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analysis we assumed that the rates of reactions 2a and 2b
were unchanged when R and R’ are interchanged, that re-
action is effected by those metal-carbenes, RCH==M, in
which R = alkyl to the exclusion of those in which R = H,!!
and that the concentration of RCH==M is proportional to
the amount of RCH==residue present as olefin.!?

The observation is that with these catalysts 26-155 meth-
ylene interchanges, undetectable except for the isotopic
labels, occur for every conventional metathesis. The selec-
tivity is lowest for the molybdenum catalyst most effective
for the conventional metathesis of terminal olefins and
higher for the less effective tungsten catalysts. Thus the
data are in accord with proposal 1 above.

As might reasonably be expected, substituting ethylene
twice at the 1-position magnifies the selectivity induced by
substituting it only once. To demonstrate this it was impos-
sible to use some of the catalyst mixtures containing WClg
or aluminum halides because these acids oligomerize olefins
IV and V. However, the isolable metal-carbene VI, which
Casey and Burkhardt had cleverly synthesized!® and found
to react stoichiometrically with olefins according to equa-
tions similar to 2a,!% is an effective initiator for metatheses
of IV and V as well as of other olefins.!7 Its effectiveness
shows that Lewis acid cocatalysts are not essential compo-
nents of the active catalysts,*™!% and that such metal-car-
bene complexes can be useful in bringing about metathesis
of olefins that are very sensitive to acid. An example is in
the accompanying paper in which the metathesis selectivity
is measured for a trisubstituted olefin. !°
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Metathesis of a Cyclic Trisubstituted Alkene.
Preparation of Polyisoprene from 1-Methylcyclobutene

Sir:
When metal-carbene complexes combine in the olefin

metathesis reaction! with olefins that are unsymmetrically
substituted, the two reactions indicated in eq 1 take place at

as_ . NG a\=/c e\=
b/C_M + d/C—C\f — b/C C\d + f/C
H
a . f N
— b/C—C\f +d/C M

different rates.2# This accounts for the selective formation
of oligomers whose structures may be represented as
RCH=ww==CH} in reactions of cycloolefins with termi-
nal acyclic olefins? and for the selective formation of start-
ing olefins in reactions of terminal olefins with them-
selves.*2

If this selectivity also applied to trisubstituted olefins, a
predicted consequence (eq 2) would be that cycloalkenes

R R R R R
\C) etc.wac. 2
—
I

unsymmetrically substituted on the double bond would
yield polymers that, except possibly for geometrical isomer-
ism, are translationally invariant. Such polymers are said to
be *“perfectly alternating”.® To test this prediction a way
must be found to effect metatheses of olefins that are tri-
substituted. We report below a solution to the problem, the
preparation by metathesis of a polymer from a cyclic trisub-
stituted alkene, and an analysis of the metathesis selectivity.

A number of years ago Dall’Asta and Manetti tried to
polymerize 1-methylcyclobutene with WCl¢ and either tri-
ethylaluminum or ethylaluminum dichloride, but the poly-
mers produced were largely saturated.® With similar cata-
lyst mixtures trimethylethylene gives olefin oligomers,’ al-
though 2-methyl-2-pentene is said to give the expected me-
tathesis products.®

Other metathesis catalysts are also ineffective. The com-
bination of MOC]z(NO)z[(C6H5)3P]2 and (CH3)3A]2C]3 in
chlorobenzene at room temperature® with both 1-methylcy-
clobutene!® for 18 h!! and 1-methylcyclopentene for 2 h
gives products shown by their proton NMR spectra to be
too saturated to contain structures like I in quantity.!?
WClg and (C¢Hs)3SnC,Hss in chlorobenzene at room temp-
erature®® for 3 h'3 with l-methylcyclobutene gives some-
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what better material.!* The combination W(CO)g, CCly,
1-methylcyclobutene, and 3500 A light!S effects neither
acid-catalyzed oligomerization nor olefin metathesis, but
adds CCly to the double bond.!®

One fairly effective catalyst mixture is WClg (86 umol)
and n-butyllithium (171 umol) in benzene (2 ml),!7 which
with 1-methylcyclobutene (4790 umol) and n-heptane (423
mg, reference standard for GLC) after 18 h at room tem-
perature consumed 83% of the olefin!® and gave a polymer
whose 'H and '3C NMR spectra were similar to those of
polyisoprene,!®20 although there were resonances in the ar-
omatic region attributable to reactions of the solvent, and
some at high field indicating that about 8% of the sample’s
mass was aromatic impurities and about 17% saturated im-
purities.

The best way discovered to effect metathesis of 1-methyl-
cyclobutene was to warm it (7.71 mmol)2! with (diphenyl-
carbene)pentacarbonyltungsten (0.21 mmol)?? and 512 mg
of n-heptane (GLC reference standard) at 50 °C for 18 h.
This consumed 91% of the 1-methylcyclobutene!8 giving?3 a
101% yield of polymer (plus hydrocarbon residue from the
carbene catalyst), which gel permeation chromatographic
analysis in tetrahydrofuran showed to have a broad molecu-
lar weight distribution, with M, = 11400 and M, =
1400.24

The proton NMR spectrum of the polymer shows olefin,
methylene, and methyl resonances in the required ratio,
0.94:4.03:3.03, and these resonances account for about 94%
of the spectrum discounting the benzenoid resonances,
whose intensities are those expected for the quantity of di-
phenylcarbene moiety used. This spectrum and the '3C
NMR spectrum?? are largely those of polyisoprene that is
84-87% Z (“cis”) and 13-16% E (“trans”),2’ but the fol-
lowing characteristics indicate that for every 10.1 &+ 1.2 2-
methyl-2-butene units there is one 2-butene and one 2,3-
dimethyl-2-butene unit, due to imperfect alternation: in the
proton NMR (CCl,) of this sample as well as of one pre-
pared during an 8-h incubation, there is a well-resolved ab-
sorption at § 5.33 (cf. polybutadiene!4:28) 0.20 + 0.03 as
intense as that at § 5.07 (cf. polyisoprene!?®<28a) and
poorly resolved absorption at § 1.622° about 0.15 times as
intense as the absorptions of polyisoprene methyls at § 1.66
and 1.59;2% in the 13C NMR (CDCl;) there are resonances
at 18.14 and 18.43 ppm from tetramethylsilane (assigned to
2,3-dimethyl-2-butene units)3? that are 0.18 % 0.01 times
as intense as the polyisoprene methyl resonances?® at 15.98
and 23.43 ppm.252.34

The translational invariance in the polymer formed using
WClg and n-butyllithium catalyst seems even less perfect.
The sample’s impurity confuses the analysis, but both the
olefin proton and methyl '13C NMR’s imply that 2-butene
and 2,3-dimethyl-2-butene units occur once for every 4.3-
4.6 2-methyl-2-butenes. The latter units, however, seem to
be 17% E and 83% Z, much as in the other samples.

It is unlikely that the mechanism by which the polymers
form involves 1-methylcyclobutene first yielding isoprene,3s
as isoprene (204 mg) after reaction with (diphenylcar-
bene)pentacarbonyltungsten (60.5 mg) and n-heptane (254
mg) for 40 h at 50° is 98% unchanged, as the CsHg recov-
ered from one polymerization reaction of 1-methylcyclobu-
tene was the starting material and not isoprene, and as the
spectroscopic characteristics attributed to imperfect alter-
nation would not be accounted for.

Accordingly the reactions described show for the first
time how metatheses of trisubstituted olefins may be ef-
fected. They provide the first materials in which the prefer-
ence for alternating sequences of monomeric units can be
measured and in which the stereochemistry of trisubstituted
olefin metathesis can be determined. The selectivity is small
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compared to that for other additions¢ or for metatheses of
terminal olefins.* The stereochemistry can be interpreted as
that for 1,2-disubstituted olefins.2
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Reactions of (CO)sWC(Tol); with Alkenes. A Model for
Structural Selectivity in the Olefin Metathesis Reaction
Sir:

The olefin metathesis reaction! is a fascinating transition
metal catalyzed reaction which involves the intermolecular
exchange of alkylidene units between alkenes. Recently we
discovered that (CO)sWC(C¢Hs), reacts with alkenes to
give diphenylethylenes and cyclopropanes.2 The diphenyl-
ethylenes were suggested to be formed through interconver-
sion of complexes bearing both an alkene and a carbene li-
gand via a metallocyclobutane intermediate. This process
also provides a sufficient mechanism for olefin metathesis?
that differs from all previous mechanisms! in that it alone

CQSHS
/CsH5 (CO),W—+—C H,
(CO)XW=C\ == =2
CH, R
R
Rl
Rl
CeH; CeH;
(CO), W
R R’

Table I. Reactions of Alkenes with (CO),WC(Tol), 4@

Scheme I
R
w=< R
low
I u slowest ‘ﬁ/—(
/~ cH, ¢
R
Hfastest
R R R
R/ R H R/
\" fast slow E
Rl
R’ R’
w—| w—|
PN PN
R H R H
Tfsst fast
R R’
fast
H H
= /N
R/— R R’

R R R’

requires a nonpairwise exchange of alkylidene units be-
tween alkenes. Such nonpairwise exchange has recently
been reported in several elegant studies by Chauvin,3 Katz*
and Grubbs.?

The olefin metathesis reaction shows a pronounced struc-
tural selectivity.! The relative rates of metathesis decrease
in the order: (1) the degenerate exchange of methylene
units between terminal alkenes®’ > (2) cross metathesis of
terminal and internal alkenes3:%:9 > (3) metathesis of inter-

Alkene

Productsb.d

CH,=CH(CH,),CH, (Tol),C=CH,

35.9+0.3%

CH,=C(CH,), (Tol),C=CH,

73.2+0.2%

CH,=CHC,H,¢ (Tol),C=CH,

61.0+ 1.8%

(CH,),C=CH(CH,),CH, (Tol),C=CH(CH,),CH,

<0.9%
(Tol),C=CHCH,
27.0 + 0.3%

¢is-CH,CH=CHCH

(Tol),C=CH(CH,),CH, Toi (CH,)CH,
0.06 + 0.02%
Tol
26 9+02%

(Tol),C=C(CH,),
<0.06%

+

.

(Tol),C=CHC H,
<0.2%

T . 0
(Tol),C=C(CH,),
<0.5%

A
-
%&

Q‘

@ A solution of 25—35 mg of (CO),WC(Tol), in 12 ml of alkene in sealed tubes was heated to 70 + 2°C for 3.25 h. bProducts were identi-
fied by comparison of GC retention times on two different columns with the retention times of independently prepared authentic samples.
€At least two independent runs of each reaction using internal standards and at least five repeated GC analyses of each run were performed.
dYields are based on (CO),WC(Tol),. The average yield * standard deviation of the mean is presented. € Secondary products were cis- and
trans-1,2-diphenylcy clopropane. fIn addition, variable amounts (5—10%) of (Tol),C=CH, were found.
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