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ABSTRACT 

This t h e s i s describes work on the r i n g opening p o l y m e r i s a t i o n of 

some l i g h t l y f l u o r i n a t e d and c h l o r i n a t e d p o l y c y c l i c monomers. The t h e s i s 

i s d i v i d e d i n t o t h r e e chapters. 

The f i r s t chapter reviews the u t i l i t y of the metathesis r e a c t i o n i n 

organic chemistry i n general and polymer chemistry i n p a r t i c u l a r . Present 

understanding of the value and l i m i t a t i o n s of the r e a c t i o n i s discussed 

along w i t h r e l a t e d mechanistic and t h e o r e t i c a l background. 

The second chapter i s concerned w i t h the sy n t h e s i s , c h a r a c t e r i z a t i o n 

and p o l y m e r i z a t i o n of some new f l u o r i n a t e d monomers. The way i n which 

the choice of c a t a l y s t can i n f l u e n c e the d e t a i l s of polymer chain 

m i c r o s t r u c t u r e i s discussed f o r the p a r t i c u l a r case of polymers prepared 

from 2 , 3 - b i s ( t r i f l u o r o m e t h y l ) b i c y c l o [ 2 . 2 , l ] h e p t a - 2 , 5 - d i e n e using tungsten 

and molybdenum based c a t a l y s t s . Catalyst s e l e c t i v i t y i n the p o l y m e r i s a t i o n 

of endo/exo mixtures of isomeric monomers i s also examined. 

The t h i r d chapter describes work d i r e c t e d towards the synthesis of 

polya r y l e n e v i n y l e n e s . The main p a r t of t h i s chapter i s concerned w i t h 

the s y nthesis, c h a r a c t e r i z a t i o n and examination f o r p o l y m e r i z a b i l i t y 

by metathesis r i n g opening, of a range of c h l o r i n a t e d b i c y c l o [ 3 . 2 . l ] o c t a -

2,6=dienes„ I t i s concluded t h a t the presence of a 4~endo c h l o r i n e atom 

i n such molecules acts as an i n h i b i t o r f o r p o l y m e r i z a t i o n without a c t i n g 

as a c a t a l y s t poison. 
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CHAPTER 1 

RXKG-OPENING POLYMERIZATION 

VIA 

OLEFIN METATHESIS 



i <= 

1.1. H i s t o r i c a l Background of Ring"opening Polymerization by 
O l e f i n Metathesis Catalysts 

Ring=opening p o l y m e r i z a t i o n of cycloalkenes may be considered"*" as 

a bond r e o r g a n i z a t i o n process, whereby f o r every bond which undergoes 

s c i s s i o n i n the c y c l i c monomer,, a new and s i m i l a r bond i s formed i n t h e 

polyalkenamer and/or macrocyclic product„ as shown i n Figure 1 „ 1 . 

HC=CH-

( C H 2 ) N 

- •HC = CH- ICH 2 ) 

H C = = C H ^ 

(C.H 2) N ( C H 2 ) N 

\ c = 4 C H jp 
Figure 1 „ 1 . 

That i s 0 d u r i n g ring=opening polymerization„ the t o t a l number and 

type of chemical bonds i n the system remains unchanged„ This r e a c t i o n 
2 

i s s i m i l a r t o a r e a c t i o n of a c y c l i c alkenes r e p o r t e d by Banks and B a i l e y 

i n 1 9 6 ^ 0 see Figure 1 . 2 „ and i n i t i a l l y described as o l e f i n dispropor= 

t i o n a t i o n . 

R 1 H C = C H R 1 

R 2 H C = C H R 2 

R'CH 

2 " R Z C H 

CHR 
li . 
CHR" 

Figure 1 . 2 . 

I n I 9 6 7 e Galderon et al*^ were the f i r s t t o use t h e term " o l e f i n 

m e tathesis 0 f o r t h e o v e r a l l r e s u l t of these r e a c t i o n s and l a t e r i n 1 9 6 8 P 

4 5 

Calderon and Wassermann recognized ring=opening p o l y m e r i z a t i o n as a 

s p e c i a l case of o l e f i n metathesis <, 

These t r a n s f o r m a t i o n s are induced by a t r a n s i t i o n metal system 

which i s f r e q u e n t l y s i m i l a r i n composition t o t h e Z i e g l e r - N a t t a c a t a l y s t s t 

2 3 SEP 



- 2 = 

and r e c e n t l y i t has been suggested t h a t the two processes are mechanis~ 

t i c a l l y r e l a t e d . ^ 

Probably the f i r s t d e s c r i p t i o n o f t h e ring-opening p o l y m e r i z a t i o n 

r e a c t i o n catalyzed by a t r a n s i t i o n metal was reported by Anderson and 

Merckling i n 1955, when they s u c c e s s f u l l y polymerized b i c y c l o [ 2 . 2 „ l ] -

hept=2=ene t o a high molecular=weight polymer using a mixture of 

t i t a n i u m t e t r a c h l o r i d e a c t i v a t e d by reducing agents„ 
8 9 

Later, T r u e t t and coworkers ' showed t h a t the c a t a l y s t system used 

by Anderson and Merckling worked by ring-opening i f the molar r a t i o 

T i s A l was l j 2 . They obtained a f l e x i b l e polymer i n 3 0 % y i e l d and, on 

the basis of chemical and spectroscopic ( i . r . ) a n a l y s i s , concluded t h a t 

t h i s b i c y c l o [ 2 . 2 o l ] h e p t ° 2 = e n e polymer had a s t r u c t u r e c o n s i s t i n g of 

l , 3 ~ c i s s u b s t i t u t e d cyclopentane r i n g s which were interconnected by 

trans=vinylene groups. Figure l „ 3 o 

H 

n H 

n 

F i Figure 1 . 3 

ISxpanding Anderson and Merckling°s work, E l e u t e r i o d i s c l o s e d an 

a d d i t i o n a l c a t a l y s t combination d e r i v e d from molybdenum oxide on alumina, 

a c t i v a t e d by hydrogen r e d u c t i o n and f u r t h e r reacted w i t h aluminium hydride!, 

which was capable of i n d u c i n g the ring=opening p o l y m e r i z a t i o n of a v a r i e t y 

of monocyclic, b i c y c l i c and t r i c y c l i c o l e f i n s . I n the case o f cyclopentene, 

trans=poly(l=pentenylene) was formed w i t h a high degree o f s t e r e o r e g u l a r 

s t r u c t u r e but only i n low y i e l d . 
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I n I962 0 Natta and coworkers reported the successful rlng=opening 

polymerization of cyclobutene employing Ziegler°type c a t a l y s t s . Later „ 
12 1^ 

the same authors 5 J demonstrated the p o s s i b i l i t y of producing stereo-

regular polymers from cyclobutene using di f f e r e n t c a t a l y s t systems and 

reaction conditions," some of t h e i r r e s u l t s are l i s t e d i n Table 1.1. 
Table I d . Ring-opened Gyclobutene Polymers Prepared Using Transition 

Metal Catalysts 

Catalyst System Polymer Structure Reference 

TiCly'Et^Al/n-heptane Predominantly c i s 11 

TiCl^R^Al/toluene Predominantly trans 12 

MoCiyEt^Al/toluene Predominantly c i s 12 

RuCl^/h^O 5 0 / 5 0 c i s and trans 1 3 

RuCl^/EtOH Trans 1 3 

I n 1964, the same authors investigated tungsten and molybdenum 

halides i n combination with organoaluminium compounds as c a t a l y s t s f o r the 

polymerization of cyclopentene by ring"opening under mild conditions, and 

were able to prepare high cis= and trans-poly(1-pentenylene). This 

disclosure triggered an avalanche of research a c t i v i t y on ring-opening 

polymerization of cycloalkenes. 
15-17 

I n I9675 Calderon and coworkers reported r e s u l t s on the metathesis 

of a c y c l i c alkenes with tungsten-based homogeneous catalysts„ A unique 

metathetic transformation occurred rapidly under mild conditions (Figure 

l o 2 0 ) when a c y c l i c alkenes were treated with a ca t a l y s t derived from 

tungsten hexachloride (or th© product of the reaction of equimolar amounts 

of tungsten hexachloride and an alcohol) and an organoaluminiua compound. 

The contribution of t h i s work to the evolution of the o l e f i n metathesis 

concept was s i g n i f i c a n t as i t confirmed that the seemingly unrelated o l e f i n 
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disproportionation and the cycloalkene polymerization reaction are 

special cases of an entirely new transit!on-=raetal»catalyzed reactionO 

These authors also point out that a raacrocyclization process accompanies 

cycloalkene metathesis. 

This observation was the beginning of a large increase in the number 

of papers concerned with ring-opening polymerization by olefin metathesis 

catalysts, and already many reviews of the expanding literature of the 
1 IS-2*4-

topic have been published, ' the more general aspects of the olefin 

metathesis reaction have also been extensively reviewed. 

1.2. Olefin Metathesis Catalyst Systems 

Metathesis catalysts promote two main types of reaction namely ring-

opening polymerization of cycloalkenes and disproportionation reactions of 

acyclic alkenes, although governed by a common mechanism, these reaction 

differ in many chemical, kinetic and thermodynamic aspects, and this 

results in different catalyst efficiencies, operating conditions and 

applicabilities. A wide variety of transition metal derivatives from 
22=37 

Group 1VA-V111A have been reported to exhibit metathesis activity, 

by far the most important and practical catalysts are based on tungsten, 

molybdenum and rhenium. Generally, olefin metathesis catalysts are 

classified in two main categories! heterogeneous catalysts and 

homogeneous catalysts„ 

lo2„a. Heterogeneous Catalysts 

Generally, heterogeneous catalysts are comprised of two main 

componentsg a high surface area support, such as alumina or s i l i c a , on 

which i s deposited a transition metal promoter such as oxides, sulphides 

or carbonyls of tungsten, molybdenum or rhenium. Usually, a third 

component i s introduced to reduce the poisoning of the catalyst and to 
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increase the reactivity or to reduce side reactions such as double bond 

migration. Heterogeneous catalysts are used in the continuous flow type 

of process at elevated temperature and generally without diluent, hence 

they are not convenient for ring"opening polymerization of cycloalkenes. 

Historically, l l e u t e r i o 1 0 was the f i r s t to report the polymerization 

of cycloalkenes by heterogeneous catalysts. Since then, several other 

systems which are capable of catalysing ring-opening polymerization have 
3Q 40 

been described t such as ammonium perrhenate, ' mixtures of oxides of 
ki Lp in Re, W or Mo with oxides of K, Ru, S or Co ' and recently Re^-Bu^Sn. 

1.2.b. Homogeneous Catalysts 

Galderon et a l ^ were the f i r s t to describe homogeneous catalysts for 

olefin metathesis using the WClg/EtOH/Et^AlCl catalyst system. Arguments 

about the exact structure and mode of action of particular catalysts are 

frequent, and indeed the designation "homogeneous'' has been questioned for 

several systems,^ 

Generally, homogeneous catalysts consist of a transition metal 

derivative (usually of W, Mo or Re) as main component. A second component 

i s added as cocatalyst which increases the activity of the catalyst system, 

andathird component may be added as activator or modifier. 

These catalyst systems are applicable to both acyclic and cycloalkenes, 

and may act on neat monomer or i t s solution in an inert solvent. Homogeneous 

catalysts are classifed i n three categories below. 

1.2.boi. One°component Metathesis Catalysts For Ring-opening 
Polymerization 

Generally, ring"opening polymerization by this type of catalyst i s 

initiated by halides, oxyhalides or stable carbene complexes of the 

transition metal. Hydrates of RuCl^, OsCl^ and I r C l ^ in alcoholic solvent 
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such as ethanol were the f i r s t single component catalysts to be used for 

ring~opening polymerization.^>^5^7 Later, several transition metal 

derivatives were shown to be capable of polymerizing cycloalkenes, 

including WGl^, TOr^, ReGl^ and P h W C l ^ ^ 5 0 

Stable W(0) metal«=carbene complexes have also been reported^"^ to 

ring~open several cycloalkenes„ Generally, there are two main types of 

metal~carbene complexess (diphenylcarbene) complex (1) which was f i r s t 

synthesized by Gasey^^ and (phenylmethoxycarbene) complex (2) which was 

synthesized by F i s c h e r f ^ see Figure ls4„ 

C 6 H \ C 6 H 5 

C = W{CO)c C = W(CO)c 

C e H / CH 3 CT 

(1) (2) 

Figure l.k. 

Recently,, other transition metal-carbene c o m p l e x e s ^ 7 have been 

developedp see Figure 1„5. 

R 1 ^ M = W, Cr 

C = M ( C O ) 5 R 1 = 0 C H 3 S C 6 H 5 

R D 2 R = C H 3 „ C 6 H 5 

Figure 1.5. 

Transition metal=carbene catalysts are reported^ to give high cis= 

stereospecificity„ as shown in Table 1„2„ Their reactions are generally 

cleaner and without the side reactions which sometimes occur with more 

complex systems.,-" 
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Table 1.2. &B°stereospecificity In Polymerization Initiated By Stable 
Metal°carbene Complexes 

Metal°carbene 
Complex Monomer 

% Cis 
(Polymer) Reference 

(CO)5W»C(OCH3)C6H5 Gyclobutene 92 51 
(CO)5W=C(C6H5)2 Cyclobutene 92 5^ 
(C0)5W=C(0GH3)C6H5 Bicyclo[Zc2„l]hept-2-ene 95 51 
(CO)5W=C(C6H5)2 Bicyclo[2 s2.l] hept~2-ene 7? 

1 — 
54 

1.2„b.ii. Two-component Metathesis Catalysts For Ring-opening 
Polymerization 

Generally, these catalysts consist of a transition metal derivative as 

f i r s t component with a second component as cocatalyst, preferably aluminium 

or t i n compounds which increase the activities of the catalyst systems. 

The catalyst consisting of TiCl^LiAlCCyHj^)^ was the f i r s t 
7-9 

homogeneous catalyst for ring-opening polymerization. Later, Natta and 

coworkersll»l4,60,6l ^ g ^ ^ several combinations which are similar to 

Ziegler-Natta type catalysts. 

A cocatalyst derived from alkyl or aryl t i n compounds was introduced 
62 

by Hein and found to be capable of inducing ring-opening polymerization 

of several cycloalkenes. Many two~component catalysts derived from 

combinations of tungsten or molybdenum derivatives with several cocatalysts 

were introduced,, but there was a problem of exact definition and 

reproducibilityo ̂ 2 ' ^ 

The stereoregularity of polyalkenamers obtained in the presence of 

two-component catalysts, depends on numerous factors, such as catalyst 

composition, polymerization temperatures14„20 p49,64 t y p e o f c o c a t a i y S t s 1 , * ' 0 ' ' 64 57 6 l ° f 

type of cycloalkene, " variation^ratio of transition metal to 
c o c a t a l y s t a n d concentration of monomer^ 
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Metal~ carbenes such as the Fischer Garbene can be activated by 

T i C l ^ 6 - 5 ' 6 6 or a l k i e s , 6 ? 5 6 8 but the role of this activator i s not well 

understood. Compounds such as EtAlC^p which are normally regarded as 

cocatalysts„ have been reported^"70 ^Q ^ c ap a^2e of inducing ring" 

opening polymerization with some cross~linking. Recently, oxygen has been 

reported2-^ '71=73 ̂ 0 as activator for ring~opening polymerization 

without a requirement for other cocatalysts. 

1.2.b„iii. Three-component Metathesis Catalysts For Ring-opening 
Polymerizati on 

In some cases, activators or modifiers were added to the two 

component metathesis catalysts. An activator was f i r s t introduced by 

Dall 8Asta and Corella, who found that these system have advantages 

such as good reproducibility, increased sta b i l i t y and solubility of 

catalyst in the reaction medium, high polymerization rate and polymer 

conversion, low catalyst conversion and reduced side reactions. 

Generally, the activator i s an oxygen containing compound such as alcohol, 
75 

oxygen or water*, Recently, i t was reported that unsaturated organic 

halides such as 1,2-dichloroethene activated the catalyst system in the 

polymerization of cyclooctene and produced low trans-contents as compared 

to the untreated catalyst„ 

In some cases, the third component acts as a modifier, thus addition 

of a Lewis base may suppress side reactions such as isomerization or 

Friedel°Craft activity,,^^°7^ Similarly, Ivin and coworkers''0 have shown that 

several metathesis catalysts for ring-opening polymerization do not give 

a pure metathesis polymerization product, they used bases such as 

sarpatein or pyridine to suppress cationic polymerization. 
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Rocsatly p new thr©©~conpoa©at catalysts consisting of an oxide of W 

or Mo, with an halide of P, Al, B„ T i , Sn s U or Si and EtgAlCl or 
79=81 

LiAlH^ have been described,, 

I„3o Mechanistic Aspects of RLng^opeaing Polffiaerig&tion 

Cycloalkene monomers c&a undergo polymerization by two distinct 

pathwaysp " Figure 1.6. 

( i ) Path A, doubla^bond opening, i s conventional addition 

polymerization. The polyraer produced by this path i s saturated and 

ret a i l s the cyclic unit s 

( i i ) P&th Bp ring°openiag„ results in a retention of uasaturation 

and loss of a ring system0 The total msaber and type of carbon=carbon 

bonds being the same bsfore aad after the polymerization,, Path B may 

produce linear aad/or macrocyclic products. 

Path A 

f 
Path B 

q 
HC=CH-, 

HC"CH> 

HC—C 

Figar® I060 

the products derived fro© 

from both Path A aad 

Metathesis catalysts give predoaisesitly 

Path Bp although in naay eases products 

Path B caa bs d e i © c t © d 0
1 2 " Z 1 ° 2 U > o 8 2 " 8 3 

cycloalkeae aad the typ© of polymerization observed depends closely"' on8 

Generally,, the activity of the 
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the ring size of the cycloalkeneg the degree of substitution? whether the 

ring i s part ofomono or polycyclic system} the nature of the metathesis 

catalyst? and the polymerization conditions. 

I„3°a„ The Overall Result of fling^openiag Polymerization 

The f i r s t problem to be solved was the identification of the bonds 

which are broken and made during the reaction,, There are two possible 

reaction schemes s 

( i ) a transalkylation scheme, which involves cleavage of a carbon-

carbon 3ingle°bond adjacent to the double-bond as shown in Figure i„7e 

H 

HC 

n<H2C)-

(CHU 2'n 

/ CH 

HC 

N ( H 2 C ) 

/ 
H 
C. 

( C H 2 ) N 

VC 
H 

CH 

Figure 1.7. 

and ( i i ) a trans alky lidenati on scheme, which involves the cleavage of 

the double-bond i t s e l f as shown in Figure 1.8. 

HC 1—:CH 

•CM 

(CH 2 ) N 

Figure l\8. 

Calderon proposed the transalkylidenation scheme for ring-opening 

polymerization of cycloalkenes and metathesis of acyclic alkenes 0 ruling 

out Natta°s earlier proposal of transalkylation. Later, Dall°Asta and 

Motroni 21,85 provided direct experimental evidence that in ring=opening 
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polymerization of cycloalkenes t the cleavage occurs at the double-bond,, 

This was done by copolymerization of samples of cyclooctene and cyclopentene 
14 

in which the cyclopentene vinyl carbons were labelled with C. The 

resulting polymers may have the structures shown in Figure 1.9„ depending 

on whether cleavage takes place at the double-bond or at the carbon= carbon 

single=bond adjacent to the double~bond„ Ozonolysis of the copolymer„ 

followed by reduction produced the glycols shown in Figure 1.10. 

, C 8 , C 5 , C 8 , 
^ C H - ( C H 2 ) 6 - C H = t * H — ( C H 2 ) 3 — C H = ^ C H — ( C H 2 ) 3 - C H ^ = 

double-bond cleavage 

Cg C 5 ^ Ce ( 

^ C H = C H - ( C H 2 ) 6 - L c H = C H - ( C H 2 ) - ^ C H = C H — ( C H 2 ) 6 - i -
allylic-bond cleavage 

14 
Figure 1.9. (« denotes G labelling) 

HOH 2 C- (CH 2 ) $ =CH 2 OH + HOH 2 C- (CH 2 ) 3 -CH 2 OH^HOH 2 C- (CH 2 ) 6 -CH 2 OH 

Glycol mixture derived from double-bond cleavage polymerization 

HOH 2 C- iCH 2 ) 6 -CH 2 OH4-HOH 2 C- (CH 2 ) 3 -CH 2 OH+HOH 2 C- (CH 2 ) 6 -CH 2 OH 

Glycol mixture derived from allylic-bond cleavage polymerization 

Figure L I P , 
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They showed that essentially a l l starting radioactivity was retained 

by pentane diol. 

Confirmation of this result was obtained from analogous studies of 

l l i n g , 
16,^3,87,88 

cyclobutene/3=methylcyclobutene copolymer! z a t i o n ^ using "̂ C labelling 

and related studies using deuterium labelling of acyclic alkenes. 

1.3°b. The Detailed Mechanistic Pathway of Metathesis Ring-opening 
Polymerization 

The detailed mechanistic pathway i s more complicated and d i f f i c u l t to 

establish, i t has been the subject of many investigations, and several 

mechanistic proposals. Three schemes for the transalkylidenation 

pathway have been proposeds= 

( i ) the intermediacy of a 4Quasi-Cyclobutane8,17e26«89 

( i i ) a metallocyclopentane intermediate,^ 0"^ 

and ( i i i ) a process involving metallocyclobutane/metal-carbene 

intermediates.^'^ 

To date, the most widely accepted mechanism for both metathesis of acyclic 

alkenes and ring=opening polymerization i s the third proposal which w i l l 

be examined in more detail. 

1.3.C Metallocyclobutane and Metal->carbene Intermediates in Ring-
opening Polymerization 

This non=concerted mechanism which involves an alkylidene interchange 

via a metallocyclobutane intermediate was proposed by Herrisson and 

Ghawin 7 and the essential idea i s shown in Figure 1.11. 
H R, R 5 R 2 

\ r K / 

+ 
H 

+ 

/ R 5 

e 1.11. 
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Although various pairtd.se macrocyclization mechanistic rationalizations 

were popular for several years, there i s much evidence for this mechanism 

and i t i s now generally accepted that ring°opening polymerization of 

cycloalkenes proceeds via chain reaction with the carbene as the chain 

carrier. Some of the main evidence supporting the Ghauvin mechanism as 

opposed to a pairwise macrocyclization i s listed below. 

( i ) High molecular=weight linear polymer i s observed as the main 

fraction in the ring=opening polymerization of cyclooctene and cyclo~ 
96 

dodecene. 
( i i ) High molecular-weight polymer i s obtained when the ring-opening 

37 97 
polymerization i s terminated at low conversion, ' which i s 
characteristic of a chain process as opposed to step-growth process. 

97 
( i i i ) In early work,7' the use of very small quantities of PhCHN2 with 

WClg or MoClj- lead to polymerization which was rationalized i n terms of 

the formation metal-carbene complexes as shown in Figure 1„ 12. 

C 6 H 5 C H N 2 + MXn C 6 H 5 C H = M X n + N / 

Figure 1«12. 

The major breakthrough in support of the metallocyclobutane/metal-

carbene pathway was the synthesis and demonstrated metathesis activity 

of the stable carbene complex, (GO)^W=G(G^H^)2°later, i t was used 

to initiated ring-opening polymerization of several cycloalkenes without 
51= 

the requirement of a cocatalyst. 

The raetallocyclobutane mechanism accounts for ring-opening 

polymerization which caa be understood in terms of chain growth as shown 

in Figure 1,13. 

http://pairtd.se


14 = 

H H V / 
R D D R - C H = M t + 

M M t 

H 
R 

CHR CHR u IT 

CHR C H R > » 

n 
M t M CHR 

e 1.1 
The primary processes for a l l chain reactions are initiation, 

propagation and termination and these are discussed in the following 

three sections. 

1.3-c.io Metal-carbene Initiation 

There i s now much evidence to support the proposal that a 

metal-carbene i s both an active center and a chain carrier in ring-= 

opening polymer!gation„ Particularly strong support for the metal-carbene 

involvement was provided by the exchange of alkylidene fragments between 

the stable metal-carbene„ (C0)^W»G(C^H^)2 and acyclic alkenes,^ and 

initiation of ring-opening polymerization by stable metal-carbenes 0 

Generally, metal-carbenes are classified into three categories,, 

The f i r s t group are stable metal-carbene compounds such as the Casey-'-
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51=53 
and Fischer carbenes^ (see Figure 1.4.) 

The second group are metal-carbenes generated by a catalyst system, 
25 

sometimes with the assistance of the substrate olefin. Many modes of 
interaction have been reported to generate iaetal=carbene complexes, and 

10 3*° XX8 

this i s presently an active area of investigation„ Metal-carbenes 

generated from ̂ bonded alkyl°met&l cocatalysts were proposed by 

Muettertias, -^9° 120 w n e n n g Q^QJ^^ CH^ generation by reacting (GH^ ̂ Zn 

with HCl^ as shown in Figure 1.14. 
\ | / C H 3 \f/CH3 \|/ 

W ^ = W. *> , W V + C H 6 

W S = M *- W + HCI 

Figure 1.14. 
121 

Grubbs observed that (GH^)^Sn and WClg formed carbenoid species 

from which alkeaes could be generated, this was demonstrated using (CD^)^Sn 

as cocatalyst as shown i a Figure l 015o Formation of carbenoid species by 

^hydrogen migration froa an alkyl group to the metal „ as shown in Figure 
122 25 I 0 l 4 , has been postulated earlier and received support from Rooney. 

W C l 6 + (CD 3) 4Sn > CD A + C D 2 = C D 2 W—cot 

Figure 1.15c 

These observation suggested that alkyl- or aryl-groups play an 

important role i n generating metal-carbenesj however this leaves the 
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problem of how catalysts which do not contain any alkyl- or aryl-groups 
71 72 

generate a raetal=carbene0 Recently, Amass ' reported that oxygen 

activated some catalyst systems and proposed the formation of a W=0 site 

as shown in Figure 1.16. 

W C l 6 w 
if 0 2 

7/ 
—w=o 

Figure 1.16. 

Generally, stable metallocarbenes have a six-coordinate structure, 

but the metallocarbenes generated in a metathesis reaction are harder to 
123 

define with respect to the oxidations state of the transition metal, 

the nature and the number of permanent ligands and their spatial arrangement, 

I t has been assumed that the geometry i s pseudooctahedral with one position 

occupied by the carbene-ligand and at least one position l e f t vacant for 

coordination of the substrate. This topic i s one in which i t i s d i f f i c u l t 

to obtain definitive imformation. 
1.3.c.ii. Propagation 

I t i s widely accepted that the propagating species in ring-opening 

polymerization i s a metal-carbene operating as a chain carrier and 

represented as [M^]=CHPn where P r i s the polymer chain. There are a number 

of ligands around [M^j but vacant sites allow the monomer to coordinate 

and subsequently to generate an intermediate metallocyclobutane as shown 

in Figure 1.17. 

r \ HC CH 

^ I I 
—CHPn [ M t ] = C H P n 

1 
= C H P n 

etc 

CHPn+1 
I 

tM t] 
Figure 1.17 

HC 

[M t] 

CH 

CHPn 
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65, 

95,12^ 
The i n i t i a l metallocyclobutane has not been definitively established 

because very high molecular=weight polyalkenamers are formed at very 

low conversiono Often, the ring-opening polymerization of cycloalkenes 

aay result in the formation of cyclic oligomers and linear polyalkenamers, 
o/f 125=127 

° which can be rationalized in terms of intramolecular metathesis 

as shown in Figure 1.18. 

r 
Pn 

H C = [ M t ] j _ y 

• H C = C H - P m 

I— -HC-

1 — H C -

[Mt]Ly 

C^H-Pm 

\ CH (MflLy 

Pn + 
CH 
J 

H C - P m 

Figure 1.18. 

There i s evidence to support the formation of a metallocyclobutane 

as an intermediate. ~* t51o120e128-137 Recently, Green et a l 1 " ^ observed 

that the reaction of a stable metallocyclobutane by thermolysis or 

photolysis gave a metal=carbene plus an alkene which was rationalized as 

shown in Figure 1.19. 

H 

\ ^ C H R 2 

C H 2 

V 
v/ V H 

HO 

:Cr H + C H 5 = C H R 2 

Figure 1.19. 

/ CHR 2 

[ W ] = C H 2 + C H R , = CHR 2 
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The propagation step i s important in controlling the stereoselectivity 

of the polymer and much work has been carried out by Ivin and coworkers. 

This w i l l be discussed in Section 1.3<>d. 

1.3°c.iii. Termination 

Generally, termination can be divided into two modes? 

( i ) the active species being destroyed by impurities 139=1^3 

or ( i i ) the active species being consumed via a side reaction. 

For the f i r s t mode, i t i s well established that compounds such as 

alcohol, oxygen or water can destroy the active catalysts 0 The second 

mode i s not very well established and several schemes have been proposed 

for different systems„ 

A common reaction of carbenes i s the formation of a cyclopropane, 

as shown in Figure 1.20, and this i s a plausible chain terminating step. 

CHRT / C H R i 
P n H C = M X m + || > p nCH 

CHR 2 ^ "CHR 2 

Figure 1,20. 

Recently, i t was suggested that ring-opening polymerization 

and Ziegler*=Natta polymerization are mechanistically related^ as shown 

in Figure 1.21p termination could occur by (2~hydrogen atom abstraction 

as shown in Figure 1022. 

V * H 
r i i ' f ^ y n — ^ - ' - - ^ H H H 
[ M t ] = C r C - P n ^ [ M t l - c - C - P h [ M t ] - C - C - P n 

H H H H H H 

I M t l \ c H 2 — C M 2 - P n [Mfl * CH 3CH 2P n 

Pn—CH— CH 2 — (Mtl p n C H = C H 2 9 
Figure 1.22. 
I I I WTI I I 
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Olefin Metathesis 

Mechanism For The f&ng= 

opening Polymerization 

of cycloalkenes 

M t 

C H 7 

II 
h 

+ 

= C T T C \ 2 

e t c 

Unconventional Zlegler= 

Natta Polymerization 

Mechanism 

{ H V - C H -

CH-
+ 

H— Mf 
A 

C H 2 

II 
H ~ M T < -

:H. 

CH. 

CH. 

CH. 

' H 2 ? CH c 
f ' H } - M T CH 

4 

H 3 C C H 2 

•CH. 

H 
etc 

Figure 1.21. 

Conventional 

Ziegler=Natta 

Polymerization 

Mechanism 

CH. 

M T 

+ 
CH. 

CH. 

H X - -CH. 

hiit—6H. 

H 3 C C H 2 

Mt CH2 

etc 
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l „ 3 . d . Stereochemical Control 

The most important a t t r i b u t e s of metathesis catalysts are t h e i r 

a b i l i t y to reta i n unsaturation and to control stereoregularity throughout 

the polymerizationo Generally, monomers f o r ring=opening polymerization 

v i a metathesis can be c l a s s i f i e d i n two main types; monocyclic„ such as 

cyclobutene ( 3 ) and cyclopentene, and polycyclic, such as bicyclo[2„2„l]= 

hept-2-ene (k) and i t s derivatives,, I n the ring-opening polymerization 

of a monocyclic compound„ the catalyst controls the d i s t r i b u t i o n of cis 

and trans carbon-carbon double-bonds i n the product. With polycyclic 

compounds, polymerization i s more complicated and i n addition t o els/trans 

isomerization, the t a c t i t i e s of r i n g placements have to be considered, see 

Figure l o 2 3 o Figure l o 2 3 o 

H trans / 
/ CH CH H 

CH CH 
\ C I S 

(3 \ / 
H H 

cis-isotactic -o--o-
cis-syndiotactic -o-(4 
trans-isotactic 

1 > —< y= c = C —-dL > - C = C — 
@ bond approaching \ — / 
• bond receding trans-syndiotaciic 

Figure 1 . 2 3 . 
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In Figure 1 » 2 3 P monomers having a plane of symmetry bisecting the 

opened double~bond were considered; where the monomers lack t h i s symmetry 

f u r t h e r complications arise through the p o s s i b i l i t y of Head-Head, Tail= 

T a i l and Head-Tail placements„ 

The stereochemistry of o l e f i n metathesis has been the subject of much 

investigation 2- 5» 3 5• 3 6» 1^ 1-55 w n i c h has t r i e d t o rat i o n a l i z e the interac­

t i o n of a metal-carbene with a substrate o l e f i n . Many hypotheses have 

been advanced t o account f o r the ste r e o s e l e c t i v i t y observed, including«= 

( i ) s t e r i c effects during the coordination of the o l e f i n t o the 

metal=carbene„ 

( i i ) s t a b i l i t y of the various conformations of the metallocyclobutane 

intermediate 0 

( i i i ) s t e r i c effects of the Uganda at the active centers or s t e r i c 

effects at a surface, 

and ( i v ) the opening of the carbon-metal bond i n the metallocyclobutane 

intermediate and formation of a substituted metallopropyl cation i n which 

the remaining bonds rotate. 

The s t e r e o s e l e c t i v i t y observed i n the acyclic alkenes does not seem t o 
4̂* 35 36 153«e>155 

be the same as that observed i n cycloalkene polymerization, 9 " D D 

probably because the metal"carbene ramains attached t o the polymeric chain 

as a chain carriers which does not occur i n the acyclic alkene case, 
^ 155 

I t has been suggested 5 that chelating phenomena favour the concept 

of precoordination p r i o r t o rearrangement t o a metallocyclobutane 

intermediate, with cis°specific catalysts proceeding by a "three ligand" 

sequence ( 5 ) , whereas non-specific catalysts involve a °two li g a n d 0 

sequence (6) as shown i n Figure 102^„ This hypothes/s was based on data 

concerned with @is°selectivity and the regulation of molecular-weight by 

added acyclic alkene„ 
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w-

exchange £ C metathesis ^ 

(5) 

= W 

metathesis 

'C 

C II 
C exchange 

II 
C 

c = o 

Figure 1.2k. 

I v i a and coworkers 1 0 0 ' 1 2 - ^ 5 1 - 5 6 - l 6 l r e p 0 r t e d that the detailed analysis 
13 

of JQ n.m.r. spectra of polymers produced by metathesis gave information 

on stereochemistry and t a c t i c i t y which could reveal the mechanism of 

formation of the polymers. 

These authors p r o p o s e d } ^ 5 1 5 8 = 1 6 1 analysis of the n.m.r. 

spectra of high°cis and - trans poly (endo/exo-=5-i»ethylbicyclo [ 2 . 2 „l]~ 

hept=2=ene), that ring-opening polymerization of cycloalkenes involves 

at least two types of active raetal-carbene species which may or may not 

interconvert during the polymerization,, For example, one chain carrying 

carbene i s postulated t o be c h i r a l , probably octahedral, and adds monomer 

t o give predominantly c i s double^bonds and providing the carbene retains 

i t s stereochemical i n t e g r i t y between monomer additions, the product polymer 

has syndiotactic r i n g placements. 

This view can be understood with the aid of a diagram or model„ The 
propagating metal~carbene i s represented as M. =»GHP where P i s the 

t n n 
polymer chain„ i s pseudo-octahedral with one position occupied by 
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the carbene ligand and at least one position l e f t vacant f o r coordination 
1 2 3 of the substrate o l e f i n , 

possible o r i e n t a t i o n s ^ ^ 

Figure 1 . 2 5 . 

The carbene ligand may have one of four 

with respect t o the vacancy • as depicted i n 

Pn - — 
i 
i 

P n ~ c 

Mf 

H-

Mf 

ii 

c I I 

.-Pn 

H I I V 

Figure 1 . 2 5 . 

123 
Orientations i _ . and i l i . may be ruled out on s t e r i c grounds. The 

l 6 2 

exo face of b i c y c l o [ 2 „ 2 „ l]hept~2~ene derivatives i s the least hindered 

and i s favoured f o r coordination with the metaL=carbene. There are two 

ways of coupling the monomer t o the metal=carbene according to the 

r e l a t i v e positions of the bridging methylene (C^) of the monomer and the 

polymer chain, P^j i . e . whether they are on the same side or the opposite 

sides. These authors considered the case where the metal-carbene was 

immobile,, t h i s generates four p o s s i b i l i t i e s f o r coupling since there are 

four non°equivalent modes of approach of the o l e f i n t o the metal~carbene, 

one mode and i t s stereochemical consequence i s shown i n Figure 1 , 2 6 . 



= 24 -

7 H 
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Ml 
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/ p M 
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M f = C 
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Figure 1.26. 

The stereochemical consequences, deduced by I v i n and coworkers, f o r a l l 

p o s s i b i l i t i e s are l i s t e d i n Table 1.3. 

123 
Table 1.3. Stereochemical Consequences Of Different Assembly Modes 

NOo Assembly Modes Double-bond Form 
i» P. + M, >= P 

1 1 r 
Gis 

i i . P + M >• P.. 
r r 1 

Gis 

i i i . P + M P 1 r ' 1 Trans 

i v . P M, >. P 
r 1 r 

Trans 

From Table 1.3» i t can be shown that an a l l = c i s polymer i s produced 

when processes i 0 and i i . occur i n s t r i c t a l t e r n a t i o n , or i n otherwords that 

f o r every in s e r t i o n of monomer i n t o the aetal=carbene, the monomer=G^ and 

the polymer chain (P ) are oa the same side i n the catalyst complex $ and 

that all°trans polymer proceeds by continuous repetion of process i i i . or 

i v , i n otherwords that f o r every i n s e r t i o n of monomer, the monomer-G^ 

and the polymer chain are on opposite sides. 
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Configuration of the r i n g or t a c t i c i t y , depends on the modes of 
addition of the monomer which can be predicted from Table 1,3 i f i t i s 
assume the structure and P̂  are preserved between additions of monomer, 
i 0e„ that the carbene i s conformationally immobile, the a l l ~ c i s polymer 
w i l l have a syndiotactic structure. Similar reasoning indicates that an 
i s o t a c t i c structure i s required f o r the a l l - t r a n s polymer, i n following 
t h i s argument i n the o r i g i n a l l i t e r a t u r e i t i s important t o recognize t h a t 
the authors are using the Fischer stereochemical rotation and i n the w r i t e r 8 

experience the argument i s best followed with the aid of molecular models. 
I f each addition i s accompanied by racemization, an atactic product w i l l 
r e s u l t regardless of the cis or trans double-bond content* I n elaborating 
t h i s theory, these authors proposed that i n the formation of high trans 
polymer there may be t o t a l relaxation of the metal-carbene to a structure 
which i s not necessarily octahedral, probably square pyramidal or t r i g o n a l 
bipyramidal with no formal vacant p o s i t i o n , and which has an equal chance 
of adding monomer as or M̂ o 

Table I.4. Summary Of Some Observation By I v l n et a l . On The Effect Of 
Different Metal Centers On Stereospecifity Of Cycloalkene 

1 5 7 

Metal Center And 
Postulated 
Oxidation State 

c 
Cis and Trans 
Di s t r i b u t i o n 

T a c t i c i t y (with 
respect t o cis) 

Re (V) d 2 1 „ 0 0 F u l l y syndiotactic 
W (IV) d* 
W ( 1 1 1 ) d 3 

W ( 1 1 ) d^ 

0 . 3 6 

0 » 7 9 
Various from 
random t o blocky 
depending on 
system 

Partly a t a c t i c t o 
syndiotactic 

Mo (IV) d 2 

Mo ( 1 1 1 ) d 3 

Mo ( 1 1 ) d^ 

0 , 3 5 

0 . 7 6 

Various from 
random t o blocky 
depending on 
system 

Partly a t a c t i c t o 
syndiotactic 

Os ( 1 1 1 ) d 5 0.46 Random 

Partly a t a c t i c t o 
syndiotactic 

I r ( 1 1 1 ) db 

— i -

0 . 2 1 
0 f ^ f Random Atactic 

Ru ( 1 1 1 ) d^ 0 . 1 1 Random Atactic 



- 26 -

l 0 ^ o Thermodynamic Aspect Of Ring-opening Polymerization 

A remarkable feature of the ring-opening polymerization i s that the 

t o t a l number and type of the chemical bonds before and a f t e r reaction are 

equal, which f o r acyclic alkenes means that the enthalpy d i f f e r e n t i s 
31 

v i r t u a l l y zero. The questions are § what i s the d r i v i n g force f o r the 

cycloalkenes to polymerize?„ and why are some cycloalkenes unpolymerizable 

while others are very reactive with almost any metathesis catalysts? 

Therefore, an understanding of the thermodynamic aspects of the polymeri­

zation processes i s of great importance.^ • p 2 2 ( (31.l6>= ,l65 

l . ^ . a . The Effect Of Ring Size And Ring Strain 

I t has been recognized that the tendency of cycloalkenes t o polymerize 

i s largely dependant on the r i n g s t a b i l i t y , , t h i s i s a function of the ease 
163 

of r i n g closure,, which depends on entropic and enthalplc factors,, 
164-

Dainton et a l described the thermodynamic data f o r the homologous series 

of r i n g compounds as shown i n Table 1 . 5 . 

Table 1.5- Calculated Enthalpy. Entropy and Free Energy For The Hypothetical 
Polymerization Of Cycloalkanes at 2 9 8 K 
Ring 
size AH°/kcal8o mol." 1 AS°/cal.mol.=1 deg. = 1 AG°/kcals. mol,,"1 

3 = 2 ? o 0 -I60 5 = 2 2 . 1 

*f - 2 5 . 1 - 1 3 . 5 - 2 1 . 5 

5 «= 5 . 2 = 1 0 . 2 - 2 0 2 

6 + 0 . 7 - 2 . 5 + 1 . * * 

7 = 5.2 - 0 . 7 - 4 . 9 

8 = 8 . 3 + 8 . 9 - 1 1 . 0 

The entropy decreases with increase of r i n g size, but the enthalpy 

(which arises from the release of r i n g s t r a i n ) becomes more favourable t o 
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closure as the r i n g size increases from three*- t o six-membered r i n g , then 

less favourable up t o nine-membered rings and then more favourable again 

f o r the larger rings. ' I t can be shown that small rin g polymerization 

i s an anti=entropic and enthalpy favoured process, whereas f o r large 

rings, i t i s both enthalpy and entropy favoured. Cyclohexene i s excep­

t i o n a l , being a s t r a i n free monomer and i n e r t to rlng=opening polymer!~ 
6 1 , 1 6 6 = 1 6 8 zation. ' 

When r i n g s t r a i n i s increased f o r example by some type of bridging, 

the monomer i s able to undergo polymerization because there i s a 

substantial reaction enthalpy and t h i s compensates f o r the unfavourable 

reaction entropy. B i c y c l o [ 2 , 2 . l ] h e p t = 2 - e n e i s a good example and i s an 

active monomer compared t o cyclopentene. B i c y c l o [ 2 . 2 . 2 ] o c t - 2 - e n e has been 

reported t o polymerize which has been explained i n terms of the two 

cyclohexene rings being i n a boat conformation which has higher s t r a i n 

energy than a chair conformation} however, these reports have not been 

substantiated by f u r t h e r publication and attempts t o repeat t h i s and 

related polymerizations of b i c y c l o [ 2 . 2 . 2 ] o c t = 2 = e n e r i n g system i n these 

laboratories have not met with any success,, 
5 3 1 6 5 

Recently, i t was reported that some t r i s u b s t i t u t e d cycloalkenes 

such as 2-methylbicyclo[2.2.1]hept-2-ene, 1-methyl- and l = t r i m e t h y l s i l y l -

cyclobutene were succeptible t o ring-opening polymerization. This was 

accounted f o r i n terms of the high s t r a i n i n such monomers. 
lA.t. The Bffeet Of Substitution 

Dainton et a l ^ * 9 ^ ^ pointed out that substituents on cycloalkanes 

generally cause ass increase i a the free anergy of polymerization, they 

compared thermodynamic values of unsubstituted and saethyl~8ubstituted 

cycloalkanes at 25°C as shown i n Table 1 . 6 . 
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Table 1 . 6 . Calculated gfeithalpy„ Entropy and Free Energy For The 
othetl c a l Polymerization Of Cycloalkanes 

Ring AH°/kcals. mol. = 1 AS°/cal. raol. =*deg. AG°/kcals.mol.~* 

size ( ) 
/CCH2)n 

3 = 2 ? 0 0 = 2 5 . 1 - 1 6 . 5 = 2 0 . 2 = 2 2 . 1 = 1 9 . 1 

= 2 5 . 1 = 2 3 . 1 ° 1 3 . 2 = 1 7 . 2 = 2 1 . 2 = 1 8 . 8 

5 - 5 . 2 = k.i = 1 0 . 2 = 1 5 . 3 = 2 . 2 + 0 . 5 

6 + 0 . 7 + 2 . 2 - 2 . 5 - 7 . 6 + 1A + 4 . 5 

Later, I v i n presented evidence t o show tha t successive a l k y l 

s u b s t i t u t i o n on the same carbon atom makes AG 0 more positive as shown i n 

Figure 1 . 2 7 which i s a p l o t of the free energy of polymerization of 

cycloalkanes versus the number of atoms i n the r i n g f o r the unsubstituted, 

mono= and dl=substituted cycloalkanes. 

0 

£ -10 

O -20 

a 

I 1 1 I l I l 1 
2 3 4 5 6 7 8 

Figure 1 . 2 7 . 

Calculated free ©aergy of polymerization of cycloalkanes as a 

function of the number of atoms i n the rings ( n ) , 

(a) unsubstituted (b) methyl=substituted and (c) l„L=dimethyl= 

substituted„ 
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Substitution on the r i n g increases s t e r i c hindrance which w i l l reduce 

the polymerizability of the monomer, f o r example l=methylcyclopentene, 

3-methylcyclopentene, 3=isopropylcyclopentene and lH,2H-hexafluoro-

cyclopentene are non-polymerizable, but cyclopentene and 4°methylcyclo= 

pentene are very easily polymerized. 

Steric factors are also important i n situations where alternate modes 

of reaction are available. Dall 9Asta examined the ring-opening polymeria 

zation of >=inethyl=cis-cyclooctene and observed that 9 0 $ of the l i n k s i n 

the poly(methyloctenamer) were of the Head-Tail type and the unfavoured 
171 

Head-Head l i n k s constituted about 5 % » Ofstead investigated the r i n g -

opening of some cycloocta-l,5-dienes substituted at one of the two double-

bonds with an ethyl group, chlorine atoms or two methyl group, the 

substituted double-bond did not participate i n the reaction and the 

cleavage occured at the unsubstituted double-bond. This clea r l y showed 

that r e a c t i v i t y of double-bonds i s strongly reduced or even completely 

suppressed by s t e r i c hindrance, except f o r highly strained systems, 
l . ^ . c . Temperature Dependence Of The Equilibrium Composition 

19 34 
Ring-opening polymerization by o l e f i n metathesis has been reported 

1 2 6 , 1 6 5 , 1 6 8 ^ q b g a r e v e r s ^ ^ e p r o c e s a e s which can produce an equilibrium 

between monomer, oligomer and high molecular-weight polymer, the equilibrium 

being dependant on reaction conditions„ Analysis of the oligomer f r a c t i o n 

showed i t t o consist of cyclic molecules, t h i s can be explained by the 
95 

aetallocarbene mechanism as shown i n Figure 1.28, the processes i s called 

"back-bitting 0. 
CHR M t CHR M f = C H R 

HC CH HC CH H C = C H 

Figure 1.28, 
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A quantitative determination of the concentration of each c y c l i c or 

open chain component i n an equilibrated cycloalkene metathesis system i s 

experimentally unattainable5 thuB, a complete thermodynamic c h a r a c t e r i ­

zation of cycloalkene metathesis i s not achievable,. However, the monomer-

polymer equilibrium f o r the cyclopentene/poly(l~pentenylene) system has 
1 6 8 

been investigated by Calderon and Ofstead. In t h i s case, the free 

energy of polymerization (AG) i s small and very sensitive t o small changes 

i n reaction conditions. I n two p a r a l l e l experiment carried out at 0 ° and 

2 5 ° , the l i m i t i n g conversions were approximately 8 0 # and 5 0 # respectively. 

The reversible interconversion of polymer to monomer was proved; c l e a r l y 

demonstrating that under certain oonditions, the polymer i s thermodynamic 

c a l l y unstable with respect t o the monomer0 

Theory predicts the relationship 

AH_ AS.° 
ln[M] e HT R 

where 

[M] i s the monomer concentration at equilibrium, 

AHp i s the enthalpy change during polymerization and 

ASp° i s the standard entropy change accompanying the 
=3 

polymerization when the monomer concentration i s 1 raol.dm. 

The temperature above which long chain polymers are not formed known 
170 

as the "ce i l i n g temperature 0. For cyclopentene 
undergoing rlng=>open±ng polymerization t o predominantly trans°poly(l= 

buik monomer 

pentenylene), a p l o t of ln[M] against l/T and extrapolation t o In M ForA 

gives a c e i l i n g temperature of approximately 1 5 0 ° . From the graph values 

of = 4 o 4 kcals^moX."1 and = 1 ^ . 9 cal.mol," 1 deg. = 1 were derived f o r AH p 

and AS 0 respectively. The enthalpy value (AH ) obtained i s close t o P P 
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the r i n g s t r a i n energy of 4 . 9 kcals.mol, reported by Cox. 1 7 2 This i s 

e n t i r e l y consistent with the theory that i n the ring-opening polymerization 

of cycloalkenes, the main contribution toAH^ i s s t r a i n energy. For 

cyclopentene undergoing ring=opening polymerization t o predominantly 

a " c e i l i n g temperature 0 f o r the formation of cis°poly(l=pentenylene) i s 

1 . 5 o Side Reactions I n Rlng°opening Polymerization 

I t i s often the case i n the study of catalysts by k i n e t i c measurements 

or i n the synthesis of polymers by ring°opening polymerization, that 

r e p r o d u c i b i l i t y i s poor and side reactions often occur although the 

experiment i s carried out under dry and i n e r t conditions„ 

1 . 5 . a . Catalyst Deactivation 

I t i s d i f f i c u l t t o obtain a catalyst with a constant reproducible 

a c t i v i t y ^ because of catalyst decay which can lead t o varying induction 

periodSo Poor r e p r o d u c i b i l i t y can be caused by many factors, including 

s e n s i t i v i t y of the catalyst t o traces of impurities i n the react ants which 

are usually d i f f i c u l t t o remove, dependence of the c a t a l y t i c a c t i v i t y on 

storage conditions B a c t i v a t i o n method and general experimental procedure. 

Generally, o l e f i n metathesis catalysts are deactivated by oxygen and 

moisture„ but a trace amount of oxygen may improved the a c t i v i t y of the 

catalyst. The ac t i v a t o r or modifier which i s used as a t h i r d component 

i s usually i n stoichiometric amounts, because an excess of i t would often 

destroy the catalyst a c t i v i t y . 

cis~poly(l=pentenylene) using the catalyst system U C l V t e t r a a l l y l s i l a n e 

5 1 . 
o 1 7 3 
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l „ 5 . b . Addition Polymerization 
70 

I v i n and coworkers' reported that most catalyst systems of the 

metathesis type do not give pure metathetical polymerization, but also 

cationic type reaction. Thus, polymerization of 5-methylenebicyclo[2<,2.l]' 

hept=2=ene with many metathesis catalysts leads t o substantial amounts 

of the product of route ( l ) , Figure I . 2 9 . 

HC = CH 

Figure 1.29. 

However, three catalyst systems which gave only ring-opening polymeri­

zation were WCl^/Et^Al ( l j l t o 1 « 5 ) i n chlorobenzene or dichloroethylene, 

MoGiyEt^Al (1J2) i n d i chloroethylene and VClg/Me^Sn/sparteln (1*1.3»1) i n 

chlorobenzene. I t was reported that premixing of the catalyst and 

cocatalyst i s important before adding the monomer and the proportion of 

spartein i s also very c r i t i c a l . Other bases can be used, but complete 

suppression of reaction ( I ) i s not always achieved. 

The stoichiometric relationship of catalyst and cocatalyst also plays 

an important r o l e , 9 as i n the polymerization of bicyclo[2.2.1]hept=2-ene 

using TiCl^EtgAlCl catalyst. A molar r a t i o 1?2 proceeds v i a ring-opening, 

whereas at 2 j l addition polymerization occurs exclusively. 
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1 . 5 . c. Friedel-Crafts A c t i v i t y 

Along with metathesis a c t i v i t y , halid.es of t r a n s i t i o n metal compounds 

i. e . WGl^ and MoGl^ also exhibit strong Friedel-Crafts a c t i v i t y and may 
1 7 / ^ 1 7 8 

easily induce extensive side reactions i . e . a l k y l a t i o n of solvent, ' 
77 1 6 0 179 

s h i f t of the double-bonds along the chain, ' cis/trans isomerization 

and cross-linking of polyalkenamers. 

1.6. Some Recent Application Of Olefin Metathesis I n Polymerization 

The synthetic applications of o l e f i n metathesis t o polymer chemistry 

are numerous and some are described i n t h i s section, but the commercial-

scale applications are l i m i t e d due t o economic factors, 

1 . 6 . a . Synthesis Of Unsaturated Polymers 

Gycloalkenes possessing unsaturation sites as constituents of the 
3 

c y c l i c r i n g or one of the rings and not being conjugated-^ have the 

pot e n t i a l t o undergo polymerization by ring-opening. This provides an 

int e r e s t i n g class of polymers which d i f f e r from conventional polymers i n 

that they maintain the unsaturation of the monomer. Gycloalkenes with 

four or more carbons i n the r i n g , with the exception of cyclohexene, have 

been polymerized t o produce polyalkenylenes and, depending upon the 

structure of the repeat unit and the double-bond configuration, these 

polymers may possess properties ranging from amorphous elastomers to 

cr y s t a l l i n e materials. Some of the polyalkenylenes which have commercial 
2 2 1 8 0 24 po t e n t i a l are trans-poly (1-pentenylene) ' and trans-l , 5=polyalkenamer 

f o r t y r e manufacture, poly(4=cyano=l ,3-cyclopentylenevinylene) as a 

thermoplastic r e s i n , 1 8 1 poly(l , 3-cyclopentylenevinylene) and p o l y ( l -

octenanurr) were commercialized under the trade names Norsorex and 
Vestenamer 8 0 1 2 . 

http://halid.es
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l o 6 o b . New Routes To Alternating Copolymers 

Ring-opening polymerization of substituted cycloalkenes provides a 

route t o perfectly alternating copolymers which cannot be prepared by 
3 171 184 

conventional polymerization. ' ' For example, l-chloro=l ,5°cyclo= 

octadiene yields the alternating copolymer of butadiene and chloroprene 

(Figure 1 . 3 0 , X=Cl)$ l=methyl-l , 5~cyclooctadiene yields a l t e r n a t i n g 

copolymer of butadiene and isoprene (Figure 1 . 3 0 , X^CH^). 

n -4CH2HC=CHCH2-HCH2HC: * 1 
:CCH2f-

Jn 

Figure 1 . 3 0 . 

Ring-opening polymerization of 5°<Bethylcyclooctene gives the perfectly 

alternating terpolymer of butadiene ( ethylene and propylene as shown i n 

Figure 1 . 3 1 . 

- ^ C H 2 ^ C = CHCH2-HCH2CH2HCHCH2 

CH3 

Figure 1.31. 

n 

1.6oC. Synthesis Of Macrocyclic Compounds 

A s i g n i f i c a n t feature of ring=opening polymerization by metathesis 

catalysts i s formation of cycl i c o l i g o m e r s w h i c h can be isolated 

from l i n e a r high molecular-weight polymers. The position of the r i n g -

chain equilibrium i n the reaction can be changed by conducting the reaction 

at high d i l u t i o n , t h i s usually leads t o the formation of high yields of 

macrocyclic compounds. ^ Two i n t e r e s t i n g materials have been prepared 
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by t h i s technique? namely cyclohexadeca=l,9=diene ( 7 ) , the cy c l i c dimer 

of cyclooctene which when oxidized produced a ketone ( 8 ) with a musk-like 
1 8 6 

odour, Figure 1 „ 3 2 and catenates, the i n t e r l i n k e d r i n g systems, which 
1 8 7 ldd 

form part of the product from the metathesis of cyclodecene, Figure 
1 . 3 3 . 

V l 7 , 
Figure 1 . 3 2 . 

0 

(8) 

Figure 1 . 3 3 . 

1 . 6 . d o Gross-metathesis with Acyclic Alkenes 

The cross-metathesis reaction of acyclic alkenes with cycloalkenes 

can be directed towards the formation of dienes, tri e n e s , higher polyenes 

191 
7 and gives r i s e t o formation of l i q u i d polymers of o^e^difunctionalized 

polenic molecules,^-92=195 depending o n the prevailing r a t i o of acyclic t o 

cycli c o l e f i n s employed. 

Some examples of eKjto-dienes 1^ 9 are l,9=decadiene ( n = 6 ) , l p 1 3 = t e t r a = 

decadiene (n=10) obtained by cross-metathesis of cyclooctene and 

cyclododecene respectively with ethylene as shown i n Figure 1,3^. 

1 8 9 = 
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CH, 
(CH 9) 

CH. 
\ \ 

2 'n + CH 

CH. 
// ' 

CH 
.CH CH- -(CH,) 2'n+2' 

Figure 1 . 3 * f . 

The type of product can be controlled using different molar r a t i o s 

of reactantSp as shown i n Figure 1 „ 3 5 for the cross-metathesis of 1 , 5 ° 

cyclooctadiene with ethylene which produces either triene or diene. 

+ :H2 -

+ 21 
CH. 
Ill ' 
CH. 

H 2C=CH(CH 2) 2HC=CH(CH 2) 2HC=CH 2 

2 H 2 C=CH(CH 2 ) 2 HC=CH 2 

1 9 6 

Figure 1 . 3 $ . 

The cross~metathesis also can be used to prepare t r i e n e s , ^ 7 ^ eg. 

l » 5 . 9=<iecatriene by cross^metathesis of lP5°cyclooctadiene with l P 5=hexa= 

diene as shown i n Figure I . 3 6 . 

jj + 2 H 2 C=CH(CH 2 ) 2 HC=CH 2 

2 H 2C=CH(CH 2) 2CH=CH(CH 2) 2HC=CH 2 

Figure 1 . 3 6 . 

Bis(alkenyl)cycloalkenes y r ' y can be prepared by metathesis of 

b i c y c l i c olefins with a c y c l i c o l e f i n s as shown i n Figure 1 » 3 7 . 

\ $ 2 

. C , 
/ 

^ — R/ 
C = C H HC=C 

Figure l o 3 7 o 
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Cross-metathesis between cycloalkenes and functionalized alkenes 

gives new routes to long=chain l i n e a r mono- or di~functionalized compounds 

which are i n d u s t r i a l l y attractive« Some of the examples are cyclooctene 
199 200 with o l e f i n i c ethers, 7 cyclooctene with o l e f i n i c esters or d i e s t e r s . 

l» 5=cyclooctadiene with unsaturated esters which leads to an «,«-diester 
201=20^- 205 Ij^polybutadiene l i k e polyene and cyclohexene with v i n y l c hloride 0 

1.6.e0 Polymer Degradation 

High molecular-weight unsaturated polymers have been shown to undergo 

cleavage when cross-metathesized with a low molecular=weight o l e f i n . 

Generally, the reaction gives high yield s of oligomers which may be 

separated and characterized yielding imformation on the microstructure of 

the parent polymer. Gyclodegradation of butadiene-propylene copolymer 
218 

produces some 'f-methylcyclohex-l-ene, which a r i s e s from alternating 

diene/propene sequences i n the parent polymer. 

1.6.f 0 Miscellaneous Applications 

Olefin metathesis c a t a l y s t s have been reported to be used f o r control 

of molecular~weight and molecular=weight d i s t r i b u t i o n of unsaturated 
219 

polymers. 7 For example, polybutadiene with polydispersity lower than 1.5 
can give a polydispersity 2 by treatment with WGl^/BtCH/fitAlClg ( ^ i l s l ) . 

220 

Functionally terminated polyolefins can be prepared by o l e f i n 

metathesis, e„g0 polybutadiene when treated i n dimethyl=3=hexenedioate with 

the WCl^/Me^Sn c a t a l y s t , y i e l d s ester terminated polymers which are useful 

prepolymers. 
221 

Recently„ Edwards and Feast described the preparation of a poly( 

acetylene) precursor polymer by o l e f i n metathesis,, This gives the product 

by thermally t r e a t i n g the precursor polymer as shown i n Figure 1,380 
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Stage 1 

metathesis 
polymerizat ion 

CF 3 

S t a g e 2 " \ / 

thermal 
elimination 

Jn 

Figure 1.38. 

1.7. Polymers By Ring-opening Polymerization Of Cycloalkenes 

Monocyclic„ b i c y c l i c and t r i c y c l i c o l e f i n s with or without substituents 

of a polar or non-polar nature have been polymerized by o l e f i n metathesis. 

The monomers include unsaturated c y c l i c hydrocarbons and unsaturated hetero­

c y c l i c compounds, the l a t e s t comprehensive review was published by 

Dragutan et a l . 

1.7.a. Three°membered Ring Monomers 

The reaction pathway that y i e l d s cleavage of the ring i s d i f f i c u l t to 
222=225 

achieve v due to the extreme r e a c t i v i t y of t h i s system. Cyclopropene 
polymerized by double=bond opening spontaneously above = 8 0 ° C 2 2 ^ l,2-di= 

222 

methylcyclopropene was the only three-membered ring monomer polymerized 

by ring-opening with (rr -allylJgPdClg i n ether at 0°C„ as shown i n Figure 1.39. 

13 V~'\ CHj CH^ 

H,C 

Figure 1.39. 

- h C = C — C H 9 - h 
n 

These authors did not discuss the mechanism of the polymerization, 
2 2 2 2 6 

compounds of t h i s type do behave as metathesis c a t a l y s t s , " 
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1.7«b„ Four^membered Ring Monomers 

Many four~membered rings from monocyclic to t r i c y c l i c have been 
polymerized by ring-opening / 1 = 1 3 , 5 3 . 5 8 , 5 9 , 8 2 , 2 2 1 , 2 2 ? , 2 2 8 ^ 

are shown i n Figure 1 „ ^ 0 . 

n — H C = C H ( C H 2 ) 2 — 
n 

n 

F3C CF 3 

Figure 1.^0. 

HC=CH-
n 

H C = C H — 
n 

F3C CF 3 

13 22d 53 l~Methylcyclobutane ->' and l=trimethylsilylcyclobutene J have been 

reported to undergo ring=opening polymerization as shown i n Figure l . ^ l . 

,CH« 

n 
I 

^ f H C = C H ( C H 2 ) f 4 
n 

,Si(CH 3) : 

n 

Si(CH 3) 3 

— HC=CH(CH 2 ) 2 -
n 

Figure 1.41. 
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l o ? . c . Five-membered Ring Monomers 

Cyclopentene has been most extensively investigated because of the 

a v a i l a b i l i t y of the monomer and the useful properties of poly(l~penteny= 
2 2 

lene)« Substitution on the cyclopentene ring has been reported to 
effect the polymerizability p t h i s has been discussed i n Section l.^.b. 

^ 3 2 2 Q 
Heterocyclic cyclopentenoid compounds such as compound ( 9 ) ' 

2 3 0 

and ( 1 0 ) (Figure 1 . 4 2 ) have been reported to polymerize by ring-opening 

to give l i n e a r polysilapentenamer and polygermapentenamer. 

CH3C CH 3 

/\ 
CH3C CCH3 

Figure 1 . ^ 2 . (10) 

The bicyclo[2.2„l]hept=2=ene ring system polymerizes e a s i l y by r i n g ~ 

opening due to i t s strained five=membered ring? thus numerous functional 

l i z e d polymers have been prepared by the sequence depicted i n Figure l o ^ 3 „ 

where the substituents are e s t e r , 2 3 1 " 2 ^ 0 hydroxy, 2 3 2 c h l o r i n e ^ ' 2 k l 

f l u o r i n e , 2 ^ 2 a l k o x y f
Z ^ > m amide, 2 /* 5 imide, 2 3 3» 2 / f 6 anhydride „ 2 ^ py r i d y l , 

2 k 0 n i t r i l e , 2 3 8 ' 2 * 1 ' 2 ^ a r y l 2 ^ and cyanide. 2 4 3» 2^ Recently, S t r e c k 1 8 3 ' 
2 5 0 

reported new s i l i c o n e and t i n containing polymers prepared from monomers 

as shown i n Figure 1 „ ^ 0 

H C = C H -
n 

Figure I0V3. 
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He 

O f s t e a d 1 7 1 * 2 - 5 1 reported thaty( highly chlorinated bicyclo [2S2<,1]hept-2-ene 

ring system as shown i n Figure 1.44, may be homopolymerized or copolymerized 

with cyclopentene 0 

SiCl 2CH : 
CH 2 Sn(C 4 Hg) 3 

Figure 1.44. 
CO 

Recently, Katz et a l ^ reported that 2=methylbicyclo[2.2.l] hept=2=ene 

polymerized by ring°opening as shown i n Figure 1.45. 

Figure 1.45. 

Bicyclo[ 2.2.1] hept-=2=ene containing a cyclopropane or a r y l group 

as shown i n Figure 1.46 are examples of the t r i c y c l i c five-membered ring 

systems which undergo ring-opening polymerization,. 

COOC 2H 5 

n COOC2H« 

Q 
H C = C H ^ n 

- ^ / > V - ' H C = C H ~ 

Jn 

247 
Figure 1.46. 

One example of a pent a c y c l i c five-membered rin g monomer"' which can 

be polymerized by ring-opening as shown i n Figure 1.47. 

• H C = C H -

Figure 1 . 4 7 . 



l „ 7 0 d . Six-membered Ring Monomers 

The inertness of cyclohexene towards ring-opening polymerization i s 

known and confirmed "by a number of authors „ " 5 2 - ^ ' O f s t e a d 2 " ^ 

showed that i f the cyclohexene ring i s part of a b i c y c l i c system, then 

polymerization could occur because of the s t r a i n by ring-opening as shown 

i n Figure 1.48; but work i n t h i s department f a i l e d to confirm t h i s report, 

H C = C H -
n 

l . ? . e . Seven°membered Ring Monomers 

Gycloheptene has received r e l a t i v e l y l i t t l e attention, but high c i s 
6 1 , 2 5 6 , 2 5 7 

5 4 

and high trans poly(l°heptenylene) have been preparedc 

1 . 7 . f . Eight~membered Ring Monomers 

Polyalkenamers from eight-membered ring monomers have commercial 

potential and many functionalized cyclooctene or cycloocta-l , 5=dienes 

have been synthesized, 3 5 6 l ' ^ ' 1 7 1 ' 2 0 3 , 2 5 6 = 2 5 9 Some of the examples are 

shown i n Figure 1 . 4 9 . 

X 

COOC2H5 

( X - H X l ) 

Figure 1.^9. 
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1,5-Gyclooctadiene ' polymerized to give a polymer consisting of 

the same chemical structure as that of 1,4-polybutadiene ^poly(2-butenylene)J 

as shown in Figure 1„50° 

H 2 C = C H ( C H 2 ) 2 H C = C H ( C H 2 ) 2 -

Flgure 1.50. 

Polymerization of substituted 1,5-cyclooctadiene providing a route to 

perfectly alternating copolymer as shown and discussed i n Section 1.6.b„ 

Recently, i t was claimed that cycloocta~l,3=diene can be polymerized by 

ring=opening, t h i s report contrasts with the general view of the polymeria 

z a b i l i t y of conjugated double-bonds i n the ring system, and the f u l l 
2 1 6 

experimental d e t a i l s are awaited with i n t e r e s t . 

l.?og. Higher-membered Ring Monomers 

Some of the higher=membered rings which have been su c c e s s f u l l y polyme­

rized are cyclononenep^ cyclonona-=l 95-diene, 2^ cyclodecene^^ and cyclodo= 

d e c e n e 3 ' 6 0 ' 1 8 3 as shown i n Figure 1.51o 

( C H 2 ) 7 (CH 2'3 ( C H 2 ) 8 (CHo) 2 MO 

Figure 1.51. 
3 

li>5p9=cyclododecatriene polymerizes to y i e l d poly(2=butenylene) as 

shown i n Figure 1„52. 

• H C = C H - C H 2 C H 2 - -
3n 
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1 6 8 l P 9 p l 7 - G y c l o t e t r a e i c o s a t r i e n e has been reported to undergo ring= 
opening polymerization to y i e l d poly(1-octenylene) as shown i n Figure 1 . 5 3 . 

( C H 2 ) 6 - H C — C H v 

CH 
n II 

CH 

( C H 2 ) 6 

CH 
II 

CH 

• H C = C H - ( C H 2 ) g - -
1 6 J3n 

( C H 2 ) 6 

F i g u r j J ^ . 

A naturally occurring lactone,, ambrettolite was polymerized to y i e l d 
2 0 3 

an unsaturated polyester as shown i n Figure 1 , 5 4 . 

0 
I I 

HC- (CH 2 ) 7 C> 

n 

H 

0 

( C H 2 ) 7 H 2 C 
/ 

0 (i 
( C H 2 ) 7 C O C H 2 ( C H 2 ) 7 C H = C H 

n 

Figure 1 . 5 4 . 

l . ? . h . Gycloalkynes As Monomers 
2 ^ 2 

Cyclodecyne i s the only example of t h i s type of monomer which has 

been reported to undergo polymerization., With WCl^/EtOH/Bt AlClg„ the 

monomer yielded c y c l i c oligomers of the formula (C.-H,,) where n ^ l to 6 . 

(CH,) C - C H , 2'8 2'8 
n 

n 4 6 
Figure 1 . 5 5 , 
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l o 8 „ Application Of Olefin Metathesis Of Acyclic Alkenes 

The general form of t h i s reaction i s shown i n Figure 1„2P as f i r s t 
2 

reported i n 1964 by Banks and Bailey,, The v e r s a t i l i t y of t h i s reaction 

to organic syntheses i s very greats i t allows the conversion of simple,, 

r e l a t i v e l y inexpensive o l e f i n into s p e c i a l t y , high purity o l e f i n , and 

offer new openings f o r chemical i n d u s t r y „ 2 9 5 9 1 » 2 6 3 5 2 6 ^ The reaction 

has been investigated intensively and there have been many reviews 

the l a t e s t of there being provided by Banks o 2 ^ 



CHAPTER 2 

THE METATHESIS POLYMERIZATION 

OF 

SOME FLUORINATED CYCLOALKENES 
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2.1. Introduction and Background 

The metathesis ring-opening polymerization of p a r t i a l l y fluorinated 

bicycloalkenes was described by Feast and Wilson i n 1 9 7 8 0 They showed 

that t y p i c a l metathesis c a t a l y s t s , such as WCl^/Ph^Sn, W C l ^ / ^ H ^ A l C l 

and WGl^ alone, were effective i n the ring-opening polymerization of the 

fluorinated monomers shown i n Figure 2 . 1 . The same authors also reported 

0FICF3] 

F 2 

(I) 

0 
( IV) 

CI(CF3) 

CKCF3) 

OF(CF3) 

F(CF3) 

( I I ) 

(V) 

( i l l ) 

(VI) 

Figure 2,1. 

that monomers (V) and (V I ) readily copolymerized with cyclopentenej t h e i r 

preliminary r e s u l t s , using elemental analysis, showed that the copolymer 

had the repeat units ( V I I ) and ( V I I I ) i n a r a t i o of approximately 2 ; 1 

when the monomers i n the feed stock were i n a l t l molar r a t i o . 

C H = C H 
- 0 + 

CF 3 CF 3 

• C H = C H — ( C H 2 ) 3 — 

( V I I ) J " ( V I I I ) 

There were three s i g n i f i c a n t factors emerging from t h i s e a r l i e r work. 

( i ) Fluorinated polymers have a wide technological importance but 

despite t h i s , there are r e l a t i v e l y few reports of investigations of the 

synthesis of stereoregular fluoro polymers with Ziegler-Natta c a t a l y s t s . 
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bince streoregular polymers extend the range of materials available from a 

pa r t i c u l a r monomer, t h i s gap i n the polymer l i t e r a t u r e i s perhaps surprising. 

Metathet ir. c a t a l y s t s and Ziegler-Natta cata l y s t s have some s i m i l a r i t i e s and 
2 4 2 

t h i s e a r l i e r work by Feast and Wilson suggests that stereoregular fluoro 

polymers may be more readily accessible then i s often believed. This point 

w i l l be developed, l a t e r . 

( i i ) One of the few pieces of evidence which supported the pairwise 

mechanism for metathesis which was popular i n the early l ' / ^ i e s was the 

observation that a " t y p i c a l metathesis c a t a l y s t , PhVOiy effected the 

transformation shown i n Figure 2.2 which i s the "cyclobutane to two olefins 

transformation" required i n the most popular pairwise mechanism. The 

PhWCl CF 3 CF 3 

L 
CF 3 

(VI) 
Figure 2.2. 

ca t a l y s t PhWCl^ i s made from Ph^Sn and WClg and t h i s early work showed t h a t 

such catalysts i n f a c t polymerize monomer (VI ) very rapidly and by ring-

opening, the observed quadricyclane to monomer (VI) conversion was t h e r e f o r ? 

shown to be i r r e l e v e n t to the mechanism of metathesis and one of the pieces 

of evidence f o r the pairwise process was ruled out. 

( i i i ) The authors a l s o pointed out the advantages of introducing 

fluorinated substituents into these polymers from the p o i n t of view of the 

effect on n.m.r. spectra. The fluorinated substituents are themselves 

v i s i b l e through -^F n.m.r. and have large effects on the - ^ . j 1^ s ^ j _ f t ! ; < 

The spectra obtained by Feast and Wilson were complex and i n s u f f i c i e n t l y 

w ell resolved f o r detailed interpretation, but th i s question has been 
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further explored i n the work reported here. 

I n t h i s work, the author has attempted to establish i f a regular 1*2 

copolymer between cyclopentene and monomer (VI ) was formed independent of 

monomer feed stock r a t i o or merely coincidentally. Elemental analysis and 
13 

C n.m.r. were used i n attempts to obtain more detailed imformation about 
the copolymer. I n the study of the copolymer, i t was necessary to assign 

13 

a l l the C resonances of the fluoromonomer units and t h i s led to an 

examination of stereoregularity and t a c t i c i t y d i s t r i b u t i o n of the homo-

polymer of (VI) (see Section 1.3.d.). I t was also hoped that analysis of 

13 

the C n.m.r. spectra of polymer ( V I I ) would allow d e t a i l s of chain micro-

structure to be established as a function of ca t a l y s t used which i n turn 

would lead to a better understanding of the polymerization mechanism (see 

Section 1.3.d.). 

I n t h i s work, the author has extended the range of cat a l y s t s used by 

Wilson i n the polymerization of monomer ( V I ) . The monomer was polymerized 

with several c a t a l y s t systems i n order to obtain high c i s or trans forms 

of polymer ( V I I ) which would help i n the interpretation of spectra, 

monomer ( V I ) was used because i t i s symmetrical and would be expected 

to give r e l a t i v e l y simple spectra. 

The author also extended the range of p a r t i a l l y fluorinated monomers 

by synthesizing the t r i c y c l i c ring systems shown i n Figure 2.3. These 

new monomers were also polymerized by conventional metathesis c a t a l y s t s . 

^ ^ ^ ^ 

F F 

CF2 n 
( IX) (X 

Figure 2.3. 



The c a t a l y s t s e l e c t i v i t y , f o r the WClg/Ph^Sn system was a l - o examined i n 

the cape of the polymerization of an endo/exo mixture of 2,3,3,4,4,3,5,6-
2 6 

octafluorotricyclo[5.2.1.0 ' ]dec=8=ene ( IX ), n=3). The author was 

unable to polymerize some other p a r t i a l l y fluorinated monomer? and these 

f a i l u r e s are b r i e f l y reported to indicated the problems and l i m i t a t i o n 

encountered in t h i s type of work. 

2.2. Monomer syntheses and characterization 

2.2.a. Introduction 

This Section describes some background chemistry of the p a r t i a l l y 

fluorinated monomers investigated. A l l monomers were synthesized by D i e l s -

Alder addition, which involves the 1,4-addition of a conjugated diene and a 

dienophile as shown i n Figure 2.4. Ur.ing t h i s method, a wide range of 

\ 
+ 

+ 

Figure 2.4. 

possible p a r t i a l l y fluorinated bicyclo[?.2.l]hept-2-enes and b i c y c l o [ ? . ? . ] ] -

hepta-2,5-dienes can be prepared, the area has been reviewed by Perry 
967 

and Smart." Some of the monomers which were synthesized v i a D i e l ~ - A l d e r 

reactions between oyclopentadiene and appropriate fluorinated dienophiles 

are shown i n Figure 2.1. 

S t e r e o s e l e c t i v i t y i n the Diels=>Alder reaction i s a function of the 

structure of both the reactants and the reaction conditions, a mixture of 

endo and exo isomers iv usually obtained i n t h i s reaction. Isomer assignment 



? 6 8 was based on i t o n e ' s observation t h a t s i g n a l s 3ue t o t r i f l u o r o m e t h y l 
groups and/or f l u o r i n e atoms i n exo p o s i t i o n s occur at lower f i e l d chen.icai 

s h i f t s than those due t o the same u n i t i n the endo p o s i t i o n . Thus, the 
1 242 assignment of some peaks i n the F n.m.r. spectrum was p o s s i b l e f o r 

compound ( I ) - ( I V ) . 

The p a r t i a l l y f l u o r i n a t e d t r i c y c l i c monomers i n v e s t i g a t e d i n t h i s work 

were synthesized by D i e l s - A l d e r r e a c t i o n between cyclopentadiene and 

appropriate p e r f l u o r o c y c l o a l k e n e s as dienophiles as shown i n Figure 2.5. 

( I X ) 
Figure 2.5. 

The d e t a i l s of experimental c o n d i t i o n s and y i e l d s are t a b u l a t e d i n t h e 

Experimental Section. S u r p r i s i n g l y , 1:1 J i e l s - A l d e r adducts were i s o l a t e d 

from t h e rea c t i o n s w i t h perfluorocyclobutene and -pentene f i e n=2 and n=3 

i n Figure 2 . 5 . ) only i n low y i e l d compared t o the r e a c t i o n between 
242 

cyclopentadiene and a c y c l i c f l u o r i n a t e d o l e f i n s . 

A c y c l i c f l u o r i n a t e d o l e f i n s g i v e 1:1 Di e l s - A l d e r adducts i n high y i e l d 

whereas i n the author's experience, c y c l i c f l u o r i n a t e d o l e f i n s give p o l y -

adducts as the main products, indeed f o r perfluorocyclohexene 'n=4) mainly 

polyadducts were formed, w i t h very low y i e l d s of 1:1 adduct. Apparently 

a c y c l i c and c y c l i c f l u o r i n a t e d o l e f i n s have d i f f e r e n t d i e n o p h i l i c character 

and i t also seems l i k e l y t h a t the primary adducts also have very d i f f e r e n t 

characters. One question which i s d i f f i c u l t t o understand i s why compound 

(X I ) doer, not apparently compete w i t h CF_CF=;.ji'' f o r diene, see Figure 

2.6., whereas q u i t e c l e a r l y t r i c y c l i c o l e f i n s ( IX) compete very success-

f u l l y f o r diene w i t h p e r f l u o r o c y c l o a l k e n e s . 
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C F 3 0 o F C F(CF 3) 
I + F C F(CF 3) C F 3 

(XI) 

Figure 2 . 6 . 

Presumably, i t i f i n some way a function of the ring structure, but no 

c l e a r cut explanation i s available, i n f a c t one might have expected the 4 

and 5 mem tiered c y c l i c olefins to be rather better dienophiles then 

GF^CF=GFGF^ as a consequence of ring s t r a i n . Jmart" reported that poly-

adduct was formed i n the reaction between cyclopentadiene and t r i f l u o r o -

ethylene as shown i n Figure 2 . 7 . 

0 HF HF CHF 
4- + F 2 F 2 

Figure 2 . 7 . 

Other workers have reported that polyfluorinated cyaloprop-sne, ~J 

270 271 271 cyclobutene ' and cyclopentene undergo Diels-Alder reaction v.'ith 

cyclopentadiene and 1 , 3 =butadiene as shown i n Figure 2.8, yields were 

reasonably high with no mention of polyadducts. 
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H 
+ 

F 2 H 

n (CF 2) -+- (CF2) n n 

Figure 2.8. 

Clearly there are some anomalies i n t h i s area of work but the author 

was prins,rily interested i n obtaining monomer? f o r polymerization studies 

and extensive investigation of these reactions has-, not been attempted. Trie 

author was unsuccessful i n the attempted synthesis of the Ji e l s - A l d e r 

adduct between cyclopentadiene and 1 , 2 - d i c h l o r o - 3 , 3 . ^ 1 ^ . 5 , 5 - n e x a f l u o r o -

cyclopentene, the proposed reaction i s nhown i n Figure ? . . T h i s r e s u l t 

CI I2 
CI 

CI 
CI 

Figure 2.?. 

was not too surprising i n view of the e a r l i e r report~ of a low y i e l d i n 

the synthesis of compound ( I V ) . The low r e a c t i v i t y of t h i s olefin i s 

d i f f i c u l t to explain on the basis of s t e r i c effect because tetrachlorocyclc-

propene i s a very reactive ole f i n i n Diels-Alder reactions as w i l l be d i s -

discussed i n chapter 3 ° 

The synthesis, p u r i f i c a t i o n and characterization of each monomer i s 

described b r i e f l y below. 
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2 . 2 . b . Synthesis of 2 .3°bis(trlfluoromethyl)bicyclo[2.2.llhepta^2.5-diene, 

1 p 2 - b i s ( t r i f l u o r o m e t h y 1 ) c y c l o h e x a - 1 , 4 - d i e n e , 5,5,6-trichloro-6-tri-

fluromethylbicyclo [ 2 . 2 .l]hept-2-ene, 2 , 3 , 3 . ^ A » 5 - h e x a f l u o r o t r i c y c l o -

t ^ . l . O ^ - l n o n - ^ - e n e and 2 . 3 . 3 . ^ A 5 . 5 . 6 ° o c t a f luorotricyclo [ 5 . 2 . 1 . 0 

2 > 63dec-8-e •ene 

2^2 272 
2 , 3-Bis(trifluoromethyl)bicyclo[2.2.l]hepta-2 , 5=diene ' and 1,2-bis-

273 

(trifluoromethyljcyclohexa-l.^diene were prepared by Diels^Alder reaction 

between hexafluorobut-2=yne and cyclopentadiene or 1 ,3-butadiene as shown i n 

Figure 2.10. Both these syntheses follow established l i t e r a t u r e methods and 

the compounds were i d e n t i f i e d by t h e i r i„r. spectra (Appendix C, No I and I I ) , 
1 19 

mass spectra (Appendix B, No I and I I ) and H and F n.m.r. spectra (see 

Table 2.1 f o r compound ( X I I } ) 

+ U! 

f 

: F 3 

; F 3 

[ 

: F 3 

(VI) 

Figure 2 . 1 0 . 

The reaction between 3 » 3 j 3 = t r i f l u o r o ~ l p l , 2 = t : r i c h l o r o p r o p e n e and cyclo-

pentadiene produced 5,5,6»trichloro=6~trifluoromethylbicyclo[2.2.1]hept=2= 

ene i n 27% y i e l d , Figure 2.11. The i . r . spectrum (Appendix G, No I I I ) and 

^ % and "̂H n.m.r. spectra (see Table 2.1.) were consistent with the proposed 

structure, but elemental analysis (see Experiment Section) and mass spectros-

copy (Appendix B, No I I I ) cast doubt upon t h i s assignment; although several 

attempts have been made to improve the p u r i f i c a t i o n of t h i s monomer, there 
19 

are reservations as to i t ' s purity. The F n.m.r, spectrum showed j u s t 
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one peak at 6 1 . 8 ppm and probably the material i s just one isomer, however 

i t i s possible that the s t a r t i n g dienophile was contaminated with a closely-

related material, undetected but responsible for the anomalous a n a l y t i c a l 

r e s u l t s . I t i s probable that CF^GC1=GC12 i s prepared by halogen exchange 

from GG1^GC1=GG12, i f so i t i s quite possible that traces of GC1F2GG1=GG12, 

GC12FCC1=CC12 and GC1^GC1=CG12 may remain i n the product, such impurities 

could account for the problems described above. 

0 o C l 2 CCl 
II +• 
CCl C1(CF3) 

Figure 2 . 1 1 

Table 2.1. N.m.r. sp e c t r a l parameters f o r monomers described i n t h i s Chapter 

Compound 
l u H n.m.r. 1 < ? F n.m.r. 

Compound 
-GH2- -CH- -CH= -CF^ -GF 2 -CF-

2 . 9 8 5 . 6 8 6 2 . 5 

® C l j C F 3 ) 

1 . 9 5 

2 . 1 5 

2 . 4 5 

2 . 6 0 

3 - 3 5 

3 . 6 0 6 . 3 5 6 1 . 8 

exo 
2.28 
2 . 3 5 

- 3 - 3 — 6 . 2 

1 2 7 . 8 1 7 9 . 0 

endo 
1.78 
1.86 

3 . 5 1 6 . 6 0 

1 2 7 . 8 1 7 9 . 0 

exo 
2 . 2 ? 

2.41 3.40 6.24 1 1 9 
* 

l 4 l 

complex 

1 7 3.92 

endo 
1 . 7 2 

1 . 9 2 
3 . 5 7 6 . 5 6 

1 1 9 
* 

l 4 l 

complex 1 7 3 . 5 7 
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The Diels-Alder reaction between cyclopentadiene and hexafluorocyclo-

butene, Figure 2,12 produced mixture of 1:1 and polyadducts, from which 

the 1:1 adduct was obtained by vacuum d i s t i l l a t i o n . The structure of the 

l s l adduct from t h i s reaction was confirmed by elemental analysis (see 

ificperiment Section), mass (Appendix B, No IV) and i.r.(Appendix G, No IV) 
1 19 

spectroscopy. Characterization by H and F n.m.r. (see Table 2.1) 

spectra showed the compound contained one major isomer, assignment of the 

isomer structure w i l l be discussed l a t e r i n Section 2.2.c. 

+ 
F 2 

F 2 

polyadducts 

( ( IX) ,n=2) 
Figure 2 . 1 2 . 

2,3,3,^,^t5,5,6-Octafluorotricyclo[5.2.1.0 ' ]dec - 8 -ene was prepared 

by Diels-Alder reaction between cyclopentadiene and octafluorocyclopentene, 

Figure 2 . 1 3 , from which the l j l adducts were obtained as a semisolid by 

vacuum d i s t i l l a t i o n . This product was confirmed as a mixture of 1 : 1 

adducts by elemental and spectroscopic a n a l y s i s . Elemental analysis and 

mass spectroscopy (Appendix B, No V) established that the product had the 

molecular formula C 2 0 * * 6 F 8
 3 1 1 ( 1 ^ e * , r * spectra (Appendix G, No V) was 

consistent with the structure ( ( I X ) , n = 3 ) . Although the product gave a 

broad single peak on a n a l y t i c a l g . l . c , the "hi, "^C and n.m.r. spectra 

a l l confirm that i t consisted of a roughly 5 0 : 5 0 mixture of two isomers. 

The assignment of structure f o r compounds of the general formula ( i x ) i s 

discussed below. 

F F 2 

+ > F 2 

F 2 

polyadducts 

UJX),n s3) 
Figure 2 . 1 3 . 
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2 . 2 . c . S t r u c t u r a l assignment of endo/exo isomers of fluorinated 

p o l y c y c l i c systems 

Struc t u r a l assignment f o r the Diels-Alder adducts of fluoro-olefins 

with cyclopentadiene rests heavily on spectroscopic evidence. Most of the 

adducts which have been described i n the l i t e r a t u r e are v o l a t i l e liquids 

or low melting s o l i d s , so i t i s not surprising that there appear to have 

been no X-ray d i f f r a c t i o n studies, and since the molecules are also r e l a t i -

vely large and complex, no electron d i f f r a c t i o n studies appear to have been 

carried out either. Although the spectroscopic arguments constructed seem 

convincing i t i s regretable that there are no r e l i a b l e c r y s t a l structures 

which could be used as fixed points i n the arguments. As mentioned e a r l i e r , 
2 6 8 2 6 7 

Stone and Smart have analysed the n.m.r. spectra of a number of 

adducts and have concluded that i n b i c y c l o [ 2 . 2 . l ] h e p t = 2 - e n e s , exo F or CF„ units occur at lower f i e l d then analogous endo units. 

There are many examples of structures of t h i s type produced v i a the 

Diels-Alder reaction and there appear to be some anomalies, for example 

consider the three reactions shown below1 

+ C F 3 C F = C F 2 

4- C F 3 C H = C H 2 

Isomer d i s t r i b u t i o n 
Sxo Endo 

6 0 

80 2 0 

0 1 0 0 

There i s c l e a r l y a wide v a r i a t i o n i n endo/exo s e l e c t i v i t y between 

apparently s i m i l a r dienophiles; a l l these s t r u c t u r a l assignments are i n 

aggrement with Stone and Smart's generalization, but the anomalies exempli­

f i e d here cause some reservations as to the certainty of these widely used 
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chemical s h i f t generalizations. I n t h i s work we have t r i e d to make 

a more secure assignment by detailed analysis of "^F, and n.m.r. 

spectra and are indebted to Dr. I . Sadler (Edinburgh University) f o r 

recording some of the spectra discusseJbelow. 
19 

We w i l l f i r s t consider the 7F n.m.r. spectra obtained for the l s l 

adduct mixture of cyclopentadiene and octafluorocyclopentene, see Figure 

2.14. The complete spectrum i s shown at the top of the page and consists 

of a complex set of overlapping AB quartets i n the region 119-141 ppm 

upfield from CFGl^ which are assigned to the difluoromethylene u n i t s , and 

two resonances near 1 7 4 ppm which are assigned to the t e r t i a r y f l u o r i n e s . 

On expansion, the GF^ resonances can be accounted f o r i n terms of two s e t s 

of two AB quartets i n an approximately 2:1 i n t e n s i t y r a t i o i n each case; i n 

the H-decoupled spectrum of the difluoromethylenes, there are no s i g n i f i c a n t 

changes i n the peak m u l t i p l i c i t i e s and therefore H-F coupling can be regarded 

as negligibly small, the values observed are quite reasonable f o r 

difluoromethylenes i n five-membered rings. 

Expansion of the t e r t i a r y fluorine region showed a doublet,3=7.6 Hz at 

1 7 3 * 3 Ppm and a broad s i n g l e t at 1 7 3 . 6 ppm, i n the i n t e n s i t y r a t i o 6 0 j 4 0 ; 

H-decoupling collapses the doublet to a sharp s i n g l e t but has only a 

marginal effect on the l i n e width of the resonance at higher f i e l d . 

Following Stone and Smart's generalization, we should say that t h i s adduct 

mixture consists of 6C# of the endo-adduct and 4C$ of the exo-adduct. 

H H 

H 
H 

H H f2 
F 2 

H F 
H 

F 2 

H H 

H •H 

F F 2 

( IX), endo (2X). exo 
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U UUJ 
• i • • • • i , , , , i , . , , i , , , . i , , , , i , , , , i , , , , i , . . , i . 

120 125 130 135 140 U S 150 155 160 165 170 175 
PPM (CFCI 3 as external references) 

Dif luorornethylene region 

Expanded 

AB quartet J A B = 264-9 Hz 

i\ quartet ~\ AB quartet J . R = 268 9 Hz 
A B = 270 6 Hz 

AB quartet J A B = 279 8 Hz 

Tertiary fluorine region 

I . 1 1 I L _ | 

172 173 174 175 

Difluorometrtylene region, 

H decoupled 

Tertiary fluorine region 

H decoupled 

i • i • i • i 
172 173 174 175 

Figure 2.14 
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I f t h i s assignment i s c o r r e c t , the doublet s i g n a l from the t e r t i a r y 

e x o - f l u o r i n e s of the endo-adduct ( ( I X ) , endo) must be s p l i t as a r e s u l t of 

H-F coupling w i t h one of the protons at 0ln, is the b r i d g i n g methylene 

carbon. The complex overlapping nature of the difluoromethylene resonance 

does not allow c o n f i r m a t i o n of t h i s assignment. 

The *H n.m.r. spectra f o r t h i s mixture was recorded w i t h the 3 6 0 A'H" 

instrument i n j>iinburgh and the spectrum i s shown i n Figure 2 . 1 5 . I t 

r e a d i l y assigned as a r i s i n g from a mixture of endo and exo isomers and the 

e x c e l l e n t s i g n a l t o noise and r e s o l u t i o n obtained w i t h t h i s i n strument, 

allows an unambigious d e f i n i t i o n of the isomers r a t i o as 5 3 ^ 7 , the same 

r e s u l t being obtained from t h e r e l a t i v e i n t e n s i t i e s of the v i n y l i c H, 

t e r t i a r y H and methylene AB q u a r t e t s i g n a l s . The major isomer has the 

lower f i e l d v i n y l i c and t e r t i a r y s i g n a l s , and the higher f i e l d AB q u a r t e t , 

these assignments being confirmed by H-H decoupling experiments. 

The lower l i m b of the A3 q u a r t e t of the major isomer has a complex f o -

which can be resolved w i t h the a i d of a complete H-H decoupling study. On 

i r r a d i a t i o n of the v i n y l H s i g n a l , the higher f i e l d limb of the A3 system 

showed an a l t e r e d s p l i t t i n g p a t t e r n but the lower f i e l d l i m b remained 

unchanged. When the t e r t i a r y H s i g n a l was i r r a d i a t e d , both limbs of the 

AB q u a r t e t showed a l t e r e d s p l i t t i n g p a t t e r n s and the lower limb s i m p l i f i e d 

t o a system c o n s i s t i n g of the two l i n e s of unequal i n t e n s i t y of the A3 

qu a r t e t J =11 . 3 Hz), w i t h each of these l i n e s 5 r ; l i t i n t o a t r i p l e t AS 
( J = 8 Hz) of t r i p l e t s ;'J=1.3 Hz), since the v i n y l H decoupling e s t a b l i s h e d 

t h a t there was no coupling between i t and the proton under c o n s i d e r a t i o n 

both these t r i p l e t s p l i t t i n g must r e s u l t from H-F i n t e r a c t i o n s . We t h e r e ­

f o r e assign the major isomer as the endo-isomer w i t h the s i g n i f i c a n t 

coupling constants as shown below: 
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H 11.8 Hz AB 
H 

7 ( H spectrum) 8,0 Hz H — r H 
1 9 7 . 6 Hz ( yF spectrum 

H 

H 

Only the main li n e s of the argument have been presented but the 

important observation of the doublet s p l i t t i n g of the t e r t i a r y fluorine 
19 

resonance i n the F n.m.r. spectra and the t r i p l e t s p l i t t i n g of the 

bridging methylene hydrogen i n the "Si n.m.r. spectra was made only f o r one 

isomer. Thus, the assignment made on the basis of t h i s analysis of the "Si 
1° 1 and n.m.r. spectra are i n agreement; with the superior H n.m.r. spectra 

giving a more r e l i a b l e quantitative analysis of the isomers r a t i o . 

In the case of the cyclopentadiene adduct with hexafluorocyclobutene, 

the major isomer 'f95%) can be str a i g h t forwardly assigned as the endo-

adduct; t h i s assignment following from the close s i m i l a r i t y of s h i f t s and 

s p l i t t i n g patterns observed between t h i s product and the endo~adduct of 

cyclopentadiene and octafluorocyclopentene (see Table 2 . 1 ) . 

2 o 3 - Polymerization of some p a r t i a l l y fluorinated p o l y c y c l i c alkenes 

2 o 3 . a . Investigation of stereoregulation i n poly(4,5°bis(trifluoromethyl)-
13 

1 , 3-cyclopentenylenevinylene) by JQ n.m.r. spectroscopy 
13 

The detailed interpretation of G n.m.r. spectra of the ring-opened 
13 

polymers was pioneered by I v i n et a l . I t was established that yZ n.m.r. 

spectroscopy offers a powerful tool f o r looking at the microstructure of the 

polymer chain including c i s / t r a n s isomerization, t a c t i c i t y , and Head-Head 

vs Head-Tail monomer placement; together with the dis t r i b u t i o n of these 

variables. These authors studied high c i s and high trans forms of the 

polymer derived from endo- and exo ~ 5"niethylbicyclo [ 2 . 2.l]hept - 2-ene !, there 



are f o u r p o s s i b i l i t i e s f o r assembly of these polymer? excluding c i s / t r a n s 

i s o m e r i z a t i o n at the v i n y l e n e u n i t s , the^e p o s s i b i l i t i e s are shown below, 

Figure 2.16. 

Head-Tai C H = C H C H = C H 
o t a c t i c 

CH CH 

CH 

Head C H = C H C H = C H 
y n d i o t a c t i 

CH 

id-Hea C H = C H C H = C H 
l s o t a c t i c 

CH CH 

CH 

^ 3 
Kea.d-Head •CH=CH C H = C H 

T i d i o t a c t i 

CH 

Figure 2.lb. SHE 
They have prepared the f u l l y t r a n s - and f u l l y cis=polymers and estab­

l i s h e d t h a t a polymer having a l l c i s geometry has a. f u l l y s y n d i o t a c t i c r i n ; 

sequence w i t h the methyl-group a l t e r n a t i n g T a i l - T a i l and Head-Head. ^ ' 
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Polymers having more than 80?S trans vinylene content have an a t a c t i c 

ring sequence, while the polymers having a 7 ^ « 2 6 cis/trans r a t i o have mainly 

syndic-tactic cis= junctions and i s o t a c t i c trans-junctions. They also showed 

the r e l a t i o n of these r e s u l t s to the mechanism of ring-opening polymerization 
T O T 

of bicyclo[2.?. .l]hept - 2-ene, which was discussed e a r l i e r i n Section 1 . 3 . 3 . 

Most of the interpretation of c i s / t r a n s and t a c t i c i t y d istributions was 

based on detailed analysis of the o l e f i n i c area of C n.m.r. spectra which 

i s generally extremely complex. 

In order to reduce t h i s complexity, I v i n and co-workers have resorted 

to the resolution of the enantiomers of endo and exo-j>-roethylbicyclo[2.2.1] 

hept -2-ene, and preparation of high c i s and high trans polymers from these 

c h i r a l monomers. The deductions made from t h i s work require the development 

of a complicated argument which i s too long to be reproduced here, howewer 

I v i n ' s conclusion can be summarized i n terms of a flow diagram which records 

the stereochemical consequences of the deduced mechanism. 

In Figure 2 . 1 7 , one case of I v i n ' s mechanistic r a t i o n a l i z a t i o n i s 

drawn out at length f o r the s i t u a t i o n where the chain carrying carbene i s 

immobile and the polymer chain and the bridging methylene carbon have a syn 

stereochemical relationship i n the i n i t i a l metallocarbene/monomer complex. 

This example would lead to an a l l c i s syndiotactic chain microstructure, 

s i m i l a r l y , exo approach with the polymer chain and the bridging methylene 

adopting an anti stereochemistry would lead to an a l l trans i s o t a c t i c chain 

microstructure. 

In the work described here, the author has investigated the p o s s i b i l i t y 

of monitoring the stereoregularity of the polymer formed from 2 , 3 = b i s ( t r i -

f luoromethyl)bicyclo [ 2 . 2.l]hepta - 2 , 5=diene (VI) by different c a t a l y s t s . 

This monomer i s symmetrical and consequently the number of monomer assembly 

p o s s i b i l i t i e s i s halved since no Head-Head and Head-Tail isomers are possible. 
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Diagram summarizing the conclusions reached by K.J. T v i n f o r the case of 
pol y m e r i z a t i o n of a s u b s t i t u t e d bicyclo[2.2.llhepta-2,5-diene w i t h a 
con f o r m a t i o n a l l y immobile carbene as the chain c a r r y i n g s p e c i e s 

/ 

exo 
C 7 syn P 

.0 o o 
% *° C-C 

r o t a t i o n 

C7 syn p 

\ 

.0 o 

V 

CIS 
syndio tactic 

figure 2.17, 
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The f o u r possible r t r u c t u r a l sub-units are phown below, Figure 2.18. 

• C H — C H ^ X ^ C H = C H 

C H = 

CF 3 CF 3 CF 3 CF 3 

CF3 CF3 

• C H — C H - ^ N ^ f - C H = C H 

CF3 CF 3 CF3 CF3 

Cf1_CF5 

C H = 

CF3 CF3 

: i s - i s o t a c t i c 

c i s - s y n d i o t a c t i c 

t r a n s - i s o t a c t i o 

t r a n s - s y n d i o t a c t i c 

• bond approaching 
O bond receding 

Figure 2.18. 

I t war. hoped t h a t the la r g e chemical shift-v induced by 'JF^-substitu'-nts 

would r e s u l t i n good r e s o l u t i o n of the v i n y l i c carbonr i n the product 

polymers, and t h a t i n the l i g h t of I v i n ' s mechanistic r a t i o n a l i z a t i o n , i t 

would be po s s i b l e t o monitor t h e s t e r e o r e g u l a t i n g c a p a b i l i t y of various 

c a t a l y s t s . 

2 ,3-Bis(trifluoromethyl)bicyclo[2.2.l]hepta-2,5=diene was t r e a t e d w i t h 

various tungsten, molybdenum, rhenium and ruthenium based c a t a l y s t s ( s e e 

iOcperiment S e c t i o n ) , w i t h the hope of o b t a i n i n g a range of s t e r e o r e g u l a r 

polymers. U n f o r t u n a t e l y , the monomer was not polymerized by HeCJl^ and Ru'Jl^ 
l r 6 

based c a t a l y s t s although an e a r l i e r r e p o r t J e s t a b l i s h e d t h a t these 
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c a t a l y s t s gave respectively a l l c i s and high trans polymers from bicyclo-

[2.2.l]hept-2-ene; s u r p r i s i n g l y , F i s c h e r carbene did not effect the 
6 5 6 6 

polymerization, except when T i C l ^ was added as an activator. " 

2 , 3-Bis(trifluoromethyl)bicyclo[2.2.l]hepta-2 , 5~diene was readily 

polymerized with WCl^/Ph^Sn, WClg/Bu^Sn, WGlg/Me^Sn and (G0),.W-C(0GH^)GgHy-

T i C l ^ (KT or 50°G) to produce 50 : 5 0 c i s / t r a n s polymers, and with MoCl^/-

Ph^Sn, MoGl^/Me^Sn and MoCly'MegAlCl to produce high c i s polymers. The 

polymers produced were pu r i f i e d by successive precipitation from acetone 

solution into n-pentane; they a l l gave viscous solutions i n acetone at ca 5% 

concentration and could be cast to give tough c l e a r films, these observations 

may be taken as evidence that we were dealing with genuine polymeric 

materials. 
13 

The main conclusions to be drawn from an analysis of the G n.m.r. 

spectra of these polymers can be i l l u s t r a t e d by reference to two products, 

these are the polymers prepared using a very active non-discriminating 

i n i t i a t o r system (WGl^s2(GH^)^Sn) and that produced with a less active 

c a t a l y s t which generally gives polymers with a high c i s content (MoCl^s 

2(GH^)^Sn), both polymerizations were carried out at room temperature i n 
13 

chlorobenzene. The C n.m.r, spectrum of the polymer ( V I I ) has been 
2/4.2 

described previously and the spectroscopic parameters f o r samples produced 

i n t h i s work are tabulated i n Table 2.2 (see page 7 3 ) • 

I f we f i r s t examine Figure 2 . 1 9 , that i s the low f i e l d ^ region of the 

spectrum of the polymer produced using WCiy2(GH^)^Sn, we see that under low 

resolution the quartet due to the CF^ groups occurs at ca 1 2 0 p?m with the 

two groups of v i n y l i c carbon signals at ca 1 3 0 and 1 ^ 0 ppm; the lower f i e l d 

and lower i n t e n s i t y signals are c l e a r l y those of the v i n y l carbons carrying 

CF^ substituents since t h e i r low i n t e n s i t y r e s u l t s from the lack of any 

Nuclear overhauser ilihancement, whereas the hydrogen carrying vinylene 
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carbons g i v e t h e s t r o n g s igna l s ^ ca 130 ppm. The lower f i e l d s i g n a l o f 

t h i ? in t ense p a i r i s assigned, by r e fe rence t o accumulated t ab l e s o f d a t a , t o 

the c i s v i n y l e n e u n i t and the s i g n a l a t h i g h e r f i e l d t o the t r a n s 

v iny l ene u n i t . I n s p e c t i o n o f the expanded spectrum shows t h a t both v i n y l e n e 

carbon s i g n a l s cons i s t o f two ove r l app ing resonances and so we have, w i t h 

t h i s c a t a l y s t , f o u r v i n y l e n e s i g n a l s corresponding t o the f o u r p o s s i b l e 

s te reochemica l assembly modes i l l u s t r a t e d i n F igure 2 .18 . 

I f we now l o o k a t the spectrum of the sample prepared us ing the H o C l y ' -

2(GH^)^Sn c a t a l y s t , F igu re 2 .20 , we see t h a t the r eg ion assigned t o t h e 

v i n y l e n e carbon resonances i s g r e a t l y a l t e r e d . The low f i e l d resonance 

corresponding t o the c i s - v i n y l e n e u n i t becomes r e l a t i v e l y more i n t e n s e than 

the t r a n s - v i n y l e n e resonance, and i t i s c l e a r t h a t the c i s - v i n y l e n e resonance 

cons i s t s na in ly o f one s i g n a l r a t h e r t h a t the ove r l app ing p a i r seen i n 

l c 6 

F igu re 2 .1o . This obse rva t ion i s c o n s i s t e n t w i t h I v i n ' s y conc lus ion 

t h a t h i g h c i s polymers e x h i b i t main ly c i s s y n d i o t a c t i c m i c r o r . t r u c t u r e and 

we can conclude t h a t the sharp resonance a t 131.3 probably belongs t o a 

c i s s y n d i o t a c t i c sequence and the o the r s i g n a l i n t h i s p a i r belongs t o the 

i s o t a c t i c sequence. The o the r p a i r of s i g n a l s a t 130 ppm have not been 

assigned as y e t as a consequence o f our f a i l u r e t o f i n d a c a t a l y s t which 

g ives a h i g h t r ans polymer w i t h t h i s monomer. 
13 

I n F igure 2 . 2 1 , t h e complete C n . m . r . spec t ra f o r another p a i r o f 

polymers are reproduced, i n t h i s case the samples were obta ined by i n i t i a t i o n 

w i t h the a c t i v a t e d ' F i s c h e r Carbene* ( ( C 0 ) ^ W = G { O O L ^ G ^ / T i C l ^ ) and XoGi, . / 

( C H ^ ^ A l C l r e s p e c t i v e l y . As i s c l e a r f r o m a examination o f the v i n y l e n e 

r e g i o n , t he fo rmer c a t a l y s t g ives ca 50s50 c i s / t r a n s polymer wheras the 

l a t t e r g ives a l a r g e l y c i s s y n d i o t a c t i c p r o d u c t . The methine and methylene 

s i g n a l s a t h i g h e r f i e l d provide an i n t e r n a l check on the c i r . / t r a n s content 

o f t h e polymers , the methine s i g n a l s are bo th a l l y l i e and nearer t o the 
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from W C l 6 / ( C H 3 ) 4 S n 

CR C F 

I I [ I 

138 136 134, 132 130 

u 
! 

130 120 110 

f i g u r e 2 . 1 



-fQ- CH=CH from MoCl 5 / (CH 3 ) ,Sn 
n 

C R CR 

140 138 136 134 132 

^ " ^ • C w ^ i».ii-.vv i-m Jl« 

U0 130 120 

f i g u r e 2.20 
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e l e c t r o n e g a t i v e t r i f l u o r o m e t h y l s u b s t i t u e n t and consequently occur a t lower 

f i e l d then the methylene carbon s i g n a l s . Comparison o f the two spec t r a i n 

F igu re 2 .21 a l lows a c o n f i d e n t assignment o f the s i g n a l @ 4 8 . 1 ppm t o the 

methine carbon ad jacent t o a c i s double bond w i t h t h a t ad jacen t t o a t r a n s 

double bond occur ing a t 4-3.1 ppm; t h i s reverses the assignment g iven by 

242 
Feast and Wilson and based on r e l a t i v e i n t e n s i t i e s i n an approximate ly 

50:50 c i s / t r a n s polymer, and i l l u s t r a t e s the s e n s i t i v i t y o f s i g n a l 

13 

i n t e n s i t y i n G n . m . r . spectroscopy t o sma l l v a r i a t i o n s i n s t r u c t u r e and 

environment . 

The h igh c i s polymer, F igu re 2 .21 ( D ) , has on ly two s i g n a l s i n the 

methylene r e g i o n both o f which are f a i r l y sharp, the more in t ense s i g n a l 

presumably a r i s e s f rom the c i s s y n d i o t a c t i c sequences, the s m a l l e r s i g n a l 

may a r i s e f r o m one o f s e v e r a l pos s ib l e assembly modes. I n t h e methylene 

r e g i o n o f the spec t ra f o r sample ( c ) , we can observe a t l e a s t f i v e 

resonances. So i t i s c l e a r t h a t the methylene carbons are a much more 

s e n s i t i v e probe o f environment than the methine carbons which appear t o 

g i v e on ly one unresolved s i g n a l depending on whether they are ad jacen t t o 

a c i s o r t r ans v i n y l e n e j these observat ions are somewhat d i f f e r e n t f r o m 

those made by I v i n and coworkers on f a i r l y c l o s e l y r e l a t e d norbomene 

polymers . 

I n I v i n ' s work, t h e methine carbons were i n v a r i a b l y r e so lved i n t o f o u r 

s i g n a l s corresponding, accord ing t o I v i n , t o the s i t u a t i o n s l a b e l l e d 

cc , c t , t c and t t where the f i r s t l e t t e r i n d i c a t e s the geometry o f the 

v i n y l e n e ad jacen t t o the methine carbon ( c - c i s , t - t r a n s ) and the second 

l e t t e r i n d i c a t e s the geometry a t the next neares t v i n y l e n e ; s i m i l a r l y 

I v i n and coworkers i n v a r i a b l y see on ly th ree s i g n a l s f o r the methylene 

carbons i n t h i s type o f polymer ( c c , c t s t c , t t ) . The obse rva t ion i n these 

h i g h r e s o l u t i o n spec t r a o f on ly two methine resonances and f i v e methylene 



CH 
? fO-CH-CH^ n 

from WtCOL/TiCl 4 
CF, CF 

140 I 130 120 50 40 30 

% > C H = C H f n from MoCL/(CH3)2AlCl 

CF, CF 

140 50 130 120 40 30 

21 I'M 
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resonances i s very i n t e r e s t i n g as f a r as i t s i m p l i c a t i o n s f o r chain m i c r o -

s t r u c t u r e are concerned, u n f o r t u n a t e l y i t has so f a r proved imposs ib le t o 

o b t a i n a wider range o f polymer s t e reochemis t r i e s than the two types 

discussed above and t h i s makes i t d i f f i c u l t t o draw any d e t a i l e d conclusions 

about the assignment o f s p e c i f i c resonances. 

C l e a r l y i n these polymers most i m f o r m a t i o n about d e t a i l s of m i c r o -

s t r u c t u r e i s t o be obta ined f rom the v i n y l e n e carbon s i g n a l s (discussed 

e a r l i e r ) and the methylene carbons. The methylene carbons i n polymer ( V I I ) 

can be i n e i t h e r s y n d i o t a c t i c o r i s o t a c t i c sequences and the ad jacen t 

v i n y l e n e may be both c i s , both t r ans or one c i s and one t r a n s . This g ives 

\ r i s e t o s i x p o s s i b i l i t i e s and i n the best spec t ra recorded so f a r , we 

observe f i v e resonances. By re fe rence t o the spec t r a i n F igure 2 . 1 9 , 2 .20 

and 2<>21 and the assignments e s t ab l i shed i n the above d i s c u s s i o n , i t i s 

p o s s i b l e t o ass ign the methylene carbon s i g n a l s i n Table 2.2 as f o l l o w s . 

( i ) The s i g n a l a t an average s h i f t 35-53 ppro i s associa ted w i t h 

methylene carbons i n c i s = s y n d i o t a c t i o sequence. 

( i i ) The s i g n a l a t 3^.90 ppm ( o n l y one case observed) i s assoc ia ted 

w i t h c i s - i s o t a c t i c placements. 

( i i i ) The s i g n a l a t anaverage s h i f t o f 36.3^ ppm i s associa ted w i t h 

a methylene w i t h ad jacen t c i s and t r ans v i n y l e n e , as i s the s i g n a l a t 

36.08 ppm (on ly one example), but the t a c t i c i t y of the r i n g placements i s 

no t c e r t a i n i n t h i s case* 

( i v ) The s i g n a l a t an average s h i f t o f 36.33 ppm (2 examples) i s 

associa ted w i t h a methylene between two t rans v iny l ene u n i t s . 

These assignments lead t o the conclusions t h a t i n the h igh c i s polymers 

the r e s i d u a l t r ans v i n y l e n e u n i t s are randomly d i s t r i b u t e d and not found 

as t r a n s b locks . Th i s a n a l y s i s , a l though reasonable, would be more 

f i r m l y based i f t h e r e were more types o f m i c r o s t r u c t u r e a v a i l a b l e f o r s t udy . 

file:///rise


- 73 -

Table 2 .2 . Chemical s h i f t s i n the (J n . m . r . spec t ra o i ^ o i y i - r . ^ - t g s i 

t r i f i u o r o m e t h v l ) - 1 . 3 - c y c l o p e n t o n v l e n e v i n y l e n e ' ) i n i t i a t e d by 

v V ^ H 3 ) ^ n ( A ) , M o G l 5 / ( C H 1 ) 4 £ n ( 3 ) , (G0) 5 W=: P C ^ G ^ y 

T i ' J l ^ ( c ) and MoCiy ( C H ^ A l G l • J).See Figure 2 .19 , 2.20 and 1.21. 

— C H = C H 

e C F 3 C F 3 

Chemical s h i f t v5̂  Re la t ive Area. 

(A) ( 3 ) (C) (D) 

v5̂  

r ... \ 
\ J .. - ' ) 

34. vo 

35.54 35.55 35.48 35-53 3cc 
0.98 

17 .40 20.42 9 .37 30. c 3 

36.08 

36.38 36.35 36 .31 36.33 
3c t 

HI 
3tc 

4 .80 

12.76 
c. 0 K . 17.12 7.07 

36.85 36 .31 3 t t 13.33 3.47 

43.09 

48 .15 . 

43.04 

48 . 11 

43.03 
48.11 

43.02 

48 . 11 

2 t 

2c 

45.72 

51.75 

7 .51 
43. ' 4 

36.33 
34.41 

6.47 

55.70 

115.87 

118.39 

121.92 

124.92 

115.83 

118.35 

121.38 

12.4.90 

115.84 

118.82 

121.90 

124. >0 

115.85 

118.35 

121.92 

124.94 

6 

130.32 

130.48 
130.42 

130.24 

130.43 
130.42 4 t 

24.75 

17-32 7.65 
16.76 

21.13 
7 .29 

131.10 

131.35 

131.63 

131.82 
131.82 131-81 4c 

1.86 

45 .30 

7.90 
35.84 32 .09 51.72 

137.50 
139*. 00 

137.50 

139*. 00 

137.50 

139-00 

137.50 

139.00 
5 

c i s ( t y c ) 
1 f rom» (A) (3) C3) 

Viny lene r eg ion 52.82 85 .04 45 .36 67 .65 

l i e t h ine r eg ion 53.09 35.40 48.64 39-59 

Methylene region 54.65 89.78 5 1 . -?7 90.53 



The d e t a i l e d spec t roscopic parameters f o r polymers A, B, (J and D are 

o r t i 

156 

recorded i n Table 2.2 w i t h the p r o p o r t i o n of c i s double bonds ( c r^ ) 

c a l c u l a t e d f o l l o w i n g I v i n ' s method.' 

2 . 3 « b . Copolymer iza t ion o f 2 , 3 - b i s ( t r i f l u o r o m e t h y l ) b i c y c l o [ 2 . 2 . l ) h e p t a -

2 ,5-diene w i t h cyclopentene, some p r e l i m i n a r y observat ions 

The o b j e c t i v e s o f t h i s work have been discussed e a r l i e r i n t h i s Chapter 

i t was hoped t h a t the s t r u c t u r e o f copolymer cou ld be e s t ab l i shed i f 

pos s ib l e . Wi l son ' s e a r l i e r r e p o r t was based on ly on e lemental ana ly s i s 

r e s u l t s and i n v o l v e d r e l a t i v e l y h igh convers ions . I n t h i s work, the 

copolymer iza t ions were t e rmina ted a t an e a r l y stage i n order t o get a more 

accurate i n d i c a t i o n o f monomer r e a c t i v i t y . I n the f i r s t a t t empts , t h r ee 

w i d e l y d i f f e r e n t f e e d s tock r a t i o s were t r i e d (see Experiment S e c t i o n ) . 

The products f r o m the copo lymer i za t i on were cha rac t e r i zed by e lemental 

ana lys i s (see experiment S e c t i o n ) , i . r . (Appendix C, No IX and X) and "^0 

n . m . r . spectroscopy (F igure 2 . 2 2 ) ; the r e a c t i o n us ing a 1:5 r a t i o o f diene 

t o cyclopentene gave too low a y i e l d t o examine p r o p e r l y . The two 

copolymers obta ined i n reasonable q u a n t i t y were s o l u b l e i n t o l u e n e , acetone 

and me thy l e thy lke tone . 

Both copolymers were analyzed by i . r . spectroscopy (Appendix C, No IX 

and X ) showing t h a t they were e s s e n t i a l l y the same and contained a 

combinat ion o f peaks f r o m p o l y ( l - p e n t e n y l e n e ) and p o l y C + ^ - b i s f t r i f l u o r o -

m e t h y l ) - l , 3 - c y c l o p e n t e n y l e n e v i n y l e n e ) . The spec t r a were complex and i t was 

not p o s s i b l e t o determine the monomer composi t ion i n a s a t i s f a c t o r i l y 

q u a n t i t a t i v e way. 

13 

C N .m. r . spectroscopy (F igure 2 .22) o f the polymers obtained f rom 

the l s l f e e d s t o c k and f r o m the 5 s l f e e d s t o c k showed t h a t both of them 

conta ined combinations o f peaks assigned t o p o l y ( l - p e n t e n y l e n e ) and 



p o l y ( ^ P 5 - b i s ( t r i f l u o r o m e t h y l ) - l , 3 - c y c l o p e n t e n y l e n e v i n y l e n e ) u n i t s . The 

spec t r a obtained were ve ry compl icated because the c a t a l y s t system used 

(WOl^/Ph^'in) produces a m i x t u r e o f double bond isoiners as i n t h e homo-

po Lymeriy.ations? o f both monomers. R e l i a b l e composi t ions could no t be 

determined ::ince s u f f i c i e n t l y w e l l r e so lve spec t r a were not ob ta ined , and 

i t has t o be acknowledged t ha t , even i f b e t t e r r e so lved spec t ra were 

a v a i l a b l e the assignment o f a l l the observed peaks would presen t g rea t 

d i f f i c u l t i e s . Neve r - the - l e s s , a p r e l i m i n a r y assignment would suggest t h a t 

i n t he v i n y l e n e r e g i o n , the r e l a t i v e i n t e n s i t i e s o f carbons f r o m each 

monomer are approximate ly equal i n i n t e n s i t y i n d i c a t i n g t h a t i n the e a r l y 

stages a 1:1 i n c o r p o r a t i o n i s observed. I t i s c e r t a i n l y c l e a r f r o m the 

expanded v i n y l e n e r eg ion (F igu re 2 .22) t h a t these copolymers have very 

s i m i l a r m i c r o s t r u c t u r e s . 

elemental ana lys i s o f both products i n d i c a t e d t h a t the copolymers 

conta ined repeat u n i t s ( V I I ) and y V I I l ) i n a r a t i o between 1:1 t o 2 : 1 . I n 

t h e o r y , the t h ree sets of a n a l y t i c a l da ta can be used t o c a l c u l a t e the 

monomers i n c o r p o r a t i o n r a t i o and should provide th ree i n t e r n a l l y cons i s t en t 

d e t e r m i n a t i o n ^ . I n p r a c t i c e , the c a l c u l a t e d monomer i n c o r p o r a t i o n f rom the 

a n a l y t i c a l r e s u l t s showed cons iderable d i f f e r e n c e s and thus t h i s technique 

cannot be regarded as a r e l i a b l e method (Table 2 . 3 ) 

The reason why t h i s method f a i l e d i s not comple te ly c l e a r , but i t har 

t o be acknowledged t h a t ve ry s m a l l amounts o f s o l v e n t contamina t ion can hav 

a s i g n i f i c a n t e f f e c t on the e lemental ana ly s i s f i g u r e s and a l though the 

copolymer were d r i e d under vacuum f o r s e v e r a l hours before a n a l y s i s , t hey 

may w e l l have been s l i g h t con tamina t ion by s o l v e n t . I n view of t h e 

problems encountered i n t h i s work, i t was decided t o abandone f u r t h e r work 

on copo lymer i za t ion of 2 , 3 - b i s ( t r i f l u o r o m e t h y l ) b i c y c l e [ ° . ?.. l ] hep ta -2 ,5-

d iene . I t i s c l e a r t h a t t h i s fluoromonomer i s r e a d i l y i n c o r p o r a t e d w i t h 
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cyclopentene i n the copolymer w i t h the c a t a l y s t system examined here . This 

obse rva t ion showed t h a t t h i s diene probably has a r e a c t i v i t y somewhere 

between t h a t of cyclopentene and b i c y c l o f ? . . ? . . l ] hept-2-ene, which i s 

reasonable s ince the r e a c t i v i t y of the -^H=0H- double-bond i n 2 , 3 - b i s ( t r i -

f l u o r o m e t h y l ) b i c y c l o [ c . 2 . l ] h e p t a - 2 , 5 - d i e n e should be increased by s t r a i n 

as compared t o cyclopentene , but the TT -donor capac i ty might reasonably 

be expected t o be reduced by t he e l e c t r o n e g a t i v e CF^ s u b s t i t u e n t s . 

On. the o ther hand, i t may be t h a t copolymeriza/ t ion w i t h cyclopentene 

i s not a good t e s t o f r e a c t i v i t y s ince i t i s known t h a t the cyclopentene 

to po ly ( l -pen t eny lene ) r e a c t i o n i s r e v e r s i b l e , whereas the ?. , 3 - b i s ( t r i f l u o r o -

m e t h y l ) b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e ( l i k e b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e ) r 

not r e v e r s i b l e , thex-efore a n a l y s i s o f copolymers w i t h cyclopentene may 

under es t imate the r e a c t i v i t y o f cyclopentene and over es t imate t h a t o f 

2,3-bis ( t r i f l u orom e t h y l ) b i c y c l o [ 2 . 2 . l ] hep ta -2 ,5 -c i i ene. 

Table 2 .3- Copolymer composi t ions c a l c u l a t e d f r o m elemental ana ly s i s 

r e s u l t s ( # of cyclopentene i n c o r p o r a t e d ) 

Ca lcu la t ed f r o m 
Copolymer f r o m 

1:1 f e e d s tock 

'J op o lyn o f rom 

5 :1 feed s tock 

/a \j 43.7 42.3 

% H 48.3 35.3 

% F / | , - N O 
~f" . . ' 51.3 
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2 . 3 . c New f l u o r i n a t e d polymers 

2 . 3 . c . i . I n t r o d u c t i o n 

I n t h i s s e c t i o n , the syn thes i s of some new f l u o r i n a t e d polymers are 

desc r ibed , t h i s work expands t h a t i n i t i a t e d by Wi l son . Par t of the 

reason f o r t h i s s tudy was t o examine the p o s s i b i l i t y o f syn thes i z ing 

conjugated polymer's v i a a dehydrohalogenat ion rou te shown below, F igu re 

2.23, and i n r e l a t i o n t o t h i s p r o j e c t , the the rma l degradat ion of these 

new m a t e r i a l has been examined, The r e l a t i v e ease of p o l y m e r i s a t i o n of 

i C F 2 ) n (X) CF CF 2'n 
Figure 2.23. 

endo and exo isomers has a l so been examined, and some unsuccessfu l a t tempts 

t o preoare new f luo ropo lymer s are a l so recorded . 

The syntheses and c h a r a c t e r i z a t i o n of a l l the monomers used i n s tud i e s 

descr ibed i n t h i s s e c t i o n have been descr ibed i n Sec t ion 2 . 2 . 

2 . 3 » c . i i . Metathesis p o l y m e r i z a t i o n o f p e r f l u o r o t r i c y c l o a l k e n e s 

2 , 3 , 3 , / + , ^ , 5 - H e x a f l u o r o t r i c y c l o [ 4 . 2 . 1 . 0 2 ' - 5 ] n o n - 7 - e n e , c o n s i s t i n g o f 

about 95% °t "the endo isomer, was r e a d i l y polymer ized by the c a t a l y s t 

systems WOlg/Ph^Sn, MoCiyHe^Sn and (CO)^W=C{OCH^) C g H y / T i ? l i L , the o v e r a l l 

r e s u l t i s shown i n F igure 2 .24. The polymer ( ( x ; , n=2) a f t e r r e p r e c i p i t a t i o n 

was obta ined as a w h i t e , acetone s o l u b l e , powder. I t s elemental a n a l y s i s 

(round C, 46 .62; H, 2 .18 ; F , 50.6.5; r equ i r e s : j , ' i ? .73 ; H, 2 . 8 1 ; 

F , /+9«79/0» i«r» (Appendix 0, No X I I ) and. "Si n . m . r . spectrum (methylene H, 

2.05; t e r t i a r y H, 2.75? v i n y l e n e H„ 5.75), were cons i s t en t w i t h the assigned 

s t r u c t u r e . I t s po lymer ic na tu re was evidenced by the f o r m a t i o n o f v i scous 
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d i l u t e s o l u t i o n s f rom which tough f i l m s could be cas t . 

CH=CH~h 

F 2 F 2 F 2 F 2 

Figure 2 .24. 

2 6 

2 , 3 , 3 , 4 , 4 , 5 , 5 , 6 - 0 c t a f l u o r o t r i c y c l o [ 5 . 2 . 1 . c r * ]dec-3-ene a l so r e a d i l y 

po lymer ized w i t h WCl^/Ph^Sn c a t a l y s t t o g i v e a s i m i l a r wh i t e polymer, 

F i g u r e 2 .25 . Again the observed e lementa l ana ly s i s (Found G, 43 .33 ; H, 2 .0 

F , 54 .08; C 1 0 H 6 F g r equ i r e s C, 43 .17 ; H, 2 ,16 ; F , 5 4 . 6 8 ^ ) , i . r . (Appendix <z, 

No X I V ) and \i n . m . r . spectrum (methylene H, 1.66; t e r t i a r y H, 2 .75 ; 

v i n y l e n e H, 5-85) were c o n s i s t e n t w i t h t h e ass ign A s t r u c t u r e and the 

d i l u t e o l u t i o n - v i s c o s i t y and f o r m a t i o n of tough f i l m s were take an 

evidence o f the po lymer ic na ture o f the m a t e r i a l . 

CH=CH-f 

F 2 Figu re 2 

G N . m . r . spectroscopy has proved t o be a p o w e r f u l t o o l i n a " s ipn ing 

s t r u c t u r e i n polymer of t h i s k ind (see e a r l i e r ) . I n the two cases con.: i ' !e-v 

1^ 

here , the "J n . m . r . spec t r a of monomer and r e s u l t a n t Polymer are reproduced 

i n F igure 2.1:6 and 2.27 and. the spec t roscop ic parameters are c o l l e c t e d i n 

Table 2 .4 . 

Consider ing f i r s t the polymer d e r i v e d f rom the p e r f l u o r o c y c l o b u t e n e / 

cyclopentadiene adduct , i t can be seen ( top spectrum Figure 2 .26) t h a t the 

v i n y l i c , methine and methylene carbons o f the ina.ior component (endo-adduct 

see Sec t ion 2 .2 ) g i v e s t r o n g s i g n a l s a t 137.6?, 45.93 and 39 .91 PPm 
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r e s p e c t i v e l y , and t h a t the f l u o r i n e s u b s t i t u t e d carbons g ive weak broad 

s i g n a l s centered a t 115.8 ?pm f o r the d i f l u o r o m e t h y l e n e carbon and 101.4 

ppm f o r the f l u o r o m e t h i n e carbon, the s i g n a l s having the a p p r o p r i a t e 

m u l t i p l i c i t i e s w i t h J.,^ 290 Hz, The exo-adduct s i gna l s are a l l weak w i t h 

the f l u o r i n e bear ing carbons i n t h i s case e i t h e r being masked by t he s i g n a l 

due t o the major isomer or l o s t i n the background no i s e . 

One i n t e r e s t i n g f e a t u r e i s the ve ry low f i e l d p o s i t i o n (52.05 ppm) 

o f t he b r i d g i n g methylene carbon, t h i s i s be l i eved t o be a consequence of 

the f i e l d e f f e c t of the ad jacen t f l u o r o c a r b o n u n i t i n the exo-adduct as 

shown below; the methylene pro tons i n the "Hi n . m . r . spectrum of t h e exo 

H w H R 

adduct a l so occur a much lower f i e l d than might have been expected 

(see Table 2 . 1 ) . Completely analogous e f f e c t s are seen i n the s p e c t r a of 

the pe r f l uo rocyc lopen t ene adducts . 

I n the polymer, no s i g n a l s which might have been d e r i v e d f r o m the exo-

adduct can be de tec t ed , howewer s ince i t was present i n such low concent­

r a t i o n , t h i s i s not s u r p r i s i n g and p robab lyno t s i g n i f i c a n t . The s i g n a l s 

which are seen are r e a d i l y ass igned, go ing f rom low t o h igh f i e l d , as due 

t o v i n y l e n e , Ci^i t e r t i a r y CF, methine and methylene carbons r e s p e c t i v e l y , 

iiach carbon resonance i s found a t s l i g h t l y h ighe r f i e l d than i t was i n the 

monomer which i s cons i s t en t w i t h the r e d u c t i o n i n s t r a i n th roughout the 

system f o l l o w i n g r i n g - o p e n i n g . The methine and methylene s i g n a l s are 

m u l t i p l e t s , but unrer.olved and t h e r e f o r e o f l i t t l e u;.e i n d e f i n i n g micro-

s t r u c t u r e , the v i n y l e n e s i g n a l i s s p l i t i n t o t h a t r e s u l t i n g f r o m c i s u n i t s 

( l o w e r f i e l d ) and t h a t due t o t r ans u n i t s , and the i n t e g r a t e d i n t e n s i t i e s 
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i n d i c a t e 64.4^ o f c i s double-bonds which i s a m a r g i n a l l y h i g h e r c i s content 

than i s normal ly obta ined f r o m these c a t a l y s t s . 

13 

When the C n . m . r . spectrum f o r the mix tu re o f 1:1 adducts o f c y c l o -

pentadiene and pe r f luo rocyc lopen tene i s examined (F igu re 2 . 2 7 ) , the 

assignments shown i n Table 2 .4 f o l l o w f a i r l y s t r a i g h t f o r w a r d l y g iven the 

assignment o f the isomer m i x t u r e discussed a t l eng th i n Sec t ion 2 . 2 . The 

13 

0 spectrum of the polymer d e r i v e d f rom t h i s mix ture o f monomers, w h i l e 

be ing cons i s t en t w i t h the expected polymer s t r u c t u r e , has a r a t h e r r.ioor 

s i g n a l / n o i s e r a t i o and i n d i f f e r e n t r e s o l u t i o n . This was a cons iderab le 

disappointment as we had hoyed t o i n v e s t i g a t e the r e l a t i v e r e a c t i v i t y o f 

endo and exo isomers towards metathesis r i n g - o p e n i n g using t h i s a n a l y t i c a l 

probe; t h i s mat te r i s discussed i n the next Sec t ion . 

13 
Table 2 . 4 . JQ N . n . r . da ta f o r polymers (X , n=2) and (>., n=3) 

V 
-fCH=&HKS-f 

I* 
.ujndo Ixo indo fJ/.o 

G 4 137.67 135.38 127.24, 126 .7 , 

C 2 45.93 48.29 41 .81 (m) 
c l 101.4 ( d , J 290 Hz) 99.02 (d, J 290 Hz) 

° 5 
115.8 ( t , J 290 Hz) 113.50 ( t , J 290 Hz) 

C 3 39 .91 52.05 37.37 (m) 

• i 
"4 

136.10 134.63 125.80, 127.15, 123.29 
(complex multiplet, not 
well reeolved) 

44.is 47.56 34.62 ''conrDlex series of 

47.40 resonances, unassigned i J3 
40 .31 43.06 

34.62 ''conrDlex series of 

47.40 resonances, unassigned 

, ; 1 98.OO ( d , J 290 H?.) 98.60 (&, J 290 Hz) 

'•5,6 113.2 v t , J 2y0 Hz.) 112.0 (>, not well 
resolved) 
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t r i c t c l o f5.2.1.0"»°ldec°8°ene and d e r i e n v e r polymer 
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2 . 3 - c . i i i . S e l e c t i v i t y s t u d i e s i n metathesis p o l y m e r i z a t i o n of endo/exo 

3,3,4,4,5,5,6- o c t a f l u o r o t r i eye l o [ 5. 2. 1.0"'C1 dec-8- ene 

274 

Galderon and Castner observed t h a t pure endo-5-norbornene-2,3-

d i c a r b o x y l i c anhydride ( X I I I ) i s i n e r t t o metathesis ;,olymerization, 

whereas the exo-isomer (XIV) undergoes smooth homopolymerization and 

copolymerization. The same authors a l s o found t h a t when an exo/endo mixture 

was polymerized, the conversion was dependant on t h e amount of exo-isomer 

i n the monomer mixture. Analysis of the recovered monomer from t h e 

pol y m e r i z a t i o n of 45:55 endo/exo m i x t u r e , c l e a r l y i n d i c a t e d t h a t the exo-

isomer polymerized p r e f e r e n t i a l l y . Nevertheless, some endo-isomer does 

become inc o r p o r a t e d i n t o the polymer. 

0 
0 V 

0 0 (XIV (XIII) 
0 

242 

By c o n t r a s t , an e a r l i e r unpublished observation by .-/ilson suggestec 

t h a t the isomer of compound ( I ) , (Figure 2.1; i n which the •:.?rt group i-- i n 

t h e endo p o s i t i o n polymerized p r e f e r e n t i a l l y when an exo/endo mixture of 
compound i ' l ) i s t r e a t e d w i t h a V/Cl^ based c a t a l y s t . This observation was 

l o 

based on the F n.m.r. spectra of polymers orepared from the i^ure ^ndo-

t r i f l u o r o m e t h y l isomer of ( I ) and a 60:40 endo/exo mixture of isomers of 'l\ 

As mentioned i n the previous Section, the author has polymerized a 

53*47, endosexo mixture of 2 ,3 s3,4,4,5,5,6-octaf l u o r o t r i e y c l o [.5.2.1, CT ' °] -

dec-8~ene, and here we examine the isomer s e l e c t i v i t y . 

The monomer mixture was polymerized w i t h W;Jlg/Ph^_Sn c a t a l y s t i n toluene 

f o r 2 hours, the r e a c t i o n was terminated by a d d i t i o n of THF. The -~-olvent 

and the unpolymerized monomers c o l l e c t e d by f i l t e r a t i o n from polymeric 



product, and the F n.m.r. spectra of both the s t a r t i n g monomer mixture 

and recovered monomer mixture were recorded and compared, Figure 2.28. The 
19 

lengthy discussion i n Section 2.2 oi the F n.m.r. spectrum of the monomer 

mixture e s t a b l i s h e d t h a t the lower f i e l d s i g n a l i n the t e r t i a r y CF region 

was d e r i v e d from the endo-adduct, i t i s t h i s s i g n a l which i s markedly 

decreased i n i n t e n s i t y i n the recovered monomer spectrum. Therefore t h i s 

observation of p r e f e r e n t i a l p o l y m e r i z a t i o n of the endo isomer i s i n agreement 

w i t h Wilson's e a r l i e r observation and c o n t r a s t s w i t h the observations of 

Galderon and Gastner on the analogous anhydride systems. 

The differences between the f l u o r o c a r b o n s u b s t i t u t e d norbornene and the 

anhydride s u b s t i t u t e d norbornene are unambiguously established. The causes 

f o r these d i f f e r e n c e s i n behaviour are r a t h e r hard t o understand. Calderon 

a t t r i b u t e d t h e exo-isomer preference i n the anhydride systems t o a p o r s i b l e 

unfavourable i n t e r a c t i o n between the r e a c t i n g double bond and the anhydride 

oxygens i n the endo isomer, as shown i n s t r u c t u r e ( X I I I ) . This seems 

reasonable i f c a t a l y s t a t t a c k comes from the exo face then as the double 

bond d i s t o r t s i n may bs f o r c e d t o i n t e r a c t w i t h the anhydride r i n g i n an 

unfavourable way. 

When we consider the f l u o r i n a t e d system ( I X , n=3) such d i s t o r t i o n of 

the r e a c t i n g double bond w i l l lead t o an i n t e r a c t i o n w i t h e i t h e r a t r i o of 

difluoromethylenes fendo adduct p o l y m e r i z i n g ) or a p a i r of f l u o r i n e atoms 

(exo adduct polymerizing) i n t h i s case i t i s more d i f f i c u l t t o P r e d i c t t h e 

l i k e l y outcome. Indeed i t i s not r e a l l y c l e a r why an endo anhydride should 

r e a l l y hinder t h e r e a c t i o n since the double bond w i l l be donating i t s 7T-

e l e c t r o n d e n s i t y t o the c a t a l y s t , which i s approaching the exo-face, and 

on e l e c t r o n e g a t i v e group behind t h e double bond might be expected t o a s s i s t 

t h i s process. 

'Jlearly t h e re i s no simple r a t i o n a l i z a t i o n f o r the combined observations 
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i'lgure 2,2o„ iP N.m.r. spectra of s t a r t i n g and re-jovered monomer; 

from p o l y m e r i z a t i o n of endo/exo -2 ,3 ,3 ,4 t4,5 t5 t6-octa-

f l u o r o t r i c v c l o 5 .2 .1.0^' 6 dec-8 
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of Calderon, Wilson and the r e s u l t s given here, and the t r u e explanation 

proably l i e s i n a s u b t l e balance of stereochemical and e l e c t r o n i c f a c t o r s . 

2„3oC.iv. Thermal degradation of f l u o r i n a t e d polymers. (X , n=2 and n=3 ) 

As w i l l be discussed a t g r e a t e r length i n Chapter 3, the synthesis of 

polycon.juga.ted m a t e r i a l s i s of considerable current i n t e r e s t . In t h i s grows 

thermal e l i m i n a t i o n r e a c t i o n s have been s u c c e s s f u l l y used t o generate 

polyacetylene (see page 38, Figure I . 3 8 ) , and one of the e a r l i e s t routes 
27 5 

t o conjugated sequences was established by Marvel. Marvel's dehydrc-

chlorina.tion of PVC i s not able t o give pure pclyacetylene because i n a 

random d e h y d r o c h l o r i n a t i o n process isolated, chloromethylenes and methylenes 

w i l l l i m i t the conjugated path l e n g t h (Figure 2 .29). I n the process 

postulated i n Figure 2.23, i t was expected t h a t the non-random loss of 

t e r t i a r y a l l y l i c H and t e r t i a r y F would occur, reasonably r e a d i l y t o y i e l d 

t h e novel conjugated s t r u c t u r e shown. 

-4-CH=CH-)£— CH 2-f CH=CH^- CHC1 -f-CH=-CH^-

Figure 2 .29. 

Thermal decomposition studies were c a r r i e d out using a Stanton r-tederoft 

TG 750 Thermobalance ope r a t i n g i n a percentage weight loss mode and 

temperature programme mode from ambient t o about 700° : at l°/minute under 

a n i t r o g e n atmosphere. Three polymers were examined, the m a t e r i a l derived 

from monomer ( I I ) (Figure 2 . 1 ) and polymers (X,n=2) and (X ,n=3). T h e i r 

thermograms are shown i n Figures 2 .30, 2 .31 and 2.32 r e s p e c t i v e l y . 

The r e s u l t s were d i s a p p o i n t i n g i n t h a t only one polymer appeared t o 

show a s t e p - l i k e loss of weight, t h a t was -lolymer (X,n=3), Figure 2 .32. 

Howewer even i n t h i s case, the weight loss 33% d i d not corres ond t o a loss 

of 2HF per repeat u n i t >hich requires a loss, of 1 * K F u r t h e r the residue 

http://polycon.juga.ted
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i n the therrnobalance pan was white which would not be expected had a 

conjugated m a t e r i a l been formed. I t was decided t o i n v e s t i g a t e t h i s 

m a t e r i a l a l i t t l e f u r t h e r and so a l a r g e r sample of olymer (X,n=3) was 

heated at 2̂ +0° J and under vacuum (1 mm Hg) f o r 10 hours, at t h i s stage a 

white s o l i d had sublimed from the f l a s k and the weight loss was 11;?.. The 

author has been unable t o i d e n t i f y the white s o l i d sublimate, the mass 

spectrum showed peaks- extending t o ra/e values i n excess of 4oo ( t h e 

monomer arent i o n occur a t m/e 223) and the i n f r a r e d spectrum showed the 

presence of 0-H, JF and probably -;JH=jH- u n i t s but d i d not s t r o n g l y resemble 

e i t h e r monomer or polymer; i t may be t h a t the m a t e r i a l i s a low molecular 

weight telomer or jolymer fragment. There was no evidence f o r t h e e v o l u t i o n 

of HF under these c o n d i t i o n s . When the thermogravimetric analysis of t h i s 

heated sample was recorded, Figure 2.33, i t resemble the thermograms of 

th e other polymers and was t y p i c a l of a m a t e r i a l undergoing a random 

thermal degradation -rocess. 

C l e a r l y thermal degradation of polymers of the type discussed here i s 

not a p l a u s i b l e route t o polyconjugated systems. The resistance of these 

m a t e r i a l s t o thermal e l i m i n a t i o n of HF was unexpected i n view of th e ready 

loss of HF from most f l u o r o h y d r o polymers. 

2.3•c.v. Some unsuccessful attempts t o polymerize c y c l i c f l u o r i n a t e d 
monomers 

l, 2 - 3 i s ( t r i f l u o r o m e t h y l ) c y c l o h e x a - 1 , 4 - d i e n e and 5»5>6-trichloro-6-

t r i f l u o r o m e t h y l b i c y c l o ( 2 . 2 . l ] h e p t - . ? - e n e were not polymerized d e s p i t e many 

attempts and. long exposure t o a c t i v e c a t a l y s t s . These c a t a l y s t s polymerized 

cyclopentene or b i c y c l o [z. 2. l j hept-2-ene as comonorner added at the end of 

polymerisation attempts. 

The inertness of the cyclohoxene r i n g t o metathesis c a t a l y s t s i s w e l l 

e s t a b l i s h e d , and has been discussed i n "hapt^r 1. The author attempted t o 
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Ĉ N CO 5 
-J-

o o CO LO 00 



- 93 -

f i n d out i f increased r i n g s t r a i n might make a cyclohexene d e r i v a t i v e 

.•olymerizable. 1 , 2-Bis(trifluoromethyl)?.yclohexa-l , 4 —diene i s m a r g i n a l l y 

more s t r a i n e d than cyclohexene, as i s compound (XV) prepared by Dr. J.H. 
276 

Edwards, n e i t h e r could be polymerized; i n c r e a s i n g the r i n g s t r a i n by 
i n c l u d i n g a cyclopropane u n i t (XVI) also f a i l s t o make the six-membered 

276 
r i n g s u s c e p t i b l e t o ring-opening p o l y m e r i z a t i o n . 

(XV) IXV I) 

The n o n p o l y m e r i z a b i l i t y of 5 » 5 » 6 - t r i c h l o r o - 6 - t r i f l u o r o m e t h y l c i e y e [ 2 . 2 . l ] 

hept -2-ene was more s u r p r i s i n g rdnce the r e l a t e d compound, 5 , 6-dichloro - 5 , 6 -

b i s ( t r i f l u o r o m e t h y l ) b i c y c l o [ 2 . 2 . l ] h e r t - 2 - e n e ( I V , Figure 2.1) r e a d i l y 
242 

polymerized." Several other c h l o r i n a t e d monomers w i l l be discussed i n 

Chapter 3 and t h i s matter w i l l be returned t o then. 
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2.4. Preparation of P a r t i a l l y Fluorinated Cycloalkenes 

2.4.a. Reagents 
277 

Gyclopentadlene was fre s h l y prepared by thermal cracking from 

dicyclopentadiene which was purchased from Koch-Light Laboratories Ltd. 

Hexafluorobut-2-yne, decafluorocyclohexene and 1,3-butadiene were purchased 

from B r i s t o l Organics Ltdf l , 2-dichlorohexafluorocyclopentene=l and 

3 » 3 , 3-trifluoro=l f 1 , 2-trichloropropene were purchased from Peninsular 

Chemical Research I n c j hexafluorocyclobutene and octafluorocyclopentene 

were prepared by Mr. D. Hunter of t h i s Department. A l l these reagents were 

used without further p u r i f i c a t i o n , l i q u i d reagents were degassed using the 

freeze-thaw procedure before use. 

2.4.b. Reactions of Fluorinated Olefins with Dienes 

General Procedure 

pyrex Carius tubes were charged with hydroquinone (<0.05g.), attached 

to the vacuum l i n e , and evacuated. Gaseous dienophiles were vacuum trans­

ferred into the tube, while l i q u i d reagents were injected with a syringe 

a f t e r purging the tube with nitrogen. The amount transferred was weighed 

and then fresh cyclopentadiene was inj e c t e d to make up a 1:1, 2:1 or 1:2 

mixture. The tube was sealed under vacuum, then heated i n a furnace f o r 

the required time at the required temperature. The tube was opened by 

"hot spotting' and the products separated and purified using conventional 

vacuum-line techniques. 

The adducts were analysed and characterized by a n a l y t i c a l gas-liquid= 
1 19 13 

chromatography, elemental a n a l y s i s , mass and H, yF and J C n.m.r. 

spectroscopy. 
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2.4.b.i. Preparation of 2 , 3-Bis(trifluoromethyl)bicyclo [ 2 . 2.ll~ 
hepta -2 ,5-diene 

Hexafluorobut~2~yne (33.9 g. , 209 mmole), cyclopentadiene (13.8 g.„ 

209 mmole) and hydroquinone (0 .05 g«) were sealed i n vacuum and l e f t at 

room temperature f o r 24 hours to give ( i ) 2,3-Dis(trifluoromethyl)bicyclo= 

[2.2.1]hepta-2,5-diene (38.5 g., 169 mmole, 80# y i e l d ) } b.p. 124-125° 

(Lit» 2 7 2 109-111°, lAtt2^2 110-112°)5 M (m.s.),228 (calculated Mt 228) 
242 

with correct i . r . spectrum, and ( i i ) a brown l i q u i d , probably cyclopen­

tadiene dimer. 

2 . 4.b.ii. Preparation of 1.2-Bis(trifluoromethyl)cyclohexa - 1 . 4-diene 

Hexafluorobut-2-yne (̂ 22.0 g., 136 mmole) and 1,3-butadiene (8.5 g., 

157 mmole) were condensed i n an autoclave and l e f t at room temperature f o r 

48 hours to give ( i ) l , 2-bis(trifluoromethyl)cyclohexa-l , 4-diene (10.5 g.» 

46 mmole, 3 ^ y i e l d ) ; b.p. 130-132° ( l i t : 2 7 3 135°); i . r . spectrum, v m 

1665 and I698 cm"1 ( I i t i ? 7 3 1 6 7 0 and 1710 cm" 1); M (m.s.), 216 (calculated 

M, 216); the "Hi and n.m.r. spectra were consistent with the proposed 

structure (see Table 2.1) ( i i ) low boiling point l i q u i d (25$), probably 

s t a r t i n g material; and ( i i i ) a black s o l i d residue (1Q#). 

2.4.b.iii„ Preparation of 5,5,6-Trichloro-6-trifluoromethylbicyclo[z.2.l]-
hept-2-ene 

3 , 3 s 3-Trifluoro-l,l , 2=trichloropropene (31=9 g.. 120 mmole), cyclo­

pentadiene (8.6 g., 130 mmole) and hydroquinone (0 .05 g.) were sealed i n 

vacuum and heated at 150° f o r 72 hours to give ( i ) 5 , 5 , 6-trichloro ~ 6~tri~ 

fluoromethylbicyclo[2o2.l]hept=2=ene (8.5 g., 32 mmole, 27% y i e l d ) , as a 

waxy white s o l i d , m.p. 135° 8 [Found Q, 37.7?i H, 2024%; CgHgCl^F requires 

C„ 36.16» H, 2.26$]; K (m.s.), 230 (M-Gl); the structure was confirmed by 

hi and l 9 F n.m.r. spectra (see Table 2 .1) ( i i ) white c r y s t a l s ( 15%) with 

molecular-weight ( 450) and containing s e v e r a l chlorine atoms; and ( i i i ) a 
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brown s o l i d residue (10$), probably dicyclopentadiene. 

2.4.b.iv. Preparation of 2 f l 3.3,^.^.5°Hexafluorotricyclo[4.2.l.Q 2' 5]-

non-7°ene 

Hexafluorocyclobutene, cyclopentadiene and hydroquinone (0.05 g«)p 

i n the amounts shown i n Table 2.5, were sealed under vacuum and heated to 

give ( i ) 2,3,3 AA5°hexafluorotricyclo[4.2.1.0 '^]non=7=ene as a colour­

l e s s l i q u i d , b.p. 27° a t 5 mm. Hg; Found C, 47„63{ H, 2.81; F, 49.79%; 

C ^ F g requires G, 47.37} H, 2.63s F, 50.00$ j M (m.s.)t 2 2 8 (calculated 

M, 228); the structure was confirmed by ^ F and n8m.r. spectra, 

( i i ) white c r y s t a l s (20$), probably a mixture of polyadducts, mass 

specrometry showed the parent ion f o r 3 s l adduct of diene/olefin., 

Table 2.5.Reaction Between Gyclopentadiene and Hexafluorocyclobutene 

No. 
Ratio 

o l e f i n / 
diene 

Amount of 
hexafluoro-
cyclobutene 

(mmole) 

Amount of 
cyclopenta­
diene 

(mmole) 

Reaction 
tempera­
t u r e 

(°G) 

Time 

(hours) 

Y i e l d of 
l s l 

adduct 
(*) 

1. l i l 88 91 170 24 5 

2. 111 56 46 150 48 38 

3 o 281 177 y i 150 24 23 

2 .4.b.v. Preparation of 2 . 3 . 3 . ^ . 4 . 5 . 5 . , 6 - Q c t a f l u o r o t r i c y c l o [ 5 o 2 . 1 . 0 2 ' 6 ] 
dec-8-ene 

Octafluorocyclopentene, cyclopentadiene and hydroquinone (0.05 g.) i n 

the amounts shown i n Table 2.6, were sealed under vacuum and heated t o g i v e 
2 £ 

t^i) 2 , 3 p 3 i , ^ j 4 , 5 , 5 , 6=octafluorotricyclo [ 5 „ 2 . 1 . 0 ' ]dec=8=ene as a waxy white 

s o l i d material; [Found G, 43.665 H,2.02s F p 53.95#{ C

1 0

H 6 F 8 " l 1 ^ 1 ^ 5 G-
4 3 0 1 7 j H, 2.16; F, &.67%] 5 M (m.s.)t 278 (calculated M, 278). The hi,19? 

13 

and "i2 spectra, showed that the product was a mixture of endo/exo isomer 

i n 5 3 « ^ 7 r a t i o (see Table 2 . l a n d discussion); ( i i ) white c r y s t a l s (20??) 

which were shown by gas~chromatography-mass-specroscopy t o be a mixture 
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of 2:1 and 3:1 adducts; and ( i i i ) brown l i q u i d , probably dicyclopentadient 

Table 2.6.Reaction Between Gyclopentadiene and Qctafluorocyclopentene 

No. 
Ratio 

o l e f i n / 
diene 

Amount of 
octafluoro-
cyclopentene 

(mmole) 

Amount of 
cyclopenta-, 
diene 

(mmole) 

Reaction 
condition 

(°G) 

Time 

(hours) 

Y i e l d of 
1:1 

adduct 
(*) 

1. 2:1 142 72 150 24 15 

2. 111 71 67 170 24 20 

3. 1:2 53 109 170 24 -

2.4.b.vi. attempts to Prepare 2 t3 >3.^. /+.5 >5»6,6.7-Decafluorotricyclo«-
2 7i 

[6.2.1.0 *' Jundece-9-ene 
Decafluorocyclohexene, cyclopentadiene and hydroquinone (0.05 g.) i n 

the amounts shown i n Table 2.7 were sealed under vacuum and heated. Several 

attenrps were made to prepare the 1:1 adduct. The product was invariably a 

high molecular-weight, white s o l i d and mass spectrometric analysis showed 

that i t was an adduct of several molecules of diene to one of dienophile; 

the highest observed mass corresponded to a 3 s i adduct, whereas the elemen­

t a l a n a l y sis indicated a 7*1 or 8:1 adduct, presumable the polyadducts 

undergo Retro Diels-Alder reactions under the conditions used to record the 

mass spectrum (high vacuum and moderate temperature). 

Table 2.7.Reaction Between Gyclopentadiene and Decafluorocyclohexene 

No. 
Ratio 

o l e f i n / 
diene 

Amount of 
decafluoro­
cyclohexene 

(mmole) 

Amount of 
cyclopenta-
diene 

(mmole) 

Reaction 
condition 

Time 

.hours) 

Yi e l d of 
1:1 

adduct 
(fo) 

1. 2:1 122 61 120 48 r e a c t i o n 
2. 2:1 123 61 170 24 

3« 2:1 120 61 200 24 — 

4. 1:1 60 61 200 24 
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2 . 4 0 b . v i i . attempts t o Prepare 2 9 6 ~ D i c h l o r o ~ 3 , 3 t 4 t 4 ( 5 , 5 - h e x a f l u o r o t r i c y c l o -

[5 .2 .1oQ 2 , 6 ]dec -8 °ene " 

1 6 2-Dichloro~3»3»4,4,5,5=hexafluorocyclopentene, cyclopentadiene and 

hydroquinone (0.05 g . ) i n the amounts shown i n Table 2. 3, were sealed under 

vacuum and heated. Several attemps were made but the 1:1 adduct was not 

obtained i n a pure s t a t e „ 

Table2.8.Reaction Between Cyclopentadiene and l t 2 - D i c h l o r o - 3 f 3 . 4 , 4 , 5 , . 5 ° 
hexafluorocyclopentene 

No. 

Ratio 

o l e f i n / 

diene 

Amount of 

o l e f i n 

(mmole) 

Amount of 

cyclopenta-

diene 

(mmole) 

Reaction 

condit ion 

(°G) 

Time 

(hours) 

Yie ld of 

l t l 

adduct 

{%) 
1. 1|2 69 37 170 48 3 

2 . 111 74 7^ 170 48 impure 

3. 111 55 56 120 72 no react ion 

4. 111 16 15 RT 7d no react ion 

5o 1:1 69 69 200 72 impure 

2 . 5 . P olymeri z a t i on 

2 .5 .a. Reagents and Methods 

Analar toluene (Hopkin and Will iam) was dr ied by r e f l u x i n g over molten 

sodium i n a nitrogen atmosphere u n t i l a permanent deep blue colour 

was obtained on adding benzophenone, the solvent was then d i s t i l l e d 

d i r e c t l y i n t o c a r e f u l l y dr ied reaction vessels. Analar chlorobenzene was 

ref luxed over ?2^$ d i s t i l l e d ( atmosphere) immediately p r i o r to use. 

WClg was prepared and p u r i f i e d by sublimation t o remove oxychlorides. 

f i oC ly ReCl^ and RuCl^ were used d i r e c t l y without any p u r i f i c a t i o n . A 

RuCly2C0D complex was prepared by the l i t e r a t u r e route " although t h i s 

was active f o r metathesis of b icyclo[2.2 . l ]hept=2-ene, i t seems un l ike ly 

tha t i t war; the material claimed i n the l i t e r a t u r e s ('see discussion). 
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(CO)^W-G(OGH^)GgH^ and T i C l ^ were provided by Dr. J.H. Edwards of t h i s 

Department. Tetraphenyl-, t e t r a b u t y l - and t e t ramethy l t in were purchased 

from Aidr i ch Chemical Company Inc . and were used without f u r t h e r p u r i f i ­

ca t ion . MegAlCl was provided by Mr. B. H a l l of t h i s Department. The 

nitrogen gas was dr ied by passing i t through a bubbler of concentrated 

sulphuric acid and then through a column of P 2 °5* P r e c a u t i o n were taken 

t o dry the equipment and monomers, and usually the monomer was degassed 

by the freeze-thaw procedure. A l l the manipulations of solvents, catalyst 

solutions and cocatalysts ( i f l i q u i d ) were car r ied out under an atmosphere 

of dry ni trogen using an a i r - t i g h t syringe. 

2 . 5 . b . Polymerization Procedure 

One t y p i c a l example of the react ion w i l l be described here, the de ta i l s 

of other syntheses being tabulated. 

A two necked round-bottomed f l a s k (50 or 100 ml) containing a magnetic 

fo l lower was used as react ion f l a s k , both necks were f i t t e d wi th three way 

t e f l o n taps, one lead was connected t o the ni t rogen system and the other 

lead to a pump. The required amount of monomer was placed i n the react ion 

f l a s k and degassed using the freeze-thaw procedure. The f l a s k was purged 

wi th ni trogen and then connected to the nitrogen system i n the fume cupboard, 

wi th the ou t l e t connected t o a pump to ensure e f f e c t i v e purging wi th dry 

nitrogen,, The required amount of cocatalyst and solvent were added 

making sure tha t the system was e f f e c t i v e l y purging w i t h ni trogen at a l l 

t imes. 1 t o 2 ml of prepared so lu t ion of cata lyst was i n j ec t ed i n t o the 

reaction f l a s k and an immediate colour change t o a dark red~brown f o r 

tungsten-based catalysts and dark red f o r molybdenum-based catalysts was 

observed. An increase i n the v i s cos i t y of the so lu t ion was generally 

noticed f o r successful react ions, the time of occurrence and magnitude of 

t h i s v i scos i ty increase was dependent on the de ta i l s of the p a r t i c u l a r 
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experiment. The experiment was allowed t o proceed f o r a period and then 

the polymerization was terminated by addi t ion of a small quant i ty of 

methanol or te t rahydrofuran. Any p rec ip i t a t e was col lected , d r i ed , 

dissolved i n solvent and reprecipi ta ted by drop-wise addi t ion of a viscous 

so lu t ion of polymer t o a vigorously s t i r r e d excess of non-solvent. The 

prec ip i ta tes were recovered by f i l t r a t i o n and dr ied under reduced pressure, 

f o r a t least 5 hours. 

2 .5 .c . Polymerization of 2 . > B i s ( t r l f l u o r o m e t h y l ) b i c y c l o [ 2 . 2 . l l h e p t a -

2,5-diene w i t h D i f f e r e n t Catalyst Systems 

Using the procedure described above, 2 , 3 - b i s ( t r i f l u o r o m e t h y l ) b i c y c l o -

(2 .2 . l ]hepta -2 ,5 -diene was polymerized wi th va r i e ty of catalysts as tabulated 

below. 

Catalyst System Molar Ratio Solvent Reaction Yie ld 

Gat :GocatiMon (5-10 ml) time (*) 

WClg/Ph^Sn 1 s 2 «150 toluene 1.0 80 

WCl^/Bu^Sn 1 t 2 1 60 toluene 1.0 75 

WCl^Me^Sn 1 0 • 2 8 60 toluene 1.5 20 

MoGiyPh^Sn 1 s 2 ! 60 toluene 18.0 75 

MoCiyMe^Sn 1 I 2 t 70 PhCl 3.0 70 

MoCiy'MegAlCl 1 % 2 I 60 toluene 18.0 7^ 

(G0)5W^G(0CH3)G6H5 1 % 2 I 60 toluene 48.0 no 
r eac t i on 

(GO)^W=C(UUH3)C6Hy 1 J 2 8 60 toluene 18.0 30 

T i C l ^ 

(CO)5W-G(OUH3)C6H5 / 
1 « 0 2 S 60 toluene 2 . o 5 ° ° C 

25 

T i C l ^ 

attempts t o polymerize 2 ,3 -b i s ( t r i f luoromethyl )b icyc lo [2 0 2 . l ]hep ta=2,5=-

diene wi th ReCly ReCly^Me^Sn, ReCl^in benzene and wi th the RuCLy^COD 

complex were unsuccessful. These catalysts were shown t o e f f e c t i v e l y 
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polymerize b i cyc lo [2 .2 . l ]hep t -2»ene under the same reaction conditions 

2 „ 5 . d . Gopolymerization of 2 , 3 - B i s ( t r i f l u o r o m e t h y p b i c y c l o [ z . 2 . l j h e p t a -

2,5-diene wi th Cyclopentene 

Mixture of 2 , > b i s ( t r i f l u o r o m e t h y l ) b i c y c l o [2. 2„l]hepta=2 r 5-diene and 

cyclopentene were polymerized wi th WCl^/Ph^Sn as described above. The 

react ion was terminated early i n order t o obtain sample of polymer at low 

conversion. Reaction condi t ion are recorded below. 

wcx6 Ph^Sn Toluene Reaction Yie ld 
mmole mmole mmole Time(hrs) (*) 

60 » 301 ( l i5) 1 2 7300 2 <0.05 

180 i 179 ( l i l ) 1 2 7300 2 6.0 

299 t 60 (5,1) 1 2 7300 2 3 .0 

Reliable quant i ta t ive character izat ion of copolymer samples was 

d i f f i c u l t . I . r . spectroscopic analysis showed both expected uni ts were 

present, but the technique was not su i tab le f o r quant i ta t ive analysis . 

Elemental analysis resul ts were also not good enough f o r r e l i a b l e 

13 

compositional analysis , and the n .m.r . spectra were also unsuitable 

f o r t h i s purpose (see discussion). 
Copolymer n/% F/% Total/% 

111 feed stock, found 55.04 4.61 41.80 101.45 

5si feed stock, found 54.60 4.06 38.30 96.96 

Gale, l i l repeat u n i t 56.76 4.73 38.53 100.00 

Calc. 2$1 repeat u n i t 52.67 3.83 43.51 100.00 

2.5 .e« Polymerization of P a r t i a l l y Fluorinated Cycloalkenes 

Reagents,, reaction conditions and product y ie lds f o r successful r ing-

opening polymerizations are recorded below. 

2 3 SEP 1982 
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/ionomer Gat. Gocat. i'lolar Hatio 

GatjUocatsi'Ion 

Amount 

solvent 

(ml) 

Reaction 

time 

(hours) 

Y ie ld 

K%) 

w c i 6 Ph^Sn I s 2 s 15 6 .0* 3 82 

( \> MoCl^ Me^Sn I s 2 s 26 8 . 0 C 6 20 

P F 2 Garbene T i G l ^ I s 2 » 22 11.0* 2if 15 

( \ % WG16 Ph^Sn I s 2 » 36 6.0* 3 56 

K P w c i 6 Ph^Sn I s 2 s 65 6.0* 15 72 

F j w c i 6 Ph^Sn I s 2 s 20 50.0* 0.5 70 

t = toluene 

c = chlorobenzene 

2 . 5 . f « Unsuccessful Attempts t o Polymerize P a r t i a l l y Fluorinated Monomers 

Attemps t o polymerize l 9 2=bis( t r i f luoromethyl)cyclohexa=l ,4=diene using 

the cata lyst systems and the conditions described e a r l i e r were unsuccessful, 

even when the neat monomer was s t i r r e d wi th act ive cata lys t f o r 3 days, no 

polymerization occured although the ca ta lys t remain act ive as was demonstra­

ted by the polymerization of cyclopentene. S i m i l a r l y , 5 , 5 , 6 - t r i c h l o r o - 6 = 

t r i f luoromethylbicyclo [2 0 2 . l ]hept=2=ene was not polymerized during long 

exposure to the act ive ca ta lys t . 



CHAPTER 3 

SYNTHESES AND POLYMERIZATION 

OF SOME 

PARTIALLY CHLORINATED CYCLOALK^Eo 
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3.1 In t roduct ion 

The discovery of polymers such as polyacetylene and related poly-

conjugated systems which can be transformed i n t o semiconducting and 

meta l l i c conductors v i a the addi t ion of e i the r electron donor or electron 

acceptor dopants has excited a great deal of a t ten t ion recent ly. Although 

a large amount of research a c t i v i t y i n the f i e l d of 'organic metals' has 

273 230 

been described i n several reviews, ~ the problem of making such 

materials on a large scale and d i f f i c u l t i e s of processabi l i ty remain serious 

drawbacks to progress. A wide va r i e ty of polymers which have po ten t i a l 
have been developed and can be c l a s s i f i e d i n t o three f a jn i l i e s depending 

280 

upon the backbone types 

Type 1 has a polyene backbone, t h i s class can be sub-divided i n t o two 

categories t 

(a) non-bridged polyenes such as polyacetylene, poly(phenyl= 

acetylene) and poly(dimethylacetylene), these materials can be regarded as 

the archetypal conjugated polymers. 

(b) chain=bridge polyenes such as poly(l ,6=heptadiyne) 11), 

polypyrrole (12) and polythiophene (13); i n t h i s group, electrochemically 

deposited f i l m s of polypyrrole have a t t rac ted most a t t en t ion . 

H 
(11) (13) (12) 

Type 2 materials have arylene uni ts as part of the conjugated systems, 

examples are polyphenylenes such as poly(p=phenylene) (14), poly(m-phenylene) 

(15 ) , poly(p-phenylenevinylene) (16) and poly(p=phenylenexylylidene) ( 1 7 ) . 

0 < | -CHKJ-C=C-fe n 

tl7 (14) 16 n (15) 



Type 3 includes a l l the materials where the formal conjugated system 

i s in ter rupted by an heteroatom, the main group i s the poiy(phenylene chalco-

genides); and of these poly(phenylene s u l f i d e ) i s the most extensively 
281 

invest igated mater ia l . • 
Recently, Awards and Feast ' reported a convenient synthesis of 

polyacetylene by the route indicated i n Figure 1.38, page 38. The idea 

behind t h e i r approach t o t h i s problem i s summarized below. I d e a l l y , the 

Monomer s t a ^ e 1 > Precursor polymer s t a ^ e 2 » ^ c o n j u g a t e d 
polymer 

f i r s t stage should y i e l d a polymer which can be p u r i f i e d and then convenient-

l y f abr ica ted i n t o a desired form ( f i b r e , f i l m , surface coating e t c ) , the 

second stage should be achieved quan t i t a t i ve ly and without d i s rup t ion of 

the physical i n t e g r i t y of the mate r ia l . I f successful , t h i s approach would 

overcome the handling and f a b r i c a t i o n problems o f t en experienced wi th 

materials l i k e polyacetylene. 

The author has attempted to expand t h i s approach to the syntheses of 

polyconjugated -systems and i n t h i s case, the target was the polyarylene-

vinylene type of polymer* The f i r s t cheme examined was an attempt t o 

polymerize divinylbenzcne by cross metathesis wi th V/Clg and MoCl^ based 

ca ta lys ts . The intended scheme i s shown i n Figure 3 . 1 and i s simply a 

condemnation polymerization of divinylbenzene wi th e l iminat ion of ethylene. 

+ nCH 2 =CH 2 

Figure 3 . 1 . 
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This attempt was unsuccessful because the product was i nva r i ab ly a 

cross-l inked polymer as was demonstrated by i t s propert ies 3uch as inso lu ­

b i l i t y , , The model reac t ion , tha t i s the conversion of styrene t o s t i lbene , 

has been achieved*^ by metathesis over a heterogeneous catalysts i n a f low 

system; although generally o l e f i n s wi th a r y l substituents do not readi ly 

metathesize under the milder homogeneous condit ions. 

Several attempts t o cross metathesise aivinylbenzene a l l lead to cross-

l inked mater ia l . Since the c ross - l ink ing was probably a consequence of 

ca t ionic v i n y l i c polymerization} the attempted metathesis was also carr ied 

out i n the presence of p y r i d i n e . I n t h i s case, the divinylbenzene monomer 

was recovered unchanged. This approach was abandoned, although i f a new 

highly active cata lys t i s described i n the f u t u r e , i t may be worth re­

examination. 

The preparation of p o l y ( o r t h o - , meta- and para-arylenevinylenes) has 

284 

been described, the route involved a W i t t i g reaction between ph tha l a l -

dehyde, isophthalaldehyde or terephthalaldehyde wi th ?. ,5-bis(tr iphenylphos-

phoniomethyl)thiophendichloride as shown i n Figure 3 . 2 . The poly(para-

phenylenevinylene) i s said t o be a yellow photoconducting mate r i a l . 

[ ( C 6 H 5 ) 3 ? - C H 2 - ^ > - C H 2 - P ( C 6 H 5 ) 3 ] 2C1~ + OCH 
CHO 

C H = C H — 
C H : \ w / 

Figure 3 . 2 . 

The next p ro jec t undertaken by the author was an attem pt t o :,ynth .s/se 

the arylenevinylene type of polymer v i a a route invo lv ing metathesis 

polymerizat ion, thermal and/or photochemical rearrangement and dehydrc-

ch lo r ina t ion by the route shown i n Figure 3 -3 . I n the event attemps to 
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(XVII ) 

nng=opening 
polymerizat i on 

molecular 
rearrangement 

CH=CH4-

a 
HGl e l imina t ion 1 

C l k ^ C l 2 

CI 

^ Y | r C H - C H 4 -

HGl e l imina t ion 

CI 
molecular 

rearrangement 

- W ^ Y " C H = C H - h 

CI 

polymerize compound (XVII) using metathesis catalysts were unsuccessful, 

although the cata lys t systems were not deactivated,, This resul t lead to 

an examination of s i m i l a r types of monomer i n order t c t r y t o es tabl ish 

the e f f e c t of chlorine as a subst i tuent on reactions o f t h i s type. 

I t i s known that the h ighly c h l o r i n a t e d ^ ' * ' ' ' ^ cycloalkenes shown below 

and other chlorine subst i tuted der ivat ives of bicyclo [ z ^ o l J h e p t - Z - e n e ^ ' p 2 ^ 

undergo metathesis polymerization and copolymerization wi th cyclopentene. 

The resu l t found wi th Compound (XVII) was therefore a surprise and a 

disappointment, but the causes f o r t h i s f a i l u r e seemed worth looking i n t o 

since they mustr t late to the range of a p p l i c a b i l i t y of metathesis polymeria 

za t ion . This study, along wi th synthesis and characterizat ion of the 
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monomers used, forms the major par t of t h i s Chapter. 

3o2. Syntheses and character isat ion of monomers 

3 .2 .a . In t roduct ion 

The disappointing resul ts of the attempted dehydrofluorinat ion of 

f l u o r i n a t e d polymers, cross metathesis of divinylbenzene and polymerization 

of 2 ,3 i4 ,4- tetrachloro~8=isopropylidenebicyclo[3 .2 .1]octa-2,6-diene (XVII) 

f r u s t r a t e d our aim which was to make polyconjugated systems. This lead us 

to» (a) expand the va r i e ty of syntheses of polyconjugated -ystems inves­

t i ga t ed and (b) extend the range of chlorine subst i tuted b i c y c l o [ 5 . 2 . l ] -

octa°2 p 6=disne systems, so as t o t r y to understand the f a i l u r e of compound 

( X V I I ) . 

The range of p a r t i a l l y chlor inated cycloalkenes which have been made 

and examined f o r po lymer izab i l i t y i s shown i n Figure 3o4. 

CI 

CI 

CI 
(XVIII) (XIX) 

C l k ^ C l 

CI 

(XX) 

2 

CI 
(XXI) 

C! 
(XXII) 

CI (XXIII) 
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1,6,7,8-Tetraphenyl-9=ketotricyclo [M- . 2 . 1 . 0 2 ' ^ ]nona=3,7-diene was 

prepared as s t a r t i n g mater ia l f o r the scheme shown i n Figure 3»5-

ring-opening 
polymerization 

Ph Ph 

6TT-electrocyclic 
ring-opening 

Ph Ph 

Ph Ph 

Unfortunately, t h i s monomer was not successfully polymerised, although 

prel iminary resu l t show that i t d id not deactivate the ca ta lys t -.yr-.tem and 

tha t i t can be copolymerized wi th b icyclo(2 .2 . l ]hept -2-ene . 

I n th i? Section, the synthesis, p u r i f i c a t i o n and character izat ion of 

the monomers i s described. The inves t iga t ion of the polymerization of 

these monomers i s described i n Section 3-3. 

3.2„b . Syntheses of c is -3 t 4 -dichlorocyclobutene. 3 . 4 - d i c h l o r o t r i c y c l o 

[4 .2»1 .0 2 ' ^ ]non-7-ene. 2 ,3 ,4 ,4 - te t rachloro-3- isopropyl idenebicyclo 

[3o2ol locta -2 ,6°diene , 3 > 4 ° d i o h l o r o b i c y c l o [ 3 . 2 . l l o c t a ° 2 , 6 - d i e n e , 

3 -ch lorob icyc lo [3 .2 . l ]oc ta -2 , 6 -d iene , 2 ,3 ,4 ,4- te t rach lorobicyc lo 

[ 3 . 2 „ l l o c t a ° 2 , 6 - d i e n e and 2 ,3 -dichloro°8 - isopropyl idenebicyclo 

b » 2 . 1 } o c t a ° 2 , 6 ° d i e n e 

236 237 
Cis-3,'-+~dichlorocyclobutene was synthesized ' by the route shown i n 

f i g u r e 3 . 6 . The i . r . spectrum (Appendix c, No XV) was i d e n t i c a l with that of 
?36 

an aunthentic sample' but analysis by g „ l . c . showed i t was 98$ pure. The 

trace of second component was most probably 1,4-dichlorobutadiene which may 

be formed by a thermal ring-opening of c i . -3,4-dichlorocyclobutcne 0 
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C l 2 

-28 C 

sCH 3OOCC=CCOOCH 3 

C00CH 3 

CI 
CI 

COOCH3 

Figure 3 .6 . 

r 2 5 238 28Q 3 , ^*-Dichloro t r icyc lo l^.2 .1 .0 '^]non-7-ene was prepared ' v by Diels-

Alder react ion between cyclopentadiene and cis-3 , /+=dichlorocyclobutene at 

o 288 150 C f o r 2 hours, as shown i n Figure 3«7« Nenitzescu reported that 

CI 150°C 

CI 2 hours 

Figure 3 . 7 . 

s ingle isomer (endo-syn-isomer) was formed i n high y i e l d , but Warrener " 

showed tha t the react ion y ie lds p r i m a r i l y the sndo-anti=isomer, with minor 

amounts of the exo~ syn-isomer, an even smaller amount of the endo- "-yn= 

isomer and no exo=>a-nti-isomer {see Figure 3<>Q). Characterization of the 

CI 

major minor 

Figure 3.8. 

not observed 
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product by t i c showed i t was a mixture of one major isomer with 2 minor 

isomers; hi n.m.r. (Table 3<>1), i . r . spectrum (Appendix J , No XVI) and 

elemental analyses(see Experiment Section) were consistent with the proposed 

s t ruc tu re , and i n agreement wi th Warrener's data. 

The reaction between dichlorocarbene and b icyelo [2 .2 . l ]hepta -2 ,5-diene 
290=293 

has been reported by several authors, as shown i n Figure 3-9. 

CM; 
Figure 3«9« 

I n t h i s study, dichlorocarbene was generated by the act ion of aqueous a l k a l i 

on chloroform i n the presence of a phase transfer catalyst. In the author' 

experience, only one isomer (XXI, a) can be read i ly obtained i n a pure s t a t e . 

The H n.m.r . (Table 3 . 1 ) , i . r . spectrum (Appendix C, Uo XXI), mass spectrum 

(Appendix 3S No V I I ) and elemental analysis (see Experiment Section) of t h i s 

product showed i t was exo-3»4~dichlorobicyclo[3.2.1 ]octa -2 ,6-diene i n 

291 

agreement wi th the l i t e r a t u r e . 7 

3=Chlorobicyclo[3.2.l]octa=2,6-diene was prepared by reaction of exo-

3 t 4=dichlorobicyclo[3o2.l]octa-2,6=diene wi th l i t h i u m aluminium hydride i n 

dry d ie thyle ther , as shown i n Figure 3 .10. The hi n.m.r. Table 3 .1 ; and 

LiAlHi 

CI diethylether 

Figure 3.10-
mass spectrum Âp :endix 3, No I X ) were consistent with those reported f o r 

an aunthentic sample 291 The i . r . spectrum (Appendix No XXII) W-HS 
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consistent with the assigned s t ruc ture although the elemental analysis 

resul ts were invar i ab ly poor. I t turns out tha t t h i s material i s impure 
13 

and t h i s i s demonstrated by n.m.r . spectroscopy which w i l l be discussed 

i n Section 3«3 along wi th the polymerization of t h i s mate r ia l . 

Tetrachlorocyclopropene was synthesized 7 J from pentachlorocyclo-

propane, which was prepared by react ion of sodium t r ich loroace ta te w i t h 

t r i ch loroe thy lene , by dehydrochlorination as shown i n Figure 3.H. Penta-

h£T A 2 K 0 H / H 2 ° A 2 

Ct 3CCOONa + CHCI=CCI 2 V™ * C | / \ c i •*• C | / - A C | 

Figure 3.11. 

chlorocyclopropane was characterized by i . r . (Appendix C, No XVII) and "'"H 

n.m.r . spectroscopy (3-9 ppm, s i n g l e t ) , the observed snectra being i d e n t i c a l 
295 

wi th the l i t e r a t u r e data. Tetrachlorocyclopropene i r , a colourless 

lachrymatory l i q u i d with b o i l i n g poin t 85-8^°C at 165 mm Hg, the product 

had an i . r . spectrum (Appendix C, No X V I I I ) i d e n t i c a l with that reported 
, 295 previously. 

A l l tetrahalocyclopropenes have been r e p o r t e d 2 ^ t o undergo f a c i l e 

1,4-addit ion with cyclopentadiene i n spi te of the large size of the halogen 

substituents $ f o r example i t has been observed that the r e l a t i v e r e a c t i v i t y 

toward furan fo l lows the order cyclopropene>tetrabromocyclopropene>tetra~ 

chlorocyclopropene. I n addi t ion to e f f e c t i n g the rates of Diels=Alder 

adduct format ion, the halogen substi tuents permit certain of the highly 

strained t r i c y c l i c cyclopropyl adducts t o undergo skeletal rearrangement 

i nvo lv ing s tereospecif ic i on iza t ion of the l a b i l e halide. There reactions 

are believed t o involve concerted ion iza t ion and ring-opening as shown i n 

Figure 3 .12 . 
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X X A * O 

Figure 3.12. 

Tetrafluorocyclopropene and l , 2 - b i s ( t r i f l u o r o m e t h y l ) - 3 , 3-dif l u o r c -

cyclopropene also have been observed t o undergo Diels-Alder react ion 

fo l lowed by c y c l o p r o p y l - a l l y l rearrangement. .earlier, 3 ,3 -d ich loro- and 

3,3-dibromotricyclo[3.2.1 .0 '" '^]octane and -oct-6-ene had been r e p o r t e d 2 ^ ' 
?9 l 297 298 
*• ' ' 7 to undnrgo such rearrangements, Figure 3.13« 

Figure 3.13. 

The t r i c y c l i c adduct was claimed t o be the endo adduct because t h i s 

would be the least s t e r i c a l l y s trained adduct. I n the "Si n.m.r., the 

chemical s h i f t of the bridge hydrogen syn to the double-bond is r e l a t i v e l y 

constant at 1.8-2.0 ppm, whereas the chemical s h i f t of the bridge hydrogen 

a n t i to the double-bond i s dependent on the substituent at carbon 2 and 4. 

When the cyclopropane r i n g i s exo, the a n t i bridge proton i s t s r i c a l l y 

compressed by halogen at carbon 3 and the chemical : : h i f t occurs at lower 

f i e l d than the chemical s h i f t of the syn hydrogen." In the author": hands 

b icyc lo [3 .2 . l]octa -2 ,6 -d i ene der ivat ives were the only products i so l a t ed , 

2^1 29^ 
although i t has been reported ' ' t ha t the t r i c y c l i c adduct can be 
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r e c o v e r e d . 

T e t r a c h l o r o c y c l o p r o p e n e r e a c t e d r e a d i l y w i t h excess c y c l o p e n t a d i e n e 

i n c a r b o n t e t r a c h l o r i d e a t room t e m p e r a t u r e t o g i v e 2 , 3 , 4 f i * - t e t r a c h l o r o -

b i c y c l o [ 3 . 2 . l ] o c t a = 2 , 6 - d i e n e as shown i n F i g u r e 3 . 1 2 ( X = u l ) . The "Hi n . m . r . 

( T a b l e 3.1), i . r . ( A p p e n d i x C, No X I X ) and mass s p e c t r u m ( A p p e n d i x B , No V I ) 

Here c o n s i s t e n t w i t h t h e p r o p o s e d s t r u c t u r e , and i n ag reemen t w i t h l i t e r a t u r e 

d a t a . ^ ^ T e t r a c h l o r o c y c l o p r o p e n e d i d n o t r e a c t w i t h 6 , 6 - d i m e t h y l f u l v e n e 

u n d e r t h e same c o n d i t i o n s , , Howewer, when t h e r e a c t i o n m i x t u r e was r e f l u x e d 

f o r h o u r s , 2 , 3 , ^ , ^ t e t : r a c h l o r o ~ o ^ i s o p r o p y H d e n e b i c y c l o [ 3 . 2 . l ] o c t a = 2 , 6 - > 

d i e n e was f o r m e d i n g o o d y i e l d . F i g u r e 3 . 1 ^ . T h i s new compound was c h a r a c -

f i g u r e 3«1^« 

t e r i z e d by i . r . s p e c t r u m ( A p p e n d i x C, No X X I V ) , ~H n . m . r . s p e c t r u m ( T a b l e 

3.1)5 mass s p e c t r u m ( A p p e n d i x B„ No V I I ) and e l e m e n t a l a n a l y s i s (see E x p e r i ­

ment S e c t i o n ) . 

S e l e c t i v e r e m o v a l o f one c h l o r i n e a tom a t t h e a l l y l i c p o s i t i o n o f a 

2 » 3 , ^ , ^ - t e t r a c h l o r o - 8 - i s o p r o p y l i d e n e b i c y c l o [ 3 - ? . i ] o c t a - 2 , 6 - d i e n e u s i n g z i n c 

i n e t h a n o l i c p o t a s s i u m h y d r o x i d e was n o t s u c c e s s f u l . T h i s was due t o t h e 

d i f f i c u l t y o f s e p a r a t i n g t h e p r o d u c t f r o m t h e s t a r t i n g m a t e r i a l and 2 , 3 = 

d i c h l o r o ~ 3 - i s o p r o p y l i d e n e b i c y c l o [ 3 . 2 o l ] o c t a ~ 2 , 6 ~ d i e n e ( i e t h e p r o d u c t o f 

r e p l a c e m e n t o f b o t h c h l o r i n e s ) . I n one case , 2 , 3 , / + - t r i c h l o r o ~ 3 = i s o p r o p y = 

l i d r ; n e b i c y c l o [ 3 . 2 . l ] o c t a ° 2 , 6 ~ d i e n e was s u c c e s s f u l l y , i s o l a t e d , b u t i n v e r y 

l o w y i e l d . 2 , 3 - i ) i c h l o r o - d - i s o p r o p y l i d e n e b i c y c l o [ 3 . 2 . l ] o c t a - 2 , 6 - d i e n e can 

be p r e p a r e d by d e c h l o r i n a t i o n w i t h z i n c i n e t h a n o l i c p o t a s s i u m h y d r o x i d e 

a t 50°G as shown i n F i g u r e 3 . 1 5 * T h i s p r o d u c t c o u l d be p u r i f i e d and was 
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c h a r a c t e r i z e d by i t s i . r . s p e c t r u m ( A p p e n d i x Z, No X X I I ) , :nass s p e c t r u m 
1 

( A p p e n d i x 3 , No X ) and H n . m . r . s p e c t r u m [eee T a b l e 3 . 1 ) . 

Zn 

C l S ^ / O j ethanolic KOH C l 1 ^ ^ 

CI CI 

F i g u r e 3 .15. 

The s t r u c t u r e o f t h e s m a l l sample o f 2 , 3 f ^ t r i c h l o r o - 8 - i s o p r o p y l i d e n e -

b i c y c l o ( 3 . 2 . l ] o c t a - 2 , 6 - d i e n e was a s s i g n e d c h i e f l y on t h e basis, o f i t s O J 

s t r e t c h i n g a b s o r p t i o n i n t h e i . r . s p e c t r u m . F o r 2 , 3 , 4 , 4 - t e t r a c h l o r o - 8 - i s o = 

p r o p y l i d e n e b i c y c l o [ 3 . 2 . l ] o c t a - 2 , 6 - d i e n e , t h e G=J o c c u r s a t 1 5 8 5 c m " 1 , 

2 t 3 - d i c h l o r o - 8 - i s o p r o p y l i d e n e b i c y c l o [ 3 . 2 . l ] o c t a - 2 , 6 - d i e n e 3 1 6 2 5 cm"" 1 and 

f o r t h e t r i c h l o r o a n a l o g u e , t h e band i s seen a t 1 6 0 5 c m " 1 ( A p p e n d i x 

No X X I V ) . 

1 3 

The J n . m . r . s p e c t r a f o r t h e s e p a r t i a l l y c h l o r i n a t e d b i c y c l o [ j . ? . . l}-

o c t a - 2 , 6 - d i e n e s w i l l be d i s c u s s e d i n S e c t i o n 3 . 3 a l o n r with t h e p o l y m e r i ­

z a t i o n s t u d i e s . 

3 . 2 . c . P r e p a r a t i o n o f i l t 6 , 7 . 8 - t e t r a p h e n y l - 9 ° K e t o t r i c y c l o [ 4 . 2 . 1 . 0 2 ' ^ ] 

n o n a - 3 , 7 - d i e n e 

300 
The above compound was p r e p a r e d by d e c h l o r i n a t i o n o f 3 , 4 ~ d i c h l o r o -

r 2 5 

1 , 6 , 7 , 3 - t e t r a p h e n y l - 9 - k e t o t r i c y c l o 1 4 . 2 . 1 . 0 , : > ] n o n = 7 - e n e w h i c h was p r e p a r e d 

by r e f l u x i n g c i s - 3 , 4 - d i c h l o r o c y c l o b u t e n e w i t h t e t r a p h e n y l c y c l o p e n t a d i e n o n e 

i n x y l e n e , r,ee F i g u r e J . l 6 . By c o n t r a s t w i t h t h e r e a c t i o n w i t h c y c l o p e n t a -

d i e n e , t h e f i r s t ; t a g e o f t h e be low scheme was r e p o r t e d t o y i e l d t w o i s o m e r s 

n a m e l y , t h e e n d o - a n t i - and e x o = a n t i = i s o m e r s and was e s t a b l i s h e d by W a r r e n e r , 

a l t h o u g h e a r l i e r w o r k e r s c l a i m e d '" t h a t t h e endo-anti~i:-- .omer was t h e 

o n l y p r o d u c t . 
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Ph Ph 

8 0 = 

CI xylene Ph Ph CI 
0 + 0 ref ux CI Ph CI Ph 

Ph Ph 

Ph 
Zn/ethanol 

Ph reflux 

Ph 
Ph 
F i g u r e 3 . 1 6 . 

C h a r a c t e r i z a t i o n of t h e p r o d u c t by "Si n . m . r . s p e c t r o s c o p y ( T a b l e 3 . 1 ) 

showed o n l y one i s o m e r was i s o l a t e d i n t h i s s t u d y and t h a t i t had e n d o - a n t i 

s t e r e o c h e m i s t r y . The e l e m e n t a l a n a l y s i s , mass s p e c t r u m and i . r . s p e c t r u m 

(Appendix C, No X X I X ) were c o n s i s t e n t w i t h t h e p r o p o s e d s t r u c t u r e . The 

absence o f t h e e x o - a n t i - i s o m e r may r e s u l t f r o m m a r g i n a l l y d i f f e r e n t r e a c t i o n 

c o n d i t i o n s and i s o l a t i o n p r o c e d u r e s between t h i s w o r k and V / a r r e n e r ' s . 

The above compound was d e c h l o r i n a t e d u s i n g z i n c i n r e f l u x i n g e t h a n o l 

f o r 48 h o u r s t o f o r m l ^ ^ . S - t e t r a p h e n y l ^ - k e t o t r i c y c l o t ^ . ^ . l . O ^ ' ^ l n o n a -

3 , 7 - d i e n e . The p roposed s t r u c t u r e was c o n f i r m e d by mass s p e c t r u m ( A p p e n d i x 

3, No X I ) , i . r . s p e c t r u m (Appendix C, No X X X I I ) and *H n . m . r s p e c t r u m " ^ 1 

( T a b l e 3 * 1 ) f a l t h o u g h t h e e l e m e n t a l a n a l y s i s r e s u l t s were p o o r , p o s s i b l y 

because o f p a r t i a l e l i m i n a t i o n o f CO p r i o r t o c o m b u s t i o n . 

From t h e D i e l s - A l d e r r e a c t i o n p r o d u c t , a n o t h e r t w o compounds were 

i s o l a t e d . The f i r s t was shown t o be 7 , 3 = d i c h l o r o ~ 2 , 3 , / + , 5 - t e t r a ? h e n y l b i c y c l o - = 

[ 4 . 2 . o ] o c t a - 2 , i ( - d i e n e by e l e m e n t a l a n a l y s i s , mass s p e c t r o s c o p y , i . r . 

s p e c t r u m ^Appendix C, No X X I X ) and "̂H n . m . r . s p e c t r u m ^Tab le 3 . 1 ) ; a 

s i m i l a r b y p r o d u c t a r i s e s f r o m t h e r e a c t i o n be tween c i s - 3 , 4 - d i c h l o r o c y c l o -

bu t ene and 2 , j ? - d i m e t h y l - 3 , 4 - d i p h e n y l c y c l o p e n t a d i e n o n e . ^ ^ The sec one 

component was n o t i d e n t i f i e d , t h e s p e c t r o s c o p i c d a t a have been r e c o r d -1 

i . r . .-.puctrum ( A p p e n d i x C, No X X X I ) , "*"H n . m . r . s p e c t r u m ( T a b l e 3 - 1 ) 

and t h e : n o l e c u l a r w e i g h t by mass s p e c t r o m e t r y was $2.0. 
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T a b l e 3 . 1 . H N . m . r . p a r a m e t e r s o f monomers p r e p a r e d i n t h i s .:.ha.--ter 

Compound -'Jii.-, 
J> 

- C H 0 - - 0 H = 0 H - : - h -

7 - 3 

a -
j—jCl 

1 Cl 
1 . 4 ' J l , 6 / " 2 , 5 J 3 , 4 

3 . 3 3 . 8 

^ ; i 

2 . 1 
<- 4 

2 , 9 3 . 1 4 . 2 

5 - 9 

6 . 5 

\ . 8 

r j 4 
2 . 1 

' 1 , 5 : J 2 

2 . 5 2 . 7 

5 . 8 

6 . 2 

CI 2 

2 . 2 
u i , 5 

j • •' i ^ • 

6 . 2 

6 . 5 

ak^cu 
CI 2 

1 . 3 
3 . 3 ' 4 . 4 

6 . 4 

6 . 9 

C l ^ ^ 

1 . 3 

1 . 6 

1 - 9 

2 . 3 

: : 1 , 5 

3 . 4 

6 . 1 

7 . 2 

Clr— 
C I 1 — 

J * 
J 2 , 5 " 3 , 4 

3 . 7 4 . 3 

6 . 7 

7 . 3 

s V ^ P h 3.9 6 . 5 

6 . 8 

7 . 3 

c t ' — ' 

Ph 
' J 2 , 5 ' 3 , 4 

4 . r : 5 . 0 

. 6 . 7 

7 . 0 

unidentified 
compound, 
see page 115 

• _/ 

6 . 3 

7 . 1 
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3 . 3 - a . P o l y m e r i z a t i o n and a t t e m p t e d p o l y m e r i z a t i o n o f p a r t i a l l y 

c h l o r i n a t e d c y c l o a l k e n e s 

The n o n - p o l y m e r i z a b i l i t y o f 2 , 3 , 4 , 4 - t e t r a c h l o r o - 8 - i s o p r o p y l i d e n e b i c y c l o -

[ 3 . 2 . l ] o c t u - 2 , 6 - d i e n e was c u r i o u s and d i f f i c u l t t o r a t i o n a l i z e . At f i r s t 

we t h o u g h t t h a t i t was p o s s i b l e t h a t t h e c rowded a l l y l i c c a r b o n - c h l o r i n e 

bond i n t h e monomer m i g h t be r e a d i l y c l e a v e d i n t h e p r e s e n c e o f c a t a l y s t 

s i n c e t h e v a c a n t s i t e has L e w i s A c i d c h a r a c t e r , t h i s i d e a i s summar ized 

i n F i g u r e 3 . 1 7 . Howewer t h i s i d e a c a n n o t p r o v i d e an e x p l a n a t i o n f o r t h e 

f a i l u r e o f compound ( X V I I ) t o p o l y m e r i z e s i n c e compound ( X V I I ) d i d n o t 

Lewis 
C l + acid 

>XVCI+[CI.L.AJ 

F i g u r e 3.17. 

d e a c t i v a t e e i t h e r t h e W u l ^ ( C H ^ ) ^ n o r t h e i - i o C l c / \ j H ^ / ^ S n c a t a l y s t s , and 

a f t e r p r o l o n g e d s t i r r i n g w i t h compound ( X V I I ) , t h e s e c a t a l y s t s were s t i l l 

e f f e c t i v e i n t h e p o l y m e r i z a t i o n o f added b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e . 

A t t h i s p o i n t , i t was d e c i d e d t o examine a range of c h l o r i n a t e d monomers 

of v a r y i n g s t r u c t u r e t o t r y t o o b t a i n an i d e a o f t h e t y p e of s t r u c t u r e w h i c h 

w o u l d p o l y m e r i z e and t h o s e w h i c h w o u l d not . I t was a l r e a d y known t h a t some 

p a r t i a l l y c h l o r i n a t e d b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e s and c y c l o o c t e n e d e r i v a t i v e s 

w o u l d p o l y m e r i z e . 

3 , 4 = D i c h l o r o t r i c y c l o [ i ! 4 - . 2 . 1 . 0 ' ]non~7=ene was f o u n d to p o l y m e r i z e 

e a s i l y i n c h l o r o b e n z e n e w i t h W C l ^ / (iJH^ )^Sn c a t a l y s t . The p r o d u c t was 

c h a r a c t e r i z e d by i . r . s p e c t r o s c o p y ( A p p e n d i x C, No X X V ) , "Hi n . m . r . s p e c t r a : . 

^ T a b l e 3 . 2 ) and gave a v i s c o u s s o l u t i o n a t a c o n c e n t r a t i o n of 5% i n a c e t o n e . 

The monomer i s b e l i e v e d t o have p o l y m e r i z e d as i n d i c a t e d i n F i g u r e 3 . 1 8 , 

a l t h o u g h a deta i led c h a r a c t e r i z a t i o n has not been c a r r i e d out. 
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CI CI 

C H - C H - ^ 

CI CI 

F i g u r e 3 . 1 3 . 

By c o n t r a s t , t h e monomers 2 , 3 , ^ , ^ - t e t r a c h l o r o b i c y c l o [ 3 . 2 . 1 ] o c t a - 2 , 6 -

d i e n e ( X X ) , c i s - 3 , z + - d i c h l o r o c y c l o b u t e n e ( X V I I I ) and m i x t u r e o f 2 , 3 - d i c h l o r o - , 

2 , 3 . ^ t r i c h l o r o - and 2 , 3 f ^ , ^ t e t r a c h l o r o - 3 - i s o p r o p y l i d e n e b i c y c l o [ 3 . - ; . 1 J o c t a -

2 , 6 - d i e n e s a l l f a i l e d t o p o l y m e r i z e w i t h m e t a t h e s i s c a t a l y s t s a l t h o u g h , l i k e 

compound ( X V I I ) , t h e y d i d n o t d e a c t i v a t e t h e c a t a l y s t s y s t e m t o w a r d s 

p o l y m e r i s a t i o n o f b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e . 

S u r p r i s i n g l y , 2 , 3 - d i c h l o r o - 8 - i s o p r o p y l i d e n e b i c y c l o [ 3 . 2 . 1 ] o c t a - 2 , 6 - d i e n e 

( X X I I I ) was e a s i l y p o l y m e r i z e d w i t h / loCl^ / i 'CH^J^Sn c a t a l y s t g i v i n g a v e r y 

v i s c o u s s o l u t i o n w i t h i n h a l f an h o u r if room t e m p e r a t u r e . F l i n g - o p e n i n g 

p o l y m e r i s a t i o n o f t h e compound was c o n f i r m e d by s p e c t r o s c o p i c and e l e m e n t a l 

a n a l y s i s ; i . r . s p e c t r u m ( A p p e n d i x C, No X X V I I I ) , \ i n . m . r . s p e c t r u m ( T a b l e 

3 . 2 ) and C n . m . r . s p e c t r u m ( see F i g u r e The _ J > J n . m . r . s p e c t r a l 

p a r a m e t e r s a r e c o l l e c t e d t o g e t h e r i n T a b l e 3 . 3 f o r a s e r i e s o f c h l o r i n a t e d 

1 3 

monomers and t h e u n . m . r . e v i d e n c e w i l l be d i s c u s s e d as a s e p a r a t e i t e m 

l a t e r . 

3 , ^ - D i c h l o r o b i c y c l o [ 3 . 2 . l ] o c t a - 2 , 6 - d i e n e ( X X I ) was a l s o p o l y m e r i z e d 

w i t h t h e W;Jl^/((JH^)^Sn and t h e / i o C l y ^ C H - ^ )^Sn c a t a l y s t s and t h i s showed t h a t 

an a l l y l i e c h l o r i n e does n o t n e c e s s a r i l y i n h i b i t t h e r e a c t i o n , a t l e a s t i f 

i t o c c u p i e s an e x o - p o s i t i o n . C h a r a c t e r i z a t i o n o f t h e p o l y m e r t h r o u g h i t s 

i . r . s p e c t r u m ; A p p e n d i x C, No X X V I ) , \ n . m . r . s p e c t r u m ( T a b l e 3 . 2 ) and 

13 

0 n . m . r . s p e c t r u m ( F i g u r e 3 - 2 0 ) was i n agreement w i t h t h e p r o p o s e d 

s t r u c t u r e . These t w o s u c c e s s f u l p o l y m e r i s a t i o n s a r e summarised i n F i g u r e 

3 . 2 1 . 
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C H = C F % 

Cl 

•CH=CH 
n 

CI 

F i g u r e 3 . 2 1 . 

The p o l y m e r i z a t i o n o f t h i s t y p e o f r i n g sys tem was a l s o c o n f i r m e e by 

p o l y m e r i z a t i o n o f 3 - c h l o r o b i c y c l o [ 3 - 2 . 1 ] o c t a - 2 . c - d i e n e ( X X I I ) i n d i c a t e d 

b e l o w . The p r o p o s e d s t r u c t u r e f o r t h e p o l y m e r b e i n g c o n s i s t e n t w i t h 

CI 

-CH=CH^r 

Cl 

i t s i . r . s p e c t r u m ( A p p e n d i x C, No X X V I I ) , "*"H n . m . r . s p e c t r u m ( T a b l e 3 . 2 , , 

n . m . r . s p e c t r u m ( F i g u r e 3 - 2 2 and T a b l e 3 . 3 ) and e l e m e n t a l a n a l y s i s 

(Found C, 6 3 . 6 7 } H , 6 . 2 7 ; CgH^iJl r e q u i r e s Ci, 6 3 . 3 3 ; H , 6 . ' l l ? & ) . 

I n summary, i t i s c e r t a i n f r o m t h e above i n f o r m a t i o n t h a t t h e p r e s e n t 

w o r k e s t a b l i s h e s t h a t t h e c h l o r i n a t e d monomers shown i n F i g u r e 3 « 2 3 do 

p o l y m e r i z e w i t h m e t a t h e s i s c a t a l y s t s ; whereas t h e monomers shown i n 

(XIX) Cl 
(XXI) 

F i g u r e 3 . 2 3 . 

Cl 
(XXII) ( X X I I I ) 
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F i g u r e 3 . 2 ^ do n o t p o l y m e r i z e w i t h m e t a t h e s i s c a t a l y s t s . A f o u r t h n o n -

C I ^ ^ C I 2 

CI 
(XVII) 

CI 

CI 

(XVIII) 

F i g u r e 3 . 2 4 . 

C I S ^ C , 2 
CI 

(XX) 

p o l y m e r i z a b l e monomer i s shown b e l o w , a l t h o u g h i n t h i s case t h e monomer was 

n o t o b t a i n e d i n a ;>ure s t a t e and t h e s t e r e o c h e m i s t r y o f t h e a l l y l i c c h l o r i n e 

i s unknown. I n o r d e r t o make c e r t a i n o f t h e v a l i d i t y o f t h i s n e g a t i v e 

e v i d e n c e , some b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e was added t o t h o s e m i x t u r e s o f 

monomers and c a t a l y s t where p o l y m e r i s a t i o n f a i l e d t o o c c u r , t h e r a p i d 

p o l y m e r i z a t i o n o f t h i s added b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e was t a k e as e v i d e n c e 

o f an a c t i v e c a t a l y s t . 

c i 

The q u e s t i o n w h i c h r e q u i r e s an answer i s whether or n o t we can s se 

s i g n i f i c a n t d i f f e r e n c e s be tween t h o s e c h l o r i n a t e d monomers w h i c h do 

p o l y m e r i z e and t h o s e w h i c h do n o t . I f we o m i t monomer ( X V I I ) f r o m 

c o n s i d e r a t i o n , w h i c h i s n o t u n r e a s o n a b l e s i n c e i t has a m a r k e d l y d i f f e r e n t 

s t r u c t u r e t o t h e o t h e r s , . i t seems t h a t t h e monomers V X V I I ; a r .,XX) a r e o n l j 

d i s t i n g u i s e d f r o m t h e p o l y m e r i z a b l e monomers by t h e p o s s e s s i o n o i an e n n o - 4 -

c h l o r i n e . The o t h e r n o n - p o l y m e r i z a b l e monomer a l s o has a c h l o r i n e atom a t 

( s t e r e o c h e m i s t r y unknown b u t p r e s u m a b l y e n d o ) , whereas t h e one p o l y m e r i -

2 Q 1 

z a b l e monomer w i t h a c h l o r i n e a t has an e s t a b l i s h e d • e x o - s t e r e o 

c h e m i s t r y . 



- 124 -

I f we b u i l d space f i l l i n g models o f t h e s e monomers, i t becomes c l e a r 

t h a t a 4 - e n d o c h l o r i n e s u b s t i t u e n t i s o b l i g e d t o t a k e up a p o s i t i o n v e r y 

c l o s e t o t h e d o u b l e - b o n d w h i c h has t o c o o r d i n a t e t o t h e c a t a l y s t . However , 

i t i s d i f f i c u l t t o u n d e r s t a n d w i t h any c e r t a i n t y why t h i s s h o u l d make such 

monomers u n p o l y m e r i z a b l e , c e r t a i n l y i t w o u l d be d i f f i c u l t t o make an 

a p r i o r y p r e d i c t i o n o f t h e ou tcome . The f a c t o r s "being much t h e same as 

t h o s e d i s c u s s e d e a r l i e r i n r e l a t i o n t o t h e p o l y m e r i z a t i o n o f e x o - and endo-

a d d u c t s o f m a l e i c a n h y d r i d e w i t h c y c l o p e n t a d i e n e (see C h a p t e r 2 , page 8 4 J . 

The f a i l u r e o f 5 » 5 » 6 - t r i c h l o r o - 6 - t r i f l u o r o m e t h y I b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e 

( C h a p t e r 2 , page 9 3 ) t o p o l y m e r i z e f a l l s i n t o t h i s p a t t e r n o f i n h i b i t i o n by 

an endo c h l o r i n e s u b s t i t u e n t . 

T h u s , i t appea r s t h a t we have i d e n t i f i e d a common i n h i b i t i n g f a c t o r , 

a l t h o u g h we a r e n o t a b l e t o p r o v i d e an unambiguous r a t i o n a l i z a t i o n o f t h i s 

o b s e r v a t i o n . Never t h e l e s s , t h e s e p r e l i m i n a r y r e s u l t s show t h a t t h i s t y p e 

o f r i n g s y s t e m i s p o l y m e r i z a b l e and t h e p o l y ( a r y l e n e v i n y l e n e ) t y p e o f 

p o l y m e r may s t i l l be a c c e s s i b l e by a s u i t a b l e m o d i f i c a t i o n o f t h e scheme 

shown i n F i g u r e 3 « 3 » i f t h e i s o m e r i z a t i o n and d e h y d r o c h l o r i n a t i o n s t e p s can 

can be made t o w o r k . 

T a b l e 3 - 2 « n . m . r . p a r a m e t e r s o f p o l y m e r s 

- C H 2 - - f J H - - U H J I - - .;H=OH-

cPci 
2 . 0 3 . 2 4 . 6 5 . 8 

<Q- C H = C H +n 1 . 3 

2 . 3 
2 . 9 

1 . 9 3 . 2 5 . 6 

fQj<H=CH> n 1 . 8 2 . 5 3A 5 . 5 
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3 . 3 - b . G N . m . r 0 s p e c t r o s c o p y o f p a r t i a l l y c h l o r i n a t e d b i c y c l o [ 3 . 2 . 1 1 

o c t a - 2 , 6 - d i e n e monomers and t h e i r p o l y m e r s 

" ^ 0 N . m . r . s p e c t r o s c o p y p r o v i d e s p a r t of t h e e v i d e n c e f o r t h e s t r u c t u r e 

o f t h e s e monomers and t h e i r p o l y m e r s , b u t s i n c e t h e s p e c t r u m o f an i n d i v i ­

d u a l monomer o r p o l y m e r can be f a i r l y complex and i t s i n t e r p r e t a t i o n 

n o r m a l l y r e q u i r e s c o m p a r i s o n w i t h a s e t o f s i m i l a r m a t e r i a l s , t h e d i s c u s s i o n 

o f t h i s d a t a has been c o l l e c t e d t o g e t h e r i n t h i s S e c t i o n . The d a t a i n t h e 

s p e c t r a o f t h e monomers p r e s e n t e d i n F i g u r e J.19. 3 . 2 0 , 3 - 2 2 and t h e 

s p e c t r a o f t h e u n p o l y m e r i z e d monomers ( X V I I ) and ( X X ) , F i g u r e 3 . 2 5 , a r e 

summar ized i n T a b l e 3 « 3 . 

Some o f t h e peak a s s i g n m e n t s a r e made on t h e b a s i s o f t h e a s s u m p t i o n 

t h a t c l o s e l y r e l a t e d s t r u c t u r e w i l l d i s p l a y s i m i l a r s h i f t p a t t e r n s , some 

of t h e a s s i g n m e n t s a r e made on t h e b a s i s o f peak i n t e n s i t y as i t r e l a t e s 

t o N u c l e a r O v e r h a u s e r Enhancement , and some a s s i g n m e n t s a r e male on t h e 

b a s i s o f t h e peak m u l t i p l i c i t i e s o b s e r v e d i n " o f f - r e s o n a n c e " s p e c t r a , t h a t 

13 1 

i s s p e c t r a i n w h i c h t h e C- H c o u p l i n g s have n o t been e l i m i n a t e d by 

i r r a d i a t i n g t h e p r o t o n s . 

F o r e x a m p l e , c o n s i d e r the s p e c t r u m o f monomer ( X X I ) shown i n F i g u r e 

3 o 2 0 f t h e t h r e e s t r o n g l o w f i e l d r e sonances a r e a l l c l e a r l y v i n y l i c c a rbons 

c a r r y i n g an h y d r o g e n a t o m , t h e y d i s p l a y t h e e x p e c t e d NOE and a p p e a r as 

d o u b l e t s i n t h e o f f - r e s o n a n c e s p e c t r u m ( t h e u p p e r s p e c t r u m i n F i g u r e 3 . 2 0 ; ; 

t h e l o w i n t e n s i t y s i g n a l i n t h i s r e g i o n i s c l e a r l y t h e v i n y l i c c a r b o n 

c a r r y i n g a c h l o r i n e , i t i s n o t s p l i t i n t h e o f f - r e s o n a n c e e x p e r i m e n t . 

At h i g h e r f i e l d , t h e ca rbons b e a r i n g one o r t w o hydrogens appea r as 

d o u b l e t and t r i p l e t s r e s p e c t i v e l y i n t h e o f f - r e s o n a n c e e x p e r i m e n t and t h e 

=CHCl= c a r b o n i s r e a d i l y a s s i g n e d as t h e one a t l o w e s t f i e l d . I n a s i m i l a r 

way and by e n s u r i n g t h a t a s s i g n m e n t s c r o s s - c h e c k one w i t h a n o t h e r a f a i r l y 

c o m p l e t e a s s i g n m e n t o f a l l t h e peaks i n a l l t h e monomer s p e c t r a can be 
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b u i l t u p . The r e s u l t o f t h i s p r o c e s s i s summar ised i n T a b l e 3-31 as a 

r e s u l t o f t h i s t a b u l a t i o n , i t was p o s s i b l e t o show t h a t compound ( X X I I ) 

was n o t a p u r e m a t e r i a l a l t h o u g h i t d i s p l a y s t h e i „ r . and "̂H n . m . r . s p e c t r a l 

f e a t u r e s and p h y s i c a l p r o p e r t i e s q u o t e d i n t h e l i t e r a t u r e . 

The s p e c t r a o f t h e p o l y m e r s d e r i v e d f r o m monomers ( X X I ) , ( X X I I ) and 

( X X I I I ) a r e shown i n t h e l o w e r h a l v e s o f F i g u r e s 3-19. 3.20 and 3 . 2 2 and 

w h i l e t h e y s u p p o r t t h e s t r u c t u r a l a s s i g n m e n t s made h e r e . I t i s c l e a r t h a t 

t h e y a r e f a i r l y complex and much s t e r e o c h e m i c a l i m f o r m a t i o n i s encode i n 

t h e s p e c t r a . The r e l a t i v e l o w q u a l i t y o f t h e r e s o l u t i o n and t h e c o m p l e x i t y 

o f t h e s p e c t r a do n o t j u s t i f y a d e t a i l e d i n t e r p r e t a t i o n ; howewer, i n 

F i g u r e 3 .20 i t i s c l e a r t h a t t h e WClg based c a t a l y s t g i v e s r i s e t o a much 

more complex s p e c t r a t h a n t h e MoCl^ based c a t a l y s t and t h i s o b s e r v a t i o n i s 

i n l i n e w i t h e a r l i e r d i s c u s s i o n o f t h e s t e r e o r e g u l a t i n g a b i l i t y o f t h e s e 

d i f f e r e n t c a t a l y s t s ( see C h a p t e r 2 ) . 

3 . 3 . c . P r e l i m i n a r y s t u d y o f t h e d e h y d r o c h l o r i n a t i o n o f t h e p o l y m e r 

p r e p a r e d f r o m 3 . ^ - d i c h l o r o b i c y c l o 3 .2 .1 o c t a - 2 , 6 - d i e n e 

The a i m o f t h i s work was t o see i f t h e t h e r m a l d e h y d r o c h l o r i n a t i o n of 

t h e p o l y m e r shown i n F i g u r e 3.26 p r o c e e d s as i n d i c a t e d i n t h e f i g u r e . 

C H = C H 4 p - -HC1 
A 

CHBn 

The p o l y m e r was h e a t e d i n a t h e r m o b a l a n c e a t 1 0 / m i n u t e u n d e r a n i t r o g e n 

a t m o s p h e r e . The t he rmogram d i d n o t show any s t e p w i s e l o s s o f w e i g h t , F i g u r e 

3 . 2 7 . The p o l y m e r was t h e n t r e a t e d w i t h an excess o f t r i e t h y l a m i n e i n 



T a b l e 3.3 .3 . 1 3 0 N . m . r . p a r a m e t e r s o f p a r t i a l l y c h l o r i n a t e d 

b i c y c l o [ 3 . 2 . 1 o c t a - 2 , 6 ~ d i e n e s 

Compound c l C 2 ° 3 
G 4 C 5 

c 6 ~ 7 C 9 °10 , 11 

9' 3 5 . 2 3 2 . 3 1 9 . 1 3 2 . 8 3 5 - 2 2 8 . 9 2 6 . 9 39.7 

3 3 . 3 
o r 

3 3 . 7 

1 3 4 . 1 1 2 3 . 8 2 8 . 7 
3 8 . 7 

o r 
38.3 

1 3 0 . 2 1 3 ; ' . 7 4 0 . 7 

4 0 . 1 1 3 ^ . 3 1 2 0 . 1 3 8 . 5 4 0 . 6 1 3 0 . 8 139.2 40 . 3 

^ s ^ b 

CI 

3 9 . 1 1 3 Q . 6 1 2 5 . 6 3 6 . 3 3 9 . 2 1 3 0 . 2 1 3 9 . 2 4 n- .4 

C l ^ 
CI 

4 6 . 3 1 3 6 . 3 1 2 8 . 3 6 0 . 1 3 9 - 7 I 2 9 . O 1 4 5 . 7 3 7 . 5 

c i ^ c i 
2 CI 

4 3 . 9 1 4 0 . 3 . 1 2 7 . 6 9 0 . 1 58.3 1 3 2 . 5 .141 .5 42.:^ 

cilO'ci 
CI 

5 0 . 4 1 3 9 . 8 133.5 33.8 5 9 - s 134 .5 1 4 1 . 7 1 2 0 . 6 1 2 8 . 4 19.3 

cT 1 

4 0 . 9 133.1 1 3 0 . 8 33.1 4y. 2 
1 3 2 . 4 

o r 
1 3 9 . 7 

1 3 9 . 7 
o r 

132.4 
- - 1 3 . 6 

a E s t a b l i s h e d by J . 3. o t o t h e s , J . . : . dwensan and G . T . T a n , s e n . J . f j h -,r:, , 

5 3 » 5 3 l ( 1 9 7 5 ) a n d used as r e f e r - i n - • d a t a . 

b I m p u r e ^ i m p u r i t y s h i f t s a t 5 8 . 1 , 36.3, 3 4 . 2 , 3O.5 and !3 . s ) 
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chlorobenzene at 50 C f° r o n e hour, the recovered material was a whits powder 

with the same in f r a r e d spectrum as the s t a r t i n g material and gave a v i r t u a l l y 

i d e n t i c a l thermogram. 

Thus i t appears that the anticipated loss of HG1 from t h i s polymer i s 

not easily accomplished despite the fact that both the hydrogen and the 

chlorine atoms t o be removed are a l l y l i c . The lack of a stepwise weight 

loss was surprising, howewer t h i s i s a preliminary observation and i t may 

be that under appropriate conditions of isothermal treatment, a stepwise 

loss of HOI can be achieved. 
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3 . 4 - . a . Preparation of Cis -3 ,4-dichlorocyclobutene 

3 . 4 . a . i . Reagents 

Cyclooctatetraene and diraethylacetylenedicarboxylate were purchased 

from Aldrich Chemical Company Inc. and were used without further p u r i f i ­

cation. Dry carbon tetrachloride was prepared by d i s t i l l a t i o n of the 

commercial product, the f i r s t 1 0 $ of the d i s t i l l a t e was rejected, the 

solvent was stored over molecular sieve ( 4 A ) . 

3 . 4 . a . i i . Syntheses 

Cyclooctatetraene ( 5 0 . 0 g., 0.46 mole) and dry carbon tetrachloride 

( 1 5 9 . 0 g., 1 . 0 mole) were placed in 3-necked round-bottomed flask ( 5 0 0 ml) 

which was equipped with a gas inlet tube, a low temperature thermometer 

and a calcium chloride drying tube. The flask was cooled by using PhCl/ 

liquid a i r slush bath ( - 2 8 to - 3 3°C) and stirred using an mechanical 

s t i r r e r . Chlorine (40 . 0 g., 1 . 1 3 mole) was admitted into the solution as 

a gas stream during 3 hours. The mixture was allowed to warm-up to 0°C by 

changing to an ice-bath, sodium carbonate powder ( 2 5 . 0 g., 0.24 mole) was 

added and the contents of the flask were shaken gently for several minutes 

to remove any HC1 formed in the reaction. The mixture was then filte r e d 

directly into 1-necked round-bottomed flask ( 5 0 0 ml) which contained 

dimethylacetylenedicarboxylate ( 6 7 . 0 g., 0 . 4 - 7 mole). An efficient condenser 

was fitted to the flask which was heated gently to ini t i a t e the exothermic 

reaction, heating was stopped until the exothermic reaction had subsided 

and then the contents were refluxed for 3 hours. The solvent (CCl^) was 

removed by evaporation at 45°C under reduced pressure ( 1 mm Hg), the 

residue was a viscous green material. 

The crude adduct was transfered to a pressure-equalizing dropping 

funnel ( 5 0 0 ml) which was attached to a 3-necked round-bottomed flask ( 5 0 0 

ml) immersed i n an o i l bath maintained at 2 0 0°C, another neck was fitted 
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with a di s t i l l a t i o n head, condenser and receiving flask. The pressure in 

the flask was slowly reduced to 2 0 mm Hg and the crude adduct was admitted 

to the heated flask dropwise, the pyrolysate was collected as a yellow 

liquid which was redistilled ( 3 times) to give cis - 3^dichlorocyclobutene 

as a colourless liquid ( 2 ^ . 0 g,, ̂ 2% y i e l d ) , b.p. 5 ^ 7 3 ° C at l * f - l 8 mm Hg, 
286 

with correct i . r . soectrum, 98% pure ( g l c ) . The impurities were most 

probably derived from 1 ,^-dichlorobutadiene. 

3.*+.b. Preparation of 3 t ^ - D i c h l o r o t r i c y c l o [ 4 . 2 . 1 . 0 2 , ^ ] n o n - 7 - e n e 

3.^.b.i. Reagents 

Cis -3 ,4-dichlorocyclobutene was prepared as described above, cycle-pen-

tadiene was freshly d i s t i l l e d from dicyclopentadiene which was purchased 

from Koch-Light Laboratories Ltd. 

3«^.b.ii. Syntheses and Characterization 

A mixture of cis -3 ,4-dichlorocyclobutene ( 8 . 2 g., 6 ? mmole) and 

cyclopentadiene ( 6 . 6 g., 1 0 0 mmole) were placed in 1-necked round-bottomed 

flask ( 2 0 0 ml) and stirred with magnetic follower,, The reaction flask was 

heated at 150°C for 2 days with an o i l bath„ The reaction product was 

purified by column chromatography on s i l i c a ( Kieselgel 6 0 ) using petroleum 

ether/chloroform as eluent to give 3 , 4 - d i c h l o r o t r i c y c l o [ ^ . 2 o l . O ' ]non-7~ene 

as a yellow liquid (9 .5 g., 5 0 mmolep 7 5 # yield), [Found C, 5 7 . ^ 0 ; H, 5 . 6 0 ; 

C^H^Clg requires C, 5 7 • 1 ^ % H, 5 • 2 9 $ ] . The spectrum was the same as 
289 

that of an authentic sample and showed that the product was a mixture 

of three isomers with the endo-anti°isomer as major component. 

3A0C0 Preparation of Tetrachlorocyclopropene 

3 . ^ . C o i 0 Reagents 

Trichloroethylene was purified by d i s t i l l a t i o n from Sodium 

trichloroacetate was prepared by neutralization of t r i c h l o r o a c e t i c acid 
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( 1 3 0 . 0 g., 0 . 8 0 mole in 100 ml water) with aqueos NaOH ( 3 2 . 0 g„, 0 . 8 0 mole 

in 1 5 0 ml water) to the phenolphthalein end point 0 The product was dried 

under reduced pressure for 9 hours to give a white solid material. Dry 

monoglyme was supplied by Mr0 B. Hall of this Department. 

3 o 4 . c . i i 0 Syntheses and Characterization 

Preparation of Pentachlorocyclopropane 

Sodium trichloroacetate ( 1 2 7 « 0 g o , O . 6 9 mole) and dried trichloro-

ethylene ( 6 8 6 g., 5 « 2 mole) were placed in l=necked round=bottomed flask 

( 1 l i t e r ) f itted with a Dean-Stark apparatus. The mixture was stirred 

and refluxed for 3 hours to insure that water was completely removed from 

the system. Dry monoglyme ( 7 0 ml) was added slowly using a syringe and the 

mixture was refluxed for 5 days. The reaction mixture was washed with 

water ( 5 0 0 ml), aqueous HC1 ( 3 0 0 ml, 2N) and with water ( 5 0 0 ml), dried 

over GaCl 2 and d i s t i l l e d to gives ( i ) a liquid bep. < 9 l ° C , probably 

solventf ( i i ) pentachlorocyclopropane as a colourless liquid ( 5 0 . 0 g.„ 

0 . 2 3 mole, 3 3 3 6 yield), b.p. 7 0 - 8 0 ° G at 28 / 3 0 mm Hg (Hef : 2 9 5 2% yield, 

b0p. 5 5 o 5 = 5 ° \ 0 ° G at 7 mm Hg). The n.m.r0 spectrum showed a singlet 
295 295 at 3<>9 ppm (Hef s 3 o 8 1 * ppm), and the i . r . spectrum showed no band in 

the 0 = 0 region, but showed bands at 3C40 cm"1 (cyclopropane C~H), a strong 

complex band between 9 5 0 = 8 8 0 cnT̂ " (highly chlorinated cyclopropane) and a 

strong band at 7 7 5 cm"1 (>GG1 2). 

Preparation of Tetrachlorocyclopropene 

Pentachlorocyclopropane ( * * 8 o 0 g., 0 . 2 2 mole) and a solution of K0H 

( 3 5 ° 5 S' > 0 » 6 3 mole) in d i s t i l l e d water ( * f 0 ml) were placed in 1-necked 

round bottomed flask ( 2 5 0 ml) with a magnetic follower. The two phase 

mixture was stirred and heated at 8 5 = 8 8 ° G for 3 0 minutes, the reaction 

mixture was cooled to 50°G when ice°water ( 5 0 ml) and cold concentrated 

HG1 ( 2 5 ml) were added0 The mixture was placed in separating funnel and 
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extractei: wi th dichloroir .ethane {150 r . l , ^ the extract was washed with water 

(2 x 15C ml), dried over CaCl2» and the solvent evaporated. The residue 

was d i s t i l l e d under --educed pressure to give tetrachlorocyclopropene (27.5 g« > 

7 0 % y i e l d ) as a colourless l i q u i d , b.p. 85-83°C at 165 mm Hg ( k e i ' : ' " ^ b.p. 

129.5-130.0 G at 7̂ +5 Hg, 85% y i e l d ) with correct i . r . spectrum'"'-'' which 

showed four strong bands at 615 cm 1 (C-Cl), 750 cm 1 ( CC12), 1050 cm 1 

and 1150 cm"1 (G-Gl). 

Preparation of 2 >3 t^.4-Tetrachlorobicyclo[3.2.l)octa-2,6°diene 

3. iKd.i. Reagents 

Tetrachlorocyclopropene was prepared as described above, cyclopentadiene 

was freshly d i s t i l l e d from dicyclopentadiene (Koch-Light Lab. Ltd) and CCl^ 

was p u r i f i e d as described i n Section 3«̂ «a..i. 

3»/+.d.ii. Syntheses and Characterization 

Tetrachlorocyclopropene ( 3 . 0 g., 17 mmole), dry carbon tetrachloride 

(*f.O ml) and cyclopentadiene ( 2 A g„, 36 mmole) were placed i n 1-necked 

round-bottomed f l a s k (50 ml) and s t i r r e r at room temperature f o r 2 days. 

Solvent and unreacted material were removed by reduced pressure d i s t i l l a t i o n 

and the residue was r e c r y s t a l l i z e d (petroleum ether 30/40) t o give 2tJ,k,Ur= 

tetrachlorobicyclo 3-2.1 octa-2„6=diene (3.0 g.„ 72% y i e l d ) as white crystals 

m.p. 86=87°C; [Found G, 36.11$ Hs 2.66; CI, 57.6; C ^ C l ^ requires G, 39-34; 

H„ 2.46$ Gl, 58.22%]; M (m.s.) f 244 (Calculated tf, 244); with correct i . r . 

spectrum, 'K v m 1590 c n f 1 (-C1G-CC1-) and l44o cm"1 (~C=C-); and "Hi and 
13 
C n.m.ro spectra consistent with the proposed structure. 

3.4„e, Preparation of Dimethylfulvene 

Cyclopentadiene (32.0 g., o.49 mole) and an equivalent amount of analar 

acetone(28.8 g., 0.50 mole) were placed i n a f l a s k (250 ml) f i t t e d with a 

re f l u x condenser which was cooled with i c e 0 Potassium hydroxide <(5«0 g.„ 



0.09 mole) i n ethanol (20 g.„ 0.44 mole) was car e f u l l y added through the 

r e f l u x condenser. A vigorous exo ths ra io reaction occurred, when t h i s reaction 

subsided, the reaction f l a s k was stoppered t i g h t l y and kept cool overnight. 

The aqueous layer was removed and the mixture was vacuum d i s t i l l e d t o remove 

the low-boiling point materials, followed by dimethylfulvene which was 

d i s t i l l e d rapidly between 45-47°C at pressure 13-14 ram Hg. The yellow l i q u i d 
247 

was stored i n the deep freeze and showed the correct i . r . spectrum. 

3.4-.f. Preparation of 2,3 t4,4-Tetrachloro-8-isopropylidenebicyclo[3.2.l]° 
octa-2,6-diene 

Tetrachlorocyclopropene (,3«02 g., 17 mmole), dimethylfulvene (4.0 g., 

38 mmole) and dry carbon tetrachloride ^4.0 ml) were placed i n a f l a s k 

(50 ml) f i t t e d with a re f l u x condenser. The mixture was refluxed f o r 24 

hours. The low-boiling point material was removed by reduced pressure 

d i s t i l l a t i o n . ) Petroleum ether (20 ml) was added and the mixture refluxed, 

the hot solution was f i l t e r e d , , the solvent evaporated and the product 

p u r i f i e d using column chromatography on s i l i c a (Kieselgel 60) with petroleum 

ether 40/60 as eluent to give 2,3,4,4-tetrachloro-8-isopropylidenebicyclo= 

3o2.1 octa-2,6=diene (4.5 g o , 65% y i e l d ) as white crystals with m.p. 82 °C; 

[Found C, 46.33} H, 4.09; '111 51.2j C^H^Cl^ requires C, 46.48; H, 3-52; 

CI, 50.00%] 1 M (nus.), 284 (Calculated i ' l , 284); i . r . spectrum v 1585 cm - 1 

(=C1C=CC1-)S 1435 cm"*1 (-G-C-) and 1368 cm"1 (>C=C<); with hi and 1 3 C n.m.r. 

spectra consistent with the proposed structure. 

3.4.g„ Preparation of 3»4°Dichlorobicyclo[3.2.l]octa-2,6-diene 

3°4.g.i. Reagents 

Bicyclo [2.2.l] hepta-2,5c=,diene and myristyltrimethylammoniumbromide (a. 

phase transfer catalyst) were purchased from Aldrich Chemical Com. Ltd., 

chloroform and sodium hydroxide were purchased from Bull _ :h idea l s L t d , a n 1 

a l l the reagents were used without f u r t h e r p u r i f i c a t i o n . 
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3.4.g.ii. Syntheses and Characterization 

Bicyclo[?,.2.lJhepta-2,5-diene (4c.0g., 0.44 mole), m y r i s t y l t r i m e t h y l -

ammoniumbromide (14.0 g., 4-0 mole) and chloroform (135 ml, - . 7 mole ,1 were 

Placed i n a fla s k (1 l i t e r ) which was warmed to 50°C, a solution of sodium 

hydroxide '130 g., 3-25 mole) i n d i s t i l l e d water ! 270 ml) was carefully 

added through the reflux condenser and the reaction was l e f t s t i r r i n g f o r 

3 hours. Ice-water 500 ml) was added slowly followed by sulphuric acid 

(10?S) u n t i l the mixture was acidic. The reaction mixture was extracted 

with diethylether (2 x 250 ml), the extract was dried (MgSO^) and the solvent 

evaporated. The residue was d i s t i l l e d under reduced pressure (85-94°c/ 6-8 

mm Hg), and the product f u r t h e r p u r i f i e d by column chromatography on s i l i c a 

(Kieselgel 60) with petroleum ether as eluent to give 3»4-dichlorobicyclo-

[3.2.l]octa-2,6-diene (23.0 g., 30% y i e l d ) as a yellow l i q u i d . [Found C, 

55.0; H, 4.97; -8 H8 G 12 ^ u ^ 8 c» 5^-85; H, 4.57#]; M (m.s.) f'l75 (Calcu­

lated M, 175); i . r . v m a v 1613 cm"1 (-OCC1-) and 1438 cm"1 i ' - C ^ - ' ! , with 
L 29I correct si n.m.r. spectrum. 

3.4.h. Dechlorination of 3 >4-Dichlorobicyclo[3.2.l]octa-2.6-diene 

Lithium aluminium hydride (1.0 g., 26 mmole) and sodium- dry d i e t h y l ­

ether (70 ml) were placed i n 2-necked round-bottomed f l a s k (250 ml) equipped 

with two condensers and the appratus was continually swept by dry nitrogen 

v i a the condensers. The mixture i n the reaction f l a s k was heated u n t i l i t 

refluxed, 3,4-dichlorobicyclo[3.2.l]octa-2,6- diene (2.94 g„, 17 mmole) i n 

dry diethylether (15 ml) was added slowly through one condenser and the 

mixture refluxed f o r a f u r t h e r 5 hours. The reaction mixture was cooled t o 

room temperature and treated carefully with aqusou? K0H ('12.5 n l , 5%), 

washed with water (50 ml). The solvent was removed by evaporation and the 

residue p u r i f i e d using column chromatography on s i l i c a (Kierelgel 60) with 

petroleum ether as eluent t o give 3-chlorobicyelo[3.2 . l ]octa-2,6-diene 
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(1.2 g., 53% y i e l d ) as colourless l i q u i d . The carbon and hydrogen elemental 

analyses results were poor i n a l l of several attempts; t h i n layer and gas 

chromatography indicated that the product was a single component with a 

molecular-weight (m.s.) of 140 (Calculated f o r OgH,:i, 13;.5). 

3 . ^ . j . Dechlorination of 2,3,4 t4-Tetrachloro-8-isopropylidenebicyclo 
,3.2.l]octa-2,6-di ene 

3 . 4 . j . i . Preparation of 2,3-dichloro-8-isopropylidenebicyclo[3.2.l]-
octa-2,6-diene 

Potas^Lum hydroxide (2.0 g., 36 mmole), ethanol (13.0 g. ( 39I mmole) and 

the compound (2.0 g., 7 mmole) were placed i n a f l a s k (100 ml) and s t i r r e d 

with magnetic follower. The mixture i n the reaction f l a s k was heated to 

5O-60°C and zinc powder (6.0 g., Q2 mmole) was added car e f u l l y . Gradually 

the solution turned yellow, the reaction was continued f o r 2^ hours. 

Diethylether (100 ml) was added care f u l l y v i a a dropping funnel and the 

mixture was f i l t e r e d . The solvent from the f i l t r a t e was removed by evapo­

rat i o n and the residue p u r i f i e d by column chromatography on s i l i c a (Xieselgel 

60) with petroleum ether/chloroform as eluent. The product was a yellow 

l i q u i d (1.0 g., 66$ y i e l d ) . The elemental analyses was not good although 

several attempts have been made and the product approved to be a single 

component by chromatographic analyses ( t . l . c . and g.l.c. ); and had the 

expected molecular ion, M (m.s.), 215 (Calculated f o r C^H^-^* 215)« 

3 . / + . j . i i . Attempts t o Prepare 2 t3 t4-trichloro-8-isopropylidenebicyclo-
3.2.1]6cta-2,6-di ene 

The previous experiment was repeated i n a l l respects except that the 

experiment was done at room temperature f o r 2 days. Two major components 

were collected on column chromatography 5 the second f r a c t i o n was a single 

component (0.2 g.) and the f i r s t f r a c t i o n had three components which proved 

inseperable under a wide va r i e t y of chromatographic proceeding. Characteri-



zation by i . r . spectroscopy { see discussion section) chowed that the f i r ? t 

f r a c t i o h wars mixture of 2,3,^»4-tetrachloro-8-isopropylidenebicyclo[3.2.l] 

octa-2,6-diene, 2,3-dichloro-8-isopropylidenebicyclo[3.2. l ]octa-2,6-diene 

and 2,3,4-trichloro-8-isopropylidenebicyclo[3.2.l]octa-2,6-diene and the 

second f r a c t i o n was most probably 2,3,4-trichloro-8-isopropylidenebicyclo-

[3.2.l] octa-2,6-diene. 

Repetition of these l a s t two experiments did not improved the results, 

the d i f f i c u l t y was primarily associated with i n s u f f i c i e n t resolution i n the 

preparative chromatography stages. Although spectroscopic analyses suggested 

tha t the basit chemistry works ;;.:.tisfactorily. 

3.4.k. P u r i f i c a t i o n of divinyibenzene 

3.4.k.i. Reagents 

Divinylbenaene was purchased from 8DH L t d . Cuprous chloride wa.s 

p u r i f i e d by dissolving commercial cuprous chloride (Hopkin and Williams) 

i n hot concentrated hydrochloric acid and r e f l u x i n g under dry nitrogen 

f o r 3 hours. Copper f i l ings were added care f u l l y and r e f l u x i n g continued 

u n t i l a very deep-yellow solution formed. The hot solution was poured i n t o 

cold d i s t i l l e d water which had previously been refluxod* under dry nitrogen. 

The solvent was evaporated under reduced pressure and dried (100°C at 

1 mm Hg) to leave cuprous chloride as a white powder. 

3 . 4 . k . i i . P u r i f i c a t i o n 

Commercial divinylbenzene (60 ml , .54.6 g. ) was degassed and heated (21-

23°C) under dry nitrogen i n 2-necked round-bottomed fl a s k ,200 mi). Cuprous 

chloride (83.C £ , . ) was added care f u l l y under nitrogen and the mixture was 

washed with toluene (3 x 5-' ml). The solvent wa: evaporated leaving a grey-

brown powder (103.0 g.). D i s t i l l e d carbon tetrachloride (70 ml) was added 

and heated to 76-73°C f o r If hours. The - l u r r y was f i l t e r e d and the f i l t r a t e 

d i s t i l l e d under reduced pressure (26-30°C at 1 mm Hg) to give d i v i n y l ben.'ene 

(15 g., as a colourless l i q u i d with traces of :;,onovinyl compounds/ 
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3.5.a. Polymerization of P a r t i a l l y Chlorinated Gycloalkenes 

General procedure of the polymerization was same as described i n the 

experiment section of Chapter 2. 

3.5»b. Polymerization of P a r t i a l l y Chlorinated Cycloalkenes Using MoC!̂  
or WClg/Me^Sn i n Chlorobenzene 

Monomer Catalyst Ratio(H=WCl6/MoClI.) 
M jMe^Sn:Monomer 

Volume of 
Solvent 
(ml) 

Reaction 
Time 
(hours) 

Yield 

1 or CI 

CI 
wci 6 1:2:26 4.0 1.0 80 

2 
CI 

wci 6 

MoClj 

1:2»34 

Ii2:28 

11.0 

11.0 

3.0 

3.0 

50 

60 

3 MoCl^ 1:2:29 11.0 0.5 75 

4 MoCl^ 1:2:19 11.0 0.5 85 

3-5.Ce Unsuccessful Attempts t o Polymerize and Copolymerize P a r t i a l l y 
Chlorinated Cycloalkenes 

I n a l l cases the polymerizations were done i n sets under the same 

conditions and one reference polymerization was included t o ensure that an 

active catalyst was generated i n each case. Thus each unsuccessful 

polymerization was carried out at the same time and under the same conditions 

as polymerization of bicyclo[2.2„i]hept~2~ene (i.e. same catalyst, cocatalyst, 

solvent batches, same dry nitrogen l i n e , same type of flask dried and purged 

i n the same way). 

http://3-5.Ce


- 2/fO -

Monomer 

or 
Comonomer 

Catalyst 
(Ratio 
1,2) 

Ratio 
Cat.:Mon. 

Reaction 
Time 
(hours) 

Note 

1 WCl^/Me^n 1:122 20 -

2 WCl^/Me^Sn lsll0:130 1.0 Poly-
n orbor-
nene 

3 

WClg/Me^Sn Ii20 2k -

3 WCl^/Me^Sn 1:20 1 660 ° C -3 

MoCiyMe^Sn 1:20 24 

WClg/Me^Sn 1:10:20 1.0 Poly-
norbor-
nene 

5 MoCiyMe^Sn 1:15 k = 

6 MoCiyMe^Sn 1:10:20 1.0 Poly-
norbor-
nene 

7 

C l 2 C! 

MoCiyMe^Sn (0.^5 g.) 20 -

8 As above (7) plus MoCiyMe^.n (0,3 g.) 1.0 Poly-
norbor-
nene 

9 MoCiyMe^Sn (1.0 g.) 48 -
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3 . 6 . a . Preparation of l , 6 , 7 , 8 - T e t r a p h e n y l - 9 - k e t o t r i c y c l o [ 4 o 2 . 1 . 0 2 , - 5 ] -

nona-3,7-diene 

3 o 6 , b . Reagents 

Cis-3,4-dichlorocyclobutene was prepared as described previously i n 

Section jA.a.', tetraphenylcyclopentadienone was kindly supplied by Dr. 

J.H. Edwards of t h i s Department and xylene was purchased from BDH Ltd„ 

3 . 6 . c . Preparation of 3 f 4 - D i c h l o r o - l , 6 , 7 . 8 - t e t r a p h e n y l - 9 - k e t o t r i c y c l o -
[ 4 . 2 . 1 . 0 2 , 5 ] n o n - 7 ~ e n e 

Tetraphenylcyclopentadienone (10.0 g., 26 mmole), cis - 3 , 4-dichloro-

cyclobutene (6.25 g-1 51 mmole) and xylene (20 ml) were placed i n a f l a s k 

(100 ml) and refluxed f o r 5 hours. The solvent was removed by reduced 

pressure and followed by p u r i f i c a t i o n using column chromatography on 

s i l i c a (Kieselgel 60) with petroleum ether/chloroform as eluent. Three 

fractions were collected, r e c r y s t a l l i z e d from ethanol and dried under reduced 

pressure t o give ( i ) 7 , 8=dichloro - 2 , 3 , 4 , 5-tetraphenylbicyclo [ 4 . 2 „ o]octa - 2 , 4 -

diene (1.5 g.)» [Found C, 80.53; H.4.84; C^H^Clg requires C, 80.16; H, 

5„01$] ; M (m.s.), 4-79 (Calculated M, 479); ( i i ) 3 ,4-dichloro-l,6,7 ,6-

tetraphenyl-9°ketotricyclo[41>2.1.02,^]non-7-ene (2.5 g., 20$ y i e l d ) ; 

[Found C, 79.41; H, 4.34; C^Hg^ClgO requires C, 78.11; H, 4.73$] ! M (m.s.) 

507 (Calculated M, 507); The *H n.m.r. spectrum was the same as that 
301 

published and the molecule has the endo isomer; and ( ' i i i ) an 

unidentified compound (1.5 g.); [Found C, 81.14; H, 4.52$] ; M fm.s.), 520. 
3.6.d. Dechlorination of endo -3 .4-dichloro-l.6,7 8 8-tetraphenyl -9-keto-

t r i cyclo[4.2.1.0 2 *5]non-7- ene 

Qido - 3,4-dichloro-l, 6 , 7,8-tetraphenyl-9-ketotricyclo[4. 2 . 1 . 0 2 non-

7-ene (2.5g., 5 mmole) and activated zinc powder (50 g.) were refluxed i n 

ethanol (65 ml) with s t i r r i n g f o r 4 8 hours. The reaction mixture was 

dilu t e d with diethylether ( 1 8 0 ml) and f i l t e r e d . The f i l t r a t e was washed 



- 142 -

with water (2 x 300 ml), and a f t e r evaporation of the solvents, the residue 

was r e c r y s t a l l i z e d from ethanol t o give i ,6 , 7,ci-tetraphenyl-9-ketotricyclo­

id . 2.1.0 2 »-Ci]nona~3,7-diene (1.8 g. , 80% y i e l d ) as white crystals; m.p. 186°C; 

[Found G, 85 . 0 2 ; H, 5-70; C^H^O requires G, 90.83; H, 5-51%] i M (m.s.)i 

4-36 (Calculated M, 4 3 6 ) . The product had a "Hi n.m.r. spectrum which was 

i d e n t i c a l with that published. 

3.6.e. Attempts t o Polymerize and Copolymerize l , 6 ,7 ,8-Tetraphenyl-9-keto-
tricyclo[4. 2 . 1 .0 2'nona-" 3,7-diene 

A l l attempts t o polymerize t h i s monomer with WCl^/Me^Sn i n chlorobenzene 

at room temperature and 65°C were unsuccessful, the monomer was recovered 

unchanged and i d e n t i f i e d by i . r . spectroscopy. 

l,6,7 , 8-tetraphenyl - 9-ketotricyclo[4 , 2 . 1.0 2'- 5]nona - 3 , 7-diene (0.25 g., 

0.6 mmole) was copolymerized with bicyclo [2 .2.l]hept-2-ene (0.35 g o , 3 . 7 

mmole) with WGl^/(CH^)iiJ_Sn (1:2 molar r a t i o ) i n chlorobenzene f o r 2 hours. 

White polymer ( 0 . 4 5 g-» 75%) was collected and p u r i f i e d by dissolve i n 

toluene and re p r e c i p i t a t i n g i n t o methanol. (Found 0, 90.3?-; H, 9.126); 
1 13 

H, C and i . r . spectroscopy showed that the polymer consisted of units 

derived from both s t a r t i n g materials (see Discussion). 

3.7 Attempts t o polymerize divinylben;ene by cross metathesis using 

WOl^^CH^^Sn and rfoCly"(OH^^n catalysts 

Divinylbenzene (see 3.4.k. ) was treated with a solution of WCl^/(,CH^)^Sn 

or MoCly'(CH-j)£|8n i n chlorobenzene at room temperature,, In a l l cases, 

insoluble polymer (cross-link polymer) was formed which could not be 

s a t i s f a c t o r i l y characterized. Attempts t o modify the reaction by addition 

of a t h i r d component were also unsuccessful, i n t h i s car-e, 2,6-di-t'-butyl-

pyridine was the base used. This three-component metathesis catalyst did 

not i n i t i a t e polymerization of divinylbenzene by either a cross-metathesis 

or a cationic mechanism although the same catalyst system i n i t i a t e d the 

ring-opening polymeri ation of bicyclo[2.2.llhept-2-f?ne. 
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Vacuum system. A conven t iona l vacuum system i n c o r p o r a t i n g a mercury 

d i f f u s i o n pump, and a r o t a r y o i l pump was used f o r degassing m a t e r i a l s , 

vacuum d i s t i l l a t i o n s , removing v o l a t i l e residues f r o m polymer samples e t c . 

Mass spec t r a were recorded w i t h e i t h e r an A . S . I . MS 9 or a V.G. Micromass 

12B spect rometer . 

I . R . spec t ra were recorded us ing i ' e r k i n - i l m e r 4-57 o r 5 7 7 G r a t i n g I n f r a r e d 

Spect rophotometers . 

N . m . r . spec t ra were recorded w i t h e i t h e r a Bruker Spec t rosp in HX 90S o r 

a Ya r i an M 36OL NHH specrometer i n t h i s Department o r recorded th rough 

the SEEC M R s e r v i c e ^ Manchester or Edinburgh U n i v e r s i t y . 

Carbon and hydrogen analyses were c a r r i e d out w i t h a Perkin- i i ' lmer 240 GHN 

Analyser . 

F l u o r i n e and c h l o r i n e analyses were c a r r i e d out by the potassium f u s i o n 

method. 

A n a l y t i c a l gas l i q u i d chromatography ( g . l . c . ) . Pye Unicam GGD and Pye 104 

gas chromatographs w i t h n i t r o g e n as the c a r r i e r gas and f lame i o n i z a t i o n 

de t ec to r s were used f o r a n a l y t i c a l work. [Genera l ly Column O^Q ( 1 « 5 2 m x 

6 mm diameter ) w i t h a s t a t i o n a r y phase o f s i l i c o n e g r e a s e / c e l i t e was used] . 

Thermogravimetr ic analyses were performed us ing a Stanton d e d c r o f t TG 7 5 0 

Thermobalance i n the constant hea t i ng mode a t a h e a t i n g r a t e o f l ° C / m i n u t e . 
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The mass spec t r a of compounds obta ined i n t h e course of t h i s work are 

t a b u l a t e d below. Compounds marked w i t h an a s t e r i s k have not been r e p o r t e d 

p r e v i o u s l y . Ions are t a b u l a t e d i n the f o r m j 

e .g . ( I ) 

2 0 9 ( 7 % C 9 H 6 F 5 , M - F ) 

I n t h i s example, t h e i o n has a mass number 2 0 9 , i t s i n t e n s i t y i s 7% of 

t h e i n t e n s i t y o f the base peak o f the spectrum, i t has p r o v i s i o n a l l y 

assigned the f o r m u l a C^HgF^ ( the + be ing unders tood) , and i t s supposed 

o r i g i n i s loss o f an F f r o m the parent i o n (M) . 

( I ) 2 , 3 - b i s ( t r i f l u o r o m e t h y l ) b i c y c l o 2 . 2 . 1 h e p t a - 2 , 5 - d i e n e 

CF 3 

CF 3 

2 2 8 ( 2 6 $ , G 9 H 6 F 6 , M) , 2 0 9 ( 7 % , C ^ F ^ , M - F ) , 2 0 8 ( 7 % , C ^ , M-HF), 2 0 2 ( 2 ^ , 

G ^ F g , M - C 2 H 2 ) , 1 8 9 ( 1 0 % , G ^ F ^ , M-HF.F) , 1 5 9 ( 1 0 0 % , G Q H ^ , M - C E V J ) , 

1 3 3 ( 1 1 % , V & i f y M - G 2 H 2 . G F 3 ) , 1 1 9 ( 8 % , C ^ H ^ , M - G ^ . C P ^ ) „ 1 0 9 ( 2 2 % , 

Gr,HgF, M - 2 G F 3 ) , 6 9 ( 1 2 % , C F ^ , 6 6 ( 1 8 % , C^Hg), 5 1 ( 1 0 % , CHFg). 

( I I ) 1 , 2 - b i s ( t r i f l u o r o m e t h y l ) c y c l o h e x a - I , 4 - d i e n e 

2 1 6 ( 1 7 % , r ; 3 H 6 F 6 , M) , 2 1 ^ ( 1 0 0 % , CgH^Fg, M-2H), 1 9 5 ( 3 9 % , C g H ^ , H-HgF) 

1 6 4 ( 2 6 % , \ n 2 F 6 , M - C ^ f y ) , 1 6 3 ( 9 % , C 4 HF 6 , M - C ^ ) , 1 ^ 7 ( 2 1 % , ^ H ^ , M - C F ^ , 

1 ^ ( 6 5 % , C ? H 3 F 3 , H-3H.GF 3 ) , 1 2 7 ( 3 9 % , G ? H 5 F 2 , M-HF.CF.^), 7 5 ( 1 8 % , G 3 H F 2 , 

M-CH.2GF), 6 9 ( 1 6 % , G F 3 ) , 5 - ^ 1 0 % , GHF 2 ) . 
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( I I I ) * 5 , 5 , 6 - t r i c h l o r o - 6 - t r i f l u o r o m e t h y l b i c y c l o 2 . 2 . 1 hept -2-ene 

2 6 4 . 5 ( 0 % , C 8 H 6 F 3 - . J1 3 , i ' i ) , 2 2 9 ( 1 7 % , G g H ^ C l , , , M - C l ) , 193(64%, C g H ^ C l , 

M ~ H C l ? ) , 181(19%, C p H ^ G i , H-GHG1 2), 1 5 9 ( 3 3 % , G ^ P g C l g , M - C ^ F C l ) , 

143(19%, ^ K ^ C l , M-G^H 3 G1 2 ) , 1 2 5(33%, C ^ H ^ C l , M - G ^ C l g ) , 103(23%, 

G t f L f y M - C ^ C l ^ , 83(45%, C 2

H 2 F 3 ' M - G 6 H 4 G 1 3 ) ' 6 6 ( 1 0 0 ^ C 5 H 6 ) ' 

( I V ) * 2.3.3.4,4 , 5 - h e x a f l u o r o t r i c y c l o 4 . 2 . l . O 2 ' - ^ non-7-ene 

223(8%, C 9 H 6 F 6 , M) , 145(5%, CyHi/y M - G 2 H 2 F 3 ) , 128(12%, C ^ g F g , M-2GF 2 ) , 

127(30%, CyH^Fg, M-H.2GF 2 ) f 109(7%, CyHgF, M-HF.2CF 2 ) , 102(6%, G ? H^F 2 , 

rt-2HCP2), 101(7%, 0 ? H 3 F 2 , £<i-3H.2GF2), 95<J%, G - j H ^ , tf-CgH^), ,77(7%, H i ^ , 

M - G 9 H 5 ) , 67(10%, G 2 H 5 F 2 , i l - c y i f y ) , 66(100%, G 5 H 6 ; , 57(7%; G 3 H 2 F, M - G g H ^ ) , 

51(6%, GHF 2 ) . 

( V ) * 2 .3 .3.4,4 .5 .5 .6 -octaf luorotr icyclo 5.2.1 .Q 2 ' 6 dec-8-ene 

C f2 

>F2 

278(1%, C 1 0 H 6 F 8 , M ) , 207(3%, C 9 f y F 5 , M - C H ^ ) , 127(5%, V y & f z , ^ H F ^ , 

85(8%, G 5 H 6 F, M - G 5 F ? ) , 83(14%, C ^ F , M-G^H^F^), 73(3%, G^HgF, M ^ ) , 

67(6%, G 2 H 5 F 2 , i i -CgHF 6 ) , 66(100%, c 5 H 6 ) P 65(3%, c 5 H 5 ) . 

(VI) 2 . 3 , 4 , 4 - t e t r a c h l o r o b i c y c l o 3»2.1 octa-2,6-diene 

CI 



244(10%, 0QH6Q\, M ) , 209(100%,CgHgCLj, M - G l ) , 173(39%, CgH^Cl 2 , H - G l 2 ) f 

137(17%, CgH 6 Gl, r l - C L j ) , 136(32%, CgH^Cl, M-HCLj) , 125(20%, C ^ G l , M-CCL^), 

102(2%, GgH 6 , M - G l ^ ) , 75(12%, C ^ G l , M - C ^ C l ^ , 7̂ (2%, C ' ^ C l , M - C ^ C L j ) . 

( V I I ) 2 > 3 , 4 , i 4 - ° t e t r a c h l o r o - 3 - - i s o p r o p y l l d e n e b i c y c l o 3 .2 .1 octa°2 ,6-diene 

284(10%, C ^ H - l q C I ^ , M ) , 249(100%, C N H 1 0 0 l 3 i M - C l ) , 213(48%, C 1 1 H 1 0 C 1 2 , 

M - C l j ) , 197(13%, G 1 0

H 7 G 1 2 ' M - G H 3 G 1 2)' 177(58%, G N H l 0 G l , M - C 1 3 ) , 141(7%, 

G n H 9 , M - G l ^ ) . 

( V I I I ) 3 . 4 - d i c h l o r o b i c y c l o 3.2.1 octa-2.6-dlene 

CI 

175(4%, CgHgGlg, M)i 139(35%, CgHgGl, M-Gl) , 112(11%, G 6 H 5 G1, M - C ^ C l ) , 

107(10%, G^Glg, M-G^Hg), 102(100%, G ^ C l , M-G^HCl), 90(6%, G ? H 6 , M-CHClg), 

86(7%, G ^ G l , M - C ^ C l ) , 79(30%, C 2

H 4 G 1 2» M-Cgl^), 76(45%, C ^ G l , M - C y ^ C l ) , 

( I X ) 3-chlorobicyclo 3.2.1 octa-2,6-dlene 

CI 

141(14%, GgH^Gl, M), 139(33%, GgHgGl, M-H), 112(12%, C ^ C l , M - C ^ ) , 

105(100%, GgH^, M-Cl ) , 104(15%, CgHg, M-HG1), 103(48%, GgH ? , rt-I^Cl), 

79(31%, G 6 H ? , M=G 2H 2Gl)o 

( X ) 2 . 3 ° c L i c h l o r o - 8 ° i s o p r o p y l i d e n e b i c y c l o 3 .2 .1 octa°2,6=-diene 
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215(7%, G 1 ; L H 1 2 C 1 2 , M), 199(1^, G i o H 3 G 1 2 ' M - G H i f ) ' l 3 ° ( 3 0 % , C n H 1 2 C l , M -Cl 

167(32%, G 1 0 H 1 2 G 1 , M-CCl) , 165(1000, G

1 0 H 1 0 C 1 , M ~ C H 2 G l j • G n H i 2 » 

M-Clg) , 130(12%, C 1 0 H 1 0 , rt-CHjClg), 117(16%, C H , M - C ^ C ^ ) , 105(20%, 

C 8 H 9 , M - G 4 H 3 G 1 2 ^ '^°(36%, C ? H 6 ) , 83(17%, c 6 H^) . 

( X I ) 1 .2 .3 .^- tetraphenyl -9-ketotr icyc lo 4.2.1.Q- 3' nona-2,6-diene 

W 5 % , G 3 3 H 2 ^ . *0. 412(15%, G 3 1 H 2 Q , M-Cgfy), 408(100%, C ^ H ^ , H-GO), 

333(62%, G 2 6 H 1 9 , M-CO.G 6H 5), 319(36%, G 2 5 H 1 7 f M-CO.G 6 H 5 .GH 2 ) , 256(30%, 

G 20 H l 4» M - G 0 - 2 G 6 H 5 ) » 23l(75%, c ^ o , M-3C 6H 5). 



APPENDIX G 

I . R . S P E C T R A 



A l l spec tra were recorded using KBr p l a t e s , pressed d i s c s or t h i n 

f i l m s and were run under condition designation by:= 

(A) - KBr d i s c 

(3 ) - Thin l i q u i d f i l m 

( c ) = Thin polymer f i l m ( f ree standing) 

(D) - Thin polymer f i l m (cas t on KBr p l a t e ) 

I n f r a r e d spec tra are tabulated below. 

Spectrum 
No 

( I ) 

( I D 

( I I I ) 

( I V ) 

(V) 

( V I ) 

( V I I ) 

S tructure 

( I X ) 

€l|CF 3) 

Nature of sample 

2,3- 'bis(trif luoromethyl)bicyclo [2.2. l ] hepta-

2,5-diene (B) 

1,2=bis(trifluoromethy1)cyclohexa-1,4-diene (B) 

5,5 „6- tr ichloro»6-tr i f luoromethy l b i c y c l o [2.2.1] 
hept-2-ene (A) 

2,3 p3 94 A > h e x a f l u o r o t r i c y c l o [k. 2.1.0 2 * 5 ) 

non-7~ene (B) 

2,3t3,^f^f5t5.6-oetafluorotricyclo[5.2.1.0 2 , 6] 

dec-8-ene (B) 

polyadducts of react ion between cyclopenta= 

diene and perfluorocyclohexene (A) 

poly(if ,5=bis(trifluoromethyl)=l,3=cyclopente= - f ^ N - C H ^ C H - ) -
I) \ = / n nylenevinylene from WClg/Me^Sn 

CF3CF3 

( V I I I ) poly (k ,5= bis ( t r i f luoromethyl)=l 0 3=cyclopente 

nylenevinylene from MoCil^/tfe^Sn (G) 
4 ^ " C H = C H ^ 

CF^CF3 

copolymer from 2„>=bis( tr i f luoromethyl)bicyclo[2o2. l ]hepta-2 P 5=diene 

and cyclopentene with l g l feed s tock r a t i o , from WGl^/Ph^Sn (D) 
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(X) 

( X I ) 

copolymer f r o m 2 , 3 - b i s ^ t r i f l u o r o m e t h y l ) b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e 

and cyclopentene w i t h 5 : 1 f e e d s tock r a t i o , f rom WJl^/Ph^Sn (D) 

p o l y ( l , 3 - c y c l o p e n t e n y l e n e v i n y l e n e ) f r o m WCl/VPh^Sn i / \ O L , r , .. 
(c) ^ )-CH=CH-}-n 

( X I I ) po ly ( . l -pen teny lene ) 

( X I I I ) polymer ( X ) , n=2 

(XIV) polymer ( X ) , n=3 

(XV) 

(c) 

(c) 

(G) 

cis-3,4-dichlorocyclobutene (3) 

(XVI) 3,4-dichlorotricyclo[4.2.1.0 2 , - 5 ]non-7-ene 

( X V I I ) pentachlorocyclopropane 

( X V I I I ) tetrachlorocyclopropene 

(B) 

(B) 

(B) 

(XIX) 2,3,4,4-tetrachlorobicyclo[3.2.1]octa-

2,6-diene ( A ) 

(XX) 2,3,4,4-tetrachloro-8=isopropylidenebicyclo 

[3.2.l]octa-2,6=diene (A) 

(XXI) 3,4-dichlorobicyclo [3,2. l ] octa<=2, 6=diene 

(B) 

( X X I I ) 3~chlorobicyclo[3.2.l]octa-2,6~diene (13) 

( X X I I I ) 2,3=dichloro-8~isopropylidenebicyclo[3.2.l] 

octa=2,6=diene 

-HCH2)3-CH=CH-)-n 

-CH=CH4r, 

- + < 2 > C H = C H " * h 

^ C l 

CI 
CI 

CI 
2 > c i : 

c | > C l 2 

H C l ^ v l 2 

CI 

C I ' ^ C l j 
CI 

c i v ^ c i 2 

CI 

CI 
CI 

CI 

Cl l 

CI 
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(XXIV) 2 , 3 , 4 - t r i c h l o r o - 8 - i s o p r o p y l i d e n e b i c y c l o [ 3 . 2 . l ] 

o c t a - 2 , 6 = d i e n e (B) 

(XXV) polymer d e r i v e d f r o m monomer ( X I X ) u s ing 

Vul^/Me^Sn (u) 

(XXVI) polymer d e r i v e d f rom monomer (XXI) u s ing 

WClg/Me^Jn (D) 

( X X V I I ) polymer d e r i v e d f rom monomer ( X X I I ) u s i n g 

MoCiyVie^bn (D) 

( X X V I I I ) polymer d e r i v e d f r o m monomer ( X X I I I ) uu ing 

• ' ie^n (D) 

(XXIX) 

(XXX) 

(XXXI) 

(XXXII) 

( X X X I I I ) 

i i o c i y 

3 , 4 - d i c h l o r o = 1 , 6 , 7 , 8 ~ t e t r a p h e n y l b i c y c l o = 

[ 4 . 2 . o ] o c t a ~ l , 6 - d i e n e (A) 

3 , 4 - d i c h l o r o - 1 , 6 , 7 , 8 - t e t r a p h e n y l - 9 - k e t o = 

t r i c y c l o [ 4 . 2 . 1 . 0 2 ' - 5 ] n o n - 7 = e n e (A) 

u n i d e n t i f i e d compound (see page 1 1 5 ) (A) 

1 , 6 , 7 , 8 - t e t r a p h e n y l = 9 = k e t o t r i c y c l o [ 4 . 2 . 1 . 0 
2 , - ^ ] n o n a - 3 , 7 - d i e n e (A) 

- f CH«CH< p i 

C l CI 

VCH-CH-)- n 

x 

H - C H = C H - j ^ N f n 

Ph c T C I 

c l r Y ^ f h 

c i 1 — k ^ P h 

Ph 

CI 
CI 

Ph 
Ph 
'Ph 

Ph 

Ph 
Ph 
Ph 

Ph 
copolymer f rom copolymer!v.at ion o f b i c y c l o 2 . 2 . 1 hept -2-ene and 

1 , 6 , 7 , 8 - t e t r a p h e n y l = 9 - k e t o t r i c y c l o [ 4 . 2 . 1 . 0 2 ' ^ ) n o n a - 3 , 7 - d i sne 
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The Board of studies i n Chemistry requires that each postgraduate 

research thesis contains an Appendix l i s t i n g s 

( a ) A l l research colloquia, research seminars and lectures (by-

external speakers) arranged by the Department of Chemistry since 

1 October, I 9 7 9 . 

(b) A l l research conferences attended by the vfriter of the t h e s i s , 

during the period when the research for the t h e s i s was carried 

out. 

1. Research colloquia, seminars and lectures 

2 1 November 1979 

Dr. J . Muller (University of Bergen), 'Photochemical Reactions of 
Ammonia'. 

28 November 1979 

Dr. B. Cox (University of S t i r l i n g ) , ';4acrobicyclic Cryptate Complexes, 
Dynamics and S e l e c t i v i t y * . 

5 December I 9 7 9 

Dr. G.C. Eastmond (University of Liverpool), 'Synthesis and Properties 
of Some Multicomponent Polymers'. 

12 December I 9 7 9 

Dr. C.I. R a t c l i f f e (University of London), 'Rotor Motions i n Solids'. 

19 December I 9 7 9 

Dr. K.S. Newman (University of Lausanne), 'High Pressure Multinuclear 
NHR i n the Elucidation of the Mechanisms of Fast, Simple Inorganic 
Reactions'. 

30 January I98O 

Dr. M.J. Barrow (University of l^dinburgh), 'The structures of some Simple 
Inorganic Compounds of S i l i c o n and Germanium - Pointers to Structural 
Trends i n Group IV'. 
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6 February I 9 8 O 

Dr. J.M.E. Ciuirke (University of Durham), 'Degradation of Chlorophyll-a 
i n Sediments'. 

23 February I98O 

3. Grievson, B.Sc. (University of Durham), "Halogen Radiopharmaceuticals" 

lb May I98O 

Dr. R. Hutton (Waters Assoiates, U.S.A.), "Recent Developments i n Multi-
milligram and Multi-gram Scale Preparative High Performance Liquid 
Ghromat ography 8. 

21 May I98O 

Dr. T.W. Bentley (University of Swansea), "Medium and Structural E f f e c t s 
i n Solvolytic Reactions'. 

7 October 1980 

Professor T. Fehlner, "Metalloboranes Gages or Coordination Compounds?', 

16 October I98O 

Dr„ D. Mass (Salford U n i v e r s i t y ) , 'Reactions a Go-Go*„ 

23 October I 9 8 O 

Professor T.M. Sugden (Cambridge Univ e r s i t y ) , "Chemistry i n Flames'. 

30 October I98O 

Professor N. Grassie (Glasgow Univ e r s i t y ) , "Inflammability Hazards i n 
Commercial Polymers °. 

6 November I98O 

Professor A.G. Sykes (Newcastle Un i v e r s i t y ) , 'Metallo-proteins? An 
Inorganic Chemists Approach'. 

12 November I98O 

Dr. pI. Gerloch (University of Cambridge), "Magnetochemistry i s about 
Chemistry". 

13 November I98O 

Professor N.N. Greenwood (Leeds U n i v e r s i t y ) , 'Metalloborane Chemistry". 
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19 November I98O 

Dr„ T. G i l c h r i s t (University of Liverpool), 'Nitroso-olefins as Synthetic 
Intermediates'. 

4 December I98O 

Reverend R. Lancaster, 'Fireworks". 

18 December 1980 

Dr. R. iVans (University of Brisbane, A u s t r a l i a ) , 'Some Recent Communica­
tions to the Editor of the Australian Journal of F a i l e d Chemistry'. 

22 January I98I 

Professor a.A. Dawes (Hull U n i v e r s i t y ) , 'Magic and Mystery through the 
Ages'. 

29 January I98I 

Mr. H.J.F. MacLean ( I . C . I . L t d . ) , 'Managing i n the Chemical Industry i n 
the 1980's'. 

5 February I98I 

Professor F.G.A. Stone ( B r i s t o l U n i v e r s i t y ) , 'Chemistry of Carbon to 
Metal T r i p l e Bonds'. 

12 February I 9 8 I 

Dr. I . Fleming (Cambridge U n i v e r s i t y ) , 'Some Uses of S i l i c o n Compounds i n 
Organic Synthesis'. 

18 February 1981 

Professor S. Kettle ^University of East Anglia), 'Variations i n the 
Molecular Dance at the Cr y s t a l B a l l ' . 

25 February I98I 

Dr„ K. Bowden (University of Essex), "The Transmission of Polar Effects 
of Substituents *. 

11 March I98I 

Dr. J.F. Stoddart ( I . C . I . L t d.), 'Stereochemical P r i n c i p l e s i n the Design 
and Function of Synthetic Molecular Receptors'. 
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17 March I 9 8 I 

Professor W.P. Jencks (Brandell University, Massachusetts), 'When i n a 
Intermediate not an Intermediate?". 

18 March I 9 8 I 

Dr. P.J. Smith (International Tin Research I n s t i t u t e ) , 'Organotin 
compounds - A Ve r s a t i l e Class of Organometalli Compounds'. 

9 A p r i l I 9 8 I 

Dr. W.H. i-leyer (RCA Zurich), 'Properties of Aligned Polyacetylene'. 

7 May I98I 

Professor M. Gordon (Essex U n i v e r s i t y ) , 'Do S c i e n t i s t s have to Count'. 

10 June I98I 

Dr. J . Hose ( I . G . I . P l a s t i c D i v i s i o n ) , 'New Engineering P l a s t i c s ' . 

17 June I 9 8 I 

Dr. P. Moreau (University of Montpellier), 'Recent Results i n Perfluor-
organometallic Chemistry'. 

?.l September I 9 8 I 

Dr. P. Plimmer {Du. Pont), 'From Conception to Commercialization of a 
Polymers'. 

14 October I 9 8 I 

Professor E. Kluk (University of Kotowice), 'Some Aspects of the Study 
of Molecular Dynamics = Simple .iolecular Liquid'« 

22 October I98I 

Dr. P.J. c o r r i s h (Dunlop Ltd.), 'What would L i f e be l i k e without Rubber" 

6 November I 9 8 I 

Dr. W. Moddeman (Monsanto Ltd., U.S.A), 'High Energy Materials'. 

12 November I9OI 

Professor A.I. Scott (University of Edinburgh), 'An Organic Chemist's 
of L i f e i n the NMR Tube'. 

26 November I 9 8 I 

Dr. W.O Ord (Northumbrian Water Authority), "The Role of the S c i e n t i s t 
i n a Regional Water Authority'. 
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2 December I98I 

Dr. G. Beamson (University of Durham), 'Photoelectron Spectroscopy i n 
a Strong Magnetic F i e l d " . 

20 January I982 

De. M. 3ryce (University of Durham), "Organic Metal'. 

28 January 1982 

Professor I . F e l l s (University of Newcastle upon Tyne), 'Balanching the 
Energy Equations'. 

3 February I982 

Dr. D. Parker (University of Durham), 'Modern Methods for the 
Determination of Enantiomeric Purity'. 

10 February I982 

Dr. D. Pethrich (University of Strathclyde), 'Conformational Dynamics 
of Small and Large Molecules'. 

17 February I982 

Professor D.T. Clark (University of Durham), 'Structure, Bonding, 
Reactivity and Syntheses of Surface as Revealed by ESCA'. 

3 March I982 

Dr. P. Banfield ( I . C . I . , Organic D i v i s i o n ) , 'Computer Aided Syntheses 
Design: A view from Industry'. 

19 May I982 

Professor R.D. Chambers (University of Durham), 'Fluorocarbonions -
some Alice i n the looking Glass Chemistry'. 

28 Jun I982 

Professor D.J. Burton (University of Iowa), 'Some Aspects of the 
Chemistry of Fluorinated Phosphonium Sa l t s and Phos_; honates'. 

2. Research conferences 

(a) Hoyal I n s t i t u t e of Chemistry/Chemical Society Annual Congress, Durham, 
April 1980. 
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Advances i n Polymer Characterization. An International Symposium, 
Durham, July I98I. 

The Fourth International Symposium on Olefin Metathesis, B e l f a s t , 
Northen Ireland, September I 9 8 I . 
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