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Incorporation of unsaturated elastomers as substrates
in olefin metathesis schemes has been investigated for
30 years, with applications including molecular weight
modification, microstructure elucidation via conversion
to small molecules more amenable to characterization,
and the preparation of end-functionalized polymers.1
These reactions also have implications in the recycling
of commercial elastomers to chemical feedstocks.2 In all
previously reported cases, the reaction between solid
polymers and metathesis catalysts has required a
solvent to bring the two in contact on a molecular scale.
In this paper, we report for the first time that the well-
defined ruthenium catalyst, Cl2(Cy3P)2RuCHPh (1),3
effects the clean metathesis depolymerization of high
molecular weight 1,4-polybutadiene at room tempera-
ture; no solvent or any other added chain limiter is
required. Further, we report on a phenomenon that we
term “intramolecular chain limitation”.

The polymers used in this study were a cis-1,4-
polybutadiene (2) possessing less than 1% 1,2-repeat
unit content (Aldrich #18,137-4; 98% cis-1,4; MW ) (2-
3) × 106 g/mol) and a similar 1,4-polybutadiene (3)
possessing a 9% 1,2-repeat unit content (Aldrich
#18,138-2; 36% cis, 55% trans, 9% 1,2; MW ) 4.2 × 105

g/mol).4 As a first example, solid ruthenium catalyst 1
was simply sprinkled on the surface of particles of the
high molecular weight polymer at room temperature
using 0.25 mol % of catalyst in an inert atmosphere.
Within an hour the surface of the polymer began to
visually liquefy, eventually leading to a homogeneous
viscous liquid within 2-3 h with the aid of mechanical
agitation. After 48 h, the 1H and 13C NMR spectra were
consistent with 1,4-polybutadiene (72% trans content
by quantitative 13C NMR), but analysis by GPC revealed
a molecular weight decrease of 2 orders of magnitude
(Mh n ) 7.2 × 103 g/mol, PDI ) 2.0, vs polystyrene). The
fact that the trans/cis ratio of the resultant polymer
approaches the typical 80/20 for the metathesis of
internal olefins, along with the generation of a most
probable polydispersity ratio, indicates that depoly-
merization equilibrium has been reached.

Prior work by us5 and others as well1 has shown that
depolymerization of high molecular weight unsaturated
polymers via metathesis in dilute solution leads primar-
ily to ring structures or under more concentrated
conditions to telechelic oligomers when external mo-
noene chain limiters are present. The experiments
reported herein illustrate that added chain limiters are
not needed to produce lower molecular weight linear
polymers when the reaction is carried out in bulk.
Further, while the catalyst may initially act as the chain
limiter (Figure 1), the equilibrium molecular weight
generated for the polymer is the result of trace 1,2-
butadiene linkages participating in chain limitation
(Figure 2).

cis-1,4-Polybutadiene (2) is well above its crystalline
melting point and glass transition temperature (Tm )
-6 °C, Tg ) -102 °C)6 at room tempeature, so adequate
translational, rotational, and vibrational energies exist
to permit the metathesis reaction of catalyst 1 with the
internal olefin sites of the polymer; the molecular motion
in the polymer is sufficient to imbibe the catalyst
forming a “solution” at the interface. Thus, upon initia-
tion of the reaction, the polymer itself becomes the
“solvent”, and equilibrium conversion leading to depo-
lymerization becomes entropically driven. In the ab-
sence of added external chain limiters (monoenes) the
position of this depolymerization equilibrium is dictated
by three contributing metathesis processes: (a) conver-
sion of polymer to cyclics, (b) incorporation of the
catalyst 1 within the polymer as a chain limiter, and
(c) conversion of 1,4-1,2-1,4 triads as chain limiters,
a phenomenon we call intramolecular chain limitation.

Figure 1 illustrates how the catalyst can act to
decrease chain length. The ruthenium catalyst reacts
with the olefinic backbone resulting in chain scission,
producing two new chains with â-styryl and ruthenium
carbene termini. The reactive ruthenium carbene may
then migrate from chain to chain producing two new
chains with altered molecular weight with each me-
tathesis step, eventually approaching the most probable
distribution (PDI ) 2) of linear chains terminated by
the catalyst residues.

If the catalyst alone was the sole source of chain
limitation, then the average molecular weight would be

Figure 1. Molecular weight reduction via incorporation of
catalyst residues as chain limiters.

Figure 2. Molecular weight reduction via conversion of 1,4-
1,2-1,4 triads to chain limiters. Selected carbons numbered
for identification by 13C NMR (vide infra).
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proportional to the repeat unit-to-catalyst ratio as is the
case in any living polymerization. However, when the
experiment was repeated decreasing the catalyst con-
centration from 0.25 to 0.025 mol %, the depolymeriza-
tion equilibrium product had essentially the same
molecular weight. This means another source of chain
limiter must be present, and the alternate source is, in
fact, the 1,2-repeat units present within all commercial
1,4-polybutadienes (Figure 2).

Even nearly perfect, commercial grade cis-1,4-poly-
butadiene may contain up to 0.5% 1,2-repeat units.7 The
presence of these linkages in polymer 1 is revealed in
the 1H NMR as a diminutive multiplet at approximately
4.9 ppm (vinyl CH2 protons). Further, it has been
shown8 that the spacial placement of double bonds in
1,4-1,2-1,4 triads favors formation of cyclopentene and
cyclohexene derivatives via ring-closing metathesis
(RCM), an observation pertinent to these 1,2-repeat
units acting as chain limiters. This possibility is also
substantiated by Grubbs’ observation that the exposure
of high molecular weight 1,2-polybutadiene to meta-
thesis catalysis results in molecular weight reduction
and that the decrease is related to the concentration of
trace 1,2-1,4-1,2 triads.9

Consequently, and as shown in Figure 2, we propose
that the 1,2-repeat units in 1,4-1,2-1,4 triads present
in polymer 2 also serve as “intramolecular chain limit-
ers” in the depolymerization chemistry via ring-closing
metathesis. The RCM reaction along the backbone
olefins (bonds a and b) of a 1,4-1,2-1,4 triad extrudes
vinylcyclohexene with relatively infinitesimal decrease
in chain size. This molecule then can act as a chain
limiter via cross-metathesis of the vinyl group with the
polymer backbone. Alternately, the RCM reaction of the
vinyl group of the triad with an adjacent backbone olefin
(bonds a and c) results in direct chain scission. The net
result of both of these possibilities upon equilibration
depolymerization is the formation of lower molecular
weight 1,4-polybutadiene terminated by vinyl, cyclo-
hexenyl, and cyclopentenyl groups with average molec-
ular weight related to the mole percent 1,2-linkages.
Provided that the catalyst loading is kept low, the molar
ratio of catalyst is no longer a primary factor in
determining average molecular weight of the depoly-
merization product, which is what we observe.

If the mole percent of 1,2-linkages in polymer 2 is
estimated at 0.5%, the predicted degree of polymeriza-
tion of entirely linear polymers produced in this fashion
is 200 (Mh n ) 1.08 × 103), which is in reasonable
agreement with the measured value. Evidence of the
proposed cyclic end groups is found by a new, small
unresolved multiplet at 5.64 ppm (1H NMR), corre-
sponding well with resonances of the ring olefinic
protons of similarly substituted cyclohexenes and cy-
clopentenes (∼5.7 ppm). Inclusion of the 0.25 or 0.025
mol % of catalyst 1 as additional end groups makes
relatively little difference in the predicted degree of
polymerization.

The above hypothesis was verified by depolymerizing
a 1,4-polybutadiene sample possessing a higher concen-
tration of 1,2-repeat units under identical reaction
conditions; lower molecular weight depolymerization
products were the result. The solid-state depolymeri-
zation of a commercially available 1,4-polybutadiene (3)
containing 9% 1,2-repeat units (MW ) 4.2 × 105)
proceeded as before and yielded a 1,4-polybutadiene of
Mh n ) 1.2 × 103 (PDI ) 2.0). 13C NMR signals of the

starting polymer can be adequately assigned on the
basis of the literature,10 and new signals in the product
mixture were tentatively assigned to the proposed end
groups as shown in Figure 2. A DEPT NMR experiment
reveals the presence of new methine carbons in the sp2

region which are assigned to the ring olefinic carbons
of the cyclopentenyl and cyclohexenyl groups. The
signals corresponding to the vinyl carbons of 1,2-
linkages are shifted to values corresponding to the vinyl
end groups shown in Figure 2, which are identical to
those of polybutadiene produced via ADMET polymer-
ization of 1,5-hexadiene. Additionally, new methines
were observed in the sp3 region, which are diagnostic
for the methine ring carbons of vinylcyclohexene and
allylcyclopentene moieties. Finally, trace end groups
may arise from the low concentration of triads contain-
ing more than one 1,2-linkage, but these were not
observed.

Attempts5d to effect bulk equilibrium depolymeriza-
tion of polymer 2 with the well-known complex (RFO)2-
NArModCHCMe2Ph (C2, Ar ) 2,6-(iPr)2C6H3, RF )
CMe(CF3)2)11 (4) met with failure, which may seem
puzzling in light of the greater reactivity and compa-
rable solubility of this catalyst with alkyl olefins.
Reexamination reveals the apparent ineffectiveness of
catalyst 4 is not due to its inability to initiate metathesis
chemistry but instead due to its greater propensity to
form trans products in the early stages of reaction.
When catalyst 4 is placed on the surface of polymer 2,
close visual inspection shows the surface begins to
liquefy during the first 30 min but soon becomes waxy
and friable with no apparent further reaction over 48
h. The surface layer was scraped from two separate
samples after 1 h exposure to catalysts 1 and 4 without
agitation, and these samples were examined by IR
(Figure 3) and 13C NMR (Figure 4). The spectra quali-
tatively show that a large disparity in stereochemistry
of the two samples exists during the early stages of
reaction. Use of the molybdenum catalyst 2 produces a
much higher trans content giving rise to the friable
physical appearance, a consequence of the more crys-
tallizable trans segments. Depolymerization in the case
of the molybdenum catalyst therefore is aborted due to
hindered chain-to-chain migration associated with slower
diffusion kinetics in a progressively more crystalline
polymer matrix.12 Further, although polymer 3 has a
high trans content (55%) to begin with, equilibrium
depolymerization is still successful with catalyst 1 due
to the higher 1,2-content. More rapid chain scission
should result from the greater availability of end groups,

Figure 3. Partial IR spectra of polybutadiene 2 after 1 h
exposure to catalysts 1 (A) and 4 (B).

Macromolecules, Vol. 33, No. 5, 2000 Communications to the Editor 1495



which perhaps offsets any deleterious effect of higher
initial trans content. These results show that successful
bulk metathesis depolymerization hinges on the com-
petition between equilibrium of cis/trans content versus
statistical equilibration of chain lengths.

We conclude that the ruthenium catalyst 1 is the first
observed to allow the solid-state depolymerization of an
unsaturated polymer simply by mechanical mixing of
the two compounds. After this observation, cross me-
tathesis of polybutadiene with functionalized chain
limiters in the bulk state becomes trivial,13 leading to
end-functionalized polymers of controlled molecular
weight. Further, the role of the 1,2-repeat units in
intramolecular chain limitation has been delineated.
This depolymerization procedure clearly has merit in
polymer recycling chemistry, and the method, followed
by standard molecular weight measurements, may also
constitute a facile semiquantitative measure of the 1,2-
repeat unit content in polybutadiene.
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Figure 4. Partial 13C NMR spectra of polymer 2 after 1 h
exposure to catalyst 1 (A) and 2 (B).
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