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- Summary
This work describes investigations on the initiation and the

propagation of the polymerisation of cyclic alkenes catalysed
by tungsten based systems. Cyclopentene was polymerised using
the bimetallic WClg/Al (+Bu)3 catalyst and infra-red spectroscopy
showed that trans-polypentenamer was formed. A kinetic chain
mechanism was invoked to describe the propagation step in the
polymerisation and to account for the bimodal molecular weight
distribution of the polymer it was proposed that two active
propagating species were present in the polymerisation process.
Oxidation state studies showed that during the polymerisation
tungsten existed in at least two oxidation states. .

Subsequently a monometallic catalyst system - WClg/O, - ,capable
of polymerising cyclopentene, was developed. Infra-red studies
showed that the product was again a trans-polypentenamer and
oxidation state studies on an analogous system suggested
similarities between the mechanism of the polymerisation
initiated by the monometallic catalyst and that initiated by
the bimetallic system, Ultra-violet spectroscopic investigations
on the WClg/Cp/O, reaction further clarified the nature and mode
of formation of %he species active in the polymerisation.

It was finally concluded that a kinetic chain mechanism could
be invoked to describe the propagation steps in both polymeris-
ation systems wherein the initiation step was the formation of

a tungsten carbene and the polymerisation proceeded by co-
ordination of monomer to the tungsten and insertion into the
growing kinetic chain. The role of the aluminium and that of the
oxygen in their respective systems were thought similar and to
be the production of the metal carbene from a tungsten metallo-
cyclic which arose from a tungsten/cyclopentene reaction.

A molecular orbital treatment of the mode of formation of the
various species in the polymerisation concludes the report.
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3 -1 Introduction

The search for new, commercially viable, synthetic rubbers has
resulted in much research leading to the discovery of many new materials.
The latest addition to this range of polymeric materials is the
elastomer trans 1-5 polypentenamer which can be prepared by the

polymerisation of cyclopentene by: (1-1)

e M R > 6\/\/\/\/\/)1 L

The production of trans polypentenamer®was first disclosed by

Eleuterio in 1959 when cyclopentene was polymerised over a solid
catalyst obtained by supporting, lithium aluminium hydride, activated
molybdenum oxide on alumina[ Since this report many catalyst systems,
based mainly upon tungsten and molybdenum compounds, have been widely
discussed and researched so that it is now possible tp produce linear

polypentenamers of almost any required stereo structure.

There are two possible methods of polymerising cyclopentene which can

be summarised by: I[-2,3. 5
nl.] > ( M)‘ 12
i) e T

Polymeris# ion of cyclopentene to polycyclopentene (IO -cannot be" carried

out with standard Ziegler-Natta type catalysts, The polymer obtained
with cyclopentene over tungsten or molybdenum based catalysts is the
linear polypentenamer (I) which maintains the unsaturation of the

monomer and in this respect is different from conventional polymers.

Trans polypentenamer as a rubber The elastic nature of high polymers
depends on the positions of their first and second order transition

*Tupac nomenclature



tempuratures? i.e. thalmelting point mnd the glass transition
temperature which in turn dépend on the steric ond isomer distribution
of the polymer. The melting point should be close to room temperature
and the glass transition tcmperature should be below=50°C to ensure
that the elastic properties of the rubber are not impaired within the

norinal working temperature range.

An elastomer should be amorphous at room temperature and any tendency
towards crystallisation, which causes hardening of the vulcanised material,
should only occur at low temperatures in the unstretched state. Conversely
crystallisation in a rubber can be a desirable property because the
ability to crystallise on stretching provides self reinforcement of raw
compounds or vulcanisates thus improving the tensile strength and building
tack of the material. Natural rubber is stereo:;guhn' and combines these
crystallinity properties to advantage producing a high strength

vulcanisate.

The problem of controlled crystallisation is not easily overcome in
synthetic rubbers but a solution is possible with trans polypentenamer.
This polymer which has a predominantly trans configuration (93%) has a
first order transition point (m.pt.) of +20°C which is close to that of
natural rubber and hence there is little tendency to crystallise in the
unstretched yulcanisate. Indeed X-ray crystallography show53 that the
unstretched polypentenamer is amorphous but the stretched material
produces the X-ray spectrum of a highly oriented fibre with a repeat unit
of 11.85A. The polymer produces a rubber wulcanisate which has a stress/
strain curve close to that of naturalrubber when cured with low concentrations
of conventional curing compounds. The commercial usefulness of the rubber

is increased by the fact that it can be heavily loaded with extenders such

as oils or carbon blacks without any appreciable impairment of physical



properties. These properties of the trans polypentenamer vulcanisate
together with its good building tack and viscosity characteristics
make it a suitable material for use in the car tyre industry or other

similar applications.

I - 2 Ring opening polymerisation of cyclic alkenes - a special
case of olefin metathesis

The :ing opening polymerisation of cyclic alkenes, in particular
cyclopentene, involves the use of catalyst systems which contain:
(i) a transition metal compound usually of a transition
metal in the second or third transition series of
the periodic table of the elements; and
(ii) an organometallic compound of a group 1 - IV metal.
The olefin metathesis reaction can be represented by: 1-4
R'CH , R°CH Rlch = CHR? x

Nl I e m )
R CH R“CH R'cH CHR?

In 1931 Schneider and Frohlich descri_bed4 a non catalysed reaction for

Il

the conversion of propylene to ethylene and but—2-ene —1-5.

ZCH3 - CH = CHZ —— CH3 - CH = CH - CI-I3 b CH2 = CH2 2l
For this reaction to reach equilibrium temperatures of the order of
700°C were found to be necessary, this can be accounted for by the
application of the Woodward-Hoffmann rules of orbital symmetry5 whereby
such thermally activated (2+2) cycloaddition reactions are symmetry
forbidden. The metathesis reaction (1-4) is athermai and involves the
making and breaking of carbon-carbon double bonds. Equilibrium can be
reached from either side of the reaction giving a random product
distribution. The potential of the metathesis reaction was not realised
until the discovery of heterogeneous and homogeneous catalysts that

could promote the reaction at much lower temperatures and with minimal side

reactions.

Banks and Bailey6 first reported the catalysis of the metathesis reaction



as a result of their investigations on the catalytic activity of
molybdenum hexacarbonyl supported on alumina. It was found, using
this catalyst, that linear olefins of 3-8 carbons were converted
into mixtures of lower and higher molecular weight olefins and in
particular that propylene was converted into ethylene and but-2-ene.
Relatively high pressures (~-30 atms.) and temperatures (~150°C)
were still found to be necessary for the formation of the ruaétion

products.

Prior to this discovery by Banks and Bailey the polymerisation of

cyclic alkenes by both heterogeneous cata1y5t56 and homogeneous
cata1y5t513 had been reported; although similar catalyst systems

were effective for botﬂ olefin disproportionation (1-4) and ring

opening polyne;isaion (1-2) reactions the relationship between the

two systems was not recognised at this early stage. The polymerisation
of cyclic alkenes was considered to involve scission of the single bondo¢
to the carbon—carbon double bond39 before Calderon et alB suggested

that the ring opening polymerisation of cyclic alkenes was a special

case of the general olefin metathesis reaction.

I - 3 Metathesis Catalysts

(1) Transition metals active in general metathesis catalysts: Olefin

metathetic disproportionation and ring opening polymerisation reactions
are promoted by catalyst systems which contain a transition metal atom
of the second or third transition series of the periodic table of the
elements. Examples of transition metals which are activeg in these

reactions are shown in Table 1-1



Table 1-1

Activity of transition metals

in metathesis catalyst systems

Metathesis reaction Active transition metal
™H ¥  Cr
olefin disproportionation Zr Nb Mo Ru Rh

Ta W Os Ir

Ring opening polymerisation Ti Nb Mo Ru Rh
of cyclic alkenes Zr f}a2 W  Os Ir

To date the most widely resear;ﬁe@ transition metal compounds have

been those of tungsten and molybdenum since these have been found

to be the most efficient components of catalyst systems in promoting
metathesislreactions.g Tungsten compounds are efficient for promoting
metathesis reactions whether olefin disproportionation or ring opening
polymerisationWhereas use of a metal compound from the group (Mo, Rh, Ta-)
will produce a catalyst which is more efficient when used for acyclic

olefin disproportionation.

(I1) Development of catalyst systems for ring opening polymerisations:

The first catalyst disclosed for the ring opening polymerisation of
cyclic alkenes was discovered by Eleuterio in 1957. Cyclopentene was
polymerised over a solid catalyst obtained from molybdenum oxide (M003)
supported on alumina and reduced by hydrogen. The reduced oxide was
activated by lithium aluminium hydride to give a catalyst of low activity
which polymerised cyclopentene to polypentenamer in low yields even after
long reaction times at 100°C. Heterogeneous catalysts of this type
consisting of a reduced tungsten, molybdenum or rhenium oxide or
carbonyl supported on alumina were found to be effective catalysts for
olefin disproportionation reactions but were not efficient when used

for the ring opening polymerisation of cyclic atkenes. Accordingly



investigations on ring opening polymerisations using heterogeneous
catalysts were limited; however, it was shown by Dall Astal5 that
the chain growth in molybdenum oxide catalysed cyclic alkene

polymerisations proceeded via the formation of macrocycles.

The ring opening polymerisation of cyclic alkenes did not become

a significant branch of polymer chemistry until 1963 when Natta

and Dall’Asta etal foundlS;? that the two component catalyst-—

tungsten hexachloride/aluminium tri-ethyl-polymerised cyclopentene to
trans polypentenamer to yields of 30-40% after reaction times of one
hour at ambient temperature. Calderon and coworkers reported18 that
two component systems of this type were also effective in catalysing
the ring opening polymerisation of higher membered cyclic alkenes.

The activity of a tungsten hexachloride/ethyl aluminium chloride
catalyst in the polymerisation of cyclic alkenes with ring sizes
;anginé'from cycloheptene to cyclododecene was studied and a detailed
investigation of the efficiency of this catalyst in the polymerisation
of cyclo-octene and cyclo octa-1-5-diene was made. It was established
that the polymerisation of cyclic alkenes, initiated by the tungsten/

aluminium based catalyst produced a polymerisate which contained low

as well as high molecular weight species.

Two component catalysts for ring opening polymerisation are prepared

from a tungsten or molybdenum salt and an organo-metallic compound -
usually an aluminium alkyl or alkyl haiide - such that the W:Al molar
ratio lies between 1:0.5 and 1:8 depending upon the particular components
used and upon the desired stereo structure of the polymer. The transition
metal salts are usually halides such as hexachlorides, pentachlorides or
fluorochlorides or organic salts such as acetyl acetonates. High valent
metal halides are preferred because they are normally soluble in the

reaction medium although it is not suggested that the catalytically



active species necessarily retains the high valent state throughout
the course of the polymerisation.19 It has been found that tungsten
hexachloride and molybdenum pentachloride are the most efficient
catalyst components for both acyclic olefin metathesis and ring

39

opening polymerisations.

The most useful and widely used organosmetallic components are
organo aluminium compounds such as aluminium tri=isobutyl, aluminium

tri-ethyl or aluminium diethyl chloride.

Although the two component catalyst systems described above are active
in promoting ring opening polymerisations over a temperature range of
-50°c —30°C they were found to be unsatisfactory for industrial
applications since the maximum yield of polymer obtafned from poly-
merisations carried out in toluene or hexane was not constant and
varied from 30 - 50%. Solutions of tunésten hexachloride are unstable
when exposed to sunlight and it has been Suggested20 by Pampus et al
that the poor reproducibility in the polymerisations was due to the
chlorinating action of tungsten hexachloride which could take part in

reactions such as: 1-6, 1-7.
cl

2'.~C16+ @«CH _ 2wc15 +®CH3+H01 - =6

3 30° - 50°C

2 WC S - =
15 wc16 . WCI4 1 7

An advance towards more stable catalysts and more reproducible results

was made in 1965 by Dall'Asta and Carella when they polymerised cyclic
alkenes using three component catalyst systems. It was found that

oxygen containing compounds activated the two component catalyst

systems for ring opening polymerisations and that these activators were
particularly effective when used with catalysts made from tungsten halides

and organo-metallic compounds. In the initial investigations alcohols,



phenols, water, molecular oxygen, hydrogen peroxide, hydro— peroxides
and percxides were found to be efficient activators for the catalyst
- 21 : 22 . :

system;j later workers used epoxides and aromatic nitro compounds

: 24
while Calderon etal ' have used a catalyst prepared from tungsten
hexachloride, ethanol and ethyl aluminium dichloride in their work on

: : : ’ : . ; ; 7
ring opening polymerisation and olefin disproportionation. It was
found that this combination produced an efficient metathesis catalyst
but its acidic nature promoted side reactions of the Friedel Craft type.
Chlorinated alcohols, epoxides and cyclopentene hydroperoxide w:re found

oy . - : 0
to be the most efficient activators for the polymerisation of cycloPentene.2

A typical process for the efficient solution polymerisation of

25 The three

cyclopentene is described in a patent specification.
component catalyst system - tungsten hexachloride/aluminium tri;isoéutyl
cyclopentene—2-hydroperoxide -~ is used with the following procedure:
(1) tungsten hexachloride is added to a 207 solution of cyclopentene
in toluene at a temperature between O and 30%¢ resulting in a colour.
change from blue to greenish blue to red brown.
(2) the oxygen containing compound - cyclopentene-2-hydroperoxide
is added before or after the tungsten hexachloride but always
before the addition of the aluminium tri-isobutyl.

(3) the aluminium tri-isobutyl is added at a temperature between

0 and 30°C.

A molar ratio of W:Al: Cyclopententene hydroperoxide: Cyclopentene of
1:2:1:1000 resp. results in the polymerisation of the cyclopentene to
trans polypentenamer in yields of 80% after a polymerisation time of one
hour. Four features of this type of catalyst system were notable:

(1) activation was at a maximum if the amounts of activator used were

nearly stoichiometric relative to the transition metal.



(2) the activators had to be reacted with the transition metal
prior to the addition of the organo-metallic compound.

(3) pre-mixing of the catalyst components did not produce
an active catalyst.

(4) the temperature range of activity of these catalysts was the

same as that for the two component catalysts =— i.e. —-30— +30°¢.

These three component tungsten or molybdenum based catalyst systems,
the most efficient known for the ring opening polymerisation of cyclic
alkenes, readily polymerise any type of cyclic alkene, except cyclohexene,
to polyalkenamers. The main advantage of these three component catalysts
over the previously described two component systems are:
(1) good reproducibility of results.
(2) increased stability and solubility of the catalyst
in the reaction mixture.
(3) high polymerisation rates and good conversion to polymer.
even in dilute monomer solutions.
(4) 1low catalyst consumption.
(5) reduced side reactions of the Friedel Craft type.
(6) high rates of polymerisation are obtained even at monomer:

transition metal molar ratios of 20,000:1 or higher.

(III) The mechanism of catalysis in the metathesis reaction

The exact nature of the interaction between tungsten hexachloride and
an aluminium alkyl is unknown and hence the structure of the complex
formed between the catalyst and the olefin has not been resolved.
However work has been carried out on the roles of the different

components of the catalyst systems effective in the reaction.

(a) The tungsten compound - tungsten hexachloride (WC1lg) is known to

react with olefins to produce reduced tungsten halide353 by the

following mechanism.

I0



Wwcli, + R, -CH = CH - R —s WC1_ - CH —('ZHCI

6
6 1 2 5 i = 1-8
R1 Rz
w015 ={CHY= gll(;:l —b wc15 B 1-9
1 Rz
) - = - e = i o
w"15 + Rl CH CH R2 —_ WC1& EH ﬁHcl }=10)
i 2
WEL = IEH = 'CHEL —s W = o -
T b el 1-11
Rl R2

When its oxidation state is (IV) the tungsten atom has two vacant

coordination sites which can be used to coordinate two olefin molecules

-~

(I1I) during metathesis if the atom has a coordination number 6.

Accordingly:
R
i i
WC14 T 2R1 =L CHE=GH — RZ _— - — WClé-+——— day: T eld
R, R
2 2

Tt has been shown by means of cerie sulphate titration that the mean

oxidation state of tungsten changes during the course of the polymerisation.l9

A summary of the oxidation state changes obtained is shown in table 1-2.

TABLE 1-2

Changes in the mean oxidation states of tungsten during
the reactions involved in the polvmerisation of cyclopentene

Reacn. condition Mean ox. state
1 W.Cl6 solution \ 6.0
2 WOl + cp after 1 min 5.1
3 WCl6 + cp after 20 min 4.3
4 3+ Al (iBu),0Bu 4.3
5 4 after 2 hours 4.4

The information suggested that tungsten was present as a mixture of

IT



oxidation states during the polymerisation of cyclopentene because

non integral values of the oxidation state were obtained. Tt was

thought that the two vacant co-ordination sites of tungsten (IV) were
used to co-ordinate a cyclopentene molecule and a carbon/carbon

double bond in a molecule of polypentenamer. This would allow the
formation of the transition state complex as described in the literature,
49

. ; P
i.e. a quasi cyclobutane ring, a four centred tetra-carbene complex

: 4 : ' g 50
or a metal carbene complex as described for a chain reaction mechanism.

Although the presence of these complexes has been proposed no evidence

has been produced for their presence in either cyclic alkene polymerisations
or olefin disproportionation reactions. A great deal of evidence

remains to be gathered concerning the nature of the reactions between

olefins, whether cyclic or acyelic, and tungsten halides.

(b) Aluminium compound

Various mechanisms have been proposed for the metathesis type reactions,
all of which suggest that the transition metal atom and its associated
'd' orbitals plays a significant role in providing a pathway for the
reaction to proceed. However, none of these mechanisms have taken into
account the role played by the aluminium compound in such reactions,

without which it was suggested the polymerisation would not occur.

The oxidation state data listed in table 1-4 would tend to suggest that
the aluminium compound did not function as a reducing agent and since
aluminium tribromide was also known to act as a co-catalyst for the

ring opening polymerisation of cyclic alkeneéuit was suggested that the
aluminium compound did not act in any manner to form a transition metal
alkyl bond as has been proposed in some mechanisms to account for the
Ziegler-Natta polymerisation. It is possible that the aluminium compound

acted in some way as a complexing agent with either the olefin or the

12



transition metal compound, for example it could remove halide ligands

from the metal thereby creating vacant coordination sites.

The order of mixing of the catalyst components and olefin has been

shown to be critical.”? Olefin metathesis takes place rapidly in
benzene if the tuigsten compound (WCIG) is added to the olefin followed
by the aluminium compound (EtAl Clz). If the catalyst components were
premixed and then added to the olefin, only alkylation of the benzene
occurred and not olefin metathesis.55 It is possible that the fol{owing

series of reactions occurred.

WCl, + 2 olefin —— W* (olefin), 1-13
WA Wolefin)y '+ BEAICL . ——x (olefin), w‘?AlEtmz 1-14
1-15
i w‘
WCl, + EtAlCl, [(‘16 Et A1c12]

The complex formed in 1-14 is thought to be the active species in

the catalysis of the metathesis reaction and is considered capable

of promoting the symmetry forbidden formation of a transition complex
leading to the formation of two new olefins in the olefin disproportionation
reactions or to the formation of polymer in the case of ring opening
polymerisations. If the catalyst components were premixed the complex
formed in 1-15 was obtained. Thiscomplex, probably had a high equilibrium
constant or reacted in such a way as to produce an inactive species so that

when the olefin was added no reaction giving an active species took place.

(c) Oxygen containing compound

Certain oxygen containing compounds act as activators for the ring opening

polymerisation of cyclic alkenes. The WC16/A1R catalyst for the

3
polymerisation of cyclopentene has been shown to be activated by epoxides,
hydroperoxides, epichlorohydrins%o giving particularly high rates of
polymerisation and conversion. Cyclopentene 3-hydroperoxide has been

quoted as a particular example of a hydroperoxide type activator. When

cyclopentene 3-hydroperoxide was added to a solution of tungsten hexachloride

I3



in cyclopentene and toluene, the dark red solution turned blue and

on standing changed further to dark red-brown. The addition of

aluminimium tri-alkyl at this point caused the rapid polymerisation

of the cyclopent&%é 23 Organic peroxides other than hydroperoxides

did not have such a strong effect on the polymerisation rate and hence

it is unlikely that cyclopentene 3-hydroperoxide initiated the polymerisation
by a simple free radical mechanism. The epoxidation of olefins is peculiar
to organic hydroperoxides when the reaction is cairied out in the presence
of tungsten and molybdenum compounds.56 It is possible that the change from
blue to red-brown on the addition of cyclopentene 3-hydroperoxide to
cyclopentene accompanied the formation of cyclopentene epoxide. This
cyclopentene epoxide could then have acted in some manner as an activator
since it is well known that epoxides tlensclves act as activators for the

polymerisation of cyclopentene catalysed by the WCIG/AI(,;Bu)3 catalyst.

The addition of epoxides or epichlorohydrin to tungsten hexachloride in

cyclopentene causes the formation of alkoxy tungsten chlorides which act

23
as catalysts on the further addition of aluminium tri-isobutyl! 1-16,17.

Wel, + c&- CH - CH,C1 e W PR R B (o T 4 PR B
Wcl, + 2CH, - CH - — W1, =~ (0= CH - =
o ‘3\}:2 " CH = CH,CL €1, =~ (0= CH - (CHCL).0,~ 1=17

0

Recent results by Tuck and co—worker560 would tend to suggest that an
oxygen containing compound is not needed for high rates of reaction or
to obtain high yields of polymer. TIn this work rigorously purified
cyclopentene produced high conversion to polymer with fast reaction
rates when a two component W/Al catalyst was used. It is possible that
the purification procedures removed all trace impurities, such as
cyclopentadiene, from the monomer. It is thought that cyclopentadiene
can react with tungsten halides to reduce the tungsten to an oxidation

state below that which is active in the polymerisation. The oxygen

containing compound could prevent this by preferentially reacting with
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such impurities thus allowing the tungsten to remain active for
polymerisation or by subsequently reacting with the reduced tungsten

compounds to reform the active oxidation state.

I - 4 Factors controlling the stereochemistry in ring opening

polymerisations

The stereoregularity of polyalkenamers produced with two component

caft.alyst systems depends upon:

(1) the nature of the transition metal and the ligands
surrounding it.

(2) the nature of the organo-metallic co—catalyst.

(3) the molar ratio of the transition metal to the
organometallic compound.

(4) the temperature of polymerisation

and (5) the monomer.
Table I-3 shows the changes in the microstructure of the polypentenamer

produced by varying the transition metal or the transition metal compound

in the catalyst system with otherwise constant reaction conditions.
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TABLE I-3

The effect of the nature of the transition metal compound of

the soluble catalyst on the microstructure of the polymer

Transition metal/or Microstructure of the
metal compound polypentenamer

Titanium predominantly trans.

Zirconium 4 ®

Tungsten ¥ 2

Mo q5 1007 cis

Mo (AcAc)2 100%Z cis

Mo 012 (OPh)3 1007 Erans:

It is seen that the stereospecificities of these catalyst systems vary
with the transition metal and in the case of molybdenum depends also on

the ligands surrounding the metal atom.

When the organometallic co-catalyst is varied a change in the stereostructure
of the polymer occurs. Gunther et al found20 that a tungsten hexachloride/
AlEt3 catalyst produced a trans polypentenamer whereas tungsten

hexachloride/Nasw (06H produced the cis polymer. In the same work it

5)5
20 i - ¥ 5 ¥ 2
was found that a continuous variation 1n the cis:trans ratio of a

polypentenamer sample could be achieved by varying the aluminium:tungsten

molar ratios in the catalyst.
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Polypentenamer microstructure as a function of W/A1l ratio,

Z cis double bond % trans double bond
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It is seen that a variation of the Al1/W molar ratios.in the Alﬂ(Et)3
CI3IWF6 catalyst, between 0.5:1 and 7:1 produced a polypentenamer with

a cis/trans ratio that varied continuously between 85:15 and 10:90.

Dall'Asta and Hotroni%%’%i have found that the cis/trans ratio. of a

polypentenamer can be changed by varying the polymerisation temperature.
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A continuous variation of the cis/trans ratio in the polymer was obtaincd
from the polymerisation of éyclopentene with a tungsten based catalyst

when the polymerisation temperature was varied from -50°C to +40°cC.

Lastly Natta et all? have shown that varying the monomer can affect
the polymer stereostructure when it was found that a molybdenum based
catalyst polymerised cyclopentene to cis polypentenamer but it converted

higher membered cyclic alkenes to trans polyalkenamers.

It is possible to say that these ring opening polymerisatiors of cyclic
alkenes are in general stereo-specific since the use of the appropriate
catalyst system and reaction conditions will produce a polyalkenamer of
any desired sze.reo-rr,gula.nl",_f « It has been observed by Pampus et al32
that cis polypentenamer is converted to the trans isomer by contacting

it with a trans specific catalyst whereas the trans polypentenamer
remains unchanged when contacted with a cis specific catalyst and it is
suggested that the cis/trans ratio in ring opening polymerisation products
is kinetically controlled. This applies to the stereocontrol of the
polymerisation and may be extended to cover monomer/polymer equilibria

32 that in the initial period

and molecular weight control. It is reported
of the polymerisation of cyclopentene,by a W/Al based catalyst, high
molecular weight polymer is produced which contains predominantly cis

double bonds; with increasing conversion the molecular weight and the cis

content decreases.

I -5 Polymerisability of monomers

(1) Thermodynamic factors — when compared with the addition polymerisation

of a vinyl monomer (I-18) a significant feature of the ring opening polymeri-
sation of cyclic alkenes (I-19) is that the number and types of bonds in the

cyclic alkene monomer are the same as those in the polymer.
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n CH, = CHby —— (CH, - CHE), 1 - 18

CH = cH k ¥
n l_(CHz)x-l = ((CH,) 58 ==CH ) 1 - 19

The ring opening polymerisation of cyclic alkenes can be expected to

show many of the thermodynamic features of other ring opening polymerisations
such as the polymerisation of lactams?g In such polymerisations the

enthalpy of polymerisation of the cyclic monomer to an open chain pblymer

(A H) is a measure of the ring strain energy of the monomer and the‘

entropy of polymerisation is dependent upon the configurational changes
occuring during the polymerisation. The polymerisability of the monomer

can be determined by zpplication of the equation - 1f20 where:

AG = AH - TAS 1-20

If AG is negative polymerisation will occur.

A feature of most ring opening polymerisations is that the entropy of
polymerisation is low because the decrease in entropy associated with

the conversion of a large number of mowomer molecules to one polymer
molecule is offset by the increase in configurational entropy associated
with the opening of the ring. Therefore the enthalpy of polymerisation is
usually the factor that controls the polymerisability of a monomer and
since the ring strain energy of cyclohexene is expected to be low it can

be predicted that the 6 membered ring monomer is likely to be stable.

Much research has been carried out on the various factors that affect

the polymerisability of cyclic alkenes. This has included an examination
of the effects of ring strain and the steric effects of any substituents
present in the cyclic alkene ring. The equilibrium monomer concentration
Dﬂc can be used as a measure of the ability of a monomer to polymerise.
The propagation step in the ring opening polymerisation can be written very

generally as - 1-21.

19



Pn* + M e "
-q‘—k'—‘__" -E',‘ ]_ s 21

When the polymerisation has reached an equilibrium conversion i.e.
when:

rate of polymerisation = rate of depolymerisation
and: I kf Pn4 [MIG = kb ﬂ’:‘,,;] =i Ju=ng

then the equilibrium constant K is given by:

ke

1
K =+— == - 1~ 23
ky oM

where [Ml‘ is the equilibrium concentration of the monomer and where
ke and k, are the rate constants for the polymerisation and

depol ymerisation reactions respectively.

Since: AG = - RT In K >

then from1-23: AG RT 1n (M} = TS

According to 1-25 the free energy of the polymerisation may be determined
from a measure of the concentration of the monomer at equilibrium in an
active polymerisation system. Accordingly the more readily a monomer

polymerises the larger will be the negative value of AG and hence the

lower will be the concentration of monomer at equilibrium,

(II) The effect of ring size and structure on monomer polymerisability

Natéa and Dall'Astal? have interpreted the polymerisability of cyclic
alkenes in terms of ring strain energy and their results are summarised

in Table 1-4.
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TABLE _1-4

Monomer polymerisability vS. ring 512317

Monomer Equilibrium conversion of monomer
to polymer (%)

cyclopentene 70
cyclohexene 0
cycloheptene 18 :
cis cyclo-octene 60

cis/trans cyclo-

dodecene 4

The only moromer which did not yield high polymers using tungsten/aluminium
based catalysts was cyclohexene. Under constant polymerisation conditions

it was fcmndl7

that the conversion of monomer to polymer was generally
decreased as the ring size increased illustrating the importance of the
contribution to AG which is made by the ring strain energy. In the
polymerisation of vinyl monomers the disappearance of one double bond
in the monomer unit followed Sy the formation of a single bond in the
polymer strongly favours the polymerisation from an energetic point of
view. In the formation of linear polyalkenamers from cyclic alkenes
the overall numbers and type of bond remain unchanged with the cleavage
of a double bond in the ring being followed by the formation of a new
double bond in the polymer. Therefore the main energy contribution
which favours the ring cleavage polymerisation of cyclic alkenés is the
gain of the ring strain energy. This ring strain energy is large in
cyclopentene and decreases as one proceeds from cycloheptene through
cyclo-octene to cyclo-dodecene., It is zero in cyclohexene where the
conformation of the carbon atoms is completely staggered and is as

stable as that existing in the corresponding linear unsaturated chain
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with the result that cyclohexene is not polymerised by tungsten/
aluminium based catalysts. However it may well be that the temperatures
at which these polymerisations were carried out were above the ceiling

temperatures for the cyclo-hexene monomer.

Dicyclopentadiene (IIT) contains two types of unsaturated five membered

e =

Monomers whch have a highly strained bridged ring (A) polymerise readily

rings A and B.

whereas monomers with a fused ring (B) are difficult to polymerise.33
Oshik#~ and Tabuchi polymerised bicyclopentadiene using various catalyst
systems and concluded,35 from NMR studies of the polymer structure, that
all polymerisations occurred by opening of.the bridged ring according to
1-26.

CH == CH+

00
n
L n

G

Similarly Eleuterio has shown36 that tricyclo 5,2, 102’6 dec-8-ene IV

2,6

is polyﬁerisable whereas its isomer tricyclo (5,2, 10 dec-3-ene (V) did

not polymerise when treated with tungsten based catalysts.

O Q0
1V ¥
These results were in agreement with those of Oshika and Tabuchi since
it was the highly strained, bridged,five membered, unsaturated ring that
polymerised whereas the fused ring did not polymerise. Hence in general
monomers which polymerise readily possess strained unsaturated rings.
This fact is not inconsistent with the activity of molecules such as

but-2-ene and D8 but-2-ene in the athermal metathesis reaction (1-27).
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Here there is a large increase in entropy associated with the reaction

and consequently a large negative free energy of reaction.

The polymerisability of large strain free ring monomers has been verified3
by Calderon and co-workers when it was found that 1 - 9-1.7 cyclo tetra
eicosatriene (a 24 membered cyclic trimer of cyclo-octene) was copverted

to high polymer in good yields using tungsten/aluminium based catalysts.

This polymerisation shows that entropy factors can make a large-contribution
to the free energy change. Dainton and Ivinzs have confirmed this fact

from their work with monomers which have low ring strain and showed that
entropy considerations predict an increase in polymerisability (i.e. a

decrease inﬁﬁl; for cyclic alkenes as the ring size increases,where;

AG = AH - TAS 1 <120
AG = RT 1nlM), Yo='25

4 o
and (M) = “E{R-%- e 1 - 28

-~

Dainton el:allscl estimated the entropy changes for the hypothetical ring
opening polymerisation of a homologous series of saturated hydrocarbons and
from their results it is apparent that ring strain is required for monomer
polymerisability only where the monomer ring has less than eight ring

carbons i.e. where negative entropies of polymerisation are found.

(LII) Structural and substituent factors:

In general the ring opening polymerisation of cyeclic alkenes is restricted
to those which contain an unsubstituted double bond structure; this is
consistent with the fact that only double bonds of the general structure
R1 ~ CH = CH--R2 take part in the olefin metathetic disproportionation

reaction. Small alkyl substituents at other positions on the ring do not
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usually render the monomer inactive towards polymerisation except
where AG’. is very small. For a given homologous series and with
. : G, : 28
otherwise constant reaction conditions Dainton and co-workers
deduced that the polymerisability of a member is affected by the

ring size and by the degree position and type of substituent.

It was found33 that cyclopentene is thermodynamically less stable

with respect to polypentenamer than tetrahydrofuran is with respect

to its polymer and indeed substituted tetra-hydrofurans do not undergo
ring opening polymerisations whereas substituted cyclopentenes (e.g. 3-
methyl cyclopentene) do polymeri%e with ring opening at the double bondg0
It was found, however, that 3 isopropyl cyclopentene was inactive and it
was thought that this was due to steric hindrance which prevented
formation of the transition state complex. It has been shown that mono
and disubstituted eight membered rings.ﬁngergo polymerisation; thus

3 methyl and 3 phenyl cyclo-octene have béén_polymerised by tungsten/

N

aluminium based catalysts.18 Similarly a sefies of mono and
disubstituted cyclo-octadienes have been polymerised in good yields.33
Hence any decrease in the polymerisability of the\eight membered ring
arising from the substituents is not sufficient to render it
uﬁpolymerisable. It is possible that the mobility of the eight membered
ring is greater than that of a five membered ring and this reduces the

possibility of steric hindrance by the substituents during transition

state formation.

Ofstead and Calderon have reported the polymerisation of 3.31 bicyclopentane,
in low yield, using tungsten/aluminium based catalysts. N.M.R. data would

suggest a polymerisation such that: 1-29.

3 _
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Conversion

The effect of substituents on theplymerisation of a monomer of this type

has not yet been elucidated.

(IV) Cyclopentene polymerisability: It has been found that quantitative

yields of polymer have not been generally obtained in the course of solution
polymerisations of cyclopentene.l Results reported by CGunther and co—worker520
suggest that ultimate coﬁversions to polymer were not totally dependent on
catalyst activity. Polymerisations of cyclopentene at 0°C were conducted
using various catalyst systems all of which converted the monomer to polymer
in yields of ~.70% when an initial monomer concentration of 15% }n benzene was

used.

When parallel polymerisations of cyclopentene were carried out at 0°¢c and

250C the type of conversion/time plots obtaineds1 are shown in fig. 1-2

Fip. 1-2

Dependence of conversion of cyclopentene to polypentenamer on temperature
of polymerisation

0°¢c
o 8
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25%¢
40
i [ [ ]
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Calderon and Ofstead33 also showed that when cyclopentene was polymerised
at 0°C giving conversions of 70 - 80% and then the polymerisation
temperature was increased, the maximum yield obtained after a further

45 minutes was ~r60%Z. This type of behaviour is characteristic of
systems where a monomer/polymer equilibrium is present and it is

possible that in cyclopentene polymerisations reversible monomer/polymer

interconversion occurs.

I -6 The mechanism of the ring opening polymerisation of cyclic alkenes:

A number of possible mechanisms have been suggested to explain olefin
metathesis reactions. It is possible that the reaction pathwéy depends
upon the state of the catalyst - i.e. whether homogeneous or heterogeneous,
and upon the composition of the catalyst system itself. In view of the
inherent similarities between olefin metathesis reaétions and the ring
opening polymerisation of cyclic alkenes a general reaction scheme could

be postulated to explain both these reactions.

(1) Development of the reaction pathway for ring opening polymerisations:

There are at least two possible methods of polymerising cyclopentene which
can be summarised by 1-2,3.

) ——— (AN —— 122
! (A ) ———— 1-3

The polymerisation of cyclopentene to polycyclopentene. (1-3) cannot be
carried out using conventional two component transition metal alkyl
catalysts although it is possible to form copolymers of cyclopentene

with ethylene such that polymerisation of cyclopentene oac;rs by

addition across the double bond?8 The polymers obtained from the
polymerisation of cyclopentene with tungsten and molybdenum based catalysts
showed infra-red absorbances at 10.35 M and 13.8-13.94 which could be

attributed to the presence of trans and cis carbon to carbon double
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bonds respectively. The spectra also showed an absence of bonds at
8.0 and 8.5M characteristic of cyclo-alkyl structures. Accordingly
the absence of cyelic structures in the polymer, obtained from the
polymerisation of cyclopentene initiated by tungsten/aluminium based
catalysts, would suggest that the polymerisation did not occur by
the mech:snism described in 1-3 whereas the presence of double bonds
in the polymer could be accounted for by some form of ring opening

process — i.e. reaction 1-2.

It was initially suggested39 that ring opening polymerisations,
initiated by tungsten based catalysts, occurred by scission of the carbone=
carbon single bond alpha to the double bond because norbornene polymerised

in the following manner! 1-30.

W/Al e [ ]—cn = CH— Q—-—CH = CH - 1-30

The possibility that polymerisation could occur in any manner other

than by cleavage of a carbon-carbon single bond in the ring was not
considered because the dissociation energy of the carbon-carbon single
bond is appreciably less than that of the carbon-carbon double bond.
Furthermore the polymerisation of norbornene ruled out the possibility
of the ring opening polymerisation of cyclic alkenes by scission of a
carbon-carbon single bond further removed from the double bond than
the alpha position. Trans polypentenamer obtained by the ring opening
polymerisation of cyclopentene has been shown by X-ray anaiysis to
contain a regular structure with a repeat unit equivalent to two
pentenamer units.39 Ozonolysis studies on trans polypentenamer have
shown that in this structure only units with three methylene groups
separate the double bonds: Units that could be derived from an irregular
head to head or tail to tail addition were absent; such units could be

present if ring openingoccurred at a carbon-carbon single bond as shown
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anf_ o (CH2 CH2 CH2 CH = CH (“Hz CH = CR 9 CH2 _”)
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The first evidence for the application of the type of reaction, found in

olefin metathetic disproportionation (1-4) to the polymerisation of cyclic

alkenes was produced by Ray and Crain in 1966.41 It was discovered that

cyclopentene and ethylene produced hepta 1-6 diene in the presence of the

~

disproportionation catalyst — Mo 03/t00 - by reaction 1-32.

- - — =
B Rt T e ol T
CH2 N r—r - - H2 e 2

(Calderon et al-f‘8 advanced the understanding of the olefin metathesis
reaction (1-4 ) and confirmed that a relationship existed between the
behaviour of acyclic olefins and cyclic olefins in the presence of
metathesis catalysts., It was shown that olefin disproportionation (1-4)
took place in the presence of a three component tungsten based catalyst
which until then had been used only for the ring opening polymerisation
of cyclic alkenes. It was found that the ring opening polymerisation
catalyst - tungsten hexachloride/ethanol/ethyl aluminium dichloride -
promoted the disproportionation of but-2-ene and deuterated but-2-ene

according to 1-33.

CH~ = iCH = HCHS = IGHS 16D . .— CD = €D/ = €D

3 3 3 G 2CH, = CH BRCD = Cp. s 148

3 3
VI VII VIIT

Only one new olefin C was produced which showed.. that the reaction

A4k
was the result of an exchange of alkylidene (R-CH=) rather than alkyl (R-)
groups. The metathesis reaction of linear alkenes was athermal and the
final distribution of the products was random. At equilibrium the molar

ratio of VI:VII:VIII in the product mixture was 1:1:2 - i.e. the

condition of maximum entropy of the system.
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In 1968 Scott et alz4 proposed that the ring opening polymerisation of
cyclic alkenes was a special case of the olefin metathesis reaction and
suggested a reaction scheme wherein polymerisation took place by scission

of the carbon-carbon double bonds - 1-34.
i s, i g
5 | @y, =— ©CH)n _ (CH)), - 1-3

It was believed that in cyclic alkene polymerisations, in the presence

of tungsten based metathesis catalysts, two double bonds co-ordinated to
the tungsten atom underwent alkylidene exchange via a quasi cyclobutane

intermediate such that 1-35.

CH HC—~ CH
A ﬂ/' ’\n i — | IR B

—_—— ‘—---E:H 2)f\
et ==1]=35
BEma Edl H(f“‘“‘}
, SR IG - e g

This reaction pathway suggested that ring opening occurred by ring
scission at the carbon-carbon double bond and that during chain growth
macrocycles of increasing size were formed. Evidence that this type
of polymerisation reaction occurred by scission of the carbon-carbon
double bond was supplied by Dall'Asta and Motroni.42 Cyclooct ene

was copolymerised with cyclopentene, which was (C14) labelled at the
double bond, to produce a random copolymer. This copolymer was then
broken down into monomeric units by ozonolysis and these ozonolysis

products were reduced to the corresponding ¢ w diols.

Polymerisation by ring cleavage at the double bond would produce a

polymer with units (IX) derived in the following manner - 1-36.

C.H ¢ CH = (CH.). - CH = & H
—_— = =y = —
gy Lelig =—b 2’6 CH - (CHy)q -

L._ — C8 unitn--——[ ,——— -CS unit.-

29 IX

CH = CH (CI}I2)6 = CH

Jl L-t; U”it""/l‘_:iﬁ




After ozonolysis and reduction of this type of unit (IX) the following

products would be obtained:

HO - CH2 = (CH2)8 - CHZOH -—— 1-8 octanediol

*
HO ~=%CH. ~ (CH

2 2)3 - CH20H — (lﬁc) 1-5 pentanediol.

Polymerisation by ring cleavage of a single bond would result in the

formation of polymer containing units of the following structures (X,XI)

*
= CH = CH = (CHZ)G = CH = CH = (CH2)3 = B BR — (CHZ)G e 4
L*——~CS Inj et == 16 _unit——l l—-———CS unit—

5
and
*
- CH =CH - (CH,), = CH =CH = (CH,)), — €H = CH (CH,) i A
2’6 23 2°6
I'—*—Cs anit —J L—i¢_  uynit——t L—¢ unit —J

After ozonolysis and reduction of the polymers with these structures

(X,XI) the following products would be obtained.

HO CH2 - (CH2)6 = CHZOH v 1-8 octanediol

HO EH = WOH ) - o CH Ol et lé 1-8 octancdiol
2 2’8 2

HO CH2 C-(CHZL - CH,0H <« . 1-5 pentanediol

HO EH = (CH. ). = CH.OH" s&i lé 1-5 pentanediol
2 273 2

Ozonolysis of structures (X,XI) followed by reduction would divide the
radio-activity equaily between 1-8 octanediol and 1..5 pentanediol whereas
ozonolysis and reduction of structure IX would give only one radioactive

product - 1-5 pentanediol.

Dall'Asta and Motroni found that ozonolysis of the copolymer obtain: d
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from reaction 1-36, followed by radio chemical analysis showed
that all the radioactivity was contained in the 1-5 pentanediol
which confirmed that the polymerisation took place by scission of
the carbon-carbon double bond in the monomers as preditted by the

olefin metathesis reaction theory.2

The formation of macroeyclic rings was thouéht to occur in at least
the initial stages of the polymerisation since large ring compounds
have been isolated from cyclo-octene polymerisates. In fact all
possible ring equilibria with the monomer were found to be present
which suggested that formation of macrocyclic rings could occur
throughout the polymerisation. The existence of high molecular weight
macrocyclic polyalkenamers is difficult to prove experimentally and
moreover a number of side reactions which transform macrocycles into
open chain macromolecules can occur. For example traces of an acyclic
olefin, present as impurity or derived from the decomposition of the
organoe.metallic catalyst, can act as agents for the cleavage .of the
macrocyclic rings by a reaction such as 1-37.

H

CH M.wt 2 H
- iy, 3
'W“‘_g 2 _~— degradation g?
~CH
2 CH~
CH2 = [

For statistical reasons this type of ring opening operates at the
highest molecular weight fractions and hence the high molecular weight
polyalkenamers are likely to be present as open chain macromolecules.
The re%ctiou between a further molecule of an acyclic olefin and an
open chain polyalkenamer molecule would result in degradation leading
to a lowering of the molecular weight. Indeed this type of reaction
has been employed for molecular weight regulation of polyalkenamers
using conjugated dienesqé or aliphatic olefin523 as the regulating

agents.
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A tentative reaction scheme (1-38),based on the foregoing information,
can be drawn for the polymerisation of cyclopentené by tungsten based
catalysts. This incorporates ring opening at the double bond and
chain growth via the formation of macrocyclics with open chain

polymer being formed by a reaction such as 1-37.

A _
TF+ D> =K"= C@ﬂ-

(\ )wr S C}«ft*—“ YAl

+ catalyst

(11) Formation of the transition state It has been established

that both the olefin disproportionation reaction and the ring opening
polymerisation of cyclic alkenes involve the exchange of alkylidene
groups and it must be assumed that the transition metal plays an
important role in any pathway that allows such reactions to proceed.
Three types of mechanism have been proposed for the reaction;

(a) the formation of an intermediate where a quasi cyclobutane

; " ; S 0
ring (XII) is co-ordinated to the transition metal atom.4

/BTN,

!' ’;‘
;_555; (X1I)
M
(b) the formation of a tetra carbene transition metal complex%
H,.C CH
2 /Y
)i 6 1
S L
H cff“"““““:>tn

g 50,59,
(c) a chain mechanlsm.'

9 _ (x111)

(a) The quasi cyclobutane intermediate (XII) The formation of a
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40,8

quasi cyclobutane derivative was first proposed by Bradshaw et al. ’

In such a reaction it was suggested that two molecules of the olefin

co-ordinate to the transition metal atom in such a way that they possess

the correct symmetry elements for the overlap of the TJ bonding and

antibonding orbitals

R R
P

1\§H c 1
o o' ey
B

R, R,

to produce a cyclobutane ring 1-39.

R R R R
W/AL A /1 g 25
e =l W == 1-39
EEd T s . 3
S R SR -
RS W 2 2

The substituted cyclobutane ring then decomposes either to the original

olefins or to two new olefins which is a change equivalent to the

exchange of alkylidene groups - 1-40.

R R W R R R R
; 2P, 1 | 1 A 1
i\CH , B B = el TROH - ot T
Il ) i e ~ /CH = CQ
CH CH : R R
% o 2 2
Ry R, R, )

This (2+2) cyclo addition reaction is considered to be symmetry

forbidden according to the Woodward-Hoffmann rules governing the symmetry

s . 46
of organic reactions.

This means that such reactions, when thermally

activated, have a high activation energy. Accordingly it is likely that

the tungsten atom provides an allowed reaction pathway by co—ordination

with the olefins and

of a cyclobutane type

the reaction proceeds by the tramsient formation

ring.

Application of the Woodward-Hoffmann rules of orbital symmetry to

L

the ring opening polymerisation of cyclic alkenes and to the metathesis

of acyclic olefins vi

a a cyclobutane intermediate

If a cyclobutane ring is formed in an olefin metathesis reaction then

the overall transformation can be represented by 1-40 i.e. two

reversible reaction :.

molecules in the (2+2

19
The geometry of approach of two ethylene

) cycloaddition reaction is shown - Fig. 1-3.
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Pig,  1~3

Ihe geometry of approach of two ethylene molecules ina(2+2)

cycloaddition reaction
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The ethylene molecyles are shown to be in parallel planes thereby
allowing the formation of the cyclobutane ring. Fig.llﬁé shows the
symmetry elements of the interacting olefin bonding and antibonding

orbitals with reference to the planes d1 and o)

Fig. 1-4

Orbital combinations in a (2+2) cycloaddition reaction

PR e
ee ee ee ee h g

In the cyclobutane intermediate the corresponding orbitals are present

=

but from the orbital correlation diagram - fig 1-5 it can be seen that
the AS orbital is bonding in cyclobutane and by combination with the

SS orbital two sigma carbon-carbon bonds can be formed. The cyclobutane
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SA orbital is antibonding.

Fig 1=5

Orbital correlation diagram for a (2 + 2) cycloaddition reaction

g AA
b3

SA M
s - — OAS
%\—u— &'SS

RCH = CHR el

5%

From these diagrams it can be seen that the transformation of the

ground state of two ethylene molecules into a ground state
cyclobutane must involve the transfer of electrons from one set of
orbitals to another set of different symmetry. Such a process
possesses a high activation energy and hence in Woodward-Hoffmann

terms is symmetry forbidden.

When a catalyst containing a transition metal is present the possible
orbital combinations are altered completely. The orbital correlation
diagram (fig. 1-5) must be redrawn to include the transformations
involving the transition metal d-orbitals. Fig 1-6 shows the effect
of the transition metal atom on the orbital combinations, of fig 1-5

for the reactants and also for the'cyclobutane' product.
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The effect of a transition metal atom on the olefin orbital

combinations

_2(:HZTCH2 <
M
AA
SA -
AS
R TP
CEreat?) CT=1) (LJII LIS 4
{ - 88
(FreaTs]) (ELe=c1D = D
2
di L

The gilled.ligand It orbitals of the olefins can interact with empty
metal d orbitals of the same symmetry and similarly the empty ligand
antibonding Tlorbitals interact with the filled metal d orbitals having
the same symmetry. The new orbital correlation diagram that can then
be drawn is shown in fig.1-7.

Fig. 1-7

Orbital correlation diagram for a (2+2) cycloaddition reaction

in the presence of a transition metal atom

AA AA | cyclobutane
Complex anti AS SA bonds
bonding orbitals| SA ::::b“::::::: AS 2
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complex bonding | AS ::::hﬁz:::::: SA | Px, dxz
orbitals gg AS | cyclobutane
: e T e £ bonds

e

A
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A ground state reversible reaction path from cyclobutane to the

olefin complex is now available. The shaded areas in fig. 1-6

represent the concentrations of the electron densities in the reactants
and products and it can be seen that redistribution of electron density
has occurred. The SA JT bonding electrons have become metal d electrons
and the AS metal d electrons have become £ bonding electrons in the metal
co-ordinated cyclobutane ring. It is seen that the metal atom has
removed the sy%metry restrictions of the cycloaddition reaction by
co—ordination to the two olefin molecules. A set of orbital diagrams -
similar to those in fig 1-5 could be drawn for the other two C-C

bonds of the cyclobutane ring which can interact with the metal d orbitals
to produce two olefins in which the original alkylidene groups are

exchanged to produce — 1-41.

1 =

The transition metal can therefore provide a reaction pathway for the
ring opening polymerisation of cyclic alkenes and the metathesis of

internal olefins by cleavage of the double bonds in both cases.

(b) The multi-centred species (XIII) - The mechanism involving the

: : 40 ;
cyclobutane intermediate was thought reasonable as an explanation
of the gross structural change involved in the cyclic alkene polymerisation
and acyclic olefin disproportionation reactions; however to account for

the facts that:

(a) no cyclobutane has been isolated from the reaction mixture
(b) cyclobutane has not been found to partake in the metathesis
reaction in the presence of metathesis catalysts.

and (c) cyclobutane has no accessible valencies for bonding to metals.
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the multicentred species (XIII) was proposed as a possible intermediate

by Lewandos and Petit.49

It was suggested that the olefin molecules first reacted with the
metal to form a bis olefin TI complex (XIV) which rearranged to a
multi.centred organo=metallic system (XV). Fig 1-8 is a diagrammatic

representation of the electron changes that take place in the scheme.

Fig. 18

Electron changes in the formation of the multicentred species (XV)

!

A .

XV

s e

XVI

The bonding in XV results from the interaction of a set of metal d
atomic orbitals and four methylenic units. Retraction of the system
XV along the ¥ axis would reproduce the starting materials whereas
separation along the Y axis would lead to the disproportionation or

polymerisation products: (XVI),

In a manner similar to that described above for the formation of the
cyclobutane intermediate, transition metal orbitals interact with

olefin orbitals of similar symmetry to provide a pathway for the reaction:
however there is a basic difference in the two proposals. In the orbital

symmetry pathway provided for cyclobutane formation the initial sigma
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bonds of the two olefin molecules are untouched and the pi bonds are
transformed into the new £ bonds thereby forming the cyclic
intermediate. In the case of the multi-centred species the carbon-
carbon sigma bonds of the initial olefins are broken at the same
time as the pi bonds so that a cyclic structure is never actually
formed. This dynamic bond formation and breakage is thought to be

a more reasonable possibility in the course of a metathesis reaction.

: ; 0 :
(¢) The chain mechanism A recent proposal? as an explanation for

the mechanism of the metathesis reaction suggests that neither the
cyclobutane intermediate (XII) nor the multicentred species (XIII) is
a correct representation of the events. The report proposes that
a chain mechanism adequately explains many factors which arise out of

olefin metathesis reactions. A scheme is predicted whereby (1-42)

b
g e g a——F+—M a + B oo v
NE LT e ) ’ ][ + /\h w=i =R2
A £ h & L ERR g

If this mechanism is applied to the reaction of a cyclic olefin with

an acyclic ol=fin over a tungsten based catalyst the result is: 1-43.

CHR RIcH = CHR /c“R
AR Ve Mo —— (:;
e 1543
g - CHR |
RCH=M + CHRl

Since metal carbenes and four membered rings containing metals are known
L] . e : ;

speciles and also since additions to olefins are common then this

proposal requires no unusual theoretical explanations. The theory

_can be widely applied to make predictions about metathesis reactions

in general and also accounts for the high molecular weight polymer

which is formed at an early stage in the polymerisation of cyclic alkenes

1-7 Kinetic treatment of the metathesis reaction A kinetic




treatment of the ring opening polymerisation of cyclic alkenes using
classical investigation methods has not produced useful results owing
to the many experimental difficulties involved in gathering the data.
The high rate of polymerisation and the high conversion to polymer

at an early stage in the reaction create difficulties in obtaining
samples for kinetic studies. It has, however, been possible to
obtain kinetic data for the olefin disproportionation reaction using '

known kinetic study methods and it is possible to apply these results

to the polymerisation reaction.

Kinetic studies on the homogeneous disproportionation of pent-2-ene

: 8,59
to but-2-ene and hex—-3-ene, using tungsten based catalysts, have shown
that the rate of disappearance of pent-2-ene is first order with respect
to the catalyst and has variable order with respect to the olefin. At
low olefin to catalyst ratios the order is greater than unity whereas

at higher olefin to catalyst ratios the order is approximately unity.
The results obtained were interpreted in terms of a mechanism involvin;

stepwise, rapid reversible olefin complexation to the metal followed

by a rate determining disproportionation step.

From his work on the disproportionation of cis-2-pentene Hughes suggested

that the mechanism (1-44) gave the best fit for his experimental results,

1 k; CHR
Cat + RHC = CHR —— Cat. <— 1 ——— 1
*EJ“ CHR
_ CHR 2 %5 CHR ﬁHR e T
Cat — + RCH = fl —+ Cat. +—
QHRI i P cur! CHR!
-2
s 1-44
HR 4
ﬁ 1 Lrear+ J_ﬁHR] 3 CHR  CHR
HE CHR" T 3 aet =E=N 1
curle: cprl
CHR = CHR
¥ k,
Cat —s  cat + RCH = CHR
1? 1 g 'I o IV
CHR™= CHR kh& + RICH = CHR
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Olefin complexation occurred in a stepwise manner and it was found
that in general klkﬁ kz. Step III was the actual disproportionation
reaction and step IV represented decomplexation of the product. The
complexation and decomplexation steps were thought to be similar

to those involved in absorption and de sorptioﬁ on a heterogeneous

catalyst surface.

In this kinetic analysis only the first three steps of the reaction
are considered and since the experiments were carried out at an early

stage in the reaction the reverse of Step IIIL is neglected. Using

1}

the simplified notation: C catalyst

I

reactant olefin
P

)

product olefin

the mechanism may be written:

3
(P ST < b :
cs T cs Sl S e

gsS + S 2
—_— - -

The complexation and decomplexation of the olefin molecules were
believed to occur at much faster rates than the disproportionation
reaction itself; accordingly the concentrations of the complexes
CS and CS, could be obtained from the equilibrium expressions

for steps 1 and II whereby:

k06 -« (od

kq p
énd hence: [CS] = Kl[(g[_s] where K L k—:l - a.
similarly: k, cgtsl = [cs;_J
so that [CSJ = K,K fCJ[Qz where K = . - b
; 172 2 k. ; :

=2

The rate of disproportionation (Ry,') was given by:
P o b

1}

Rgp. ky Ccsz] -- c.
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Subst ituting (b) in (ec):

22 ' " 2 L ret ude
Rgg = ky K K, (c1 @) d.

At a given time 't' it was proposed that:
= — = — ——n e.
ccal cl, CS ©s,]

and [s) Sk - rCS] =A% '[qu e £f.

Where[b]o and[S]d were the initial concentrations of C and S respectively
and S==84 since the catalyst concentration is lower than that of the
olefin. Substitution of these values for [C] and [S] into expressions

a and b above will give:

g e ELl [k - k4] iy

LrX [S]o"

; 2
snd CS. = __Kl KZ [C}o [S]éi

accordingly the rate of disproportionation (Rﬂﬁo) was then given by:

ks K, K, €lg [S_..Jw2

: ! 2
1+ K [s), + kK [s)

Rdp, =

This expression showed fhe rate of disproportionation to be first order

in catalyst concentration at constant olefin concentration. The order

with respect to olefin at constant catalyst concentration would be variable.
At very high olefin concentrations Raao would be expected to approach a
zero order dependence on olefin concentration but if KI>-K2 then even at
very high olefin concentration this order would be approximately unity.

It was thought fron the results obtained that 1(1.‘:=-K.2 which suggested that
the mono-olefin complex was more readily formed than the bis olefin complex

and indeed this would be as expected if steric hindrance factors are

taken into account.

42



[t must be noted that: in step f, although Hughes neglected any
significant rate of reformation of the original olefin no account
was taken of the small fractim of olefin that would have been
converted to product. Accordingly this must reinforce the fact
that this treatment could only apply during the initial stages

of reaction.

1 -8 Conclusion

The mechanism of the ring opening polymerisation of cyclopentene
resulting in the production of trans polypentenamer is still unclear

although a great deal of research has been carried out on it.

The initiation step and the mode of addition of monomer whether to
a cyclic structure or to an open chain structure have still not
been clearly defined. The following work is concerned with clarifying

some aspects of the reaction.
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2 -1 Introduction

The materials tungsten hexachloride and aluminium alkyls used in this

work are reactive towards traces of impurities such as oxygen and moisture.
The experimental procedures adopted had to be rigorous in the exclusion

of these; accordingly, wherever possible, all reactions and procedures

for the preparation of materials were carried out under high vacuum.

2 -2 (A) The high vacuum line:

The high vacuum line, shown in fig 2-1 , consisted of a manifold (A)-
which was evacuated by a rotary pump (B) assisted by a mercury diffusion
pump (C) and two liquid nitrogen cold traps (D,E). Trap D was used to
condense the vapours extracted fmmthe manifold and trap E to prevent
exhaustion of mercury vapour into the atmosphere. Extending from the
manifold were a number of taps with ground glass joints which could be
used to attach flasks and other pieces of apparatus to the high vacuum
line. Alternatively all glass apparatus could be sealed directly onto
the manifold thus obviating the use of taps and joints which were always
considered to be potential sources of leakage of air and moisture. The

manifold pressure was estimated by use of a "Vacustat" (F).

Solvents and monomers were purified on the high vacuum line by trap to

trap distillation procedures.

(B) Distillation of solvents and monomers on the high vacuum line

A round bottomed flask containing the material to be distilled was
attached to the high vacuum line manifold at tap I (fig.2-1); the
contents of the flask were frozem with liquid nitrogen and taps 1 and
5 were opened to evacuate the manifold and flask. The manifold was
isolated from the evacuation system by closing tap 5 and the material
was melted by surrounding the flask with a beaker containing methanol.
The gases dissolved in the solvent then passed into the manifold; the

-
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Figure 2-2
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flask was refrozen and by opening tap 5 any gases remaining in the
manifold were removed. This freeze thaw procedure was repeated
until all dissolved gases were removed [rom the solvent whereupon
a 'sticking' vacuum was obtained whenever tap 5 was opened after

successive operations.

Tap 1 was then closed and a second round bottomed, clean, dry flask
fitted with a 'Subaseal' side arm was attached at Tap 2. The flask was
evacuated by opening tap 2 and flame dried under vacuum. When cool
the empty flask was surrouwded by liquid nitrogen, tap 5 was closed
and tap 1 was opened, whereupon the material distilled from flask 1

into flask 2.

2 = 3 Purification of solvents and monoiers

Solvents such as toluene and hexane (BDH) contained a large number
of impurities and cyclopentene (KOCH - Light) was found to contain

trace amounts of an impurity which was known to be cyclopentadiene.

(A) Purification of solvents

411 solvents were initially purified by fractional distillation using the
equipment shown - fig. 2-2. The apparatus included an insulated six

foot column packed with glass beads and heated along its length by

an electrical resistance wire. To ensure a good separation of components
during the distiilation the temperature of the column was controlled by
varying the current through the resistance wire. The impure solvent was
placed in a 500 ml round bottomed flask attached to the foot of the
colum and was heated by a thermostatted isomantle. The distillate was
collected at the top of the column using the equipment shown - fig.2-2;
the 'Jena' column head allowed the reflux ratio to be varied by the drop

counting method. The normal reflux ratio was 5:1
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The middle fraction of the distillate was collected and then dried

by standing over alumina that had been activated by heating in a
furnace at 400°C for four hours. The purity of the collected fraction
was checked by gas chromatography and where necessary the distillation

operation was repeated until a solvent of very high purity was obtained.

After standing over the activated alumina for 24-48 hours the solvents
were distilled under high vacuum into a flask that had a 'Subaseal' side
arm. The solvent was finally dried by injecting 1 ml. of aluminium .
alkyl into the flask through the'Suba-sealeJ side arm (G). The solvent

was stored under high vacuum in flask 2 from which it was distilled as

required.

(B) Purification of cyclopentene:
Cyclopentadiene present as an impurity in cyclopentene was removed prior
to the use of the monomer in polymerisation reactions. Two procedures

by which this could be accomplished were available.

(I) Method 1 Cyclopentene (20g) was refluxed over maleic anhydride
(10g) for one hour thereby converting any cyclopentadiene present to an

involatile adduct by a conventional Diels—-Alder reaction 2-1.
74 .—<° P
s ‘ : DR RS | 0--- 2-1
\ 0 : 0

The cyclopentene was then distilled from the reaction mixture and a

G.L.C. analysis of the distillate confirmed the removal of the trace
quantities of the impurity. The cyclopentene was initially dried by
standing over activated alumina for 24 - 28 hours and finally dried
by distillation under high vacuum into a flask with a 'Subasealed' side

arm through which 0.5 ml of aluminium alkyl was added.

49



(II) Method 2 An alternative procedure for the purification
of cyclopentene involved the utilisation of the reactivity of cyclo-

pentadiene toward sodium in the following reaction. 2-2

This reaction could be turned to advantage in this system because
cyclopentadienyl sodium acted as a drying agent. Any moisture present

in the system was destroyed by the cyclopentadienyl sodium and cyclopenta-
diene was regenerated. The regenerated cyclopentadi ne reacted with more

sodium until a slightly green tinge persisted in the solution.

50 ml. of cyclopentene were degassed on the high vacuum line and allowed
to stand over sodium wire for 24 hours. In the initial stages when
hydrogen was evolved at a significant rate the flask and contents were
degassed in the usual manner at regular intervals. The monomer was stored
over sodium wire under high vacuum and distilled off as required. Prior
to use in polymerisations the removal of cyclopentadiene was confirmed by

gas chromatographie analysis.

2 - 4 Preparation of catalyst solutions for use in polymerisation reactions

(A) Purification of tungsten hexachloride and preparation of its solution

in toluene:

(1) Commercial tungsten hexachloride: Commercial tungsten hexachloride

(BpH) contained oxychlorides of tungstén as impurities. The mixture could
be considered to be composed of tungsten hexachloride and tungsten (VI)
oxide. Tungsten (VI) oxide present in this mixture was converted to
tungsten hexachloride by reaction with hexachloropropene in the following
manner, (2-3):

— WCl, + 3 CCl,=C-Cl-COCl - 2-3

Wo, + 3 ¢ Cl, = C ClCCl 6 2

3 2 3
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Ten grams of commercial tungsten hexachloride and ten ml. of
hexachloropropene were refluxed in a clean dry three necked flask (H) -
(fig. 2-3). A reflux condenser was attached to one neck and to the
other a nitrogen bleed was fixed. A flow of dry nitrogen was
maintained through the flask to prevent the hydrolysis of the tungsten
hexachloride during the purification. The nitrogen was then passed
through a conventional sulphuric acid drying system (I). After one
hour the reflux was stopped, the nitrogen inlet and condenser were
removed and the flask was stoppered and cooled rapidly in an icebath

to produce small crystals of tungsten hexachloride.

The tungsten hexachloride, purified by this method, was washed

and made ready for use in polymerisation reactions, as atoluene solution,
using the apparatus shown - fig. 2-4. The reflux flask (H) containing

the suspension of tungsten hexachloride was attached at J to the apparatus
which was connected to the high vacuum line at K. Flask H was immersed

in liquid nitrogen and with taps 1, 5 and 6 open and tap 7 closed, the
whole system was evacuated and the usual freeze thaw procedure was

adopted for the degassing of the contents of flaskli; With tap 1 closed
the contents of the flask were poured onto the top of the sinter of vessel
L. Dry nitrogen was then admitted to the apparatus at tap 1 and the
contents of the vessel were filtered into flask M with tap 7 open. The
filtrate was discarded and the system was evacuated and pure dry hexane

was distilled, from a flask on the line, into the reaction vessel H. The
remains of the suspension in flask H were then vashed into the vessel L

and the suspension of tungsten hexachloride was washed with dry hexane to
remove any impurities absorbed on the surface. The susPension'was filtered
and this washing procedure was repeated five times before the final evacuation
Pf the system to remove traces of hexane. Pure dry toluene was then
distilled into flask H and subsequently poured into vessel L. The pure

tungsten hexachloride was agitated by a 'Teflon' encased magnetic stirrer
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and slowly dissolved in the toluene. A clean dry flask (N) was

fitted to the apparatus at O and evacuated via tap 7. The solution

of tungsten hexachloride was filtered into flask N which was stoppered
and stored under nitrogen. Samples of tungsten hexachloride solution
could be removed from the flask through the 'Subaseal' stopper by

means of a hypodermic syringe.

(ITI) Pure tungsten hexachloride This was obtained as a sample (BDH)

with a degree of purity of 99.907 hence the purification procedure

.

described above was not necessary.

A weighed amount of tungsten hexachloride was placed in a clean dry
100 ml. flask under dry nitrogen. The flask was attached to the high
vacuum line, evacuated and immersed in liquid nitrogen; the required
amount of toluene was distilled into it from a graduated tube on the
high vacuum line. The flask was immersed in methanol, then removed
from the high vacuum line under dry nitrogen and immediately stoppered

with a 'Subaseal' stopper.

Samples of the tungsten hexachloride solution in toluene were obtained

for use in polymerisation reactions using a hypodermic syringe as before.

2-4B Preparation of toluene solutions of tungsten oxychlorides:

Solutions of tungsten oxychlorides of the stoichiometries given below
were prepared by refluxing tungstic oxide and tungsten hexachloride in
toluene at a temperature of SOOC for one hour.

Tungsten oxychlorides: (1) §b00110

(2) w0c14
(3) “7203(316
(4) w,C1,
(5) WO0sCly
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To produce the tungsten oxychlorides with the above stoichiometries,
as 0.1M solutions in toluene, flasks containing the gpropriate amounts
of tungsten hexachloride, tungstic oxide and toluene, as shown in
table 2-1, were made ready. A nitrogen atmosphere and vacuum
distillation techniques were used in this operation to prevent

hydrolysis of the tungsten hexachloride.

TABLE 2-1

Quantities of tungsten hexachloride, tunstic oxide and toluene

-~

required for the preparation of the tungsten oxychlorides (1-5) above.

tungsten Vol. Wt.W016 m.moles Wt.w03 m.moles| molarity of
oxychloride | toluene wcl WOS the solution
required mls. grams & grams
j w200110 20 0.4 1.0 1.16 5 0.1
2 WOCla 20 0.4 1.0 0.46 2 0.1
3 W203C16 20 0.4 1.0 0.23 1 _0;1
4 W02012 40 0.8 2.0 0.23 1 0.1
5|W,0,C1, 50 1.0 2.5 0.10 1.5 0.1

Tungsten hexachloride, tungstic oxide and toluene were refluxed in

the ratios given above, for one hour at SOOC, in the apparatus shown -
fig. 2-5. Dry nitrogen was blown across the top of the reflux condenser
throughout the reflux operation. After one hour the reflux condenser

was removed and the flask containing the tungsten oxychloride solution
was immediately stoppered with a 'Subaseal' and stored under dry

nitrogen. Samples of the solution were withdrawn by hypodermic syringe as

required.

(C) Preparation of a toluene solution of aluminium tri isobutyl

The pure aluminium tri-isobutyl obtained from Cambrian chemicals was
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used as supplied without further purification. A 0.12M solution of the
aluminium tri-isobutyl was prepared in toluene in the round hottomed
flask O (fig.2-6) which was fitted with a greaseless tap 8 and a’

'SubasealT.

Aluminium alkyls react explosively with oxidising agents or water and
were therefore stored in special containers fig-2-7. All apparatus used
was dried thoroughly and filled with a dry nitrogen atmosphere before

allowing any contact with the aluminium alkyl. 5

Flask O was attached to the high vacuum line at point P and then evacuated
and flame dried. 20 mls of dry toluene were distilled into it from a
graduated tube on the high vacuum linej; the flask was filled with dry
nitrogen, tap 8 was closed and the flask was removed from the line.

Using a clean dry syringe one ml. of the pure aluminium tri-isobutyl

was withdrawn from the container, (fig.2-7) under dry nitrogen, and

]
immediately transferred to the toluene in the flask. Samples of this

solution were withdrawn by means of a hypodermic syringe.

2 -5 Polymerisation procedures

(A) Polymerisations of cyclopentene initiated by the tungsten

hexachloride/aluminium tri-isobutyl catalyst system

A 50 ml. round bottomed flask fitted with a 'Subaseal' was attached

to the higﬂ vacuum line by means of a tap adaptor (fig. 2-8). The
required volumes of monomer and solvent were distilled from the

storage vessels into graduated tubes and thence into the reaction vessel.
The flask was then removed from the high vacuum line complete with the
closed tap adaptor and placed in a thermostatted constant temperature
bath. After 0.5 hour the required volumes of catalyst solutions were

added by syringe through the 'Subaseal'; tungsten hexachloride solution

was usually added before the aluminium tri-isobutyl solution.
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The polymerisation reaction could be terminated by the addition

of methanol to the reaction flask. The polymer obtained was then
purified by successive precipitations from chloroform or toluene solutions
using methanol as the non solvent. Alternatively a sample of the
polymerisate could be withdrawn from the flask by syringe, injected into

a large volumne of methanol and the polymer so obtained was purified as
described above. The latter method could be used provided the viscosity

of the polymerisate was not too high.

(B) Polymerisations of cyclopentene catalysed by tungsten

hexachloride alone

The method described above (2.5 A) was used initially.for polymerisations
employing tungsten hexachloride alone as catalyst but irreproducible
results were obtained. Subsequently all polymerisations were carried

out in the glass apparatus shown — fig- 2-9. This technique ensured

the maintenance of dry; oxygen—free conditions throughout the

polymerisation reaction.

The apparatus was attached to the high vacuum line at Q, evacuated

and then dried by flame heating. The required volume of cyclopentene

was distilled into the compartment from the graduated storage tube on
the high vacuum line. Whilst the cyclopentene was still frozen this
section of the apparatus was sealed off at point R,. Paint S was then
attached to the vacuum line and this section of the apparatus was
evacuated and flame dried. The required volume of tungsten hexachloride

solution was injected through the 'Subaseal' at point T The tap

1.
leading to the high vacuum line was opened and the toluene was removed
by distillation under high vacuum into a flask on the line. The final
traces of toluene were removed by pumping the system so that solid

tungsten hexachloride remained in the top section of the apparatus

which was then sealed off at points R2 and R3. The apparatus was then

61



W

Figure 2-10

62



immersed in a constant temperature bath for 0.5 hr when the cyclopentene
was allowed to fnteract with the tungsten hexachloride upon breaking the
breakseal Gﬁ? using the glass weight V. The reaction was terminated by
breaking the breakseal (Uz) and injecting methanol through the 'Subaseal"

(T.). Alternatively after breaking the breakseal (UZ)’ dry oxygen was

2

admitted to the apparatus, through the 'Subaseal' T,, using a hypodermic

2
syringe needle connected to a dry oxygen supply. Methanol was added when

termination of the reaction was required.

(C) Polymerisations of cyclopentene tatalysed by tungsten oxychlorides

The tungsten oxychlorides prepared by the method described before.2.4B
were used to polymerise cyclopentene using the method (B) above with

omission of the oxygen addition step.

(D) Spectrophotometric studies of the polymerisation of cyclopentene

The polymerisation of cyclopentene initiated by the reaction of tungsten
hexachloride with cyclopentene followed by the addition of oxygen was
accompanied by a series of colour changés and hence a study of the spectral

changes which occurred during the polymerisation was undertaken.

The apparatus which consisted of a quartz U.V. cell (W) attached to a

filling device (X) - (fig. 2-10) - was connected to the high vacuum line

at Y, evacuated and theﬁ dried by heating gently with a blue flame. The

tap leading to the high vacuum line was closed, the required volume of the
solution of tungsten hexachloride was injected through the 'Subaseal' at
point Zl. The toluene of the catalyst solution was removed by distillation
into a flask on the high vacuum line. The required volume of cyclopentene
was distilled into the apparatus from a graduated flask on the line and the
apparatus was sealed off at point Ai whilst the cyclopentene was still frozen
The cyclopentene was then melted and the tungsten hexachloride dissolved in
the monomer forming a red/brown solution. 7Tnis solution was then poured into
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the quartz cell and isolated from the rest of the apparatus by closing
the greaseless tap — (Tl). The isolated U.V. cell and its contents

were separated from the filling device (X) by carefully breaking the
glass apparatus at Bl' The apparatus (W) was then placed in a constant
temperature bath. At regular intervals the cell (W) was removed from
the bath and the U.V./visible spectrum was recorded using a Perkin Elmer

Sp.137 spectro-photometer with cyclopentene as the reference solvent.

The U.V./visible absorption spectrum of the system was recorded over a
period of time after which the breakseal (C;) was broken and dry oxygen
was admitted to the apparatus through the ‘subaseal at Cy. The u.v./
visible spectrum was again recorded at regular intervals after the

addition of oxygen.

2 - 6 Methods of analysis

(A) Determination of the concentration of the tungsten hexachloride solution

A gravimetric method for the determination of the concentration of the
tungsten hexachloride solution was used because the extinction coefficient

for tungsten hexachloride in toluene was unknown.

A 10 ml. sample of the tungsten hexachloride solution was extracted
from the flask using a syringe and was injected into distilled water
contained in a tared evaporating basin. Tungsten hexachloride was thus
hydrolysed to tungstic oxide by 2-4.

T»‘Elﬁ + 3H20 ———» 6HCL + WO, - 2-4

The remaining water was gently evaporated before the evaporating basin
was placed ina furnace at ?OOOC to ensure complete dryness. After two
hours in the furnace the gvaporating basin was allowed to cool in a
dessicator and then re-weighed. The weight of WO3 was obtained and

hence the concentration of tungsten hexachloride in the original solu'ion
was calculated. This procedure was repeated twice to give the readings -

table 2-2. 64



Determination of the concentration of tungsten hexachloride solution

TABLE 2-2

Volume of WClg

Weight of WO

Concentration of

3
solution/ml. obtained on WClﬁfmoles i
hydrolysis/gram
10 0.13 0.057
10 0.129 0.055
10 0.13 0.057

(B) Determination of the oxidation states of tungsten present during

polymerisation reactions:

The tungsten atom was known to exist in a mixture of oxidation states
during the catalysis of the ring opening polymerisation of cyclopentene.
To determine the average value of the oxidation state the tungsten present
in lower oxidation states was oxidised to tungsten (VI) by the addition
of Potassium permanganate. The amount of standard permanganate used was
determined by back titration with standard ferrous ammonium sulphate

and the mean oxidation state of tungsten present in the polymerisation

reaction was then obtained.

(I) Preparation of standard solutions All solutions were prepared

3 - - . 1 7
by the procedures described in Vogel, "Textbook of Volumetric analysis .6

Potassium permanganate About 3.2 grams of A.R. potassium permanganate were

weighed, transferred to a 1500 m]l beaker and dissolved in one litre of
distilled water. The beaker was covered with a clockglass and the solution
was boiled gently for 20 minutes and then cooled. This solution was

filtered through a sintered glass crucible, collected and stored in a

stoppered, dark brown glass bottle which had been thoroughly cleaned.

This solution of potasiun permanganate was standardised using ferrous

65



Figuré 2:'11

56



l LR L

ammonium sulphate.

Standardisation of the potassium permanganate 9.3 grams of

recrystallised ferrous ammonium sulphate was weighed accurately and
transferred to a 250 ml. volumetric flask. 200 ml. of distilled water
and 5 ml. of concentrated sulphuric acid were ar]ded; the salt was
dissolved and the solution made up to the mark with distilled water

to produce a 0.1N solution of ferrous ions.

25 ml. of this solution were removed with a pipette and added to a
500 ml. conical flask together with 25 ml. of N sulphuric acid. The
volume of potassium permanganate required to produce the first

permanent pink colour was recorded.

The normality of the potassium permanganate was calculated using the

relationship (2-5): it was found to be 0.104N.

VFe++X NF.eH- —_— \‘(Hno X NKMno s ey
- 4 4

Preparation of deoxygenated solutions Deoxygenated solutions of

sodium hydroxide and sulphuric acid and’a deoxygenated suspension of
lead oxide in distilled water were required for the oxidation state

determinations.

These were prepared by first boiling the solutions or suspension
for 0.5 hr. followed by bubbling white spot nitrogen through them for

two hours.

(II) Determination of the change in tungsten oxidation states during

the course of a cyclopentene/tungsten hexachloride reaction

A clean dry 250 ml. three necked flask, fitted with a 'Subaseal’ (Dl)
and &n adaptor funnel (El) was attached to the vacuum line at point

F1 (fig. 2-11). The apparatus was evacuated and flame dried. The
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requi red amount of cyclopentene was distilled into the flask from the
graduated tube on the high vacuum line. 2 ml. of .056M tungsten
hexachloride solution in toluene were added to the cyclopentene through
the 'Subaseal' (Dl). The cyclopentene was allowed to react with the
tungsten hexachloride for a predetermined period of time after which the
reaction was terminated by the addition to the flask of 25 mls. of
deoxygenated, N sodium hydroxide solution which was contained in the
stoppered adaptor funnel (El). Care was taken to prevent air entering

the flask by allowing 2 mls of the sodium hydroxide solution to rema%n

in the funnel. The cyclopentene and toluene in the flask were removed

by distillation under high vacuum and 50 mls. of deoxygenated 2N sulphuric
acid were then added to the flask from the funnel (El)' Five ml. of a
lead monoxide suspension in deoxygenated distilled water were added through
the Subaseal _tD13“Si“g a hypodermic syringe fitted with a wide bore
needle. The solution in the flask was then stirred with a 'teflon' encased
magnetic stirrer so that the chloride ions present in the solution
following the hydrolysis of the tungsten chlorides were removed as lead
chloride. 12.8 mls. of the potassium permanganate solution were added
through the funnel (El) and after one minute 25 mls. of ferrous ammonium
sulphate were added. The flask was removed froﬁ the high vacuum line and
the resulting solution filtered through a Buchner funnel. The excess of
ferrous ammonium sulphate present in the solution was determined by back
titration with potassium permanganate solution to the first permanent pink

coloration.

The results for the mean oxidation state of tungsten were compared with a
blank obtained by adopting the above procedure but excluding the addition

of any organic material.

(C) Infra red analysis of the polypentenamer:

The infra red spectra of polymer samples were obtained to determine the
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relative proportions of cis and trans double bonds in the polypentenamer
obtained with varied reaction conditions. The trans double bond absorbs

at 10.35/u. and the cis at 13.5}1

Samples were prepared for infra red analysis by use of the potassium
bromide disc method. A 3-57 paste of the polymer solution in chloroform
was prepared in potassium bromide and pressed into a disc under vacuum.
The disc was then placed in the light path of a Perkin-Elmer infra-red

spectrophotometerand the spectrum was recorded.

(D) Measurement of the molecular weight averages of the polypentenamers

64
produced.

Introduction: Methods of measuring molecular weight averages of polymers

Generally low molecular weight compounds are characterised
by a precise molecular weight andany deviation from this value is caused
by the presence of isotopes of the constituent atoms of the molecule
whereas polymers are not so simply described. Methods for the synthesis
of high molecular weight polymers give rise to the probalhility that not
all the polymer molecules in a sample of polymer have identical chain
lengths. For example during the benzoyl peroxide initiated polymerisation
of styrene, polystyryl radicals are formed and a radical of chain length
(n) may propagate by the addition of a monomer molecule to form a radical
of chain length (n + 1) or terminate to form a dead polymer molecule.
Because this is true for all values of the chain length (n) the resultant
polymer sample possesses a distribution of molecular sizes and accordingly

the application of any physical metho! for the measurement of the molecular

weight of the polymer will yield only an average value.

The most comuwon molecular weights quotcod for polymers are the number
average molecular weight (ﬁa) and the weight average molecular weight (M)

whore :



I

$ M2
M = — 3WML - 2.6 and Mw __;'q':.”*__ S )

for a sample of polymer containing N; molecules of molecular weight Mg.
The most convenient method for the routine ﬁeaéurement of a molecular
weight average of a polymer sample involves the determination of the
intrinsic viscosity (7) of the polymer solution. Application of the

Mark-Houwink equation, (2-8),

v = KM - 2-8 :

will give the viscosity average molecular weight (H;) where:

lo..

: 1+a
ik N Mg L Rl

5 ;kiMi

Tn the case where 'a' approaches 1 the molecular weight obtained is the

weight average (Mw) but in general 'a' lies between 0.5 and 0.8.

The conventional methods for determination of absolute molecular weights,
such as ebulliomebry and cryoscopy, fail if the molecular weight involved
is greater than 40,000 even if equipment of high sensitivity is used.

A number of new physical methods have been developed that may be
classfied as either absolute or relative. A necessary prerequisite for

their application is that the ﬁolymer is soluble in a suitable solvent.

Absolute methods give the molecular weight directly from mathematical
expressions containing only universal constants such as the gas constant

or Avogadro's number together with easily determined material constants
such as density, refractive index etc. The most important absolute methods
are; determination of the osmotic pressure, ultracentrifugation and light
scattering. These methods require considerable expenditure in equipment
and are therefore not freely available. Therefore chemical methods e.g.

end group analysis are still widely used in spite of their limitations.
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Light scattering and ultracentrifugation give a measurec of the
weight average molecular weight (ﬁﬁ) whilst osmometry and end group

:nalysis methods measure the number average molecular weight, (ﬁn).

Relative methods for determination of molecular weights involve measure-—
ment of some property that is clearly dependent upon the molecular
weight such as the viscosity of a dissolved polymer in viscometry or the
elution volume of a polymer solution in gel permeation chromatography.
Such measurements can only be evaluated if an experimental calibration

curve has been determined by reference to some absolute method.

(I) Determination of number average molecular weights (M,) by use of

high speed membrane osmometry

: 66
The use of the Mechrolab High Speed Membrane Osmometer was regarded as
the most useful method for determination of the number average molecular

weights of the polypentenamers produced.

A schematic representation of the osmaneter is shown - fig. 2-12: it
comprised a cell consisting of two compartments (F3Fy) which were
separated by a semi-permeable membrane (Gl). The semi perpeable
membranes used were usually constructed of polymeric materials such as
rubber, cellulose acetate or polyvinyl alcohol which were impermeable
to species below ~-20,000 M.wt. The lower half of the cell was filled
with the solvent for the pblymer and was connected to a solvent cup by
means of a capillary tube and flexible pipe. Trapped in the capillary
tube was an air bubble approximately 1 cm. long so that when solvent
moved across the membrane in the osmotic process the bubble was carried
up the capillary tube. The upper half of the cell could contain either

polymer solution or pure solvent.
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Solutions of the polymer in toluene were prepared so that their concen—
trations were approximately 1.0, 0.5, 0.25 and 0.1257 by weight/volume.
Pure solvent was first placed in the sample stack and by use of the
syphon control (Hl) the meniscus was drawn down to the graduation mark;
the apparatus was allowed to attain equilibrium which was maintained
for a period of five minutes, at which time the air bubble in the
capillary tube was in the path of a light beam which was focussed on a
photomultiplier detector. The height of the solvent cup at equilibrium
(hl) was measured on the digital panmel (Il)' The solvent was replaced
by a fresh sample of pure solvent so that the average value for the

solvent cup height could be obtained.

The solvent in the upper half of the cell was then replaced by a sample
of the least concentrated polymer solution and after 30 seconds the
meniscus was drawn down to the top of the capillary, in the sample stack
(Jl)’ by use of the syphon control (Hl)' This operation was repeated
twice using fresh polymer solution of the same concentration after which
the sample stack was refilled with the polymer solution and the meniscus
was drawn down to the graduation mark as before. The chemieal potential
of the solvent in the upper half of the cell was then different from that
in the lower half which caused solvent to move across the membrane. When
this happened the bubble trapped in the capillary tube moved out of the
light path which then caused a servo-motor to be activated so that the
level of the solvent cup was lowered until the bubble was again in the
light path i.e. at equilibrium. In effect a hydrostatic pressure equal
to the osmotic pressure of the solution was applied to the solution side
of the cell to prevent movement of the solvent across the membrane. The
height of the solvent cup (hp) was measured on the digital panel and an
average value was obtained by repeating the entire procedure four times.

The osmotic pressure of the solution (W) was then (h, - hz) cms. of

1

solvent.
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The operation was repeated using solutions of increasing concentrations
in turn and the osmotic pressure (T) of each of thise solutions was

obtained.

Values of M, were obtained by constructing a plot of T/C against C
and extrapolating to zero thus obtaining the value of T/C, which was

substituted in 2—10.61

Experimental data for the determination of the number average molecular

weights

Samples of polypentenamer for molecular weight studies were obtained at
various times during two series of polymerisations which were carried
out at 25°C using a cyclopentene/toluene concentration of 50/V/V and
a catalyst concentration such that the W:Al:Cp was 1:2:1000. The first
series of polymerisations included the addition of 0.02 gram of cis-2-
pentene per gram of cyclopentene. The percentage yields in both these

series of polymerisations are given in tables 3-1, and 2.

Specimen calculation of the number average molecular weight of a

polymer sample *

Four solutions, of concentrations 0.1 - 1% (wt% of the polymer sample
produced in the polymerisation (table 3-1) after a polymerisation time of
ten minutes were prepared in toluene. The osmotic pressure (TT) of these

solutions were determined using the High Speed Membrane Osmometer. A
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plot was constructed of T C vs. concentration--grams/litre and by

extrapolation to zero the value of T™/C. was obtained - fig.2-13.

The value of (gIJ was found to be 0.225 in 'his instance. The value
(=]

of M, was determined by substitution of this value of (JI—) into

Co
eqn. 2—-10
o o RT —— == 2108
Ce Ma
where: T = ‘the osmotic pressure ¥
c ‘the conen. grams/litre i -1 —
R = Lhe gas constant = It.at.deg 1 mole = 8.205 X 10
T = the absolute tmeperature - 25 C i.e. 298°K
My = the number average molecular weight.
The value of R must be converted to pressure units of cms. of toluene
which is accomplished by multiplying by a factor — 1026/0.862.
where: atmospheric pressure = 1026 cms Hzo
density of toluene = 0.862 gm/cm3
to give a value of R = 8.205 x %9%21 = 97.8 1lt.cm. tol—l degul moleql.

0.225

Therefore where: TI/C,

then by substitution in 2-10: M, = 1.31 x 105

This procedure was repeated for all the polymer samples thereby

obtaining their M, values.

II Determination of the molecular weight distributions of polypentenamer

samples by gel permeation chromatography.

The separation of the polymer molecules by gel permeation chromatography
took place in a column filled with a porous crosslinked polystyrene gel
which was constructed so that it contained a distribution of pore sizes
which were as close as possible to the molecular size distribution of
the polymer molecules encountered. It is possible to assign to each
pore size a size of solute so that polymer molecules with a size greater

than this are excluded from the solvent within that pore whereas polymer
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molecules with that size and less can permeate the pore.

A sample of polymer was injected onto the top of the column (fig.2-14)
through which solvent was pumped at a controlled rate which was of such a
value that the pressure across the column did not exceed 30 p.s.i.g. The
solvent eluted the polymer molecules from the column so that the polymer
was separated according to the size of the molecules with the larger
molecules being eluted first?5 The eluted solution passed from the

column to a differential refractometer detector system and the change

in refractive index was recorded as a function of elution volume. A

typical elution curve obtained is shown - fig. 2-15.

figure 2-15

Elution curve obtained from gel permeation chromatographic

analysis of a polypentenamer sample

Elution volume

At any particular elution volume molecules of a precise molecular weight
can be expected to be eluted from the column thereby providing information
regarding the distribution of molecular weights in a polymer sample.

Gel permeation chromatography theory63

The theory underlying the principle of gel permeation chromatography is

still in a preliminary stage of development.The elution volume, Ev, for
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a particular molecular size is compased of two parts as shown by 2-11

E, = E; + KiEp - 2-11

where: E; The volume of solvent contained outside the pores

in the column gel packing.

Ep The volume of solvent contained in the pores of the gel.

The distribution coefficient.

Kyg

For a polymer of molecular weight Mg the column volume allowed depends
on its size. K{ increases as the molecular weight decreases; where K¢
is the volumetric distribution coefficient between the total internal
volume, E}, and that part of it which is accessible to a given solute -
Bl & .

‘tacc
Hence: K£‘ = -75;—- T == SN2
If K4 is small the total elution volume is small hence large molecules

are eluted first.

If a plot is constructed (fig. 2-16) of elution volume against log.M.

Figure 2=18

Molecular size limitation of a gel permeation chromatographic
column as determined from a plot of Ev vs. Log Molecular weight

log M*

Log M

Elution volume (Ev) - mls

For molecules of size larger than M* and where K is constant and equal
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to zero then: E. = E which results in elution of this size of
molecule and larger immediately after injection. There is therefore

a relationship between elution volume and molecular weight.

The detection device used in gel permeation chromatography is a
differential refractometer and hence to provide a meaningful chromatograph
the refractive index must only depend on molecular concentration and

not on the sizé of the molecules so that for a constant concentration

of polymer the plot - fig. 2-17 - can be obtained.

Figure 2-17

Plot of refractive index of a polymer solution

with varied molecular weight

cr b

An

Molecular weight

This means that the refractive index of a solution of polymer with a
molecular weight of 100,000 at a concentration of C grams/litre must
be equal to that of a solution of a polymer with a molecular weight of

200,000 at the same concentration.

Calibration of a chromatographic column for a particular polymer is
carried out by injecting mono-dispersed samples of the polymer with a
range of molecular weights to give the corresponding elution curves,

A typical series of these elution curves is shown - fig. 2-18.
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Figure 2-18

Elution curves of a series of mono dispersed

samples of polystyrene

ARI

ey
L.

Ev
A calibration curve of log molecular weight vs elution volume can

then be constructed - fig. 2-19.

Figure 2-19

Calibration curve of a gel permeation

chromatographic column for polystyrene

Log M

Ev o

>

This calibration curve can only be used for accurate determinations

of molecular weights of polystyrene polymer samples. It can, however,
be used to give an approximate value of the molecular weights of
polypentenamer samples since coil extension is quite similar in

many polymers: this being the limitation since the exclusion of
randomly coiled molecules,in dilute solutions, from the gel is a

function of their hydrodynamic volumes which varies with polymer
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type and also with the solvent used. (see section 3-3B)

The elution curve itself provides useful information since the general
molecular size distribution in a polymer sample can be obtained by
inspection of its shape when the components of the sample have been

separated sufficiently.

Experimental technique Solutions of 0.25% (W€®of the polypentenamer

sample were prepared in chloroform. 2 mls of each of these solutioms
was injected in turn onto the high pressure liquid chromatographic
columns by means of the valve and loop injection system. Separation
of the polymer molecules occurred along 4 x 3 ft, 10"‘t A styragel
columms with chloroform as solvent and a differential refractometer

detection system.

Calibration of the columns was carried out for polystyrene by injecting
0.25% M‘}‘.ﬁlorofom solutions of polystyrene standards onto the

columns to obtain their elution curves.
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3-1 folecular weight studies on polymer produced when cyclopentene

is polymerised by W/Al based catalysts

TIntroduction - A great deal of information concerning the mechanism

of a polymerisation process may be obtaired from a study.of the

degree of polymerisation, in a given system, as a function of conversion
of monomer to polymer and the nature of the molecular weight distribution

of the polymer produced.

The types of molecular weight dependencies that are found in some

typical polymerisation systems are summarised below.

(i) Anionic addition polymerisation of styrene:

The anionic addition polymerisation of styrene initiated by sodium
napthalide in tetrahydrofuran has been characterised as a living

polymerisation. The polymer formed has a narrow molecular weight

—

distribution %ﬁ = 1.1;

merisation system is very fast compared to the rate of propagation.

since the rate of initiation in this poly-

Accordingly the active sites for the polymerisation are formed
instantaneously on the addition of the initiator to the monomer so
that throughout the polymerisation the propagating polymer chains
have identical chances to add monomer in all the propagation steps.
Since no termination or transfer reactions are present in this
polymerisation the degree of polymerisation increases with the extent
of reaction and the molecular weight distribution is of the Poisson type.
An increase in the number average degree of polymerisation with time is
found since - 3-(1):

[M - [H}u
(1

bR = 2 - - 341

where [yﬂo.and [M], represent the initial concentration of monomer and

its concentration at any time (t) respectively. The dependence of
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number average molecular weight on polymerisation extent for a living

polymerisation system is shown - figure 3-(1).

Figure 3-1
Dependence of polymer number average molegalar welght
on the Z conversion of monomer to polymer

200G

100
Mp x 10

50 100
% conversion —m™ ———>

(ii) Free radical addition polymerisation:

The free radical polymerisation of a vinyl monomer is characterised

by the following general kinetic scheme - 3-2.

k

Initiator ___;Ea___a- 2 R: )

2 ki ) Tnitiation

. A e X
K+ M M, )

2 + M -——451———Eh Miﬂ Propagation 8
M. o+ M ke Pol terminati

e ———

» Mg, olymer ermination

+ Transfer reactions.
The degree of polymerisation in a free radical process is kinetically
controlled by the termination steps. The kinetic chain length is given

by i3=3: 9

BN e U Gl e RN
¥ 2Ft Rp 2 Ka ke A [1]l

which in the absence of transfer reactions is related to the number

-~
|

average molecular weight (ﬁ;). The lifetime of a propagating radical
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(except in an emulsion polymerisation) is relatively short - fx,10_3 seconds=—
and within this time a particular radical has undergone a sufficient number
of propagation steps for polymer of high molecular weight to be produced.
Accordingly for a free radically initiated polymerisation of a vinyl monomer
a plot of DP, as a function of time or conversion should show an increase
that is due only to a fall in the rate of polymerisation with conversion.

The mnlecular weight distribution is again of a monomodal type so that

= 1.5 ‘or g& =~ 2.0 when transfer reactions are present.

e
o

(iii) Linear condensation polymerisations

In a linear condensation polymerisation system such as the strong acid

catalysed condensation of a W-hydroxy carboxylic acid the molecular weight

dependencies are different from those found in a free radical or an anionic
, 61

addition polymerisation. The synthesis of polymer in a condensation

polymerisation system is achieved by:means of a series of independent

condensation reactions. In the early stages of the reaction monomer is

consumed to form polymer of low number average molecular weight and as

the reaction proceeds the low polymers first formed condense further with

the result that the number average molecular weight increases. Thus the

monomer disappears almost completely during the initial stages of the

polymerisation.

At any time 't' when the fractional conversion of acid to ester groups

35 P Sthentie 3=3

1 i g > b i
Lo wconst = ,/<cot 13

where is the rate constant for the condensation reaction. At this

fractional conversion, P, the number average degree of polymerisation,

DF», is given by - 3-4



and the weight average degree of polymerisation DB, by 3-5.

]-]_av,- = ;—__i_i’: el - = 3-5

The polycondensation of an ®w-hydroxy acid is accordingly characterised
by:
(1) An increase in number average degree of polymerisation
with conversion; and
(2) An increase in the breadth of the molecular weight
distribution with conversion of monomer to polymer as

measured by 3-6.

D 147 - - 36
i . 1

This information is shown graphically in figure 3-2 where it can be

seen that the molecular weight distribution is of a monomodal type at

all stages during the polymerisation.

Figure 3-2
Weight fraction distribution curves for linear
condensation polymerisation at different values
of fractional conversion (P)
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3 -2 Exploratory work on the polymerisation of cyclopentene:

The polymerisation of cyclopentene was carried out by the method described

in section 2-5A.

Cyclopentene and toluene (together with cis-2-pentene when used) were
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distilled into the reaction flask which was allowed to reach thermal
equilibrium in a thermostat bath und the required volumes of tungsten
hexachloride and aluminium tri-isobutyl solutions were then added in

turn. After predetermined times samples of polymerisate were removed

from the vessel and the polymer precipitated and purified or alternatively
the polymerisation was terminated by the addition of wet chloroform followed

by precipitation of the polymer in methanol.

The results of these polymerisation reactions are summarised in figures

3= (3=7)

Infra-red spectra of the polypentenamers produced in these polymerisations
were obtained for each set of reaction conditions and éonversion times.

It was found that the spectra produced did not vary appreciably; a typical
example is shown - figure 3-8. Trans double bonds, absorbing at 10.35F

are seen to predominate in the polymer whereas the cis form, absorbing

at 13.8M 1is present to a small extent.

These results indicated that the most satisfactory system for the study
of the molecular weight characteristics of.the polymer produced in the
cyclopentene polymerisations initiated by the tungsten hexachloride/

aluminium tri-isobutyl system was that wherein:

Molar ratios - Cyclopentene: tungsten: aluminium - 1000:1:2
Temperature - 25°C 5
{Cyclopentene) - 5.65 mole |

Solvent Toluene
Under these conditions the rate of polymerisation and the equilibrium
conversion of monomer to polymer were such that a wide range of samples

could be obtained for the study of the molecular weight changes during

the polymerisation.
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3 - 3 Molecular weight changes during the polymerisation of

cyclopentene

(A) Number average molecular weight changes:

Samples of polypentenamer were obtained during the course of the
polymerisation of cyclopentene initiated by the tungsten hexachloride/
aluminium tri—isobutyi catalyst system with the reaction conditions
selected above (3-2). Thus, cyclopentene was polymerised at 25°C as a
S95oV/V solution in toluene using a tungsten: aluminium: cyclopentene
mclar ratio of 1:2:1000. Whenever cis-2-pentene was included a molar
ratio of cyclopentene: cis-2-pentene of 1000:1 was employed. The
addition of tungsten hexachloride to the solution of cyclopentene

preceded the addition of aluminium tri-isobutyl.

After purification of the polypentenamer samples, by successive
precipitations in methanol from chloroform solutions, the number average
molecular weights of the polymers were determined by osmometry using the
Me.chrolab High Speed Membrane Osmometer. 1-0 a:'ZSZ tw¢®)  solutions of

the polfmer samples were prepared in toluene and the osmotic pressure (TT)
was determined for each as a function of concentration at a temperature
of 25°C. From a plot of T/C VS.C for each sample the value of (T/C)__
was obtained by extrapolation of the curve to zero concentration. By

insertion of the value of ( 1UC)C=0 into 2-10;

L}

ik L
( C ) c=0 H;

the values of Hﬁ were obtained for each polymer sample. This procedure

2-10

is described in 2-6D.

The percentage conversion with time of these two polymerisation series

are shown in tables 3-1 and 3-2.
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TABLE 3-1

Percentage conversions of cyclopentene to polypentenamer

for the conditions given

Polymerisation % conversion
time /hours
0.16 21.6
0.25 21.6
1.00 23.0
3.00 27.0
5.50 27.0
24.00 27.0
72.00 27,0
cyclopentene/toluene -— 5089 V/V
cyclopentene:W:Al - === 100029 52
molar ratios
kis-Z-pentenéI ~- .02 gram cis-2-pentene/gram
of cyclopentene
temperature -- 259
TABLE 3-2

Percentage conversion of cyclopentene to polypentenamer
for the conditions given

Po%ymer%satlon wi kol amen
time/minutes

5 37
10 41
30 45
40 46
60 48
120 Y
cyclopentene/toluene = 508eV/V
p:W:Al molar ratios = 1000:1:2
temperature ey 2888

Samples of these polymers were prepared in toluene solutions, for use
in the High Speed Membrane Osmometer, to dete?mine the values of their
number average molecular weights from readings of the osmotic pressure
of their solutions, at concentrations of 0.1 to 1% (#9), using the

method described above.
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log Molecular weight - log M — ==

Figure 3-11

Calibration curve for the gel permeation chromatographic
columns - dependence of elution volume on the molecular
weights of polystyrene standards

n
T

905 #F - 2100 110 120

99 Elution vol: o= ml




Figures 339 and 10 show that during the initial stages of the polymerisations
a rise in number average molecular weight (M) occurred which was
followed by a decrease to a limiting value. When cis-2-pentene was

present the maximum value of M; (1.31 x 105) was lower than that

observed for the polymerisation of cyclopentene alone (1.95 x 105)

which is consistent with the fact that cis-2-pentene acted as a chain
transfer agent. It is apparent from a comparison of figures 3-9 and 3-10
that cis—2-pentene did not affect the overall kinetic behaviour of the
polymerisation of cyclopentene which at first sight did not appear to

fall into any of the three classes described in section 3-1.

(B) Gel Permeation Chromatography studies

A calibration curve for the gel permeation columns used was obtained by
injecting 0.25% chloroform solutions of polystyrene standards onto the
columms and recording their elution volumes. The dependence of elution

volume on peak molecular weight is shown graphically in figure 3-11:

The constants (K and a) of the Mark-Houwink equation; that relates the
molecular weight (My) of a polymer to the intrinsic viscosity (%) of

its solution i.e. 3-7

a

(7) = xu — - 37

may be used as an indication of the thermodynamic interaction between
r

the polymer and solvent. These constants are dependent upon the polymer,
solvent and temperature and whereas reliable values of the constants
are to be found in the literature for solutions of polystyrene in
chloroform, no such values are available for polypentenamer in chloroform
solution. Accordingly it was not possible to adopt the Universal
Calibration Procedure for the construction of a calibration curve for

polypentenamer (M;) from the calibration durve for polystyrene (Mz) for

the set of gel permeation columns used} where - 3-8:
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K
log M. = 1 log AR e S S )

1 1+a; K G+ a) oK kL

2

Well characterised narrow molecular weight distribution fractions of
polypentenamer were likewise unavailable and hence the number average
ind weight average molecular weights could not be obtained from the
gel permeation chromatographs of the polypentenamers and compared
with the data abtained from osmometry.

Figures 3-12 and 3-13 show typical chromatographs of the polymers °
obtained from samples taken, after various reaction times, from the
polymerisation of cyclopentene using HSIG/Al(;Ba)a as a catalyst.

The chromatographs were obtained by injecting 2 ml. of polymer solution

onto a set of columns as described previously.

Figure 3- 12

Elution curves of polymer samples obtained in cyclopentene
polymerisations after conversion times of 5,30 and 60 minutes

5 minutes 30 minutes 60 minutes

96 92 95 90 94 90

elution volumes (mls)
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Figure

3=13

Elution curves of polymer samples obtained in cyclopentene
polymerisations, in the presence of cis-2-pentene, after
conversion times of 5,30 and 60 minutes

5 minutes

30 minutes

60 minutes

100 97 101 97 102 98

Elution volume

Inspection of the chromatographs shown that they were all bimodal in
nature for a series of polymerisations carried out in the absence (figure
3-12) or the presence of cis-Z-penteﬁe (figure 3-13). Although the molecular
weight averages (My and M) could not be calcﬁ1ated for the series of

Tables 3-3

samples, certain features of these curves are worthy of note.

and 3-4 show the dependence of the peak elution volumes of the high (EVy) and

low (EV2) molecular weight materials produced during the polymerisations

Table 3-3

Dependence of elution volume of polymer samples on conversion

to polymer in cyclopentene polymerisation

e e

Polymerisation time 7% EV EV. |R = 2read of EVq peak
minutes conversion 1 2 area of EV, peak
5 40 92 96 6/1
10 41 92 96 5/1
30 45 90 95 4.5/1
40 46 90 95 4/1
60 48 90 94 3/1
120 56 89 94 3/1
Molar ratio: Cyclopentene: W:Al - 1000:1:2
Cyclopentene/Toluene - SQQBVIV
Temperature - 25°C

102




Table 34

Dependence of elution volume of polymer samples on conversion
to polymer in cyclopentene polymerisation in the presence of
cis—-2-pentene

Polymerisation time % EVl EV _ area of EVj peak
: 2| R=
hours conversion area of EV, peak
0.1 21 97 100 6/1
0.5 25 97 101 4.5/1
1.0 26 98 102 4.5/1
3.0 26 98 102 4/1
S 25 100 102 4/1
24.0 26 98 99 4/1
72.0 26 98 99 4/1

Molar ratio - cyclopentene: cis-2-pentene: W:Al - 1000:1:2
cyclopentene/toluene — 5080V/V
Temperature — 25 C

Attempts were also made to compare the amounts of high and low molecular
weight materials by planimetrically determining the areas under the two
chromatographic peaks. This information is also shown in tables 3-3 and
3—-4 but should be treated with reservation because large errors were

involved in the estimation of the shapes of the individual chromatographs.

Table 3-5 shows the results ﬁf gel permeation chromatography studies on
cylopentene polymerisations at varied initial cyclopentene molar
ratios. The gel permeation chromatographs were again bimodal in nature
and the elution volumes together with the area of the distribution

curves measured by planimetry are shown.

Table 3-5

Dependence of elution volumes of polypentenamer samples
on initial cyclopentene/catalyst molar ratios

Cyclopentene % Evl EV2 p= Aarea of EVy peak
Moles { convexeion area of EV, peak
5.6 38 90 95 4/1
5.0 30 91 97 4/1
4.2 30 90 97 4/1
2.8 25 92 97 3.6/1

Polymerisation time - 10 minutes

[WCIE'I - 5.8m mole [~}
A1 (LBu); COlT. Gn mole T
Solvent - Toluene.

It would appear from the results in tables 3-3 and 3-4 that:
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(1) the positions of the peaks in the chromatographs were
approximately constant for a given series of samples taken
from a polymerisation after various conversion times;

(2) within the limits of their determination the ratio of high
to low molecular weight material decreased during the course
of the polymerisation; and

(3) cis-2-pentene shifted both peaks to a lower molecular weighﬁ
range when included as an additive in the system but does not

alter observations (1) and (2).

3 - 4 Oxidation state of tungsten during the course of the polymerisation

Whenever tungsten hexachloride was added to cyclopentene in the course of
these polymerisations a blue solution was formed which immediately turned
to reddish brown. If aluminium tri-isobutyl was added at this stage the
colour changed to a deeper brown and the viscosity of the solution
increased rapidly indicating that polymerisation had occurred. If
aluminium tri-isobutyl was not added and the cyclopentene/tungsten
hexachloride system was allowed to stand the solution became clear and a
dark oily precipitate was formed on the bottom of the reaction vessel
after a time of 0.5 - 1 hour. It was thought that the colour changes

and the precipitate formation were due to the formation of complexes between
the cyclopentene and the tungsten in which the tungsten atom existed in

oxidation states other than tungsten (VI).

To investigate these phenomena a study of the changes in the oxidation

state of tungsten in the tungsten hexachloride/cyclopentene system was
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carried out by application of the titrimetric method described in 2-6B.

Although this method of oxidation state determination was capable of
producing accurate data it did have several disadvantages: (1) Since
a complicated procedure was involved great care had to be exercised

at each stage to prevent admission of air or moisture to the reaction
vessel since the presence of these would result in irreproducibility
of results; and (2)-whereas values of tungsten oxidation states could
be obtained for the tungsten hexachloride/cyclopentene system it was
not possible to extend the technique to determine these in the .
cyclopentene/tungsten hexachloride/aluminium tri-isobutyl system since
the presence of the polymer formed upon addition of the aluminium

tri—-isobutyl prevented accurate end point determinations.

Values of the changes in the oxidation state of tungsten were obtained
in the tungsten hexachloride/cyclopentene system when;
(1) The tungsten/cyclopentene molar ratio was varied and
and reaction time was constant; and
(2) the tungsten/cyclopentene molar ratio was kept constant
and the reaction time was varied.
The tungsten oxidation state data obtained for the conditions in (1)
and (2) above are shown in tables 3-6 and 3-7 respectively.

Table 3-6

Dependence of tungsten oxidation state on the tungsten/
cyclopentene molar ratios in the tungsten hexachloride/
cyclopentene system

Wel
[ é] Kyclopenteng) Molar ratio Mean oxidation state
m moles moles
W/Cp

0.12 0 P 6.0

Q.12 0.06 500:1 5.5

5 ) 0.12 1000:1 4.9

0512 0.18 1500:1 4.6

Q212 0.24 2000:1 4.0

Temperature - 25°C
Reaction time - 2 minutes
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Table 3-7

Dependence of tungsten oxidation state on the time of reaction
in the tungsten hexachloride/cyclopentene system

{?Cla [cyclopentend] Reaction time Mean oxidation
m moles moles minutes state
0.12 0.12 0.5 53
0.12 0.12 2.0 4.8
akL2 0.12 10.0 455
0.12 Q12 20.0 AR
0.12 0.12 30.0 4.5
Temperature - 25% <

Reaction time - varied
Tungsten hexachloride/cyclopentene molar ratio - 1000:1

The above data show that the tungsten mean oxidation state, when tungsten
hexachloride has reacted with the cyclopentene, does not have an integral
value. After a reaction time of ten minutes, when the ;yclopentene/
tungsten hexachloride molar ratio is 1000:1, the mean tungsten oxidation
state had decreased to a limiting value of 4.5 (table 3-7). The value of
this lower limit is dependent upon the cyclopentene/tungsten molar ratio
since it is observed (table 3-6) that at the higher cyclopentene/tungsten
molar ratio of 2000:1 the lower limit of the mean oxidation state is 4.0

which is reached after a reaction time of two minutes.

The dependence of the oxidation state on the cyclopentene/tungsten molar
ratio is not clear but it can be deduced that in cyclopentene polymerisations
the tungsten atom was present as a mixture of oxidation states. This fact

is consistent with the suggestion that the polymerisation of cyclopentene,
initiated by the tungsten/aluminium based catalyst and producing a polymer
with a bimodal molecular weight distribution, proceeds as two independent
polymerisation reactions each initiated by separate, active tungsten species.
These species may result from complex formation between the cyclopentene

and the tungsten atom in different oxidation states followed by reaction

with the aluminium tri-isobutyl (see section 3-5)
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3 -5 Discussion

The polymerisation of cyclopentene may be compared with some conventional
polymerisation systems described earlier in this chapter (3-1) and
mechanisms can be postulated which differ in their expected dependencies

of molecular weight on either reaction time or conversion of monomer to

polymer.

In the absence of cis-2-pentene if the mechanism proposed has the general

nature—(3-9): ¢
Wl + 3 ——>W/Cp
W/Cp + Al(iBu)j >Wx /e
3-9
we/cp + (3 —>w/(p,
W/Cp + ) “****——PW*/CPn+1
when no transfer or termination reactions are invoked then the

polymerisation of cyclopentene might be expected to show similarities

to the polymerisation of styrene initiated by sodium napthalide in

which the number average molecular weight increases linearly with conversion.
Furthermore the introduction of a transfer agent into the polymerisation
might be expected to have a substantial effect upon the polymerisation
producing a series of polymers within which thé molecular weight distribution
broadens gith conversion of monomer to polymer. To account for the bimodal
molecular weight distribution of the polymers obtained, two active species
with different rate constants could be postulated provided that there was

no rapid equilibrium between them.

A general mechanism similar in nature to the polycondensation polymerisation

may also be postulated (3-10) if:
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s AR = _Myar o =
i.e. Cp + Cp s W S (€r)y
(c#) + Cp Sebind a3 e
3=10
(C-T’)z * (C)\)z —Hm_" (CP’)Z'
@), + (€5)_ e WAL ©p)_,_

It may be envisaged that the complex formed from the reaction of
aluminium tri-isobutyl with tungsten hexachloride acts as a catalyst *

in all stages of the polymerisation. Such a mechanism would suggest that
all double bonds of the polymer would maintain their activity throughout
the polymerisation reaction and that there would be a linear increase in
the number average molecular weight with conversion of monomer to

polymer resulting in the formation of a macrocyclic polymer. If such a
mechanism were to apply it would be difficult to propose a mcans by which

a bimodal molecular weight distribution could be obtained.

Both the preceding mechanisms may be discarded in favour of a kinetic
chain mechanism because the dependence of number average molecular weight
of the polymer on the conversion of monomer to polymer is inconsistent

with either the living system or the ring expansion mechanism.

A kinetic chain reaction involving a first progagation step may be

invoked to describe the behaviour of the polymerisation of cyclopentene
because the positions of the peaks in the molecular weight distribution curves
remained constant during the course of a polymerisation, a feature also

of the free radical initiated polymerisation of vinyl monomers. Such
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a scheme is shown below (3-11).

: _ +
ket -E:; /Cp Initiation
[w/cp] + AL(iBU) 4 ——» W/AL* Cp,
W/ALX Cp, + £3 ————> [w/Al* cp,]
Propagation 3 FT
* =
W/AL* Cp_  + M ————» [W/ALx Cpn+]j
X [F/Al* Cpn] —— ——» Polypentenamer Termination

It is not at present obvious whether the propagating species (W/A1*Cp,)
had a short or long lifetime and whether the termination reaction was

a first or a second order process.

During the course of the polymerisation the ratio of high molecular

weight to low molecular weight material changed significantly. The
increased significance of low molecular weight material at high

conversions can account for the decrease in number average molecular weight
that occurred during the course of the polymerisation. Obviously it

would have been advantageous to have been able to compare the values

of the number average molecular weight obtained by osmometry with the
values obtained by gel permeation chromatography but this was not

possible because the columns could not be calibrated for polypentenamer.

The decrease in number average molecular weight has been described also

&5 for the polymerisation of cyclooctene using metathesis

by Chauvin et al
catalysts and it was suggested by these workers that the polymerisation
was followed by a degradation process. If such a degradation process
was random in nature a skewing of the molecular weight distribution to
the lower end should have occurred and a bimodal molecular weight

distribution need not have been produced. However it is possible to

account for the bimodal molecular weight distribution of polypentenamer
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by postulating that two independent catalyst species (wl and Wz) were
present in the system, polymerising the cyclopentene with rates of
polymerisation of Rp) and Ryo respectively. The two catalysts would

then polymerise cyclopentene independently of one another to produce

a polymer that had a molecular weight distribution that was the sum

of two individual distributions. It is proposed that both polymerisation
processes should be of a kinetic chain type. If, however, the peaks in
the gel permeation chromatographs are to maintain constant elution
volumes, the ratio of the rates of polymerisation should change .

during the course of polymerisation; otherwise the ratio jg Ry de
sy
will be constant and the number average molecular weight will not

decrease with conversion. If there are two propagating species then

the overall rate of polymerisation (Ry) will be given by 3-12.

+

) SRR S . :

Ri =
P Re(1)
The natures of the propagating reactions in the polymerisation are

unknown but they may be described by the general kinetic equations 3-13

and 3-14:.

a b
By K 1y fron] [”(1)1 -- 3-13
Rth) = kp(2) an] [F(ZJ -~ -= 3-14

where W(l) and W(Z) represent the propagating species in the polymerisation
of cyclopentene. To account for the change in the ratio So RF;l)

t
| ,% Rp(z) dt
either:

(1) a # al if the ratio w(l)/w(z) remains constant or

W
1 . : :
(11) ﬁﬁ—l changes during the course of the polymerisation.
(2)
If the orders of polymerisation with respect to monomer differ for each
reaction, then this should be reflected in a dependence of the molecular

weight distribution on the initial concentration of monomer. Table 3-3 shows

the dependence of the molecular weight distribution upon initial monomer
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concentration as determined by the gel permeation chromatographs
of the polymer samples obtained. It is observed that the ratio of
the areas under each malecular weight distribution curve is effectively
constant for each concentration of monomer and hence the orders of the
propagation reactions (3-11) may be considered to be identical with
respect to monomer concentration and the change in molecular weight
A
distribution as expressed by % 7 (1) considered to be caused
t
R; dt
Jo 7(2)
W
(1) .
W
(2)

by a change in the ratio

The study of the oxidation state of tungsten during the course of
its reéction with cyclopentene suggesﬁed that tungsten existed, in the
polymerisation, as a mixture of oxidation states. If tungsten was
present in two active oxidation states, w(x) and W(yr a reaction scheme

can be constructed (3-15) wherein:

Cp + W (V1) —> W(x) + W(y)

W(x) + Cp —a Wk (x)

W(y) + Cp —— WA (y)

Wk (x) Al(in)3= w(1)

W (y) . AL(iBu)a g W(2) 3-15
Wl + Cp ——— > Polymer (1)

W, “+7Cp —————3> Polymer (2)

s






Introduction

A bimetallic catalyst system based upon tungsten and aluminium
is capable of polymerising cyclopentene to trans polypentenamer
giving conversions of monomer to polymer of the order of 70% together

with a high rate of polymerisation.

The role of the catalyst components in the polymerisation mechanis&

is not clear but it is thought that the tungsten atom acts to
co-ordinate cyclopentene monomer to form co-ordination complexes which
can be represented by - W(Cp&-. The subsequent addition of aluminium
to the system results in rapid polymerisation. It is thought that the
aluminium reacts with the tungsten/cyclopentene complex to form a
tungsten species (wl), possibly a tungsten carbene, which can undergo

reaction with monomer to produce polymer.

The high rates of polymerisation noted in the above system were
difficult to measure by dilatometry. It was therefore decided to
investigate the possibility of determining the rate by the use of

a cone and plate viscometer, using the increase in the viscosity

of the polymerisate as a measure of the rate of polymerisation. During
preparations for these experiments salutions of tungsten hexachloride
in cyclopentene were made up in ground glass stoppered flasks. It was
discovered, when the tungsten hexachloride/cyclopentene solution was
left overnight, that polymerisation had occurred. This event led to
the investigation of the-ability of tungsten hexachloride alone to
polymerise cyclopentene and it was hoped that this could also lead
subsequently to clarification of the role played by the aluminium in

the bimetallic catalyst system.
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4.1 Polymerisation of cyclopentene initiated by

tungsten

hexachloride alone

The polymerisation of cyclopentene initiated by tungsten hexachloride
alone was carried out at 25°C by the method described in 2-5A using
the apparatus shown — figure 2-8. Two mls of a 0.06M toluene solution
of tungsten hexachloride were added to 0.12 moles of cyclopentene in
the reaction vessel (Pl) so that the cyclopentene:tungsten molar ratio
was 1000:1. The polymerisation was allowed-to proceed for a pre-
determined time after which it was terminated by the injection of
methanol into the polymerisate. The polymer was then obtained by
precipitation of the polymerisate in methanol and was purified by
successive precipitations in methanol from chloroform solutions. The
percentage conversions of monomer to polymer for a series of such
polymerisations in which the reaction time was varied is recorded -

table 4-1.

Table 4-1

Dependence of conversion of monomer to polymer on

polynerisation time

Polymerisation Percentage
time (hrs) conversion
0ud 1.0
1.0 1.5
5.0 1.8
12.0 2.0
24.0 2.0

Temperature - 25°¢C
=3 =1
[wclg - 5.6 x 10 ~ moles 1
Cyclopentene] = 5.6 moles 1~1
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Films of polypentenamer samples were cast, on evaporating dishes,
from chloroform solutions and the infra-red spectra of the polymer
samples were obtained by the method described in section 2-6C. A
typical spectrum for a sample of polypentenamer obtained in this
series of polymerisations is shown - figure 4-1 - and it is seen
that the polymer spectrum showed the absorptions characteristic of
polypentenamers which contained predominantly trans double bonds

(i.e. the 10.35M absorption band).

These results indicated that tungsten hexachloride alone would polymerise
cyclopentene to produce trans polypentenamer by a ring opening mechanism
in a similar manner to the bimetallic catalyst systems but that the
conversion of monomer to polymer was very low even after long reaction
times. A complicating feature of this system was that during the

course of these tungsten hexachloride initiated polymerisations
inconsistent results were obtained wherein conversions to polymer

were sometimes found to be far greater than those average values

shown in table 4-1. The range of yields from supposedly similar

reactions i1s shown in table 4-2.

Table 4-2

Dependence of conversion of monomer to

polymer on unknown parameters

Polymerisation Percentage
time (hours) conversion
0.5 1
(8 P 6

(2 b 60
0.5 32
0.5 2
Temperature - 25°C
[ ~ 5.6 x 10 mole §

Eyclopentene] =~ 5.6 moles I—I
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The apparatus used in the above polymerisations was very simple in
nature consisting only of a flask fitted with a greaseless tap and
'Suba—-seal' side arm and it was felt that the apparatus was susceptible
to leakages which might have introduced potential impurities into the
system. Accordingly, the effect of the addition of dry oxygen to the
cyclopentene/tungsten hexachloride system was investigated using

apparatus that was leak proof and sealed under vacuum.

4=2 Polymerisation of cyclopentene initiated by tungsten

hexachloride and activated by oxygen

The polymerisation of cyclopentene initiated by tungsten hexachloride
alone was carried out using the high vacuum apparatus shown in figure
2-9 by the method described in section 2-5B. Two mls of a 0.06 molar
solution of tungsten hexachloride in toluene were added to 0.12 mole

of cyclopentene contained in the reaction vessel to produce a tungsten
hexachloride:cyclopentene molar ratio of 1:1000. The apparatus was
sealed from the vacuum line at the appropriate constriction and reaction
was allowed to proceed at 25°C for a predetermined time. Normally
during this period the intensity of the colour of the brown solution of
tungsten hexachloride reduced and often a brown oily precipitate formed
which would indicate that some reaction took place between tungsten
hexachloride and cyclopentene. After a predetermined reaction time.
oxygen, which had been dried by passage through columns of activated
molecular sieves and alumina, was admitted to the reaction vessel.

An immediate reaction took place in which the oil redissolved to form

a caramel solution in cyclopentene and polymerisation commenced. The
polymerisation was allowed to proceed for a period of one hour after
which it was terminated by the injection of methanol into the polymerisate.
The polymer obtained was purified as in 4-1. The reaction time before

oxygen addition was varied and the percentage conversion of monomer to

17



polymer recorded - table 4-3.

Table 4-3

Dependence of conversion of monomer to polymer

on the tungsten hexachloride/cyclopentene

reaction time before oxygen addition

Time of reaction Percentage conversion
before oxygen one hour after
addition-hours oxygen addition

0l

0.5 8

10 12

12.0 21

24.0 30

48.0 42

72.0 L2
Temperature - 25%
(e = 5.6 x 10> mole 171
Eyclopentené} = 5.6 mole 1_1

The results in table 4-3 would suggest that during the reaction of
cyclopentene with tungsten hexachloride at room temperature the
conversion of the tungsten hexachloride to a species that could be
activated to the polymerisation of cyclopentene by oxygen is
complete after 48 hours. A series of polymerisations was then
‘carried out to study the change in conversion with time in this

catalytic system.

A series of reaction vessels were prepared in which the concentration
; g : o

of tungsten hexachloride was maintained constant at 5.6 x 10 ~ moles

lﬁl in bulk cyclopentene and the cyclopentene in each was allowed

to react with the tungsten hexachloride for 50 hours. Oxygen was
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then admitted to each tube and the resultant polymerisation allowed fo
proceed in each for different periods before methanol was added to
terminate the polymerisation. The change in conversion with time is

shown in table 4-4.

Table 4-4

Dependence of conversion of monomer to polymer on

reaction time after the addition of oxygen to

the tungsten hexachloride/cyclopentene system.

Reaction time'after Percentage1
addition of oxygen conversion
— minutes
i 23
5 23
10 28
30 30
60 40
120 42

Temperature — 25°C

Time of reaction
before oxygen — 50 hours
addition

fic1,] L5 et

moles ]_

[Cyclopentene] -~ 5.6 moles 1_1

Structure of the polypentenamer produced in the WClﬁfoxygen/cyclopentene
system

The polymers obtained in the above experiments were cast into films and
were analysed by infra red spectroscopy. A typical spectrum is shown

in figure 4-2. The polymer again showed the absorbance of a poly-
pentenamer with peaks at 10.35M (trans =C = €< ) and 13.19% (cis

5 S =) T
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From the foregoing results it can be concluded that the polymerisation
of cyclopentene can be initiated by catalysts that do not contain metal
alkyls. It was thought that possibly some aluminium was included in
the polymerisation system since aluminiumtri-ethyl had been used to dry
the cyclopentene prior to its use in these polymerisations; however

if the relative vapour pressure of cyclopentene at room temperature -
500mm - is compared with that of aluminium tri-ethyl - 10ﬂ2mm it can

be calculated that the highest possible molar ratio of c¢p:Al in the
polymerisation as a result of distillation would be approggmately ‘
50,000:1. This would not be sufficient to catalyse the reaction.
Furthermore a drying agent — PButyl Lithium-was used to dry the
cyclopentene prior to its use in these polymerisations and this did

not affect the yields obtained. Having discounted any possible

source of contamination in the system it is therefore reasonable to

assume that the catalyst is monometallic.

The initial results of the polymerisations where cyclopentene was
thought to be activated by tungsten hexachloride alone were proven
inaccurate because the subsequent investigations showed that oxygen

was a necessary component in the catalyst system due to the fact that

in the sealed system the cyclopentene remained mobile until oxygen

was admitted. During the period before addition of oxygen to the
system reaction took place between the cyclopentene and the tungsten
hexéchloride because a precipitate was seen to form. In Chapter 3

the oxidation state of tungsten in contact with cyclopentene is known

to fall from its initial value of 6 to some lower non-integral value.

It could be suggested that the precipitate is a product of the reduction
of the tungsten hexachloride which probably complexed with cyclopentene.

This process may involve a two stage process where:

- wer,— ¢ c1

— Wwel, —» WCl

WC1 e e 5 4 AR

6
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4
The polymers produced by this monometallic system have structures
which are essentially the same as that produced by the bimetallic
tungsten hexachloride/aluminium tri-isobutyl catalyst system.
Therefore it could be concluded that the essential details of the
mechanism are identical to that of other metathetic polymerisations.
Efforts to confirm this were thwarted since attempts t§ determine
the number average molecular weight of the polymer samples as a
function of conversion were unsuccessful because the molecular

weight of the samples were too high.

The optimum conversion of monomer to polymer occurred where the
tungsten hexachloride was allowed to interact with the cyclopentene
for a period of 50 hours before the addition of oxygen to the system,
followed by a further polymerisation time of 0.5 - 1 hour. This long
period of ageing (50 hours) may be due to the fact that the rate of
reactions 4-1 or 4-2 is very low. The species responsible for
initiating the polymerisation in the WC16/02/cyclopentene system

is unknown but it was reasonable to assume that a tungsten oxychioride
was involved. Hence it was decided to attempt the polymerisation of
cyclopentene using tungsten Oxychlorideé, of varied W:0:C1

stoichiometric ratios, to initiate the polymerisation.

4-3 Polymerisations of cyclopentene initiated by tungsten oxychlorides

Tungsten oxychlorides containing various stoichiometric ratios of
W:0:Cl were prepared (2-4(B)). A 0.06 M suspension of tungsten
hexachloride in hexane was refluxed with the stoichiometric amount

of tungsten oxide (WDS) to produce:—
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The polymerisations of cyclopentene was carried out using the range

of tungsten oxychlorides as catalysts at 25°C, in the apparatus
described in 2.5bg 0.12m-moles of the tungsten oxychloride were

added to 0.12 mole of cyclopentene contained in the reaction vessel,

the apparatus was sealed off at the constriction and the polymerisation
was allowed to proceed for cne hour before it was terminated by the
injection of methanol. Oxygen was not allowed to enter the apparatus
before the injection of methanol. The polymer was obtained by precipita-—
tion and purified by successive precipitations from chloroform solutions.
The effect on conversion of monomer to polymer produced by a series of
tungsten oxychlorides under the conditions described above is recorded -

table 4-5.

Table 4-5

Dependence of the conversion of monomer to polymer

on the oxygen content of the tungsten oxychloride

Catalyst . |Percentage conversion
after one hour

WO,C1, - 1.0
WO Cl4 16.0
W,0,C1, 10.0
Wo, Cl, ' 4.0

Mo, TN B T

[tungsten oxychloride] = 5.6 mole 171
[eyclopentene] - 5.6 mole 1~
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The products of the polymerisation of cyclopentene by WOCl,, W203C16
and WO,Cl, were analysed by infra-red spectroscopy; films of the
polymer had been produced in the usual manner. An inspection of the
absorption bands at 10.35M and 13.9M, which are due to the trans and
clg X0 = L= shows that:

(1) WOCI4 produces a predominantly trans polypentenamer (fig.4-3)
and (2) W02C12 produces a predominantly cis polypentenamer (fig. 4-5).
The ratio C{_gg,_—E) 10.54 for each polymer can be used as a measure

(Log1) 13.9#

of structure as it gives the relative change in the trans/cis ratio
in a series of polymers. Using this ratio the trans/cis content of
the polymer produced in the Wt‘,16/02 initiated polymerisation (figure 4.2)
can be compared (table 4-6) with that produced by the w0014, @3C16

and WO,C1, initiated polymerisations (figures 4-3, 4,and 5 respectively).

Table 4-6

Relative trans/cis content of polymers produced

by varied catalyst systems

Catalyst system (Log 2= ) fLog &)
=3 s L T
13.9
WC16/02 9.41
: WOCla 12.00
wPICIB 0.66
W02C12 0.00

The polymer produced by the WOCI, initiated polymerisation of cyclo-
pentene is of the same structure relative to that produced by the

'.-:016/02 catalysed reaction. However, the different rates of poly ‘'risa:

tion in the two systems where:
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R —= Ry,
F(N316/02) P(JOclh)

would suggest that the effect of the addition of oxygen to the
cyclopentene/tungsten hexachloride system after fifty hours
reaction time is not simply explained by the formation of w(]314

or any corresponding species.

b=4 Ultraviolet and visible spectroscopic investigations of

the cyclopentene/tungsten hexachloride/oxygen system.

Tungsten hexachloride and the products of the reaction with cyclic
alkenes were susceptible to hydrolysis which destroyed the catalytic
activity of such systems towards the polymerisation of cyclic alkenes.
The UV/Visible studies carried out on the catalyst system necessitated
the use of apparatus designed to eliminate the problem of hydrolysis
because normal stoppered cells were not found to be sufficiently

air and moisture-tight for the purposes of these studies. Figure 2-I0

shows the apparatus which was developed for use in these experiments.

In order to ascertain a suitable concentration of tungsten hexachloride

to be used in these studies an absorption/concentration curve was
determined for tungsten hexachloride in cyclopentenej(Figure 4-6 ),0.1 mole
cyclopentene (9 mls) was distilled into the mixing vessel (figure 2.9)

and -17ml of a 0.06 molar solution of tungsten hexachloride in toluene
was added by hypodermic syringe. The lcm. quartz cell was filled with
this solution and the apparatus was then placed in the spectrophotometer.
The U.V and visible spectrum of the solution was then recorded using
cyclopentene as the reference solvent. The spectrum of tungsten
hexachloride in cyclopentene showed an absorbance maximum at 510mu

this absorbance maximum having an extinction coefficient of 6.2 [mole_1 cm
The absorption spectrum of the solution was recorded immediately after

addition of tungsten hexachloride to cyclopentene and then at intervals
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after the addition when reaction between the components had been
allowed to take place at 25°C. After a period of 20 hours dry
oxygen was admitted to the system and the absorption spectrum was
recorded again, Figure 4-7 shows the spectral changes occurring

under the conditions shown in table 4-7.

Table 4-7 .

Reaction conditions during U.V/visible spectroscopic

determinations on the WC¥ﬁ/cyclopentEnefoxygen system

recorded in figure 4-7.

Spectrum Time (hours)
 § 3 1 |
T | 0.5
I1I L)
Iv 10.0
Vv 20.0
VI* 20.0
VII* 21.0
Temperature = 25°C

*Spectra recorded after the addition
of oxygen

The U.V./visible spectra in figure 4-7 showed absorbances at 352mp
and 510np-and it was suspected that these absorption bands could be
due to the formation of spectrosc0pically active complexes between
the tungsten hexachloride and impurities in the toluene of the
catalyst solution. However, when the U.V./visible spectrum of a

low concentration solution (.01M) of tungsten hexachloride in toluene
was recorded it was observed that neither of these absorption bands
were present (figure 4-8). Therefore it was concluded that both of
these peaks (figure 4—}) were due to complexes formed between the
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tungsten hexachloride and the cyclopentene. The peak at 51Cmm
decreases in height as a function of time. The colour of a tungsten
hexachloride solution in toluene is blue whereas that of tungsten
hexachloride in cyclopentene is brown. The‘brown colour of the
solution in the spectrometer cell shows decreases with time which
is related to the formation of an oily precipitate at the base

of the cell. It could be concluded that the spectrum represents
products of reaction between tungsten hexachloride and cyclopentene
which are not active species in the polymerisafion reaction. The
addition of oxygen to the system completely changes the shape of
the spectrum so it is probable that the active species in the

polymerisation gives rise to spectrum VI*¥ and VII*.

4-5 Determination of the effect of oxygen addition on the

tungsten oxidation state when oxygen is added to a

tungsten hexachloride/cyclopentene reaction

The determination of the oxidation states of tungsten in the catalyst
systems described in the previous chapter was possible because the
organic materials used could be removed from the products of hydrolysis
by vacuum distillation techniques; side reactions that would lead to
the consumption of the oxidising agent (KMn04)were thus éliminated.

It is well known that potassium permanganate will readily oxidise

carbon—carbon double bonds to form diols - e.g.

1 3 5 I\ s 3
Ne = c/ MnO C-C

Sz \ il oS /l |\R

t{l Rﬁ Rz 4
OH OH

and because the product of the polymerisation of cyclopentene, which
contained a high degree of unsaturation, could not be readily

saparated from the products of the hydrolysis of the catalyst such
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titrimetric procedures could not be applied in determination of
the changes of the oxidation state of tungsten that occurred during

the polymerisation of cyclopentene.

However, the applications of metathesis polymerisation catalysts
are not confined to the polymerisation of cyclic alkenes since it
is believed, with some justification, that the mechanism of linear
alkene metathesis reactions is identical to the special case of

5 It therefore seemed appropriate

cyclic alkene polymerisation.
that the catalyst system - w016/02 should be applicable to the
metathesis of linear olefins. The resultant changes of oxidation
state of tungsten could then be studied because the products of

the metathesis reaction could be removed by simple vacuum distillation

techniques.

The application of the catalyst system W016/02 to the

metathetic disproportionation of linear olefias,

A series of reactions were carried out to determine the activity
towards the metathetic disproportionation of olefins of the product
of the reaction between tungsten hexachloride and the olefin.
1) alone

and 2) upon the addition of dry oxygen to the reaction mixture.
The reactions were carried out as described in section 2.5B. 0.12m
mole of dry cis-2-pentene was distilled into the reaction vessel and
0.12m mole of tungsten hexachloride was added before the vessel was
sealed off from the vacuum line. The reaction was allowed to proceed
at room temperature for 20 hours and an oily precipitate, which was
similar in appearance to that produced upon the reaction of
cyclopentene with tungsten hexachléride, formed in the tube. The

reaction was terminated by the addition of lml. of isopropanol that
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FIGURE _4-8'

The gas chromatogram of the products of the
reaction between cis-2-pentene and tungsten hexachloride
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PIGURE  4=10
The gas chromatogram of the _pa'n—d—t]_n-l's when cyelopentene
was reacted with tuigsten hexachloride for a period of
24 hours followed by the addition of oxygen and a
further reaction time of 0.5 hour.
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Figure 4-11

The gas chromatographic calibration curve for
cis-2 pentene and hex-3-ene
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was contained in a break seal ampoule and the products of the
reaction were analysed by gas chromatography. The gas chromatograph
of the products of this reaction, shown in figure 4-8', suggested
that no metathesis reaction took place in the absence of oxygen
because only the parent cis-2-pentene peak is obtained in the
chromatogram - i.e. the products of metathetic disproportionation

are absent.

In parallel reactions,with identical conditions, oxygen was admittéd

to the tube 0.5 and 24 hours after the tungsten hexachloride was

added to the olefin. After a further reaction time of 0.5 hour the
products were analysed by gas liquid chromatography, and the resultant
chromatographs are shown in figures 4-9 and 10. Two peaks are
apparent in both these chromatographs. When compared with the already
prepared chromatographs of cis-2-pentene and hex-3-ene (figure 4-11) it

is seen that these peaks are coincidental.

The metathetic disproportionation of cis-2-pentene should have resulted
in the formation of an equilibrium mixture of the two new products -
hex-3-ene and but-2-ene - together with the parent cis-2-pentene. The
gas chromatograph of such a mixture should thercfore have exhibited

three distinct peaks.

An inspection of figure 4-8' shows that no disproportionation had
occurred because the cis-2-pentene peak alone was present. In figures
4-9 and 10 two peaks were present — corresponding to cis-2-pentene and
hex-3-ene when compared with figure 4-1l-the standard chromatograph

for these two compounds. This suggests that the tungsten hexachloride/
oxygen catalyst did initiate the metathetic disprpportionation of the

acyclic olefin whereas tungsten hexachloride alone did not.
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The absence of the third peak in figures 4-9 and 10 corresponding to
but-2-ene can be explained by the fact that but—2-ene is a volatile

product of the metathetic disproportionation reaction and was lost on
transfer of the material from the flask to the column using a syringe

that was only suitable for injecting liquids.

Determination of the oxidation states of tungsten in the tungsten

hexachloride/cis-2-pentene/oxygen system

The changes in the oxidation state of tungsten in the above system was
determined by the titrimetric method described in 2.6B. 2 mls of a 0.06M
solution of tungsteﬁ hexachloride in toluene were added to 0.12 moles of
cis-2-pentene in the reaction vessel. The reaction was allowed to proceed
for a predetermined time after which it was terminated by the addition of
deoxygenated sodium hydroxide solution. Alternatively oxygen was added

to the system and the reaction was allowed to continue for a further
period of 0.5 hour after which it was terminated by addition of the

sodium hydroxide solution. The volatile reaction products were then
removed by distillation followed by addition of 50 mls. of dilute
sulphuric acid and 5 ml of a lead monoxide suspension. The flask contents
were stirred and 12.8 mls. potassium permanganate were added. The excess
potassium permanganate was determined by addition of 25 mls of standard
ferrous ammonium sulphate, filtering and back titration of the filtrate

with potassium permanganate.

The changes in oxidation state during the metathesis reaction are

shown in tables 4.8 and 9.
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Changes in the oxidation state of tungsten with
time in the cis-2-pentene/tungsten hexachloride systcm

[ Reaction time Mean oxidation
(minutes) state
0 5.8
5.8
10 : 5.4
15 ' 4.9 X
30 4.9
[cis-2-pentene]l - 5.6 moles re
fic1 ] - 5.6 x 1073 moles 17
Temperature - 25%
Table 4-9

Changes in the oxidation state of tungsten with
time in the cis-2-pentene/tungsten hexachloride/oxygen system

Time before oxygen Mean oxidation
addition - minutes state
0 -
10 S
15
30
24 x 60 4.8
[cis-2-pentene] - 5.60 moles 1_1
1] S S 60N me s
temperature = -25°C

Inspection of the data in table 4-8 reveals that the change in the
tungsten oxidation state with time in the tungsten hexachloride/cis-

2-pentene system is similar to that found in the tungsten hexachloride/
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cyclopentene system (chapter 3) which had been assumed in 4-5
above. In both systems the mean oxidation state of tungsten is

not an integral number and it decreases to a limiting value with time.

When oxygen was added to the tungsten hexachlorid%/éis—Z—pentene
system no dramatic change occurred in the tungsten oxidation state -
table 4-9. The oxygen did not oxidise the tungsten atom and hence
its role may well have been the conversion of an otherwise inactive
tungsten centre to an active site wherein the oxidation state of the

atom remained unchanged.

Discussion
The polymerisation of cyclopentene and the metathetic disproportionation
of acyclic alkenes could be catalysed by a monometallic catalyst, tungsten
hexachloride. Tungsten bexachloride alone, or the complex derived from

it and cyclopentene was not the active species in this polymerisation,

because such a catalyst system had to be activated by oxygen.

The structure of the polymer produced suggested that the polymerisation
of cyclopentene again occurred by a ring opening mechanism and thereby
that the active species was present in a similar state to the active
species in the bimetallic system based upon RElefAiiBu)3. The oxidation
state of tungsten in the bimetallic system would suggest that the tungsten
was present in at least two oxidation states and similar studies

on the monometallic system would suggest that even after the addition

of oxygen a mixture of oxidation states was present. However, it is

not clear'whether more than one species would be active in the metathesis
reaction because the molecular weights of the polymers produced in the
monometallic system were too high to be studied conveniently by gel

permeation chromatography or membrane osmometry.
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A simple scheme of reactions may be envisaged for the polymerisation

system under study.

Hels R @“*’ "1 ‘—D ;e @
I 11

where (I) and (II) have similar structures to those described in
Chapter III. However some reaction must occur wherein one or other

of these species is removed from solution because U.V. studies

showed that the absorbance at SIOHQ* decreased with time. The

decrease in abzorbance at 510mp was also associated with an increase
in the activity of the system towards polymerisation after the addition
of oxygen. It is possible that the oxygen reacted with an intermediate
species produced from W(I) and/or W(II) to produce a site capable of
sustaining a kinetic chain if comparison with the bimetallic system

is ' valid.
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5-1 The polymerisation of cyclopentene by the bimetazllic W/Al

based catalyst

The study of the metathesis of linear alkenes which was initiated by
catalysts active in the polymerisation of cyclopentene, led to the
conclusion that the ring opening polymerisation of cyclic alkenes was

a simple extension of the general olefin metathesis reaction which

took place hy cleavage of the carbon-carbon double bond. The structure
and the mechanism of formation of the transition state complex have not

been defined conclusively but the following suggestions have been made

to describe this species as:

(1) A quasi cyclobutane ring {60)

49)

(II) A multi centred tetracarbene species(

and (III) A species containing a tungsten-carbon double bond(SO)

Number average molecular weights and molecular weight distribution
curves for polymer samples obtained from the ring opening polymerisation
of cyclopentene in the presence of the bimetallic W/Al catalyst showed
that high molecular weight polymer was formed in the initial stages of
the reaction which would suggest that a kinetic chain mechanism might

be invoked to describe the propagation step in the polymerisation. An
examination of these species in turn as possible intermediates may be
made in the light of the probability that a kinetic chain mechanism is

required to describe the system.

(I) The quasi cyclobutane ring: A polymerisation scheme incorporating

a quasi cyclobutane ring as the transition state can be constructed

wherein: 5-1

is€: Cp +Cp e (q’)Z

I45



€, + Cp ML e,
p), +-(cp), AL, ), By,
CrYy o+ ()b (CR)

Such a polymerisation scheme, wherein chain growth occurred by the
formation of macrocyclies, would mean that all the double bonds of the
polymer maintained their activity throughout the polymerisation and the
resultant molecular weight dependence would be expected to be similar
to that of a condensation type polymerisation (chapter 3) wherein a
gradual linear increase in the molecular weight with conversion of
monomer to polymer would be found. Since such a molecular weight
dependence was not apparent in the ring opening polymerisation of
cyclopentene then the suggestion that the transition state complex

can be described as a quasi cyclobutane ring must be viewed with
scepticism especially if the double bond maintains its activity during

the polymerisation.

(II) The multi centred tetracarbene species: Two'monomer units were

considered to coordinate to the tungsten where reaction occurred to
form a bis-olefin complex which rearranged to a multi-centred organo-
metallic system. This species then promoted polymerisation by

co-ordination of further monomer units (5-2) or polymer chains.

Q G~
Qw \
/

—C
|
g+m W/Al -41]’—( Cp Polypentenamer
=i gL e

The essential difference between this proposal and (I) above is that a
cyclic structure is never actually formed as an intermediate; instead a
dynamic bond formation and breakage occurs. Notwithstanding this basic

difference the overall mechanism which could include such a multicentred

-~ A -
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tetracarbene species would be similar kinetically to 5-2 above
leading to a condensation type polymerisation with its associated
molecular weight dependence.

(I11) The species containing a tungsten-carbon double bond: It

was suggested that fhe cyclopentene molecule reacted with the tungsten
atom to form a metallocyclic which could produce a metal carbene in the
presence of the aluminium compound. The metal carbene which contains

a tungsten to carbon double bond and a vacant co-ordination site may
propagate the polymerisation reaction.by co-ordination of further
monomer units followed by their insertion into the growing chain.

The mechanism of these reactions can be illustrated by: 5-3 -

Q W, €Y ALGBU); R

W={}
Q Q= CHR vy P
W = CHR —— =R = S Ol CHZhH2 CH2 CHR45--3

Polypentenamer = Q

Since cyclic organometallic compounds and metal carbenes were well
characterised species and also additions to olefins common, this

proposal required no unusual theoretical explanations. Furthermore

the polymerisation scheme - 5-3 - describes a reasonable kinetic

chain process which is in agreement with Lhe molecular weight dependencies
found in the present studies. Although the evidence in support of

this mechanism is not conclusive it is probably that.the polymerisation
occurred by formation of the metal carbene followed by co-ordination

of monomer to the tungsten atom and insertion into the growing chain.

This simple description of the polymerisation mechanism adequately
explains the fact that high molecular weight polymer was formed in
the initial stages in the reaction. However, as reported in Chapter 3,
the initial increase in the number average molecular weight of the
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polymer was followed by a decrease with time. The gel permeation
chromatographic study of the polymer showed that the polymers had
bimodal molecular weight distributions. The positions of the peaks
in the molecular weight distribution curves which corresponded to

- low and high molecular weight polymer, remained cénstant throughout
the polymerisation but it was seen by inspection of the curves and by
measurement of the area under each peak that there was an increase

in the amount of low molecular weight material relative to the amount
of high molecular weight material as the polymerisation proceeded:
This increased importance of the lower molecular weight polymer fraction
explains the fall off in the number average molecular weight of thé

polymer produced but not how the bimodal molecular weight distribution

arose.

Two explanations for this occurrence are feasible: -

(I) the polymerisation system contains two species that are
capable of polymerising cyclopentene by two polymerisation
reactions with independent rate constants for the propagation

and termination reactions;

or (II) the polymerisation process occurs and is then followed by

a catalytic depolymerisation reaction.

The latter proposal which has been made by Chauvin et 3168 must be
considered. If a depolymerisation reaction occurred in polymer
which is formed in a kinetic chain process (i.e. open chain polymer)
then the type of reactions which would occur can be described by

5-4 and 5-5.
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- cBo—HCH . R} CHmo—o—RcH - R! cHe— <R CH .

R? CH=~=RCH 9 t- : ’ 4
R CH- = E= R CH R"CH= CH

This type of intermolecular depolymerisation reaction which is random in

nature could lead to a broadening of the molecular weight distribution

which would however still remain monomodal. If an intramolecular

depolymerisation occurred by coiling of the polymer chain on itself

then the process could be represented by - 5-5 = whereby:

R CH= R+ CHs= .
e —— N DR Q 55
RCH=~ E3 RCH =

This would result in the formation of a lower molecular weight open chain
polymer together with a lower molecular weight macrocyclic. However‘sinée
this process would again be random the resultant molecular weight distribu-
tion would remain monomodal but would be skewed to the lower molecular
weight side. Thus it is unlikely that the bimodal molecular weight
distribﬁtion of the polymerisation products can be explained in terﬁs of

a depolymerisation reaction.

The proposal that two independent propagating species are present in the
system-is therefore probably correct and it is likely that these could
involve the tungsten atom in different oxidation states. This is acceptable
since the oxidation state studies (chapter 3) have shown that the tungsten
existed as a mixture of at least two oxidation states in the presence of
cyclopentene. Without attempting to define the structure of these active

species if they are represented by W(I) and W(2) then a simple polymerisation

scheme can be constructed wherein: — 5-6.
c1, +op — w(ep) ALEEY w()
1 Al
5-6
wl + Cp —— Polypentenamer
W2 + Cp Polypentenamer
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W
It has been proposed (chapter 3) that the ratio-—;*- changes during
2

the course of the polymerisation thereby producing a change in the

T
molecular weight distribution as expressed by ____BﬂﬁlléF and thus

£= Ry (2)dt

leading to the increased importance of the lower molecular weight

polymer fraction. The change in the ratio can be brought about

2
by a process wherein W; and W2 were formed at the outset and

subsequently one or other of these produced an inactive species by a

process wherein: 5-7

WC16 + Cp —  W(Cp)x él&lgﬂlls wl + w2
N 3 S
Wl —— inactive species
or Wy ——— inactive species

Alternatively the treatment in 5-6 is possible whereby W, is formed

at the outset and this subsequehtly goes to Wz.

The foregoing reactions merely suggest that one or other of the
propagating species was consumed during the course of the polymerisation.
Evidence in support of this proposal has been recently revealed©
wherein recent studies on the polymerisation reaction have showm that:
(1) the rate of polymerisation was found to decrease
rapidly with conversion
and (2) the overall decrease in the rate was-greater than that
which would be expected as deriving from the decrease in
monomer concentration during the polymerisation - thus-—

figure 5-1:
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Figure 5-1

Projected and actual conversions with time of cyclopentene

to polypentenamer

projected rate ifllRp
S = %s die to&[Cp] alone

%Z conversion actual ARP found .

Time

Therefore the polymerisation of cycleopentene can be achieved by a
bimetallic catalyst system by a mechanism which can be tentatively
described as a kinetic chain process wherein two species can propagate
independent polymerisation reactions to produce a polymer which has a
bimodal molecular weight distribution. The role of the tungsten is to
provide a site where monomer units can co-ordinate and form a metal carbene
by a reaction with the aluminium. Propagation of the polymerisation
occurs by co-ordination of further monomer units followed by their
insertion into the growing kinetic chain at the metal-carbon double bond.
The role played by the aluminium is not well defined but this will be
discussed later in this chapter in conjunction with the role of the oxygen

in the monometallic catalyst system.

5-2 The polymerisation of cyclopentene by the monometallic I.-.'Cl!)h/_g_2

catalyst system

Investigations showed that tungsten hexachloride alone was incapable of
I5I



polymerising cyclopentene but when oxygen was added to the w016/
cyclopentene mixture a rapid polymerisatian ensued. The addition of
oxygen was found to be most effective when added to a wclﬁf cyclopentene
mixture which had been allowed to age for a period of ~2 days. During
this ageing period the mixture became clear and an oily precipitate formed
at the base of the reaction flask indicating that some reaction between

the cyclopentene and the tungsten hexachloride had occurred.

Inspection of the infra-red spectrum of the polymer produced, in the
w016f02/cyclopentene polymerisation system, showed that it had the same
structure as that produced in the bimetallic catalysed reaction: i.e. a
predominantly trans polypentenamer. It was therefore considered likely
that the monometallic system produced polymer by a mechanism which was
similar in nature to that proposed for the bimetallic catalysed
polymerisation with oxygen acting in a role which was similar to that
played by aluminium tri-isobutyl in the latter. The results of the
oxidation state studies were consistent with this proposal because it
was found that the oxygen did not act to oxidise the tungsten atom

after addition to the system.

The oxidation studies (chapter 4) on the monometallic system were

carried out using cis-2-pentene instead of cyclopentene because of the
difficulties involved in removing the polymer from the mixture after

oxygen addition. However the similarities in the oxidation states of
ﬁuggsten in the wﬁ16/Cp system before the addition of aluminium tri-
isobutyl (chapter 3) and that of the tungsten in the WC16/cis—2—pentene
system before the addition of oxygen and indeed the overall similarities
between the metathesis of acyclic olefins and the ring opening polymerisation
reactions initiated by the same catalyst system suggested that a direct

comparison of oxidation state data in the two systems could be made.
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The U.V./visible sPectrqscopic studies on the WCIG/cyclopentene
reaction mixture showed an absorbance at 510 mM which decreased
with time and when oxygen was added to the system the absorbance
peak was completely removed. It was believed that the decrease

in the 510 mM absorbance peak with time was linked to the concurrent
appearance oé the oily precipitate at the base of the photocell and
when this is considered alcigside the non-oxidising role played by

the oxygen a reaction scheme can be suggested such as: 5-8

Cyclopentene + WCl6 Qi:)
0 5-8

0 7
W) —2+ y-on-cH - cH - CH, -G
S N e T

It was believed that the formation of the cyclic organometallic
produced the precipitate at the base of the flask and the role of
the oxygen is as shown (5-8). Acting in this manner the oxygen
would produce (1) a W = C double bond

and (2) a vacant co-ordination site on the tungsten atom.
Thus is it quite feasible that the polymerisation can occur by a
process which is similar to that proposed for the bimetallic initiated
reaction i.e. by a kinetic chain mechanism wherein the initiation step
is the production of a metal carbene and propagation occurs by
co—ordination of monomer units to the tungsten atom followed by

insertion into the growing kinetic chain.
A role for the aluminium tri-isobutyl in the bimetallic catalyst

system can now be postulated since it is likely to act in a manner

which is similar to the oxygen in the monometallic system.

If the construction in 5-8 is expanded then a scheme for the

polymerisation reaction can be made wherein - 5-9.

153



or 0

¥ Al (iBu) §
Wel, + Cp ————» O ok 1090

Where;W. is; W= CII—@IJZQ~C1{

: H

AI(.“[BU)Z
o
or: W=CH-H,);-CH,-C{
e~

and, W W

4

Then; WI + Cp -———+ Polypentenamer

and W2 R R Polypentenamer

by W=CH-R + Cp ———» %CH—R

[ |
Polypentenamer-gp———-h; CH-R <—J

5-3 Molecular orbital treatment of the polymerisation of

cyclopentene by tungsten based catalysts.

In the foregoing discussion the polymerisation of cyclopentene was

described as a kinetic chain process wherein the initiation step

involved the formation of a tungsten carbene species. Co-ordination
of monomer to the tungsten atom was then followed by insertion of
the monomer into the growing kinetic chain. The bonds formed and

cleaved in the polymerisation can be examined in terms of orbitals

available. These can be defined as:

(1) Tungsten - TZ” Eg. orbitals

(II) the =CH double bond - the P, orbital perpendicular to the
'\R Z P P

# plane of the sz hybrid orbital
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and (IIT1) the incoming o]efin - the qr orbital which has the correct

2 orbital

symmetry for overlap with the dz
of the tungsten atom and:an unfilled 77 *

anti-bonding orbital.

The formation of the tungsten carbene species can be explained by overlap

of the dxz orbital of the tungsten atom and the Pz orbital of the carbon

atom, both of similar symmetry, thus forming a tungsten to carbon [ bond.

The tungsten atom, in a reduced oxidation state, contributing one electron
as does the carbon atom to form the electron pair bond. This can be

represented by figure 5-2.

Figure 5-2

Molecular orbital representation of the formation

of the tungsten carbene

]

W-==CHR

QW
7

LS

The co-ordination of the reacting olefin to the tungsten atom, by
analogy to the Ziegler Natta system, can be postulated to occur
by overlap of the tungsten dz? orbital and the T orbital of the incoming

olefin a5 shown in figure 5-3.
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Figure 5-3

Molecular orbital representation of the co-ordination

of monomer to the tungsten atom

il

WCHR

Thus the formation of the tungsten carbene and the mode of
co-ordination of the monomer to the tungsten atom can be described

in molecular orbital terms.

The olefin also possesses a r* antibonding orbital that has the
correct symmetry for overlap with the dy; orbital of the tungsten
atom which in turn can overlap with the S orbital of the carbon.

A diagramatic representation of the process is shown in figure 5-4.
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Figure 5-4

Molecular orbital representation of the insertion

of monomer into the kinetic chain at the tungsten-

carbon double bond

7 9
% = K—E’%:E E
I

If the carbon atoms are labelled as shown, it can be envisaged

that the two electrons forming the TT , W=C, bond can be used to
form a < bond between C1 and C2 and simultaneously the two
electrons in the molecular orbital formed from the overlap of the
olefin Jf bond and the tungsten d,2 orbitals provides electrons for

a W-C,, 4 bond. The breakdown of the metallocyeclic is also shown

3’
in the figure and it is assumed that the whole process is of a

reversible nature.

In a monomer addition step the process can be represented by

figure 5-5.
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Figure 5-5

Addition of monomer to the tungsten carbene

species = the intermediate involved

T

c

s
\

R

=Y .

A ERRST

w :

o

If bond cleavage occurs along the 'a' axis the initial reactants are

reproduced however cleavage along the'b'axis would result in
insertion of the monomer unit into the growing kinetic chain and

reproduction of a site for further monomer addition.

Having accounted for the mode of formation of the tungsten carbene
species and described the olefin addition step it is further possible
to explain the polymer structure in terms of steric hindrance factors

if the process is represented by figure 5-6.

.

158



Figure 5-6

Co—-ordination of monomer to the tungsten carbene

to produce trans polypentenamer

The plane of the olefin and the plane tungsten carbene are coplanar.

as shown in figure 5-6. The polymer is produced by the chain mechanism
described previously so that the R2 and the CHé groups are trans to
each other thus producing the trans polypentenamer.

Thus cyclopentene can be said to be polymerised to trans polypentenamer
by a kinetic chain process involving initiation by metal carbene
formation and propagation by insertion of monomer at » the tungsten

to carbon double bond.
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1) It is not clear if the chain growth in the polymerisation of
cyclopentene by the catalyst systems, described in this work,
occurs by macrocyclic formation or by addition of monomer to an
open chain. This could be easily tested in the case of the
w016/02 catalyst system by the use of radioactive tracer techniques
to determine if oxygen is present in the chain. Alternatively
other oxidising agents e.g. Cl, S could be tested to determine *
their ability to activate the polymerisation in the w016/cyc10-
pentene system and subsequent radioactive tracer techniques would
provide information on their presence in the polymer chain.

The (radioactive) isotopes 018, Cl§7334nre readily available and
this work could be carried out using the polymerisation tecliniques

described in 2-5B.

2) Kinetic studies on the W016/02/cyc10pentene system could be
carried out using the dilatometric techniques. Various concentrations
of the WI02 catalyst could be used to determine if oxygen is an

effective activator when present in very low concentrations.
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SUME MOLECULAR WELIGHT STUDIES IN THE POLYMERIZATION OF CYCLIC DLEFIN

A.J. AMASS and T. A. Mc GOURTY

The University of Aston in Birmingham

I-INTRODUCTION
The disclosures by Eleuterio (1) and subsequently Natta (2) of W/Al based cata-
lysts for the polymerization of cyclic olefins have stimulated a great deal of
industrial and academic research. These catalyst systems are noteriously ineffi-
cient leading only to lew conversions of cyclopentene to polypentenamer in prolon-
ged reaction times and as such are of no commercial significance even though the
polymer produced from cyclopentene has considerable technological advantages over
other synthetic rubbers. Interest in the subject of ring opening polymerization
gathered momentum when Farbenfabriken Bayer disclosed a series of activators for
the polymerization of cyclopentene and overcame many of the commercial disadvan-
tages of the process (3).

Transition metal based catalyst systems form the basis of some extremely interes-
ting research and many mechanisms have been proposed to account for the activity
of such catalyst systems. However, it is generally agreed that the mechanism of
polymerization by ring opening is different from the polymerization of acyclic
a-olefins. Natta (2) first suggested that the ring-opening polymerization of cy-
clic olefins proceeded by scission of the single bond o to the double bond since
norbornens polymerized thus : :

n

However, it was the subsequent work of Calderon et al (4) on the metathesis of
olefins which suggested that polymerization proceeded by way of scission of the

C = C double bond. It was postulated that the intermediate in a general mechanism
is an unstable guasi cyclobutane ring coordinated to a tungsten atom :

== R
w et

Although a great deal of work has been carried out on the polymerization of cyclo-
olefins the natures of the complexes and propagation steps involved in the polyme-
rization are still unclear.

A great deal of information concerning the nature of a polymerization process may
often be obtained from a study of the molecular weights of polymers produced in the
process. It is perhaps an appropriate time just to remind ourselves of the types

of molecular weight dependences that can be found in polymerization systems. The
anionic living polymerization of styrene is characterized by the production of
narrow molecular weight distribution polymer

M
n
[Hr:<1'1 )
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since the rate of initiation in such polyinerizations is of the same order as

the rate of propagation. Morecver since no termination or transfer reactions are
involved in such systems the degree of polymerization increases with the extent
of conversion. I[f termination and transfer reactions are absent in the polymeri-
zation of cyclic olefins and the rate of initiation is fast the system might be
expected to show molecular welght characteristics similar to those of the anionic
living polymerization system.

Some of the general mechanisms proposed for the polymerization of cyclic olefins
would suggest that the system should show the kinetic dependences of a typical
condensation polymerization since it has been proposed that a double bond may
maintain its activity towards metathesis throughout the polymerization and the
polymerization may be described by a series of equilibrium reactions :

cr A e il | T S
20NN
+

e e S S 3

n m v

All these reactions will of course involve the catalyst but they are essentially
similar in kinetic nature to the polycondensation systems adequately described by
Flory (5). Some essential features of these systems are :

(1) the number average degree of polymerization increases with the extent of
conversion as shown in Figure 1 ;

(ii) during the polymerization the molecular weight distribution broadens such that :

e 1 i AR T
X . X * A
n § s W o

where p is the fraction of reactive groups which have been converted.
(iii) it is finally worth noting the shape of a typical distribution curve (Fig. 1)
since it is of a mono model type.

The third and final molecular weight dependence to be discussed is that typical of
a conventional free radical system wherein such systems : :

Initiator > 2R; Ky % R,
R; e K] ey M; ki )

n;‘ + M i kp

M; + Né + Polymer Ke

+ transfer reactions
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nlike the condensation polymerization the degree of polymerization of a free ra-
ical pol mer is kinetically controlled by the termination steps. The kinetic
hain length (v) in such processes is given by

172
) 2
K2 ()2 K (M)
- p = p_ »
Wi SRl
2 kR 2E % (1)

hich in the absence of transfer is related to molecular weight. The lifetime of
 propagating radical (other than in an emulsion polymerization) is relatively
hort (1073 - 1074 sec) and within this period polymer of high molecular weight is
roduced. Accordingly in the free radical polymerization if x_ is plotted against
ime or conversion any increase is due only to a fall of polymerization with
onversion. :

f the ring opening polymerization of cyclopentene follows the following sequence :

Cat. ' TN @———9 Cat.
% =
—) Cat. + 4— Cat. )
: L A

J,

=
}—? Cats s ot
v
- Cat. -
i Cat. : \ 2
2 =
n-mer _ g |L—P Cat.
”———) Eaty  #* 4— — J n+1-mer
|— LA

Cat. <— Polymer + Cat.
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the molecular weight conversion curves might be expected to be similar to those
for free-radical polymerizations if the rate constant k_ is high. It was this
reasoning that led us to investigate the dependence of Rolecular weight on conver-
sion as a step in elucidating the mechanism of polymerization. I would like tao
stress at this point that our investigations so far have been only of a prelimina-
ry nature but we believe that we have some interesting features to report.

EXPERIMENTAL

The solvents and monomer used in these polymerizations were subjected to extremely
rigorous drying procedures. Both solvents and monomer (cyclopentene) were dried
initially over activated alumina and then distilled under high vacuum into flask
containing aluminium triethyl which was used as a final drying agent. Solvent and
monomer were then distilled under vacuum inte a round-bottom reaction flask.
Tungsten hexachloride was prepared by the reaction of hexachloropropene on
tungstic oxide :

NDB + ECl3 =REET s DCl2 = NCIB s

and used as a solution in dry distilled toluene. Aluminium tri-isobutyl was used
as a dilute splution in dry-vacuum-distilled toluene.

POLYMERIZATION OF CYCLOPENTENE

Polymerizations of cyclopentene were carried out in a 25ml round bottom flask fit-
ted with a suba-sealed side arm and 4 tap. The required volumes of solvent and mo- °
nomer were distilled under high vacuum into the flask and the catalyst components
were added in turn to the flask by hypodermic syringe. The polymerization vessel
was maintained at a constant temperature in a thermostat bath. Polymerizations were
terminated by addition of water, usually as very wet solvent, and the polymer was
precipitated by addition of the solution to methanol.

NUMBER AVERAGE MOLECULAR WEIGHT

Solutions of polypentenamers were prepared in toluene and the number average mole-
cular weights determined using a high speed membrane osmometer.

GEL PERMEATION CHROMATOGRAPHY

GPC traces were obtained using 0.1 - 0.25 % solution of polypentenamer in chloro-

form which was the solvent in a Waters high speed liquid chromatograph fitted with
2 24t 10% A styragel column. The effective length of the column could be increa-

sed by using the apparatus in a recycle mode.

DETERMINATION OF THE OXIDATION STATE OF TUNGSTEN

Samples of the polymerizate were hydrolysed in NaOH and oxidation state of W de-
termined by titration with Cez [504]3 under nitrogen.

RESULTS

All preliminary polymerizations were carried out using a 20 % solution of cyclo-
pentene in toluene as solvent. The catalydt components WC16 and AliBu3 were added
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in order to the solution of monomer in cyclopentene such that the molar ratio
W:Al1:Cl = 1:2:1000. Samples were obtained for molecular weight measurement either :

a) by carrying out a series of polymerizations under identical conditions for a
number of reaction times, or

b) by removing samples of polymer solutions from a reaction vessel at various
times during a polymerization.

Although for our purposes this latter technique was the more desirable it was
often impossible to follow since the reaction solution became extremely viscous.

The change in number average molecular weight is recorded in figure 2. This figure
shows the change in number average molecular weight with time during the course
of a typical polymerization. Two features are of particular interest in this slide,

1 - The steep rise in ﬁh during the initial stages of a polymerization is consi-
dered to be a real effect and might be correlated with a condensation type
mechanism,

Z = Al 1ntr1gu1ng feature was that this steep riss in M. vs time was followed by a
fall in M_ with time. At first this effect was found to be rather mysterious
since it Boes not fit the effects found in a free radical, condensatiop or
ionic type of mechanismand it was only subsequent investigations which convin-
ced us that this effect was real.

The measurement of M_ and M molecular weights although desirable has for some time
been recognized as hgving limitations since their measurement alone provides no in-
formation concerning the nature of the distribution of molecular weights. However
we are fortunate to have at our disposal gel permeation chromatography. To inves-
tigate the peculiar ﬁﬁ effects we then decided to obtain GPC traces for the poly-
mers obtained in these experiments.

A peculiar effect was immediately apparent when the polymer obtained after 1 hour
was investigated. The GPC trace is shown in figure 3. Unlike the polymer obtained

in cunventional polymerization processes such as free radical, condensation or anio-
nic, a bimodal distribution was obtained. It was then decided that each of the sam-
ples obtained in this series of experiments should be analysed by GPC, and of par-
ticular interest is the GPC trace obtained for the polymer prepared in the initial
stages of the process. A typical GPC trace obtained for polymer after 1 minute is
shown in figure 4. Although the polymer again shows a bimodal type distribution,

the proportion of the lower molecular weight material is less and this accounts for
the observed decrease in‘ﬁn with time.

Having accounted for the decrease in ﬁ; with time one has to ask why the distribu-
tion is of the bimodal type found. One could postulate various mechanisms to account
for this effect.

(i) high molecular weight polymer is formed initially and followed by a scission
process to form low molecular weight material. One would expect this scission
process if it occurs to be a random process resulting perhaps in an increase
in the breadth of the distribution which would be expected to remain a monomo-
dal type. .

(ii1) There may be two types of propagation reactions’. If the kinetic parameters of
these independent processes are different then one might expect to prepare a
polymer which is effectively a mixture of two monomodal distribution polymers.
The overall rate of polymerization Rp would be given by :

R * Raeny 7 Botd
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TABLE 1 : Changes in the mean oxidation state of tungsten during the reactions i
volved in the polymerization of cyclopentene

Reaction conditions. Mean oxidation state of tunpgsten
(19 WC1. solution 5.0
iy a 3
(2) WClc + cyclopentene after 1 min Sl
i3 Wfls + cyclopentene after 20 min 4.3
(43 13) 7+ AliBu_0iBu 4.3
(5) (4) after 2°h 4.4
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TUNGSTEN HEXACHLORIDE AL ONE AS A CATALYST
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Abstract - The polymerization of cyclic olefins may be initiated by tungsten hevachloride alone. The *
rate of polymerization is Jess than that normally obtained with bimetallic catalysts but the equilibrium

conversion monomer is of the same order.

INTRODUCTION

The polymerization of cyclic olefins to polyal-
kenamers gives products representing a novel class
of polymers obtained by reactions based upon the
metathesis of linear olefins. Such reactions are nor-
mally catalysed by complexes derived from the reac-
tions of tungsten halides and aluminium alkyls or
alkyl halides [1,2], although catalysts based upon
other transition metal compounds have been
reported. All the catalysts for the metathesis reactions
have been reported to be bimetallic systems although
it is likely that the role of the aluminium alkyl com-
pound is different from that in a conventional
Ziegler Natta polymerization of x-olefins. Indeed,
since the complex obtained from the reaction of
tungsten hexachloride and aluminium tribromide [3]
is a catalyst for the polymerization of cyclic olefins,
it has been suggested that the aluminium compound
hehaves as a simple Lewis acid in these reactions,
rather than producing a transition metal-alkyl
bond [4]. We now report that such two-component
catalyst systems are not essential for the polymeriza-
tion of cyclic olefins since tungsten hexachloride alone
acts as a metathesis catalyst.

EXPERIMENTAL

Tungsten hexachloride was purified by refluxing the com-
mercial material with hexachloropropene for 30 min. The
suspended pure tungsten hexachloride was filtered under
vacuum and then washed several times with hexane pre-
viously dried by distillation under high vacuum from alu-
minium triethyl. The pure dry tungsten hexachloride was
then dissolved in rigorously dried toluene.

All monomers and solvents used in the experiments were
rigorously purified by distillation under high vacuum from
aluminium tricthyl.

All polymerizations were carried out in 50 ml round-
bottom flasks fitted with suba-scals and attached 10 the
high vacuum line by means of a greaseless tap. The
required volume of monomer was distilled under high
vacuum from aluminium tricthyl into the flask. Tungsten
hexachloride solution was then added by syringe through
the suba-scal and the polymerization allowed to proceed
at room temperature for up to 15 hr. Polymer was obtained
by precipitation of the polymerizate in mcthanol and

whenever possible the product was purified by further pre-
cipitation in methanol from a chloroform solution. The
conversion of monomer to polymer was estimated by
weighing the product.

RESULTS AND DISCUSSION

The polymerization of cyclic olefins by tungsten
hexachloride alone resulted froman observation in these
laboratories that bicyclo (221) hepta-1,4-diene poly-
merized extremely rapidly when tungsten hexachlor-
ide solution alone was added to the monomer; much
heat was evolved during the polymerization, presum-
ably associated with the rapid release of a large ring
strain energy. This prompted us to investigate the sus-
ceptibility of other monomers to tungsten hexachlor-
ide; the results of these experiments are shown in
Table 1, which indicates the equilibrium conversion
of monomer to polymer for a series of cyclic olefins,

The polymerization of cyclopentene indicates that
even relatively strain-free cyclic olefins may be poly-
merized by tungsten hexachloride alone. Infra-red
analysis of the product (Fig.1) indicates that the poly-
merization occurs by ring-opening since the spectrum
of the polymer shows absorbances at 10:35 and 138
pm characteristic of trans and cis carbon carbon
double bonds. A detailed study of the rate of polymer-
ization of cyclopentene is not yet available, Tt appears
that the rate is somewhat slower than that-obtained
using a conventional two-component catalyst,
although the eventual equilibrium conversion of
monomer to polymer is of the same order.

Table 1. Equilibrium yiclds of polyalkenamers obtained by
the polymerization of cyclic olefins using WCl,, as catalyst

Conversion

Monomer (%4)
Cyclopentene 65
Cyclohexene 4
Cycloheptatriene 5
14-cyclo octadiene 0
1,3-cyclo octadiene 5
Bicyclo (2,2,1,) hepta 90

1,4-diene
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Fig.1. Spectrum of polypentenamer obtained by polymerization of cyclopentene initiated by WCl,.

Tungsten hexachloride alone will catalyse the poly-
merization of cyclopentene 1o a polypentenamer and
presumably the tungsten compound performs the
same role as in the bimetallic case and the polymeri-
zation takes place via metathesis. A general propaga-
tion mechanism can be represented as:

e e

Although not essential for polymerization, the alu-
minium compound greatly increased the rate of poly-
merization. The reason for this effect upon the rate
could be that these aluminium compounds facilitate
the formation of complexes between the cyclic olefin

and transition metal atom, when there is formation
of a complex between the transition metal and alu-
minium compounds. It was considered that during
the purification procedure an aluminium alkyl might
have distilled with the monomer into the reaction ves-
sel, but when lithium butyl was used as a drying agent
identical results were obtained.
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