
Macromol. Theory Simul.8, 581–585 (1999) 581

Computational study of metathesis degradation of rubber, 1
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SUMMARY: The results of the molecular modelling of the intramolecular metathesis degradation ofcis-
polybutadiene (cis-PB) into cyclic oligomers at PM3 level of theory showed that the chain-ring equilibrium
is completely shifted towards the all-transcyclic isomers. The formation of cyclic products, containing from
three to six butadiene units, from larger rings is thermodynamically favoured with cyclic butadiene tetramers
and pentamers being the main products. These results are in reasonable agreement with most of the available
experimental data. The discrepancy observed in some cases between found and calculated ring distributions
for the intramolecular metathesis degradation ofcis-PB suggests that the reaction is kinetically controlled
under certain conditions.

Introduction
One of the main features of the metathesis of linear and
cyclic olefins is that the total number and types of the
chemical bonds are conserved during the reaction. Since
the metathesis reaction can be carried out by selective
and highly stable catalysts in a broad temperature range,
very reliable thermodynamic data about the products dis-
tribution can be obtained. Thus, the equilibrium distribu-
tion of the alkylidene moieties was calculated for the
metathesis of simple linear olefins1, 2).

The double bonds of formed polymer chains participate
in the intramolecular degradation by the same carbene
mechanism3) during the ring-opening methatesis polymer-
isation of cycloolefins (ROMP) resulting in the formation
of cyclic oligomers with the molecular masses being mul-
tiples of the starting monomer4–6) (Fig. 1). The ring-open-
ing of cycloolefins generally takes place with a signifi-
cant thermal effect and is considerably more rapid than
the intramolecular degradation giving oligomeric rings.
However, the rate of polymer chain cyclodegradation
increases with the degree of polymerisation producing
oligomers with very broad molecular weight distribution
(MWD). The formation of high molecular weight poly-
mer depends on the initial monomer concentration in
solution. When the initial monomer concentration is
below critical only cyclooligomers are found in the reac-
tion mixture5, 6).

Many studies have been made on the metathesis degra-
dation of rubber7, 8). The intramolecular metathesis degra-
dation of many polyalkenamers9, 10) and its co-metathesis
with linear olefins as chain transfer agents11–15) using

tungsten and molybdenum based metathesis catalysts
have been carried out to produce low molecular weight
and end-functionalised oligomers.

The intramolecular reaction rapidly reaches equili-
brium at room temperature. In the case of the W-contain-
ing catalyst the intramolecular degradation is accompa-
nied by a gradualcis-trans isomerization6–10), while
MoCl3[OCO(CH2)16CH3]2-R2AlCl-catalyst does not
change thecis-configuration of the double bonds of the
obtained oligomers16). Detailed investigations of the intra-
molecular degradation show that the composition of cyc-
lic oligomers depends on the double bond distribution in
the polymer chain and the polymer-cyclooligomers equi-
librium is independent of the reaction temperature in a
certain temperature range17, 18) in contrast to the polypen-
tenamer-cyclopentene equilibrium19, 20). If the formation
of cyclics is thermodynamically favoured, the intramole-
cular degradation will completely be shifted towards
these cyclic oligomers. The ROMP of 1,5-cyclooctadiene
and the intramolecular degradation ofcis-PB by W-con-
taining catalysts reaches the equilibrium (the addition of
fresh catalyst does not change the oligomeric distributa-
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Fig. 1. Intramoleculardegradation via methatesis
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tion) giving a setof cyclic butadiene tetramersandpenta-
mersasmainproducts6,17,21–23). On theother hand,kinetic
studiesof the ROMP of 1,5-cycloctadieneand the intra-
molecular degradation of cis-PB usingthestabletungsten
carbenecomplex demonstrated that the formation of
butadiene trimersis highly favoured24).

Thegoalof thepresentstudy is to examinethethermo-
dynamicaspectsof the intramolecular metathesisdegra-
dation of cis-PB using quantumchemistry tools and to
comparetheexperimentalresults with theoretical calcula-
tions.

Methods
All calculations were performed using Gaussian-9825);
initial geometrieswere generatedusing CS Chem3DPro
Version 4.0 after preliminary optimisation with MM2
force field25). First, the molecular geometriesof all iso-
mersof 1,5-cyclooctadiene(COD) andcyclododecatriene
(CDT) were optimisedto a local minimum at PM3 and
RHF/3-21G levels of theory followed by the frequency
calculations to reach thermodynamic parameters. Both
calculations gavevery similar results, thereforethe PM3
model Hamiltanian was chosen as the computationally
less demanding alternative. All molecular geometries
wereoptimisedto a local minimum at PM3 level of the-
ory followed by frequencycalculations at 298.15K to
calculate Gibbsfreeenergy.

A cis-oligobutadienemoleculecontaining13 butadiene
units with terminal hydrogenatomswasusedasa model
of the cis-PB chain (Fig. 2). The equilibrium constants
werecalculatedaccording to

DG = –RT lnK (1)

whereR is theuniversalgasconstant,T theabsolutetem-
perature and DG the free Gibbs energy reaction differ-
ence.The equilibrium concentrationsof all-trans C12H18,
C16H24, C20H30 and C24H36 molecules were calculated
assumingtheequilibrium shown in Fig. 3 solving thefol-
lowing systemof equations:

�C16H24�15

�C12H18�20 � K1

�C16H24�15

�C20H30�12 � K2

�C20H30�12

�C24H36�10 � K3

�C24H36�10

�C12H18�20 � K4 �2�

�C24H36�10

�C16H24�15 � K5

�C20H30�12

�C12H18�20 � K6

�C12H18� � �C16H24� � �C20H30� � �C24H36� � 1

whereK aretherespectiveequilibrium constants.

Resultsand discussion
It hasbeenshown that the activecarbenespeciesformed
on the polymer chain can completely degrade the poly-
mermolecule in dilute solutionto form avariety of cyclic

Fig. 2. Intramolecular metathesisdegradation of cis-PBto cyclooligomers
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oligomers6,21). Fig. 2 illustratesa possibleoligomeric ring
distribution for the metathesiscyclodegradation of cis-
PB. It should be notedthat first, the Gibbsenergy (DG),
theenthalpy (DH) andtheentropy (DS) differencesof the
intramolecular metathesis degradation of cis-PB into
cyclooligomers with differentdoublebondconfigurations
were calculated for the simple chain-ring equilibrium
(Fig. 2). Tab.1 shows the calculated thermodynamic
parametersof model cis-PB and the oligomeric mole-
cules. Tab.2 presentstheoreticalDG, DH andDS for the
cis-PB-ringsequilibrium according to Fig. 2. The results
show that the cyclic all-trans-isomers(exceptCOD) are
more stable compared to the corresponding cis-isomers.
The formation of cc-CODvia intramoleculardegradation

of cis-PB is thermodynamically favoured.The formation
of small amounts of COD during thecyclodegradation of
cis-PB hasbeenreportedearlier8). In Tab.3 arelisted the
calculated DG and the equilibrium constant (K) for the
cis-PB-cyclic oligomersequilibrium.

Fig. 3. Equilibrium betweenall-transcyclic oligomers

Tab.1. CalculatedGibbs free energy (G), enthalpy (H) and
entropy(S) for cyclic and linear products of the intramolecular
degradation of cis-PBat 298.15K

Compound Formula G H S

calNmolÿ1 NKÿ1

kcal N mol–1

cis-PB C52H80 714.5 819.5 352.0
cc-COD C8H12 108.1 133.0 82.8
ccc-CDT C12H18 162.9 192.0 97.6
cct-CDT C12H18 165.9 197.3 102.0
ctt-CDT C12H18 163.4 195.1 106.5
ttt-CDT C12H18 162.4 195.4 110.8
cccc-CHTe C16H24 219.0 257.4 128.8
ccct-CHTe C16H24 216.7 254.9 128.3
cctt-CHTe C16H24 216.6 256.4 133.3
ctct-CHTe C16H24 217.4 257.0 132.9
cttt-CHTe C16H24 215.8 255.1 131.9
tttt-CHTe C16H24 214.9 256.2 138.4
ttttt-CBPea) C20H30 268.0 315.9 160.5
tttttt-CBHea) C24H36 322.6 381.0 196.1
ttttttt-CBHpa) C28H42 378.8 441.3 209.9
tttttttt-CBEa) C32H48 440.1 506.9 223.9
ttt-2,6,10-DDTa) C12H20 154.8 193.9 131.4
c-butene C4H8 46.4 67.8 71.6
t-butene C4H8 45.5 67.3 73.2

a) Calculatedonly for all-trans isomers; CBPe,CBHe, CBHp,
CBE arecyclic oligomerscontaining5, 6, 7 and8 butadiene
units,respectively.

Tab.2. Gibbsfreeenergy (DG), enthalpy(DH) andentropy (DS) differences for cis-PB-cyclicoligomerequilibriumat 298.15K

Cis-polybutadiene– ring equilibrium DG DH DS

calNmolÿ1 NKÿ1

kcal N mol–1

6 cc-COD+ c-butenea) –19.8 44.8 216.6
6 cc-COD+ t-butenea) –20.7 44.4 218.3
4 ccc-CDT+ c-buteneb) –16.5 16.3 110.1
4 ccc-CDT+ t-buteneb) –17.4 15.9 111.8
4 cct-CDT+ c-buteneb) –4.3 33.8 127.5
4 cct-CDT+ t-buteneb) –5.1 33.3 129.4

cis-PB e 4 ctt-CDT + c-buteneb) –14.5 28.9 145.7
4 ctt-CDT + t-buteneb) –15.5 28.5 147.4
4 ttt-CDT + c-buteneb) –18.6 28.9 162.8
4 ttt-CDT + t-buteneb) –19.6 29.5 164.4
3 tttt-CHTe+ t-butenec) –24.2 16.6 136.7
2 ttttt-CBPe+ ttt-2,6,10-DDTd) –23.7 6.2 100.4
2 tttttt-CBHe+ t-butenee) –23.9 9.9 113.4

a) Route1, Fig. 2.
b) Route2, Fig. 2.
c) Route3, Fig. 2.
d) Route4, Fig. 2.
e) Route5, Fig. 2.
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It follows from the Tab.3 that the oligomerisation of
COD would produce C16H24, C20H30 and C24H36 cyclics
rather than smallerC12H24 rings. The ROMP of cc-COD
below thecritical concentrationleads to cyclic oligomers
similar to thosefrom theintramolecularmetathesisdegra-
dation of cis-PB. It wasdemonstratedthat the ROMP of
COD by a classical tungsten-based catalyst yields only
cyclic oligomers at concentrations below 8 wt.-% in
toluene,while the polymerisation in more concentrated
solution produces high molecular weight cis-PB. How-
ever, theaddition of freshcatalyst to the reactionmixture
causesa drastic reduction of the molecular weight to
form cyclic oligomerswith a molecular weight distribu-
tion similar to that for the intramolecular degradationof
cis-PB6,9,17) proving that the ROMP is a kinetically con-
trolled reaction.It is noteworthy that the critical mono-
mer concentration dependson the nature of cycloole-
fins6,9).

Tab.3 showsthat thechain-ringequilibrium is comple-
tely shifted towardsthe all-trans C12H181C32H48 cyclics.
It is seenthat the formationof all-trans isomerscontain-
ing from three to six butadiene units from larger rings
(C28H42 and C32H48) is thermodynamically favoured.
When equilibrium is reached the all-trans cyclic buta-
diene trimers,tetramers,pentamersandhexamers will be
the main products. Fig. 3 shows equilibrium between
these cyclooligomers. As seen from Fig. 3 the equili-
brium is shiftedtowards cyclic butadiene tetramers,pen-
tamersandhexamers. The equilibrium distribution of the
all-trans oligomeric products from the intramolecular
metathesisdegradation of cis-PB at 298.15 K (Tab.4)
according to Fig. 3 agreesreasonably with most of the
available experimental datawith the butadiene tetramers
and pentamersbeing the main products6,17,21–23). Accord-
ing to thecalculations,themainproductof theintramole-
cular metathesisdegradation of cis-PB is the cyclic buta-

diene pentamer (61 mol-%) followed by tetramer (28
mol-%) andhexamer(11 mol-%). On the other hand,the
calculated oligomeric distribution differs significantly
from other experimental data24) (Tab.4). The observed
discrepancy canbeexplainedby thefact that in this parti-
cularcasetheequilibrium statehasnot beenreached.

Conclusions
Thecalculationsdemonstrated that thechain-ringsequili-
brium is completely shifted towards the all-trans cyclic
butadienetetramersandpentamers. Thecalculatedequili-
brium distribution of all-trans oligomeric products from
the intramolecular metathesis degradation of cis-PB
agreesreasonably with most of the availableexperimen-
tal data.Thediscrepancy betweensomeof thedetermined
and calculated cyclic product distributions for the intra-
molecular metathesis degradation of cis-PB can be
explainedby thefact thatthechain-cyclic oligomers reac-
tion is kinetically controlled under certain experimental
conditions.

Theoligomerisationof relatively smallrings(CODand
CDT) to products containing cyclic butadienetetramers,

Tab.3. Calculated DG and the equilibrium constant(K) of the chain-ring and ring-ring equilibrium for the intramolecularmeta-
thesisdegradationof cis-PBat 298.15K

Reaction DG
kcal=mol

K

C52H80 eE ttt-C12H18 + tttt-C16H24 + ttttt-C20H30 + t-C4H8 –23.7 2.3061017

C52H80 eE ttttt-C20H30 + ttttttt-C28H42 + t-C4H8 –22.2 2.061016

C52H80 eE tttttttt-C32H48 + tttt-C16H24 + t-C4H8 –13.7 1.4561010

2 tttttttt-C32H48 + ttttttt-C28H42 eE ttt-C12H18 + tttt-C16H24 + 2 ttttt-C20H30 + tttttt-C24H36 –23.2 1.0561017

9 cc-C8H12 eE ttt-C12H18 + tttt-C16H24 + ttttt-C20H30 + tttttt-C24H36 –4.6 2300
10cc-C8H12 eE tttt-C16H24 + 2 ttttt-C20H30 + tttttt-C24H36 –6.5 60000
5 ttt-C12H18 eE tttt-C16H24 + ttttt-C20H30 + tttttt-C24H36 –6.3 40000
5 tttt-C16H24 eE ttt-C12H18 + ttttt-C20H30 + 2 tttttt-C24H36 0.8 0.3
6 ttttt-C20H30 eE 4 ttt-C12H18 + 3 tttt-C16H24 + tttttt-C24H36 8.7 4.1610–7

2 tttttt-C24H36 eE ttt-C12H18 + tttt-C16H24+ ttttt-C20H30 0.2 0.7

2 ccc-C12H18 eE 3 cc-C8H12 –1.6 15
2 ccc-C12H18 eE 3 cc-C8H12

a) –1.8 20

a) HF/3-21G/HF/3-21Glevel of theory.

Tab.4. Experimentally observed andcalculated distributionof
cyclic all-transoligomersafter intramolecularmetathesisdegra-
dationof cis-PB

Compound Mole fraction
of oligomer

in %24)

Mole fraction
of oligomer

in %17,21)

Calculated
molefraction

of oligomer in %

C12H18 81.4 2 0
C16H24 5.4 28 28
C20H30 6.3 21 61
C24H36 4.0 15 11
C28H42 2.0 12 –
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pentamersandhexamers is thermodynamically favoured.
It suggests that the ROMP of theserings below critical
concentrationsproduces cyclic oligomers similar to the
intramoleculardegradation of cis-PB.
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