengrovius and R. R. Schrock, Organo- 

metallics 1, 148 (1982). 
12. M. R. Churchill, J .  R. Missert, W. J. Youngs, Metal-carbon double and triple bonds I ~ ~ ~ ~ .  them. 20, 3388 (1981). 

are natural and important features of the 13. W. P. Gnffith, Coord. Chem. Rev. 5,459 (1970). 
14. J .  Kress, M. Wesolek, J. Osborn, J. Chem. Soc. 

organometallic chemistry of metals in Chem. Commun. (1982), p. 514. 
their highest possible oxidation state, 15. D. N. Clark and R. R. Schrock, J. Am. Chem. 

Soc. 100, 6774 (1978). 
Since molybdenum, tungsten, and rheni- 16. N. J .  Cooper and M. L. H. Green, J .  Chem. 

form a large variety of oxo, imido, SOC. Dalton Trans. (1979), p. 1121; J .  D. Fell- 
mann, H. W. Turner, R. R. Schrock, J. Am. 

and nitrido complexes, high-oxidation- Chem. Sot. 102, 6608 (1980). 
17. S. M. Rocklage, J. D. Fellmann, G. A. Rup- 

state alk~lidene and a l k ~ l i d ~ n e  complex- orecht. L. W. Messerle. R. R. Schrock. J. Am. 
'Chem.'~oc. 103, 1440 (i981). es of these be most llumer- 

18. S. J. McLain, J .  Sancho, R. R. Schrock, ibid. 
ous. High-oxidation-state complexes are 102,5610 (1980). 
active for methathesis-like catalytic re- 19. R. R. Schrock and P. R. Sharp, ibid. 100, 2389 

1107Q) \'/'",. 
actions if the metal is surrounded with 20. R. Schrock, S. Rocklage, J. Wengrovius, G. 

ligands that are compatible with the high flu,:{:echt, J. Fellmann, J .  Mol. 8s 73 

oxidation state; rapid reduction of the 
metal and catalyst deactivation are 
thereby avoided. There seems to be 
some evidence that reactions of M=M 
bonds, M=C bonds, and M=N bonds 
are related; therefore, "heteroatomic" 
methathesis-like reactions of triple 
bonds are a good ~ossibilitv. 
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