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When phenylacetylene plus tungsten hexachloride initiate the metathesis of cyclopentene, poly(phe-
nylacetylene) is found attached to the resulting polypentenamer chains. The average amount of this
poly{phenylacetylene) does not vary as the growth of the polypentenamer chains is checked by added
diphenylacetylene, showing it to be present as a block at their start. The implication is that the metathesis
is initiated by the growing acetylene uniting with the olefin, strong evidence for the hypothesis that the
acetylene polymerization is propagated by metal carbenes. The variations that occur in the length of the
chains and the amount of poly(phenylacetylene) attached to the average chain as the acetylene concentration
is varied are analyzed for the underlying kinetic parameters. The stabilized metal carbenes propagating
the phenylacetylene polymerization react 3 X 10° times more quickly with phenylacetylene than with
cyclopentene, whereas the less stabilized metal carbenes propagating the cyclopentene metathesis select
17-fold in the opposite direction. Diphenylacetylene is 26 times more effective than phenylacetylene in
quenching the metathesis and 2.4 times more effective than phenylmethylacetylene. The key to the
experiments is the observation that diphenylacetylene in minute amounts quenches metathesis but does

not initiate the reaction.

Introduction

The hypothesis that the metal-catalyzed polymerization
of acetylenes,! like the olefin metathesis reaction,? proceeds
by metal carbenes adding to unsaturated linkages and
subtracting from the resulting four-membered rings®*
(Scheme I), suggests that if a metal derivative initiates the
polymerization of an acetylene, the acetylene might induce
the metal derivative to metathesize olefins (Scheme II).?
In the presence of an olefin the metal carbenes that sup-
posedly propagate the acetylene polymerization might add
to this acetylene surrogate instead. The observation of
products characteristic of olefin metathesis would thus
provide a way to detect the presence of otherwise invisible
metal carbenes. Scheme II would also be the basis for an
interesting way to initiate olefin metatheses. Indeed there
are two successful tests of the scheme, experiments show-
ing that metatheses are induced by combinations of phe-
nylacetylene either with the Fischer metal carbene pen-
tacarbonyl{(methoxyphenyimethylene)tungsten®= or with
tungsten hexachloride.’d® However, since these experi-
ments do not exclude alternative mechanisms by which the
combinations might, possibly, induce the metatheses, other
evidence was sought that would bear on the hypothesis.

The following more stringent test was therefore de-
signed: since the initiator of olefin metathesis in these
combinations is supposed to be the growing polyacetylene,
if the olefin employed were cyclic, a polyacetylene fragment
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would have to be found attached to every polyalkenamer
[or poly(1-alkene-1,w-diyl), in chemical abstracts nomen-
clature], at the initiating end of the chain (Scheme III).
To detect this fragment, samples of polymer formed ac-
cording to eq 1 (here x varied between 0.3 and 3.0) were
dispersed by gel permeation chromatography and analyzed
both by their refractive index (RI), which detects the bulk
of the polymer, essentially all polypentenamer, and by their

© 1985 American Chemical Society
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light absorption, which detects red poly(phenylacetylene)
units.?7 The result was that the analyses by light ab-
sorption detected two polymer distributions, one at low
molecular weight (ca. 10* g/mol) corresponding to poly-
(phenylacetylene) that terminated without initiating the
formation of polypentenamer chains and one at high mo-
lecular weight (>10° g/mol) that paralleled the bulk of the
polymer as detected by the refractive index monitor and
that presumably arises from the polyacetylene fragment
of the metal carbene that initiated the growth of the po-
lyalkenamer.* These experiments could not however show
" whether the chromophores accounting for the high mo-
lecular weight absorption were localized at the initiating
end of the polyalkenamer chains or whether they were
impurities, possibly formed in minor side reactions such
as occasional oxidation of alkenamer units.

The experiments reported in this paper, which made use
of polymers formed according to the related procedure
summarized in eq 2,5 show that the light-absorbing units

CeHsC!
@ + CgHgC=CH + WClg M
n

21°C, 8min
200 . 03sys4 1 2)

are not attached randomly along the polymers but are
attached as a block at their origins. They also show tht
the amount of the chromophore increases as the concen-
tration of phenylacetylene in the reaction mixture in-
creases. The experiments thus serve to identify the light
absorber as the polyacetylene in Scheme III. The sizes of
the blocks and the sizes of the polymers are analyzed for
the underlying kinetic parameters. The peculiar fact is
also reported that although diphenylacetylene does not
initiate metatheses of cyclopentene, it is superbly effective
in quenching them. It is this discovery that is the key to
identifying the initiating polyacetylene block, for if one
considers experiments like those summarized in eq 3, the
effect of increasing amounts of disubstituted acetylene is
to shorten the polymer chains without affecting their in-
itiation. The section below demonstrates and analyzes this

effect.
() + WClg + CHsC=CH + CHCmoCHy — —2liew M
3 65 65 65 0min N
CeHsC!
200 : 1 :128<y<384 : 0 $xs50.2 (0.5mL)
05mL N3mg 373-11.2mg 0-1.0mg
- 3)
Results

Quenching and Initiation of Polypentenamer
Chains. Figure 1 illustrates how effective trace amounts
of diphenylacetylene, even 0.1 mg/ml, are in quenching
the yields of polypentenamer that form in eq 3. Figure
2 shows that the mechanism involves quenching the growth
of the polymer chains, not interfering with their initiation
(this point is elaborated below), for the inverse of the

(7) For the use of coupled UV and RI detectors to analyze copolymers
and mixtures of polymers by gel permeation chromatography see the
references in ref 8.
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Polym. Sci. 1969, 13, 2359. (b) Runyon, J. R. Sep. Sci. 1971, 6, 249. (c)
Cantow, H. J.; Probst, J.; Stojanov, C. Kaut. Gummi, Kunstst. 1968, 21,
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Figure 1. The yield in milligrams and percent of polypentenamer
formed from 387 mg of cyclopentene in eq 3 (y = 2.56) as a
function of the amount of diphenylacetylene in milligrams and
equivalents (x in eq 3). The yield of polypentenamer is the total
weight of polymer precipitated by methanol less the miniscule
(and negligible) total content of poly(phenylacetylene) analyzed
by UV spectroscopy.
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Figure 2. The inverse (times 10°) of the number average mo-
lecular weight of polypentenamer formed in eq 3 when y = 1.28
equivalents as a function of the amount of diphenylacetylene (x)
used. The results of two sets of experiments are combined, in
one of which the reaction time was a minute longer. The molecular
weights of the polypentenamers were derived by analyzing the
peaks at high molecular weight in the gel permeation chroma-
tograms (see Figure 4). The minute contributions of poly(phe-
nylacetylene) to these peaks were ignored. The straight line that,
by the method of least squares, best fits the points is displayed.
Its slope is 117 + 11.

number average molecular weight of the polypentenamers
varies linearly with the concentration of the diphenyl-
acetylene.>® For the experiments summarized in Figure

(9) (a) Mayo, F. R. J. Am. Chem. Soc. 1943, 65, 2324. (b) Walling, C.
“Free Radicals in Solution”; Wiley: New York, 1957; p 150 ff. (c) Flory,
P. J. “Principles of Polymer Chemistry”; Cornell University Press: Ithaca,
NY, 1953; p 136 ff. (d) Allen, P. E. M,; Patrick, C. R. “Kinetics and
Mechanisms of Polymerization Reactions”; Halsted Press: New York,
1974; p 144 ff,

(10) Molecular weights were measured by gel permeation chromatog-
raphy (GPC) using tetrahydrofuran solutions and polystyrene standards.
The molecular weights of polystyrenes that would exhibit the chroma-
tograms observed were divided by 2. The factor 2 was chosen for reasons
discussed previously,'* and both this choice and that of the GPC method
for the molecular weight analyses of polypentenamer are justified by the
reported parallel calibration curves of polybutadiene (essentially poly-
butenamer) and polystyrene, polybutadiene having 1/1.91 times the
molecular weight of the polystyrene eluting at the same time.2>!? See also
ref 14, where the factor is estimated to be 1.7.

(11) See footnote 23 in ref 12a; Table I, note b, ref 12b; and footnote
11 in ref 5c.

(12) (a) Lee, S. J.; McGinnis, J.; Katz, T. J. J. Am. Chem. Soc. 1976,
98, 7818. (b) Katz, T. J.; Lee, S. J.; Acton, N. Tetrahedron Lett. 1976,
4247.



2188 Organometallics, Vol. 4, No. 12, 1985

(a) (b)

|

f Ne= (0516 +0.03) x107 Ne=(0.480+0.03)x107¢
t

\

) e (d)
Ne=(0.906 £ 0.05) x10°°

{
Ng=(1.018 £0.06)x1078

Weight of Polymer
- 3

Mp of Polypentenamer

Figure 3. The total weight of the polymer samples obtained after
precipitation with methanol and drying as a function of the
number average molecular weight of the polypentenamer each
contains. The reaction mixtures are described in eq 3, the amount
y of phenylacetylene (displayed in the lower right corners) being
constant in each of the four series of experiments, while x, the
amount of diphenylacetylene, varied. The reaction time was 11
min for graph a and 10 min for the others. The molecular weights
of the polypentenamers were derived by analyzing the peaks at
high molecular weight in the gel permeation chromatograms (see
Figure 4). Displayed are the best straight lines according to the
method of least squares and their slopes (V,).

2, the number of equivalents of phenylacetylene (y in eq
3) was 1.28, and the slope of the linear correlation was
measured by the method of least squares as (1.17 £ 0.11)
X 10% In similar experiments, in which 2.56 equiv were
used, the results were similar. The slope was (1.10  0.04)
X 10?%, and the average for the two kinds of experiments
was then (1.14 £ 0.07) X 102 It will be shown below that
for these experiments to succeed, the amount of phenyl-
acetylene must be about 2.5 equiv or less if 0.2 equiv or
less of diphenylacetylene are to quench an appreciable
fraction of the chains. If the amount is much more, the
diphenylacetylene can not compete with the phenyl-
acetylene.

That this ability of diphenylacetylene to stop the growth
of polypentenamer chains is not matched by an ability to
initiate them is demonstrated by experiments measuring
how the number of chains varies with the concentration
of diphenylacetylene. The number of polypentenamer
chains created in each experiment in eq 3 is the ratio of
the weight of the polypentenamer that forms and its
number average molecular weight. However, as elaborated
in the Discussion, a more accurate measure should be
obtained by following the procedure summarized in Figure
3. This shows, for assorted values of y in eq 3, how the
total weight of polymer varies with the number average
molecular weight of the polypentenamer as the amount of
diphenylacetylene (x) is changed, the linearity implying
that the number of polypentenamer chains, N, the slope,

(13) (a) Harmon, D. J.; Folt, V. L. Rubber Chem. Tech. 1973, 46, 449.
(b) Stojanov, C.; Shirazi, Z. H.; Audu, T. O. K. Ber. Bunsenges. Phys.
Chem. 1977, 81, 767.

(14) White, J. L.; Salladay, D. G.; Quisenberry, D. O.; Maclean, D. L.
J. Appl. Polym. Sci. 1972, 16, 2811.
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Figure 4. Gel permeation chromatograms of three polymer
samples prepared according to eq 3, with y = 1.28 and x = 0.00,
0.03, and 0.08, Five u-styragel columns (108, 105, 104, 10%, and
500 A) from Waters Associates were used at ambient temperature,
and tetrahydrofuran flowing at 2 mL/min was the solvent. The
chromatograms were monitored simultaneously by using a RI
monitor (curves marked “RI”) and a UV monitor that measured
absorption at 254 nm (curves marked “UV”). The weights of the
samples analyzed in these three chromatograms were 0.23 mg
when x = 0, 0.19 mg when x = 0.03, and 0.27 mg when x = 0.08.
The vertical line through the center of the third curve is drawn
to clarify the relative positions of the peaks.

is not dependent on the diphenylacetylene concentration.

That diphenylacetylene does not appreciably induce
tungsten hexachloride to initiate cyclopentene’s polym-
erization was also tested directly by combining tungsten
hexachloride with 200 equiv of cyclopentene in 0.5 mL of
chlorobenzene and amounts of diphenylacetylene that were
distributed in ten trials between 0.01 and 10 equiv. The
yield of polymer in all these experiments was, after 10 min
at 27 °C, never more than 0.7%.

Identification of the Initiating Block. Figure 4 il-
lustrates how the gel permeation chromatograms of the
polymers formed in eq 3 vary as the amount of di-
phenylacetylene (x) is changed. Three points discussed
in the Introduction are evident in this figure. One is that
the molecular weight distribution is bimodal, due pre-
sumably to UV absorbing poly(phenylacetylene) at low
molecular weight that is not attached to polypentenamer
and at high molecular weight that is attached. Another
is that the molecular weights of the polypentenamers de-
crease as the amount of diphenylacetylene increases. (The
curves centered at high molecular weights move to the
right.) And last, the intensity of the UV absorption par-
allels the RI response, as expected if the absorbing species
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Figure 5. For samples of polymer prepared according to eq 3
with y = 1.28, 2.56, and 3.84, the total UV absorption intensity
per sample under the peak at high molecular weight [converted
to milligrams of poly(phenylacetylene), called PPA, using the
measured absorption intensity per milligram] is displayed as a
function of x, the number of equivalents of diphenylacetylene.

and the polypentenamer chains are attached.

However, the chromatograms exhibit two additional
features demonstrating that the light absorbers are not
distributed randomly along the polypentenamer chains but
are localized at their beginnings. The first is that the
intensity of the UV Absorption increases in relation to
the RI difference as the amount of diphenylacetylene
increases. With increased diphenylacetylene concentra-
tion, the polypentenamer chains are cut shorter. If the UV
absorption were caused by randomly oxidized units on the
chain or indeed by any UV absorbing species associated
with the bulk of the polymer, the UV absorption intensity
per chain would decrease just as the RI intensity per chain
decreases. The UV intensity per unit weight, and therefore
the ratio of the UV and Rl intensities, would not vary. But
if the chromophores are, as expected according to the
hypothesis in Scheme III, at the origin of each poly-
pentenamer, their amount would not decrease as the chains
are shortened. The UV absorption per unit weight of
sample would increase, and the ratio of the UV and RI
intensities would rise. This is what is observed.

There is a quantitative test of this analysis. If the UV
absorption is associated with an initiating block, although
the intensity of absorption per unit weight of sample in-
creases as the growth of the polymer chains is checked, the
intensity of absorption for the whole polypentenamer
sample should remain unchanged. That this is so is shown
in Figure 5, which displays, as a function of the number
of equivalents of diphenylacetylene in eq 3, the integrated
UV absorption intensities under the high molecular weight
gel permeation chromatographic peaks summed over whole
samples and labeled (using the measured absorption in-
tensity per unit weight) as milligrams of poly(phenyl-
acetylene). This integrated intensity is independent of the
diphenylacetylene concentration for three series of ex-
periments in which the amounts of phenylacetylene used
(y in eq 3) were 1.28, 2.56, and 3.84. Thus the total amount
of the UV absorbing species remains constant while the
molecular weight decreases that is associated with it (as
measured by the high molecular weight UV peak in Figure
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Figure 6. An analysis after Kennedy® of a gel permeation
chromatogram, like the ones in Figure 4, with x = 0.06. The ratio
of the intensity recorded by the UV and RI monitors at the RI
peak maximum (labelled with an m) divided by this ratio at
variable elution times, x, as a function of the ratio of the molecular
weights of polypentenamer eluted at times x and at the peak
maximum.

4) and with the polypentenamer (as measured by the RI
peak in Figure 4). It would be hard to explain if each
polyacetylene block were not attached to the start of a
polypentenamer chain.

Figure 5 also shows that the total UV absorption asso-
ciated with the high molecular weight peak rises with the
concentration of phenylacetylene, and it will be shown
below (Figure 7) that this is not just because the phe-
nylacetylene increases the number of chains (Figure 9), but
because as the concentration increases, the average size
of the initiating block on each chain also increases. Ac-
cordingly, it is unlikely that the UV absorption was mis-
takenly associated with poly(phenylacetylene) when it
should have been associated with an initiating tungsten
moiety, for its size per chain would not have increased.

The second feature of the chromatograms in Figure 4
that locates the poly(phenylacetylene) units at the start
of the polypentenamer chains is the displacement of the
UV peaks to the right of the refractive index peaks. If
a poly(phenylacetylene) block begins each polypentenamer
chain, the intensity of the UV absorption due to that block,
and therefore to the chain, will be independent of the
chain’s length. Even if there is a distribution in the size
of initiating blocks, the average absorption per chain will
not depend on the chain’s length. It follows that the UV
absorptions (but not the Rl intensities) per unit mass will
be greater for smaller polypentenamers than for larger
ones, and the UV peaks will consequently shift to the right
of the RI peaks.

This effect, first recognized by Kennedy et al. and ap-
plied to analyze polyisobutylene that contained a known
initiator fragment and known end groups.!® can be evalu-
ated quantitatively. Following Kennedy, Figure 6 displays
the ratio of the intensity recorded by the UV and RI
monitors at the UV peak maximum divided by this ratio
at various elution times, x, as a function of the ratio of the
molecular weights of polypentenamer eluted at times x and
at the peak maximum. The function should be linear, have
slope one, and pass through the origin.'6

(15) (a) Kennedy, J. P.; Smith, R. A. J. Polym. Sci., Polym. Chem. Ed.
1980, 18, 1523. (b) Kennedy, J. P.; Carlson, G. M. Ibid. 1983, 21, 2973.
(¢) Kennedy, J. P.; Carlson, G. M. Ibid. 1983, 21, 3551.

(16) This will be true if the average size of the initiating block is the
same no matter what the ultimate length is of the polypentenamer. The
difference between the refractive indices of poly(phenylacetylene) (n,)
and polypentenamer (n;) will not affect the intercept so long as the
molecular weight of the polypentenamer at the peak maximum (M_) is
much greater than that of the poly(phenylacetylene) initiating block (M,).
The intercept should be M, (n, - ¢.)/n My, which for M, > M, [and (n,
~ n,) « n is essentially zero.
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An alternative analysis compares molecular weight av-
erages calculated assuming intensities in gel permeation
chromatograms are proportional to mass with those as-
suming intensities are proportional to chain number, for
in the experiments reported here, the refractive index
monitor should measure the mass of the polypentenamer
flowing from the chromatograph, while the ultraviolet
monitor should measure the number of chains. If it is
assumed that the RI and UV intensities both measure
polymer mass, the number average molecular weights ac-
cording to the RI analysis are (for a series of four exper-
iments in which y in eq 3 was 1.28) 2.34 £ 0.2 times those
according to the UV analysis.'” But if the RI intensities
measure mass, while the UV intensities measure chain
number, the discrepancy (which is in the opposite direc-
tion) is, as it should be, smaller: the number average
molecular weights according to the UV analysis are 1.28
%+ 0.11 times as large as those according to the RI. Ac-
cording to the theory, the UV peak should be shifted even
further to the right of the RI peak, corresponding in the
Kennedy analysis (Figure 6) to the observed deviation from
the line of the point at highest mass. The Kennedy
analysis has been applied previously only to polymers
one-tenth as large, and the observed deviation may be
caused by small errors in the measurements of molecular
weights that are high. (Elution times are then particularly
insensitive to small changes in mass.) Whatever the origin
in the deviation, however, the essential point that the UV
peaks are always to the right of the RI peaks seemingly
cannot be accounted for other than by presuming that the
UV absorbing species are present at the initiating end of
the polypentenamer.

The Size of the Initiating Block. The size of the
initiating block can be measured by dividing the total
weight, displayed in Figure 5, of poly(phenylacetylene)
attached to polypentenamer chains by the number of po-
lypentenamer chains per sample, displayed in Figures 3
and 9. But the following procedure, which measured sizes
somewhat higher (ca. 13%), is probably more accurate.
Figure 7 displays the data required: (1) the ratio of the
weight of polypentenamer and the weight of poly(phe-
nylacetylene) attached to the polypentenamer, and (2) the
number average molecular weight of the polypentenamer.
The data are for four series of experiments in which the
amount of phenylacetylene (y in eq 3) was held constant
at 1.28, 2.56, or 3.84 equiv (as labeled in Figure 7 in par-
entheses at the upper left of each graph) and the amount
of diphenylacetylene or, in one experiment, phenyl-
methylacetylene was varied. Equation 4 shows that the

NCMTLC
weight of poly(phenylacetylene) - NM,, -

1 _
( M_np )Mnc 4)

functional relationship between the ratio and the molecular
weight should be linear if the size of the initiating block
does not depend on the concentration of diphenyl-
acetylene. The slope should than be the inverse of the
number average molecular weight (M,,;) of the poly(phe-
nylacetylene) attached to the polypentenamer chains
(whose number average molecular weights are M,,.). Since

weight of polypentenamer

(17) The ratios of the weight average molecular weights as measured
by the UV and RI monitors are 0.662 % 0.04 [(1.51 + 0.09)"!] assuming
both monitors measure mass and 1.52 £ 0.06 assuming the former mea-
sures chain number instead.

(18) Biyani, B.; Campagna, A. J.; Daruwalla, D.; Srivastava, C. M;
Ehrlich, P. J. Macromol. Sci. Chem. 1975, A9, 327.
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Figure 7. Determination of the number average molecular
weights of the poly(phenylacetylene) blocks initiating the poly-
pentenamer chains. The samples for each series of experiments
were made according to eq 3 (the reaction times varied slightly),
with fixed amounts of phenylacetylene, recorded in parentheses
in the upper left corners of each graph, and varying amounts of
disubstituted acetylene, CZH;C=CR, where R = C;H; or CHj.
The weight of polypentenamer divided by the weight of poly-
(phenylacethylene) attached to the high molecular weight chain
is plotted as a function of the number average molecular weight
of the polypentenamer. The molecular weights of the poly-
pentenamers were measured as for Figure 3. The reaction times
during which the samples were prepared were 11.5 min for those
in graph a, 11 min for those in b, and 10 min for the others.

the ratio of the two weights is simply the ratio of the areas
under the RI and UV peaks at high molecular weight in
the gel permeation chromatograms multiplied by a
measurable calibration constant and the procedure allows
for the point (0,0) to be on the line, this is the method we
used to measure the size of the initiating poly(phenyl-
acetylene) unit.

Three points about the data in Figure 7 are noteworthy.
One is that the size of the initiating block is measured to
be the same whether the quenching agent is diphenyl-
acetylene (Figure 7b) or phenylmethylacetylene (Figure
7a), which is reasonable since the quenching cannot alter
the initiating block. The effect is probably not coinci-
dental, for the ability of the phenylmethylacetylene to
quench the growth of polypentenamer chains (as measured
by experiments like those in Figure 2, see Table III below)
is only 42% that of diphenylacetylene.

Second, the size of the initiating block, which can be seen
in Figure 7 to consist of 14-31 phenylacetylene units (the
molecular weight of phenylacetylene is 102), rises with the
amount of phenylacetylene used for the experiments.
Figure 8 displays the inverse of the molecular weights of
these initiating blocks, measured in Figure 7 and averaged
with additional measurements (see Table I), as a function
of the inverse of the equivalents of phenylacetylene in the
reaction mixtures. The best straight line (least squares)
that accommodates the points and that goes through the
origin is displayed, as is the slope.

Third, the molecular weight of the initiating block of
poly(phenylacetylene) can be compared with the molecular
weight of the poly(phenylacetylene) that does not initiate
polypentenamer chains and which presumably gives rise
to the peak at low molecular weight in the gel permeation
chromatograms (Figure 4). The comparison is summarized
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Table 1. Comparison of the Molecular Weights of the
Poly(phenylacetylene) Attached to Polypentenamer Chains
and Not So Attached

1073M,,
unattached
yineq3 attached® raw Data®® corrected® ratio®
1.28 142+ 001 598=%x1.1 4.0 0.36
2.56 1.77 £ 005 3.76 £ 0.5 2.5 0.71
3.84 2.87 £0.08 47205 3.1 0.93

¢Determined as in Figure 7 and averaged with additional such
experiments in which y was 1.28 and 3.84. ® Molecular weights ac-
cording to gel permeation chromatographic analysis, recorded as
those of polystyrenes that would exhibit the chromatograms ob-
served. °The molecular weights do not vary systematically with x
in eq 3 and are averaged both for a variety of x values, for repeated
measurements, and for repeated preparations of the samples.
¢The raw data is divided by 1.5 to take account of the reported
differences between the chromatograms of polystyrene and
poly(phenylacetylene)—see ref 18. ¢The ratio of the data under
the columns labeled “attached” and “corrected”.

in Table I. As elaborated in the Discussion, the molecular
weights of the unattached (also called below “free”) and
attached polyacetylene units are seen to be similar.

Fraction of the Poly(phenylacetylene)s That Ini-
tiates Polypentenamer Chains. Related to this last
point is a comparison of the number of polypentenamer
and free poly(phenylacetylene) chains, for this tells what
fraction of the poly(phenylacetylene)s initiates the po-
lymerization of cyclopentene. The comparison, in Table
II, shows that the measurements required are difficult to
make, for the yield of poly(phenylacetylene) is so small that
if even one milligram were lost during the isolation (es-
pecially when y is low), the chain number listed under B
in Table II would be grossly low. However, not only are
the true yields likely to be much higher, but also the av-
erage molecular weight should probably be much lower
because the material that is most likely to be lost is that
with the lowest molecular weight. The error would thus
be compounded. Accordingly, the UV ratio probably
provides a better estimate of the fraction of poly(phe-
nylacetylene)s that initiates polypentenamer chains, for
this measure is not especially sensitive to material of low
molecular weight. Assuming the molecular weights of the
bound and separate poly(phenylacetylene)s to be the same
(Table I and Discussion), this UV ratio is also the ratio of
the chain numbers. According to this measure about 50%
of the poly(phenylacetylene) chains initiate the cyclo-
pentene metathesis reaction. However the measurements
in the section below suggest that the figure may be only
ca. half as large.

Fraction of the Phenylacetylene Consumed. The
fraction of meta-tritiated phenylacetylene remaining after
reaction according to eq 3 when x = 0.0 and ¥ = 1.28 was
measured by diluting the quenched reaction mixture with
nonradioactive phenylacetylene and analyzing the radio-
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Figure 8. The inverse of the number average molecular weight
of the initiating poly(phenylacetylene) block attached to the
polypentenamers as measured in Figure 7 and averaged with
additional data (see Table I) as a function of the inverse of the
number of equivalents of phenylacetylene used in the preparation
of the polymers. The least-squares line through the origin that
best fits the points is displayed.

activity of a sample recovered by precipitating the silver
salt and converting it back to the hydrocarbon. The ex-
periment (repeated twice) showed that 31.2 £ 1% of the
phenylacetylene remained. Of the 69.8% consumed, 15.4
+ 2% was gauged by UV analysis of the gel permeation
chromatograms to be attached to the polymer chains of
high molecular weight and 1.5 + 0.3% to those of low
molecular weight. (In three experiments using nonra-
dioactive phenylacetylene under the same conditions, these
figures were 17.0 & 2% and 2.4 + 0.9%, respectively.) And
if all the phenylacetylene unaccounted for either by the
polymer or radioactivity analyses (this is 51.8% % 2% of
the total) had been converted to free poly(phenylacetylene)
that escaped collection when the polymer was precipitated
(it amounts to 2 mg), the fraction of the poly(phenyl-
acetylene) chains that initiates cyclopentene’s metathesis
would decrease from the ca. 50% estimated in the para-
graph above to the minimal figure of 23 + 3%.
Quenching by Phenylacetylene. The ability of di-
phenylacetylene to quench the metathesis, measured above
in Figure 2, can be compared with the ability of phenyl-
acetylene to quench the same reaction. A graph similar
to the one in Figure 2, in which 10° times the inverse of
the number average molecular weight of the poly-
pentenamer formed in eq 3 when x = 0 is plotted against
¥, the equivalents of phenylacetylene used to prepare the
samples, is linear. The slope of the best line through the
points and through the origin is found to be 2.84 &+ 0.2. An
alternative way to treat the available experimental data
is to graph against y the intercept in Figure 2, and the
corresponding intercepts when y is different. The best

Table II. The Number of Chains of Polypentenamer and of Free Poly(phenylcetylene) Formed in Equation 3, the Yield of
Poly(phenylacetylene), and the Ratio of Integrated UV Intensities under the High and Low Molecular Weight Gel
Permeation Chromatographic Peaks

no. of chains X 108 (mol)

yield (mg) of

yineq3 polypentenamer (A)* poly(phenylacetylene) (B)® A/B poly(phenylacetylene)® UV ratio?
1.28 0.480 = 0.03 0.027 £ 0.009 18 0.14 414 £ 04
2.56 0.906 = 0.05 0.180 £ 0.09 5.0 0.45 2.22 = 0.6
3.84 1.105 £ 0.09 0.638 = 0.12 1.7 1.70 1.58 £ 0.2

See Figure 9. ®The yield of poly(phenylacetylene) divided by its number average molecular weight (Table I). ¢The weight of the total
polymer X the ratio of the UV absorption per milligram under the low molecular weight gel permeation chromatographic peak and the
absorption per milligram for pure poly(phenylacetylene). The weights of phenylacetylene in the reaction mixtures were 3.73, 7.45, and 11.15
mg. ¢The ratio of the areas under the GPC peaks at high and low mass.
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linear correlation (again forced through the origin) has
slope 3.49 % 0.7, not appreciably different from the first
measure above. Notice that compared to diphenyl-
acetylene, for which the analogous slope is 114, phenyl-
acetylene is much less effective as a quencher of poly-
pentenamer growth.

Discussion

The kinetic parameters underlying the ability of phe-
nylacetylene to initiate the metathesis of cyclopentene and
of phenylacetylene and diphenylacetylene to quench the
metathesis can be determined in these experiments by
analyzing how the sizes of the polymers vary as a function
of the concentrations of the reagents that terminate their
growth. Thus if the reactivities of the metal carbenes, C,,
that propagate the polymerization of cyclopentene (eq 5)

EYCVM + @ kCC etc WM (5)

Ch Cha

do not depend on n, the number of their trailing cyclo-
pentene units, the rate of cyclopentene polymerization will
be v, = k[C,][cyclopentene]. If the rate constants for the
quenching of these same metal carbenes by diphenyl-
acetylene (k.q) and by phenylacetylene (k) are also in-
dependent of n, then the number average degree of po-
lymerization of the polypentenamer, ¥,, which should be
the rate of polymerization divided by the rate of termi-
nation, will be given by eq 6. Accordingly, the slope of
M,

Xn = 5 8.; 7 = k.[cyclopentene] / (B4[CsH;C=CC.H;]

+ k,[CeH;C=CH] + other terminations) (6)

the graph in Figure 2, which plots the inverse of the
number average molecular weight against the amount of
diphenylacetylene in eq 3, measures k/k.. Since the
slope of the line in Figure 2 and the slope of the analogous
line for experiments in which y (eq 3) was 2.56 average to
114 + 7, it follows that for the experiments in eq 3, k.y/k..
=1.55 £ 0.1.

Similarly the slope, 2.84 + 0.2, of a related graph ana-
lyzing the ability of phenylacetylene to quench the po-
lymerization (presented above in the section on results)
measures K.,/ k... While the abscissa of this graph plots
the amount of phenylacetylene present initially, an ap-
preciable portion was consumed during the experiments.
Accordingly the slope was multiplied by 1.52, the ratio of
the amount of phenylacetylene present initially and the
average of this amount and the amount remaining finally,
as analyzed by the isotope dilution experiment described
in the section on results. With this correction, &,/ k. is
estimated as 0.059 £ 0.004, implying that diphenyl-
acetylene is 26 times as effective as phenylacetylene in
quenching the metathesis reaction. The result is surprising
because if the quenching involves an attack by the triple
bond, the less sterically hindered monosubstituted acety-
lene should have been the one to react faster, but this is
not so. The lower reactivity of diphenylacetylene com-
pared to phenylacetylene is evident in its inability to in-
itiate metatheses of cyclopentene in experiments like those
above and in its measured monomer reactivity ratio at 30
°C being 1/15th that of phenylacetylene toward a poly-
(phenylacetylene) chain whose growth was initiated by a
1:1 mixture of WCl; and (C4H;),Sn in toluene.!® But

(19) (a) Masuda, T.; Yoshizawa, T.; Okano, Y.; Higashimura, T.
Polymer 1984, 25, 503. (b) Diphenylacetylene® and phenylmethyl-
acetylene?! are polymerized by WCl; plus (C;H;),Sn, but much more
slowly than phenylacetylene.®
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toward the metal carbenes studied here, diphenylacetylene
was especially reactive, and it will require additional work
to uncover why.

The other disubstituted acetylene briefly studied, phe-
nylmethylacetylene, is also much more reactive than
phenylacetylene in quenching the polymerization of cy-
clopentene. Thus the quenching by phenylmethyl-
acetylene could be analyzed in the same way as that by
diphenylacetylene. The data for y = 1.28 shows that if &,
is the rate constant for this acetylene analogous to k4, then
Bon/ke, = 0.646 £ 0.04. Thus k, = 0.42k 4 (the phenyl-
methylacetylene is only 42% as reactive as the di-
phenylacetylene), but k,, = 11k, meaning that phenyl-
methylacetylene is much more reactive than phenyl-
acetylene. Thus there is a perfect inverse ordering of the
ability of all three acetylenes to quench the metatheses
(diphenyl > phenylmethyl > phenyl) and of their reactivity
toward polymerization induced by WClg plus (C;H;),Sn
(phenyl > phenylmethyl > diphenyl)!®® The high re-
activity of both disubstituted acetylenes means, inciden-
tally, that the quenching by phenylacetylene can not be
associated with the acetylenic proton.

The quantitative data show the acceptable range of
values of x and y in eq 3 if graphs such as the one in Figure
2 are to measure the rate constant for quenching by di-
phenylacetylene. Thus only if k4[CeH;C=CCsH;] > k-
[CcHsC=CH] will diphenylacetylene dominate the
quenching, and this means that for y = 1.28, x > 0.04, for
y = 2.56, x > 0.08, and for y = 3.84, x > 0.1. This last
condition would give polypentenamers with molecular
weights too small to distinguish accurately from the free
poly(phenylacetylene), and accordingly the measurements
of key/ ko were made for y = 1.28,0 < x < 0.1, and y = 2.56,
0=<x=<02

Cyclopentene as a Quencher of Poly(phenyl-
acetylene)’s Growth. If, as we suppose in Scheme III,
the quenching of poly(phenylacetylene)’s growth initiates
the polymerization of cyclopentene, a similar analysis of
how the size of the initiating block attached to the poly-
pentenamer varies with the concentration of the quenching
agent cyclopentene should tell what the ratio ky,/k, is,
when &, is the second-order rate constant for the reaction
propagating the polymerization of the acetylene (eq 7) and

CeHs CeHs  Cells
= pp = =M
etd  Y=M + CHgC=CH —— o1 )= (M
CgH
CeHs 675
R Pa+1

n

R, is the rate constant defined in Scheme III for the re-
action that terminates it. Equivalently for the experiments
in eq 3, the slope of the line in Figure 8 {multiplied, as
discussed above, by 1.52, the factor to correct for phe-
nylacetylene consumed) implies that k,,/k,, = (2.9 £ 0.4)
X 10%. This means that only very rarely does the growing
poly(phenylacetylene) initiate the polymerization of cy-
clopentene. However when it does, the metal alkyicarbene
quickly adds another 500-3500 cyclopentene units before
(under the conditions of eq 3) its growth is quenched.

The rate data are summarized in Table III. Notable
is the observation that the metal carbenes propagating the
polymerization of phenylacetylene (eq 7) are much more
selective in choosing phenylacetylene or cyclopentene as

(20) Masuda, T.; Kawai, H.; Ohtori, T.; Higashimura, T. Polymer J.
1979, 11, 813.

(21) Sasaki, N.; Masuda, T.; Higashimura, T. Macromolecules 1976,
9, 664.
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Table III. Ratios of Rate Constants for the Reactions (Eq

3) of Metal Carbenes C, (Eq 5) with CGH;C=CR (R = C¢Hj,,

CH;, H) and with Cyclopentene and k;,/k . As Defined in
Scheme III and Eq 7

R
CeHs CHy® H (eq 3)* H (eq 1)®
ke/ke” 155 £0.1 0.646 + 0.04 0.059 + 0.046 + 0.001
0.004
Kop/ Roe (29 +£04) (2.8 £ 0.2) X 10°
X 103

¢The reactions were carried out as in eq 3, but with phenyl-
methylacetylene (0.0-1.0 equiv) in place of diphenylacetylene. The
reaction time was 11.5 min. ®Reaction 1 was effected in a vacuum
with no solvent (see ref 5¢). Reaction 3 was effected in chloro-
benzene (as shown) and in the atmosphere. These rate ratios have
been multiplied by 1.52 to correct (see text) for phenylacetylene
consumed. The factor was measured only for experiments accord-
ing to eq 1 but may be approximately valid for those according to
eq 1 because the measured yields of polypentenamer and poly-
(phenylacetylene) were similar in the two experiments. R, is By
when R = C¢Hj, ko, when R = CH,, and k, when R = H.

their reaction partners than are the metal carbenes prop-
agating the cyclopentene metathesis. Also notable is the
change in the direction of this choice, since the former
metal carbenes (the P,’s) select the acetylene over the
alkene, while the latter (the C,’s) choose oppositely.?? The
greater selectivity of metal carbene P, compared to metal
carbene C, might reflect the effects of substituent groups,
especially unsaturated ones, in sterically and electronically
attenuating the reactivities of metal carbenes, but the
reasons for the change in the direction of the selection are
not evident.

Systematic errors that add to the random errors esti-
mated in Table III to degrade the precision of the rate
constant ratios include errors correcting for the con-
sumption of phenylacetylene as well as possible fluctua-
tions in the extinction coefficient of poly(phenylacetylene)
resulting from changes in its structure. With respect to
the latter, the structure of poly(phenylacetylene) is known
to depend on the initiator used,>?® the polymerization
solvent,2%4:24 and the thermal history of the sample,23&b.25
but when the extinction coefficients at 254 nm are com-
pared of various samples of differing detailed structure,
prepared by using different catalysts and solvents, the
range is only 14%.%% Comparing the extinction coeffi-
cients reported for samples prepared in methylene chlo-
ride® with those measured here for samples prepared in
chlorobenzene (the initiator for both sets was WCly), the
difference is 33%. Thus the errors associated with the
values of k,,/k,. are likely to be two or three times the
random errors recorded in Table III. However the essential
point, that &, is ca. 3000 times k., should still be valid.

The rate constant ratios reported here are remarkably
similar to the analogous rate constant ratios derived from
preliminary data reported earlier for the reactions in eq
1, in which the initiator was the Fischer metal carbene.’

(22) That the more stabilized metal carbenes select the acetylene over
the alkene was pointed out in an earlier study® and accords with the
ability of pentacarbonyl(methoxyphenylmethylene)tungsten (a highly
stabilized metal carbene) to initiate the polymerizations of acetylenes,*
but not the metatheses of unstrained olefins,”

(23) (a) Simionescy, C. L; Percec, V.; Dumitrescu, S. J. Polym. Sci.,
Polym. Chem. Ed. 1977, 15, 2497. (b) Simionescu, C. L; Percec, V. J.
Polym. Sci., Polym. Lett. Ed. 1979, 17, 421. (c) Percec, V.; Rinaldi, P.
L. Polym. Bull. (Berlin) 1983, 9, 548. (d) Percec, V. Ibid. 1983, 10, 1.

(24) Masuda, T.; Takahashi, T.; Yamamoto, K.; Higashimura, T. J.
Polym. Sci., Polym. Chem. Ed. 1982, 20, 2603.

(25) Percec, V.; Rinaldi, P. L. Polym. Bull. (Berlin) 19883, 9, 582.

(26) Also the IR spectra of samples of very different molecular weights
prepared by using WCls + (C¢H;),Sn in different solvents are reported
to be similar.2
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Figure 9. The number of polypentenamer chains (N, formed
in eq 3) as a function of the amount of phenylacetylene (v). The
chain numbers are those displayed in parts b and c of Figure 3,
the average of the number in Figure 3d and the number [(1.192
% 0.08) X 10¢] measured when the experiment in Figure 3d was
repeated, and zero, the expected chain number when there is no
phenylacetylene. The best straight line by the method of least
squares that goes through the origin is displayed. Its slope is 0.313
= 0.02.

The comparison is also recorded in Table III, the rate
constant ratios there having been derived from the data
in the earlier paper by the procedures reported here, which
we believe more likely to be correct than those used before.

Initiation of Phenylacetylene’s Polymerization.
The experiments also give information about the reaction
by which the polymerization of phenylacetylene is initi-
ated. Thus while the number of polypentenamer chains
(N,) formed in eq 3 is seen in Figure 3 not to depend on
the concentration of diphenylacetylene, it does depend on
the concentration of phenylacetylene. Figure 9 shows that
this dependence appears to be linear, implying that the
chain initiation reaction varies with the first power of the
phenylacetylene concentration. The result contrasts with
the previous observation that the rates at which similar
polymerizations are initiated by pentacarbonyl(methoxy-
phenylmethylene)tungsten are independent of the phe-
nylacetylene concentration.’ (Presumably in this case a
rate-determining loss of carbon monoxide precedes the
interaction of the metal carbene with the acetylene.?’)
Both the present and previous results accord with reports
on the rates of phenylacetylene polymerization initiated
by the metal carbene® and by MoCl; (data for WCl, are
not available),?® inasmuch as the reaction order in phe-
nylacetylene concentration is one higher for the latter than
for the former (1 vs. 0).

The virtue of measuring the number of chains for Figure
9 using the plots in Figure 3 is that account can be taken
of what the weight of the polymer would be if the number
average molecular weight of the polypentenamer were zero,
and we chose for this weight 30% of the phenylacetylene
used in the experiments. The exact figure is not critical
(the analyses of residual phenylacetylene imply it may be
as high as 69%), but it should reasonably be small and
positive. If account is not taken of this point, the inter-

(27) Casey, C. P.; Cesa, M. C. Organometallics 1982, 1, 87.

(28) Thoi, H. H.; lvin, K. J.; Rooney, J. J. J. Chem. Soc., Faraday
Trans. 1 1982, 78, 2227.

(29) (a) Yusupbekov, A. Kh.; Arislanov, S. S.; Ibadullaev, A.; Kuzaev,
A. L; D’yachkovskii, F. 8. Dokl. Akad. Nauk Uzb. SSR 1983, 34 (Chem.
Abstr. 1983, 99, 6090vb). (b) Kiyashkina, Zh. S.; Pomogailo, A. D.; Ku-
zaev, A. L; Lagodzinskaya, G. V.; D’yachkovskii, F. S. Vysokomol. Soedin.,
Ser. A 1979, 21, 1196 (Chem. Abstr. 1979, 91, 175787t).
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cepts are slightly negative, probably in part because low
molecular weight polymer does not all precipitate and
because the accuracy with which the molecular weights of
small polypentenamers can be measured is diminished as
their gel permeation chromatography peaks overlap with
the peaks of poly(phenylacetylene). The slopes are then
higher by about 60%, and in the analogue of Figure 9, the
linear correlation is worse and the slope higher (by 73%).
It is important to note that although we therefore believe
that Figures 3 and 9 treat the experimental data correctly,
the slopes in these figures are parameters neither in the
derivation of the rate constant ratios in Table III nor in
the analyses implying that poly(phenylacetylene) is atta-
ched at the origin of the polypentenamer chains.

M, for Attached and Unattached Poly(phenyl-
acetylene). The mechanism envisioned for the initiation
of metathesis would have metal carbenes P, that usually
add additional phenylacetylene units (eq 7) occasionally
adding to a cyclopentene unit instead (Scheme III). The
choice however should be independent of n, the degree of
polymerization of the phenylacetylene. This would mean
that the number average molecular weights of the poly-
(phenylacetylene) that is attached to the polypentenamer
and the poly(phenylacetylene) that is unattached should
be the same. The data in Table I support this hypothesis,
but the evidence has to be interpreted in light of the ex-
perimental problems involved in collecting free poly-
(phenylacetylene), especially that of low molecular weight,
whose loss will increase the average molecular weight
measured. Also, possible differences (discussed above)
between the structure of the poly(phenylacetylene) made
here and that used to calibrate the gel permeation chro-
matograms (see Table I and ref 18) could alter the
“corrected molecular weights” in the table.

The Role of Diphenylacetylene. If the experiment
with diphenylacetylene had not been performed, the rate
data could still have been derived. Indeed, if only those
experiments described by eq 3 are considered in which no
diphenylacetylene is present, the rate constant ratios
measured are essentially similar to the more precise
measurements that use all the data. The graph of the
inverse of the number average molecular weight of the
polypentenamer formed in the reaction is linearly pro-
portional to the phenylacetylene concentration, and the
slope implies that k,/k. = 0.063 £ 0.005, only 7% dif-
ferent from the value in Table III. Similarly, a graph of
the inverse of the number average molecular weight of the
poly(phenylacetylene) attached to the high molecular
weight chain is linearly proportional to the inverse of the
phenylacetylene concentration used to prepare the polymer
(as in Figure 8), and the slope implies that k,/k,. = (2.9
#+ 0.5) X 103, identical with the value in Table III. For this
last analysis the molecular weight of the poly{phenyl-
acetylene) block could not be derived by the procedure in
Figure 7 but was determined by multiplying the amount
of phenylacetylene attached to each gram of poly-
pentenamer, as measured by the UV peak in the gel per-
meation chromatogram, and the number average molecular
weight of the high molecular weight chain.

The role of the diphenylacetylene in the experiments
above is thus not a critical one in the quantitative analysis.
It is, however, critical to the greater task of demonstrating
how the phenylacetylene induces cyclopentene to polym-
erize and how the phenylacetylene polymerization works,
for it is only the experiments performed with it that
demonstrate that the light-absorbing material is attached
to the polypentenamer at the initiating end. This dem-
onstration strongly supports the hypothesis that the

Han and Katz
acetylene polymerization is an olefin metathesis.

Experimental Section

Materials. Cyclopentene (from Aldrich Chemical Co.) was
stirred with a small amount of N-phenyltriazolinedione at ambient
temperature for ca. */, h to remove cyclopentadiene, then decanted
from a precipitate, and distilled through a spinning-band column.
A center fraction, after redistillation from CaH, through a Vi-
greaux column, was measured to be 99.96% pure by gas chro-
matography (GC) analysis (glass column, 2 mm X 6 ft, 10% OV17
on 80~100 mesh Chromosorb Q) at 32 °C. Diphenylacetylene
(“99%"” from Aldrich) was recrystallized twice from ethanol and
dried at 0.4 torr (room temperature overnight, 50 °C for 2 h); mp
60.5-62.5 °C (reported® ca. 61 °C). Phenylacetylene (“>99%
pure” from Aldrich) was distilled at 90 torr through the spin-
ning-band column and analyzed as 99.6% pure by GC (/4 in. X
10 ft 3% carbowax 20 M on Chromosorb W-AW/DMCS) at 90
°C. WCl; (from Pressure Chemical Co.) was purified before each
experiment by subliming away WOC), in an N, stream at 120 °C.
Chlorobenzene (Fischer Scientific) was washed repeatedly with
concentrated H,SO, until yellow color was no longer extracted,
dried (KOH), and distilled from CaH,. The tetrahydrofuran
(THF) for the gel permeation chromatographic analyses was
distilled from anhydrous Cu,Cl, to remove peroxides and anti-
oxidants.3!

Polymerization of Cyclopentene. Phenylacetylene (111.8
mg) was dissolved in cyclopentene (15 mL), and diphenylacetylene
(10.2 mg) was added to a 5-mL portion. These two solutions were
combined to prepare others containing lesser amounts of di-
phenylacetylene. To 0.5-mL portions of these solutions in 3.5-mL
screw capped vials (containing air) was added 0.5-mL portions
of a solution of 225.8 mg of WClg in 10 mL of chlorobenzene. After
10 min in a 27 °C water bath, the reactions were doused with ca.
2 mL of CH;OH saturated with NH;. The products were
transferred with additional CH;OH-NH; to 20-mL centrifuge
tubes, and after centrifuging, isolating the precipitates, and
washing further with CH;OH-NH; and pure CH;OH, the poly-
meric products were pumped dry at 0.2 torr until their weights
were constant to <0.7 mg.

Analyses. The gel permeation chromatographic analyses were
performed using five serially connected u-styragel columns from
Waters Associates (105, 105, 104, 10, and 500 A) and THF pumped
at ambient temperature at 2.0 mL/min by a Waters M8000A
pump. The RI monitor was Water’s Model R401, and the UV
monitor Schoeffel Instruments’ Medel SF 770. The UV detector
was fixed at 254 nm because the absorption spectrum of poly-
(phenylacetylene) has an intense shoulder at this wavelength,?
because samples of poly(phenylacetylene) with different molecular
weights (prepared in C¢H;Cl with different amounts of WClg:
1/22.2 equiv, “M,” = 2.9 X 10% 1/4.3 equiv, “M,” = 1.3 X 10%)
showed similar extinction coefficients (32 and 38 L/g c¢m), and
because polypentenamer absorbs negligibly at this wavelength.
This last point was established by using a sample prepared from
cyclopentene, WClg, and CgH;C=CH (200:1:2) in C;H;Cl at 28
°C (11 min), which had an absorption per gram that was <0.8%
as intense as that of poly(phenylacetylene) and using a sample
prepared in 1.5% yield from cyclopentene with WClg (200:1, no
phenylacetylene) in CgH;Cl at 31 °C for 21 h,% which absorbed
even less per gram [<0.07% that of poly(phenylacetylene)]. The
'H NMR spectrum showed this last polymer to be largely poly-
pentenamer (93% according to measurements on the allylic and
nonallylic saturated protons, 85% according to measurements on
the olefinic and nonolefinic protons).

Samples of the polymers (ca. 7-9 mg) were dissolved in 10 mL
of THF (stirring overnight) and filtered through Celite and then
through a 0.5-um filter (there was no obvious gel), and 0.30-mL
portions were inserted into the chromatograph’s injector. The
analyses were performed 2 days after the preparation of the
polymers began, and molecular weights were calibrated by using
seven polystyrene standards (M, X 107 = 929, 392, 254, 111, 20.4,

(30) Beilstein Vol. 5, p 656 and supplements.

(31) Org. Synth. 1973, V, 976.

(32) See Table I, footnote 8 of ref 5d, and: Amass, A. J.; McGourtey,
T. A. Eur. Polym. J. 1980, 16, 235,
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8.5, and 3.3) every time measurements were made. The molecular
weights associated with the low-mass [poly(phenylacetylene)]
peaks, recorded as the molecular weights of the polystyrenes that
would have the chromatograms observed, are presented in quo-
tation marks. The quotation marks are removed when these
masses are divided by 1.5.1% The molecular weights recorded for
the high-mass (polypentenamer) peaks (not in quotation marks)
are those according to the polystyrene standards divided by two.1°

Overlapping peaks were analyzed by drawing on strip-chart
recordings plausible chromatograms that sum to the chromato-
grams observed. The response of the RI detector was calibrated
by using two samples of polypentenamer prepared from cyclo-
pentene, WClg, CgH;C=CH, and C;H;=CCH; (200:1:1.28:0.1 or
0.2) in 0.5 mL of C4H;Cl at 27 °C for 11.5 min. The areas under
the RI peaks were (1.308 £ 0.04) X 10* units/mg. Similarly, using
a sample of poly(phenylacetylene) prepared from C¢H;C=CH
and WCl (200:1, in CgH;Cl, 20 °C, 5 min, “M,” = 1.4 X 10%), the
area under the 254-nm absorption peak was measured as (8.939
+ 0.08) x 10°

The assumption that the ratios of the concentrations of cy-
clopentene and phenylacetylene remain constant throughout the
experiments would be justified if the extents of reaction were
small. Estimates of how much this ratio changes during the course
of the experiments, average 20 £ 12%, but this means that the
average ratio differs from the initial ratio by only ca. 10%. The
problems associated with possible losses of small amounts of low
molecular weight poly(phenacylacetylene) plague these mea-
surements as they do those discussed in connection with Tables
ITand II. The analytical data and yields for 37 experiments are
summarized in a series of experimental tables in the supple-
mentary material.

Fraction of Unconsumed Phenylacetylene. Meta-tritiated
phenylacetylene was prepared from 1-(m-bromophenyl)-2-(tri-
methylsilyl)acetylene (10.4 g) and 50 mCi (0.5 mL) of T,0, es-
sentially according to a procedure used to make the m-deuterio
analogue.®3 The protecting trimethylsilyl group was removed
with the aid of 80 mL of 0.1 M (n-C,Hg) NF in tetrahydrofuran
at room temperature.’® Extraction and distillation through a
spinning-band column gave 3.0 g (71.5% yield) of phenylacetylene
(analyzed by 'H NMR), which after dilution with 10 g of common
phenylacetylene (96.1% pure, 3.9% styrene, VPC analysis) and
redistillation (spinning band) gave material that according to VPC
analysis was 97.6% phenylacetylene and 2.4% styrene. Samples

(38) Evans. A. G.; Evans, J. C.; Phelan, T. J. J. Chem. Soc., Perkin
Trans. 2 1974, 1216 and references therein.

(34) For the dehydrohalogenation yielding the acetylene, potassium
tert-butoxide in ether was effective whereas ethanolic potassium hy-
droxide® was not, and in the preparation of the Grignard reagent, an
eguivalent of 1,2-dibromoethane had to be included with the aryl brom-
ide.

(35) Otto, M. M. J. Am. Chem. Soc. 1934, 56, 1393.

(36) (a) Corey, E. J.; Ruden, R. A. Tetrahedron Lett. 1973 1495. (b)
Holmes, A. B.; Raphael, R. A.; Wellard, N. K. Tetrahedron Lett. 1976,
1539.
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of known concentration (UV analysis) in 2 mL of hexane when
analyzed by liquid scintillation counting in 10 mL of Beckman'’s
Ready-Solv NA cocktail®” recorded (498 + 6.9) X 10° cpm/0.216
mg of sample.

A mixture of 4 uL (3.7 mg) of this acetylene and cyclopentene
(0.5 mL) was combined as above with 0.5 mL of a solution of 227.4
mg of WClg in 10 mL of CgHCl. After 10 min at 27 °C and
dousing as before, the mixture was shaken with 1.000 g of non-
radioactive phenylacetylene. The polymer was then centrifuged,
isolated, and analyzed as previously, while the supernatant was
treated in portions with a total of 7.4 g of AgNO; in a mixture
of 20 mL of CH;OH, 30 mL of H,0, and ca. 5 mL of concentrated
NH,OH. The precipitated silver salt was decomposed by 10 g
of NaCN in ca. 50 mL of H,O and, after extraction (ether),
washing, drying, and Kukelrohr distillation, gave 1.025 g of
phenylacetylene in ether (65.8% phenylacetylene according to
VPC analysis, a 67% recovery). The concentration of a solution
in n-hexane was analyzed by UV spectroscopy, and 2-mL samples
in 10-mL cocktail when analyzed by liquid scintillation counting
recorded (7.32 £ 0.17) X 10° cpm/2.656 mg.*® This means that
32.3% of the phenylacetylene remains. In a repetition of the
experiment® the fraction of residual phenylacetylene was similarly
measured as 30.2%.

The polymer analyses showed that in the two experiments the
yields of polypentenamer were 25.6 and 27.2%, the fraction of
the initially present phenylacetylene that was attached to the
polypentenamer as poly(phenylacetylene) was 13.1 and 17.8%,
while the yield of “free” poly(phenylacetylene) was 1.2 and 1.8%.
These figures are comparable to those for similar samples de-
scribed in the supplemental material, as well as for two others:
yield of polypentenamer 29.0%, 19.8%; yield of attached poly-
(phenylacetylene) 14.2, -%; yield of free poly(phenylacetylene)
1.8,-%.
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(37) The cocktail is the mixture of 2,5-diphenyloxazole (“PP0O”) and
p-bis(o-methylstyryl)benzene in 1,2,4-trimethylbenzene. The instrument,
set to analyze tritium, was a Beckman L.S6800, for whose use we thank
our colleague Prof Jacqueline Barton.

(38) The analysis of unlabeled phenylacetylene (the “background”)
was 21 cpm, and the counting efficiency measured by the instrument for
all samples was the same.

(39) In this experiment, the polymer was separated before the 1.000
g of phenylacetylene was added to the reaction product.



