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Abstract 

A Study of the Ring Opening Metathesis Polymerisation of Polycydic Aromatic 

Monomers and Cyclopentenes with Well Defined Initiators 

This thesis describes studies into the ring opening metathesis 

polymerisation (ROMP) of polycyclic aromatic monomers and cyclopentenes. 

Chapter 1 reviews general aspects of ring opening metathesis 

polymerisation of relevance to the themes of this thesis. 

Chapter 2 describes the synthesis of polycyclic aromatic monomers, the 

endo and the exo Diels-Alder adducts of acenaphthylene and cyclopentadiene. 

Chapter 3 reports a study on the polymerisation of these monomers using 

well defined initiators and classical catalyst systems. 

Chapter 4 describes the synthesis of a substituted cyclopentene. 

Chapter 5 reports an investigation of polymerisation of cyclopentene 

using a variety of well defined initiators of general formula M(=NAr)(-

0R)2(=CHR) where M=Mo or W. 

Chapter 6 presents a study on the polymerisation of a substituted 

cyclopentene, 4-methylcyclopentene, using a series of well defined initiators, 

and the characterisations of the polymers obtained using infrared, ^H, and 

n.m.r. spectroscopy, differential scanning calorimetry, and gel permeation 

chromatography and an analysis of detailed microstructure with respect to 

raeso/racemic configurations in the polymer chain. 

Finally, Chapter 7 summarises the conclusions and makes some 

suggestions for future work. 
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C H A P T E R 1: General introduction and background 

1.1 The origins and background of olefin metathesis 

In the presence of a variety of catalysts, most commonly containing 

tungsten, molybdenum or rhenium with either organotin or aluminium 

compounds, alkenes undergo the metathesis reaction in accordance with Figure 

1.1. The reaction may be considered as a bond-reorganization process and 

proceeds via the cleavage and reformation of the double bonds. 

R l — C H = C H — R 2 Catalyst CH CH 

+ •. I I + I I 
R 3 _ C H = = C H — R 4 f f 

R3 R4 

Figure 1.1. General equation for the metathesis of an acyclic alkene 

This reaction is characterized by the fact that the total number and types of 

chemical bonds remains unchanged during the transformation of the reactants into 

products. There has been major development of the metathesis reaction of 

alkenes in the field of hydrocarbon chemistry during the last three decades. The 

versatility of the metathesis reaction gives not only a novel method for organic 

synthesis but also some new developments for the chemical industry. 

In 1964, Banks and Bailey 1 reported the first example of the metathesis 

reaction of linear alkenes. The reaction was described as "olefin 

disproportionation" and it converted an unsymmetrical linear olefin into 

equimolar amounts of higher and lower molecular weight olefins. They used 

heterogeneous catalysts made from molybdenum or tungsten hexacarbonyls 

deposited on alumina and they examined linear olefins with three to eight carbon 



atoms. This early work opened the way for the development and study of a very 

important new field of organic chemistry and especially gave an impetus for 

better understanding of the reactivity of organometallic compounds in 

polymerisation. The metathesis reaction has been investigated intensively and 

many kinds of reactant types have been studied, including alkenes, dienes, 

polyenes, alkynes, and cycloalkenes. The last mentioned reactants giving rise to 

interesting polymeric and/or macrocyclic products as shown in Figure 1.2. 

pCH=CH - i Catalyst 
. -£CH=CH-(CH2)n3h and / or 

L (CH2)n-' 

r-CH=CH-(CH2)n—I 

L (CH=CH-(CH2 )n¥ 

Figure 1.2. Formation of polymer and macrocyclic alkenes 

1.2 Metathesis polymerisation 

In 1968 Calderon^ and Wassermann^ recognized this ring opening 

polymerisation as a special case of olefin metathesis. In fact the first description 

of an olefin metathesis reaction catalysed by a transition metal compound had 

been reported by Anderson and Merckling'^*^ in 1955, when they successfully 

polymerised bicyclo[2.2.1]hept-2-ene (norbomene) to a high molecular weight 

polymer using a mixture of ethyl magnesium bromide and titanium tetrachloride. 

Initially the structure of the polymer was not appreciated, but later Truett and co­

workers^'^ demonstrated that the catalyst system used by Anderson and 

Merckling resulted in ring opening polymerisation. In 1963 Eleuterio^'^ reported 

the ring opening polymerisation of a variety of cycloolefins, using a catalyst 

derived from molybdenum oxide on alumina, activated by hydrogen reduction 

and further reacted with aluminium hydride. He polymerised cycloalkenes such 

as, bicyclo[2.2.1]hept-2-ene, tricyclo[5.2.1.02'6]dec-8-ene, that is, the partially 



hydrogenated dimer of cyclopentadiene, and cyclopentene. In the case of 

cyclopentene, trans-poly(l-pentenylene) was formed with a high degree of 

stereoregularity but only low yield. In 1963, DallAsta and Natta,5.10 

demonstrated the possibility of producing stereoregular polymers from 

cycloalkenes using different catalyst systems and reaction conditions; some of 

their results are listed in Table 1.1., by way of illustration. 

Table 1.1. Polymerisation of cyclobutene^^ 

C H = C H 

Ho C H c 

Catalyst 
—(^CH=CH -CH2CH2V 

Catalyst system Polymer structure 

TiCl4/Et3Al/n-heptane 

TiCl4/R3Al/toluene 

MoCl5/Et3Al/toluene 

RUCI3/H2O 

RuCh/EtOH 

mainly cis 

mainly trans 

mainly cis 

cis:trans = 50:50 

trans 

In 1964 the same authors^'investigated tungsten and molybdenum halides in 

combination with organoaluminium compounds as catalysts, cyclopentene was 

polymerised by ring opening under mild conditions , again stereoselectivity was 

demonstrated. In 1967 Calderon et al. 9,10,12,13 ^gj-e the first to use the term 

"olefin metathesis" for the overall result of the reaction in which they converted 

2-pentene into a mixture containing, at equilibrium, a 25:50:25 molar ratio of 2-

butene, 2-pentene and 3-hexene respectively: the catalyst system used was 

WCl6/EtAlCl2/EtOH. This result was very important in the evolution of the 

metathesis concept because it demonstrated that ring opening reactions and the 



reactions of acyclic olefins belonged to the same class of reaction and were 

effected by similar catalysts. This observation was the beginning of the big 

increase in the number of papers concerned with metathesis reactions, and already 

many reviews of the expanding literature of this subject have been published. ̂ ^"18 

1.3 Catalyst systems for metathesis polymerisation 

A number of catalyst systems are known to initiate olefin metathesis, the 

most important are the organometallic compounds which contain the Group IVA, 

VA, VIA, VIIA, and V I I I transition metals shown in Table 1.2. Molybdenum, 

tungsten and rhenium generally provide most effective catalyst systems. 

Although non-transition metal compounds, such as Al203/EtAlCl2, have been 

reported to be catalysts for olefin metathesis, the number of examples of such 

systems is restricted. 

Table 1.2. Transition metals used in catalyst systems for metathesis 

IVA VA VIA VIIA V I I I 

T i V Cr 

Zr Nb Mo Ru Rh 

Hf Ta W Re Os Ir 

1.3.1 Survey of catalyst systems 

The catalysts are generally classified into two types; namely, either 

heterogeneous or homogeneous systems. 

(a) Heterogeneous catalysts comprise of two main components; a support, such as 

alumina or silica, with a high surface-area on which transition metal promoters 



such as oxides, sulfides or carbonyls of metals are deposited. Usually a third 

component is introduced to reduce the poisoning of the catalyst and increase the 

reactivity or to reduce side reactions such as double bond migration. 19 The 

catalysts derived frora oxides and carbonyls of molybdenum, tungsten and 

rhenium have the greatest activity, 1'20-22 whilst the remainder are less 

effective.23 Sulfides of molybdenum and tungsten provide poor catalysts,24 but 

in special conditions M0S2 alone can be quite active.25 The preparation of 

heterogeneous catalysts may be carried out in many ways. The three main 

methods are: (i) dry mixing, (ii) coprecipitation and (i i i) impregnation of the 

support with a precursor compound that decomposes at high temperature to leave 

the catalyst. The catalysts are activated in an inert atmosphere and used with 

cocatalysts and/or promoters. The selectivity of these reactions is always below 

100% due to the numerous side reactions that occur, for example, polymerisation 

and isomerisation, which can be minimized to a certain extent by the addition of 

alkali26 or alkaline earth27 metals or copper or silver28 before catalyst 

activation. Heterogeneous catalysts can promote metathesis of acyclic olefins but 

they are rarely used for ring opening polymerisation. 

(b) Homogeneous catalysts are usually used in the liquid phase, either in neat 

monomer or dissolved in a solvent, and although they are termed homogeneous 

catalysts, some of them may react as finely divided heterogeneous catalysts. 

The classical supposedly homogeneous catalyst systems can be divided into four 

main categories: 

b Ci) Two or three component systems involving cocatalvsts and/or 

promoters. 

This type of classical initiator usually consists of two main components, a 

transition metal compound (most often the chloride) of tungsten, molybdenum, 

rhenium or tantalum and a co-catalyst which is usually an organoraetallic 



compound from groups I to IV, in some cases addition of a third component 

which can be an oxygenated compound such as an alcohol, an ether, a peroxide or 

water, improves the effectiveness of the catalyst system.29 metal carbene is 

generated by the reaction between the two main components. Ultra-violet 

spectroscopic studies of the WCl^Me4Sn system led to the proposed mechanism 

for metal carbene formation shown below. The reaction is complex and many 

side reactions are possible. 

+ SnMe4 + SnMe4 - CH4 
WCIe ^ WCIsMe WCUMea »-WCl4=CH2 

-SnMeaCI -SnMeaCI 

In 1967 Calderon and Scott ̂  3 ^gre the first to describe homogeneous 

catalysts for olefin metathesis. At that time tungsten compounds gave the most 

efficient catalysts for ring opening polymerisation of cyclic olefins, and a large 

number of catalysts were derived from WClg combined with suitable co-catalysts. 

These kinds of reactions are usually conducted in the liquid phase in neat 

monomer, or in a solvent. Developments of these initial observations included 

the use of photochemically activated catalysts such as W(CO)6,30 WCl5,31 and 

TiCl432 and the observation that metal carbenes such as (CO)5W=CPh2 are 

active in the ring opening polymerisation of cycloalkenes. 

b (ii) Compounds that do not contain a pregenerated metal carbene. a 

metallacvclohutane or an alkyl. arvl or allvl containing species. 

Examples of this kind of system are the transition metal halides: WClg, 

ReCl5, RUCI3, OSCI3 and IrCl3. This kind of initiator is presumed to generate a 

metal carbene in situ by the reaction of the transition metal halide with monomer, 

although activators are sometimes required, for example, oxygen, water or 

ethanol. 



Ruthenium, osmium and iridium hydrated trichlorides (XCI3.H2O) are unique in 

that they were found to initiate ring opening metathesis polymerisation in protic 

media (water and ethanol), unlike most other metathesis catalysts, which are 

destroyed by such solvents. These aqueous initiators are capable of polymerising 

strained ring monocyclic olefins (e.g. cyclobutene, substituted norbornenes and 7-

oxanorbomenes) in alcoholic and emulsified aqueous systems between 20-100°C. 

h f i i i ) Carhene catalyst svstems 

Since the discovery of metal carbenes in 1964,33 a number of this type of 

organometalic complex have been synthesised and examined, and many of these 

have been shown to be capable of inducing the olefin metathesis reaction. The 

first isolated metal carbene species, the Fischer carbene,34 a heteroatora 

stabilized complex and was shown to be reactive in olefin metathesis. It reacted 

with strained olefins such as cyclobutene and norbomene derivatives,35 while the 

diphenyl carbene complex first synthesized by Casey and Burkhardt in 1973, 

which wasn't stabilized by an heteroatom, was much more reactive and can 

initiate the polymerisation of less strained cyclic olefins.36.37 

^ ^ ^ ^ ^ C = M ( C 0 ) 5 M = Cr, W R = CH3O Fisclier carbene 
R M = W R = C6H6 Casey carbene 

Recently, four coordinate alkylidene complexes of tungsten and 

molybdenum were isolated which were highly active in olefin metathesis.38,39 

The general structure of these complexes is [M(CHBu)(NAr)(0R)2] and they 

possess the bulky imido ligand (2,6-diisopropylphenyl imido) and alkoxide 

groups as well as the active alkylidene. Substitution of the methyl groups on the 

alkoxides with the more electronegative trifluoromethyl groups makes this 

complex more active since the trifluoro groups draw electron density away frora 

the raetal centre, which raakes the metal centre of the coraplex more electrophilic 



and a better acceptor for the incoming olefin which can be regarded as a K-

donor.^O''*! This effect is demonstrated by the observation that when OR is 

OCMe(CF3)2 the tungsten complex wil l readily metathesis acyclic olefins but 

when OR is 0-t-Bu it does not react with acyclic olefins readily. Several 

examples of this kind of metal carbene are shown in Figure 1.3. and an outline of 

the synthesis of such a metal carbene is shown in Figure 1.4. overleaf. 

/ Me 

NAr 

RO' 

R' = 
Me 

-Me 
Me 

M = Mo. W 

-Ph Ar = 
Me O 

Me Me 
R = + M e -\-Cf3 

\ Me Me 

CF3 
•CF3 

Me 
Figure 1.3. Some Schrock-type metal carbene complexes used for metathesis 

Investigations of the use of such well defined metal carbenes in metathesis 

reactions have been very frui t ful during the last decade and this phenomena looks 

likely to continue. For example Grubbs^^ recently reported the preparation of a 

stable ruthenium metal carbene complex, shown below, which is able to initiate 

the living ring opening metathesis polymerisation of strained cyclic olefins, even 

in the presence of protic solvents such as ethanol or water. 

PPh3 
CI'... 
CI 

; R u =^ 
Ph 

Ph 

PPh3 
Ruthenium carbene reported by Grubbs 



CI 

CI 

Mo^==0 

MeaSiCl 
2,6-lutidine 

Me 
CI 

0 — M o ^ 

0 2 ArNHSiMea 
DME 

^ 

Me 

0' 
/ CI 

NAr 

NAr 

MgCl 

EtgO 

X—Mo 

NAr 

NAr 

3 CF3SO3H 

DME 

Me. 
\ 

0 — M o ^ 

OSO2CF3 
NAr 

Me"' OSO2CF3 

2 - ^ O L i 

Et20 

NAr 

Figure 1.4. Outline of the synthetic route to the metal carbene 

[Mo(CHtBu)(NAr)(OtBu)2] 



b fiv^ Metallacvclnhiitane catalyst systems 

The first well defined metallacyclo complexes isolated and found to be 

active as metathesis catalysts were prepared by Grubbs and co-workers. They 

reported that the reaction of Tebbe reagent with various olefins in the presence of 

nitrogen bases resulted in the formation of titanacyclobutane compIexes,^3,44 

and it has been shown that these titanacycles readily exchange with added 

olefins^5 via a rate-determining loss of olefin from the titanacyclobutane ring to 

generate the transition metal methylidene species Cp2Ti=CH2 which is acdve in 

metathesis as shown in Figure 1.5. 

Cp2Ti^ ^AlMeg + RCH=CH2 

Tebbe reagent 

CpgTi R 
Cp2Ti=CH2 

Cp2Ti: > - R 

R = H. Me. tBu. iPr 

Titanacyclobutane 

— Cp2Ti=CH2 

'R 

Figure 1.5. Formation of metallacyclobutane and methylidene species 

They also demonstrated that this type of catalyst is able to polymerise 

norbornene and produce living polynorbornene with a narrow molecular weight 

distribution.^^ These initiators are remarkable amongst catalyst systems since the 

metallacyclobutane is the stable, "resting", chain carrying species rather than the 

metal carbene. 

As described above, Schrock and Grubbs have reported a series of 

transition metal carbenes or metallacyclobutanes, which are able to initiate living 

ring opening metathesis polymerisation of cyclic olefins, and these complexes are 

generally called well defined initiators. 

10 



1.3.2 Classical catalyst systems and well defined initiator systems for 

polymerisation 

The well defined initiators described above have many advantages 

compared to classical catalyst systems. In the case of polymerisation using 

classical catalyst systems :-

(i) There is a lack of molecular weight control, due to the generally high 

activity of the M=C bond which tends to react with the C=C bonds in the 

polymer chain producing linear and cyclic oligomers and a broadening of the 

molecular weight distribution. 

(ii) There is an element of irreproducibility because the production of the 

initiating carbene tends to be dependent on physical parameters such as 

temperature, concentration and mixing rates. There may also be more than one 

kind of metal carbene present. 

(i i i ) Stereoregular polymers are rarely produced. 

(iv) Alkylidene complexes are produced only in low yield and those that 

are formed are relatively unstable and decompose easily. 

(v) They also have limited tolerance towards functional groups. Most 

classical initiators for example, are destroyed by oxygen, water and oxygen 

containing monomers and solvents. 

By contrast well defined initiators are, in favorable cases, able to produce 

highly stereoregular monodisperse polymers from cyclic olefins and furthermore 

these living systems allow preparation of well defined block copolymers when a 

second monomer is added to the reaction mixture after the first one has been 

consumed. 

Because such remarkable advantages had been demonstrated using well 

defined initiators, and these recently commenced investigations had provided 

11 



many frui t fu l developments in metathesis polymerisation, we considered that the 

examination of the metathesis polymerisation of aromatic monomers might be 

useful and interesting. In fact, the polymerisation of several aromatic monomers 

has been examined using classical catalyst systems. The monomers investigated 

are shown in Figure 1.6.47,48,49,50 of these monomers only I has been 

examined using a well defined initiator.^l Some investigations of the 

polymerisation of aromatic compounds using well defined initiators form the 

basis of Chapter 3. of this thesis. 

R=H I 
R=F M 

JX 

Figure 1.6. Aromatic monomers polymerised using classical catalyst systems 

12 



1.4 Mechanism of metathesis polymerisation 

The mechanism of the metathesis reaction has been the subject of many 

investigations and much discussion. 

Calderon^ first proposed the transalkylidenation scheme for the 

mechanism of ring opening polymerisation of cycloalkenes and ruled out 

Natta's^l earlier proposal of transalkylation. Later, Dall'Asta and Motroni52,53 

provided direct experimental evidence that in the ring opening polymerisation of 

cycloalkenes the cleavage occurs at the double bond. These authors proved this 

by copolymerisation of cyclooctene and cyclopentene where the cyclopentene 

double bond was labelled with ^^C, then the resulting polymer may have two 

types of unit depending on whether cleavage takes place at the double bond or at 

the carbon single bond adjacent to the double bond as shown in Figure 1.7. 

Path a 

Pathb 
Pathb 

Path a 
Palhb 

Ozoaolysis and reductive cleavage 

Figure 1.7. Copolymerisation of cyclooctene and labelled cyclopentene 
Key: * denotes I'^C labelling. 

Path a : Double bond cleavage. Path b : Smgle bond cleavage 

13 



Ozonolysis of the copolymer followed by reductive cleavage and 

radiochemical analysis of the resulting diols showed that all the radioactive 

carbon atoms were contained in the 1,5-diol, proving that ring opening 

polymerisation had proceeded via cleavage of the double bond (Path a). 

The question of the detailed mechanistic pathway is much more 

complicated and difficult to establish definitely. Several mechanistic proposals 

have been put forward, and the area is still one of active discussion. 

The outline mechanistic sequence which is generally accepted now for 

olefin metathesis and ring opening metathesis polymerisation was initially 

proposed by Herrisson and Chauyin54 in 1970 after a detailed study of the 

products of cross metathesis between a series of cycloalkenes and linear 

unsymmetrical alkenes. Essencially the same rationalization was put forward 

independently by Lappert and co-workers.^^ 

The proposed mechanism involves transalkylidenation via the cleavage of 

the C=C double bond and the involvement of a transition metal carbene which 

possesses a vacant coordination site as the chain carrier. As outlined in Figure 

1.8., this mechanism of ring opening metathesis polymerisation consists of a 

cycle of four steps. 

(i) The C=C double bond of monomer first coordinates to the vacant site 

on the metal of carbene complex forming a metal 7i-complex, which carries the 

propagating species as a carbene ligand. 

(ii) The second step is the conversion of the complex to the 

metallacyclobutane intermediate via a 2+2 cycloaddition. 

(iii) The rnetallacyclobutane cleaves either degeneratively or productively 

to form a new metal carbene complex and a new jt-complex of a C=C double 

bond, which possesses the carbene ligand of the propagating species and which is 

one degree of polymerisation higher. 
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(iv) The final step is the decoordination of the C=C double bond of the 

end monomeric unit of the growing chain to form a new metal carbene with a 

vacant site; namely, regeneration of the active species. 

A l l steps are reversible so the outcome of the metathesis of acyclic alkenes and of 

ring opening polymerisation depends on reaction conditions, such as temperature, 

concentration, reaction duration, the nature of the olefin and the nature of the 

propagating polymer chain end. 

P n ^ C H 

[M] - • 
CH 

II 
CH (0 

Pn- -CH 
CH 

CH 

n' CH—CH 
(u) M-CH_ (iii) 

Pn CH=CH 
;M]=CH 

(iv) 

Pji = Polymer chain 

• = Vacant site ^ | "+^ 

;M]=CH 
Figure 1.8. Scheme for ring opening metathesis polymerisation (ROMP) 

This scheme was supported by the existence of metal carbenes, stable at 

low temperatures, such as the Casey and the Fischer carbenes, and the isolation of 

stable metallacyclobutanes derived from Tebbe reagent, both of which were 

shown to initiate the metathesis polymerisation of strained cyclic olefins. Further 

evidence of a metallacyclobutane intermediate was reported by Green^^ who 

showed that stable metallacyclobutanes produced metal carbenes and alkenes as a 
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result of thermolysis or photolysis. Osborn provided the final confirmation when 

he observed the simultaneous occurrence and inter conversion of a tungsten metal 

carbene and tungsten metallacyclobutane during the ring opening polymerisation 

of norbornene with the Osborn catalyst shown below. 

Br 

tBuCH20...J__^^" 
tBuCH20'^ 

^ A l B r a 

Osborn catalyst 

More recently Schrock and co-workers have identified, by n.m.r. spectroscopy, a 

metallacyclobutane from the reaction of a tungsten carbene initiator and a 

fluorinated norbornadiene derivative, as shown in Figure 1.9.51 

O t in toluene 

(tBuO)-W(=NAr): 
tBu 

Figure 1.9. The metallacyclobutane identified by Schrock and co-workers 

They also isolated a metal carbene species, namely the first insertion product of a 

potential polymerisation reaction, by reacting a well defined molybdenum metal 

carbene with the norbornadiene compound shown in Figure 1.10., in this case the 

structure of the 1:1 adduct was established by X-ray crystallography.^ 1 

16 



i 45-551. few hours (tBuO)2(ArN=)Mo==vA,^=X^^ 
/ Ty - C O O M e ^ \ / 

COOMe COOMe 

Figure 1.10. 1:1 Metal carbene : monomer adduct isolated by Schrock and co­

workers 

1.5 Termination of ring opening metathesis polymerisation 

Wittig-like reaction and P-elimination reaction are known as characteristic 

reactions of metal carbene complexes. In fact, ring opening polymerisations, 

where metal carbenes are supposed to be the propagating species, are often 

terminated by adding carbonyl compounds such as acetone or benzaldehyde as 

shown in Figure 1.11. 

Pn = Polymer chain 

Figure 1.11. Reaction of a metal carbene with a carbonyl compound 

Although alcohols and water destroy some active initiators presumably adding to 

the reactive metal carbene, some initiators are inert towards protic solvents. 

These generalized termination processes apply to both well defined and classical 

initiators. 
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1.6 Chain transfer reaction 

Chain transfer reactions can occur between the propagating metal carbene 

and a C=C double bond in another polymer chain as shown in Figure 1.12. The 

polymer C=C double bonds compete with those in the monomer for the active 

metal carbene species resulting in the reduction the availability of these species. 

P2^CH=CH---P3 
V P2^CH=CH'-'P3 P2'-CH CH-P3 

[ M ] = C H - P i t + 
[ M ] = C H - P i [M] CH-Pi 

Pn = Polymer chain 

Figure 1.12. Chain Transfer reaction in ring opening metathesis polymerisation 

A similar reaction can take place intermolecularly between the active 

metal carbene and the C=C double bonds from the same polymer chain resulting 

in the formation of cyclic oligomers as shown in Figure 1.13. 

= Polymer chain 

Figure 1.13. Backbiting reaction in ring opening metathesis polymerisation 

This is known as a back biting reaction and can result in a lower molecular 

weight and higher dispersity of the resulting polymer. I f the initial concentration 

of monomer [ M Q ] is below a certain critical value then an. equilibrium is 

established between the high molecular weight polymer and the low molecular 

weight cyclic oligomers. Higher concentration results in a higher proportion of 

high molecular weight polymer at equilibrium. The lower molecular weight 

cyclic oligomers are produced under conditions of relatively low concentration. 
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I f [MQ] is below the critical value then high molecular weight polymer is not 

formed. 

1.7 Thermodynamic arguments and polymerisability of monocyclic alkenes 

The thermodynamics and kinetics of ring opening have been a major 

subject of study in ring opening metathesis polymerisation. Briefly, effective 

polymerisation requires a low energy barrier between the metal carbene and the 

metallacyclobutane, and a negative Gibbs free energy of ring opening (AG) 

expressed by the following equation, 

AG=AH-TAS 

where T, AH and AS are the temperature (K), the enthalpy and the entropy of ring 

opening respectively. The entropy AS is always negative since the monomers are 

combined with each other into macroraolecules resulting in the reduction of their 

freedom. Therefore the entropy terra (-TAS) is always positive and for a 

favorable reaction the magnitude of the AH term must be greater than the 

magnitude of TAS. As the temperature is increased the entropy terra increases 

and Gibbs free energy eventually becomes positive. The temperature at which 

AG=0, namely T=AH/AS, is known as the ceiling temperature, above which 

polymerisation does not occur. 

Ring strain and ring size are important factors in determining whether 

monocyclic and bicyclic olefins undergo metathesis polymerisation. In the case 

of 3,4 and 8-12 membered rings, metathesis generally occurs readily, while for 

5,6 and 7 raembered rings, where ring strain is small, the situation becomes 

delicately balanced and other physical factors, such as temperature, concentration 

and pressure, come to affect the polyraerisability. According to Gibbs' equation, 

lower temperature and higher monomer concentration make the entropy terra (-T 

AS) smaller, so such reaction conditions are favourable for polyraerisation. 
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Several examples of the polymerisation of 5 and 7 membered monocycloalkenes 

known as shown in Table 1.3., but attempts to polymerise substituted 

cycloalkenes are restricted to a relatively small number. Chapter 6. of this 
are 

monoc 
thesis describes a study of the polymerisation of a substituted cyclopentene. 

1 dOlC 1.. 

Monomer Catalyst system Produced polymer 

Cyclopentene MoCl5/Et3Al -30°C Cis57 

WCl6/Et3Al -30°C Trans58 

Cycloheptene (C6H5)2C=W(CO)5 40°C Cis36,59 

MoCls/Et^Al 20°C Trans^S 

1.8 Microstructure and stereochemistry of ring opening metathesis 

polymerisations 

There are, generally, several ways of incorporating a monomer repeat unit 

into a polymer chain, changing the microstructure and morphology and hence the 

physical properties of the polymer. The microstructure can be controlled in 

favorable cases by changing the catalyst system and the reaction conditions, so 

that i t may be possible to synthesise a polymer with the required physical 

characteristics for a specific application. The three main factors which define the 

microstructure of polymers produced by ring opening metathesis polymerisation 

are:-

(i) the cis / trans vinylene frequence and distribution, 

(ii) tacticity effects, 

(iii) and the head / head and head / tail frequency and distribution. 

20 



A number of polymers from one monomer can exist, in principle, by 

changing these factors. 

(i) Cis / trans double bond isomerism 

Monomers such as cyclopentene provide, by ring opening polymerisation, 

polymers in which only cis / trans double bond isomerism is possible. Each 

methylene group in the polymer is situated between a cis-cis, a cis-trans, or a 

trans-trans pair of double bonds as shown in Figure 1.14. 

trans-cis 
m 

cis-trans trans-trans 

CIS-CIS 

Figure 1.14. Cis / trans isomerism of the polymer obtained by ROMP 

The proportion of cis double bonds in a particular polymer, denoted by OQ, is 

primarily determined by the catalyst system, concentration, solvent and 

temperature, and the nature of the monomer may also affect the outcome. 

(ii) Tacticity effects 

Monomers such as 4-methylcyclopentene or bicyclo[2.2.1]hept-2-ene, 

norbornene, do not have any chiral centre in themselves but give polymers 

containing chiral centres. Such polymers may have R or S configuration about 

the chiral centre. Therefore there is the possibility of two adjacent centres having 

the same chiralities, resulting in racemic dyads or different chiralities, giving 

meso dyads as shown in Figure 1.15. and 1.16. Sequences of racemic dyads give 

syndiotactic polymers and sequences of meso dyads provide isotactic polymers. 
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Polymers with a random distribution of meso and racemic dyads are called 

atactic. 

^ Meso dyad - - ^ ^ ^ Racemic dyad 

Me H Me H H Me 

=CH\30CH=CHOO CH=CHOOCH= 
Figure 1.15. Meso and racemic dyads in cis-poly(4-methyl-l-pentenyIene) 

obtained by ROMP 

^^Meso dyad ^Racemic dyad 

Figure 1.16. Meso iand racemic dyads in cis-polynorbornene obtained by ROMP 

Each C=C double bond can have cis or trans geometry, so there are four possible 

tacticities for each of these polymers. The possible configurations of poly(4-

methyl-l-pentenylene) are shown in Figure 1.17. as a typical example. 

Me H Me H 
Cis and Meso dyads Cis isotactic 

Me H H Me 

Cis and Racemic dyads Cis syndiotactic 

Me H 

Me H 

= Trans and Meso dyads Trans isotactic 

H Me 

^^^'^^~^= Trans and Racemic dyads Trans syndiotactic 

Me H 

Figure 1.17. Possible configurations of poly(4-methyl-l-pentenylene) 
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( i i i ) Head/tail isomerism 

In the case of unsyrametrically substituted monomers, such as 4-methyl 

cyclopentene and 5,5-dimethylbicycIo[2.2.1]hept-2-ene polymers with head-head, 

head-tail and tail-tail structures can occur as shown in Figure 1.18. 

^Head-Head Tail-Head—>^ 

3 CH^ C H 3 ^ ^ ^ 

= C H ' ' ' ^ — r ^ C E = C W ^ — ^ C E = C W ^ — ^ C H = 
CH3 CH3^ CH3̂  

Figure 1.18. Head / tail isomerism of poly(5,5-dimethylbicyclo[2.2.1]hept-2-ene) 

Furthermore each of these structures can have meso or racemic dyads and 

cis/trans isoraerisra, so a large number of configuration become possible but, even 

in such cases, some monomers are known to be polymerised to provide 

stereoregular polymers. For example, l-methylnorbomene is polymerised with 

ReCl5 to give an all cis head-tail syndiotactic polymer, whereas, using OsCl3^ an 

high trans head-tail atactic polymer is produced.^O It has been suggested that the 

cis head-head arrangement is not formed with l-methylnorbomene due to steric 

hindrance in the metallacyclobutane intermediate. This is a subtle effect, for 

example, with 5,5-diraethylnorbomene there is less steric hindrance and the cis 

head-head junction can be formed in polymerisations initiated with ReCl5^1 

The microstructures of the polymers produced by ring opening metathesis 

polymerisation have been intensively studied, especially with regard to cis/trans 

isomerism. A number of kinds of monomer have been polymerised and the 

microstructures of the resulting polymers have been established. The 

examination of meso/racemic dyads (tacticity) is mainly confined to polymers 

made from 5-substituted norbomenes. The investigation of the raicrostructures of 

the superficially simple polymers derived from a substituted cyclopentene might 
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throw some light on these polymerisation process and this is reported in Chapter 

6. of this thesis. 
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CHAPTER 2: 

Synthesis of acenaphthylene-cyclopentadiene Diels-Alder adducts 

2.1 Introduction 

As discussed in Section 1.3.2 it was thought that an investigation of the 

polymerisation of aromatic monomers using well defined initiator systems might 

prove interesting with respect to the synthesis of novel materials and in relation to 

increasing our understanding of metathesis ring opening polymerisation. We 

selected the acenaphthylene-cyclopentadiene Diels-Alder adducts as monomers 

and examined their polymerisation, since it had previously been studied by Feast 

and El-Saafin with classical catalyst systems.̂ O In this chapter the synthesis of the 

monomer is described and the examination of the polymerisation is described in the 

following chapter. 

2.2 Synthesis of acenaphthylene-cyclopentadiene Diels-Alder adducts 

The Diels-Alder reaction generally tends to provide endo-adducts rather 

than exo-adducts, this is generally believed to be a consequence of secondary 

orbital interaction.62,63 Cyclic dienophiles such as cyclopropene, cyclopentene, 

cyclobutadiene, cyclopentadiene, benzocyclobutadiene, raaleic anhydride and o-

and p-benzoquinone are reported to produce endo-adducts 

predominantly.62,64,65 These endo adducts are the products of kinetic control 

and in certain cases the reaction can be managed to yield the thermodynaraically 

favourable exo-adduct, for example it was recently demonstrated that some 

dienophiles containing carbonyl groups produce predominantly exo-adduct by 

irradiation with ultra violet light,^^ but more often attempts to regulate the 

reaction result in the formation of an endo and exo mixture.^2 



The thermal reaction of acenaphthylene with cyclopentadiene has been 

studied by Baker and Mason and they reported that the endo-adduct and exo-

adduct can be formed in a 3:1 ratio.^^ We used similar reaction conditions to theirs 

to synthesise Diels-Alder adducts of acenaphthylene and cyclopentadiene, namely 

heating acenaphthylene and cyclopentadiene (or cyclopentadiene dimer) at high 

temperature, see Figure 2.1. 

0 
Endo-adduct Exo-adduct 

Figure 2.1. Scheme for synthesis of acenaphthyleqe-cyclopentadiene adducts 

The reaction was found to favour the production of endo-adduct as 

reported, and in addition to endo and exo-adducts, a side product which was 

probably a 2:1 adduct, since its retention time on gas chromatography was longer 

than both endo and exo-adducts, was observed also. The, effect of reaction 

duration on the ratio of products was examined. Reaction duration and the 

percentages of the products, namely endo-adduct, exo-adduct and side product in 

the reaction mixture, are shown in Table 2.1. for a selection of reactions. The 

percentages were calculated based on the peak intensities in the gas 

chromatogram (Appendix 2.1.). A flame ionisation detector was used, for which 

response factors are a function of "carbon number" so, although the equipment 

was not calibrated with pure component peaks, the values quoted here are thought 

to be reliable. 
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Table 2.1. Reaction duration and the percentages of the yielded compounds 

Reaction duration (hr) 

(185°C, latm) 

Percentage in the Reaction Mixture ̂ ) 

Endo Isomer Exo Isomer Side Product 

1 

2 

3 

4 

5 

18.2 

50.8 

46.4 

35.6 

33.6 

7.2 

22.1 

22.0 

24.3 

28.8 

0 

3.8 

6.1 

9.4 

10.3 

a) The percentages were determined using gas chromatography, starting 
materials constituted the remainder of the chromatogram. . 

As shown in the table, the percentage of the side product and exo-adduct 

increased with reaction duration. Reaction under high pressure turned out not to 

favour exo-adduct production, as shown in Table 2.2. Reactions for 2 hours and 

5 hours under atmospheric pressure were used to synthesis mixtures of endo and 

exo-adducts for subsequent separation. 

Starting materials^) 

(proportion) 

Temp. 

(°C) 

Pressure 

(atm) 

Time 

(hr) 

Yields^) 

(%) 

Endo/Exoc) 

(%) 

AN / CP 111 18 6 17.1 80.1/19.9 

(100/115) 

AN/DCP 185 1 2 37.2 73.5 /26.5 

(100/58) 

AN / DCP 185 1 5 16.5 60.3 /39.7 

(100/58) 
a) AN=acenaphthylene, DCP=dicyclopentadiene, CP=cyclopentadiene 
b) The yields of the recovered mixture of endo and exo-adducts. 
c) The proportions of endo and exo-adducts were determined using gas 

chromatography after separation from starting materials. . 
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Although Baker obtained a sample of pure exo-adduct using 

chromatography on a silver nitrate impregnated silica gel column packing67 this 

method was not available to us, so the isolation of endo and exo-adducts was 

carried out by means of repeated recrystallization and repeated column 

chromatography on silica gel. The purity of the samples was checked by gas 

chromatography (Appendix 2.2. and 2.7.). The pure endo adduct was obtained 

more easily than the exo adduct but neither was readily accessible by this 

laborious route, consequently only small amount of pure monomers were 

available for polymerisation studies. 

The infrared spectrum of each adduct (Appendix 2.3. and 2.8.) showed that 

both had the absorption of aromatic and vinylic C - H over 3000 cm'l as well as 

the aliphatic below 3000 cm"l and an absorption due to an out-of-plane C-H 

deformation mode around 730 cm"l as their characteristic absorptions. The 

spectra were in agreement with literature data.50.67 The mass spectrum of the 

exo-adduct (Appendix 2.9.) confirmed the molecular weight of 218 amu and showed 

the expected fragments at nVe=202 (M-CH4) and 152 (M-C5H6). Each of 1H, l^c 

n.m.r. spectra of endo-adduct (Appendix 2.4. and 2.5.) and n.m.r. spectrum of 

exo-adduct (Appendix 2.10.) was also in agreement with published data50.67 ^nd 

the structures and chemical shifts are shown in Figures 2.2., 2.3. and 2.4. 

respectively. 
1.68 (2H,s) 

Hv^H 
/ \ 3.26(2H,s) 

5.42 ( 2 H , m ) H y j < ; ; ^ H 4.10 (2H.S) 

f 7.22 (2H, pseudo d, J«7.3Hz) 
^ 7.52 (2H, pseudo d, J«7.7Hz) 

H' 

7.36 (2H, pseudo dd, J«7.3, 7.7Hz) 

Figure 2.2. N.m.r. spectral parameters for the endo-adduct 
(chemical shifts in ppm with respect to TMS) 
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133.7 

131.1,140.8,146.4 

119.0 

122.5 

45.7, 50.4, 50.7 

Figure 2.3. l^c N.m.r. spectral parameters for the endo-adduct 
(chemical shifts in ppm with respect to TMS) 

1.32 (1H, d, J=9.8Hz) 
^ 0.92(1H,d,J=9.8Hz) 

7.25 (2H, pseudo d, J«7.2Hz) 
60 (2H, pseudo d, J«7.7Hz) 6.31 (2H, m) H 

2.92 (2H,m) H 

3.58 (2H, s) H 
7.44 (2H, pseudo dd, J«7.2,7.7Hz) 

Figure 2.4. N.m.r. spectral parameters for the exo-adduct 
(chemical shifts in ppm with respect to TMS) 

The 13c-n.m.r. spectrum of the exo adduct (Appendix 2.11.) was assigned by 

comparison with that of endo adduct as shown in Figure 2.5., since it has not been 

reported previously. 
43.2,48.3,52.4 

138.7 

132.0,142.9,147.0 5 ' ' ' 

IIM-, 128.4 
123.4 

Figure 2.5. ^^Q. N.m.r. spectral parameters for the exo-adduct 
(chemical shifts in ppm with respect to TMS) 

Furthermore, the structure of endo-adduct was confirmed by means of single 

crystal X-ray diffraction (Appendix 2.6.). 
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2.3. Experimental 

Acenaphthylene, dicyclopentadiene and p-hydroquinone were purchased 

from Aldrich Chemical Company Ltd. and n-hexane was purchased from BDH 

Laboratory Supplies (Merck Ltd). All reagents and solvents were used without 

further purification. 

Typical examples of the synthetic procedure and product purification were 

as follows:-

Acenaphthylene (30g, 0.197 raol), dicyclopentadiene (13g, 0.098 raol) and 

p-hydroquinone (O.lg) were placed in a round-bottomed flask (200 ml) fitted with 

a reflux condenser, and the mixture was heated at 185°C with stirring under a 

nitrogen atmosphere. After 5 hours, the reaction mixture was allowed to cool to 

room temperature and the resulting brown viscous oil was poured into a twelve­

fold excess of a mixture of petroleum ether and toluene (9:1). The precipitated 

solid was removed by filtration and washed with a seven-fold excess of the 

petroleum ether toluene mixture. The filtrate was concentrated under reduced 

pressure and the yellow oil obtained was vacuum-distilled to give a pale yellow 

viscous oil (16g, 0.0729 raol, 37%), collected in the boiling range 112-128°C/0.5-

0.6ramHg. The oil contained both of endo and exo-adducts. 

The variation in the ratio of products with reaction duration was obtained 

on the basis of gas chromatographic analysis of several samples taken from the 

reaction mixture after the prescribed reaction duration. 
For the reaction under high pressure, the starting materials were put in a 

sealed glass tube and heated at 177°C for 6 hours. The work-up was carried out 

by a similar method to that described above. 

Each pure sample of endo and exo adduct was obtained by means of 

recrystallization and column chromatography. The mixture of endo and exo 

adducts obtained by distillation was recrystallised from hexane solution. The 
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crystalline product still contained both endo and exo-adducts, although 

recrystallization did result in some enrichment in the endo-adduct. Both the 

endo-rich crystals and the exo-rich solution were subjected to silica gel column 

chromatography using n-hexane as the eluent. The exo-adduct was eluted faster 

than the endo-adduct but the separation was very poor (Rfgndo-^-^l-

Rfgxo==0-26). The column chromatography was repeated until both the endo and 

the exo adduct was purified. Pure samples of endo and exo-adducts were 

obtained as colourless hexagonal crystals and a pale yellow oil, respectively. 

Endo-adduct IR 3037, 2966, 1602, 1494, 1364, 1338, 1120, 828, 780, 734, 676 

cm-1; 1H n.m.r. (CDCI3) 5 1.68 (2H, s), 3.26 (2H, s), 4.10 (2H, s) 5.42 (2H, 

m), 7.22 (2H, d, J=7.3Hz), 7.36 (2H, t, J=7.6Hz), 7.52 ppm (2H, d, J=7.7Hz); 

13c n.ni.r. (CDCI3 , offresonance) 5 45.7, 50.4, 50.7, 119.0, 122.5, 127.4, 131.1, 

133.7, 140.8, 146.4 ppm. 

Exo-adduct IR 3060, 2966, 1602, 1367, 1326, 1014, 820, 779, 726, 673 cm'l; 

MS 218 (M+), 202 (M-CH4), 152 (M-C5H6); n.m.r. (CDCI3) 5 0.92 (IH, d, 

J=9.8Hz), 1.32 (IH, d, J=9.8Hz), 2.92 (2H, m), 3.58 (2H, s), 6.31 (2H, m), 7.25 

(2H, d, J=7.2Hz), 7.44 (2H, t, J=7.7Hz), 7.60 ppm (2H, d, J=7.7Hz); 13c n.m.r. 

(CDCI3, offresonance) 5 43.2, 48.3, 52.4, 119.9, 123.4, 128.4, 132.0, 138.7, 

142.9, 147.0 ppm. 
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CHAPTER 3: The ring opening metathesis polymerisation of the Diels-Alder 

adducts of cyclopentadiene and acenaphthylene 

3.1 Introduction 

The ring opening metathesis polymerisation of the Diels-Alder adducts of 

cyclopentadiene and acenaphthylene was studied previously by Feast and El-

Saafin.50 The examination was carried out using the endo-adduct as the monomer 

and classical catalyst systems for the initiation of the polymerisation. The results 

shown in Table 3.1. were obtained. As shown in the table, the classical catalyst 

systems used provided the polymer with 50% of cis and 50% of trans double bonds 

in the main chain. The control over the polymerisation was limited and the 

reproducibility was poor. 

'able 3.1. Foiy 

Co-catalyst 

mensation oi enuu 

W:Sn:Monomer Time Yield 

(%) 

Ratio 

Cis / Trans 

SnPh4 

1:2: 60 

1 :2 :139 

1 :2 : 35 

5 sec 

20 hr 

20 hr 

lOOa) 

100 

100 

_ _ 

SnPh4 

1:2: 60 

1 :2 :139 

1 :2 : 35 

5 sec 

20 hr 

20 hr 

lOOa) 

100 

100 

1:2 : 60 1.5 min 82 50/50 

SnMe4 1 :2:139 20 hr 100 

1:2: 35 20 hr 100 

a) The whole mass solidified and could not be redissolved. 

In this work we investigated the polymerisation of endo and exo-adducts 

of acenaphthylene and cyclopentadiene using well defined initiators to explore 

the differences in microstructure between the polymers obtained with classical 



catalyst systems and well defined initiator systems, and the differences in the 

polymerisation of endo and exo-adducts. 

The well defined initiators used in the work described in this thesis are 

represented by the symbols as shown in Figure 3.1. The examination discussed in 

this chapter was carried out using t-butoxy molybdenum initiator and 

trifluorinated t-butoxy molybdenum initiator. 

u NAT 
Me. l-Bulox7 molybdenum initialor 

^ ' J Mo(=NAr)(=CHC(CH3)2Ph)(0tBu)2 

CF7 Mo(=lttr)(=CHlBu)(0C(CH3)2CF3)2 

Trifluorinated l-buttoy molybdenum initiator 
or 

NAT 

I Hexafluorinated t-buto}^ molybdenum initiator 

Cpg/ Mo(=NAr)(=CHtBu)(0C(CF3)2CH3)2 

NAT 
Me Me 

t-Butoxy tungsten initiator 
MeXo^^f , , = _ o r 

Me ¥(=NAr)(=CHtBu)(0lBu)2 

(Ar = 2,6-diisopropylphenyl) 

Figure 3.1. Well defined initiators used in the work described in this thesis 
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3.2 Polymerisation of the endo-adduct using well defined initiators 

A typical polymerisation procedure was as follows. 1) The monomer 

solution was added into the initiator solution under an inert atmosphere at 

ambient temperature. 2) After stirring at ambient temperature for 1 minute, the 

reaction mixture become viscous and was quenched by adding benzaldehyde. 3) 

The produced end capped polymer was isolated by reprecipitation or removing 

the quenched initiator from the reaction solution by passing the solution down a 

short alumina column, followed concentration and drying. The outline of the 

polymerisation process is shown in Figure 3.2. 

0 D 

Polymerisation 

[Metal>=/ 
Initiator 

[Metal 0 0 
Quench Ph-CHO 

[Metal]=0 + 
Ph 0 0 

Figure 3.2. The outline of the polymerisation of the endo-adduct 
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The number average molecular weights and polydispersities (PDI) of the 

polymers obtained were measured by gel permeation chromatography. The 

results are shown in Table 3.2. 

No. 

P3-1 

P3-2 

P3-3 

P3-4 

P3-5 

P3-6 

Initiator 

Mo-^Bu 

Solvent 

C 6 D 6 

C 6 D 6 

C 6 D 6 

C H C I 3 

Toluene 

CfP 

Ratio 

Monomer/Initiator 

20/1 

50/1 

50 / 1 a) 

50 / 1 

50 / 1 

20/1 M0-F3 

Mn (103) 

Observed 

8 

32 

32 

28 

c) 

15 

Theoretical, 

4.36 

10.9 

10.9 

10.9 

PDI 

1.4 

1.7 

1.8 

1.9 

solution was added to the initiator solution over 1 hour. 

added to the initiator solution at -40°C and the 
a) The monomer 

b) The monomer solution was 

mixture was allowed to warm up to ambient temperature. 

c) Precipitation occurred during the polymerisation reaction. 

I f the polymerisation progressed completely in a typical living manner, it 

would be expected that the number average molecular weight would be roughly 

equal to the theoretical value and that the polydispersity would be close to 1. 

However, as shown in the table, both of the number average molecular weight 

and the polydispersity were much larger than the expected values, computed on 

the assumption of perfect living polymerisation, and increased with the initial 

ratio of the monomer to the initiator (P3-l,2) and with changing to a more 

reactive initiator (P3-l,6), and were not essentially affected by change either of 

the method of mixing the monomer and initiator solutions or of the solvent (P-3-

2,3,4). 
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The observations recorded above seemed to suggest that the 

polymerisation progressed in a classical manner; but, after all monomer had been 

consumed, the alkylidene protons of the propagating polymer chain ends were 

observed by n.m.r. as shown in Figure 3.3. Such observations are good 

indicators of living propagating chain ends in ring opening metathesis 

polymerisation, as shown in Figure 3.4. 

Alkylidene H of the Initiator 

ppm 

(b)P3-6 

12.8 12.7 12.6 12.S 

Alkylldene H of the Initiator 

1 ' ' ' ' 1 
11.2 ppm I ' 

12.0 11.9 

(a) P3-1 

11.B 
'—I— 

11.7 ' 11.6 11.S 11.4 11.3 

Figure 3.3. The n.m.r. spectra of the alkylidene regions for 

(a)P3-l and (b) P3-6 
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Initiator 
R=Ph. Me 

Alkylidene proton 
(Multiplet) 

\ / Living polymerisation 
[Metal]=<^Me ^ *• 

r 0 0 
[Metal]' 

Alkylidene proton 
(Singlet) 

Propagating species 

Figure 3.4. The observed alkylidene protons in a living polymerisation 

The signals at 11.32 ppm in Figure 3.3.a and at 12.13 ppm in Figure 3.3.b 

are the alkylidene protons of t-butoxy molybdenum and trifluorinated butoxy 

molybdenum initiators respectively. Four sets of doublet signals (11.62-11.96 

ppm) due to the alkylidene protons of the propagating species were observed in 

the 1 H n.m.r. spectrum of P3-1 since the signal due to the alkylidene proton 

should be a doublet, although only a poorly resolved multiplet (12.84-12.92 ppm) 

was observed in case of P3-6. Such a complex set of alkylidene resonances is 

possibly explained by the isomerism about the propagating polymer chain end, 

such as syn/anti isomerism of metal-carbene double bond and cis/trans isomerism 

about the next carbon-carbon double bond in the propagating species, as shown in 

Figure 3.5. 
Syn/Anti isomerism 

Cis/Trans isomerism 

RO •>'^° 

Alkylidene proton 

Propagating species 

Figure 3.5. Isomerism in the propagating polymer chain end 

37 



Bazan and co-workers have reported that a complex set of alkylidene resonances 

were observed for the living chain end alkylidene in the polymerisation of 

benzonorbornadiene (see Figure 3.6.), regardless with the fact that those observed 

in the polymerisations of both 2,3-dicarbometoxynorbornadiene and of 2,3-

bis(trifludromethyl)norbornadiene were well resolved and simple, and explained 

this on the basis that when an aromatic ring is present the alkylidene protons 

become more sensitive to the cis or trans configuration of at least the next double 

bond in the chain.51.68 j f this go, a similar effect might be operating in the 

polymerisation discussed above. 

NAr 
ROMP 

o t - B u O " 7 ' ^ ° V / ^ - ^ " 
t-BuO^ 

" o 
Figure 3.6. The polymerisation of benzonorbornadiene 

It was seen that relatively more initiator remained in the polymerisation 

using trifluorinated molybdenum butoxy initiator than that using t-butoxy 

molybdenum initiator after all monomer had been consumed, as shown in Figure 

3.3. and it seemed to be consistent with the fact that the trifluorinated 

molybdenum t-butoxy initiator is much more reactive than t-butoxy molybdenum 

initiator. In both cases a considerable amount of initiator remained, which 

suggested that the rate of propagation was much faster than that of initiation in 

these polymerisations. So the ratio of the propagation rate (kp) to the initiation 

rate (kj) was examined in the polymerisation using t-butoxy molybdenum 

initiator. 

The monomer, the endo-adduct, was reacted with the t-butoxy 

molybdenum initiator under the same conditions as used in the polymerisations 
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described above. The ratio kp/kf was calculated from the signal intensities 

observed by n.m.r. after the consumption of all monomer was confirmed. The 

calculation method was similar to that used by Bazan and co-workers^l and is 

described below. 

If the rate of the propagating process is not dependent on the degree of 

polymerisation then the initiation process and propagation process are expressed by 

the following set of equations. 

k' 
(Initiator) + (Monomer) ! — • (Propagating species) 

(Propagating species) -i- (Monomer) 2—̂  (Propagating species) 

Where the initial concentration of the monomer and the initiator and the 

concentration of the monomer, the initiator and the propagating species and the 

reaction time are [MQ], [ IQ] . [ M ] , [ I ] , [P] and t respectively, the following set of 

equation can be constructed to describe the situation. 

-d[I]/dt = ki[I3[M] 

-d[M]/dt = ki[I][M]+kp[P][M] 

[P] = [io]-[i] 
Where the concentration of remaining initiator is [ IR] , the following equation is 

given by solving the above differential equation from [M] = [MQ] to [M] = 0, 

namely from [I] = [IQ] to [I] = [ I R ] . 

(kp/ki){ l+ln([lR]/[Io])-[lR]/[Io]} = 1 - [ IR] / [ IO]- [MO]/[ IO] 

The 1 H n.m.r. of the resulting solution is shown in Figure 3.7. (Appendix 3.3.1.). 
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Alkylidene region 
\ 

Figure 3.7. The I f i n.m.r. spectrum of the resulting solution (reaction of the 

endo-adduct with t-butoxy molybdenum initiator) 

The 1 H n.m.r. spectrum confirmed that all the monomer, i.e. the endo-

adduct, had been consumed. In the spectrum, the broad signal in the range of 2.6 

to 3.1 ppm was due to the allylic protons in the propagating chain and the 

multiplet in the range of 3.8 to 4.3 ppra was due to the benzylic protons in the 

propagating chain and the methine protons of isopropyl group of the imide ligand 

on the metal as shown in Figure 3.8. overleaf. The value for [MQ]/[IQ] was 

calculated based on the signal intensities in these two regions. The resonances 

due to alkylidene protons of the initiator and the propagating species were 

observed at 11.32 ppm and in the region of 11.62 to 11.96 ppm, so the value for 

[ IR] / [ IQ] was calculated based on the signal intensities in these two regions. The 

value obtained for kp/kj was 34. 
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Me 
Me- f r-Me 

N Me 

Methine proton (3.8-4.3ppm) 

Allylic proton (2.6-3.1 ppm) 

t-BuO 
t-BuO 

Me B Propagating species 

Benzyiic proton (3.8-4,3ppm) 

Alkylidene proton (11.62-11.96ppm) 

H ^ / f ) ) Methine proton {3.8-4.3ppm) 

Me ( V^Me 
N Me 

t - B u O " - / ^ ° ^ ^ A C 
t-BuO'^ 7 

Me. 

Me 

Initiator ] ) •;M0̂  ^ 

Alkylidene proton (11.32ppm) 

Figure 3.8. Chemical shifts of protons in propagating species and initiator 

The GPC trace of P3-2 and the peak molecular weight are shown in Figure 

3.9, as a typical example. As shown in the figure the trace had a shoulder on the 

high molecular weight side of the main peak and a tail in the low molecular 

weight region. 

' ' 71,300 

145,500 

o o 
o o 
o 
CVI 

3 

Figure 3.9. The GPC trace of P3-2 
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The peak molecular weight of the shoulder was roughly twice of that of the main 

peak. Feast and co-workers have reported that a trace of dioxygen introduced at 

the termination stage induced biraolecular dimerisation of the living polymer to 

give a component at twice the molecular weight of the main peak in ring opening 

metathesis polymerisations, and suggested the mechanism shown in Figure 

3.10.69 So the minor high molecular weight component of P3-2 was considered 

as a consequence of such dimerisation reaction induced by the impurity, 

dioxygen. 

[ M o ] = ^ ^ y = ^ f ^ [ M o ] = 0 + o 

[ M o ] = K , [ M o ] = 0 

R p = Repeating unit 

Figure 3.10 The mechanism of the dimerisation of living polymer during 

termination of ring opening metathesis polymerisation 

As for the tail at low molecular weight, it was concluded that this was 

probably a consequence of mixing efficiency, considering the fact that the rate of 

the propagation was much faster than that of initiation. 

These two factors make the number average molecular weight and 

polydispersity of the polymers obtained larger than expected and such an 

explanation is consistent with the limited data recorded in Table 3.2. Thus, under 

the same conditions the larger initial concentration ratio of the monomer to the 

initiator and more reactive initiator produced the broader molecular weight 

distributions in the product polymers (P3-l,2 and 6). 
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3.3 Characterization of the polymer of endo-adduct obtained using well 

defined initiators 

3.3.1 Infrared spectroscopy 

The infrared spectra of the polymers obtained (P3-3,6; Appendix 3.2.1„2.) 

showed the absorption of aromatic and vinylic C-H stretching over 3000 cm' l as 

well as the aliphatic below 3000 cra"^ and the skeletal vibration of aromatic ring 

at 1600 cm^l, C-H deformation at 1447 c m ' l , and out-of-plane C-H deformation 

of benzene ring at 820 cra"^. The absorption due to out-of-plane C-H 

deformation of trans CH=CH unit was observed around 980 cm"l, although the 

absorption due to cis unit was not distinguished from other absorptions. 

3.3.2 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance spectroscopy especially ^^C n.ra.r. 

spectroscopy provides a powerful analytical method to examine the cis / trans 

content of unsaturated polymers. Ivin and co-workers have investigated the ̂ ^C 

n.m.r. spectra of many polymers prepared by ring opening of cyclic and bicyclic 

olefins, such as poly(l-pentenylene),^0 poly(l,3-cyclopentenylene vinylene)^^ 

and related norbornene derivatives.72-76 j h e problem they looked at was that of 

defining the relative proportion of cis and trans double bond. As mentioned 

above, this question can also be answered by analysis of intensities of the out-of-

plane C-H deformation of modes of vinylic C-H bonds, however work by Ivin's 

•group established that ^^C n.ra.r. spectroscopy provides a more reliable 

quantitative analysis than infrared spectroscopy. 
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The 1 H n.m.r. and ^^C n.m.r. spectra were similar amongst the polymers 

obtained (Appendix 3.3.2.-5.). So the assignments of the spectra of P3-3 (endo 

capped polymer) are shown in Figure 3.11. and 3.12, as typical examples. 

0.9-1.9 

5.4-5.7 H 

3.1,3.5 Q Q 

4.1-4.3 

Aromatic protons 7.1 -7.8 

Figure 3.11. The assignment of the chemical shifts in the n.m.r. spectrum of 

P3-3 (ppm with respect to TMS) 

131.5-131.8 

36.6, 37.0, 38.0 

Pli 

140.8 
144.6 Q Q 

41.6, 46.7, 46.9 

^ 53.0-53.5 

121.8 

127.0 

>^ 122.5-122.8 

131.0 

Figure 3.12. The assignment of the chemical shifts in the l^c n.m.r. spectrum of 

P3-3 (ppm with respect to TMS) 
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In Figure 3.13., ^̂ c n.m.r. spectrum in the region of 30 to 60 ppm of P3-3 is 

shown. 

Benzyllc carbon 

n-rrr 

Allyllc carbon -trans 

Allyllc carbon -cIs 

Methylene carbon 

96 58 54 82 90 « 

Figure 3.13 ^^C n.m.r. spectrum (30-60 ppm) of P3-3 

The signal at 41.6 ppm and both signals at 46.7 and 46.9 ppm are assigned to the 

allylic carbons adjacent to cis and trans double bonds, considering the fact that in 

simple alkenes the allylic carbon atoms next to a cis-double bond always appear 

about 5 ppm upfield from those next to a trans double bond.'77 j h g signals at 

46.7 and 46.9 ppm were considered to corresponding to the isomerism of the next 

nearest double bond. The methylene, vinylic, benzylic and aromatic carbon 

resonances were not well resolved and could not be assigned in detail. 

The ratio of cis to trans double bonds in the polymer main chain were 

determined on the basis of the signal intensities of the allylic carbons. Living 

polymers were observed by -̂̂ C n.m.r. before quenching, since the termination 

reaction turned out to be highly sensitive to oxygen, and, for some polymers, the 

ratio in the end capped polymers were also obtained for comparison. The results 

are shown in Table 3.3. 
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Table 3.3. Cis / trans ratio of double bonds in the polymers produced from the 

No. Initiator Ratio 

Monomer / Initiator 

Ratio Cis/ Trans No. Initiator Ratio 

Monomer / Initiator Living polymer Capped polymer 

P3-1 2 0 / 1 16/84 — 

P3-2 Mo-O^Bu 5 0 / 1 17/83 18/82 

P3-3 50 / 1 a) 11/89 9 / 9 1 

P3-6 M0-F3 2 0 / 1 80 /20 77/23 

a) The monomer solution was added to the initiator solution over 1 hour. 

As shown in the table t-butoxy molybdenum initiator produced a high 

trans content polymer while trifluorinated butoxy molybdenum initiator provided 

a high cis content polymer. 

3. 4 Attempted polymerisation of the exo-adduct 

The polymerisation of the exo-adduct was attempted using the t-butoxy 

molybdenum initiator. The results are shown in Table 3.4. 

No. Solvent Ratio (Monomer / Initiator) Polymer obtained 

P3-7 C6D6 2 0 / 1 Insoluble polymer 

P3-8 3 / 1 Insoluble polymer 

P3-9 THF-d8 2 0 / 1 Insoluble oolvmer 

Under the same condition as those used for the endo-adduct 

polymerisation, the monomer solution became very viscous and solidified like a 
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gel 10 seconds after mixing the monomer and the initiator solutions (P3-7). The 

material could not be redissolved even in boiling dimethylsulfoxide. As this 

result seemed to suggest the activity of the initiator was too vigorous to induce 

reasonable ring opening metathesis polymerisation, polymerisation using 

tetrahydrofuran as solvent was attempted, since tetrahydrofuran was expected to 

reduce the activity of the initiator. However, it again produced a gel like material 

(P3-9). The formation of this insoluble gel might be due to either cross linking or 

the character of the product polymer, such as crystallinity. Polymerisation with a 

smaller ratio of monomer to initiator was tried because both the crystalline 

character of the polymer and the chance of cross linking were expected to be 

reduced in low molecular weight oligomers, but, even in this case, the obtained 

material was like gel (P3-9). 

The infrared spectrum of P3-7 is recorded in Appendix 3.2.3. as a typical 

example. I t was similar to those of the polymers of the endo-adduct and showed 

the absorptions due to out-of-plane C-H deformation of cis CH=CH unit and trans 

unit around 760 and 980 cm^l respectively, although the proportion of cis and trans 

double bonds could not be determined because of the poor resolution and the 

possibility of overlap with other absorptions, particularly aromatic ring modes around 

700-740 cm-1. 

3.5 Polymerisation of endo and exo adducts mixture 

As the exo-adduct behaved in the unexpected manner described above in 

polymerisations using a well defined initiator, the polymerisation of an endo- and 

exo-adduct mixture was examined using both a well defined initiator and classical 

catalyst systems. The ratio of endo- to exo-adduct was 73:27. The result are shown 

in Table 3.5. 
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1 ilUlC J . J . 

No. Cat., Co-cat., Additive 

(Ratio)^) 

Solvent 

b) 

Reaction 

duration 

(min) 

Yields 

(%) 

GPC 
1 ilUlC J . J . 

No. Cat., Co-cat., Additive 

(Ratio)^) 

Solvent 

b) 

Reaction 

duration 

(min) 

Gel Soluble Mn 

(103) 

PDI 

Well-

defined P3-10 Mo-O'Bu 

(5) 

10 0 100 

llUliulUl 

Classical P3-11 WClf;. Me4Sn T 16 70 1.5 - -

catalyst (2. 4) 

system P3-12 MoCls. Et^.AlI. AcOEt T 60 30 0 

(1, 4, 60) 

P3-13 MoCls, Et9.AlI, AcOEt, T+C 60 0 22 100 2.1 

1-Octene 

(1. 4. 60. 4.7) 

a) The ratio to 100 of monomer 

b) T = toluene, C = chlorobenzene 

The mixture of the endo and exo-adducts was polymerised readily using t-

butoxy molybdenum initiator under the same reaction conditions as were used in 

the polymerisation of endo-adduct (P3-10), the presence of the resonances due to 

propagating alkylidene protons in the downfield region of the ^H n.ra.r. spectrura 

(Appendix 3.3.6.a) confirmed that the polymerisation progressed in a living 

manner. 

The polymerisation of the endo/exo mixture using similar condition to that 

used by El Saafin and co-workers for the polymerisation of the endo-adduct 

resulted in a production of insoluble polymer (P3-11), while they obtained a 
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soluble polymer. The reaction using a classical molybdenum catalyst system 

which was supposed to be a milder system than the tungsten catalyst also 

produced insoluble polymers (P3-12). Soluble polymer was obtained by using 

the chain transfer reagent (1-octene) although the yield was low (P3-13), the 

catalyst system and the chain transfer reagent used in this case were previously 

patented as a method to produce gel-free alkylnorbornene polymers by ring 

opening metathesis polymerisation.^^ 

The resonances between 40 and 60 ppm due to methine carbons observed 

in the ^^C DEPT spectrum of P3-10 are shown in Figure 3.14. (Appendix 

3.3.6.b). 

Figure 3.14. DEPT spectrum (40-60 ppm) of methine carbon 

The resonances at 46.7, 47.0 and 41.7 ppm seemed to be due to the allylic 

carbons of endo-adduct unit adjacent to trans and cis double bond in the polymer 

chain and the resonance at 53.3 ppm was assigned to the resonance due to 

benzylic carbons of the endo-adduct unit since the chemical shifts are similar to 

those of the polymer of endo-adduct (see Figure 3.12.) and the intensity of the 

resonance at 53.3 ppm is roughly equal to the total intensity of the resonances at 

46.7, 47.0 and 41.7 ppm. If this is correct the cis/trans ratio for the endo-adduct 
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derived repeat unit is 16:84. The resonances at 55.7 and 50.8 ppm might be due to 

the allylic carbons in the exo-adduct units adjacent to trans and cis double bonds 

since these resonances were also separated by about 5 ppm but the cis/trans ratio 

can not be determined since the resonance due to the benzyiic carbons of the exo-

adduct unit was possibly overlapping on either of these two resonances. No other 

provisional assignments could be made because of the complexity of the 

spectrum. 

As shown in Table 3.6. (Appendix 3.3.7.a), the ^H n.ra.r. spectrura of P3-13 

showed that the proportion of each region, namely aromatic, vinylic, benzyiic, 

allylic, and methylene region was roughly the expected ratio (6:2:2:2:2), although 

the sample contained a small amount of unreraoved raonomer as an impurity. 

However a more detailed analysis was not possible because of poor resolution of 

spectrum. 

Table J.o. i nep 
Reeion 

roporiiuu ui 
Aromatic Vinylic Benzylic Allvlic Methylene 

Obtained result 
(Proportion) 

7.0-7.8 
(6) 

5.2-6.1 
(2) 

3.6-4.4 
(2) 

2.3-3.3 
(2) 

1.0-2.3 
(2) 

The n.m.r. spectrura (Appendix 3.3.7.b) showed sirailar resonances to 

those of P3-10, but the detailed assignraent was again difficult because of poor 

resolution and the coraplexity of the spectrura. 

As described above the exo-adduct was polymerised to give soluble 

copolymers using a well defined initiator and an exo-/endo-adduct mixture and 

using classical catalyst system by using a chain transfer reagent and it was 

, confirmed that the produced polymer contained both endo and exo-adduct units in 

the polymer chain. 
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3.6 Summary and Discussion 

It turned out that the t-butoxy molybdenum initiator polymerised the endo-

adduct to give a high trans content polymer and the more reactive trifluorinated 

butoxy molybdenum initiator provided a high cis content polymer, while the 

classical catalyst system, tungsten hexachloride and tetramethyltin, produced a 

non-stereoregular polymer. The difference in the behavior of the initiators was 

similar to that in the polymerisation of 2,3-bis(trifluoromethyl) 

bicyclo[2.2.1]hepta-2,5-diene reported by Feast and co-workers,^^ and it is 

consistent with the mechanism of ring opening metathesis polymerisation using well 

defined initiator described by Bazan and co-workers.^l Namely, it can be explained 

as foUows:-

(see Figure 3.15. overleaf) 

(1) I f a monomer approaches and reacts with a syn rotamer of the propagating species 

then a trans double bond and an anti rotamer of propagating species would be formed. 

(2) I f a next incoming monomer reacts with the propagating species before it converts 

to a syn rotamer then cis double bond would be formed. 

(3) But i f the initiator is not so reactive then the propagating species would 

convert to the syn rotamer before the next propagation step. 

(4) The syn rotamer then reacts with the next incoming monomer to form trans 

double bond. As a consequence the more reactive initiator, the trifluorinated 

butoxy molybdenum initiator, produced more cis content polymer than t-butoxy 

molybdenum initiator. 

In this study the polymerisation of exo-adduct using a well defined 

. initiator did not provided well defined soluble polymer but insoluble gel. The 

examination using classical catalysts, which are more Lewis acidic than well 

defined initiators, seemed to show that the polymerisation process for the exo-

adduct was highly sensitive to Lewis acidity. So it is suggested that the 
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polymerisation of the exo-adduct is strongly affected by even small amount of 

Lewis acid to produce some cross linking which raade the polyraer insoluble. 

The gellation was avoided by copolyraerisation with the endo-adduct and by 

using a chain transfer agent to limit the molecular weight. However further 

investigation is required to unambiguously clarify the reason for gel production. 

t-BuO 
t - B u O ^ 

NAr [ synrotamerj 

R 

NAr 

t-BuCr 

And rotamer) 

NAr 

t - B u O - M o ^ ' (Back face) 
t-B 

NAr 

[ Syn rotarnerj 

NAr 

t-BuO^Mo 
t - B u O ^ ^ 

t-BuO-MO; 
t - B u c y ^ 

Rotate 

(Front face) 

Trans double bond 
Cis double bond 

t - B u O ^ 

Figure 3.15. The probable mechanisra of the polymerisation 
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3.7 Experimental 

The initiators used throughout this work and following work were 

prepared either in the research group of Prof. V. C. Gibson or in the IRC 

laboratories by Dr. E. Khosravi and used as supplied in solid form under an inert 

atmosphere. The adducts were dried over molecular sieves, chloroform was dried 

over phosphorus pentoxide, benzaldehyde was dried over molecular sieves and 

toluene and tetrahydrofuran were dried over sodium-benzophenone until the 

mixture remained purple on stirring overnight, then these were vacuum-

transferred into dry ampoules following deoxygenation by means of the freeze-

thaw-pump technique. The solvents were passed through a short column (c.a. 4 

cm) of oven dried neutral alumina in a glove box before use. Typical examples 

of the polymerisation method are described below. 

a) Polymerisation using well defined initiators 

The following procedure was performed in a glove box, where the 

concentration of oxygen was below 8 ppm and moisture was below 7 ppm. 

The endo-adduct of acenaphthylene with cyclopentadiene (79mg, 0.36 

mmol) was dissolved in perdeuterobenzene (0.45 ml) and t-butoxy molybdenum 

initiator (lOmg, 0.018 mmol) was dissolved in the same solvent (0.45 ml). Each 

solution was stirred for 1 minute and then the monomer solution was added to the 

initiator solution. The mixture was placed in a n.m.r.-tube after stirring for 1 

minute. The n.m.r.-tube was sealed and taken out the glove box. The n.m.r. was 

observed immediately. 

For obtaining end capped polymers, an excess of benzaldehyde was added 

to the reaction mixture 1 minute after mixing the monomer and initiator solutions 

and the resulting solution was stirred for 10 hours. Then the mixture was taken 

out the glove box and the polymer obtained was precipitated from benzene into 

methanol under a dry oxygen free nitrogen atmosphere, and dried under vacuum. 
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In case of the polymerisation of exo-adduct of acenaphthylene and 

cyclopentadiene, the reaction mixture became very viscous and produced gel like 

material 10 seconds after mixing the monomer and the initiator solutions. The 

material was not soluble in ordinary solvents. 

b) Polymerisation using classical catalysts 

A l l manipulation was carried out under a nitrogen atmosphere. 

(b-i) Polymerisation initiated by tungsten catalyst 

To a toluene solution of tungsten hexachloride (0.18 M , 1 ml), 

tetramethyltin (0.066g, 0.37 mmol) dissolved in toluene (9 ml) was added. After 

the colour changed from blue-black to brown-black (17 minutes), a toluene 

solution of the endo and exo-adducts (2.56 M , 3.5 ml) was added. The mixture 

was stirred for 16 minutes then methanol (1 ml) was added to the mixture. The 

resulting mixture was added into excess amount of methanol and the precipitate 

was collected by filtration. The precipitate was stirred in an excess of toluene at 80° 

C for 2 hours then filtered. The soluble product was obtained by concentrating the 

filtrate and insoluble product was obtained by drying the remaining solid. 

(b-ii) Polymerisation initiated by raolybdenura catalyst 

To a toluene solution of a raixture of endo and exo-adducts of 

acenaphthylene with cyclopentadiene (2.56 M , 3.9 ml), 1-octene (0.053g, 0.47 

mmol), chlorobenzene (9.5 ral) and diethylaluminium iodide dissolved in toluene 

(0.25M, 1.6ml) were added. After stirring the mixture for 24 minutes a raixture 

of molybdenum pentachloride (0.1 raraol) and ethyl acetate (6.0 ramol) dissolved 

' in toluene (2 ml) was added and the resulting solution was stirred for 1 hour, then 

methanol (1 ral) was added to the solution. The mixture was added to an excess of 

methanol and the precipitated material was recovered by filtration, washed with 

methanol and dried under vacuum for 14 hours. 
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CHAPTER 4; Synthesis of 4-methylcyclopentene 

4.1 Introduction 

As described in Chapter 1, one of the objectives of this study was to 

examine the polymerisability of a symmetrically substituted cyclopentene and to 

establish the microstructures of the product polymers. 4-Methylcyclopentene is 

one of the simplest of such monomers but, even in this case, the microstructural 

possibilities for the resulting polymers are numerous since every repeat unit has 

one double bond and one chiral centre. Analysis of the microstructures of the 

polymers obtained from this simple monocyclic olefin has not been reported and, 

i f it could be accomplished, might help to understand the mechanism(s) of such 

polymerisations. 

In this chapter, the synthesis of 4-methylcyclopentene and related 

molecules is described. The polymerisation of the monomer and examination of 

the structures and properties of the resulting polymers is discussed in Chapter 6. 

4.2 Results and discussion 

4-Methylcyclopentene was synthesized following the route shown in 

Figure 4.1. 
^ X ^ C l yCOOMe ^ - - A ^ C O O M e 

cx: cooH r ^ c o o " 
COOH 

OH ^ O T s — (x — cr 
— -

Figure 4.1. Scheme for the synthesis of 4-methylcyclopentene 



Only the last steps in this scheme, i.e. from alcohol to alkane, were 

expected to provide any difficulty. However, because it is a key functional group 

transforraation which is often encountered in synthetic organic cheraistry, a 

number of direct and indirect deoxygenation procedures have been developed for 

conversion of alcohols to the corresponding alkanes. Probably the three most 

commonly used procedures are the foUowing:-

a) The conversion of the alcohol to the bromide and subsequent reduction of the 

bromide with a raetal hydride. 

R C H 2 - O H 
HBr 

B r - ^ 

•RCH2-OH 
H 

RCH2 O H 
-f H [ S N 2 ] 

Metal-H 
R—CHgBr R—Me 

Here the alcohol to broraide conversion is achieved with hydrogen broraide but, 

of course, other reagents such as phosphorous tribromide are also effective. 

b) The conversion of the alcohol to the dithiocarbonate^ ^ or thiocarbonate^^ and 

subsequent deoxygenation via a radical process, generally known as Barton 

reduction. 
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N C V N = N - ^ C N " - ^ C N 
-N2 

™ iBugSnH 

S S-SnBu3 
SnBu3 

R-CH2OH — R - C H 2 0 - C - 0 ( S ) - R - R C H g - ^ C - O l S l - R -

S-SnBu3 
H abstruction , ^ J, „/„v 

R _ C H 3 * _ RCH2- + 0 = C - 0 ( S ) - R ' 

c) The conversion of the alcohol to the p-toluenesulfonate and subsequent 

reduction by metal hydride. ^0 

R-CHgOH Metal-^ ^ 

^ !! ^ [ S N 2 ] ̂  0 

B C H 2 ^ 0 - S - ^ C H 3 

R ~ M e 

In procedure (a), the broraination is believed to proceed not only via SN2 

displacement of the protonated hydroxyl, but also via an S^l mechanism to some 

extent. Consequently an intermediate alkyl cation may be formed during the 

process of bromination. In the case of procedure (b), an alkyl radical is formed 

after radical deoxygenation. Both these reaction intermediates have the potential 

to induce side reactions or isomerisation of the carbon skeleton. In order to 

obtain the desired product it is necessary to avoid such side reactions and to 

control the reaction completely so as to proceed via an 8^2 mechanism during 

the displacement step. Consequently procedure (c) was selected to convert the 

alcohol to the corresponding alkane, as shown in Figure 4.1. 
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4.2.1 Synthesis of 3-cycIopentene-l-carboxylic acid 

Four routes (Murdock's,83,84 Schmid's,^ '̂̂ ^ Cremer'ŝ '̂ 'SS and Greene's89 

procedures) are known for the synthesis of 3-cyclopentene-l-carboxylic acid. 

Murdoc made this product by the condensation of cis-l,4-dichloro-2-butene with 

malonic ester followed by saponification and decarboxylation (Figure 4.2.).^- '̂̂ ^ 

However this procedure resulted in the formation of 2-vinylcyclopropane-l,l-

dicarboxylate as a side product and the yield of the desired acid was poor (19-33%). 

\ c o o E t EtOH " - - / N : o o E t 
^^CQOEt Na ^ V ^ C l |Q><^°°^^ + 

COOEt 
COOEt 

1. saponification -^^^^ 
2. decarboxylation 

Figure 4.2. Murdock's scheme for the synthesis of 

3-cyclopentene-1 -carboxylic acid83.84 

COOH 

Schmid accomplished the conversion of the 2-vinylcyclopropane-l,l-dicarboxylate 

side product to the desired 3-cyclopentene-1,1-dicarboxylate by means of a thermal 

rearrangement. He pyrolyzed the mixture produced by the condensation of the but-2-

ene dichloride and malonic ester at 400-425°C and obtained 3-cyclopentene-l-

carboxylic acid in 32% overall yield (Figure 4.3.) after saponification and 

decarboxylation.85,86 
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prwedure " LvXcOOEt ^ ^ — X - C O O E t 400-425C " ^ y ^ C O O E t 
COOEt 

COOH 
1. saponification "̂ ^̂ ^̂ ^ 
2. decarboxylation 

Figure 4.3. Schmid's improvement of Murdock's procedure for the synthesis 

of 3-cyclopentene-l-carboxylic acid^5,86 

Cremer obtained the acid in 44% overall yield using cyclopentadiene as a starting 

material (Figure 4.4.).87,88 

^ ^ . f y ' ' ' 
1. Peracetic acid TsOCl. Py " - V 
2. LAH 

NaOH ' ' ^ V NaCN 

Figure 4.4. Cremer's route to 3-cyclopentene-l-carboxylic acid^^'^^ 

An improvement of Murdock's procedure was accomplished by Greene,89 who found 

the formation of 2-vinylcyclopropane-l,l-dicarboxylate in the condensation between 

the cis-l,4-dichloro-2-butene and malonic ester to be highly sensitive to changes in 

the base, the solvent and the R groups of the starting malonic ester. The desired acid 

was obtained in 70% overall yield by this improved procedure using dimethyl 

malonate under the conditions indicated in Figure 4.5. 

•CI 

/COOMe LiH K^Z\ - - ^ C O O M e ^ f ^ V ^ ° ° " r 
LAcOOMe i l ^ ^ W 

Figure 4.5. Greene's optimised route to 3-cyclopentene-l-carboxylic acid^^ 
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We used Greene's procedure to synthesize 3-cycIopentene-l-carboxylic acid in 

this work because of its high yield. 

Dimethyl 3-cyclopentene-1,1-dicarboxylate was synthesized by the 

condensation of dimethyl malonate and cis-l,4-dichloro-2-butene. The ester was 

reacted with lithium hydride as base in dimethylformamide as solvent, and condensed 

with the chloride at ambient temperature. The material obtained consisted of two 

components in a ratio of about 95:5 according to analytical gas chromatography 

(Appendix 4.1.1.). The minor component was not identified but was probably 

dimethyl 2-vinylcyclopropane-1,1-dicarboxylate; Greene obtained it in similar ratio 

to dimethyl 3-cyclopentene-1,1-dicarboxylate. The major component was purified 

by recrystallisation from n-hexane (Appendix 4.1.2), the yield was 67%. 

The infrared spectrum of the purified product (Appendix 4.1.3) was consistent 

with expectation and showed a vinylic C-H stretching absorption at 3004 cra" ,̂ 

aliphatic C-H stretching at 2955 cra'l, C=0 stretching of the ester groups at 1732 

cm"l, a C-H deformation at 1435 cm"l, the C-0 stretching of the ester groups at 

1258 cm' l , and the out-of-plane C-H deformation of the cis CH=CH double bond 

at 700 cm^l. The mass spectrum (Appendix 4.1.4) confirmed the molecular weight 

of 184 amu, and showed the expected fragments at 152 (M+-CH3OH), 124 (M+-

HCOOCH3), 65 (C5H5+), and 39 (C3H3+). The ^H n.m.r. spectrum (Appendix 

4.1.5.a) showed four methylene (3.03 ppm ,s), six methyl (3.74 ppra ,s) and two 

vinylic (5.62 ppm ,s) signals as would be expected. The infrared and ^H n.m.r. 

spectrum were in agreement with the spectra reported by Greene. The ^^C-n.m.r. 

spectrum (Appendix 4.1.5.b) showed a methylene carbon at 40.84 ppm, a raethoxy 

carbon at 52.73 ppm, a quaternary carbon at 58.65 ppm, a vinyl carbon at 127.70 

ppm, and a carbonyl carbon at 172.54 ppm; again completely consistent with 

expectation. 

Dimethyl 3-cyclopentene-1,1-dicarboxylate was converted to the free acid by 

means of hydrolysis. The infrared spectrum (Appendix 4.1.6.) showed the 
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characteristic absorption for C=0 stretching of a carboxylic acid group at 1698 cra"l, 

the 0-H deformation mode at 1405 cm"l, the C-0 stretching of a carboxylic acid 

group at 1281 cra"l, a 0-H deformation at 924 cm'^, and the out-of-plane C-H 

deformation of the cis CH=CH unit at 688 cm"l as well as the strong broad 

absorption typical of 0-H of free carboxylic acid around 2900 cm"l. The ^H 

n.m.r. spectrum (Appendix 4.1.7.) showed four methylene (3.10 ppm, s) and two 

vinyl (5.65 ppm, s) signals, and confirmed that the solvolysis was complete as the 

signal of the methyl group had completely disappeared. 

The decarboxylation of the diacid was carried out by heating it at 180°C for 1 

hour. The sample was purified by vacuum distillation, and its purity was confirmed 

by gas chromatography (Appendix 4.1.8.). The yield from dimethyl 3-cyclopentene-

1,1-dicarboxylate was 91%. The boiling point and the yield based on dimethyl 

malonate turned out to be 15°C/lmmHg and 61%, which are similar to the literature 

values of 70°aimmHg and 70%.89 The infrared spectrum (Appendix 4.1.9.) 

showed the carboxylic acid C=0 group stretching absorption at 1707 cm"l, a 0-H 

deformation at 1420 cra"l, the C-0 stretching of the carboxylic acid group at 

1296 cm-1, a 0-H deformation at 947 cm'^ and the out-of-plane C-H 

deformation of the cis CH=CH unit at 691 cm"l as well as the strong broad 

absorption of the 0-H of free carboxylic acid around 2900 cm"l. The mass 

spectrum (Appendix 4.1.10.) confirmed the molecular weight of 112 amu and 

showed expected fragments at 97 (M+-OH) and 67 (M+-COOH). The 1 h n.m.r. 

spectrum (Appendix 4.1.1 l.a) showed four methylene (2.69 ppm, m), one methine 

(3.16 ppm, m), two vinyl (5.67 ppm, s), and one carboxylic acid signals (11.2 ppm, 

broad). These infrared and ^H n.m.r. spectroscopic data were in agreement with 

those reported by Greene.89 The l^C-n.m.r. spectrum (Appendix 4.1.11.b) showed 

methylene, methine, vinyl and carbonyl carbon signals at 36.2, 41.4, 128.9, 183.0 

ppm respectively. 
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4.2.2 Synthesis of 4-hydroxymethylcyclopentene 

4-Hydroxymethylcyclopentene was synthesised by metal hydride reduction of 

3-cyclopentenecarboxylic acid, according to Hutchison's procedurê O yy,jjh minor 

modification. The acid was reduced by three equivalents of lithium aluminium 

hydride in diethyl ether at reflux temperature. The yield of purified sample was 95%. 

The purity of the sample was confirmed by gas chromatography (Appendix 

4.1.12.). 

The infrared spectrum (Appendix 4.1.13.) showed the 0-H stretching 

absorption at 3332 cm^l, the vinylic C-H stretching at 3054 cm'l , the aliphatic 

C-H stretching at 2927 cm"!, C-H deformations at 1471 cm"! and 1442 cm"!, C-

O stretching and 0-H deformation at 1074 cm"l and 1038 cm'l , and the out-of-

plane C-H deformation of the cis CH=CH unit at 672 cm'l . The mass spectrum 

(Appendix 4.1.14.) showed expected fragments at 81 (M+-OH), 80(M+-H2O), and 

67(M+-CH20H), but the molecular ion peak was not detected. The ^H n.m.r. 

spectrum (Appendix 4.1.15.a) showed the four methylene hydrogens of the 

cyclopentene ring, one methine and one hydroxy hydrogen between 2.05-2.60 

ppm, as a complex overlapping multiple!, a methylene (3.52 ppra, d J=6Hz) and 

two vinyl hydrogen (5.64 ppm, s) signals as expected. The l^c-nmr spectrum 

(Appendix 4.1.15.b) showed the methylenes of the cyclopentene ring, the methine, 

a methylene, and vinyl carbons at 35.5, 39.1, 67.0, and 129.5 ppm respectively. 

4.2.3 Synthesis of 3-cycIopentenemethyl p-toluenesulfonate 

3-Cyclopentenemethyl p-toluenesulfonate was synthesised by 

esterification of 4-hydroxyraethylcyclopentene using p-toluenesulfonyl chloride 

in pyridine at low temperature. The purity of the sample obtained was confumed by 
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gas chromatography (Appendix 4.1.16.). The yield was 92% and the melting point 

was31-32°C. 

The infrared spectrum (Appendix 4.1.17.) showed a vinylic C-H stretching 

absorption at 3056 cm"!, aliphatic C-H stretching modes at 2926 cm'l and 2852 

cm'l , a skeletal vibration of the benzene ring at 1599 cm"^, a C-H deformation at 

1443 cm-1, the 8=0 stretching modes of the sulfonate group at 1361 cm"^ and 

1175 cm"l, the out-of-plane C-H deformation of the benzene ring at 815 cm'l 

and the out-of-plane C-H deformation of the cis CH=CH unit at 665 cm'l. The 

chemical shifts from the ^H and ^^C n.m.r. spectra (Appendix 4.1.18.a and b) are 

shown in Figure 4.6.a. and 4.6.b. respectively, the chemical shifts observed were 

consistent with the assigned structure. 

1.98-2.08 (2H. m) ) 3.91 (2H. d. J=7Hz) 
2.38-2.50 (2H.m) 5 H J 

j 3 / ^ C H 2 - 0 — S O g - n ; ^ ) — C H g 2.44 (3H. s) 

5.59 (2H. s) H 2 gQ ^̂^̂  ^ ) H H —7.35(2H. d. J=8Hz) 

^7.78 (2H. d. J=8Hz) 

Figure 4.6.a. The chemical shifts from the ^H n.m.r. spectrum of 

3-cyclopentenemethyl sulfonate (ppm with respect to TMS) 

128.9. 127.7 

73.7 
1 2 9 . 7 | | - ' \ / — ^ 

L y 3 5 . 8 132.9 144.6 

21.4 
CHo 

35.2 

Figure 4.6.b. The chemical shifts from the ^̂ c n.m.r. spectrum of 

3-cyclopenteneraethyl sulfonate (ppra with respect to TMS) 
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4.2.4 Synthesis of 4-inethylcyclopentene 

Sodium borohydride (NaBH4) in dimethyl sulfoxide, sodium 

trimethoxyborohydride (NaBH(0Me)3) in dimethyl sulfoxide, lithium 

triethylborohydride (LiEt3BH) and lithium aluminium hydride (LiAlH4) are known 

as suitable reagents to reduce the p-toluenesulfonates of alcohols to the corresponding 

alkanes. In the case of sodium borohydride, the borane produced in the process may 

react further with the double bond via hydroboration to yield side products,91 this 

reagent was therefore considered unsuitable for the reduction of 3-

cyclopentenemethyl p-toluenesulfonate. Sodium trimethoxyborohydride can be used 

to avoid such side reaction91 but was not commercially available. Lithium 

triethylborohydride is known to reduce even hindered p-toluenesulfonates via a 

completely Sisf2 mechanism without any hydroboration of double bonds,92 but it was 

commercially available only as a tetrahydrofuran solution. The boiling point of our 

anticipated product, 4-methylcyclopentene, was expected to be similar to that of 

tetrahydrofuran (b.p.=67°C), by comparison with the boiling point of cyclopentene, 

which is 44°C; i f this assumption were valid it would be difficult to isolate the 

product after the completion of the reaction. Lithium aluminium hydride was 

therefore selected as the reagent to convert 3-cyclopentene p-toluenesulfonate to 4-

methylcyclopentene; this reducing reagent is cheap and readily available. 

The reduction of 4-methylcyclopentene in diethyl ether using six equivalents 

of lithium aluminium hydride was attempted first; although gas chromatography of 

the reaction mixture confirmed the starting material was completely converted after 

four hours, the product could not be isolated from the reaction mixture because of 

small difference between the boiling points of the product and the solvent Diglyme, 

boiling point 162''C, was used in the next attempt It is inert towards lithium 

aluminium hydride although the rate of reduction of p-toluenesulfonates with lithium 

aluminium hydride in diglyme is known to be much slower than that in diethyl 

ether.93 in this case the product was distilled from the reaction mixture over eight 
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hours. The gas chroraatograra (Appendix 4.1.19.) and GC-mass spectroscopy 

confirmed that the first peak in the chromatograra was chloroform (used as solvent 

for injection) and the later one was 4-methylcyclopentene. The yield was 75%. The 

material obtained was used as a sample for analysis and polymerisation studies. The 

infrared spectrum (Appendix 4.1.20.) showed the vinylic C-H stretching absorption 

at 3055 cm-1, the aliphatic C-H stretching raodes at 2955 cm*!, 2925 cm'l and 

2842 cm"l, a C-H deforraation at 1458 cra'^, and an out-of-plane C-H 

deformation of the cis CH=CH double bond at 670 cm'l . The mass spectrum 

(Appendix 4.1.21.) confirmed the molecular weight 82 amu and showed expected 

fragments at 67 (M+-CH3), 65 (C5H5+), and 39 (C3+). The signals of the ^H 

n.ra.r. spectrum (Appendix 4.1.22.a) were assigned as shown in Figure 4.7.a., 

using the integration value and the splitting pattern for each signal. The signals 

of the n.ra.r. spectrura (Appendix 4.1.22.b) were assigned as shown in Figure 

4.7.b., using the chemical shifts of each signal and DEPT analysis (Appendix 

4.1.22.C). 

1.80-1.95 (2H. m)) 
2.45-2.54 (2H, m) J h 

1.03 (3H. d. J=7Hz) 

5.64 (2H. s) " ^ 2.27-2.40 (IH. m) 

Figure 4.7.a. The chemical shifts from the ^H n.ra.r. spectrura of 

4-raethylcyclopentene (ppra with respect to TMS) 

40.9 
129.8 

Figure 4.7.b. The cheraical shifts from the l̂ c n.m.r. spectrura of 

4-raethylcyclopentene (ppm with respect to TMS) 
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4.3 Experimental 

Dimethyl 3-cyclopentene-l,l-dicarboxylate 

Methyl malonate (98%), cis-l,4-dichloro-2-butene (95%), N,N-

dimethylformamide (water<0.005%) and lithium hydride (95%) were purchased 

from Aldrich Chemical Co. Dimethyl malonate and cis-l,4-dichloro-2-butene 

were dried over molecular sieves for two days before use. 

Dry dimethyl formamide (920 ml) and dimethyl malonate (87.4g, 0.649 

mol) were placed in a two-necked round-bottomed flask (2 1), one neck was 

fitted with a reflux condenser which was attached to a nitrogen inlet and another 

was closed with a stopper. After the apparatus was purged with dry nitrogen, the 

mixture in the flask was cooled in an ice-water bath. To the stirred mixture 

lithium hydride (13.8g, 1.64 mol, 1.26 equivalents) was added in several portions 

against a dry nitrogen flow. After the evolution of hydrogen ceased (2 hour), cis-

l,4-dichloro-2-butene (97.6g, 0.742 raol, 1.14 equivalents) was added and the 

mixture was then allowed to warm to room temperature. After 91 hours, the 

resulting mixture was divided into three portions and each portion was worked up 

using the same procedure. Cold water (400 ml) was added to each portion and 

the mixture extracted with diethyl ether (400 ml) and n-hexane (400 ml). The 

organic layer was washed with water (400 ml) and brine (400 ml). The 

accumulated aqueous layer was then extracted with diethyl ether (400 ml) and n-

hexane (400 ml) again, and the second organic layer was washed with water (400 

ml) and brine (400 ml). These two organic layers were combined and dried over 

anhydrous magnesium sulfate. After the solid was removed by filtration, the 

three filtrates obtained from the three portions were combined and the solvents 

•were removed by vacuum evaporation, to give a mixture (104.74g) of dimethyl 3-

cyclopentene-l,l-dicarboxylate and dimethyl 2-vinylcyclopropane-l,l-

dicarboxylate in a ca. 95:5 ratio, as a white-brown solid. Recrystallization of this 

mixture from n-hexane afforded the desired ester (80.60g, 0.438 mol, 67%) as 
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white crystals. An additional recrystallization produced an analytical sample of 

the dimethyl 3-cyclopentene-1,1-dicarboxylate; mp 57-58°C; IR 3004, 2955, 

1732, 1435, 1258, 1194, 1167, 1075, 974, 700 cra'l; MS 184 (M+), 152, 124, 

93, 79, 65, 59, 39; iH-n.m.r. (CDCI3) 5 3.03 (4H, s), 3.74 (6H, s), 5.62 ppra 

(2H, s); 13C-n.m.r. (CDCl3^ offresonance) 5 40.84, 52.73, 58.65, 127.70, 

172.54 ppra. 

3-Cyclopentene-l,l-dicarboxyIic acid 

Diraethyl 3-cyclopentene-1,1-dicarboxylate (80.1 Ig, 0.435 raol) and 80% 

aqueous ethanol (860 ral) were placed in a round-bottomed flask (2 1) fitted with 

a reflux condenser. To the stirred mixture was added potassium hydroxide 

(77.90g, 1.18 raol, 1.4 equivalents). The mixture was stirred for 22 hours at 

55~60°C and then concentrated by vacuum evaporation to remove ethanol. To 

the liquid obtained water (330 ral) was added and the mixture was washed with 

20% diethyl ether in n-hexane (500 ral). The resulting mixture was cooled in an 

ice-water bath and cautiously treated with concentrated sulfuric acid (71 ral). 

The acidified aqueous phase was extracted four times with ethyl acetate (600 ral), 

and the organic phase was dried over anhydrous magnesiura sulfate. After the 

solid was reraoved by filtration, the solution was concentrated by vacuura 

evaporation to give 3-cyclopentene-1,1-dicarboxylic acid (67.82g, 0.435 raol, ca. 

100%) as a pale yellow solid. The material obtained was used as the starting 

material for the following step without further purification since the diester was 

confirmed to be converted completely by ^H n^m.r.; IR 2893 (broad), 2665, 

1698, 1405, 1281, 1214, 924, 688 cm"!; iR-n.m.r. (CDCI3) 5 3.10 (4H, s), 5.65 

(2H, s) ppra. 

3-CyclopentenecarboxyIic acid 

3-Cyclopentene-l,l-dicarboxyIic acid (67.82g, 0.435 raol) was placed in a 

round-bottoraed flask (250 ral) fitted with a reflux condenser and a nitrogen inlet. 
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The flask was purged with dry nitrogen, and the flask was heated in an oil bath at 

180°C. After 1 hour, gas evolution ceased and the residual oil was distilled under 

reduced pressure to give 3-cyclopentenecarboxylic acid (44.2g, 0.394 mol, 91% 

yield from dimethyl 3-cyclopentene-1,1-dicarboxylate) as a colourless oil; bp 75° 

C/lmmHg; IR 3060 (broad), 2928, 2654, 1707, 1420, 1296, 1233, 947, 691 cm'l; 

MS 112 (M+), 97, 67; iR-n.m.r. (CDCI3) 5 2.69 (4H, m), 3.16 (IH, m), 5.67 

(2H, s), 11.2 ppm (IH, broad s); ^^C-n.m.r. (CDCI3, offresonance) 8 36.2, 

41.4, 128.9, 183.0 ppm. 

4-Hydroxymethylcyclopentene 

Lithium aluminium hydride (95%) was purchased from Aldrich Chemical 

Co. Ltd. Diethyl ether was dried over sodium-benzophenone until it turned 

purple. 

Lithium aluminium hydride (2 g, 50.8 mmol, 1.5 equivalents) and dry 

ether (77 ml) were placed in a two necked round-bottomed flask (250 ml) fitted 

with a reflux condenser to which was attached to a nitrogen inlet. 3-

Cyclopentenecarboxylic acid (5.0g, 44.6 mmol) in dry ether (20 ml) was slowly 

added to the mixture so as to maintain a gentle reflux. After the addition was 

completed, the mixture was stirred at room temperature for 14 hours. To the 

mixture was added lithium aluminium hydride (2.13g, 54.1 mmol, 1.6 

equivalents) in several portions against a dry nitrogen flow, and the mixture was 

refluxed for an additional 8 hours under a nitrogen atmosphere. After the 

reaction was completed the mixture was allowed to cool and was then carefully 

quenched with water (1.1 ml) followed by sodium hydroxide solution (5 ml, 

40%). The precipitated white hydroxides were removed by filtration, the clear 

ether layer was dried over anhydrous magnesium sulfate and the solvent 

evaporated under reduced pressure. The resulting liquid was distilled under 

vacuum to give 4-hydroxyraethylcyclopentene (4.16g, 42.4 raraol, 95% yield); bp 

70°C/15mraHg; IR 3332, 3054, 2927, 1616, 1471, 1442, 1353, 1074, 1038, 945, 
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672 cra-1; MS 81 (M+-OH), 80, 67; iR-n.m.r. (CDCI3) 5 2.05-2.38 (3H, ra), 

2.40-2.60 (3H, m), 3.52 (2H, d J=6Hz), 5.64 ppra (2H, s); 13c.n.m.r. (CDCI3, 

offresonance) 5 35.5, 39.1, 67.0, 129.5 ppra. 

3-CyciopenteneniethyI p-toluenesulfonate 

p-Toluenesulfonyl chloride (99%) and pyridine were purchased from 

Aldrich Chemical Co. Ltd. and pyridine was dried over sodiura hydroxide and 

distilled before use. 

4-Hydroxyraethylcyclopentene (7.92g, 80.8 raraol) and dry pyridine (22 

ml) were placed in a round-bottoraed flask (100 ral) fitted with a drying tube 

which contained sodiura hydroxide pellets. The raixture was cooled to 0°C and 

dry p-toluenesulfonyl chloride (16.4g, 86.0 raraol 1.06 equivalents) was added in 

several portions. After the addition was complete the raixture was stirred for 3 

hours at 0°C and put in a refrigerator (-5°C) for 17 hours. Cool water (55.5 ral) 

was added to the resulting raixture and the product p-toluenesulfonate was 

extracted with chloroform (3 x 80 ral). The chloroform extract was washed with 

water (200 ml) twice, hydrochloric acid (0.22N, 200 ml) twice, sodium hydrogen 

carbonate solution (200 ral) twice, and water (200 ral) twice to get rid of the last 

trace of pyridine. The washed chloroforra layer was dried over anhydrous 

magnesiura sulfate and the solvent was evaporated under reduced pressure. The 

resulting solid was dried under vacuura for 5 hours to give 3-cyclopenteneraethyl 

p-toluenesulfonate (19.7g, 78.1 ramol, 97% yield); mp 31-32°C; IR 3056, 2926, 

2852, (1924, 1718), 1599, 1443, 1361, 1175, 1097, 970, 942, 815, 665, 555 cm'l; 

lH-n.m.r. (CDCI3) 5 1.98-2.08 (2H, ra), 2.38-2.50 (2H, m), 2.44 (3H, s), 2.60 

(IH, m), 3.91 (2H, d J=7Hz), 5.59 (2H, s), 7.35 (2H, d J=8Hz), 7.78 ppra (2H, d 

J=8Hz);13c.n.m.r. (CDCI3, offresonance) 5 21.4, 35.2, 35.8, 73.7, 127.7, 128.9, 

129.7, 132.9, 144.6 ppm. 
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4-Methylcyclopentene 

Lithium aluminium hydride and dry diethyl ether were obtained as 

described above. 

Lithium aluminium hydride (3.52g, 93.2 mmol 3.4 equivalents), was 

placed in a two necked round-bottomed flask (100 ml) fitted with a fractionating 

column to which was attached a distillation head with a receiver. After purging 

with nitrogen the flask was cooled down at 0°C and dry diglyme (33 ml) was 

carefully placed in the flask. The mixture was stirred at 0°C for 10 minutes and 

allowed to warm up to room temperature. The receiver was cooled down to -78° 

C with a solid carbon dioxide/acetone bath. To the mixture in the flask 3-

cyclopentene p-toluenesulfonate (7.0g, 27.8 mmol) dissolved in dry diglyme (7 

ml) was added using a syringe. The mixture was stirred at room temperature for 

30 minutes and then heated up to 110°C over 90 minutes using an oil bath, then 

kept at that temperature for 7 hours. The liquid collected in the receiver was 

distilled to give 4-methylcyclopentene (1.56g, 19.0 ramol, 68% yield); bp 60° 

C/760mmHg; IR 3055. 2955, 2925, 2842, 1617, 1458, 975, 911, 670 cm"!; MS 

82 (M+), 81, 79, 67, 65, 39; iH-n.m.r. (CDCI3) 5 1.03 (3H, d J=7Hz), 1.80-1.95 

(2H, m), 2.27-2.40 (IH, m), 2.45-2.54 (2H, m), 5.64 ppm (2H, s); 13c.n.m.r. 

(CDCl3^ offresonance) 5 21.8, 31.7, 40.9, 129.8 ppm. 

70 



CHAPTER 5: Polymerisation of cyclopentene and characterisation of 

the polymers obtained 

The behavior of various initiators in the polymerisation of cyclopentene 

was examined before starting the investigation of the polymerisation of 4-

methylcyclopentene. This sequence was adopted partly to gain some familiarity 

with the experimental procedures involved and partly to check the validity of 

some literature clairas. Cyclopentene is cheap and readily available and so is an 

appropriate raonomers to learn technique with. In this chapter the polyraerisation 

of cyclopentene and the characterisation of the polymers obtained are discussed, 

and the study using the less readily accesible 4-methylcyclopentene is discussed 

in the next chapter. 

5.1 Introduction 

Ever since the first discovery of ring opening polymerisation of 

cyclopentene^ the potential coraraercial iraportance of this elastoraeric product 

has stiraulated the exaraination of the details of its polyraerisation. A very large 

nuraber of catalyst systeras, raostly based on tungsten compounds, have been 

evaluated for this polymerisation and this work has resulted in raany patents and 

articles.94-99 

In the case of ring opening polyraerisation of cyclopentene, the 

polymerisation reaches equilibrium between monomer, cyclic oligomers, and 

linear polymer as shown in Figure 5.1. overleaf. The sign of the Gibbs free 

energy for ring opening of five membered rings is close to zero in raost cases and 

consequently relatively sraall changes in reaction conditions can alter the position 

of the equiUbriura quite draraatically. 



Catalyst Catalyst 

Figure 5.1. Equilibrium of ring opening polymerisation of cyclopentene 

A large number of catalyst systems have been reported and examined. A 

selection of examples of the classical catalyst systems, chosen because of their 

remarkable selectivity, are shown in Table 5.1. 

Table 5.1. Examples of classical catalyst systems for the polymerisation of 

Catalyst svstems Produced polymers 

WCl6 / Et3Al -30°C bulk monomer high trans 

WClfi / iBu3Al high trans 100 

WCl6/Et4Sn (1/4) -30°C in toluene high cis 101,102 

WCl6 / (CH2=CHCH2)4Si -30°C high cis 103 

WClfi UV high cis 104 

WFg / Et3Al2Cl3 (2 / 1) -30°C in toluene high cis 105 

Ph2C=W(C0)5 40°C high cis 106 

(K-C4H7)4W / AlBr3 30°C in benzene high trans 107 

M0CI5 / Et3Al -30°C high cis 57 

As described in Chapter 1, well defined initiators have several advantages 

in ring opening metathesis polymerisation as compared to classical catalyst 

systems, however the investigation of the polymerisation of monocyclic alkenes 

using well defined initiator systems have started comparatively recently 108 and 
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the accumulation of data is still restricted to some extent by the limited 

availability of well defined initiators. It was decided to examine the 

polymerisation of cyclopentene using well defined initiators in order to try to add 

to this basic knowledge of the system.. 

5.2 Polymerisation of cyclopentene 

For the polymerisation experiments in this chapter, the initial monomer 

concentration and the ratio of the monomer to the initiator were fixed as follows:-

• Initial monomer concentration = 4.0 mol / 1 1 of solvent 

• Molar ratio of Monomer / Initiator = 400 / 1 

This ratio, assuming 100% initiation and perfect living polymerisation, 

should give a polypentenamer with a number average molecular weight of 

27,200. 

As discussed in Section 1.7., low reaction temperature and high monomer 

concentration work in favour of polymerisation of less strained monomers, such 

as 5, 6 and 7 membered cycloalkenes. Therefore all polymerisation experiments 

throughout this investigation were carried out at low reaction temperature and 

high initial monomer concentration. 
A typical polymerisation procedure was as follows. 

1) The cooled monomer solution was added to the cooled initiator solution at the 

low temperature and under a nitrogen atmosphere. 

2) After the mixture was stired for the prescribed time benzaldehyde solution was 

added to the resulting mixture to quench the living polymer. 

3) The polymer was isolated by reprecipitatiori or removing the quenched initiator 

from the reaction solution by absorption on a short alumina column, followed by 

concentration and drying. 

An outline of the polymerisation process is shown in Figure 5.2. 

73 



Polymerisation 
• [Metal]=#* 

[Metal ]=/" 
Initiator 

Quench Ph-CHO 

P 
[Metal]=0 + 

Figure 5.2. Outline of the polymerisation process for cyclopentene initiated by a 

well defined metal carbene 

The average molecular weights and polydispersities of the polymers 

obtained were calculated based on the results of gel permeation chromatography. 

The gel permeation chromatograms of the obtained polymers (P5-l~P5-20) are 

shown in Appendix 5.1.1.-5.1.20. The apparatus was calibrated with respect to 

polystyrene and the molecular weight quoted are "polystyrene equivalent". 

5.2.1 Reproducibility in the polymerisation of cyclopentene 

At the beginning of this study, the reproducibility of the polymerisation 

using well defined initiators was investigated. 

Cyclopentene was polymerised under the same condition several times, 

and the recovered yields, average molecular weight (Mn) and polydispersity 

(PDI) of the polymers obtained were examined. Schrock type initiators based on 

molybdenum and tungsten carrying t-Butoxy ligands were used in the initial 

investigation. 

The results of polymerisations of cyclopentene using t-butoxy 

molybdenum initiator and t-butoxy tungsten initiator are shown in Table 5.2. and 

5.3., and GPC traces of the polymers obtained are shown in Figure 5.3. and 5.4., 

respectively. 
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Table 5.2. Polymerisation of cyclopentene using the t-butoxy molybdenum 

initiator 

No. Solvent Temp Time Recovered Mn PDI 

(°C) (hr) Yield(%) (xl03) 

P5-1 Chloroform -55 3 30 86 1.8 

P5-2 Chloroform -55 3 33 78 1.9 

P5-3 Chloroform -55 3 28 92 1.9 

P5-4 Chloroform -55 3 27 91 1.8 

Figure 5.3. GPC traces of the polymers obtained using the t-butoxy molybdenum 

initiator 

No Solvent Temp Time Recovered Mn PDI 

CC) (hr) Yield(%) (xl03) 

P5-16 Chloroform -55 18 32 ' 31 1.2 

169 1.5 

P5-17 Chloroform -55 18 35 28 1.2 

198 1.7 
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P5-16 

P5-17 

Figure 5.4. GPC traces of the polymers obtained using the t-butoxy tungsten 

initiator 

These experiments established that under the protocol adopted in this work 

well defined initiators polymerise cyclopentene with good reproducibility, since 

the polymerisation under the same conditions produced similar results in both 

cases. It should be noted that the GPC traces are consistent with experimental 

error and that the tungsten based initiator gave a bimodal distribution. 

5.2.2 Polymerisation of cyclopentene under various conditions 

As the reproducibility of the method was established, the effects of 

reaction conditions on the polymerisation were examined next. The recovered 
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yields, average molecular weights and polydispersities of the polymers obtained 

were examined as a function of reaction time, reaction temperature and solvent. 

a) Polymerisation using the t-butoxy molybdenum initiator 

Chloroform, toluene and tetrahydrofuran (THF) were used as solvents. 

The results are shown in Table 5.4. The GPC traces of the obtained polymers, 

P5-1, 5 and 6, are shown in Figure 5.5. 

Table 5.4. Polymerisation of cyclopentene using the t-butoxy molybdenum 

No. Solvent Temp Time Recovered Mn PDI 

(°C) Chr) Yield(%) (xl03) 

P5-1 Chloroform -55 3 30 86 1.8 

P5-5 Chloroform -55 18 86 109 1.9 

P5-6 Chloroform -55 48 100 123 1.8 

P5-7 Chloroform -45 1.5 33 60 1.8 

P5-8 Chloroform -35 17 83 88 1.6 

P5-9 Toluene -55 2 35 113 1.9 

P5-10 THF -55 3 <2a) 238 1.6 

P5-llb) THF -55 6 7 41 1.5 

691 2.0 

a) The recovered polymer contained decomposed initiator which could not be 

removed by elution through an alumina column, b) The produced polymers had a 

bimodal distribution. The recorded molecular weights and polydispersities were 

calculated for the high mass and low mass components individually. 
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Figure 5.5. GPC traces of the polymers (P5-1, 5 and 6) 

Noteable features are: 

both the yields and the average molecular weights increased with the 

reaction time, (compare P5-l,5,6, P5-10,ll); higher reaction temperature gave 

higher yield, (compare P5-l,7); polymerisation seemed to proceed faster in 

toluene than in chloroform, (compare P5-l,9); in the case of tetrahydrofuran, the 

polymerisation was very slow and produced bimodal polymer with the 

overwhelming mass of the product associated with the lower molecular weight 

component. This last observation may suggest that an interaction of the t-butoxy 

molybdenum initiator with tetrahydrofuran occurred resulting in a small amount 

of a more reactive chain end which competed with the original initiator. 

The recorded polydispersities, around two under all conditions, are 

characteristic of a polymerisation which proceeds in a classical chain growth 

manner rather than a living well defined process. Al l other features of these 
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polymerisations are consistent with this picture, which also agrees with the results 

of Dounis who found that tungsten based initiators used at low temperature and 

for as short a reaction time as was acceptable gave the best results in his attempts 

to make living and low polydispersity polypentenamers.l^^ 

b) Polymerisation using the trifluorinated butoxy molybdenum initiator 

Polymerisation of cyclopentene using the trifluorinated butoxy 

molybdenum initiator was investigated. The obtained results are shown in Table 

5.5. Cyclopentene was polymerised very rapidly when initiated by the 

trifluorinated t-butoxy molybdenum initiator. The reaction mixture became very 

viscous within three minutes of mixing the initiator and monomer solutions, and 

it could not be stirred (using a conventional magnetic stirrer follower) after eight 

minutes. Consequently polymerisation initiated by the hexafluorinated t-butoxy 

initiator was not attempted since that initiator is even more reactive. 

Table 5.5 Polymerisation of cyclopentene using the trifluorinated t-butoxy 

No. Solvent Temp Time Recovered Mn PDI 

(°C) (min) Yield(%) (xl03) 

P5-12 Chloroform -55 3 15 223 2.0 

P5-13 Chloroform -55 8 63 264 2.0 

Thus, this initiator polymerised the monomer much faster than the t-

butoxy molybdenum initiator; it also produced the polymer in higher yield and 

higher average . molecular weight. The polymerisation seemed to proceed in a 

79 



classical chain growth manner, as was observed for the polymerisation initiated 

with the t-butoxy molybdenum initiator, as shown by polydispersities around two. 

c) Polymerisation using the t-butoxy tungsten initiator 

Polymerisation of cyclopentene using t-butoxy tungsten initiator was 

investigated. The results obtained are shown in Table 5.6. and the GPC traces of 

some of the polymers obtained (P5-14,15,16) are shown in Figure 5.6. ' 

No. 

1 J l l l W L A k l U b X V / i a 

Solvent Temp Time Recovered Mn PDI 

(°C) (hr) Yield(%) (xl03) a) 

P5-14 Chloroform -55 3 11 6 1.3 

65 1.2 

P5-15 Chloroform -55 4.5 11 9 1.3 

82 1.3 

P5-16 Chloroform -55 18 32 31 1.2 

169 1.5 

P5-18 Chloroform -45 4.5 • 33 23 1.1 

113 1.2 

P5-19 Toluene -55 6 24 22 1.2 

173 1.2 

P5-20 Toluene -40 2 21 33 1.2 

144 1.1 

a) The polymers produced all had biraodal distributions. The described 

average molecular weights and polydispersities were calculated for the high 

mass and low mass components individually. 
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P5-14 

Figure 5.6. GPC traces of the polymers (P5-14,15,16) 

This initiator gave a much slower rate of polymerisation than the t-butoxy 

molybdenum initiator, and the yield and average molecular weight of the 

polymers produced (P5-14,15,16) increased with the reaction time as shown in 

Table 5.6. and Figure 5.6. The polymers produced had a bimodal distribution in 

molecular weight. The average molecular weights and polydispersities calculated 

for the high mass and low mass components individually were around 1.2, from 

which it can be inferred that this polymerisation proceeded in a resonably well 

defined manner. The average molecular weights of the high mass components 

were more than five times higher than those of low mass components. It is 

known that a small amount of oxygen introduced into the reaction mixture at the 

termination stage can result in diraerisation of the living polymer,to produce the 

twofold polymer. The molecular weights of these high mass components are far 

to high to be considered as the consequence of dimerisation of living polymer. 

The GPC analysis of these materials was carried out by injecting 0.2% solution of 

the sample in chloroform into the instrument. P5-16 was injected at the higher 
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concentration of 1.3% to see i f this made a difference to the relative intensity of 

the high and low mass components, since it was considered as a possibility that 

aggregation of polymer in solution might be the cause of the high mass peak on 

the GPC trace (see Figure 5.7.). A sample of 0.2% concentration in 

tetrahydrofuran was also analysed by GPC (see Figure 5.8.). No detectable 

difference in the bimodal distribution was seen in all these cases and, since the 

level of aggregation can be expected to be solvent and concentration dependent, 

there was no support for an aggregation based explanation of this observation. 

o o o o o o 
in 

CO 

c 

Figure 5.7. GPC traces of P5-16 as a function of concentration in chloroform 

8.50 

7.50 

6.50 
10.0 12.0 14.0 16.0 

Figure 5.8. GPC traces of P5-16 usmg tetrahydrofuran as solvent 

RET VOL 
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5.3 Characterisation of the polymers obtained 

This section describes the characterisation of the polymers whose 

synthesis was discussed in section 5.2. The characterisation of the polymers was 

carried out by means of infrared spectroscopy, ^H and ^^C nuclear magnetic 

resonance spectroscopy, therraograviraetry and differential scanning caloriraetry. 

The infrared, ^H n.m.r. and n.m.r. spectra of the polymers (P5-1--20) 

are shown in Appendices 5.2.1. to 20., Appendices 5.3.1. to 20. and Appendices 

5.4.1. to 20., respectively. 

5.3.1 Characterisation by infrared spectroscopy 

All the spectra showed the expected absorption for vinylic C-H stretching 

above 3000 cm-1, aliphatic C-H stretching absorptions in the 2800-3000 cm"! 

region, C-H deformation around 1450 cra"l, out-of-plane C-H deformation of 

trans CH=CH unit around 965 cm"!. The absorption around 715 cm"! is regarded 

as the overlapping absorption of out-of-plane C-H deformation for cis double 

bonds and a (CH2)n skeletal vibration and it is consequently unreliable for 

diagnostic purposes. 

5.3.2 Characterisation by nuclear magnetic resonance spectroscopy 

The 1H n.m.r. spectra of the polymers were in agreement with the 

structures proposed. The spectra of polymers (P5-1 to P5-20) all showed a similar 

pattern, with signals due to vinylic, allylic and methylene protons as expected. 

The parameters for sample P5-1 are shown in Table 5.7. as a typical example. 
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Table 5.7. n.m.r. spectral parameters for P5-1 

Position of H vinylic allylic methylene 

Chemical shift (ppm) 5.33-5.42 1.94-2.08 1.40 

Signal pattern multiplet multiplet quintet (J=7.2 Hz) 

Ratio of intensities 2 4 2 

Vinylic 
Metiijrlene 

H H 

H H 
Allylic 

H H 

5.3.3 Introduction to characterisation of polyalkenamers by l^c nuclear 

magnetic resonance spectroscopy 

As mentioned in Chapter 2., Ivin and co-workers have demonstrated the 

effectiveness of ^^C n.ra.r. spectroscopy for the analysis of unsaturated polymers, 

especially for determining the relative proportion of cis and trans double bonds in 

the polymer chain. They also showed that ^^C n.m.r. spectroscopy allows several 

different independent measurements of the cis / trans content to be made and the 

internal consistency of these measurements may be taken as good evidence of 

their accuracy. The number of signals observed by them for poly(l-pentenylene) 

can not be explained simply by the fact that the chemical shifts of the C^ 

(methylene), C^ (allyl) and C^ (vinyl) carbon atoms are sensitive to the 

geometrical isomerism about the nearest double bond, but requires that they are 

also sensitive to the geometrical isomerism about the next nearest double bond. 

Therefore, four peaks should be observed for the C^ carbon atom of poly(l-

pentenylene) containing both cis and trans double bonds, that is C^tt, C^tc, C^ct 

and C^cc (the first letter represents the configuration of the nearest double bond 
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and the second letter represents that of the next nearest double bond). For the C^ 

carbon atom, which is symmetrically situated between two double bonds, three 

signals should be expected corresponding to Cltt, Cltc=Clct and C^cc. Using 

this argument, and the fact that in simple alkenes the allylic carbon atoms next to 

cis-double bond always appear about 5 ppm upfield from those next to trans 

double bond,^^ together with a comparison of the ^^C n.m.r. spectra of different 

cis content polymers, the signals at 32.06, 32.19, 26.76, and 26.90 ppm were 

assigned to C^tt, C^tc, C^ct and C^cc, respectively, and three peaks at 29.56, 

29.73 and 29.84 ppm were assigned to C^tt, C^tc=C^ct and C^cc, respectively, as 

shown in Table 5.8.70,109 

C3 Cl c l C2 C3 

tt - ^ - ^ ^ ^ ^ 29.56 32.06 

130.32 tc ^i^^Se-^*-^ 29.73 32.19 130.32 

ct p ^ - ^ ^ ^ ^ 

29.73 

26.76 129.85 

CC p ^ N r ^ ^ ^ - ^ 29.84 26.90 

129.85 

The relative intensities of these signals may be used to calculate the 

amount of cis and trans double bonds in the polymer using the formulae for the 

determination of the fraction of cis double bonds, CQ, for each set of signals as 

shown below and compared with the value obtained from the intensities of the 

signals due to cis C^ and trans C^, i.e. the vinyl carbons , where:-
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ac=C^c I (C^c+C^t) Vinyl carbon atom 

ac=(C2ct+c2cc) / (C^tt+C^tc+C^ct+C^cc) Allyl carbon atom 

ac=(Clcc+0.5(CltcHClct)) / (Cltt+(CltcsClct)+Clcc) Methylene carbon atom 

Ivin and co-workers reported that for a range of polymers the relative 

proportion of cis double bond {CQ) determined from the C^, C^ and C^ signals in 

each polymer were in good agreement internally. 

Furthermore the blockiness about the cis / trans double bond isomerism of 

the polymers can be calculated by the following argument based on the ^^C 

signal intensities. 

If the cis and trans double bonds on a given polymer chain are distributed 

at random, the chance of a given double bond being cis is the same, regardless of 

the cis or trans structure of adjacent double bonds. This means that the ratios 

represented by rt=tt/tc and l/rg=ct/cc should be the same ; in other words, t^t^ 

should tend to one. Values of r̂ rg less than unity would mean a tendency to 

alternation of cis and trans double bond, while values greater than unity would 

mean a tendency towards a blocky distribution. In fact the ratios tt/tc and ct/cc 

are not always equal, especially in high cis content polymers.^^ jyin and co­

workers concluded that this requires interpretation, in terms of two kinetically 

distinct propagating species. 

5.3.4 Reproducibility of the microstructure of the polymers produced 

At first, the reproducibility of the polymerisation using well defined 

initiators was examined from the raicrostructural point of view. Several 

polymers obtained using t-butoxy molybdenum initiator and t-butoxy tungsten 

initiator under the same conditions as described in Section 5.2.1. were 

characterised by ^^C n.m.r. The n.ra.r. spectra of the polymers produced 
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were essentially same, the l^C n.m.r. spectrum and the assignment of each signal 

for sample P5-1 are shown in Figure 5.9. and Table 5.9. as typical examples. The 

comparison with the literature values are also shown in Table 5.9. The obtained 

results showed good agreement with the literature values. 

( ? t c 

C?tt 

etc 
dct.tc 

d t t 

rcc 

• I I " " 
131.0 130.0 129.0 ppm 34 33 32 17 30 

' - I - ' 
29 28 

(?ct 

A 
20 ppm 

Figure 5.9. l^C n.m.r. spectrum of P5-1 

Table 5.9. Assignment of l^C n.m.r. spectrum of P5-1 and literature values 

Cl C2 c 3 

tt tc=ct CC tt tc ct CC t c 

P5-1 

lit.70 

29.53 

29.56 

29.69 

29.73 

29.82 

29.84 

32.06 

32.06 

32.19 

32.19 

26.73 

26.76 

26.88 

26.90 

130.30 

130.32 

129.81 

129.85 
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The cis double bond content, a^, and the blockiness for the obtained 

polymers calculated by the method described above are shown in Table 5.10. for 

samples produced using t-butoxy molybdenum initiator and in Table 5.11. for 

samples produced using t-butoxy tungsten initiator. 

Table 5.10. Cis / trans ratio and blockiness of the polymers produced with the t-

No. Solvent 

DUioxy I 

Temp 

(°C) 

u u i y u u t 

Time 

(hr) 

m i l l n n . i . x t . » v ^ » 

ris/Trans Ratio ̂  Blocki­

ness'' 
No. Solvent 

DUioxy I 

Temp 

(°C) 

u u i y u u t 

Time 

(hr) C3 c i C2 

Blocki­

ness'' 

P5-1 Chloroform -55 3 63/37 59/41 61/39 4.6 

P5-2 Chloroform -55 3 65/35 61/39 62/38 4.4 

P5-3 Chloroform -55 3 64/36 62/38 62/38 4.9 

P5-4 Chloroform -55 3 64/36 62/38 62/38 4.6 

a)The cis / trans ratios were calculated based on the signal intensities of each 

carbon (C^, C^, C^). b) Blockiness is measured by r^rc, see text. 

Table 5.11. Cis / trans ratio and blockiness of the polymers produced with the 

No. 

butoxy 

Temp. 

(°C) 

lungsicn 

Time 
rk/Trans Ratio ̂  Blocki-

No. o O i v e n i 

butoxy 

Temp. 

(°C) (hr) C3 c i C2 ness'' 

V>'\ 1 Chloroform -55 18 76/24 72/28 72/28 8.4 
r J - i O 

P5-17 Chloroform -55 18 79/21 74/26 75/25 9.8 

a) The cis / trans ratios were calculated based on the signal intensities of each 

carbon (C^ C^, C^). b) Blockiness is measured by r^r^, see text. 

As shown in Table 5.10. and 5.11., polymers produced under the same 

experimental conditions had similar cis double bond content and blockiness, 

which can be taken to mean that, with the limits of experimental control and 
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analysis, well defined initiators provided reproducible polymerisation from the 

microstructural point of view. 

5.3.5 Characterisation of the polymers by -̂̂ C n.m.r. spectroscopy as 

a function of reaction conditions in synthesis 

Cyclopentene was polymerised under various conditions using the t-

butoxy molybdenum initiator, the trifluorinated t-butoxy molybdenum initiator 

and the t-butoxy tungsten initiator, and the differences in the raicrostructures of 

the polymers produced were investigated by means of ^^C n.m.r spectroscopy. 

a) Examination of the polymerisation using the t-butoxy molybdenum initiator 

The results for the polymers produced with t-butoxy molybdenum initiator 

are shown in Table 5.12. 

Table 5.12. Cis / trans ratio and blockiness of the polymers produced with the t-

No. Solvent Temp 

CO 

Time 

(hr) 

Cis/Trans Ratio * Blocki-

nesŝ  

No. Solvent Temp 

CO 

Time 

(hr) C3 ci C2 

Blocki-

nesŝ  

P5-1 Chloroform -55 3 63/37 59/41 61/39 4.6 

P5-5 Chloroform -55 18 62/38 59/41 60/40 4.3 

P5-6 Chloroform -55 48 54/46 50/50 51/49 4.3 

P5-7 Chloroform -45 1.5 56/44 57/43 55/45 3.6 

P5-8 Chloroform -35 17 42/58 41/59 39/61 2.7 

P5-9 Toluene -55 2 72/28 69/31 69/31 5.5 

P5-10 THF -55 3 69/31 65/35 69/31 7.6 

P5-11 THF -55 6 74/26 76/24 72/28 7.7 

a) The cis / trans ratios were calculated based on the signal intensities of each 
carbon (C^, C^, C^). b) Blockiness is measured by TITQ, see text. 
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Longer reaction duration favoured the production of higher trans content 

polymers (P-5-1,5,6), and higher reaction temperatures also tended to produce 

higher trans content polymers (P5-1,7,8). The polymerisation produced higher 

cis content polymers in toluene and tetrahydrofuran than in chloroform. 

b) Examination of the polymerisation using the fluorinated butoxy molybdenum 

initiator 

The results for the polymers produced with the trifluorinated t-butoxy 

molybdenum initiator are shown in Table 5.13. 

Table 5.13. Cis / trans ratio and blockiness of the polymers produced with the 

No. Solvent Temp 

(°C) 

Time 

(min) 

Cis/Trans Ratio ̂  Blocki-

nesŝ  

No. Solvent Temp 

(°C) 

Time 

(min) C3 Cl C2 

Blocki-

nesŝ  

P5-12 

P5-13 

Chloroform 

Chloroform 

-55 

-55 

3 

8 

87/13 

78/22 

82/18 

73/27 

86/14 

74/26 

10.5 

6.6 

a) The cis / trans ratios were calculated based on the signal intensities of each 

carbon (C^, C^, C^). b) Blockiness is measured by r^rc, see text. 

This initiator produced much more cis content and more highly blocky 

polymers than the t-butoxy molybdenum initiator did under the same conditions. 

As before, prolonged reaction duration yielded more trans vinylene content in the 

polymer. 

c) Examination using t-butoxy tungsten initiator 

The examination was carried out using chloroform and toluene as solvents, 

since t-butoxy tungsten initiator is known to react with tetrahydrofuran. The 

results are shown in Table 5.14. 

90 



Table 5.14. Cis / trans ratio and blockiness of the polymers produced with the t-

No. Solvent Temp. 

rc) 

Time 

(hr) 

Cis/Trans Ratio ̂  Blocki­

ness'' 

No. Solvent Temp. 

rc) 

Time 

(hr) C3 ci C2 

Blocki­

ness'' 

P5-14 Chloroform -55 3 72/28 72/28 70/30 7.6 

P5-15 Chloroform -55 4.5 74/26 76/24 73/27 8.2 

P5-16 Chloroform -55 18 76/24 72/28 72/28 8.4 

P5-18 Chloroform -45 4.5 64/36 63/37 62/38 7.8 

P5-19 Toluene -55 6 86/14 80/20 82/18 9.7 

P5-20 Toluene -40 2 70/30 64/36 65/35 7.5 

a) The cis / trans ratios were calculated based on the signal intensities of each 

carbon (C^, C^, C^). b) Blockiness is measured by rtr^, see text. 

No significant change in the microstructure of the polymers produced was 

observed with reaction duration in the range in which the examination was carried 

out (P5-14,15,16). This initiator produced slightly more cis content and more 

highly blocky polymers than t-butoxy molybdenum initiator. Higher reaction 

temperature produced more trans content polymer (P5-15,18 and P5-19,20), and 

the effect of changing solvent was similar to that mentioned above (P5-14,19), 

namely that toluene favoured higher cis content and increased blockiness. 

5.3.6 Thermal characterisation 

Thermal properties, such as decomposition temperature (Td), glass 

transition temperature (Tg) and melting temperature (Tm), of some obtained 

polymers were examined by thermal gravimetry and differential scanning 

calorimetry. The results are shown in Table 5.15. DSC traces are shown in 

Appendices 5.5.1. to 4. 
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Table 5.15. Td . Te and Tm of some obtained polymers 

Cis / Trans 

Ratio (C2) 

TGA DSC Cis / Trans 

Ratio (C2) Td (°C) Tg CO Tm CO 

P5-8 

P5-6 

P5-1 

P5-12 

39/61 

51/49 

61/39 

86/14 

368 

366 

368 

365 

-97 

-100 

-101 

-104 

-57 

-60 

not observed 

not observed 

The results showed that all the polymers examined had similar 

decomposition temperatures, and the higher the cis content in the polymer the 

lower the glass transition temperature and melting temperature, although the 

melting temperature of the polymer which was more than 60% cis content was 

not observed. This tendency is consistent with the reported one, which is that the 

glass transition temperature and melting temperature of high trans content poly(l-

pentenylene) are -90°C and 23°C, and those of high cis content polymer are -114" 

C and -4rc, respectively.95,112 

5.4 Summary and discussion 

The work described above confirmed that well defined initiators 

polymerise cyclopentene with good reproducibility to produce the expected 

polymers in reasonable yields, at least the range of -35°C to -55°C. The effect of 

changing solvent is relatively small, except that tetrahydrofuran seemed to induce 

a side reaction. 

The higher reaction temperature works in favour the production of higher 

trans content polymer, which is consistent with observations on the 

polymerisation of cyclopentene using tungsten classical catalyst system by 

Oreshkin.103 Longer reaction duration also gives a higher trans content polymer. 
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This is considered to be the consequence of secondary metathesis reactions for the 

following reasons. Secondary metathesis reactions, such as chain transfer and the 

formation of cyclic oligomers, is known to tend to happen at cis double bonds in 

the polymer chain because of both electronic and steric effects. For example, the 

chain transfer constants decrease in the order shown below. 

But-l-ene > cis-But-2-ene > trans-But-2-ene > Isobutene 

Tanaka and co-workers reported that the double bonds in polycyclooctadiene 

produced with classical catalyst undergo rapid secondary metathesis leading a fall 

in the cis content below 50% from the 80% observed initially. ^ 

The order of the reactivity of initiators in the polymerisation turned to be 

as follows:-

Trifluorinated t-butoxy molybdenum initiator 

> t-Butoxy molybdenum initiator 

> t-Butoxy tungsten initiator 

The selectivity order of initiators for the production of cis content in the 

polymer was follows:-

Trifluorinated t-butoxy molybdenum initiator 

> t-Butoxy tungsten initiator 

> t-Butoxy molybdenum initiator 

As for the living behavior of these initiators, these results indicate that 

under these conditions the t-butoxy and trifluorinated t-butoxy molybdenum 

initiators polymerise the monomer in classical manner since the polymers 

produced were mono-modal and had polydispersities of about 2 which is 

characteristic of classical chain growth polymerisation and not consistent with a 

living process of chain growth. While the t-butoxy tungsten initiator seemed to 

induce products more indicative of living polymerisation, but it also produced a 

minor high molecular weight component, as well as normal narrow distributed 
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polymer as the major component. Schrock and co-workers have reported that the 

t-butoxy tungsten initiator polymerised cyclopentene to give narrow distribution 

mono-modal polymer and the replacement of the n.ra.r. signal of the alkylidene 

proton of the initiator by that of the propagating species was also observed. They 

concluded this reaction roceed in living manner. 113,114 Their polymerisations 

were carried out at -40°C in toluene, the initial monomer concentration was 4.0 

mol/11 of solvent, and the ratio of the monomer to the initiator was 234:1. A possible 

reason for the observed difference between this work and that reported by 

Schrock might be that a backbiting reaction produced high molecular weight 

cyclic polymer like catenanes in the large ratio of monomer/initiator we used, the 

hypothesis is shown in Figure 5.10. However, much further investigation would 

be required to establish the mechanism of this side reaction since even a very 

small amount of cross linking or branching reaction might be sufficient to 

account for such a minor high molecular weight component. 

[M] [M] 

Figure 5.10. A possible backbiting reaction to form catenanes 

5.5 Experimental 

A typical example of the procedure adopted for the polymerisation of 

cyclopentene is described below. The initiators used throughout this work and in 

the following chapter's work were prepared either in the research group of Prof. 
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V. C. Gibson or in the IRC laboratories by Dr. E. Khosravi and used as supplied 

in solid form in inert atmosphere. Cyclopentene, chloroform (99.9%, HPLC 

grade), calcium hydride, sodium, benzaldehyde, benzophenone and neutral 

alumina were purchased from Aldrich Chemical Ltd. Tetrahydrofuran, toluene, 

methanol, and phosphorous pentoxide were purchased from B. D. H. Chemical 

Supplies (Merk Ltd.). Cyclopentene was dried over calcium hydride, chloroform 

was dried over phosphorus pentoxide, benzaldehyde was dried over molecular 

sieves and toluene and tetrahydrofuran were dried over sodium-benzophenone 

until the mixture remained purple on stirring overnight, then these were vacuum-

transferred into dry ampoules following deoxygenation by means of the freeze-

thaw-pump technique. The solvents were passed through a short column (c.a. 4 

cm) of oven dried neutral alumina in a glove box before use. 

The solutions of initiator, monomer, and benzaldehyde were made up in a 

glove box, where the concentration of oxygen was below 8 ppm and moisture was 

below 7 ppm. The initiator (0.011 mmol) was dissolved in solvent (0.5 ml) and 

the solution was transferred into a ampoule (5 ml). Cyclopentene (0.3 g, 4.4 

mmol), giving a molar ratio of monomer to initiator of 400:1, was dissolved in 

solvent (0.6 ml) and transferred into a sample vial (5 ml). Benzaldehyde (c.a. 50 

mg, 0.047 mmol) was dissolved in solvent (1 ml) and transferred into a sample 

vial. The ampoule was sealed with a Young's valve, and the sample vials were 

sealed with rubber serum caps, and they were taken out from the glove box and 

cooled to the prescribed temperature in the cooling bath. The Young's valve of 

the ampoule was replaced with rubber cap under positive pressure of nitrogen. 

Then the monomer solution was added to the stirred initiator solution through a 

canular by pressurising with dry nitrogen. After the prescribed reaction duration 

the benzaldehyde solution was added to the reaction mixture by the technique 

described above. The resulting solution was stirred for one hour and allowed to 

warm up to the ambient temperature. After stirring for few hours, the mixture 

was precipitated from chloroform into methanol, recovered and dried under 
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vacuum. For the mixture from which the polymer could not be isolated by 

precipitation the mixture was passed through a short column (c.a. 4 cm) of oven dried 

neutral alumina to get rid of decomposed initiator and the eluted solution was 

concentrated and dried. 
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CHAPTER 6: Polymerisation of 4-methyIcyclopentene 

6.1 Introduction 

As described in Chapter 1, 4-substituted cyclopentenes are expected to be 

interesting monomers in ring opening metathesis polymerisation with regard to 

both the thermodynamics of the reaction and the microstructure of the polymers 

produced. Several substituted cyclopentenes have been subjected to study for their 

polyraerisability in ring opening metathesis polymerisation, as shown in Table 1.1. 

Table 1, ities of substituted cyclopentenes 

Polymerisable Not polymerisable 

(y^ 105) 

Qr̂ 'P' 105) 

117) 

119) 

0 

Q 

0 

6""" 
a) Only the 5-raerabered ring opens. 



As shown in the table, bicyclo[4.3.0]nona-3,7-diene has been shown to be 

polymerisable. In this compound the cyclopentene ring is supposed to be strained 

due to the cyclohexene ring fused with it so as to become more favourable to ring 

opening. By contrast, bicyclo[3.3.0]oct-2-ene has been reported to be non-

polymerisable although it might be expected to be subject to strain as well. 3-

Methylcyclopentene was also reported to be polymerisable, as was the 4,4-

dimethyl-4-silacyclopentene, however, the effect of substitution on 

polymerisability in cyclopentenes is not very clear. 

6.2 Polymerisation of 4-methylcyclopentene 

The polymerisations of 4-methylcyclopentene were carried out using similar 

conditions and procedures (Figure 6.1.) to those described in Chapter 5. 

Chloroform was used as solvent and the initial monomer concentration and the 

ratio of the monomer to the initiator were fixed as foUows:-

• Initial monomer concentration = 4.0 mol / 11 of solvent 

• Monomer / Initiator = 400 / 1 

This ratio would provide a polymer with a molecular weight of 32,800 i f the 

polymerisation proceeded with 100% initiation and in a completely living manner. 

I^g Polymerisation 

[Metal}=/^ 
Initiator 

[Metal] 

Quench Ph-CHO 

[Metal]=0 

.1e 
PI-

+ n 

Figure 6.1. Outline of the polymerisation process 
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The average molecular weights and polydispersities of the polymers 

obtained were calculated based on gel permeation chromatography calibrated by 

polystyrene standards and are shown in Table 6.2. The gel permeation 

chromatograms of the polymers obtained (P6-2,4,5) are shown in Appendices 

6.1.1. to 6.1.3. 

Table 6.2. The Mn and PDI of the polymers obtained by ROMP of 4-

No. Initiator^) Temp Reaction Recovered Mn PDI 

(°C) duration Yield (%) (103) 

P6-1 Mo-tBu -55 20 hr ~0 — — 

P6-2 Mo—F^ -55 4hr 20 145 2.1 

P6-3 Mo—F^ . -35 20 hr <2 — — 

P6-4 Mo-Ffi -55 10 min 32 131 1.9 

P6-5 Mo-Ffi -55 15 rain 51 142 2.3 

P6-6 W-tBu -55 20 hr ~0 — — 

a) Mo—*Bu, Mo—F3, Mo—F5 and W— B̂u are the t-butoxy molybdenum initiator, 

the trifluorinated-t-butoxy molybdenum initiator, the hexafluorinated-t-butoxy 

molybdenum initiator and the t-butoxy tungsten initiator respectively. 

As shown in the table, neither the t-butoxy molybdenum initiator nor the t-

butoxy tungsten initiator were able to polymerise the monomer (compare P6-1 and 

6), although they polymerised cyclopentene under the same condition in yields of 

86 and 32% respectively. This difference between the polymerisability of 4-

methylcyclopentene and cyclopentene using the t-butoxy molybdenum and 

tungsten initiators might be a consequence of a kinetically unfavourable 

polymerisation for 4-raethylcyclopentene compared to that of cyclopentene. 
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However 4-methylcyclopentene was polymerised with the trifluorinated butoxy 

molybdenum initiator at -55°C in 20% yield and at -35°C in less than 2% (compare 

P6-2 and 3), while, as described in Chapter 5, cyclopentene was polymerised using 

the t-butoxy molybdenum initiator at -55°C after 3 hours in 30% yield and at -35°C 

after 17 hours in 83%. This fact suggested that the polymerisation of 4-

methylcyclopentene was thermodynaraically much less favourable than that of 

cyclopentene, as was expected. The hexafluorinated molybdenum initiator also 

polymerised 4-methylcyclopentene faster than the trifluorinated molybdenum 

initiator (compare P6-2 and 3 with P6-4 and 5). All the polymers produced 

displayed polydispersities around 2 which suggests that the polymerisations 

proceeded via a classical chain growth manner rather than a well defined living 

process, as was observed for the polymerisations of cyclopentene using 

molybdenum centred initiators. 

6.3 Characterisation of the polymers obtained 

6.3.1 Infrared spectroscopy 

The infrared spectra of P6-2, 4 and 5 are shown in Appendices 6.2.1. to 3. 

All spectra showed a vinylic C-H stretching absorption above 3000 cm"l, aliphatic 

C-H stretching absorptions in the region of 2800-3000 cm"l, a C-H deformation at 

1455 cm"^, the out-of-plane C-H deformation of the trans CH=CH double bond 

around 968 cm'l . The absorption around 708 cm"l is regarded as the overlapping 

absorption of the out-of-plane C-H deformation of cis double bond and CH2 

skeletal vibrations. 
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6.3.2 Characterisation by n.m.r. spectroscopy 

The 1h n.m.r. spectra of P6-2~5 are shown in Appendices 6.3.1. to 4. and 

are consistent with the expected structure. The assignment of the spectrum for P6-

4 is shown in Figure 6.2. as a typical example since the spectra of all polymers 

were similar. 

5.3-5.4,5.4-5.5 (two multiplets, 2H) 
,1.4-1.6 (m.lH) 

0.8-1.0 (m,3H) 
H H C H Q 

H H 

f 1.7-2.0 (m, 2H) 
^2.0-2.2 (m, 2H) 

Figure 6.2. The chemical shifts from the I R n.m.r. of P6-4 

(ppm with respect to TMS) 

Two resonances at 5.3-5,4 and 5.4-5.5 ppm were assigned to vinylic I R 

attached to trans and cis double bonds, but it was not possible to determine by I R 

n.m.r. spectroscopy by itself which resonance corresponded to which vinylic 1R. 

However the resonance at higher chemical shifts was shown to be due to cis vinylic 

I R , on the basis of the analysis of the l^C n.m.r. spectrum which is discussed in 

the following section. The proportions of cis and trans double bonds in the 

polymers obtained, determined on the basis of the assignments given above, are 

shown in Table 6.3. It is clear that higher temperature and longer reaction time 

favours the generation of trans vinylenes. 

101 



Table 6.3. The ratio of the cis/trans double bonds in the polymers obtained 

No. Initiator 

a) 

Temp 

(°C) 

Reaction 

duration 

Ratio 

(cis / trans) 

P6-2 M 0 - F 3 -55 4hr 65/35 

P6-3 Mo—F3 -35 20 hr 29/71 

P6-4 Mo-Ffi -55 10 min 60/40 

P6-5 Mo-Ffi -55 15 min 55 / 45 

6.3.3 Characterisation by ^^C n.m.r. spectroscopy 

As in the case of the polymers of cyclopentene, four peaks should be 

observed for the polymers containing both cis and trans double bonds for the C^ 

(allyl) carbon atoms (see Figure 6.3. for the numbering of carbon atoms), i.e. C^tt, 

C^tc, C^ct and C^cc (the first letter represents the configuration of the nearest 

double bond and the second letter represents that of the next nearest double bond) 

and for C^ (methine) and C^ (methyl) carbon atoms, which are symmetrically 

situated between two double bonds, three signals should be expected corresponding 

to C^tt, Cltc=Clct, Clcc and C^tt, C^tc=C^ct, C^cc, respectively. 

Me 

Figure 6.3. The numbering of the carbon atoms in poly(4-raethyl-l-pentenylene) 

However the l^c n.m.r. spectra of the polymers obtained did not show the 

patterns expected so, in an attempt to clarify the situation, DEPT spectra of the 

polymers were recorded. The l^c n.m.r. and DEPT spectra of P6-2~5 are shown 
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in Appendices 6.4.1. to 4. and 6.5.1. to 3. respectively. For P6-3 a DEPT spectrum 

was not possible because not enough of the sample was obtained. As the spectra of 

all the polymers were similar, only the DEPT spectrum for P6-4 is shown in Figure 

6.4. as a typical example. As shown in Figure 6.4. the DEPT spectra proved that 

the signals due to C^ct and Clcc appeared at the same chemical shift (34.2 ppm). 

The assignment of the l^C signals based on the DEPT analysis of P6-4 is shown in 

Table 6.4. 

C'tt.tc 

CH, 

C ? t c . C ? t t 

- V s/-

C ? c c 

C^ct 

J 

i j 

Ml CH 

130.4 129.9 128.8 ppni 40.8 40.0 M . 4 M . 8 ppm 
•Ml Ml Ml I I I I I ' I ' l j l i l l l I ''••35.0' ' iib ' sio " ppm 20.9 20.0 1S.4 18.8 ppm 

Figure 6.4. The DEPT spectra of P6-4 (ppm with respect to TMS) 

Table 6.4. Assignment for l^C n.m.r. spectrum of 6-4 (ppm with respect to TMS) 

r l (methine) C^ (methylene) C3 (vinyl) 

tt tc-ct cc tt tc ct cc t c 

P6-4 33.64 33.94 34.22 39.68 39.87 34.22 34.35 130.15 129.27 

C4 (meth^ ̂1) 

tt tc=ct cc 

P6-4 19.33 19.43 19.56 
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The ratio of cis/trans double bonds for the polymers obtained were 

determined on the basis of the assignments recorded above; they are shown in 

Table 6.5. 

Table 6.5. The ratio of cis to trans double bonds for polymers of 4-

methylcyclopentene 

No. Initiator Temp 

(°C) 

Reaction Ratio (Cis/Trans] Blocki­No. 

a) 

Temp 

(°C) duration ci C2 C3 C4 ness 

P6-2 Mo—F^ -55 4hr 63/37 61/39 66/34 62/38 8.8 

P6-3 Mo—F3 -35 20 hr -b) -b) 32/68 35/65 -b) 

P6-4 Mo—Ff; -55 10 min 60/40 60/40 63/37 60/40 6.3 

P6-5 Mo—Ffi -55 15 min 57/43 53/47 57/43 56/44 7.4 

a) Mo—F3 and Mo—F5 are the trifluorinated-t-butoxy molybdenum initiator and 

the hexafluorinated-t-butoxy molybdenum initiator respectively. 

b) These values could not be determined since DEPT analysis was not available 

because of the small amount of sample obtained. 

As shown in the table the cis/trans ratios were consistent with those 

obtained from the ^H n.m.r. spectra. The trifluorinated molybdenum initiator 

produced a greater cis vinylene content (see P6-2) at -55°C than the polymer 

produced at -35°C after longer reaction duration (see P6-3). This might be 

explained on the basis that higher temperature and long reaction duration are 

favourable to production of the more stable trans vinylene units in the polymer, 

which is in agreement with our observation of the polymerisation of cyclopentene. 

The hexafluorinated molybdenum initiator produced polymer with similar cis 

content to that of the polymer produced using the trifluorinated molybdenum 

initiator (compare P6-4 and 2), and longer reaction duration seemed to make the 
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cis content slightly lower (compare P6-4 and 5). So the secondary metathesis 

reaction, which is likely to produce more of the more stable trans content polymer, 

appears to occur from an early stage which is probably due to the reactivity of 

living polymer in metathesis with double bonds in the chain. 

A more detailed examination of the microstructures of the polymers 

obtained is discussed in Section 6.5. 

6.4 Hydrogenation of the poly(4-niethyl-l-pentenylenes) 

As the microstructural analysis of poly(4-methyl-l-pentenylene) was 

difficult on the basis of the spectra of the polymers available, the hydrogenation of 

the poly(4-methyl-l-pentenylene) was carried out since it was possible that the 

spectrum of the hydrogenated polymer, poly(l-methylpentamethylene), might 

provide additional information to help with the analysis. The polymer (P6-4, 

Mn=131,000, PDI=1.9) was hydrogenated using p-toluenesulfonyl hydrazide in p-

xylene at reflux temperature for 6 hours; this procedure is a well established 

method for syn hydrogenation of C=C double bonds.^^ '̂̂ ^-^ The scheme for the 

hydrogenation is shown in Figure 6.5. The hydrogenated polymer (P6-7) was 

isolated by precipitation from hot p-xylene into cool methanol. 

M e - ^ ^ S 0 2 - N H — NH2 

Figure 6.5. The scheme for the hydrogenation of poly(4-methyl-l-pentenylene) 
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The yield from the hydrogenation was 91%. The gel permeation 

chromatograra of the hydrogenated polymer (Appendix 6.1.4.) showed the number 

average molecular weight was 99,000 and PDI was 1.7; both were smaller than 

those of the polymer before hydrogenation. Thus, it appears that under these 

conditions the polymer molecules of the hydrogenated polymer occupy a smaller 

hydrodynamic volume than those of poly(4-methyl-l-pentenylene). The infrared 

spectrum of the polymer (Appendix 6.2.4) showed characteristic aliphatic C-H 

stretching absorptions in the region of 2800-3000 cra"l but the absorptions due to 

vinylic C-H stretching mode, which were observed in poly(4-methyl-l-pentenylene) 

had disappeared, confirming the completion of the hydrogenation. The n.m.r. 

spectrum of the polymer (Appendix 6.3.5.) showed two resonances, 0.84 ppm (3H, d, 

J=6.4Hz) and 1.0-1.5 ppra(9H, m) and the resonance in the starting material due to the 

vinylic was not observed. The assignments of the ^^C n.m.r. spectrum of the 

polymer (Appendix 6.4.5.) was carried out using DEPT analysis (Appendix 6.5.4.), and 

is shown in Figure 6.6. 

19.75 
32.79. Me 

27.45 

37.16 n 

Figure 6.6 The assignments of the ^^C n.m.r. chemical shifts of the hydrogenated 

polymer (P6-7) 
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6.5 The detailed examination of the microstructures of poly(4-niethyI-l-

pentenylene) and poly(l-methylpentamethylene) 

As was described in Chapter 1, polymers which have a chiral centre in each 

repeating unit may have R or S configuration about the chiral centre, and consequently 

there is the possibility of two adjacent centres having the same chiralities, resulting in 

racemic dyads or different chiralities, giving meso dyads. The raicrostructure due to 

trans/cis isomerism of the double bonds for poly(l-pentenylene)s was analysed as 

discussed in Section 6.3., but the microstructure due to the R/S configuration effects of 

the repeating units could not be analysed since further detailed microstructure of each 

signal in the ^^C n.m.r. spectra was not accessible by an ordinary treatment of the free 

induction decay (FID) signals acquired. However, it was found that raicrostructural 

information for each signal became distinguishable by treating the FID signals with 

a resolution enhancement procedure. In this section the discussion of the 

raicrostructures of poly(4-methyl-l-pentenylene) and poly(l-

methylpentaraethylene), based on spectra treated by the resolution enhancement 

procedure (Appendices 6.6.1. to 5.), is described. 

For the determination of tacticity, the microstructure of the hydrogenated 

polymer (P6-7) was examined since the ^^C n.m.r. spectrum was expected to be 

simple for the hydrogenated polymer which did not have cis/trans isomerism. The 

resolution-enhanced resonances of each ^^C signal of the polymer are shown in 

Figure 6.7. As shown in the figure it was observed that the signal due to C^ 

consisted of three peaks (the intensity ratio was 1:2:1; the differences in the 

chemical shifts was 0.012 ppm), C^ signal consisted of four equivalent peaks (the 

differences in the chemical shifts was 0.013 ppm), C^ signal consisted of two 

nearly equivalent peaks (the differences in the chemical shifts was 0.017 ppm) and 

C^ signal consisted of three peaks (the intensity ratio was 1:2:1; the differences in 

the chemical shifts was 0.02 ppm). 

107 



C2 

HiilH<iiniin|niniimmnnn|mi| 
37.30 37.20 17.10 37.00 

c i 

I I I • H I I i I 1 • • 
33.* 33.S 33.7 33.0 

C3 C4 

' ' I ' ' ' ' I ' ' ' ' I • ' " 1 " ' lii|innniniiir|iili|liinn"|li 
37.8 371S 37.4 37.3 IS.M l«.W 10.70 10.8 

C2 -n 

Figure 6.7. The resolution enhanced spectra of C^, C^, c3 and of the 

hydrogenated polymer (P6-7) 

These observation could be explained as follows: i f the polymer contains both R 

and S configurations then there should be two possible configuration for a dyad, 

raeso and raceraic, and i f the effect of configurational differences are apparent over a 

longer range, the possible triad configurations should be four as shown in Figure 

6.8.̂ 24 Thus, in a triad, there are potentially four different environments for the 

carbon atoms which are unsyraraetrically situated in the repeating unit, that is 

and C3, while for the carbon atoms symmetrically situated, such as and C ,̂ there 

should be three different environments because the raceraic-raeso triad and the meso-

raceraic triad provides same environment 
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meso-meso 

Me Me 

racemic-meso 

meso-racemic 

racemic-racemic 

ie Me 

Figure 6.8. Possible configurations for triad 

In practice, it turned out that and were more sensitive to the surrounding 

configurations than which was affected only by the configurations of the dyad, and 

strangely was more sensitive to the configurations of the triads than which is 

nearer to the chiral centres on either side. The chemical shift difference resulting from 

the effect of the meso/racemic configurations of the nearest dyad on was 0.026 ppra 

whereas the next nearest dyad configurations provided a shift difference of 0.013 ppm. 

The intensity ratios of the peaks, namely 1:2:1 for C^, 1:1:1:1 for C^, 1:1 for and 

1:2:1 for C4, proved that all possible triad configurations, meso-raeso, racemic-raeso, 

raeso-raceraic and raceraic-raceraic, were equally probable in the polymer chain, which 
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means that this hydrogenated polymer was atactic. Although the fully hydrogenated 

polymer was completely atactic, it is possible that the ratios of meso to racemic dyads 

in poly(4-methyl-l-pentenylene) could be different in segments of the chain having 

different cis or trans sequences. During hydrogenation the dyad information in such 

sequences must be retained, that is, a raeso dyad in the unsaturated polymer will 

generate a meso dyad in the saturated polymer via a syn addition of hydrogen from 

diimide (see Figure 6.5.) irrespective of the stereochemistry of the vinylene unit. Thus, 

while it is possible, for example, that some all-cis sequences have a different tacticity 

than all-trans sequences, the overall distribution of meso and racemic dyads leads to an 

overall atactic saturated polymer and overall an atactic distribution of raeso and 

raceraic dyads must be present in the unsaturated polymer. The author believed that 

the probability of tactic sequences in different parts of the molecular chain of the 

unsaturated polymer exactly balancing each other so as to lead to an atactic 

hydrogenated polymer from partially tactic sequences in the precursor is very small, if 

this assumption is true then poly(4-methyl-l-pentenylene) must be atactic, although it 

has to be admitted that this can not be unambiguously proved on the basis of the 

available data. 

Acting on the assumption that the poly(4-methyl-l-pentenylene) obtained was 

atactic, a detailed analysis of the spectrum of the polymer was carried out by 

comparison with spectra of poly(l-pentenylene) with differing cis/trans ratios. The 

resolution-enhanced spectra due to C^, C t̂rans and C^cis of P5-2, P5-12 and P6-4 

are shown in Table 6.6., 6.7. and 6.8. respectively. 

P5-2 = poly(l-pentenylene) cis/trans(calculated using signal intensities of 

c2)=62/38 

P5-12 = poly(l-pentenylene) cis/trans(C2)=86/14 

P6-4 = poly(4-methyl-l-pentenylene) cis/trans(C2)=60/40 
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Table 6.6. The resolution-enhanced resonances due to of P5-2. P5-12 and P6-4 

No. Cis/Trans^) Resolution enhanced resonances 

P5-12 86/14 

C3t c3c 

J — - . - j y 
r-pr-r - l - T 

130.3 I30.a lii 
.0 13a.-

P5-2 62/38 C3t C3 

" • • 1 " > ' | . I T T 
134.3 130.i U f . t U t 

P6-4 60/40 
C3t C3c 

J 
130.3 I M . l 131.3 131.3 

a) The ratios of cis/trans were calculated based on the signal intensities due to 

in the unenhanced 13c n.m.r. spectra. 
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Considering the data recorded in Table 6.6., the complex resonance pattern 

for C3 of P5-2 was not observed in the resonance of P5-12 which has a higher cis 

content. The observed complexity in this case was assigned to the effects of the 

cis/trans isomer sequence, that is to say a particular vinyl carbon is sensitive to 

nearest, next nearest and possibly further neighbours, the similar complexity 

observed in the vinyl-resonances of P6-4 was assigned as being due to the same 

reason. 

Table 6.7. The resolution-enhanced resonances due to C2trans of 

P5-2, P5-12 and P6-4 

No. Cis/Trans^) Resolution enhanced resonances 

C2tc 

P5-12 
C2tt 

86/14 
| i i iHii iHii iHinHii iHnii |nmni 

32.23 32.13 32.03 31.33 

P5-2 62/38 
C2tc I A C2tt 

-JUL 
32.13 32.09 31.03 

P6-4 Me 60/40 
C2tc . C2tt 

111111111111111111111111(111111111111111 

38.09 31.33 31.73 3 S . a 

a) The ratios of cis/trans were calculated based on the signal intensities due to C2 

in the unenhanced ^^C n.m.r. spectra. 

As shown in Table 6.7., the resonance due to G2tt of P6-4 consisted of at 

least four signals and C2tc consisted of two signals, while the resonances due to 
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both C^tt and C^tc of both P5-2 and P5-12 consisted of single signals. Therefore 

the splitting observed in the C^tt and C^tc resonances of P6-4 should be due to a 

reason other than the cis/trans isomerism and it would seen that these signals are 

sensitive to meso/racemic configuration effects. The signal for C^tc was sensitive 

to the configurations of the dyad, providing two equivalent signals, which means 

that the raeso/racemic dyads connected with the trans double bonds occur with 

equal frequency. The C^tt signal was apparentiy sensitive to triad effects and 

consequently provided four signals, ideally these should occur in equal intensity i f 

the meso/racemic distribution occurs with equal frequency, the data is not clear on 

this matter. 

In Table 6.8., overleaf, the resonance due to C^cc of P6-4 is shown, under 

resolution enhancement, to consist of three signals. The resonances due to C^ct 

(34.2 ppm) was overlapping with the resonance due to C^cc as discussed 

previously, while the resonances due to both C^cc and C^ct of both P5-2 and P5-

12 consisted of single signals. Therefore the splitting observed in the C^cc 

resonance of P6-4 should be due to raeso/raceraic configuration effects. It is 

assumed that there is overlap of two pairs of signals due to the configurations of 

triads leading to the observation of three resonances. 

As described above it turned out that the resolution-enhanced spectrum of 

the poly(4-methyl-l-pentenylene) obtained contained the information about both 

the cis/trans isomerism and the tacticity due to the meso/raceraic configurations 

and they became distinguishable by comparison with the spectra of poly(l-

pentenylene). The analysis of the spectra of poly(4-methyl-l-pentenylene) and the 

hydrogenated polymer obtained from it suggests that both polymers are atactic. 
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Table 6.8. The resolution-enhanced resonances due to C2cis of P5-2. P5-12 and P6-4 

No. Cis/Trans^) Resolution enhanced resonances 

P5-12 86/14 C2, cc 

i s .as 

C2ct 

iHiiiHiiiHiiii 
.as 2«.73 3S.U 

P5.2 62/38 C2, CO C2ct 

f""i""i""i'"' 
7S 28.03 

P6-4 

2 

C'cc 
60/40 

C'cc 

C'ct 

.C'ct=tc C'tt, 

- , . i . . . f i i i M i | i i i . | i i i i | i i m i i i n . i i i | i 
34.4 34.3 34.3 34.1 34.0 33.0 33.0 33.7 33.0 

a) The ratios of cis/trans were calculated based on the signal intensities due to C2 
in the unenhanced n.m.r. spectra. 
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6.6 Thermal properties of the polymers obtained 

The decomposition temperature (Td), the glass transition temperature (Tg) 

and the melting temperature (Tra) of the polymers (P6-4 and 7) obtained were 

examined using thermal gravimetric analysis and differential scanning caloriraetry 

(Appendices 6.7.1. and 2.). The results are shown in Table 6.9. with those for 

poly(l-pentenylene) and hydrogenated poly(l-pentenylene), polyethylene, 

(Appendices 5.5.1. and 6.7.3.) for the comparison. The polyethylene (P5-1H) was 

obtained by hydrogenation of P5-1, poly(l-pentenylene), using a similar method to 

that used for the hydrogenation of poly(4-methyl-l-pentenylene). 

Table 6.9. Thermal characterisation parameters, Td, Tg and Tra, observed for the 

No. Polymer Cis / Trans 

Ratio^ 

TGb DSCb No. Polymer Cis / Trans 

Ratio^ Td CO Tg CO Tra (°C) 

P5-1 
2 

61/39 368 -101 not observed 

P5-1H . ( " ^ . ^ ^ ^ . ^ ^ — 421 -125C 130 

P6-4 

2 ^ 

60/40 370 -72 not observed 

P6-7 

2 

— 419 -59 not observed 

a) The ratios of cis/trans were calculated based on the signal intensities due to C^. 
b) See Appendix 1. for details. 
c) The value for the Tg of P5-1H was the literature value for Tg of 

polyethylene. 125 

The poly(4-raethyl-l-pentenylene) (P6-4) and poly(l-methylpentaraethylene) (P6-

7) obtained were not highly crystalline polymer since the melting temperatures 
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were not observed. As shown in the table, the introduction of a methyl group into 

each of poly(l-pentenylene) and polyethylene raised the glass transition 

temperature of each polymer (6-4 and 7). 

6.7 Discussion 

6.7.1 Thermodynamics 

It turned out that 4-raethylcyclopentene can be polymerised by ring opening 

metathesis although the monomer was less easily polymerised than cyclopentene. 

As discussed in Chapter 1, polymerisability by ring opening is dependent on the 

sign of the Gibbs free energy (AG) and is largely affected by enthalpy (AH) term. 

As shown in Table 6.10., the enthalpies of ring opening polymerisation for various 

cyclopentenes were reported as estimated values and they are supposed to parallel 

the polymerisabilies; namely, ring opening with larger negative enthalpy is more 

likely to occur, since the entropy terms (TAS) in these ring opening polymerisations 

should be similar. 

Table 6.10. AH for the polymerisation of liquid cycloalkanes and cycloalkene by 

Monomer AH 

Cyclopentane -5.3a.i25 

Methylcyclopentane .4.lb,125 

1,1 -Dimethylcyclopentane -3.2b,125 

Cyclopentene (-> cis polymer) .3.8b.l26 

Cyclopentene (-> trans polymer) .4.8b,126 

a) Experimental value, b) Semi-empirical estimate 
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However the value for substituted cyclopentene had not been reported. So the 

enthalpies for substituted cyclopentenes were estimated based on the heat of 

formation energies which were obtained using semi-empirical molecular orbital 

calculations. In order to determine an appropriate calculation method for the heats 

of formation the values for several compounds were computed by three methods 

(PM3, AMI and MNDO on the MOP AC program via "Insight 11" of the Biosyra 

Technologies Ltd package) and corapared with the experiraental values. 

Table 6.11. The heat of formation for sorae compounds estimated using serai-

Compound Experimental 

value 

Semi-empirical MO calculation Compound Experimental 

value PM3 AMI MNDO 

Cyclopentane -18.5 -23.89 -28.79 -30.3 

Cyclohexane -29.4 -31.03 ~ — 

Ethane -20.2 -18.13 — ~ 

Ethylene 12.5 16.63 16.47 15.40 

Heptane -44.9 -45.32 ~ ~ 

Cyclopentene — 3.02 2.98 -0.33 

4-MethylcYclopentene — -3.01 -2.29 -3.06 

As shown in Table 6.11. the values obtained using PM3 showed relatively good 

correlations with the experimental values, so the following calculations were 

carried out using PM3. Enthalpies for ring opening (AHgps) were calculated for 

several cyclic compounds according to the following equation. 

AHop=(HFp-HFc)-HFM 

vyhere HFj^, HFp and HF^ are the heats of formation calculated for cyclic compound 

"M" and compounds "P" and "C" respectively. An example of compounds "M", "P" 

and "C" are shown in Figure 6.9. 
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Monomer 
Compound M 

Repeating unit of polymer 

- CH3-I-CH3 Compound 0 

H3 
Compound P 

Figure 6.9. An example of compounds "M", "P" and "C" 

The values calculated for HFj^, HFp, HFc and A H Q P are shown in Table 6.12. 

overleaf. As shown in the table, the correlations between the enthalpies for ring 

opening of cyclopentanes and cyclopentene were roughly similar to those shown in 

Table 6.10., and the order of the enthalpies for ring opening of cycloalkanes predicted 

was 

cyclobutane « cyclopentane < cyclohexane, 

which was consistent with the polyraerisability predicted on the basis of 

thermochemical calculations by Ivin.l^ The estimates were also consistent with the 

fact that a substituted group on a cyclic compound makes ring opening more difficult 

It was estimated that for the cyclopentenes ring opening reactions producing trans 

polymers were more favourable than those producing cis polymers and the order of the 

polymerisability was 

cyclopentene > 3-raethylcyclopentene > 4-methylcyclopentene, 

however, the enthalpy for 4-methylcyclopentene was still negative. So, these estimates 

help to rationalise the results described in Section 6.2.; namely, that 4-

methylcyclopentene was polymerised with reasonable yield at -55°C but the yield at 

-35°C was very small, while cyclopentene was more readily polymerised under the 

same conditions. 
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Table 6.12. The heats of formation and ring opening enthalpies calculated for various 

M H F M P HFp C HFr AHop 

• -3.79 / ^ v . ^ - ' ^ ' v / -39.90 Ethane -18.13 -18.0 

o -31.03 x - v . ^ ^ ^ ^ -50.74 Ethane -18.13 -1.6 

o -23.89 ^ ^ ^ ^ ^ ^ -45.32 Ethane -18.13 -3.3 

-29.92 x - v ^ J x ^ -50.12 Ethane -18.13 -2.1 

-35.87 -54.21 Ethane -18.13 -0.2 

o 3.02 / ^ N / V ^ -2.77 -3.56 -2.2 

-4.01 -3.77 -3.2 

6 -2.60 / - ^ N j ^ ^ N ^ ^ ^ -7.75 
^ ^ -3.56 -1.6 

^^*=N -3.77 -3.0 

-3.01 /^""-^J-^^ -7.34 Z * " ^ -3.56 -0.7 

" " ^ ^ J s ^ ^ -9.43 ^'"'^S -3.77 -2.6 

a) H F M , HFp and H F c are the heat formation energies calculated for cyclic 

compound "M" and olefin "P" and "C" respectively. 
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6.7.2 Microstructure 

As discussed in Section 6.5., the tacticity of poly(4-methyl-l-pentenylene) 

obtained, P6-4, in this work was atactic. Although the polymerisation turned out to 

proceed in a classical manner, a potential mechanism for the production of racemic 

and meso dyads in the polymerisation of 4-methylcyclopentene can be postulated 

as follows. 

In the case where the incoming 4-methylcyclopentene reacts with the metal 

alkylidene complex at the propagating chain end to produce a raetallacyclobutane in 

which the chain and the cyclopentane ring have a cis relationship there are two possible 

stereochemistries. In Figure 6.10. these possibilities are labelled "Front face approach" 

and "Back face approach" and assume that the methyl in the monomer points away 

from the plane of the alkylidene. If this is true, Front face approach will produce a 

racemic dyad and Back face approach a meso dyad, as shown in the figure. In this 

proposition the steric interaction between the incoming monomer and the propagating 

chain end is supposed to be a major factor influencing the outcome. If the steric 

interaction is large enough Front face approach would be disfavoured over Back face 

approach consequently predominantly meso dyads would be expected in association 

with cis carbon-carbon double bonds. 

Since a similar argument can be applied to the case of forming trans 

metallacyclobutane intermediates, racemic dyads might be expected to be associated 

with trans carbon-carbon doubles. 

120 



[Mo]^/ (Back face) 
Me H 

Me (Front face) 

^ M e 

Racemicdyads] 

R R 

Figure 6.10. A mechanism suggested for the production of racemic/meso dyads in the 

metathesis polymerisation of 4-methylcyclopentene 

In our examination the poly(4-methyl-l-pentenylene) obtained was atactic, 

although the number of attempts was restricted. This suggests that the polymerisations 

studied here proceeded without any control over the formation of racemic or meso 

configurations. So, it can be concluded that the steric interaction between the incoming 

monomer and the propagating chain end are too small to cause a difference between 
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reaction paths, of which the Front face approach and Back face approach discussed 

above constitute an example. 

6.8 Experimental 

The polymerisations were carried out using similar procedures to those for 

the polymerisations of cyclopentene described in Chapter 5. 

The method for the hydrogenation is described below. 

The polymer (P6-4) obtained (70mg, 0.85 repeat unit mmol) and p-xylene (11 ml) 

were placed in a two necked round-bottomed flask (50 ml) fitted with a reflux 

condenser and a nitrogen inlet. The flask was purged with a dry nitrogen, and 

heated in an oil bath at 150°C. Then p-toluenesulfonyl hydrazide (1.6g, 8.5 mmol, 

10 equivalents) was carefully added to the flask in several portions against a 

nitrogen flow. After 5 hours, the hot mixture was slowly poured into cool 

methanol (100 ml) and a fine powder was precipitated after 15 hours. The white 

precipitate obtained by filtration was dried under vacuum for 5 hours. The yield 

was 91%. 
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CHAPTER 7: Conclusion and proposals for future work 

As discussed in Chapter 3 the endo Diels-Alder adduct of acenaphthylene 

and cyclopentadiene was readily polymerised to provide high trans content 

polymer by the t-butoxy molybdenum initiator and high cis content polymer by 

the trifluorinated t-butoxy molybdenum initiator. Thus well defined initiators 

polymerise this monomer stereoregularly, while classical systems did not. The 

polymerisation proceeded in a living manner although the molecular weights of 

the polymers obtained were not very narrowly distributed because of the high 

kp/ki ratio. 

In the polymerisation of the exo-adduct soluble polymer was not 

obtained although a mixture of the endo and the exo adducts was polymerised 

using a well defined initiator and using a classical molybdenum catalyst system 

with a chain transfer reagent. The propagating process of the exo-adduct was 

concluded to be highly sensitive to Lewis acid. Examination using the block 

copolymerisation technique is suggested as a future experiment to investigate 

the polymerisation of the exo-adduct. As mentioned above an endo/exo mixture 

was readily polymerised using a well defined initiator, so it might be possible to 

synthesise a block copolymer consisting of a first block whose structure had 

been well established, such as polynorbornene, and a poly.(exo-adduct) block 

with a relatively small number of the repeat unit, as shown in Figure 7.1., 

namely by a ring opening polymerisation of norbornene using a well defined 

initiator, such as the t-butoxy molybdenum initiator, to produce living polymer 

and subsequent chain propagation using the exo-adduct. 



Polymerisation 

(tBuO)2(ArN=)Mo 

Copolymensaton 

[Mo]' 

Figure 7.1. A possible scheme for a production of a copolymer containing 

a poly(exo-adduct) block 

I f such polymer can be synthesised then i t would be soluble and the analysis of 

the poly(exo-adduct) might become possible. 

In Chapter 5, the effects of various reaction conditions on the 

polymerisation of cyclopentene using several well defined initiators were 

discussed, along with the microstructures of the resultant polymers. The 

molybdenum centred initiators polymerised cyclopentene in a classical manner 

and well defined tungsten centred initiator polymerised it mainly in a well 

defined manner but a side reaction occurred to produce a much higher molecular 

weight component. 

In Chapter 6, the investigation of the polymerisation and the polymers 

obtained using 4-methylcyclopentene, as an example of a monomer having a 

substituent group on the cyclopentene ring which leads to polymers having 

chiral centres in the main chain, is described. 4-Methylcyclopentene was 
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confirmed to be polymerisable using the well defined initiators, but the 

monomer was significantiy less favoured with respect to the ring opening 

metathesis polymerisation than cyclopentene. The reaction conditions, such as 

the reaction temperature and die reaction duration, affected the polymerisation 

in a similar manner to the polymerisation of cyclopentene. It was confirmed 

that information about the racemic/meso configurations in poly(4-methyl-l-

pentenylene) and the poly(l-methylpentamethylene) obtained from it can be 

established by ^^C n.m.r. spectroscopy, although each methyl substituent group 

is five bonds away from next one. Both polymers were shown to be atactic. As 

discussed in Section 6.7.2., i t was concluded that the methyl substituent group is 

too small to cause an effective steric interaction, which would control the 

reaction direction, in the transition state of the propagating process. So, i t is 

suggested as a further work to examine the microstructures of the polymers 

obtained from a monomer with larger substituent group. t-Butyl 3-

cyclopentene-l-carboxylate is proposed as such a monomer since it has a 

sterically bulky t-butyl group which may be expected to have a bigger effect on 

the control of the reaction path than methyl. The enthalpy values estimated by 

same method described in Section 6.7. for the ring opening of t-butyl 3-

cyclopentene-l-carboxylate are shown in Table 7.1. 

Table 7.1. The heats of formation and enthalpies calculated for ring openings of 

M H F m P HFp C HFr AHop 

iQ-COOtBu .90.26 
CCXD'Bu 

/ ^ - N ^ s ^ ^ -94.86 Z * ^ ^ -3.56 -1.0 iQ-COOtBu .90.26 

COO'Bu . 
^ ^ s A L ^ -96.19 ^ ' " X -3.77 -2.2 

ivi' t 
compound " M " and olefin "P" and "C" respectively. 

125 



Although it might be expected that the bulky t-butyl group would make the 

polymerisability much lower, the enthalpies calculated were similar to those for 

4-methylcyclopentene, from which it may be inferred that t-butyl 3-

cyclopentene-l-carboxylate is still polymerisable. The reason is possibly that 

the t-butyl group is not situated close to the cyclopentene ring. Thus the 

polymerisation of t-butyl 3-cyclopentene-l-carboxylate might provide further 

progress in the examination of the tacticity of the polymers produced by ring 

opening metathesis polymerisation of substituted cyclopentenes. 
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APPENDIX 1 

General procedures, equipment and instrumentation 



General experimental procedures 

The glove box used throughout this work was a modified Miller Howe dry 

box with a fitted freezer (-40°C), the inert gas was oxygen-free nitrogen and the 

working conditions were 2-10 ppm oxygen and 2-10 ppm moisture. Apparatus 

was transfered in and out of the box via two vacuum / nitrogen ports. 

The vacuum / nitrogen line was fitted with Young valves and greaseless 

joints to allow handling of materials either under nitrogen or under vacuum. 

Vacuum was provided by an Edwards 5 Two Stage pump and dry oxygen-free 

nitrogen was supplies through a double P2O5 column. 

The thermostated cooling bath used for the polymerisation of cyclopentenes 

was a HAAKE F3-Q model and the cooling fluid used was methylated spirits. 

Instrumentation and procedures for measurements 

Gas Chromatography was carried out using a Hewlett Packard 5890A GC 

(capillary column: SE 30 crosslinked methyl silicone column 25m x 0.32mm x 

0.25̂ 1 ID). 

Infrared spectra were recorded on a Perkin Elmer 1600 series FTIR. The 

spectra were recorded as solvent (chloroform) cast films or KBr pellets. 

Nuclear Magnetic Resonance spectra were recorded on a 

Varian VXR 400 NMR spectrometer at 399.953 MHz (^H) and 100.577 MHz 

(13C) and a Varian Gemini 200 NMR spectrometer at 199.532 MHZ (^H) and 

50.289 MHz (13c). Perdeuterobenzene or deutrocholoroform was used as the 

solvent. 

Mass Spectra were recorded on a VG Analytical Model 7070E Mass 

Spectrometer. 



Gel Permeation Chromatography was carried out using a Waters Model 590 

(refractometer, column packing PLggi 5n mixed styrene-divinyl benzene beads, 

solvent: chloroform) and a Viscotek Differential Refractometer/Viscometer Model 

200 (column packing PLggj lO^i mixed styrene-divinyl benzene beads, solvent: 

tetrahydrofuran). The concentration of the samples was 0.2% unless it is 

mentioned in the text. 

Thermogravimetric Analysis was performed using a Stanton Redcroft 

TG760 thermobalance. TGA traces were recorded by increasing the sample 

temperature by 10°C per minute under a nitrogen atmosphere and the 2% weight 

loss temperature was taken as decomposition temperature. 

Differential Scanning Calorimetrv was performed using a Perkin Elmer 

DSC 7 differential scanning calorimeter. The glass transition temperature was 

examined for each sample by first running from -120°C to 350°C under a nitrogen 

atmosphere. Then a virgin sample was annealed at 20°C above its glass transition 

temperature for one hour, and cooled down to -120°C and DSC traces were 

recorded with increasing temperature by 10°C per minute from -120''C to 350°C 

under a nitrogen atmosphere. The Tg recorded was the mid point of the transition 

in the base line associated with the glass transition process. 



APPENDIX 2 

Analytical data for Chapter 2 
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Appendix 2.1. GC ffaces of the reaction mixture 

(Diels-Alder reaction between accnaphthylenc and cyclopentadicne) 
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Appendix 2.2. GC trace of endo Diels-Alder adduct of acenaphthylene and cyclopentadiene 
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Appendix 2.3. Infrared spectrum of endo Diels-Alder adduct of acenaphthylene and cyclopentadiene 
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Appendix 2.6. Single crystal X-ray diffraction data of endo Diels-Alder adduct of 

acenaphthylene and cyclopentadiene 

fJ Q Cll) 

c : 2 i C r r c t 2 i 

Tihlff !. Atomic coordinates and equivalent isotropic displacement coefficients (A-) 

Table 2. Bond lengths (A). 

cm-cm 
C C 0 1 ) - C ( 0 7 ) 
C ( 0 3 ) - C ( 0 4 ) 
C ( 0 4 ) - C ( 0 7 ) . • 
C ( 0 5 ) - C C 0 I 0 ) 
C ( 0 8 ) - C ( 0 9 ) 
C ( 0 9 ) - C ( 0 I 0 ) 
C ( 0 I 0 ) - C ( 0 1 I ) 
C(012)-C(013) 
C ( 0 1 4 H : ( 0 1 3 ) 
C ( 0 1 6 ) - C ( 0 1 7 ) 
C ( l ) - C ( 6 ) 
C ( 2 ) . C ( 3 ) 
C ( 4 ) - C ( 3 ) 
C ( J ) - C ( 6 ) 
C ( 6 ) - C ( 8 ) 
C ( 8 ) - C ( 1 7 ) 
C ( 9 ) - C ( 1 4 ) 
C ( U ) - C a 2 ) 
C ( 1 3 ) - C ( 1 4 ) 

1-514(3) 
1 J 3 8 (3 ) 
UlOO) 
1.537 (3) 
1 J I 0 ( 2 ) 
1.413 (2 ) 
1.412 0 ) 
U 7 0 (3) 
U 7 4 (3) 
1 .422(3) 
1 .422(3) 
1 J 6 6 0 ) 
U 3 0 (3) 
\JS6i (3 ) 
I J 7 7 0 ) 
1 J 0 7 C ) 
1 J 7 6 C ) 
1.405 (2) 
1 .422(3 ) 
1.417 (3 ) 
U 7 3 (3) 

cm-cm 
C(02)-C(03) 
C(04)-C(05) 
C(05).C(06) 
C(06)-C(08) 
C(08)-C(017) 
C(09).C(014) 
C(011)-C(012) 
C(013)-C(014) 
C(015)-C(016) 
C(l)-C(2) 
C(1)-CC7) 
C(3)-C(4) 
C(4)-CC7) 
C(5)-C(I0) 
C(8)-C(9) 
C(9)-C(10) 
C( i0 ) -c (n) 
C(I2)-C(I3) 
C(14)-C(15) 
Cfl6)-C(17) 

1.560 (3 ) 
1.326 (3 ) 
1.569 (3 ) 
1 J 7 8 (2) 
l J I 2 a ) 
1 J 7 2 (3 ) 
1.410(2) 
1.420 (3 ) 
1.418 (3 ) 
1 J 7 6 (3 ) 
1 J I 5 ( 3 ) 
1 J 3 9 (3 ) 
1 J 1 6 (3 ) 
I J 3 8 (3 ) 
1 J 1 3 a ) 
1.409 (2) 
1.418 C ) 
1.374 (3 ) 
1 J 7 4 (3 ) 
1.421 (3 ) 
1 .416(3 ) 

X V I U^ea) 
C(Oi) tJ.t)91iO) -l).j4jj(l) 0.0^31(1) 0.031(1) 
C(02) 0.1786(1) -0.3109(2) 0.0931(2) 0.041(1) 
C(03) 0.2068(1) -0.2793(2) 0.0099(2) 0.041(1) 
0(04) 0.1405(1) -0.2902(2) -0.0627(1) 0.036(1) 
C(05) 0.0837(1) -0.1662(2) -0.0447(1) 0.030(1) 
C(06) 0.0499(1) -0.2033(2) 0.0543(1) 0.030(1) 
C(07) 0.0922(1) -0.4078(2) -0.0208(1) 0.041(1) 
C(08) 0.0696(1) -0.0798(2) 0.1158(1) 0.029(1) 
C(09) 0.1097(1) 0.0184(2) 0.0618(1) 0.027(1) 
C(OIO) 0.1204(1) -0.0253(2) -0.0317(1) 0.028(1) 
C(OIl) 0.1589(1) 0.0605(2) -0.0914(1) 0.034(1) 
C(012) 0.1862(1) 0.1903a) -0.0575(1) 0.033(1) 
C(013) 0.1752(1) 0.2333(2) 0.0333(1) 0.033(1) 
C(0I4) 0.1357(1) 0.1472(2) 0.0970(1) 0.028(1) 
C(015) 0.1191(1) 0.1736(2) 0.1923(1) 0.035(1) 
C(016) 0.0807(1) 0.0794(2) 0.2433(1) 0.038(1) 
C(017) 0.0532(1) -0.0496(2) 0.2080(1) 0.033(1) 
C( l ) 0.3599(1) -0.6017(2) 0.2998(1) 0.031(1) 
C(2) 0.3793(1) -0.4345(2) 0.2732(1) 0.031(1) 
C(3) 0.3889(1) -0.4511(2) 0.1807(1) 0.033(1) 
0(4) 0.3770(1) -0.5965(2) 0.1436(1) 0.033(1) 
0(5) 0.4491(1) -0.6837(2) 0.1800(1) 0.030(1) 
0(6) 0.4361(1) -0.6899(2) 0.2893(1) 0.028(1) 
oa) 0.3139(1) -0.6475(2) 0.2103(1) 0.036(1) 
0(8) 0.5111(1) -0.6343a) 0.3339(1) 0.026(1) 
0(9) 0.5630(1) -0.5988a) 0.2627(1) 0.027(1) 
C(10) 0.3302(1) -0.6226(2) 0.1712(1) 0.028(1) 
0(11) 0.5750(1) -0.5922(2) 0.0932(1) 0.034(1) 
0(12) 0.6525(1) -0.5417(2) 0.1116(1) 0.036(1) 
0(13) 0.6846(1) -0.5220(2) 0.2003(1) 0.035(1) 
0(14) 0.6394(1) •0.5487(2) 0.2804(1) 0.030(1) 
0(15) 0.6630(1) •0.5333a) 0.3766(1) 0.034(1) 
0(16) 0.6121(1) •0.5662(2) 0.4461(1) 0.034(1) 
0(17) 0.5356(1) -0.6178a) 0.4264(1) 0.031(1) 

• Equivalent isotropic U defined as one third of the trace of the onhogonalized Uij te 

Table J . Atom coonlinates and isotropic displacement coefficients (A') 

IsUsJi. Bond angles O 
cm-cmcm 
C(06)-O(01)-O(07) 
O(02)-C(03)-O(04) 
C(03)-C(04)-C(07) 
C(04)-C(05)-C(06) 
O(06)-C(05)-O(010) 
O(01)-O(06)-O(08) 
C(01)-O(07)-C(04) 
C(06)-C(08)-C(017) 
C(08)-C(09)-C(010) 
C(0I0)-C(09)-C(014) 
C(05)-O(010)-C(011) 
C(010)-O(0U)-O(0I2) 
C(0I2)-C(0l3)^O(014) 
C(09)^C(014)-C(013) 
O(014).C(015)-O(016) 
O(0a)-O(017)-O(0I6) 
0(2)-0(l)-Ca) 
0(l)-0(2)-0(3) 
oa).c(4).o(5) 
0(5)-c(4).ca) 
O(4).C(5)^O(10) 
0(l)-C(6)-0(5) 
0(5)-0(6)-0(8) 
C(6)-C(8)-0(9) 
0(9)-C(8)-C(17) 
C(8)-C(9)-C(14) 
O(y)-0(10)-0(9) 
O(9)-C(10)-O(ll) 
0(11)-C(12)-C(13) 
C(9).C(14)^C(13) 
0(13)-0(14)-0(13) 
0(13)-C(16)-C(17) 

106.8(1) 
99.7(1) 

107.9(2) 
100.70) 
102.3(1) 
103.0(1) 
117.9(1) 
93.9(1) 

132.6a) 
1118(2) 
123.4(2) 
132.70) 
119.0a) 
120.1(2) 
116.0a) 
120.3(2) 
118.90) 
100.0(1) 
107.80) 
106.9(1) 
100.4(1) 
118.1(1) 
102.3(1) 
104.8(1) 
109.2(1) 
118.6(2) 
123.80) 
108.3(1) 
118.20) 
122.6(2) 
116.40) 
127.4(2) 
122.60) 

cm-am-cm— 
O(01)-C(02)-C(03) 
C(03)-C(04)-O(03) 
C(03)-C(04)-O(07) 
C(04)-C(05)-C(010) 
C(oi)-C(06)-c(oy) 
O(05)-C(06)-O(08) 
O(06)-C(08)-C(09) 
O(09)-C(08)-C(017) 
O(08)-O(09)-C(014) 
O(05)-O(0l0)-C(09) 
C(09)-O(010)-O(011) 
O(011)-O(012)-O(013) 
O(09)-O(014).C(013) 
C(013)-C(014).C(015) 
O(015)-C(016)-O(017) 
0(2)-C(l)-C(6) 
0(6)-0(l)-C(7) 
0(2)-C(3)-0(4) 
0(3)-C(4)-Ca) 
C(4)-C(5)-C(6) 
O(6)-O(5)-O(10) 
C(l)-0{6)-C(8) 
C(l)-0a)-C(4) 
0(6)-0(8)-C(17) 
O(8)-O(9)̂ O(10) 
C(10)-O(9)-O(14) 
C(5)-O(10)-O(ll) 
0(10)-0(11)-0(12) 
0(12)-C{13)-0(14) 
C(9)-0(14)-C(15) 
0(14)-0{15)-0(16) 
0(8)-0(17)-C(16) 

107.6(2) 
106.7(1) 
99.4(1) 

117.1(1) 
102J(1) 
104.7(1) 
108.7(1) 
118.7(2) 
123.7(2) 
108.7(1) 
113.6(2) 
122.4(2) 
116.5(2) 
127.5(2) 
122.4(2) 
107.6(1) 
99.6(1) 

107.5(2) 
100.0(1) 
102.3(1) 
104.7(1) 
117.4(1) 
93.9(1) 

132.1(2) 
112.4(2) 
123.8(2) 
133.0(2) 
118.9(2) 
120.0(2) 
116.2(2) 
120.1(2) 
118.7(2) 

X y z u 
0.0650 -0.3984 0.1260 (i.M(i) 

H(02A) 0.2078 •0.3132 0.1319 0.059(7) 
H(03A) 0.2599 •0.2330 -0.0018 0.050(6) 
H(04A) 0.1556 •0.3032 -0.1266 0.040(5) 
H(05A) 0.0423 -0.1630 -0.0923 0.036(5) 
H(06A) -0.0039 •0.2161 0.0493 0.032(5) 
H(07A) 0.1186 •0.4933 •0.0220 0.044(6) 
H(07B) 0.0406 •0.4157 -0.0493 0.037(5) 
H(011) 0.1670 0.0330 -0.1333 0.037(3) 
H(012) 0.2130 0.2504 -0.0994 0.043(6) 
H(013) 0.1946 0.3218 0.0342 0.041(5) 
H(015) 0.1330 0.2616 0.2207 0.047(6) 
H(016) 0.0705 0.1001 0.3100 0.052(6) 
H(0I7) 0.0286 -0.1149 0.2466 0.040(5) 
H(IA) 0.3333 -0.6130 0.3378 0.041(6) 
HOA) 0.3840 -0.3771 0.3132 0.046(6) 
H(3A) 0.4013 -0.3713 0.1439 0.045(6) 
H(4A) 0.3641 -0.6041 0.0773 0.034(3) 
H(5A) 0.4472 -0.7746 0.1331 0.038(3) 
H(6A) 0.4274 -0.7832 0.3092 0.029(5) 
H(7A) 0.2649 -0.5997 0.2013 0.042(6) 
H(7D) 0.3058 -0.7453 0.2069 0.037(5) 
H( l lA) 0.5541 -0.6049 0.0322 0.044(6) 
H(I2A) 0.6838 -0.3209 0.0584 0.029(5) 
H(13A) 0.7373 -0.4889 0.2084 0.040(5) 
H(15A) 0.7143 •0.4981 0.3927 0.036(5) 
H(16A) 0.6295 -0.5547 0.5106 0.042(6) 
H(17A) 0.3012 -0.6406 0.4763 0.034(5) 



h. . > ^ 
Appendix 2.7. GC trace of exo Diels-AIder adduct of acenaphthylene and cyclopentadiene 
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Appendix 2.8. Infrared spectrum of exo Diels-Alder adduct of acenaphthylene and cyclopcntadiene 
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Appendix 2.9. Mass spectrum of exo Dicls-Alder adduct of acenaphthylcne and cyclopentadiene 
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Analytical data for Chapter 3 
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Appendix 3.1.2. GPC trace of P3-2 
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Appendix 3.1.3. GPC trace of P3-3 
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Appendix 3.2.1. Infrared spectrum of P3-3 
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Appendix 4.1.1. GC trace of the material obtained by the condensation of cis-l,4-dichloro-2-butene 

and dimethyl malonate 

Appendix 4.f.2. GC trace of dimctliyl 3-cycIopentene-l,l-dicarboxyIate 
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Appendix 4.1.8. GC trace of 3-Cyclopentenecarboxylic acid 
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Appendix 4.1.9. Infrared spectrum of 3-Cyclopentcnecarboxylic acid 

Appendix 4,1.10. Mass spectrum of 3-CyclopentenecarboxyUc acid 



a. 

\ 1 " 
_ o • « 

I J •» 

I -

"A 

1 

'1 ^ 
C I 

• o 

CD 

'1 R .-2 
• J o 

in 

1 
7 

1- " -

X 
o 
u u c 
•c o 

U 
I 

cn 

E 
c 
ffi 

h CO 

c u c o 

o 
• 

•ao> 
3 n n 

£ o • • • 4 
o n o M < 

N O 3 : 

9 m mia * 

o X a c * ' « « « u t r t n « 4 
« > a •*« >• 0 ' Q « ' « ' • U J ( 0 3 

' X O ' * * ' - * * * B C O W 

=5^ 
! J Z I J n b d u g 9 

u i * c a « 



9SI"9E-

a. a. 

o 
. cu 

u 
(9 L_ O O 
X o 

J3 

8 
e 
B c 
s, 

cn 
o 
E 

o 
CO 

fso-azi-

(U V c. -. -

a u i « * « 3 
C.U o V 

tss-zat-

o o 

o 
cvi 

o u 
CO 

c 
O 

c u o c 
< 



Appf.ndix 4.1.12. GC trace of 4-hydroxymcthylcyclopentenc 

ao.oo-
XT 

3000 

1 
CB-* 500 

Appf̂ nriix 4.T.13. Infrared spectrum of 4-hydroxymethylcyclopentene 

ee 

EB 

i!9J 

48 
Il, l l l l l l l . , . ! 

EB 
Hi iS HB lea IBB 

/^rr-ndiY 4.1.14. Mass spectrum of 4-hydroxymethylcyclopentene 

£28 2« 



\ i 
C3 a . 

- Q , 

u c u 
• c u o. o 
u 

u 
E 
X 
s •a >> 

2 

1 . 

E 
e 
a: 

c 
I 
< 

u u 
^ o 
«« a 

• HDI 

is 

>k *9 a-v*»*'mm m t o : 
I S 



OTB'SE-

BEI'BC-

zoo'ia-

a. o. 

U o 

o 

o 

o 

o 

o 
CO 

U o 



Appendix 4.1.16. GC trace of 3-cyclopentenemethyl p-toluenesulfonate 

BO. 00 

cm-* 500 

Appendix 4.1.17. Infrared spectrum of 3-cyclopentenemethyl p-toluencsulfonate 



- OJ "I J t 

- - 7 

V- in 

z 
r 

u u 
V CI 

^ o 
• o 

. s e n 

X U - ; 

liJ •» c 
> 3 *• 

i n u Q. t 
cDU.cn 

• I « 

3 • « 

I . »r u ** 

3 « - c 

S f l c o 

w •UJtO 3 

M a a g « u 
C • S H M 

a o 

c o 
3 

O 
E w c 
c o 

u 
I 

u o 
V9 

E 
c 

X 

I s « 

o o c < 

J 

' .a 
o 

h 00 



o 

•^tvse-L• IE8-SE-

BOi-Si-

^ u 

b S I O 

—titu— 
O C T O 

N ' O I O U 

5 o « « o V 
O • • « 4 
o * * < n 3 c 

At tn 
a m • >«(o* 

O A<4« « « « 

S v u a a • 
u i « • o ' - ' ' ^ 

3 
5 5 2 968'ZET-

a n c C 
« o o e «5 C O -

e r a M I 

o 
_ c o -

o "a 
VI U c u s 

• 
o 
in • 

« 
E 

> o 
- o te

n 

• c u o. _o 
"3 >» 

O u 1 

m 
1 

m 
• o 
• £ 
• s o is 

00 u o Oi - v> 
-

- o C, 
c 

• O 
cn 

x> 
o 00 
o 

* 

-
)< '•c c u 

< 



E k. u 
€ o 

U 
o 
O 

o O 
CO 

t: c t 
c <; c c 

4J 
E 

u 
C3 

_>< 

•c c u o c < 

c 
I 
o O 

CJ 
o 

O 

A S 5 8 - § u 
e O •<3-



40.00-
XT 

10.00-
4000 

1 — 

3500 
1 — 

2000 1500 1000 
3000 2500 

Appendix 4.1.20. Infrared spectrum of 4-methylcyclopentene 

ear* 500 

S331 92 (1.534) 
1001 

asFS 

0 
27 

51 5.4 
\ 

AO 

6.7, 

65 \ 68 
/ 

82 

81 
79 \ 

60 
t 
80 100 120 

Appendix 4.1.21. Mass spectrum of 4-methylcyclopentenc 



a.1 o 

i 

m 

in 

« c u c u o. _o "o >. 
*>> 

s 
u u 

E 
e 

DC 

>< 
c 

< 

a 
i 

ID 

U \M ̂  

U U 
« a 

^ O 
o n « 

O l * * * ' • 

^ > a 
c • * • * * 

• • L 
IE M • 



08i'ie-

TSB'ie-

099-O*-

000** 
616'̂ -

0 0 ) 0 >» 
M . 0 ) 0 U <2 

o n i • >>« c 

• L • a c a p a a 

Z a 
i « 2 

c o o 
o g c R i « 
a i H C O " * 
'.4 03 a * « a 
u c n v ( n « « 
a u l a x a 
a S c. a u 

M a 
a £ •*« 

o 
in 

o 
ID 

O 

^ s 

u c -u 
e u o. _o 

u 
E 

o u 

E 
c 
O 

CO 

c 
4) 
o c 
< 

o 
<M 

o en 



a. a. 

o 

o (n 

o 

O 
in 

c o 
c u 

>\ u 

o u 
E 

o 
8 
Cu 

o 
00 

o 

o o 

G 

o 

S C i S S 

o 



APPENDIX 5 

Analytical data for Chapter 5 



U 0. 13 

^ i 
o u u 

. Is 

5& 

3 « « 
0 n 1 I — 
i H . Q: -u 01- -a a a I c 
u E • >« a o — 
Q l - U.II1 

c 
11.' 

11 

v: 0 

1-m. 

•o-

o-c: 

TTJ 

« c 
V. 0 ' - - in -
c z c. 
0 u u s 
O B- > 3 
0 c a O' 

•a k . . I . 

a ••'3' 

r 

•0-. 

0 . 

o. N 

lAppf.ndix 5.1.1. G P C trace of P5-1 

0> 

i 

nv. 

•Jin 

if 

a-n o 

3 a» 
0 * « V. 
w k oe « u a V • a 2 e 4's a « • a a>- ILO) 

1 
UI h 
g 
u 

a 

l l 
1% c a 
L a in it 
e** c c 
a u a E 
U 0 > 3 
C -> 
0 c 0 a u » uiu 

a •0 
1. 
• 

• 

•a 
<• 
•o 0 
C u 

in 

o- •* 
5 1 
a - 4 
3 - I 

- i g 
-4 

« « 
•O 1. L 
a n o c ~, 
a « « 
c u u 

1̂ 
8f? 

4 < 

•0 
c • 

•0 
c 

UI 

n 

n 0- « n 0- 0-» r> -0 o tt ft n M w N w •< 

« ri N N M rt Kl 

Apprndix 5.1.2. G P C trace of P5 



- i 

I . 

T, 

av. 

I s 

g 

• 3 t l III 
1. *> T3 
0 I t 4 \ . 
V \. CC f 
u a r 
0 a : c . 

4J 6 0 t • 
g t i _ u 
a t - u . i n 

r . 

?c 
a 
J 

i 

k 0 ui 
e-w c c 
• U S E . 
u » > = 
o ? o 0 
u>-> in u . 

0 
0. 

•o 
CI 

a • 
a c 
> ^ 

" r. 
•0 

•0 0 
c •« 

in 

1 « « 
-a L L 
a i i d 
£ • - H - « 

o « « 

4 •» 

t C 
^ -H 

T3 
C 

Ul 

• L *> 
•a i.-

r i t i 

^pp^ndix 5.1.3. GPC trace of P5-3 

0> 

«. 

I 

o 
L 
O 
> 

Ul 

« 
« 
a 
u 
a 

a 
u 
3 a a 

O O 4 L 
u a Ti a a s c 

M s o 4 . 
a a 
Q H U . ( f l 

a; z 

a-
C': 
>• 

I 
•a-

9 ' 

3< 

0 

no 
M M 

•D 
U 
4 ; 

•D: 

o*c* 

8 

o 
•0' 
•a a i j 
u 

V. 
Q C a 
*' Q s 3 

C -
0 t 0 0 

• H > 
fin 
J n c 

1 k 0 
c -* •J! Z" 
5 a u 
c u a 

QfL c 0 c 
ft. a 3 

•o 
c 

Ul 
in 

S I -
3 J 

g g-

• D L L 
0 J3 H 
C - . 
a « « ' 
£ U U 

t tn 

a. « 
« • • a. 
I f . OL 

• TJ 
S- 3-
^ L 
U. (D 

i 2 s 5 ' 

M N N M M M M 

^PP^nHiy 5.I.4. GPC trace of P5-4 



5:2 

5& 

3 n la 
1. w u -o 
00 

V u K « 
u s -0 
a a I c 
*< fi 0 •« 
a a 

at- i L U i 

n 
•o 
gi 
n 
3 

?.s 
I . z 
z 

L 

TJ 0 
C « 

S 2 

S5 

n c 

3 c 

•o 
c 

ui 

a - -
0- u 

s C L 
E s a 
3 a < 

C - 3 k 
. 0 0 X CO 

-«> C c E 
*i a a J< 

• c a a <• 
I . a lA a 

c • *i ^ « « 0. M
O S i •a I . 1. St 

M
O • u S i a a 

c u « > : c X « c - » ** a 0 
c a c 0 a a <« 1. 
3 lOU E u u -u. 0 

•a — •T 

») 
n «4 

Apppnriix 5.I.5. GPC trace of P5-5 

0. 

u 

nv. 

V. 

o u u 

3 • a 
u*" •'•0 
o I t • t. 
4 ' L K « 
u a Ti 
a a X e 
*> E 0 « 
a a 

Q t - i L i n 

t i l 

i 

0 
CL 

U 
a 

•D 
L 

O 

•o 
a 
a 
3 

n 

0-
• N 
k 
« 
•0 0 

in 

11 

k 
< 
•o 
e • 

| c n E 

•o 

4J 
a c k 
E •H E a k 
•3 a -4 

C - 3 J k 
0 a t in 
-<> C C E 

*j 0 0 
t c a • H -H a « k 0 in 4 i *i a 

I t 4 4 0. 
c c •0 k k a a u a E 
> 3 

0 i> JO •a 
u a 

a E 
> 3 c •-4 I <« 

*t 0 0 
0 c 0 0 0 « k 
u - (n u E u u u. 

0 o 

N M N N n M M 

GPC trace of P5 Appendix 

•9 
0. 



T 
T 
3> k 

>< 
31 

0 
•H 

1 
** a 
•Jt k 

3 a a 
>t k *> 

Q I t a k 
• t V •> •X •% 
c u a T) 

a a I c 
u u E 0 I t 

a a 
13 a - a <n 

T3 
a 
k 
3 
a 
u UI 
I t 

!0 

I . 

•5 

H 1 

1 

o 

k 
a 
•0 

•o 
k 

a c 
> 
k E 
3 

a N 
•a 

IS; 

UJ 

i 
a 

•D 
C 

5 •I 
k o 

n 

•o 
c 

Ul 

z 

I t c a 
0 !D 

4 . <4 ^ 
C c c 
» i ! S s u a > 3 

u c 0 0 
o - i n u 

a 
o « 
£ 1 
a -H 

3 -I 

- g § 

1 5 2 
a I t I t 
E u kl 

J) o 
T 4 

( I iN 

/^pp^ndix 5.1.7. GPC trace of P5-7 

ll 0 • 

•4 

I I 
• 
r l > «4 

c C (D 
«4 

r» m N 
r* 01 

n O 0 
n 
o •0 >4 >• 
—i . 4 «4 

_n 
S 
a 
n 

•o 
1 a I > 
a 0 
E E E 

I -

5 5 
a <t 

tn 
. 1 

H (J 

3 a a 
\ . 4 J » < T J 
g I t I t k 
w k e « 
U S q 
a a 2 c 
' J e o u 
a a - * < 

a>- d L i j j 

o 
0. 
k 
0 
k 
• 

Tl 
a 
a 
3 

a 
a c 

0-
a M 
•0 
k 
^ 0 
C u 

o n 

a 
•o 
k 
• I 

: a 
t c 

•O^" - 4 
c<n z 

n 
-4 

J 
•X 
a 

in 
r< UJ 

•» 

o 
n 
•0 

If
C

lC
H

L 5 
k 
k 
t 

n 
H 

i j 
Zi 
• •a 

n k c 
(J 

If
C

lC
H

L 

• r «4 

«!i u 
a k 0- 44 

QC 0 c •H k 44 
14 0 c «4 S a k 
% 1 3 a -4 j £ 
k " C 3 k 44 
0 1 0 0 I t in 
0*4 - 4 > C c £ 

44 u a 0 
.J « c a. •.4 a « <i k 0 in 44 44 44 a 
l .*4 c 44 I t < I t 
k i t I C C •0 k k cc 
« ^ 0 a u a E 0 a •0 

c u a > 3 JC *4 —1 I I t 

Of*-
c 44 M4 ' 0 0 

Of*- c 0 e 0 0 a k 
4.1a 3 U " in u E U u u. a 

IN N N N N « W 

Appondix S.1.8. GPC trace of P5-8 

ft M ri 
n » n N 
•B > 
CD O T 

o 
tl n . 4 

a 
« a 
k 
a 1 • • 
> 
-t -4 

44 H 
+ 
M > IS 

c 
0 

E z E •a 
•i 
4 0- -

O «r N 
k r» f>4 
K IV •0 r i I 
•4 . 4 rs 
3 n o >• 
U H -4 4< 

• a 
0 k 

i : a 
0. 
a 

«4 
•0 

I ' > > 
a c 0 
E E E 0. 

0 

0. 



J . 

I 

11 

3 a « 
I . - " *>v 
0 t 1 I . 
« L i r •» 
u a Ti 
0 a I c « s 0 •» 

Q H U.U1 

111 
z 
§ 
I -
t i i 
c 
• 

• 

I -

a 

m c a 
L 0 Ul 
C " c c 
a u a E 
u a > 3 
0 C 0 0 
a« mu 

0 
0. 

a 
•o 
L 
a 
M 

a 

a c 
> H 

0-
13 
U 

TI 0 
C V 

a 
o -w 

a -H 
3 J 

g g 

•O L L 
0 a a 
•C -H -H 

I t 
•c 
k. 
4 
•a 
e « 

1=1 
0 c 

•o 
c 

Ul 

a 
a. 

4 4 
U U 

N "T O O N 
N N (M M M n r) 

Appendix 5.1.9. GPC trace of P5-9 

<r 
0> 0-
tK B-
"1 -1 

r> 
"1 o - -

>. 
4 
£ a 

I . 
3 3 a a 
£ 
1- 0 a 4 k 

«i I . K 4 
»• u a •a 

a a I e 
u e 0 4 

M a a <-< u 
•1 U.U1 

Tl 
a 
L 
3 
a 
u Ul 
4 z 

• V. 

t 2 

5̂  

o u u 

i 
c 

I 
u 
a 
•D 

•D 

M 
•o 
a 
a 
3 

a 

" M 

5 

a 

5 

a 
6 

• 3 

II 
u *i 
4 c a 
L 0 Ul 
g t : g i 
u a > 3 
c-> — 
0 c o 0 
w in o 

•a a 
C V 
4 

a 

.5 1 
Ul - 1 

3 -1 

- g g 
*J U 
4 4 

•D I . V. 
a a a 
£ 1 t 
a 4 4 

c u u 

M C 

4 « 

a 
•0 
I . 
4 
TJ 
c a 
< c 

TJ •< ^ 

§ c 
o 
•0 

c 
Ul 

Ul 

i a 
i i 

I . *< 
a I . 
^ 4 
L 
4 Ul 

a 4 
M o 
4 CL 
o: 

i 3 

u. at 

V 1 

[M M M M 

a 
o 
4 
0. 

Appendix 5.1.10. GPC trace of P5-10 



' I ' 
a> > o> > -1 
^̂  * i N •* " 

V. 
4 a. 

<X a 
I . 

•0 3 a a 
V. a f M 
u. 3 a <• 4 U 

S 4 IS fl u a Tl 
T a a I c 

0 4 —t a a 
" Q l - U.U1 

•a 
a 
I . 

3 
O 
u Ul 
4 z 

Si S 

2§ 
^4 

< I 
z 
I -

§ 
z 
u 

a 

l l 

: g £ 

g t : g g 
u a > 3 
c-^ —— 
0 C 0 0 

a 
TJ 
U 
O 

; 5 
u S 
3 
" m 

m 

«?i 
T3 k 4 
Tl 0 

5 ° . 

0< 

51 

- g g 
-< -< 

T l ; : 
S 2 2 
v M -« 
a • 4 
c u u 

4 <l 

ca i r 
3 
0 c 

Ul 
3 

d 

a 4 
K a 

I 3 
u. n 

o e 

a 4 T 
0- N Kl 
N M -4 
o »• 
eg r o 

a 
a 
a 
4 
t. 
; . • • 
^ -< 
*" M H > 

5 

. ^ I * 

g 3 3 S 

I I • > 

ll Si 

frpp.nHix 5.1.11.a GPC trace of P5-11 (calculation for low mass component) 

L 
a 
4 
Tl 
a 
3 

h - I 

a 
I . 
3 
tr 

i 
4<n 

v.*» 

O 

o 
u 
u 

a 
k 
a a • 

k** *>T1 
Q 4 « k 

k e 4 
u a Tl 
• ? ! = *> s 0 <* « a - w 
O K U.U1 

ui 

Ul 

O 

o 
a. 
k 
a 
Tl 
k 
a 
TJ k 
n 
TJ 
a 

I s 
M T 

4 « 
a 
•o k 
4 

T l J S 
c m s 
0 e 

v . -

n 

a 
6 
3 

l i 
it M 
4 c a 
k 0 Ul 
c c c 
a u a E 
u a > 3 
g ^ 0 0 
u - u i u 

a N 
TJ k 
4 
•a 0 
c *» 

Ul 

t 2 

M 

S I 
a 1 
3 - I 

- g g 

1 2 2 
a 4 a 
s u u 

c 
Ul 

111 o 
3 « 

k 
a k 

a 4 
« a 
4 a. 
e 

Tl 
I 4 
0 o •> k u. o 

• 
CD 0- •t 
r) 9 O 
00 N 9 
w* M N 
r> »• N 
•a M a 

<r 
4 
0. 

I 1 I 

N 
+ 
N > o 

c £ £ »• 

1 
•0 V 
O 0-
0- n 
•0 M 

HI 

» k 
a 
a 
a 

Tl 
> 
o 
a. 

Appr.nriix5.1.11.b GPC trace of P5-11 (calculation for high mass component) 



.3 

4r 
». k 
a> a 
- i > 

c 
•1 a 

•H 
k 44 
|» It 
5 44 a 

Ul k 
•a 3 a a 

19 k 44 " TJ 
3 44 0 It <t k 

It 44 k X 
a u a a 

a a 1 c 
u 44 E 0 It 

1 CL a a .> 44 
•1 (3 u.vn 

T] 
a 
k 

3 
u Ul 
4 

u k 

•o 
k 
n 
•D 
a 
a 
3 

a 
a c 
> H 

0-
m M 
k 
t 
•o 0 
c 44 

44 44 

a 
•o 

« c 
• C " -4 

z 
i = 

o 

4 
11 
0 

0 
iX 
0 
J 

in 
I 
0 

ID 
0 

Ul 
z 
Ul f l 

IV 
.a 
0 
u 

k 
k 
It 
z 

r . 
. 4 

T
D

L
IJ

 

r ) 
r! 
-4 

u 
*" *" 

a a 
44 a e •H k 44 

E -4 E a k 
3 a j£ It 

C - 3 -1 k 44 

0 a It ID 
e C E 

44 44 0 0 ji 
It c a -.4 a •9 
k 0 in 44 44 44 a c 44 -H 44 « « « a. 

2 C 44 c e u k k K 
0 a u a E 0 a a TS 
c u a > 3 £ -H 3 It 
il C - i 44 0 0 
c 0 c 0 0 a a I I k 
3 U " in u E u (J IL a 

1 r i N M r i r4 N M n ^ 

< r . -
a <f > 
-1 h »• 
n » o 
N o .4 
O N -4 

a 

S « I 

1°: . . 
, . 4 -0 -4 
I . . 4 -0 | V 

t 0- - -a 

y T " <r 

Appendix 5.1.12. GPC trace of P5-12 ii 

k 
a 
a 
a 

•H 
•0 

• > 

n 

i 

1.̂  

u 
& 
a 

V 
a 
k 

•H 
3 
a 

a 
k 
3 a a 

k 4 4 4 4 ' 0 
0 « « k 

4< k K < 
u a -a 
a a 2 c 
44 g o « 
a a - 4 4 

Q i - iLin 

a 

ll 
44 44 
« c a 
k o in 
44 -.4 44 
C 44 C C 
a u a E 
u a > 3 
0 c 0 0 
u*-! i n u 

0 
a. 
k 
u 
•a 
k 
o 

n 
•D 

Ji 
IV 

T) 0 
C 44 

in 

t 2 

o 
£ E 
a -4 
3 J 
C C 
0 0 

It < 
•D k k 

44 M .M 
a « « 
E U U 

. 4 i H 
M M 

•D 
c a 

c m E 

^•44 
M 
n 
6 

•0 
c 

Ul 

•Jl 
z . . 

a - -
k 44 
a k 
k 44 
19 in 

4 ; 
0 19 

4 , g, 

1 1 
k 

u. a 

N -0 
a r> r i 

, 0- -0 
^ l ^ o 
3 0- -n 

M n N r i r i n M n ; 

a 

a. 

Appendix 5.1.13. GPC trace of P5-13 



1 

5 

•0 

k 

•J 

»2 i 
0 

3 u a 
k . " ^ -0 
0 4 4 k 
* i k IE H 
U O 3̂ 
a a i c 
.UE 0 4 

oi-u.cn 

u 
u ** 
« c a 
k O Ul 

u 
c c 

au a s 
ua > 3 
c-^^ <-» 
oc 0 0 

L ^ ' U l U 

s £ «• 
0 tir. 
c 10 i"< 
> 

10 i"< 
—' «4 

0 
0. «•) r--. 
k 
CI 

Tl 
k 
a If •? 
TJ 
k ta 

Tl k 
a 4 
a 
3 c a 

n 4 c 
a c T J - 1 
> CUI £ 
I , 
3 0 : 

U CD 01 
^1 

u 
Tl 

ih Jl 
f l 

k 
4 
Tl 0 
C 41 V 
4 c 

Ul 

a 

S 1 
a -H 
3 -1 

- g g 
TJ k k 
o la i i 
c -< -< 

4 4 
u u 

r -
o e 

0 - . 

o o 

k 41 
a k 

a 4 
a 

J I 

HJ 

<3 M •« O O I f » m (D O 
-« rt N IN M 

CD O N 
r< n M 

r . M T 

IS O O 
r i -• tl 
CI - a 
3 n ts 

Q 
4 
k 
5 ' • " 
! ; • ' " > 
C £ £ £ 

11 . . 
|« 0- rt I 

a c z 
£ £ E 

Appendix 5.1.14.a GPC trace of P5-14 (calculation for low mass component) 

• 
ll> l ^ 
D> » rt •i rt >0 M 
k k 
J • 4 £ 
a 3 

C 

M 

rt rt 
Tl 
a 
k 

rt 3 
a 
u 
4 

r. O 

.5̂  
§̂ 

4<n 
- ' a 

3 • a 
k * < f-a 
0 < 4 k 
V k ' C 4 
u a V . TJ 
a a s c 
V s:o 4 a a rt4i o>-u.ui 

Ul 

1 
o z 
u 

I I 
« C 01 
L 0 U) 

gu Si; 
u a > 3 
0 c 0 0 
CJrt u u 

0 
0. 

k 
» . 
•c 
^ . 
•D 
k 
M ' 
•o 
a 
a 
3 -

" (D 

k 
4 
Tl O 
C *> 
4 41 
Ul-

s> 
k n 

a 
o w S I 
I t H 
3 - I 

- g g 
- i -« 

Tl J S 
iJ u 

r - rt rt 
a 4 4 
£-L> IJ 

SI 
n o 

4 1 V 
4 4 

a . 
TJ 
k • 

M 
V rt 

o 

O 

TJ 
c 

Ul 

o 
M 

4 
X 

I ? 
O 0 
rt k u.' a 

a ' 
OL-I 

N f< r< r i M M M 

Appendix 5.1.14.b GPC trace of P5-14 (calculation for high mass component) 



IK 

•a 

n k 
a.a 
•^•^ 
k 

% 
tit 

ll 

c 
k 
« 
E 

a 
u 
It 

3 e a 
k 44 44^0 
0 I t i» k 
44 k CC It 
u a Q 
a a 2 c 
41 E 0 « 
a a -44 
a i - i o i 

c 
> 
0, 

0 . 

k 
a 
•o 

n 
•a 
a 

a c 
> -1 
k E 
3 

U m 

a 11 
V 
k 
19 
•o 0 
C V 
19 

a 
I 
u 

I -

ui 

•a 
c a 
t c 

•0 44 -
C'Jl E 
a c 

IN 
O 

•o 
c 

Ul 

o Ul 
p» i i j M 
m r i 

r i 

a 
u 
44 

-
a c -.4 k 44 
E -.4 E 8 k 
3 a J4 19 

C - 3 k 44 
0 0 « in 

> C C E 
44 44 0 0 ^ I t e a •44 a I t 
k 0 in 44 44 44 a 

c 44 -.4 44 I t • t c 0. c 
C 4 4 e c TJ k k e 

a a u a E 0 a n Tl 
c u a > 3 £ -.4 • H X I t 
j e 44 0 0 
c 0 c 0 0 a 13 I t k 
3 in u E u u tk 

C ( N > r - 0 O O N < r J O I ' l -0 OD O (N T 
CN (N n CN (N M n K) 

41 n 41 
•a IN fl>' 
O <r 9-
-4 O T 
» •« -4 

a 
a 
a 
2 

<i - • 

« I I M 

? = = 

•9 5 " 

£ 1 

TI 
> 

Appendix 5.1.15.a GPC trace of P5-15 (calculation for low mass component) 

1 

ML 

is 

5& 

k 
4 c 
TJ 

I 

U 
u 

a a a 
k 4 4 44-0 
0 <l « k 
44 k e I t 
U 9 •O 
a a I c 

44 S 0 « 
a a - 4 4 

Q I - I L U 

Ul 

z 
I -
Ul E 
X. 
a 
I 
u 
a. 
I -

i 
c 
>> 
o 

OL 

M 
'D 

I 
" m 

n 

I 
n 
•a 0 
C 44 
I t 

44-
Ul 

t2' 

11 
U N 

44 V 
< i | 

k 
I t 
•a 

J I 
c<n E 
§ c 

M 
M 

TJ 
C 
Ul 

01 44 
a c -4 k 44 

s E a L 
3 a •H JC < 

e - i 3 _ l k 44 
0 0 19 in 

- 4 > C c- E 
44 • 44 0 0 j £ 
< c a • 4 • H * a I t 
k 0 in 44 44 44 a 

c 44 . H 44 H 19. 19 Q. 
0 C*" c c Tl k k K 0 a u a-E 

> 3 
0 Jl TI 

c u a 
a-E 
> 3 c • 4 • - 4 I a 

A: c-> C 0, 
c 0 c 0 0 a « 4 

0, 
3 u - (OU U Ik 

o n . J . o . o I N . T 

l A 

N «r o • D O (N «• 
(N n PI N n M M 

rt rt n 
0- M 
r i o 

B 
a 
a 
J 
5 • 

J * . 

I B 

+ 
N > 

n 

0- - 4 

•0 
ft T 
n 0- g 
r i 
GB o >• 

•4 44 
*4 
a 
k 
a 
a 
a 

*4 
Tl 

1 1 > 

c ; •0 
E- E OL' 

Appendix 5.1.15.h GPC trace of P5-15 (calculation for high mass component) 



Tl 
I 
1 

3 a a 
k4l 41^0 
0 4 4 k 
41 k l£ 4 
u a Tl 
ao . I c 
41 e 0 4 
a a X41 
o>- u. J l 

z 
u 

a 
TJ 

n 
TJ 

3 
a 

; s 
k £ 
3 
" M 

in 
» N 

TJ 0 
C 41 

Ul 

^ 2 

^5 

4 4 
I t 

TJ 
k 
4 

Tl 
c a 
•» c 

T3 rt 
CUI £ 
i = 

^rt 
o 
C-4 

• k O 
G 

X z w rt 
U 

a k 0' 41 
QC 0 c k 41 
4.Q e 6 a k 
4 1 3 a u 4 
k*l c - 3 J k 41 
Q4 0 0 4 Ul 
a*l rt> 

41 
41 rt on

 
on

 £ 
Jt 

4 C a rt rt tt 4 
4 k 0 Ul 41 41 41 a 

k*! c 4«rt 41 4 4 4 0. 
''S 0 C*" c e Tl k k X 0 a u a 6 

> 3 
0 i l n •D 

c U 0 
a 6 
> 3 rt rt X 4 

41 0 Q 
c 0 c 0 0 a 4 4 k 

0.13 3 U r t u u £ u u u. a 

c-i 
PI n 

•> 0- 1 

K) rt J 
0 O Jl 

T i> o 
."I o r i 
V T rt 

M 
a 
Q 

^ i I' i 2 

I IN O 

L 5 
41 rt 

,= n M 

a c 
£ £ 

0 
a. 

Appendix 5.1.1fi.a GPC trace of P5-16 (calculation for low mass component) 

V 
a-

a> 0-
rt ^ a 
M 

k k 
4 4 

t £ a 
k 

Tl TJ 3 a a 
j [ a k41 41 Tl 

2 0 « a k 
41 k C 4 

O u a Tl 
N a a I c 

41 S 0 « 
O a a rt 41 

•1 rt o > - U.U1 

Tl 
a 
k 
rt 3 
u Ul 
4 z 

iTi 
M 

i 
c 
> 
o 
a. 
k 
a 

TJ 

X 
a 
-t 
z 
u 

It 
n 

a S 
Tl 
k 
4 
TJ 0 
C 41 UI 

1:2 
Mk O 

u T
R

 4 
z «J l 

1 ^ u a 
k a> 41 
°5 a c rt *<o c E 
4-< 3 a rt k*! Crt 3 _1 
0<> 0 0 rt> c c 
•gUl 41 41 rt 0 0 
•J 4 C a rt rt 4 k 0 Ul 41 41 
k*! c 41 rt 41 4 4 
*;! 0 C41 e c TJ k k 0 a u a E 0 i l a 

c u a > 3 £ rt rt 41 
c 0 c 0 0 a 4 4 

4,0 3 (Jrt UIU £ u U 

a a 

H 
i N f J 
. 1 ^ 

4141 
4 4 

a 
Tl 
k 
4 
•o 
c a 
• t c 

Tlrt rt 
CM £ 
0 C 

T] 
e 

Ul 

k 41 
a k 

4 
k 41 
4 Ul 
£ 

41 a 
2 

O 0 
— k 
u. a 

I I r i 

O N N N M CI 

CI 

Appendix GPC trace of P5-16 (calculation for high mass component) 



CK 
0> 

I 

-4 0-
-1 o 

5^ 
2§ 

•0 

8 
u 

3 a a 
k 4 4 V T I 
0 I t I t k 
44 k i£ 4 
u a T ] 
a a 2 c 
44 e 0 4 
a a - 4 4 
at- u.in 

I 

o 
- I 
z 
u 

cc 
I -

l i 
44 44 
4 0 a 
k 0 Ul 
44 -1 44 
C 4 4 C C 
a u a E 
u a > 3 
0 ^ 0 0 

E 
0 
c 
X 

o 
0. 

n 
•a 
a 

a c 
> - 4 
k E 

5o 
•0 
o 

a r i 
TJ 

TJ 0 
C 44 

in 

z 

O 44 

£ 1 

g g 
4 4 

•O k k 
a n a 
£ - 4 - 4 
44 — <M 
a 4 4 
E U U 

a la 

is 
rlT 

44 44 
4 4 

T l 
c a 

Tl25 
ca i E 

IN 

Ul 
Z 

d 
I -

4 
a 
tk 

r i -1 

n " n 
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(analysis of the sample of 1.3% concentration; calculation for low mass component) 
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