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Computational study of metathesis degradation of rubber, 1

Distribution of cyclic oligomers via intramolecular metathesis
degradation of cis-polybutadiene
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SUMMARY: The results of the molecular modelling of the intramolecular metathesis degradatims- of
polybutadiene cis-PB) into cyclic oligomers at PM3 level of theory showed that the chain-ring equilibrium

is completely shifted towards the d@thnscyclic 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 degradatiorcisfPB suggests that the reaction is kinetically controlled
under certain conditions.

Introduction [M] "
One of the main features of the metathesis of linear and /;J\D — + )‘
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- = (CHg)y, n = 3,4,5,etc, for cis-polybutadiene
tribution can be obtained. Thus, the equilibrium distribufig. 1. Intramoleculardegradéion via methdesis
tion of the alkylidene moieties was calculated for the
metathesis of simple linear olefi?. tungsten and molybdenum based metathesis catalysts
The double bonds of formed polymer chains participathave been carried out to produce low molecular weight
in the intramolecular degradation by the same carberand end-functionalised oligomers.
mechanisi during the ring-opening methatesis polymer- The intramolecular reaction rapidly reaches equili-
isation of cycloolefins (ROMP) resulting in the formationbrium at room temperature. In the case of the W-contain-
of cyclic oligomers with the molecular masses being muling catalyst the intramolecular degradation is accompa-
tiples of the starting mononme® (Fig. 1). The ring-open- nied by a gradualcis-trans isomerizatiofr'®, while
ing of cycloolefins generally takes place with a signifi-MoCIl;OCO(CH,)16CHs].-R.AICI-catalyst does not
cant thermal effect and is considerably more rapid thachange thecis-configuration of the double bonds of the
the intramolecular degradation giving oligomeric ringsobtained oligomef€. Detailed investigations of the intra-
However, the rate of polymer chain cyclodegradatiomolecular degradation show that the composition of cyc-
increases with the degree of polymerisation producinic oligomers depends on the double bond distribution in
oligomers with very broad molecular weight distributionthe polymer chain and the polymer-cyclooligomers equi-
(MWD). The formation of high molecular weight poly- librium is independent of the reaction temperature in a
mer depends on the initial monomer concentration ioertain temperature rangeé® in contrast to the polypen-
solution. When the initial monomer concentration isenamer-cyclopentene equilibridh®®. If the formation
below critical only cyclooligomers are found in the reac-of cyclics is thermodynamically favoured, the intramole-
tion mixture>©). cular degradation will completely be shifted towards
Many studies have been made on the metathesis degtiaese cyclic oligomers. The ROMP of 1,5-cyclooctadiene
dation of rubbef®. The intramolecular metathesis degra-and the intramolecular degradation @§-PB by W-con-
dation of many polyalkenamér¥ and its co-metathesis taining catalysts reaches the equilibrium (the addition of
with linear olefins as chain transfer agefit$®) using fresh catalyst does not change the oligomeric distributa-

M=W,Mo
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tion) giving a setof cyclic butadiere tetranmersandpent-

mersasmain prodiwcts® 172123, On the other hand,kinetic

studiesof the ROMP of 1,5-¢ycloctadeneandthe intra-

molecubr degradéon of cis-PB usingthe stabletungsten
carbene conplex demonstated that the formation of

butadier trimersis highly favoured®.

The goalof the presentstudy is to examinethe thermo-
dynamicaspectf the intramolealar metahesisdegra-
dation of cis-PB using quantumchemisty tools and to
comparehe experimentalresuts with theoreical calcul-
tions.

Methods

All calcuations were perfamed using Gaissian-98”;
initial geometriesvere generatedising CS Chem3DPro
Version 4.0 after preliminary optimisation with MM2
force field®). First, the molecular geometriesof all iso-
mersof 1,5-cycloctadieng COD) andcyclodocdecatriene
(CDT) were optimisedto a local minimum at PM3 and
RHF/3-21G levels of theay followed by the frequency
calculdions to reach thermodyamic paramegrs. Both
calculdions gavevery similar resuts, thereforethe PM3
model Hamiltanian was chos& as the computationaly
less demandng alternaive. All molecular geometries
were optimisedto a local minimum at PM3 level of the-
ory followed by frequencycalcuations at 29815K to
calculae Gibbsfree enepy.

A cis-oligobutadenemoleculecontining 13 butadiene
units with terminal hydrogenatomswas usedasa model
of the cisPB chain (Fig. 2). The equiibrium constats
werecalcultedaccodingto

CH;—CH=ECH— CH;— CH, — CH=CH—CH;—|

Cis-PB (CyyHgo)

Fig.2. Intramoleclar metathesislegradéion
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AG = -RTInK 1)
whereR is the universal gasconstant;T the absoluteem
perature and AG the free Gibbs enegy reacton differ-
ence.The equilibrium conantrationsof all-trans C;,H;s,
CieHa24, CooHzo and CyyHizs molecuks were calcuated
assumingthe equlibrium shown in Fig. 3 solving thefol-
lowing systemof equdions:

[Coota® _
20 — '™
[Ci2H1g]
[CasHad® _
12— ™\2
[CaoH30)
[CooHd* _
10 — '3
[CaaHz6]
CosH 2
[ = 36]20 =Ky (2)
[CioH1g]
[CoaHadl” _
15 — 'S
[Ci6H24)
[(:20+430]12 _K
20 — '\6
[CioH1g]
[CiaH1g] + [CieH24] 4 [CaoHao) + [CaaHas) = 1

whereK aretherespectiveequiibrium constants.

Resultsand discussion

It hasbeenshown that the active carkenespeciesormed
on the polymer chan can completdy degrae the poly-
mermolecuk in dilute solutionto form avariety of cyclic

1

== 6C,H,, + CH; CH=CH —CH,
COoD
2
== 4 Ci,Hig+ CHy—CH==CH—CH,
cDT
3
== 3 CyHy + CH;—CH=CH—CH,
CHTe
4
L= 2CyH;y + CHyCH=C Hgl CH—CH,
CBPe 2,6,10-DDT
5
== 2 CyHys + CH;CH=CH—cCH,

CBHe
of cisPBto cyclooligomers
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12 CyoH3p

Fig. 3. Equilibrium betweenrall-transcyclic oligomers

oligomer§2Y, Fig. 2 illustratesa possibleoligomeiic ring
distribution for the metathesiscyclodegradabn of cis-
PB. It shoud be notedthatfirst, the Gibbsenegy (AG),
the entralpy (AH) andthe entropy (AS) differenesof the
intramolecular metathes degradabn of cis-PB into
cyclooligomes with differentdoublebondconfigurdions
were calculaed for the simple chainring equilibrium
(Fig. 2). Tab.1 shows the calculated thermodyamic
parametersof model cisPB and the oligometic mole-
cules. Tab.2 presentgheoreticalAG, AH and AS for the
cis-PB-ringsequiibrium accordirg to Fig. 2. The results
showthat the cyclic all-trans-isomers(exceptCOD) are
more stabke comparel to the comesponihg cisdisomers.
The formation of cc-CODvia intramoleculardegradéion
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Tab.1. CalculatedGibbs free enegy (G), enthalpy (H) and
entropy (S for cyclic andlinear prodicts of the intramoleailar
degradéon of cis-PB at 298.15K

Compound Formula G H S
cal-mol™*-K-?
kcal - mol?

cis-PB Cs2Hgo 7145 819.5 352.0
cc-CaD CgH12 1081 133.0 82.8
ccc-CDT CiHisg 1629 192.0 97.6
cct-CDT CioHis 1659 197.3 102.0
ttt-CDT CioHig 1624 195.4 110.8
cccc-CHE CieHa4 2190 2574 128.8
ccct-CHTe CieHo4 2167 254.9 128.3
cctt-CHTe CigHas 2166 256.4 133.3
ctct-CHTe CieH2a 2174 257.0 132.9
cttt-CHTe CieH2a 2158 255.1 131.9
tttt-CHTe CieHo4 2149 256.2 138.4
ttttt-CBPe& CaoH3o 2680 315.9 160.5
tttttt-CBHe? Ca4Hss 3226 381.0 196.1
ttttttt-CBHp? CoaHao 3788 441.3 209.9
tttttttt-CBE CsoHasg 4401 506.9 223.9
ttt-2,6,10-DDT  CiHoo 1548 193.9 131.4
c-butene C4Hg 464  67.8 71.6
t-butene C4Hs 455 67.3 73.2

¥ Calculatedonly for all-trans isomes; CBPe,CBHe, CBHp,
CBE arecyclic oligomerscontaining5, 6, 7 and8 butadiene
units, respectively

of cis-PB is thermodynanically favoured.The formation
of smal amouns of COD during the cyclodegradabn of
cis-PB hasbeenreportedearlie®. In Tab.3 arelisted the
calcdated AG and the equiibrium consant (K) for the
cis-PB-cyclic oligomersequilibrium.

Tab.2. Gibbsfreeenepgy (AG), enthalpy(AH) andentropy (AS) differences for cis-PB-cyclicoligomerequilibriumat 298.15K

Cis-polybutdiene— ring equilibrium AG AH AS
cal-mol - K-t
kcal * mol
6 cc-COD+ c-buten@ -198 44.8 216.6
6 cc-COD+ t-butere? -207 44.4 218.3
4 ccc-CDT+ c-buten® -165 16.3 110.1
4 ccc-CDT+ t-butere” -174 15.9 111.8
4 cct-CDT + c-buten® -43 33.8 127.5
4 cct-CDT + t-butené 51 33.3 129.4
cis-PB — 4 ctt-CDT + c-buten& —145 28.9 145.7
4 ctt-CDT + t-buten® -155 28.5 147.4
4 ttt-CDT + c-buten® -186 28.9 162.8
4 ttt-CDT + t-butere” -196 29.5 164.4
3 tttt-CHTe + t-butene” 242 16.6 136.7
2 ttttt-CBPe+ ttt-2,6,10-0DTY 237 6.2 100.4
2 tttttt-CBHe + t-butene® -239 9.9 113.4

¥ Routel, Fig. 2.
b  Route2, Fig. 2.
9 Route3, Fig. 2.
9 Route4, Fig. 2.
® Route5, Fig. 2.
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Tab.3. Calculatel AG andthe equilibrium constant(K) of the chain-ing and ring-ring equilibrium for the intramolecularmeta-

thesisdegradatiorof cis-PB at298.15K

Reaction AG K
kcal/mol

C52H30 2 ttt'clelg + tttt-C15H24 + ttttt'CZOHgo + t'C4H3 —237 230)( 1017

CsHgo 2 ttttt-CooHzp + ttttttt-CogHap + t-CiHg -22.2 2.0x 10

CsHgo 2 ttttttt-CaHyg + tttt-CogHos + t-CiHg -13.7 1.45x 10°

2 tttttttt-CaoHyg + thttttt-CogHay 2 ttt-CooHag + tttt-CogHoy + 2 ttttt-CooHsg + tttttt-CouHsg -23.2 1.05x 10Y

9 cc-GHi, 2 ttt-CiHqg + thtt-CogHoy + tittt-CogHsg + titttt-CouHag -4.6 2300

10cc-GHip 2 tittt-CigHog + 2 ttttt-CogHag + titttt-CogHze —-6.5 60000

51tt-CioHig & ttt-CogHoy + tttt-CogHsg + titttt-CosHag -6.3 40000

5 tttt-CigHou 2 ttt-CooHyg + thttt-CogHag + 2 tttttt-CouHss 0.8 0.3

6 ttttt-CooHzp 2 4 ttt-CooHqg + 3 tttt-CogHos + thtttt-CosHze 8.7 4.1x107

2 tttttt-CogHas 2 tit-CooH1g + thtt-CogHos + thittt-CogHag 0.2 0.7

2 ccc-GoHig 2 3ce-GHi -1.6 15

2 cce-GoHig 2 3 ce-GeHpd -1.8 20

® HF/3-21G/H/3-21Glevel of theory

It follows from the Tab.3 that the oligomeiisation of
COD would prodwce CigHz4, CaoHso and CyyHss cyclics
rather than smaller C;;,H,,4 rings. The ROMP of cc-COD
below the critical conentrationleads to cyclic oligomers
similar to thosefrom theintranmolecularmetathes degra-
dation of cis-PB. It wasdemonstatedthat the ROMP of
COD by a classich tungsten-bsed catalyst yields only
cyclic oligomers at concentations below 8 wt.-% in
toluene,while the polymerisaion in more concentated
soluion produes high molecular weight cis-PB. How-
ever theaddtion of freshcatalyst to the reactionmixture
causesa drastic reducton of the molecular weight to
form cyclic oligomerswith a molecular weight distribu-
tion similar to that for the intramolealar degadationof
cis-PB>%17 proving that the ROMP is a kinetically con-
trolled reaction.It is noteworthy that the critical mono-
mer concentation dependson the natue of cycloole-
fins®9),

Tab. 3 showsthatthe chain-ringequlibrium is comple-
tely shifted towardsthe all-trans C;,H15—Cs:H4s Cyclics.
It is seenthat the formation of all-trans isomerscontin-
ing from threeto six butadiene units from larger rings
(CogHsz and CsHig) is thermodyamically favoured.
When equiibrium is reache the all-trans cyclic buta-
diere trimers,tetramerspentamersandhexames will be
the main prodwcts. Fig. 3 shows equilibrium between
these cyclooligomess. As seenfrom Fig. 3 the equii-
brium is shiftedtowards cyclic butadiere tetramerspen
tamersandhexames. The equiibrium distribution of the
all-trans oligomeiic products from the intramolecular
metathesisdegradéion of cis-PB at 298.5 K (Tab.4)
accoding to Fig. 3 agreesreasonaly with most of the
avalable experimemal datawith the butadiere tetrames
and penamersbeing the main product§2*-2%, Accord-
ing to the calcuations,the main productof the intramole-
cular metahesisdegraddbn of cis-PB is the cyclic buta

Tab.4. Experimentdly observe andcalculatel distribution of
cyclic all-trans oligomersafter intramoleculametatlesisdegra-
dationof cis-PB

Compound Mole fraction ~ Mole fraction Calculated

of oligomer of oligomer molefraction
in %% in %2 of oligomerin %
CiHig 814 2 0
CieHza 5.4 28 28
CaHzo 6.3 21 61
CaoaHss 4.0 15 1
CogHaz 2.0 12 -

diene penamer (61 moal-%) followed by tetraner (28
moal-%) and hexamer(11 mol-%). On the othe hand,the
calcdated oligomeric distribution differs sigrificantly

from other expaimental dat&® (Tab.4). The observed
discrepacy canbe explainedby the fact thatin this paiti-

cular casethe equlibrium statehasnot beenreacted.

Conclusions

The calcultionsdemonstrate thatthe chain-rirgs equii-
brium is completely shifted towards the all-trans cyclic
butadienetetramersandpentamersThe calculatedequii-
brium distribution of all-trans oligomeiic produds from
the intramolecdar metathesis degadation of cis-PB
agreesreasonaly with most of the availableexpaimen-
tal data.The discrepany betweersomeof the determined
and calculged cyclic prodict distributions for the intra-
molecular metathesisdegraddon of cisPB can be
explainedby thefact thatthe chaincyclic oligomersreac
tion is kinetically controlled under ceriain expaimental
condiions

Theoligomelisationof relatively smallrings (COD and
CDT) to prodicts cortaining cyclic butadienetetramers,
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pertamersand hexames is thernodynamicaly favoured.
It suggeststhat the ROMP of theserings below critical
corcentrationsprodues cyclic oligomess similar to the
intramoleculardegradabn of cis-PB.
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