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ABSTRACT 

The work described i n t h i s t h e s i s was concerned w i t h an i n v e s t i g a t i o n 

of the ring-opening polymerisation of f l u o r i n a t e d cyclopentenes, b i c y c l o -

[2.2.1]hept-2-enes and bicyclo[2.2.1]hepta-2,5-dienes and indene. The 

questions the research set out to answer are discussed and placed i n 

context i n Chapter 1. 

The syntheses and c h a r a c t e r i s a t i o n of the monomers required f o r t h i s 

work are described i n Chapter 4. 

An i n v e s t i g a t i o n i n t o the p o l y m e r i s a b i l i t y of f l u o r i n a t e d cyclopentenes 

i s recorded i n Chapter 3. Chapters 5 and 6 describe the successful 

polymerisation and copolymerisation of a v a r i e t y of p a r t i a l l y f l u o r i n a t e d 

b i c y c l o [2.2.1]hept-2-enes and bicyclo[2.2.l]hepta-2,5-dienes, together w i t h 

t h e i r c h a r a c t e r i s a t i o n . 

The f i n a l chapter describes some apparently succesful p r e l i m i n a r y 

r e s u l t s concerning attempts t o ring-open polymerise indene. 
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NOTE TO READER 

The nomenclature of many of the compounds discussed i n t h i s work i s 

cumbersome, an attempt has been made t o s i m p l i f y t h i s by using large 

Roman numerals f o r the important monomers and polymers (1) t o (XVI), w h i l s t 

other compounds which are used or mentioned are designated by small arabic 

numerals (1) t o (140). For the convenience of the reader there i s a summary 

of the important monomers and polymers, and t h e i r r e spective names on the 

end papers a t the back of t h i s t h e s i s . 

For convenience the abbreviations of n.m.r. and i . r . spectroscopy have 

been used f o r nuclear magnetic resonance and i n f r a r e d spectroscopy. 
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ORIGINS AND OBJECTIVES OF THE WORK REPORTED IN THIS THESIS 
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1.1 The o r i g i n a l question which i n i t i a t e d the research described i n t h i s 

The high performance elastomeric m a t e r i a l s required by today's 

technology must show, thermal and o x i d a t i v e s t a b i l i t y at elevated 

temperatures, chemical i n e r t n e s s , good mechanical s t r e n g t h and r e t e n t i o n 

of elastomeric behaviour at and below normal operating c o n d i t i o n s . 

Highly f l u o r i n a t e d polymers have been i n v e s t i g a t e d and developed on 

account of t h e i r unusually high thermal and chemical s t a b i l i t i e s , ^ which 

are a t t r i b u t e d to the s t r e n g t h o f the ca r b o n - f l u o r i n e bond compared to 

t h a t o f the carbon-hydrogen bond and t o the s h i e l d i n g o f the carbon 
2 

backbone by the f l u o r i n e atoms. 

The must successful m a t e r i a l s c u r r e n t l y used are the copolymers of 

f l u o r i n a t e d nlkenes, e s p e c i a l l y the copolymers of v i n y l i d e n e f l u o r i d e and 
3 4 

hexafluoropropylene ( V i t o n A) (1) ' and the terpolymer of v i n y l i d e n e 
5 6 

f l u o r i d e , hexafluoropropylene and t e t r a f l u o r o e t h y l e n e ( V i t o n B) ( 2 ) . ' 

These m a t e r i a l s , however, show poor low temperature behaviour not 

ma i n t a i n i n g u s e f u l elastomeric p r o p e r t i e s much below 0°, and i n common 

w i t h other polymers c o n t a i n i n g both hydrogen and f l u o r i n e they evolve HF 

when they begin to degrade thermally. 

I n attempts to overcome these r e s t r i c t i o n s i t has been found necessary 

to s a c r i f i c e one property i n order to improve another. To increase the 

thermal s t a b i l i t y of elastomers, p e r f l u o r i n a t e d m a t e r i a l s c o n t a i n i n g no 

carbon-hydrogen bonds or other l a b i l e groups have been sought. The f i r s t 

examples were copolymers of p e r f l u o r o a l k y l e n e t r i a z i n e s and although they 

were extremely thermally s t a b l e ( 3 ) , ^ t h e i r elastomeric behaviour and 

chemical s t a b i l i t y were l i m i t e d . 

A very promising m a t e r i a l was the copolymer of t e t r a f l u o r o e t h y l e n e 

and p e r f l u o r o ( m e t h y l v i n y l e t h ^ - ^ ^ ^ - w h i c h i s a s o f t , f l e x i b l e elastomer 

thesis 

v. 
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at room temperature, r e t a i n i n g the high thermal and chemical s t a b i l i t y 

c h a r a c t e r i s t i c of p o l y t e t r a f l u o r o e t h y l e n e , but i t s Tg of about -12° 
8 9 

r e s t r i c t s i t s low temperature use as an elastomer. ' 

Research d i r e c t e d towards low temperature f l e x i b i l i t y has involved 

i n v e s t i g a t i o n s i n t o copolymers of t e t r a f l u o r o e t h y l e n e and p e r f l u o r o a l k y l 

n i t r o s o compounds ( 5 ) , ^ which r e t a i n t h e i r elastomeric p r o p e r t i e s at low 

temperatures, are extremely solvent r e s i s t a n t and non-flammable, but 

u n f o r t u n a t e l y decompose at about 210° and are subject to a t t a c k by bases. 

Several f l u o r i n e containing siloxanes, f o r example ( 6 ) , have been 

studied and have proved t o be solvent r e s i s t a n t elastomers r e t a i n i n g the 
11 12 

low and high temperature f l e x i b i l i t y of the siloxane backbone. ' 

However, t h e i r usefulness i s r e s t r i c t e d , because of t h e i r l i m i t e d h y d r o l y t i c 

s t a b i l i t y . 
Numerous other f l u o r i n a t e d polymers have been i n v e s t i g a t e d f o r t h e i r 

13 

elastomeric behaviour, i n c l u d i n g , polyethers, p o l y k e t a l s , p o l y f l u o r a l s , 

p o l ythiocarbonyls and p o l y e s t e r s , but f o r one reason or another none have 

so f a r found a u s e f u l commercial a p p l i c a t i o n . 

Work c a r r i e d out i n t h i s department, proposed and financed by the 

M i n i s t r y of Defence through the M a t e r i a l ' s Department of the Royal A i r c r a f t 

Establishment at Farnborough, involved i n the synthesis of f l u o r i n a t e d 
14 15 polycarbonates and polyethers, and formed part of a programme aimed at 

the synthesis of new low-temperature, solvent r e s i s t a n t elastomers which 

would also be thermally s t a b l e . Although the s y n t h e t i c work was arduous 

and sometimes experimentally d i f f i c u l t , several of the polymer s t r u c t u r e s 

proposed f o r i n v e s t i g a t i o n were r e a l i s e d . None of the new polymers 

prepared i n t h i s work showed a s i g n i f i c a n t improvement i n low temperature 

f l e x i b i l i t y or high temperature s t a b i l i t y when compared w i t h a v a i l a b l e 

m a t e r i a l s . 
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Of the m a t e r i a l s described i n t h i s b r i e f review none possesses an 

o v e r a l l balance of p r o p e r t i e s required by today's technology, e s p e c i a l l y 

i n the aerospace and r e l a t e d i n d u s t r i e s . Therefore, because of the lack 

of success and the inadequacies of the c u r r e n t l y a v a i l a b l e elastomers i t 

was considered t o be worthwhile examining the p o s s i b i l i t y of making a 

f l u o r i n a t e d analogue of the w e l l e s t a b l i s h e d , * ^ s c i e n t i f i c a l l y * ^ ' * * * and 
19 

commercially important l i n e a r hydrocarbon elastomer poly(1-pentenylene) 

( 8 ) . This polymer i s produced by the ring-opening p o l y m e r i s a t i o n of 

cyclopentene ( 7 ) , using o l e f i n metathesis c a t a l y s t s . The c a t a l y s t systems 

consist of a t r a n s i t i o n metal complex, i n combination w i t h an organometallic 

compound of Group I I I or IV, u s u a l l y a t r i a l k y l aluminium or a l k y l aluminium 

c h l o r i d e , and an oxygen c o n t a i n i n g a c t i v a t o r . 

-* fCH=CH-(CH_),^ ' J n 

(7) (8) 

The backbone of poly(1-pentenylene) consists of methylene sequences 

and vinylene double bonds, g i v i n g i t a high degree of f l e x i b i l i t y and 

v u l c a n i s a b i l i t y , and together w i t h the high degree of s t e r e o - r e g u l a r i t y 

w i t h which i t can be prepared, i t i s an i d e a l s u b s t i t u t e f o r n a t u r a l 
,, 16 rubber. 

The f l u o r i n a t e d analogue i n i t i a l l y chosen f o r i n v e s t i g a t i o n was 

lH,2H-hexafluorocyclopentene ( 9 ) , because i t was f a i r l y r e a d i l y a v a i l a b l e 

and was considered t o be the most h i g h l y f l u o r i n a t e d cyclopentene which 

was l i k e l y t o undergo ring-opening polymerisation. 



n 
H 

H 0 fCH=CH-(CF.)_3-2 3 n 

(9) (10) 

I t was hoped th a t the polymer th a t would be produced (10) would r e t a i n 

the elastomeric p r o p e r t i e s of the hydrocarbon polymer, to a s u b s t a n t i a l 

degree and t h a t the p a r t i a l l y f l u o r i n a t e d backbone would give i t solvent 

resistance and thermal s t a b i l i t y . An easy thermal decomposition route 

l i b e r a t i n g hydrogen f l u o r i d e would be less l i k e l y than i n other p a r t i a l l y 

f l u o r i n a t e d polymers, because of the absence of such groups as — CH^-

and —CHF—. 

1.2 Considerations and arguments supporting an i n v e s t i g a t i o n of the 

i n i t i a l question 

The ring-opening polymersiation of cycloalkenes i s a s p e c i a l case of 
21 22 

the more general o l e f i n metathesis r e a c t i o n , ' which w i l l be discussed 

i n more d e t a i l i n Chapter 2. 

The c a t a l y s t s used i n the ring-opening polymerisation of cycloalkenes 

are c l o s e l y r e l a t e d to the c a t a l y s t s used i n the c l a s s i c Z i e g l e r - N a t t a 

p olymerisation of ethylene and p r o p y l e n e . ^ The use of the Z i e g l e r - N a t t a 

type c a t a l y s t s f o r the p o l y m e r i s a t i o n of f l u o r i n a t e d a c y c l i c alkenes was f i r 
23 

reported by Sanesi and Caporiccio i n 1962. They claimed t o have 

polymerised both t e t r a f l u o r o e t h y l e n e and hexafluoropropylene using the 

binary c a t a l y s t system t i t a n i u m t e t r a i s o p r o p y l a t e and t r i - i s o b u t y l a l u m i n i u m 

i n a c h l o r i n a t e d solvent, producing h i g h l y c r y s t a l l i n e m a t e r i a l s i n low 

y i e l d s and o f low molecular weight. I t might be expected t h a t such a 
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p o t e n t i a l l y u s e f u l p r o c e s s would have been d e v e l o p e d i n i n d u s t r i a l 

l a b o r a t o r i e s and t h e a b s e n c e o f e v i d e n c e f o r s u c h d e v e l o p m e n t s c a s t s some 

doubt on t h e o r i g i n a l o b s e r v a t i o n . 

24 

I n 1969 O v e r b e r g e r and K h a t t a b u s i n g t h e c a t a l y s t s y s t e m vanadium 

p e n t a c h l o r i d e and t r i - i s o b u t y I a l uminium r e p o r t e d t h e h o m o p o l y m e r i s a t i o n o f 

p a r t i a l l y f i u o r i n a t e d monomers, namely 4 ,4 , 4 - t r i f .1 u o r o b u t - l - e n e , 3 - l r i f l u o r o -

methyJ bu t - l - e n e , 5, 5 ,5- t r i f l u o r o p e n t - i - e n e and 4 - t r i f .l uoromethy l p e n t - l - e n e . 

The t r i f l u o r o b u t e n e s w e r e found t o be r e l u c t a n t t o p o l y m e r i s e , g i v i n g low 

m e l t i n g p o i n t p o l y m e r s w i t h a low f l u o r i n e c o n t e n t . W h i l e t h e p o l y m e r s 

o b t a i n e d from t h e t r i f .luoropen t e n e s were s o l u b l e i n h e x a m e t h y l e n e p h o s p h o r a m i d e 

o r p e r f l u o r o k e r o s e n e , h a v i n g m o d e r a t e l y h i g h i n t r i n s i c v i s c o s i t i e s . The low 

r e a c t i v i t y of t h e t r i f l u o r o b u t e n e s was a t t r i b u t e d t o two p o s s i b l e c a u s e s : 

( i ) t he i n d u c t i v e e f f e c t o f the p o l a r t r i f l u o r o m e t h y 1 g roup 

d e c r e a s e s the e l e c t r o n d e n s i t y i n t h e d o u b l e bond o f the 

flu o r o m o n o m e r s , t h e r e f o r e r e d u c i n g t h e t e n d a n c y of t h e s e 

monomers t o c o o r d i n a t e t o t h e t r a n s i t i o n m e t a l ; 

( i i ) d e a c t i v a t i o n o f t h e a c t i v e c a t a l y t i c s i t e s by t h e f l u o r i n e 

s u b s t i t u e n t s . The m a t t e r i n w h i c h the f l u o r i n e s u b s t i t u e n t s V 

c a u s e d t h i s d e a c t i v a t i o n was n o t d e a l t w i t h i n g r e a t d e t a i l . 

The c o o r d i n a t i o n o f an a l k e n e t o a t r a n s i t i o n m e t a l complex i s 

c o n s i d e r e d t o be a v i t a l s t e p i n the mechanism o f b o t h t h e Z i e g l e r - N a t t a 
25 26 p o l y m e r i s a t i o n r e a c t i o n and t h e r i n g - o p e n i n g p o l y m e r i s a t i o n r e a c t i o n . 

At t h e b e g i n n i n g o f t h i s work, when the f e a s i b i l i t y o f t h e pr o p o s e d r e s e a r c h 

was under e x a m i n a t i o n , i t was known t h a t c y c l o a l k e n e s w i t h a v a r i e t y o f 

s u b s t i t u e n t s , but not f l u o r i n e , had been r e p o r t e d t o undergo r i n g - o p e n i n g 

p o l y m e r i s a t i o n , p r o d u c i n g l i n e a r p o l y m e r s i n h i g h y i e l d s and o f h i g h 

m o l e c u l a r w e i g h t . The p r e s e n c e o f a h y d r o c a r b o n s u b s I.i Lmiii L ;i I t he a l l y L i e 

27 
p o s i t i o n o f the c y c l o a l k e n e d o u b l e bond e.g. 3 - m e t h y l c y c l o p e n t e n e ; d i d 



not seem to a f f e c t the mode of polymerisation. Chlorine s u b s t i t u t e d 

cycloalkenes had also been found to undergo ring-opening p o l y m e r s i a t i o n , 
28 

Ofstead had reported that h i g h l y c h l o r i n a t e d cycloalkenes (11) and (12) 

CI 

C14C1 

CI 

CI 
CI 

CI 

/ 
\ 

Cli I 
AOs 

CI 

ci 

c i 

c i 

( i n (12) 

had been copolymerised w i t h cyclopentene. The c h l o r i n e atoms do not act 

as c a t a l y s t d e a c t i v a t o r s unless the s u b s t i t u t i o n i s at the v i n y l i c s i t e ; 

f o r example, l - c h l o r o c y c l o - o c t a - l , 5 - d i e n e (13) ring-opens only at the 

uns u b s t i t u t e d double-bond y i e l d i n g a polymer which may be represented as 
29 

a p e r f e c t l y a l t e r n a t i n g copolymer of butadiene and chloropropene ( 1 4 ) , 

n 
\ 

> fCH -CH=CHCH„-H-CH„CH=CCH„-)-2'n 

CI 

(13) (14) 

and the copolymer of (11) and (7) has the s t r u c t u r e (15). 

CI D c i tCH=CH- (CH„) A-f CH=CH 3 y 
c i c i 

(15) 



The ring-opening polymerisation of n i L r i l e , o s i e r , p y r i d y l and acid 

anhydride s u b s t i t u t e d d e r i v a t i v e s of bicyclo[2.2.l]hept-2-enes (16) - ( 1 9 ) , 
30 31 32 had been disclosed by Hepworth and by Ueshima et a l . ' 

COOMe 

(16) (17) 

00 
(18) (19) 

I n expanding the scope of the s u b s t i t u e n t s to f l u o r i n e , a l i m i t i n g 

f a c t o r might be the possible poisoning e f f e c t of t h i s s u b s t i t u e n t on the 

c a t a l y s t system. One possible o b j e c t i o n to the proposed work was t h a t 

a b s t r a c t i o n o f a f l u o r i d e i o n from the f l u o r o c y c l o a l k e n e by an a c t i v e s i t e 

on the t r a n s i t i o n metal, would be thermodynamically favoured since i t 

r e s u l t s i n the formation of a s t a b l e m e t a l - f l u o r i n e bond, such a process 

might w e l l r e s u l t i n the poisoning of the c a t a l y s t system. However, 

t r a n s i t i o n metal f l u o r i d e complexes had p r e v i o u s l y been used as ring-open 

polymerisation c a t a l y s t s ; f o r example, using the system WF,/EtAlCl„, 
33 

cyclopentene had been polymerised to poly(l-pentenylene) w i t h v i r t u a l l y 
34 

100% cis-double bonds and cis-cyclo-octene to poly(1-octenylene) w i t h 

93% cis-double bonds. Therefore even i f a t r a n s i t i o n metal f l u o r i d e complex 

was produced i t need not n e c e s s a r i l y r e s u l t i n c a t a l y s t poisoning and might 

be an a c t i v e ring-opening polymerisation c a t a l y s t . 

On the evidence a v a i l a b l e i t was concluded t h a t there was no reason 

why 1H,2H-hexafluorocyclopentene should not ring-open polymerise; although 
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i t was r e a l i s e d t h a t there would be d i f f i c u l t i e s to overcome. There 

was no d i r e c t experience o f the necessary techniques and methods needed 

i n the area of o l e f i n metathesis although advice was a v a i l a b l e w i t h i n the 

department, since there was and i s a c t i v e research i n the r e l e v a n t f i e l d s 

of t r a n s i t i o n metal chemistry and organometallic chemistry. 

I t was t h e r e f o r e decided to carry out the i n v e s t i g a t i o n f o r academic, 

p r a c t i c a l and t e c h n o l o g i c a l reasons and t h i s t h e s i s describes the attempted 

ring-opening polymerisation of 1H,2H-hexafluorocyclopentene and the work 

which subsequently developed from t h i s i n i t i a l attempt. 



CHAPTER 2 

OLEFIN METATHESIS 
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2.1 H i s t o r i c a l background o f o l e f i n metathesis 

O l e f i n metathesis i s a bond r e o r g a n i s a t i o n r e a c t i o n i n which the t o t a l 

number and type o f chemical bonds remain unchanged during the tra n s f o r m a t i o n 

of the i n i t i a l alkenes i n t o equimolar amounts of two new alkenes as shown 

i n Figure 2.1. These transformations are c a t a l y t i c a l l y induced by the 

combination of the alkenes w i t h a v a r i e t y of c a t a l y s t s , most commonly 

c o n t a i n i n g , tungsten, molybdenum or rhenium. 

R1CH=CHR1 

2 2 R CH=CHR 

R̂ CH 

R2CH 

R1CH 

R2CH 

Figure 2.1 

The f i r s t examples o f the metathesis of l i n e a r alkenes were reported 
35 

by Banks and B a i l y i n 1964, who named the r e a c t i o n ' o l e f i n d i s -

p r o p o r t i o n a t i o n 1 . This opened the way f o r the development and study of 

a very important f i e l d of chemistry and over the years the range of 

substrate types has been increased t o inc l u d e ; s u b s t i t u t e d alkenes, dienes, 

polyenes, alkynes and of gr e a t importance cycloalkenes. The l a t t e r ring-open 

polymerise, producing l i n e a r polymers known as polyalkenylenes. This 

type o f polymerisation was not recognised as a sp e c i a l case of o l e f i n 
21 22 

metathesis u n t i l 1968, ' however, the r e a c t i o n i t s e l f had been known 

f o r several years. I n f a c t the f i r s t c i t a t i o n of the metathesis r e a c t i o n 

catalysed by a t r a n s i t i o n metal was the polymerisation of b i c y c l o [ 2 . 2 . l ] h e p t -

2-ene by a mixture of t i t a n i u m t e t r a c h l o r i d e and e i t h e r ethylmagneslum 
36 

bromide or l i t h i u m t e t r a b u t y l a l u m i n i u m recorded i n 1955, but i t was not 
37 

u n t i l 1960 t h a t the polymer was shown t o be a polyalkenylene. 
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In 1959 E l e u t e r i o using a c a t a l y s t prepared from a supported 

molybdenum oxide on alumina, a c t i v a t e d by hydrogen reduction and f u r t h e r 

r e a c t e d with l i t h i u m aluminium hydride was able to ring-open polymerise 

a v a r i e t y of c y c l o a l k e n e s i n c l u d i n g cyclopentene to form t r a n s - p o l y d -

pentenylene) w i t h a high degree of 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 . 

The p o s s i b i l i t y of producing s t e r e o - r e g u l a r polymers from c y c l o a l k e n e s 
39 

was f u r t h e r demonstrated i n 1963 by Natta e t a l ; by v a r y i n g the c a t a l y s t 

and r e a c t i o n c o n d i t i o n s , cyclobutene was polymerised to predominantly or 

e x c l u s i v e l y c i s - or t r a n s - p o l y ( l - b u t e n y l e n e ) as shown i n Table 2.1. The 
40 

f o l l o w i n g year Natta e t a l , employing tungsten and molybdenum h a l i d e s i n 

combination with organoaluminium compounds as c a t a l y s t s , ring-open 

polymerised cyclopentene under mild c o n d i t i o n s and c o n t r o l of the double 

bond stereochemistry was again demonstrated. 

I T able 2.1 

| Cyclobutene polymers by t r a n s i t i o n metal c a t a l y s t s 

C a t a l y s t system Polymer s t r u c t u r e 

T i C l / E t Al/n-heptane 
ft o 

Predominantly c i s 

T i C l /R A l / t o l u e n e Predominantly t r a n s 

MoCl / E t A l / t o l u e n e 
0 o 

Predominantly c i s 

RuCl 3/H 20 Mixed c i s and t r a n s 

RuCl /EtOH 
o 

Trans 

In 1967 Calderon e t a l , ' using f o r the f i r s t time the term 

' o l e f i n m e t a t h e s i s ' f o r the o v e r a l l r e s u l t of the r e a c t i o n , showed that 



- 12 -

the metathesis of a c y c l i c alkenes was possible i n the presence of c a t a l y s t s 

derived from tungsten hexachloride and an organoaluminium compound s i m i l a r 

t o those used by Natta f o r the ring-opening polymerisation of cycloalkenes. 

This was a s i g n i f i c a n t c o n t r i b u t i o n to the e v o l u t i o n of the metathesis 

concept, since i t confirmed t h a t o l e f i n metathesis of a c y c l i c alkenes and 

ring-opening polymerisation of cycloalkenes were s p e c i a l cases of an 

e n t i r e l y new metal-catalysed r e a c t i o n known g e n e r a l l y as ' O l e f i n Metathesis'. 

W i t h i n the l a s t decade a great deal of i n t e n s i v e work i n many 

branches of chemistry has been c a r r i e d out on the metathesis r e a c t i o n and 

s i g n i f i c a n t advances i n understanding the mechanism, developing the scope 

and the c a t a l y s t systems used i n the r e a c t i o n have been made and ex t e n s i v e l y 
. . 16,17,18,26,41-50 „ . _ . . . reviewed. However, many problems remain t o be solved. 

The scope and s y n t h e t i c a p p l i c a t i o n s , the c a t a l y s t systems used and 

mechanistic aspects of the o l e f i n metathesis r e a c t i o n are d e a l t w i t h i n the 

f o l l o w i n g sections of t h i s chapter. 

2.2 The scope and s y n t h e t i c a p p l i c a t i o n s of the o l e f i n metathesis r e a c t i o n 

The o l e f i n metathesis r e a c t i o n i s a very v e r s a t i l e t o o l i n s y n t h e t i c 

organic chemistry. The various types of unsaturated hydrocarbons which 

undergo metathesis w i l l be b r i e f l y reviewed, together w i t h the more important 

a p p l i c a t i o n s of the r e a c t i o n . 

A p p l i c a t i o n s i n c l u d e : improved u t i l i s a t i o n o f r e f i n e r y streams; 

synthesis of high-octane f u e l components; conversion of unwanted f r a c t i o n s 

of the molecular weight d i s t r i b u t i o n o f s y n t h e t i c alkenes i n t o usable 

m a t e r i a l s ; production of intermediates f o r flame r e t a r d a n t s , s t a b i l i s e r s , 

perfumes, novel polymers and copolymers which may co n t a i n f u n c t i o n groups; 

and degradation of polymers."** 
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2.2a A c y c l i c alkenes 

The o l e f i n metathesis o f t e r m i n a l and i n t e r n a l a c y c l i c mono-alkenes 
42 44 45 

has been reviewed i n great d e t a i l . ' ' The most widely studied example 

i s the metathesis of propylene (20) t o produce ethylene (21) and but-2-ene 

(22) . This process was used i n d u s t r i a l l y to produce po l y m e r i s a t i o n grade 

Me 
CH I ! 
CH„ 

.Me 
CH 

CH„ 

(20) 

Me Me 

H H 

H 2C=CH 2 

(22) 

(21) 

52 

ethylene and high p u r i t y but-2-ene, but f o r economic reasons t h i s has been 

discontinued. 

A c y c l i c alkenes can be used t o degrade polymers which contain 

u n s a t u r a t i o n by cross-metathesis, f o r example styrene-butadiene copolymer 

may be degraded using but-2-ene and from the degradation products i n f o r m a t i o n 
53 

about the monomer sequence d i s t r i b u t i o n i n the copolymer may be obtained. 

S u b s t i t u t i o n of a c y c l i c mono-alkenes w i t h hydrocarbon groups such as 

c y c l o a l k y l , c y c l o a l k e n y l or a r y l groups does not seem t o a f f e c t t h e i r 

a b i l i t y t o metathesis, f o r example styrene (23) i s converted t o ethylene 
54 

and 1,2-diphenylethylene ( 2 4 ) . The r a t e o f metathesis, however, i s 

\ ^ ^ S ^ C H = C H „ C^X^CH CH„ 

+ 
CH=CH„ CH CH„ o 

(23) (24) 
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26 i n f l u e n c e d by s t e r i c f a c t o r s and Calderon has shown that the e f f e c t of 

s u b s t i t u t i o n on the ease of p a r t i c i p a t i o n i n the o l e f i n metathesis r e a c t i o n 

i s CH 2= > RCH2CH= > R2CHCH= > R
2

C ~ ' 

A few examples of a c y c l i c mono-alkenes s u b s t i t u t e d with f u n c t i o n a l 

groups have been reported. A c r y l o n i t r i l e (25) i s claimed to r e a c t with 
55 

propylene to produce c r o t o n i t r i l e (26) and eth y l e n e . 

Me ^-CN Me 
^ CH HC ^ CH CH 

+ II ^ II + l|2 II + II ^ I I + I I 
CH 2 CH 2 / C H CH 2 

CN 
(25) (26) 

Unsaturated e s t e r s have been found to undergo metathesis providing new 

s y n t h e t i c routes i n the f i e l d of f a t chemistry, f o r example, the metathesis 

of methyl o l e a t e (27) i n t o octadec-9-ene (28) and octadec-9-enedioic 
56 

d i m e t h y l e s t e r ( 2 9 ) . 

(28) 
CH 3-(CH 2) 7-CH CH-(CH 2) 7-CH 3 CH 3-(CH 2) 7-CH=CH-(CH 2) 7-CH 3 I I - I I 

CH_OOC-(CH_)_-CH CH-(CH_) -COOCH. CH OOC-(CH_) -CH=CH-(CH_) -COOCH-
J £ I £* I J . J £ I £ I J 

(27) (29) 

E f f e c t i v e c a t a l y s t s have been reported f o r the metathesis of alkenes 

having v a r i o u s f u n c t i o n a l groups such as -COOR, -OCOR, -OR, -CN, -COR and 

-CONRQ. I t has been suggested that these r e a c t i o n s could be quit e 

important i n the s y n t h e s i s of v a r i o u s perfumes, i n s e c t pheromones, base 
57 m a t e r i a l s f o r cosmetics, n a t u r a l higher c a r b o x y l i c a c i d s and a l c o h o l s . 
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2.2b A c y c l i c polyalkenes 

A c y c l i c a,(jo-dienes and higher polyenes may undergo e i t h e r i n t e r - or 

in t r a - m o l e c u l a r r e a c t i o n s depending upon the r e l a t i v e s t a b i l i t i e s of the 

r i n g and c h a i n products, for example, hexa-1,5-diene (30) i s converted i n t o 
58 

1,5,9-decatriene (31) and ethylene v i a i n t e r m o l e c u l a r m e t a t h e s i s , whereas 

octa-1,7-diene (32) i s converted v i a i n t r a - m o l e c u l a r metathesis to c y c l o -
58 

hexene (33) and ethylene. 

CH =CH-(CH ) -CH=CH CH =CH ^ CH 
^ C H . 2 CH CH„ 

+ * 2 ll + I I 2 

-5 ^ C H
2 \ / - C H CH 2 

CH 2=CH-(CH 2) 2-CH=CH 2 CH2=CH CH 2 

(30) (31) 

H 2C XH=CH 2 

H 2 ^ C / C H = C H 2 

H 2 

(32) 

CH 
II 2 

CH 2 

(33) 

2.2c Cycloalkenes 

The s y n t h e t i c p o t e n t i a l of the o l e f i n m e t athesis r e a c t i o n to polymer 

chemistry i s enormous. The ring-opening p o l y m e r i s a t i o n of c y c l o a l k e n e s to 

l i n e a r polymers by met a t h e s i s provides an i n t e r e s t i n g c l a s s of polymers that 

d i f f e r from conventional polymers i n that they maintain the u n s a t u r a t i o n of 

the monomer, as d e s c r i b e d f o r cyclopentene i n Chapter ( 1 . 1 ) . * ^ 

Mono-cyclic alkenes from C^ to C ^ wi t h the exception of cyclohexene'^ 

undergo ring-opening p o l y m e r i s a t i o n to produce pol y a l k e n y l e n e s and depending 

upon the s t r u c t u r e of the repeat u n i t and the double bond c o n f i g u r a t i o n 
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these polymers may possess p r o p e r t i e s ranging from amorphous elastomers to 

c r y s t a l l i n e m a t e r i a l s . By c a r e f u l c hoice of the c a t a l y s t system employed 

and adjustment of the r e a c t i o n c o n d i t i o n s the double bonds of the poly-

a l k e n y l e n e s can be e x c l u s i v e l y or p r i n c i p a l l y of the c i s - or trans-geometry 

as i l l u s t r a t e d i n Table 2.1. Of p a r t i c u l a r i n d u s t r i a l i n t e r e s t i s p o l y ( l -

pentenylene), because of the a v a i l a b i l i t y of the monomer; cyclopentene; 

and the u s e f u l p r o p e r t i e s of the polymer. 
23 16 C i s - p o l y ( 1 - p e n t e n y l e n e ) and t r a n s - p o l y ( 1 - p e n t e n y l e n e ) are both 

e l a s t o m e r i c m a t e r i a l s , the former having very good low temperature 

c h a r a c t e r i s t i c s , which a l l o w s i t to be c o m p e t i t i v e w i t h the more expensive 

low temperature elastomers such as s i l i c o n e rubber and the l a t t e r i s a very 

good s u b s t i t u t e f o r n a t u r a l rubber, e s p e c i a l l y i n the t y r e i n d u s t r y , however, 

due to economic f a c t o r s i t i s not being produced commercially at the present 

time. 

The metathesis of c y c l o a l k e n e s at high d i l u t i o n produces m a c r o c y c l i c 
59 

compounds i n high y i e l d s . The p o s s i b l e mechanism of formation of these 

m a t e r i a l s i s d i s c u s s e d i n g r e a t e r d e t a i l l a t e r i n t h i s chapter. Two 

i n t e r e s t i n g m a t e r i a l s have been prepared by t h i s technique; namely, c y c l o -

hexadeca-1,9-diene ( 3 4 ) , the c y c l i c dimer of c y c l o o c t - l - e n e , which when 

ox i d i s e d produced a ketone (35) with a musk-like o d o u r , 6 0 and catenanes, the 

\ / 

0 

(34) (35) 
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i n t e r l i n k e d r i n g .systems which form \>nvt of tlm product. I'rom the metathesis 
61 62 

of cyclododecene, Figure 2.2. ' 

Metathesis 360° T w i s t Metathesis 

Ki^uro 2.2 

P o l y c y c l i c alkenes such as b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e and b i c y c l o [ 2 . 2 . 2 ] -

oct-2-ene undergo m e t a t h e s i s , although there are exceptions, for example, 
63 

the fused-ring cyclopentenes (36) and ( 3 7 ) . Of commercial importance a re 

00 C O 
(36) (37) 

the s p e c i a l i t y polymers produced from b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e and i t s 

s u b s t i t u t e d d e r i v a t i v e s . The polymer produced from b i c y c l o [ 2 . 2 . l"]hept-2-ene 

( 3 8 ) , p o l y ( l , 3 - c y c l o p e n t y l e n e v i n y l e n e ) ( 3 9 ) , i s the f i r s t p o lyalkenylene to 

n f C H = C n 

(38) (39) 
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64 be commercially e x p l o i t e d under the trade name Norsorex and the polymer 
from 5-cyano-bicyclo[2.2.l]hept-2-ene ( 1 6 ) , poly(4-cyano-l,3-cyclopentylene-

v i n y l e n e ) ( 4 0 ) , i s under market r e s e a r c h as a t h e r m o p l a s t i c r e s i n . 65 

fCH=C 

(16) (40) 

Other s u b s t i t u t e d c y c l o a l k e n e s which undergo ring-opening p o l y m e r i s a t i o n 

were d e s c r i b e d i n the previous Chapter ( 1 . 2 ) . 

The ring-opening p o l y m e r i s a t i o n by metathesis does not only apply to 

unsaturated c y c l i c h y d r o c a r b o n s , but a l s o to unsaturated h e t e r o c y c l i c 

compounds. Ast and c o - w o r k e r s ^ have ring-open polymerised s e v e r a l l a c t o n e s , 

for example 7-hexadecen-16-olide (41) to produce an unsaturated p o l y e s t e r ( 4 2 ) . 

CH-(CH ) - C ^ 
n II 2 5 > 

CH-(CH 2) 7-CH 2 

tCft=CH-(CH 2) 5-0-O-(CH 2) g } n 

(41) (42) 

2.2d Alkynes 

The metathesis of l i n e a r alkynes such as 1-pentyne, 2-pentyne and 3-

hexyne, w i t h heterogeneous c a t a l y s t systems have been r e p o r t e d ^ ' ^ ' ^ and 

the r e a c t i o n was found to be analogous to the me t a t h e s i s of alkenes as 

shown below, F i g u r e 2.3. Terminal alkynes c y c l o t r i m e r i s e to benzene 

d e r i v a t i v e s , although s m a l l amounts of m e t a t h e t i c products are o b s e r v e d . ^ 
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R 1 C = C R 2 CR 

+ + 
1 2 R C=CR CR 

Figure 2.3 

The conversion of cyclodecyne to a s e r i e s of oligomers ^ c^o H16^n' u ^ 

to the hexamer (n=6) has been demonstrated^* and phenylacetylenes have been 

r e a d i l y polymerised by tungsten hexachloride and molybdenum pe n t a c h l o r i d e to 
72 73 produce polymers which may have i n t e r e s t i n g e l e c t r i c a l p r o p e r t i e s . 

2.3 O l e f i n metathesis c a t a l y s t systems 

The o l e f i n m e t athesis of a c y c l i c alkenes and the ring-opening 

p o l y m e r i s a t i o n of c y c l o a l k e n e s , although governed by a common mechanism, 

d i f f e r i n many chemical, k i n e t i c and thermodynamic a s p e c t s . Consequently 

d i f f e r e n t e f f i c i e n c i e s , operating c o n d i t i o n s , and a p p l i c a b i l i t i e s are found 

for the v a r i o u s c a t a l y s t s . 

A wide range of c a t a l y s t systems have been claimed to be a c t i v e towards 

me t a t h e s i s , they may. be d i v i d e d i n t o two c a t e g o r i e s : 

( i ) Heterogeneous c a t a l y s t s which u s u a l l y a c q u i r e metathesis 

a c t i v i t y only a t high temperatures (100° to 400°) are 

u s e f u l i n a continuous flow type of process and are 

employed f o r the metathesis of a c y c l i c a l k e n e s . 

( i i ) Homogeneous c a t a l y s t s which bring about r e a c t i o n s under 

mild c o n d i t i o n s and are a p p l i c a b l e to both the metathesis 

of a c y c l i c alkenes and c y c l o a l k e n e s . 
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For both homogeneous and heterogeneous c a t a l y s t systems the g r e a t e s t 

a c t i v i t y towards metathesis i s round from c a t a l y s t s d erived from molybdenum, 

tungsten and rhenium. 

2.3a Heterogeneous c a t a l y s t s 

S o l i d heterogeneous c a t a l y s t s for the metathesis r e a c t i o n normally 

comprise of a high s u r f a c e a r e a r e f r a c t o r y support, such as alumina or 

s i l i c a on which i s deposited a t r a n s i t i o n metal promotor which can be an 

oxide, carbonyl or s u l p h i d e as shown i n Table 2.2. The c a t a l y s t s d e r i v e d 

Table 2.2 

Heterogeneous c a t a l y s t s for o l e f i n m e t a t h e s i s 

Oxides Sulphides CarbonyIs 

Mo W Re Mo W Mo W Re 

V Sn Te 

Nb Ta La 

Ru Os I r 

Rh S r Ba 

from the oxides of Mo, W and Re show g r e a t e s t a c t i v i t y , w h i l e the r e s t are 

u s u a l l y l e s s a c t i v e . 

Heterogeneous c a t a l y s t s can be prepared i n a number of ways, f o r 

example, dry mixing of the i n d i v i d u a l components, c o p r e c i p i t a t i o n , or 

impregnation of the support w i t h substances which decompose a t high 

temperatures to l e a v e the a c t i v e promoter. 
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Due to s i d e r e a c t i o n s such as i s o m e r i s a t i o n , d i m e r i s a t i o n , 

o l i g o m e r i s a t i o n and p o l y m e r i s a t i o n the s e l e c t i v i t y of these metathesis 

processes i s u s u a l l y l e a s than 1007.. However, s i d e r e a c t i o n s can be 

minimised by the a d d i t i o n of s m a l l amounts of e i t h e r a l k a l i and a l k a l i n e 

e a r t h metal i o n s , ^ ' ^ or copper and s i l v e r ^ p r i o r to the a c t i v a t i o n of 

the c a t a l y s t . Enhancement of the c a t a l y s t a c t i v i t y may be achieved by 

numerous methods, i n c l u d i n g , treatment of the support p r i o r to the 

impregnation of the promoter with strong a c i d ^ and treatment of the alkene 

feed w i t h c h e l a t i n g a g e n t s ^ and hydrogen.^ R e c e n t l y heterogeneous 
80 

c a t a l y s t s based on rhenium oxide/alumina have been gaining p o p u l a r i t y 

because of t h e i r high a c t i v i t y a t r e l a t i v e l y low temperatures, high 

s e l e c t i v i t y and r e s i s t a n c e to c a t a l y s t poisons. More d e t a i l e d examinations 

of the composition, p r e p a r a t i o n , a c t i v a t i o n and r e g e n e r a t i o n procedures, 
42 45 

poisons and c a t a l y t i c m o d i f i c a t i o n s have been given by B a i l e y and Banks. 

2.3b Homogeneous c a t a l y s t s 

Homogeneous c a t a l y s t systems u s u a l l y c o n s i s t of two components. A 

t r a n s i t i o n metal compound of tungsten, molybdenum, rhenium or tantalum, 

p r e f e r a b l y a h a l i d e , or oxyhalide, or an organo-alkene, or carbene complex. 

A l l these compounds being p a r t i c u l a r l y e f f e c t i v e towards the metathesis of 

both a c y c l i c alkenes and c y c l o a l k e n e s . Tungsten compounds themselves 

y i e l d i n g the most e f f i c i e n t c a t a l y s t s f o r the ring-opening p o l y m e r i s a t i o n 

of c y c l o a l k e n e s . The second component i s an orga n o m e t a l l i c compound of 

a metal from Group I to IV ( u s u a l l y r e f e r r e d to as the c o c a t a l y s t s ) . Of 

s p e c i a l importance are aluminium a l k y l s , a l k y l aluminium h a l i d e s , Grignard 

reagents, l i t h i u m a l k y l s , t i n a l k y l s , l i t h i u m aluminium hydride and sodium 

borohydride. 
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With some two component c a t a l y s t systems there are drawbacks, e s p e c i a l l y 

i n the ring-opening p o l y m e r i s a t i o n of c y c l o a l k e n e s , such as poor 

r e p r o d u c i b i l i t y of r e s u l t s , i n s t a b i l i t y and i n s o l u b i l i t y of the c a t a l y s t 

system and low polymer conversion. To overcome these d i f f i c u l t i e s a t h i r d 

component known as an a c t i v a t o r i s often added. T h i s a c t i v a t o r g e n e r a l l y 

c o n t a i n s an oxygen-oxygen or an oxygen-hydrogen bond, fo r example, a l c o h o l s , 

organic a c i d s , peroxides, water and molecular oxygen. A c t i v a t i o n by such 

compounds i s g e n e r a l l y most e f f e c t i v e i f the amount of a c t i v a t o r and 

t r a n s i t i o n metal are s t o i c h i o m e t r i c a l l y e q u i v a l e n t , and i f r e a c t i o n w i t h the 

t r a n s i t i o n metal occurs p r i o r to the a d d i t i o n of the alkene or organometallic 

c o c a t a l y s t . The main advantage of such systems over the two component 

c a t a l y s t s are, good r e p r o d u c i b i l i t y of r e s u l t s , i n c r e a s e d s t a b i l i t y and 

s o l u b i l i t y of the c a t a l y s t i n the r e a c t i o n medium, ve r y low c a t a l y s t 

consumption and reduced s i d e r e a c t i o n s of the F r i e d e l - C r a f t s type. 

O l e f i n metathesis by homogeneous c a t a l y s t s are conducted i n the l i q u i d 

phase e i t h e r neat or i n the presence of a s o l v e n t . Frequently the c a t a l y s t 

components are s o l u b l e i n the monomer-solvent medium or become s o l u b l e a f t e r 

r e a c t i o n w i t h the monomer, or w i t h another c a t a l y s t component. However, 

not a l l c a t a l y s t systems maintain t h e i r s o l u b i l i t y a f t e r formation and 

subsequent r e a c t i o n . Therefore the term 'homogeneous' c a t a l y s t does not 

s t r i c t l y apply to a l l the systems. The d e s i g n a t i o n of some c a t a l y s t s as 

homogeneous has r e c e n t l y been brought i n t o question by M u e t t e r t i e s and 
81 , Busch. However, i n t h i s t h e s i s i n accord w i t h common p r a c t i c e homogeneous 

c a t a l y s t s ' w i l l mean those normally taken as homogeneous i n the reviews by 

D a l l ' A s t a ^ ^ and Hughes.^"* 

Sin c e the number of homogeneous c a t a l y s t combinations are e n d l e s s , the 

choice of the best c a t a l y s t system for the m e t a t h e s i s of a p a r t i c u l a r 

alkene i s v i r t u a l l y i m p o s s i b l e and r e q u i r e s c a r e f u l scanning of the l i t e r a t u r e . 



D e t a i l e d information about some of the systems f o r the metathesis of 

a c y c l i c alkenes and c y c l i c a lkenes i s given by Hughes 4 5 and D a l l ' A s t a 1 ^ 

r e s p e c t i v e l y . 

The r o l e s of the v a r i o u s c a t a l y s t components can only be t e n t a t i v e l y 

a s s i g n e d . T h i s a p p l i e s p a r t i c u l a r l y to the oxygen c o n t a i n i n g a c t i v a t o r s 

which w i l l be d i s c u s s e d l a t e r i n t h i s Chapter ( 2 . 4 ) , i n l i g h t of the 

p r e s e n t l y accepted mechanism. The organometallic c o c a t a l y s t s play a major 

r o l e i n providing vacant c o o r d i n a t i o n s i t e s on the t r a n s i t i o n metal f o r the 

Incoming alkene l i g a n d s and a pathway f o r subsequent r e a c t i o n s to proceed. 

T h i s may occur by the organometallic compound a c t i n g as a complexing agent 

w i t h e i t h e r the alkene or the t r a n s i t i o n metal complex. The i n s e r t i o n 

of alkenes i n t o aluminium-halogen bonds to form aluminium h a l o a l k y l s and 
48 

subsequent r e a c t i o n w i t h the t r a n s i t i o n metal, or the formation of b r i d i n g 

s p e c i e s between the c o c a t a l y s t and the t r a n s i t i o n metal, which are w e l l 
82 

e s t a b l i s h e d bonding modes i n aluminium and l i t h i u m compounds or an a c i d -

base e q u i l i b r i a of the type shown below, F i g u r e 2.4, are a l l p o s s i b l e modes 

of r e a c t i o n by which the c o c a t a l y s t may be a c t i n g i n order to promote the 

metathosis r e a c t i o n . 

A number of other systems promote the metathesis of a c y c l i c alkenes 

and c y c l o a l k e n e s , but f o r v a r i o u s reasons are not at present commercially 

v i a b l e . Homogeneous c a t a l y s t s from Group V I I I t r a n s i t i o n metals are 

i n t e r e s t i n g i n that they are e f f e c t i v e i n p r o t i c media such as water and 

a l c o h o l and are used simply as the h a l i d e without a c o c a t a l y s t , however, the 

a d d i t i o n of t r i f l u o r o a c e t i c a c i d has been found to be b e n e f i c i a l . The 

p r e f e r r e d metals are ruthenium, osmium and i r i d i u m , but due to the high c o s t 

of these metals i n t e r e s t i n such c a t a l y s t systems i s l i m i t e d . 

WCl + A l C l L W C I X - i J T a i c i

4 j 
F i g u r e 2.4 
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"lln r e c e n t y e a r s photochemically a c t i v a t e d c a t a l y s t s have been reported 

for the metathesis of a c y c l i c alkenes and the ring-opening p o l y m e r i s a t i o n 

of c y c l o a l k e n e s , using W(CO),, 8 5 WC1 8 6 and T i C l 8 7 

o o 4 

2.4 The mechanism of o l e f i n metathesis 

The complete m e c h a n i s t i c scheme involved i n o l e f i n m e t athesis i s not 

f u l l y understood a t the present time and numerous schemes have been put 

forward i n the past . 

There are two p o s s i b l e r e a c t i o n pathways which would lead to the observed 

r e a c t i o n products:-

( i ) a t r a n s a l k y l a t i o n scheme, F i g u r e 2.5, which i n v o l v e s 

cleavage of a carbon-carbon s i n g l e bond a d j a c e n t to 

the double bond, 

R - CH=CH' 

+ 

CH=CH-R 

R CH=CH CH=CH-R 

+ 

R 2 

F i g u r e 2.5 

( i i ) a t r a n s a l k y l i d e n a t i o n scheme,Figure 2.6, which 

i n v o l v e s the cleavage of the double bond i t s e l f as 

a means of a l k y l i d e n e moiety exchange. 

R2-CH=CH-R' 

CH-R 

+ 

R XHC 

R 2HC 

CH-R 

CH-R 

F i g u r e 2.6 
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14 88 89 KcuultH from C i a o t o p i c l a b e l l i n g ' and deuterium L a b e l l i n g 
21c 41 

experiments ' are completely c o n s i s t e n t with a t r a n s a l k y l i d e n a t i o n 
90 91 

scheme and excludes a t r a n s a l k y l a t i o n r e a c t i o n . D a l l ' A s t a and Motroni ' 

have provided d i r e c t experimental evidence that i n the ring-opening 

p o l y m e r i s a t i o n of c y c l o a l k e n e s the cleavage occurs a t the double bond. By 

copolymerising cyclooctene and cyclopentene, i n which the cyclopentene double-
14 

bond was l a b e l l e d w i t h C, the r e s u l t i n g polymeric u n i t s may be (43) or 

(44) depending on whether cleavage takes place a t the double bond or at the 

carbon-carbon s i n g l e bond a d j a c e n t to the double bond. I C8 I C5 • C8 I 

JcH-( C H 2 ) 6 - C H ± C H - ( C H 2 ) 3 ~CH=icH-( C H 2 ) 3 - C h A 

(43) 

I * ? I C 8 I 
-CH=CH-(CHj)gkH^CH-(CH 2) -"tWH-(CH 2) 

(44) 

[* denotes 1 4 C l a b e l l i n g ] 

O z o n o l y s i s of the copolymer followed by r e d u c t i v e cleavage and r a d i o ­

chemical a n a l y s i s of the r e s u l t i n g d i o l s , showed that a l l the r a d i o a c t i v i t y 

was contained i n the 1 , 5 - d i o l , proving t h a t ring-opening p o l y m e r i s a t i o n had 

proceeded v i a cleavage of the double bonds. 

.2.4a Development of the mechanism 

1 Quasi-cyclobutane in t e r m e d i a t e 
74 

I n 1967 Bradshaw e t a l i n t e r p r e t e d the o l e f i n m e t a t h e s i s of a c y c l i c 

alkenes as the c o o r d i n a t i o n of two alkene double bonds to the t r a n s i t i o n 

metal complex, the simultaneous cleavage of the double bonds and the 
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rearrangement v i a a 'quasi-cyclobutane' i n t e r m e d i a t e as depicted i n F i g u r e 

2.7. 

J ^ - H C ^ - C H - R 1 

M 

2 / 2 
It - H C =^01 M l 

M 

R - H i 

M 

-CH-R R ^ H C " 

< > 2 i ' 2 
R - | i c ^ ^ c i l - R 

-CH-R I 

J£ ii il 2 
R - I I C C l l - R 

I 
M 

l ^ - H C / \ C I H R 1 

l / \ l 

R - H C CH-R 

F i g u r e 2.7 

r 
M 

- H C / \ C 

[ 1 z n (CH ) 
z n 

- l i e e n -

(CH ) x - - 1 

i n 
M ( C H _ ) ^ n 

-Z I 
-HC = = = C 1 I ' 

* HC 

11 f T i 
r v HC 

M 

r - C H - CH-
II 
I 

i z " I , : i i 
^ - e n — e n — 

1 
Z n 

M 

(CH ) | , (CH ) 
I I , ) 2 n 

V H C - ^ ^ C H ' 

r -HC = C H 

( C l l ) ( C H 0 ) 

HC C l l 

^ ( C H J 
, J 

e t c 

F i g u r e 2.8 

file:///CIHR1
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21b 

Calderon p o s t u l a t e d an analogous r e a c t i o n scheme Tor the ring-opening 

poly m e r i s a t i o n of c y c l o a l k e n e s i n v o l v i n g a quasi-cyclobutane i n t e r m e d i a t e 

and the formation of m a c r o c y c l i c s p e c i e s , F i g u r e 2.8. The i n t e r a c t i o n of 

these growing macrocycles with an a c y c l i c alkene, present as an impurity 

i n the r e a c t i o n causing cleavage of the macrocycle, was proposed as one of 
92 

the modes by which l i n e a r p o l y a l k e n y l e n e s were produced. A l t e r n a t i v e l y 

chain termination of a coordinated growing polymer macrocycle would be due 

to migration of the coordinated double-bond, accompanied by decomplexation, 

thus g i v i n g r i s e to an a c y c l i c macromolecule having two v i n y l end groups, 
93 

F i g u r e 2.9. 

t 

C = C 

C—C 

V 1 1 ^ V 

X C = C H 2 

Fi g u r e 2.9 

I f the r e a c t i o n scheme i n Figu r e 2.7 i s a concerted one, the formation 

of the quasi-cyclobutane t r a n s i t i o n s t a t e and i t s transformation i n t o a 

bis-alkene-metal complex should be viewed as a c y c l o a d d i t i o n r e a c t i o n , 

hence the p r i n c i p l e s of o r b i t a l symmetry c o n s e r v a t i o n of Woodward-Hoffmann 
94 

must be considered. 

The concerted [TF2 + n 2 ] bond f u s i o n of two alkenes i s a symmetry s s 
95 

forbidden process. However, Mango s t a t e d that t r a n s i t i o n elements having 

atomic o r b i t a l s of the c o r r e c t symmetry and an a v a i l a b l e e l e c t r o n p a i r can 
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conceivably s w i t c h a symmetry forbidden c y c l o a d d i t i o n i n t o a symmetry allowed 

transformation and quoted the valence i s o m e r i s a t i o n of q u a d r i c y c l e n e (45) 
96 

to b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e (46) i n the presence of the c a t a l y s t 

l l l ^ C O ) C l ^ as an example of a forbidden-to-allowed process. However, i t 

(45) (48) (46) 

now appears that t h i s r e a c t i o n i s a stepwise process i n v o l v i n g the opening 
1+ 3+ 

of only on<; o-bond v i a an oxidiiLivo a d d i t i o n to llh forininfj; the m e t a l l o 

c y c l o i n torinfjd.i a to ( 4 8 ) , wli.lcb ri<urrHiiK<!.s to tlio corresponding di.alkene ( 4 6 ) . 

A s i m i l a r process has been demonstrated f o r the valence i s o m e r i s a t i o n of 
1 + 98 cubane to s y n - t r i c y c l o o c t a d i e n e by Rh c a t a l y s t systems and other c y c l o -

99 

a d d i t i o n p r o c e s s e s . 

I f quasi-cyclobutane s p e c i e s were the i n t e r m e d i a t e s i n the mechanism of 

o l e f i n m e t a t h e s i s then s i n c e one molecule of cyclobutane has almost the same 

fr e e energy of formation as two molecules of e t h y l e n e , cyclobutanes should 

be present as s i d e products and undergo r e a c t i o n with metathesis c a t a l y s t s . 

Although s u b s t r a t e s w i t h a p p r o p r i a t e l y chosen non-conjugated diene (49) and 

cyclobutanes (50) and (51) are converted i n the presence of a t y p i c a l meta­

t h e s i s c a t a l y s t s i n t o the corresponding cyclobutane (52) and non-conjugated 
100 

dienes (53) and ( 5 4 ) , cyclobutanes are not formed from simple a l k e n e s . 

I t w i l l be demonstrated l a t e r , Chapter 5.5, t h a t the non-conjugated diene 

(53) r e a d i l y undergoes ring-opening p o l y m e r i s a t i o n . 



- 29 -

( C I L ) ( C I L ) r 2'8 

H c a t a l y s t N CF CF CF CF 

(19) (52) 

CF CF 
hv 

ca t a l y s t 
CF CF 

(53) (50) 

CF 

c a t a l y s t 
CF CF 

(54) 51) 
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2 Tetramethylene t r a n s i t i o n s t a t e 

To account f o r the absence of cyclobutanes i n the metathesis r e a c t i o n 

an a l t e r n a t i v e t r a n s i t i o n s t a t e to t h a t of the quasi-cyclobutane complex 

was proposed by Lewandos and P e t t i t , 1 0 1 which involved the alkene molecules 

r e a c t i n g w i t h the metal to form a bis-alkene-n-complex which r e o r g a n i s e s to 

a m u l t i - c e n t r e d organometallic system, F i g u r e 2.10. The bonding i n t h i s 

t r a n s i t i o n s t a t e i s most conve n i e n t l y d e s c r i b e d as r e s u l t i n g from the 

i n t e r a c t i o n of a b a s i c s e t of metal atomic o r b i t a l s and four methylenic 

u n i t s and i n v o l v e s the donation of four e l e c t r o n s from the f i l l e d l i g a n d 

03 
3 85 

Figure 2.10 

o r b i t a l s to empty metal o r b i t a l s , and back donation of four e l e c t r o n s from 

f i l l e d metal o r b i t a l s to empty l i g a n d o r b i t a l s . 

The d i f f e r e n c e between the quasi-cyclobutane i n t e r m e d i a t e and the 

tetramethylene complex does not seem to be fundamental, because the symmetry 

of the two i n t e r m e d i a t e s i s the same. However, i n the former case the 

i n i t i a l carbon-carbon sigraa bonds of the molecules remained un a f f e c t e d and 

the n.-bonds are transformed i n t o the new sigma bonds e f f e c t i n g c y c l i s a t i o n . 

In the c a s e presented by Lewandos and P e t t i t , the carbon-carbon sigma bonds 

of the i n i t i a l alkene are ruptured c o n c u r r e n t l y w i t h the rr-bonds, so that 

the cyclobutane molecule i s never r e a l i s e d . 
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3 Metallocyclopentane t r a n s i t i o n . s t a t e 

The main assumption of the mechanisms considered so f a r i s t h a t the 

o l e f i n metathesis i s a concerted process. A number of schemes have been 

proposed i n which the mechanism i s not concerted. 

As s t a t e d p r e v i o u s l y the rhodium c a t a l y s e d rearrangement of s t r a i n e d 

c a r b o c y c l i c r i n g systems i n v o l v e s a carbon-metal ^-bonded inter m e d i a t e as 
102 

shown i n ( 4 8 ) . Grubbs and Brunck proposed t h a t a carbon-metal a-bonded 

s p e c i e s was a p o s s i b l e i n t e r m e d i a t e i n the t u n g s t e n - c a t a l y s e d o l e f i n meta­

t h e s i s . They formulated a mechanism f o r the r e a c t i o n based on the 

in t e r m e d i a t e s demonstrated by Katz and Eaton (48) as f o l l o w s : 

( i ) a rearrangement of the complexed alkenes to a 

metaliocyclopentano intermediate followed by -

( i i ) a rearrangement of the m e t a l l o c y c l e and -

( i i i ) the rearrangement of t h i s new intermediate i n t o 

the new complexed a l k e n e s , F i g u r e 2.11. 

R^HC CHR 

1 | | ^ M ^ 1| R HC CHR 

2 

2 ^ 
(1L, ( i i K 

( i i i ) 

RHlC CHR 

2 II >M < 1| 
R HC CHR 

Fig u r e 2.11 

Grubbs and Brunck based t h e i r proposals mainly on the observation that 

when an e t h e r s o l u t i o n of tungsten h e x a c h l o r i d e r e a c t e d with 1 , 4 - d i l i t h i o -
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butane a r a p i d e v o l u t i o n of eth y l e n e was observed, the scheme they 

postulated :i .s shown :ln Figuro 2.12. Using deuterium l a b e l l i n g the 

WC1. 
L i 
L i 

-CH„ CH 
CH 

CI, 
w 
c i , 

F i g u r e 2.12 

ethylene mixtures produced from 1 , 4 - d i l i t h i o - l , 3 - d i d e u t e r i o b u t a n e and 

tungsten h e x a c h l o r i d e contained CH_=CHD, CHD=CHD and CH =CH„, which suggests 
103 

that a rearrangement had taken p l a c e . Grubbs e t a l suggested the 

transformations represented i n F i g u r e 2.13 i n v o l v i n g a ca r b e n e - m e t a l l o c y c l e 

route and Figu r e 2.14 a concerted route. 

.1 R R R 

RJ 

CHR 

F i g u r e 2.13 

F i g u r e 2.14 

These s p e c u l a t i o n s have not been s u b s t a n t i a t e d by experimental evidence, 

although m e t a l l o c y c l i c complexes of platinum and i r i d i u m have been prepared 
104 

and c h a r a c t e r i s e d they have not been reported to be a c t i v e as o l e f i n 

m e t a thesis c a t a l y s t s . 
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4 Metallocyclobutane and metai-carbene i n t e r m e d i a t e s 

The mechanisms so f a r d e s c r i b e d have a l l involved a p a i r w i s e scrambling 

that r e q u i r e d an i n i t i a l b is-alkene-metal e n t i t y (55) bearing two alkene 

l i g a n d s about a c e n t r a l metal atom, transforming i n t o the corresponding product 

complex ( 5 6 ) , v i a e i t h e r a quasi-cyclobutane t r a n s i t i o n s t a t e , tetramethylene-

M 
R1HC-=^CHR1 R^Hc/ \CIIR 1 > > I f I I 2 2 r 2 " 11 2 R HC—CHR R HC CHR 

(55) (56) 

metal complex or a metallocyclopentane i n t e r m e d i a t e . 

There now seems a growing amount of experimental evidence which 

.suggests a rion-pai rwii so scrambling which may i n v o l v e metal-carbene and 

metallocyclobutano i n t e r m e d i a t c s as shown i n Fi g u r e 2.15. Cairierou, Judy 
105 

and Ofstead have comprehensively reviewed t h i s evidence and d i s c u s s e d the 

R2HC=M + R1HC=CHR1
 v itf /-R 1

 v- * iW=CHR1 + R1HC=CHR2 

F i g u r e 2.15 

r e l a t i v e m e r i t s of the p a i r w i s e and non-pairwise mechanisms. 

The non-pairwise mechanism i n v o l v i n g metal-carbenes was i n i t i a l l y 
106 

proposed by Herisson and Chauvin i n 1970, but was overlooked u n t i l 

r e c e n t l y . T h i s scheme more s a t i s f a c t o r i l y accounts for the f a c t s than did 

the mechanisms proposed by e a r l i e r workers. Thus, the absence of c y c l o -

butanes as s i d e products of the r e a c t i o n and the f a i l u r e of cyclobutane to 

enter the r e a c t i o n , both of which should be expected i f quasi-cyclobutane 

i n t e r m e d i a t e s were involved i n the mechanism i s r e a d i l y accounted f o r . 

file:///CIIR1
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A l s o , i t e x p l a i n s more s a t i s f a c t o r i l y the metathesis of a c e t y l e n e s , F i g u r e 
107 

2.16, i n v o l v i n g carbynes and me t a l l o c y c l o b u t a d i e n e s . The formation of 

l i n e a r high molecular weight p o l y a l k e n y l e n e s i n the metathesis of c y c l o -
106 

alkenes i s adequately understood i n terms of chai n end growth, F i g u r e 2.17, 

R l R \ 1 2 C „2 — c n C = C R R 
c M < — I I I 
K 

T 
c R 
2 

M 2 * M = CR 2 

F i g u r e 2.16 

R-CH=M 
. R-HC R-HC \" \ 

0 - HD - 1 = 0 

RHC=CH—v RHC=CH-N. RHC=CH—v 

J — ) ^ J M C M — S M=CH—' M=CH—' d 6 
ii 

M RCH=CH'—\ 

CH CH=CH / 
e t c 

U F i g u r e 2.17 

without the n e c e s s i t y of i n v o l v i n g a m a c r o c y c l i s a t i o n pathway and subsequent 

r e a c t i o n w i t h a c y c l i c a l k e n e s to produce l i n e a r polymers. The m a c r o c y c l i c 
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oligomers sometimes observed, Ileing formed by i n t r a m o l e c u l a r 1 hack-li i L:i ng ' 

of the growing polymer chain with any i n t e r n a l double bond on the same 
105 

chain as e x e m p l i f i e d i n Figure 2.18. 

Ch- CH 

M=CII M H 

y HC=CH HC H \ \ CH CH 

f i g u r e 2.18 

2.4b Evidence for metal-carbeno and metallocyclobutane involvement 

The involvement of a metal-carbene i n the metathesis r e a c t i o n r e c e i v e s 
] 08 

some support from experimental evidence. C a r d i n e t a l demonstrated 

that the metathesis of e l e c t r o n r i c h unsaturated amines with a rhodium 

phosphate c a t a l y s t i n v o l v e d carbene intermediates, F i g u r e 2.19, as a s i d e 
R R R R 

N 

< 
N N N 

X \ 
- c N N N 

R R It I R 

R p-CIIX H H R 3 6 4 

F i g u r e 2.19 

product, a rhodium(I) complex with one h a l f of the e l e c t r o n - r i c h alkene 

was i s o l a t e d , from which s t r u c t u r e (57) was proposed. The analogous 
2 1 compound wi t h R i n s t e a d of R has a l s o been found. 
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II 
Ph_P o c i 
Ph 

(57) 

The decomposition of diazo-compounds w i t h some t r a n s i t i o n metal 

complexes i s known to be a common method of carbene generation. Dolgoplosk 
109 

e t a l have shown th a t the decomposition of phenyldiazomethane, under the 

i n f l u e n c e of tungsten and molybdenum c h l o r i d e s i n the presence of c y c l o -

alkenes i n i t i a t e s ring-opening p o l y m e r i s a t i o n producing p o l y a l k e n y l e n e s of 

extremely high molecular weight. The mechanism they proposed f o r c h a i n 

p r o p o r t i o n r e s u l t i n g i n the formation of l i n e a r macromolecules was an 

abbreviated v e r s i o n of F i g u r e 2.17 and i s depicted i n Fi g u r e 2.20. 

CH v ^ 
•wW!C=MXn + |i (CH„) ^ /vwsHC=CH-(CH„) -HC=MXn 

»J H_Jr 2 n 2 n 
CH ) 

II <9 H9> V C H - ^ 2 " 

e t c . 
F i g u r e 2.20 

There a re s e v e r a l k i n e t i c s t u d i e s of the metathesis of model compounds 

the r e s u l t s of which can only be explained by the metal-carbene c h a i n 

mechanism. 1^ Grubbs et a l 1 * ^ c a r r i e d out the metathesis of a mixture of 

[l , 1 , 8 , S - D ^ J - o c t a - l , 7 - d i e n e and octa-1,7-diene using three d i f f e r e n t c a t a l y s t 

systems, producing e t h y l e n e and cyclohexene. The p a i r w i s e mechanism was 

not able to account f o r the observed r a t i o s of [D ] - , L D
2 3" a n d [D Q Methylene, 

which agreed w e l l w i t h the s t a t i s t i c a l d i s t r i b u t i o n r e q u i r e d by the metal-

carbene c h a i n mechanism. 
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A s i m i l a r deuterium l a b e l l i n g m e t athesis experiment was reported by 

Katz and R o t h c h i l d 1 1 1 using equal amounts of [ D 4 ] 2 , 2 ' - d i v i n y l b i p h e n y l and 

2 , 2 ' - d i v i n y l b i p h e n y l to produce phenanthrene and e t h y l e n e . Again the 

mixture of [ D 4 ] - , [ n
2 ] - and [ ^ . e t h y l e n e was only compatible w i t h the metal-

carbene mechanism. 

A k i n e t i c study f o r the metathesis of c y c l o o c t e n e w i t h a mixture of 
107 

but-2-ene and oct-4-ene was reported by Katz and McGinnis. For a p a i r -

wise mechanism i n v o l v i n g the formation of a f o u r - c e n t r e d t r a n s i t i o n s t a t e 

which i s the rate-determining step,the r a t i o s of C : C 0 and C.. : C, e 

14 14 16 

dienes should i n i t i a l l y be zero, whereas i n the carbene c h a i n mechanism the 

major i n i t i a l product i s p r e d i c t e d to be the C ^ diene; t h i s was the r e s u l t 

obtained. 
The s y n t h e s i s and metathesis r e a c t i v i t y of diphenyl carbene pentacarbonyl 

112 113 
tungsten ( 5 8 ) ' was perhaps one of the major c o n t r i b u t i o n s of 

Ph 
N sc=w(co) t 

/ 5 

Ph 

(58) 

experimental evidence i n support of the non-pairwise mechanism. U n t i l i t s 
112 

p r e p a r a t i o n i t was b e l i e v e d t h a t metal-carbene complexes r e q u i r e d an 

e l e c t r o n donor heteroatom d i r e c t l y attached to the C . . T h i s m a t e r i a l 
J carbene 

has been widely used as an a c t i v e m e t a t h e s i s c a t a l y s t , f o r example, the 
114 

ring-opening p o l y m e r i s a t i o n of 1-methyl-trans-cyclooctene (59) to 

produce the r e g u l a r polymer ( 6 0 ) . The presence i n the u.v. spectrum of the 

polymer of an absorption at the point where 1,1-diphenyl-l-propene e x h i b i t s 

i t s u.v. absorption maximum suggests 1,1-diphenylethylene end groups, there 

being approximately one d i p h e n y l e t h y l e n e per seventy methylcyclooctene 



- 38 -

r e s i d u e s . T h i s i s f u r t h e r evidence that i n the o l e f i n m e t a t h e s i s r e a c t i o n 

the c h a i n c a r r i e r s a r e metal-carbene e n t i t i e s . 

C H 3 

-f™=CH-(CH 2) 6] n 

(59) (60) 

Although the evidence i n support, of the involvement of a metal-carbene 

e n t i t y i n the mechanism of o l e f i n m e t a t h e s i s i s s u b s t a n t i a l there a r e s t i l l 

a number of areas of the mechanism which remain unresolved. 

2.4c Unsolved problems i n the mechanism of o l e f i n m e t a t h e s i s 

1 Formation of the metal-carbene s p e c i e s 

S i n c e many d i f f e r e n t c a t a l y s t systems, whether u n i - or multi-component, 

heterogeneous or homogeneous, c a t a l y s e the o l e f i n metathesis r e a c t i o n , the 

exact mode of formation of the i n i t i a l metal-carbene e n t i t y i s very d i f f i c u l t 

to determine. For t h i s purpose i t i s convenient to c l a s s i f y m e t a t h e s i s 

c a t a l y s t s i n t o three major c a t e g o r i e s . 

( i ) Complexes p o s s e s s i n g s t a b l e carbenes e.g. Ph 2C=W(CO) 5 > 

( i i ) Complexes a c t i v a t e d by organometallic c o c a t a l y s t s , 

e.g. RA1C1 2/WC1 6, R 4Sn/WCl g. 

( i i i ) Complexes void of orga n o m e t a l l i c c o c a t a l y s t s 

e.g. c l a s s i c a l heterogeneous c a t a l y s t s MoO^/Al^O^, 
O VI WC1„/A1C1„ and phot o a c t i v a t e d W and W c a t a l y s t s , o J 

In category ( i ) there i s no problem as to how the J u l t i a t i n g curhene 

s p e c i e s a r i s e s . E x p l a n a t i o n s have been put forward f o r the formation of 

the metal-carbene s p e c i e s d e s c r i b e d i n category ( i i ) and a gr e a t d e a l of 
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experimental evidence has been reported to support these e x p l a n a t i o n s . 

M u e t t e r t i e s 8 1 , 1 1 5 observed t h a t i n the r e a c t i o n of WCl w i t h metal 
6 

a l k y l s a s i g n i f i c a n t e v o l u t i o n of a l k a n e s occurred and e s p e c i a l l y i n s t r u c t i v e 

was the r e a c t i o n of d i m e t h y l z i n c and WCl g i n benzene. Methane was produced, 

which contained no deuterium when the r e a c t i o n was allowed to proceed i n a 

deuterated s o l v e n t medium. Two p l a u s i b l e r a t i o n a l i s a t i o n s were proposed 

to account f o r these o b s e r v a t i o n s , F i g u r e 2.21 and Figure 2.22. 

Me CH„ CH I 1 2 I 2 

F i g u r e 2.21 

C I CI 

Me 

I I 

CH, 

+ CH Zn 

- Z n C l + 

W CH. 
CH, 

F i g u r e 2.22 

S i m i l a r schemes can be w r i t t e n f o r organo-aluminium compounds such as 

R^Al, R^AICI and RAICI^. The formation of the metal-carbene e n t i t i e s a r e 

proposed to occur v i a arhydrogen e l i m i n a t i o n from a t u n g s t e n - a l k y l group. 
116 

T h i s i s supported by work by Schrock on the p r e p a r a t i o n and r e a c t i o n s of 

carbene-tantalum compounds, f o r example, CH^TaCCgH,. ̂ CH^. He has shown 

that an a l k y l l i g a n d ' s o-hydrogen atoms a r e i n some i n s t a n c e s q u i t e a c i d i c 

and can be removed by base. 

M u e t t e r t i e s suggested that a simple WCl CH complex forming the i n i t i a l 

metal-carbene i s probably u n l i k e l y and suggested that the a l k y l a t i n g agents 

i n t e r a c t w i t h the tungsten complex i n t e r m e d i a t e s through halogen, a l k y l and 
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carbene bridges. Three-centre two e l e c t r o n bonds between the tungsten, 

carbon and the second metal could be formed, these are w e l l e s t a b l i s h e d 
82 

bonding modes i n l i t h i u m and aluminium compounds. 

The scheme put forward by M u e t t e r t i e s f o r the formation of a 

coordinated metal-carbene i s not v a l i d i n the case of the c a t a l y s t system 

Ro(CO) Cl/C H r A l C l r e a c t i n g w i t h octa-1,7-diene, according to Farona and 
117 

GreenJ.oe who c a r r i e d out experiments using t h i s system and proposed an 

a l t e r n a t i v e route f o r the formation of the i n i t i a l metal-carbene e n t i t y , 

F i g u r e 2.23. 
(CO) 

C I 
.ReCO + C„H 2 5 A1C1, 

C I ,0A1C1„ 
I / 2 

(C0) J IRe=C v 
4 \ 

C 2 H 5 

CM. 
(CO)Jlo <-4 

C2H5-C*].!CH 
CM _ 

DA1C1 

O 
+ C 2 H 5 A 1 C 1 2 

- [ C2 H5 A 1 C 13T 

OAICI 
+ / Z 

(CO) J l e = C v 

4 \ 
C 2 H 5 

(C0),Re=CHC oH p 4 2 5 

/ ~ \ _ O A l C l 2 

I I H 
F i g u r e 2.23 
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The proposed scheme in v o l v e d the a d d i t i o n of ethylaluminium d i c h l o r i d e 

to a coordinated carbonyl l i g a n d , followed by the exchange of an oxygen 

atom f o r a hydrogen atom to c r e a t e a coordinated propylidene molecule; the 

second s i t e of alkene c o o r d i n a t i o n comes about by the t r a n s f e r of a c h l o r i n e 

atom from rhenium to aluminium. The evidence supporting t h i s scheme was 

the formation of octa-1,7-diene-3-one as a by-product. 

For systems where organometallic c o c a t a l y s t s a re not present, that i s , 
109 

category ( i i i ) , three schemes have been proposed. Dolgoplosk e t a l 

proposed a scheme i n v o l v i n g the c o n v e r s i o n of a coordinated alkene to a 

carbene v i a a 1,2-hydride s h i f t as shown i n F i g u r e 2.24, an analogous scheme 

\ || »MXn v X„M=C 
/ C H 2 R 

n" \ 

it ii 

F i g u r e 2.24 

was adopted by Chisholm and C l a r k to e x p l a i n the formation of some s t a b l e 
118 

complexes of platinum. T h i s scheme would not be p o s s i b l e f o r s t e r i c a l l y 

c o n s t r a i n e d c y c l o a l k e n e s , such as b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e , s i n c e the 

t r a n s i t i o n s t a t e r e q u i r e s c o n s i d e r a b l e d i s t o r t i o n from p l a n a r i t y . However, 

t h i s may be overcome by a 1,2-hydride t r a n s f e r v i a a metal-hydride, F i g u r e 

2 . 2 5 . 1 7 

R 1 y R* R 2 y \ / ^ \ / , 1 / 

H * H H M H-M M 

Fig u r e 2.25 

A second scheme, F i g u r e 2.26, which only r e q u i r e s a metal and 

coordinated alkene to produce the metallocyclobutane in t e r m e d i a t e and omits 
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.1.1» lh« nood l or a inoliil-ciirlionu .spnciu.H WHS proposed hy (irnon <:l ill , who 

found that n u c l e o p h i l i c a t t a c k by II or Me on I_W(77 - ( : r " r —<-H0CIICII, ) J I JF 

^ C H F C H C ^ R 2 T 
M 

R X C H ' ^ C H R ^ 

M - H 

^ R 1 H C ^ ^ C H R 2 

M 

F i g u r e 2.26 

3 

a t the c e n t r a l carbon atom of the 77 - a l l y l gave the metallocyclobutane 

Intermediate ( 6 1 ) . However, a scheme such as that d e s c r i b e d i n Fig u r e 2.26 

W ^CHR 

C H 2 

(61) 

( R = H , or C H 3 ) 

w i l l not be p o s s i b l e f o r compounds such as bicy c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e , s i n c e 
3 

T) - a l l y l formation i s not p o s s i b l e . 

The t h i r d scheme which has been proposed i n v o l v e s a t r a n s i t i o n metal-

hydride, e i t h e r present i n the c a t a l y s t or formed during i t s p r e p a r a t i o n , 

F i g u r e 2.27. 

R 1 C H ? C H R 2 ^ 

T 
R ^ H - C H R 2 R 1 ^ ^ C H / 

C 
M - H 

M-H 

F i g u r e 2.27 



- 43 -

Tho t r a n s i t i o n metal-hydride may ho formed by i n i t i a l r e a c t i o n between 

the t r a n s i t i o n metal and an oxygen c o n t a i n i n g a c t i v a t o r such as an a l c o h o l 
120 or even water or oxygen. M u e t t e r t i e s e t a l have observed that WC1„ i n 6 

combination w i t h d i f f e r e n t a l k y l metal compounds was i n a c t i v e at 25° f o r 

the metathesis of a c y c l i c i n t e r n a l alkenes when performed i n s c r u p u l o u s l y 
121 

d r i e d and oxygen f r e e c o n d i t i o n s . S i m i l a r l y Sherman reported t h a t 

under anhydrous c o n d i t i o n s WClg-EtAlClg i s an i n e f f i c i e n t m etathesis c a t a l y s t , 

but a d d i t i o n of 1 to 10 ppm of water renders the system extremely a c t i v e . 

The r o l e of oxygen c o n t a i n i n g a c t i v a t o r s may be r a t i o n a l i s e d as 

a r i s i n g from the double bond c h a r a c t e r of the metal oxide bond i n two ways; 

the f i r s t , shown i n F i g u r e 2.28, i n v o l v e s a number of hydride s h i f t s ; the 
1CH|CHn 2

 v R 1CHjCHR 2 - * R^H-CI^R 2 

M-OII M—II M 
0 0 

1 2 ^ 2 R / H R CH A 
\ / * * 1 * 

** ^ljl=0 M-OH 

Fi g u r e 2.28 

second i m p l i e s a more d i r e c t involvement of M=0 i n the formation of the 

metal-carbene, F i g u r e 2.29. However, the s t r e n g t h of the M=0 bond, compared 

0 CHR1 0 CHR1 O^HR 1 

II + || 2 I I 2 * + 2 
M CHR x M CHR * M=CHR 

Fig u r e 2.29 

to that of the M=C bond, i s probably too l a r g e f o r the forward r e a c t i o n i n 

F i g u r e 2.29 to occur. 

The involvement of a metal-hydride i n the formation of the i n i t i a l 

metal-carbene s p e c i e s enables the s i d e r e a c t i o n s such as d i m e r i s a t i o n , 
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o l i g o m e r i s a t i o n and i s o m e r i s a t i o n to be b e t t e r understood and e x p l a i n s why 

the a d d i t i o n of p o l a r p r o t i c a d d i t i v e s , molecular hydrogen and other hydride 

sources to heterogeneous and homogeneous c a t a l y s t s a re u s u a l l y b e n e f i c i a l , 

or i n some c a s e s e s s e n t i a l , to the o l e f i n m e t athesis r e a c t i o n . 

In the future a b e t t e r understanding of the r e l a t i o n s h i p between o l e f i n 
122 

metathesis and Z i e g l e r - N a t t a p o l y m e r i s a t i o n may be found. I v i n has 

proposed a scheme f o r Z i e g l e r - N a t t a p o l y m e r i s a t i o n , F i g u r e 2.30, which 

c l o s e l y p a r a l l e l s that proposed f o r o l e f i n m e t a t h e s i s i n the ring-opening 

p o l y m e r i s a t i o n of cyclopentene, i n v o l v i n g metal-hydride s h i f t s . The 

r e a c t i o n s of alkenes w i t h t r a n s i t i o n metal complexes range from extension 

of the a l k y l c h a i n as i n Z i e g l e r - N a t t a p o l y m e r i s a t i o n w i t h metals on the 

extreme l e f t of the t r a n s i t i o n metal s e r i e s such as T i and Zr, to the 

formation of strong alkene-metal-^complexes w i t h the metal ions of Group 

V I I I on the extreme r i g h t of the s e r i e s . T h i s v a r i a t i o n a r i s e s because the 

metals i n the former c a s e l a c k s u f f i c i e n t d - e l e c t r o n s to form strong d -p 

back-bonding with the alkene, whereas i n the l a t t e r case with f i l l e d d - o r b i t a l s 

back-bonding i s strong. For metals i n the middle of the s e r i e s , f o r 

example Group V I , the c o m p e t i t i v e r e a c t i o n of m e t a l - a l k y l and metal-alkene 

formation i s d e l i c a t e l y balanced. The c a t a l y s t system WC1 /Me.Sn polymerises 
fa 4 

ethylene to polyethylene by the Z i e g l e r - N a t t a mechanism and ring-opening 
123 

polymerises cyclopentene to p o l y ( l - p e n t e n y l e n e ) by o l e f i n metathesis. 

L i k e w i s e the a d d i t i o n p o l y m e r i s a t i o n of b i c y c l o [2.2.l]hept-2-ene i s favoured 

a t an A l : T i r a t i o of 1 : 2 ( Z i e g l e r - N a t t a behaviour) with ring-opening 

p o l y m e r i s a t i o n predominating at a 2 : 1 r a t i o using the c a t a l y s t system 

T i C l 4 - L i A l ( C 7 H l 3 ) 4 . 3 7 
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O l e f i n metathesis 
mechanism for the r i n g -
opening p o l y m e r i s a t i o n of 
cy c l o a l k e n e s 

CH 

I I 2 
M + 

II 
o 

CH I I 2 
M <-

I 
CH, 

M 

i f 
CH =CH—C] 

M = C I L / C H 2 
^ C H 2 

e t c 

Unconventional Z i e g l e r -
Nattu p o l y m e r i s a t i o n 
mechanism 

> H ; - C H 

si 
CH 

H CH, H-M + 
CH, Jf 

CH I I C H o 
H-rM i 1 | 2 

C H 2 

i f 

; H } - M — C H 2 

Jf 
H-CH-—CH, 2 I 2 

M CH 

I 
e t c 

Conventional Z i e g l e r - N a t t a 
p o l y m e r i s a t i o n mechanism 

CH, 

M + 
CH, 

CH, 

H 3 C - C H 2 

i I 
M - -CH2 

J f 
H_C-CH. 
3 I 2 
M — C H „ 

e t c 

F i g u r e 2.30 
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2 The transformation of the metal-carbene to the metallocyclobutane 

intermediate 

The transformation of the metal-carbene to the metallocyclobutane 

intermediate and subsequent rearrangement to the products depends upon the 

nature of the bonding i n the metal-carbene s p e c i e s . 
124 

I t has been proposed that the carbene may be viewed as a s i n g l e t and 

the nature of the bonding i n the metal-carbene complex somewhat analogous to 

carbon monoxide or an alkene bonded to a metal. Two bonding modes a r e 
2 

involved; ( i ) a forward donation of an e l e c t r o n p a i r from the occupied sp 
o r b i t a l of the C to the metal, and ( i i ) a back donation element from carbene 
the metal to the empty p o r b i t a l of the C , F i g u r e 2.31 

z carbene 

H H 

n R 

( i ) ( i i ) 

F i g u r e 2.31 

The mechanism f o r formation of a metallocyclobutane i n t e r m e d i a t e 

i n v o l v e s an incoming alkene undergoing n-coordination with an a c t i v e metal 

s i t e . The metal, C , and the two s u b s t i t u e n t s ( R 1 and II) a l l l i e i n 
carbene 

the same plane, with the coordinated alkene molecule i n a plane p e r p e n d i c u l a r 

to the metal-carbene plane, Figure 2.32. To form the four-membered r i n g the 
2 3 

C expands from sp to sp h y b r i d i s a t i o n , w h i l e the oarbene-to-metal 
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II I I 

F i g u r e 2.32 

bond transforms i n t o a conventional o-carbon-metal bond and the carbon 

assumes a t e t r a h e d r a l c o n f i g u r a t i o n . The TT-bonded alkene undergoes a 

process analogous to Z i o g l e r ' s c i s - l i g a n d i n s e r t i o n , s l i d i n g and r o t a t i n g 

to a l i g n the alkene carbons with t h e i r r e s p e c t i v e bonding c o u n t e r p a r t s , 

thus forming the metallocyclobutane i n t e r m e d i a t e . 
125 

However, evidence has been presented by Casey that the carbon atom 

of the carbene group bonded to the metal i s best d e s c r i b e d as a c a t i o n i c 

c e n t r e and hence e l e c t r o p h i l i c i n c h a r a c t e r . Therefore the metal-carbene 

to metallocyclobutane transformation may occur as shown i n F i g u r e 2.33. 

W 

HR^ + 

CHR 

CHR l t 1 1IC 

CHR 

CHR 

W-CHR 
+ 

1 2 R HC=CHR 

Fi g u r e 2.33 

T h i s problem i s f u r t h e r complicated by the r e s u l t s reported by Gassman and 
126 

Johnson i n which or,B-unsaturated e s t e r s , Michael a c c e p t o r s , e f f i c i e n t l y 

t rap metal-complexed carbenes generated during metathesis of alk-2-enes, 

which were e x p l a i n e d by assuming that such carbenes are n u c l e o p h i l i c i n 

c h a r a c t e r . However, Gassman's and Johnson's assumptions may be questioned, 

s i n c e Michael a c c e p t o r s have been reported to r e a c t w i t h c a t i o n i c carbenes 
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i n compounds R(MeO)CM(CO) 5 (where M = C r , Mo or W; R = a r y l or a l k y l ) to 
127 

g i v e the corresponding cyclopropanes. T h e r e f o r e , the d e t a i l s of the 

transformation of the metaJ-carbene to the metallocyclobutane i n t e r m e d i a t e 

remain to be c l a r i f i e d . 

3 The o r i g i n of s t e r e o s p e c i f i c i t y i n m e t a t h e s i s r e a c t i o n 

The c i s and t r a n s isomers produced i n o l e f i n metathesis r e a c t i o n s are 

a consequence of the r e a c t i o n s themselves and not s i d e r e a c t i o n s . For 

a c y c l i c a lkenes the m e t a t h e s i s r e a c t i o n i s g e n e r a l l y n o n - s e l e c t i v e , the c i s -

t r a n s r a t i o f o r each product alkene being t h a t determined thermodynaraically. 

The only example of a s t e r e o s e l e c t i v e c a t a l y s t f o r the metathesis of a c y c l i c 

a l kenes i s Ph„CW(CO)_ which c o n v e r t s cis-pent-2-ene to but-2-ene w i t h 93% 

c i s - d o u b l e bonds. However, c y c l o a l k e n e s can be converted i n t o polymers 

w i t h e x c l u s i v e l y or predominantly c i s - or trans-geometry using numerous 

c a t a l y s t systems, f o r example, w i t h WF„/EtAlCl 0 cyclopentene produces p o l y d -
33 

pentenylene) w i t h v i r t u a l l y 100% c i s - d o u b l e bonds, w i t h WC1 /EtOH/EtAlCl i t 
27 

produces poly(1-pentenylene) w i t h 84% trans-double bonds. 

To accommodate the v i r t u a l n o n - s e l e c t i v i t y f o r a c y c l i c a lkenes i t was 

i n i t i a l l y suggested t h a t r o t a t i o n of the carbene and coordinated alkene about 
124 

the c e n t r a l metal atom must occur, F i g u r e 2.32. Such r o t a t i o n s would 

be very f a c i l e p r o c e s s e s and the metallocyclobutane i n t e r m e d i a t e s formed 

a r e shown i n F i g u r e 2.34. 

c i s C I S t r a n s 

F i g u r e 2.34 
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IT the cartaeno and alkene r o t a t e i n the same d i r e c t i o n e i t h e r c l o c k w i s e 

or a n t i - c l o c k w i s e a t r a n s - m e t a l l o c y c l o b u t a n e i s formed, whereas i f they 

r o t a t e i n opposite d i r e c t i o n s c i s - m e t a l l o c y c l o b u t a n e s are formed and hence 

t r a n s - a c y c l i c alkenes and c i s - a c y c l i c a lkenes are produced as products 

r e s p e c t i v e l y . I t has been suggested t h a t the s t e r e o - s e l e c t i v i t y observed 

i n the ring-opening p o l y m e r i s a t i o n of c y c l o a l k e n e s w i t h c e r t a i n c a t a l y s t 

systems may be due to the growing ch a i n forming m u l t i p l e c o o r d i n a t i o n w i t h 

the a c t i v e c a t a l y s t s i t e hence preventing r o t a t i o n of the bound metal-

carbene, F i g u r e 2.35, such c o o r d i n a t i o n cannot occur w i t h a c y c l i c a l k e n e s . 

> + D - >i — > =c c 

10 
m—I > c c 

F i g u r e 2.35 

From a study of the c r o s s - m e t a t h e s i s r e a c t i o n of terminal w i t h i n t e r n a l 
124 

alkenes a p r e f e r e n c e f o r c e r t a i n m etallocyclobutane t r a n s i t i o n s t a t e s 

has been suggested. The r e l a t i v e d i s t r i b u t i o n of the v a r i o u s c r o s s -

metathesis products of pent-l-ene w i t h c i s - p e n t - 2 - e n e i s shown i n Table 2.3. 
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Table 2.3 

Cross metathesis of pent-l-ene and cis-pent-2-ene 

R e l a t i v e C o n c e n t r a t i o n s 

Symmetric Unsymmetric 

CH 2=CH 2 1 CH 3CH=CH 2 4 

C 3H 7CH=CHC 3H 7 1 C 2H 5CH=CHC 3H 7 4 

CH CH=CHCH 2 C 2H 5CH=CH 2 12 

C 2I« 5CH=CHC 2H 5 2 CH 3CH=CHC 3H 7 12 

The s e l f - m e t a t h e s i s from e i t h e r alkene l e a d s to symmetric products, 

whereas the products from c r o s s - m e t a t h e s i s are unsymmetrical. The 

s i g n i f i c a n c e of the r e s u l t s shown i n Table 2.3 are t h a t , although p e n t - l -

ene undergoes a s m a l l amount of s e l f - m e t a t h e s i s i t r e a d i l y r e a c t s w i t h 

cis-pent-2-ene to produce c r o s s - m e t a t h e s i s unsymmetrical products. The 

term i n a l alkene, pent-l-ene, i n f a c t i n h i b i t s the s e l f - m e t a t h e s i s of c i s -

pen t-2-ene to the extent that the tendency of cis-pent-2-ene to y i e l d c r o s s -

products w i t h pent-l-ene i s e i g h t times g r e a t e r than i t s tendency to s e l f -

m e t a t h e s i s e . A p o s s i b l e e x p l a n a t i o n f o r t h i s i s that t e r m i n a l a l k e n e s a r e 

more r e a c t i v e than i n t e r n a l a l k e n e s , undergoing r e g e n e r a t i v e metathesis 

and occupying a l l the c a t a l y t i c s i t e s , i n h i b i t i n g the s e l f - m e t a t h e s i s of the 

i n t e r n a l a l k e n e s . However, o c c a s i o n a l l y an i n t e r n a l alkene e n t e r s the 

c a t a l y t i c s i t e , whereupon m e t a t h e s i s y i e l d s an unsymmetric product. The 

r e g e n e r a t i v e metathesis of ter m i n a l alkenes was confirmed by examining the 
r T 105 c r o s s - m e t a t h e s i s of pent-l-ene and L D ^ Q J - p e n t - l - e n e which gave almost 

e x c l u s i v e l y scrambling of the C D and CD u n i t s i n the recovered pent-l-ene. 
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Since the terminal alkenes flood the c a t a l y t i c s i t e s the p o s s i b l e 

metallocyclobutane i n t e r m e d i a t e s are (62) - ( 6 5 ) . However, t r a n s i t i o n 

s t a t e s (63) and (65) are incompatible w i t h predominantly r e g e n e r a t i v e 

CH_ C1IU1 CU- Cll R XHC CH llHlC CHR 1 

2 2 I 2 | | 2 I 
M CH M CHR1 M CHR 1 M CH 

* 2 

(62) (63) (64) (65) 

metathesis, thus favouring (62) and ( 6 4 ) . P r e f e r e n c e between these l a t t e r 

two t r a n s i t i o n s t a t e s depends upon s t e r i c and e l e c t r o n i c f a c t o r s . 

I f as s t a t e d p r e v i o u s l y , Chapter 2.4c-2, the a c t i v e metal-carbene 
- + 

s p e c i e s has e l e c t r o p h i l i c c h a r a c t e r ( i . e . may be represented as M-CHR), i t 

should p r e f e r e n t i a l l y a t t a c k the e l e c t r o n r i c h end of the double bond of 

the incoming alkono, wh:ieh i s the (.11 = e n t i t y in Lurmjnal alkenes, to 

t r a n s f e r the l e a s t s u b s t i t u t e d a l k y l i d e n e u n i t and to regenerate the M=CHR 
complex. T h i s argument favours ( 6 4 ) over ( 6 2 ) . However, the r e a c t i o n may 

+ ~ 

proceed by a M-CH2 l i k e carbene which would r e a c t s e l e c t i v e l y w i t h a t e r m i n a l 

alkene to t r a n s f e r the most s u b s t i t u t e d a l k y l i d e n e u n i t and to regenerate a 

M=CH2 carbene, then (62) may be p r e f e r r e d to ( 6 4 ) . 

The s t e r i c f a c t o r s which i n f l u e n c e the s t r u c t u r e of the m e t a l l o c y c l o ­

butane intermediate and hence the s t e r e o c h e m i s t r y of the metathesis products 
128 

are not c l e a r l y understood a t the present time. Casey has suggested 

that the st e r e o c h e m i s t r y of metathesis can be explained on the b a s i s of the 

stere o c h e m i s t r y of a puckered metallocyclobutane intermediate. S t a b l e 
123 130 

metallocyclobutane complexes have been shown by X-ray c r y s t a l l o g r a p h y ' 
to e x i s t i n a puckered conformation, f o r example (C„H^)Pt(C^H^N)„Cl„. As 

d o 6 5 Z z 

a consequence of puckering, the s u b s t i t u e n t s on the r i n g occupy pseudoaxial 

and p s e u d o e q u i t o r i a l p o s i t i o n s . The most important s t e r i c i n t e r a c t i o n i n 
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the in t e r m e d i a t e would be expected to be a 1 , 3 - d i a x i a l i n t e r a c t i o n between 

the s u b s t i t u e n t s attached to the carbons bonded to the metal. 

Casey based h i s suggestion on the metathesis products obtained from 

the r e a c t i o n s of cis-pent-2-ene and trans-pent-2-ene. The former i n i t i a l l y 

g i v i n g predominately c i s - p r o d u c t s and the l a t t e r t r a n s - products. 

From a c o n s i d e r a t i o n of the p o s s i b l e s t e r e o c h e m i c a l l y d i f f e r e n t 

metallocyclobutane i n t e r m e d i a t e s f o r the r e a c t i o n of cis-pent-2-ene with a 

metal complex bearing an e t h y l i d e n e l i g a n d (66) and ( 6 7 ) , the former i s 

more s t a b l e than the l a t t e r which has a d e s t a b i l i s i n g 1 , 3 - d i a x i a l i n t e r a c t i o n 

CH CH Cll C 
•>CHo H 

W W 
CH 

C 
H C H 3 C H 2 CH_CH II H CH 

(66) 

r=\ 
CH CHoCHo CH 

II CH 
W w II CH 

CH H H 
H CH_CH 

CILCH 

(67) 

between the e t h y l group and the proton. Consequently, c y c l i s a t i o n to g i v e 

( 6 6 ) should be p r e f e r r e d and cis - b u t - 2 - e n e which a r i s e s from the 

decomposition of (66) should be k i n e t i c a l l y favoured. S i m i l a r l y , the 

g r e a t e r s t a b i l i t y of (68) r e l a t i v e to (69) e x p l a i n s the p r e f e r r e d formation 

of trans-but-2-ene from trans-pent-2-ene. A s i m i l a r argument has been 

proposed by K a t z . 1 ^ 1 
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II Cll. 

3 

(.11 
W. w 

CH CHoCH 

3 ^ 2 

H 
H 

CHoCH H CH 
/ 3 

(68) CH„CH H \ 

CH. -II. Cl l . 3 

-11 «!<— w 
Cll 

c II II 
CH_CH H 

(69) 

However, Calderon has s t a t e d t h a t from the metathesis of both 

cis-4-methyl-pent-2-ene and trans-4-methyl-pent-2-ene i n which the products 

from both r e a c t i o n s had predominately t r a n s - c o n f i g u r a t i o n the s t e r e o c h e m i s t r y 

of m e t athesis can be explained by 1 , 2 - i n t e r a c t i o n s i n the metallocyclobutane 

int e r m e d i a t e which i s planar. I f the stereochemistry of the products was 

c o n t r o l l e d by 1 , 3 - d i a x i a l i n t e r a c t i o n s of a puckered metallocyclobutane 

int e r m e d i a t e then the products from the cis-4-methyl-pent-2-ene should have 

had c i s - c o n f i g u r a t i o n . The views of Calderon and Casey appear to be 

d i a m e t r i c a l l y opposed and i t seems l i k e l y t h a t the r e s o l u t i o n of t h i s 

d i f f i c u l t , but important problem w i l l occupy some time. At the time of 
133 

w r i t i n g the most recent communication from Casey's group provides evidence 

c o n s i s t e n t w i t h the i n t e r v e n t i o n of a puckered metallocyclobutane i n which 

1 , 3 - i n t e r a c t i o n s are important. Mixtures of ] ,1-difJoutero-oct-l-one (70) 
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and Z-l-deuterodec-l-ene (71) were metathesised and the 1-deutero-oct-l-ene 

(72) product was shown to r e t a i n Z - c o n f i g u r a t i o n . 

n — ^ C — c ^ \ 
/ \ C C 

6 H13 D C 8 H 1 ? D C 6 H 1 3 

C « H ^ D" ^ C H C 6 H 1 3 D — " X 

( 7 0 ) (71) (72) 

Two sequences can be used to account f o r the formation of 1-deutero-oct-

l-ene ( 7 2 ) as shown below, F i g u r e 2.36. S i n c e the s t e r i c requirements of 

+ -
Scheme 1 M-CH 

+ _ / H P CDH 
M M~ L„ M< (|^ 

D C . \ 
C 6 2 

- + 
Scheme 2 M-CIIU 

D / 6 

M M M II H H D 

C 
8 H / \ H H 8 8 

J 

F i g u r e 2.36 
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H and D are assumed to be e f f e c t i v e l y the same, Scheme 1 should g i v e 

equimolar mixtures of Z and E isomers of ( 7 2 ) ; whereas i n Scheme 2 s t e r i c 

i n t e g r i t y should be r e t a i n e d as was i n f a c t observed. 

4 The e f f e c t of Lewis a c i d s and temperature on the s t e r e o s p e c i f i c i t y 

of metathesis r e a c t i o n 

To account f o r the low s t e r e o s p e c i f i c i t i e s i n metathesis r e a c t i o n s 

c a t a l y s e d by systems which c o n t a i n Lewis a c i d s such as organo-aluminium 

compounds compared w i t h systems which do not, f o r example, using the 

c a t a l y s t system (Ph) 2C=W(CO) 5 cis-pent-2-ene g i v e s but-2-ene that i s 93% c i s , 

whereas w i t h the system WClg/EtOH/EtAlClg c i s - p e n t - 2 - e n e g i v e s but-2-ene 

that i s only 63% c i s , Katz has proposed the formation of a 3-metallopropyl 

c a t i o n i c s p e c i e s , by the cleavage of a carbon-metal bond i n the m e t a l l o c y c l o -
131 

butane. Such an i n t e r m e d i a t e would allow r o t a t i o n p r i o r to reforming 

the metallocyclobutane and hence account f o r the reduced s t e r e o s p e c i l ' i c i t y . 

The formation of such a s p e c i e s would be f a c i l i t a t e d by the presence of 

Lewis a c i d s , f o r example, the s t e r e o s p e c i f i c i t y of cyclopentene's m e t a t h e s i s 
o when i n i t i a t e d a t -30 by mixtures of WF and Et„Al 0Cl di m i n i s h e s w i t h an o J Z o 

27 

i n c r e a s e i n the Al : W r a t i o . 

I n c r e a s i n g the temperature may a l s o f a c i l i t a t e the formation of such 

s p e c i e s . The temperature dependence of the c i s content of p o l y ( l - p e n t e n y l e n e ) 
134 using the c a t a l y s t system W C l V t e t r a a l l y l s i l a n e i s shown i n Figure 2.37. o 

The polymer obtained a t -78° to -20° c o n t a i n s 99-94% c i s - u n i t s ; i . e . the 
o 

s t e r e o s p e c i f i c i t y i s independent of temperature below -20 . Above t h i s 

temperature the amount of t r a n s - u n i t s i n c r e a s e s g r a d u a l l y a t t a i n i n g about 

80% a t 30°. S i m i l a r temperature dependence of polymer m i c r o s t r u c t u r e has 

been observed f o r the p o l y m e r i s a t i o n of cyclopentene using the c a t a l y s t system 

W C l 6 / ( C 2 H 5 ) 4 S n and MoCl / E t g A l . 
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Dopondonco on polymor i sa Lion lomporature of c i s content of 

p o l y ( l - p e n t e n y l e n e ) obtained with WCi /TAS c a t a l y s t 
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CHAPTER 3 

1H,2H-HEXAFLU0R0CYCL0PENTENE AS A POTENTIAL 

MONOMER FOR RING-OPENING POLYMERISATION 
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3- 1 Work c a r r i e d out i n an a I tempt to ring-open polymerise 111,211-

hexafluorocyclopentene 

3.1a I n t r o d u c t i o n 

I t was i n i t i a l l y decided to attempt the ring-opening p o l y m e r i s a t i o n of 

cyclopentene to e s t a b l i s h experimental competence and confidence i n using 

the techniques r e q u i r e d f o r o l e f i n metathesis work. G e n e r a l l y three 

component homogeneous c a t a l y s t systems are used f o r the po l y m e r i s a t i o n of 
16 

c y c l o a l k e n e s ; tungsten h e x c h l o r i d e i s the p r e f e r r e d t r a n s i t i o n metal 

component; as the c o c a t a l y s t , d i a l k y l aluminium c h l o r i d e or t r i - i s o b u t y l -

aluminium are p r e f e r r e d over other alkylaluminium compounds, because t h e i r 

weaker F r i e d e l - C r a f t s a c t i v i t y avoids undesired s i d e r e a c t i o n s e s p e c i a l l y 

c y c l i s a t i o n and hydrogenation; and the oxygen c o n t a i n i n g a c t i v a t o r can be an 

a l c o h o l , p r o f o r a b l y 2-chloroothanol, or a poroxide. 
A d e t a i l e d d e s c r i p t i o n of the s o l u t i o n p o l y m e r i s a t i o n of cyclopentene 

" 27 

to t r a n s - p o l y ( l - p e n t e n y l e n e ) has been given by Gunther et a l . The 

po l y m e r i s a t i o n s are g e n e r a l l y performed under c o n d i t i o n s which s t r i n g e n t l y 

exclude moisture and oxygen from the r e a c t i o n system, i n the temperature rang 

-10°/+10°, under an i n e r t atmosphere of dry n i t r o g e n or argon with a 15-20% 

s o l u t i o n of the monomer i n a dry s o l v e n t such as benzene, toluene or c h l o r o -

benzene. 

A pre-mixed s o l u t i o n of the tungsten complex and the oxygen c o n t a i n i n g 

a c t i v a t o r and the organo-aluminium compound are added to the monomer 

s o l u t i o n . With three component c a t a l y s t systems the order of a d d i t i o n of 
137 

the i n d i v i d u a l components i s c r i t i c a l . When the tungsten complex/ 

a c t i v a t o r mixture i s added to the monomer s o l u t i o n followed by the organo-

aluminium compound the po l y m e r i s a t i o n takes p l a c e r a p i d l y . However, no 

po l y m e r i s a t i o n takes p l a c e i f the c a t a l y s t components are pre-mixed, because 

the tungsten complex and the organo-aluminium complex form a product which 

i s i n a c t i v e as an o l e f i n m e t athesis c a t a l y s t . 



- 58 -

The monomer : tungsten molar r a t i o may vary from 3000 : 1 to as high as 

20,000 : 1. The optimum aluminium : tungsten molar r a t i o somewhat depends 
138 on the c a t a l y s t composition, f o r example, f o r WC1„/2CH0H(CH_C1) n/Et„Al 6 i 2 3 

139 
and W C l 6 / N a 2 0 2 / ( i - b u t y l ) 3 A 1 systems, molar r a t i o s of 2.5 : 1 and 1.5 : 1 

r e s p e c t i v e l y are recommended. 

The c a t a l y s t system which was e v e n t u a l l y used was WC1_/Na_0 / ( i - b u t y l ) _ A 1 , 
6 Z 2 3 

wit h toluene as the s o l v e n t , because of the a v a i l a b i l i t y of the i n d i v i d u a l 

components and the high degree of s u c c e s s of t h i s system i n polymerising 

cyclopentene. I t i s claimed t h a t with t h i s system e l a s t o m e r i c p o l y ( l -

pentenylene) w i t h 90% or more of the double bonds i n the t r a n s - c o n f i g u r a t i o n 
139 

can be obtained i n 85% conversion a f t e r one hour. 

3.1b The p o l y m e r i s a t i o n of cyclopentene 

In the f i r s t i n s t a n c e the p o l y m e r i s a t i o n procedure was c a r r i e d out, 

using toluene which had been d r i e d over sodium w i r e and degassed, commercial 

u n p u r i f i e d cyclopentene was degassed p r i o r to use, commercial sodium 

peroxide and tungsten h e x a c h l o r i d e were used as suppled and t r i - i s o b u t y l -

aluminium was f r e s h l y prepared. The pre-mixed WC1 /Na_0 s o l u t i o n i n 

toluene was prepared under an i n e r t atmosphere of dry ni t r o g e n i n a glove-

box, and the c a t a l y s t components were i n j e c t e d using- a i r - t i g h t s y r i n g e s 

i n t o the r e a c t i o n v e s s e l ; which was maintained under an atmosphere of dry 

nitroge n and contained the degassed monomer. The r e a c t i o n was u n s u c c e s s f u l , 

no polymer was produced. 

There were s e v e r a l f a c t o r s which could have i n f l u e n c e d the f a i l u r e of 

the r e a c t i o n . The ni t r o g e n gas, toluene and cyclopentene may not have been 

s u f f i c i e n t l y dry and the tungsten h e x a c h l o r i d e may have been impure. 

Although c a t a l y t i c amounts of water or oxygen are b e n e f i c i a l to the r e a c t i o n , 

e xcess r e a d i l y d e a c t i v a t e s the c a t a l y s t . 
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Tim i l l t r o g o n was r l r i o i l moro thoroughly liy passing i t I:hrough u bubbler 

o f concentrated .sulphuric a c i d and then t h r o u g h u g l a s s trap immersed i n 

l i q u i d a i r . The n i t r o g e n system, i n which a l l the connections were e i t h e r 

g l a s s or nylon tubing was connected d i r e c t l y to the vacuum l i n e . The 

r e a c t i o n v e s s e l was evacuated and the toluene and cyclopentene a f t e r being 

degassed were vacuum t r a n s f e r r e d i n t o i t . The e n t i r e system was l e t down 

to an atmosphere of dry n i t r o g e n so t h a t no time a f t e r the commencement of 

the r e a c t i o n was a i r allowed i n t o the r e a c t i o n v e s s e l . 

The dryness of the toluene was improved by r e f l u x i n g i t over sodium 

under a dry n i t r o g e n atmosphere, u n t i l a permanent blue colour was obtained 
140 

on M d d i t i o n of benzophenono, followed by d i s t i l l a t i o n under dry n i t r o g e n . 

The tungsten hexachloride which had been bought from a commercial 

s u p p l i e r was a mixture of yellow, red and blue s o l i d m a t e r i a l , whereas pure 
anhydrous WC1 should be s t e e l - b l u e i n c o l o u r . T h i s was prepared from b 
hexachloropropene and tungsten t r i o x i d e under s t r i n g e n t l y dry and oxygen 

141 

f r e e c o n d i t i o n s . The c r y s t a l s produced were s t e e l - b l u e i n c o l o u r . 

The p o l y m e r i s a t i o n of cyclopentene was attempted u s i n g the improved 

c o n d i t i o n s and p u r i f i e d s o l v e n t s and reagents. The c o l o u r changes, which 
139 are reported i n the l i t e r a t u r e , on a d d i t i o n of the WC1 /Na o0 o s o l u t i o n b & & 

to the monomer s o l u t i o n (blue black to deep-red) and on the a d d i t i o n of the 

( i - b u t y l ) A l to the r e a c t i o n mixture (deep-red to dark brown), were observed. 

A small amount of creamy-white m a t e r i a l was produced, i t had a s o f t , s t i c k y 

t e x t u r e and was s l i g h t l y e l a s t i c when drawn. I n a f i n a l m o d i f i c a t i o n , 

designed to i n c r e a s e the y i e l d of product, the cyclopentene was r e f l u x e d 

over calcium hydride and then d i s t i l l e d under dry n i t r o g e n onto 4A molecular 

s i e v e . T h i s m a t e r i a l r e a d i l y polymerised, g i v i n g a creamy-white s o l i d 

( 7 4 % y i e l d ) . I . r . spectroscopy (Appendix C ( I ) ) and 1H n.m.r. spectroscopy 

showed i t to be i d e n t i c a l to p o l y ( l - p e n t e n y l e n e ) with predominantly t r a n s -

142 
double bonds. 
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The iloturmintition of Lho l . y I a n d number of douhlo hond.s in po.Ly-

al k e n y l e n e s was i n i t i a l l y c a r r i e d out by i . r . s p e c t r o s c o p i c a n a l y s i s . 

Trans v i n y l e n e double bonds were g e n e r a l l y determined by using the i . r . 
-1 

absorption band at 966 cm , the c i s v i n y l e n e double bonds e i t h e r by u s i n g 

the band at 1404 cm 1 or that at 726 cm 1 . A determination of the amount 

of t r a n s and c i s double bonds r e q u i r e s an e v a l u a t i o n of the e x t i n c t i o n 

c o e f f i c i e n t s of the i n d i v i d u a l bands. O r i g i n a l l y q u a n t i t a t i v e a n a l y s e s 

were g e n e r a l l y based on the e x t i n c t i o n c o e f f i c i e n t s used f o r c i s - and t r a n s -

1,4-polybutadiene and to a f i r s t approximation t h i s method was j u s t i f i e d , 

however, i t i s inadequate f o r an e x a c t s t r u c t u r e determination and 
144 

c o n t r a d i c t o r y r e s u l t s were f r e q u e n t l y reported i n the l i t e r a t u r e . There 

are three major reasons why t h i s a n a l y s i s f a i l s : 

( i ) i t i s l i k e l y t h a t some e r r o r s are i n h e r e n t i n the 

assumption that e x t i n c t i o n c o e f f i c i e n t s f o r poly-

a l k e n y l e n e s are i d e n t i c a l w i t h those found f o r other 

compounds; 

( i i ) t h e r e may be u n i t s other than c i s - and t r a n s -

pentenylenes i n the polymer backbone, f o r example, 

s a t u r a t e d u n i t s and n e g l e c t of these can a l s o l e a d 

to e r r o r ; 

( i i i ) a bsorption bands may have been used which ove r l a p 

w i t h other bands making r e l i a b l e i n t e g r a t i o n very 

d i f f i c u l t . 
145,146 

From work c a r r i e d out by Calderon, S c o t t , Ofstead and coworkers 

the *H n.m.r. of p o l y a l k e n y l e n e s c o n s i s t s of three d i f f e r e n t absorption 

r e g i o n s : (A) the s i g n a l due to the v i n y l i c protons of the d i s u b s t i t u t e d 

double bond was always found at 5.3-5.5 ppm; (B) t h a t of the a l l y l i c protons, 

or to the double bonds at 1.9-2.1 ppm; and (C) that of the S protons at 1.3 
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ppm (chemical s h i f t s downfield from TMS). Combining the data a v a i l a b l e 
1 142 from i . r . and H n.m.r. spectroscopy, T o s i , C i a m p e l l i and D a l l ' A s t a 

proposed a more complete and ac c u r a t e method f o r the q u a n t i t a t i v e 

determination of the u n i t s g e n e r a l l y o c c u r r i n g i n pol y a l k e n e y l e n e s d e r i v e d 

from d i f f e r e n t c y c l o a l k e n e s . 

T h i s method d i f f e r s from others f o r two reasons. F i r s t l y , i t takes 

i n t o account not only the primary a l k e n y l e n e u n i t s , c i s - u n i t (73) and tran s -

u n i t ( 7 4 ) , but a l s o s a t u r a t e d u n i t s o r i g i n a t i n g from transformations of the 

H. H 

y c = c 

(CH 0)-/W\ & n 

(73) (71) 

(CH„) 

primary u n i t s by the a c t i o n of a c i d i c c a t a l y s t s ( 7 5 ) and u.v. i r r a d i a t i o n 

( 7 6 ) , as w e l l as those a r i s i n g from hydrogenation. 

, - ( c v 
~\~M:H=CH- (CH_ ) -CH=CH-(CH_>-'W A c l d l c ) /-vw-c H = C 

2 n 2 n agents v. 
(CH 

2 ^ 

) — ^ 

( C H 0 ) - ( C H . ) — e. & n 

(75) 

/ W v A-CH=CH-(CII 0)-'W\ U , V ' ) ' V W v-CH-CH 
2 n \ / 2 \/ r 

( C H , ) - ^ z n— l 

(76) 

Such r e a c t i o n s are not ap p r e c i a b l e i n f r e s h samples, but may be 

observed i n u n s t a b i l i s e d samples a f t e r s t anding. These s a t u r a t e d u n i t s 
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may be detected i n the H n.m.r. of the polymer. In a c h e m i c a l l y r e g u l a r 

p o l y ( l - p e n t e n y l e n e ) the r a t i o of a b s o r p t i o n s A : B : C should be 1 : 2 : 1, 

t h e r e f o r e the i n t e g r a t e d i n t e n s i t i e s f o r the d i f f e r e n t proton s i g n a l s g i v e s 

a q u a n t i t a t i v e r e p r e s e n t a t i o n of the d i f f e r e n t types of u n i t s present i n the 

polymer. I n the sample prepared, F i g u r e 3.1, the r a t i o of A : B : C was 

1 : 2 : 1.15 which suggests the presence of approximately 4% of s a t u r a t e d 

u n i t s . 

Secondly the method a s s i g n s proper e x t i n c t i o n c o e f f i c i e n t s to the i . r . 

bands of the t r a n s - and c i s - d o u b l e bonds, these were exper i m e n t a l l y 
146 

determined by using p a i r s of predominantly t r a n s and c i s polymers of 

each s i n g l e polyalkenylene type and are l i s t e d i n Table 3.1 

146 
Table 3.1 

E x t i n c t i o n c o e f f i c i e n t s of i . r . bands 

Polymer « (966 cm" 1) t r a n s 
1.mole~*cm~* 

e . (1404 cm 1 ) 
C I S 

1 . mole^cm -* 

1,4-polybutadiene 132 5.0 

poly(1-pentenylene) 152 9.4 

poly(1-heptenylene) 137 not determined 

poly(1-octeny1ene) 135 8.7 

poly(1-decenylene) 134 not determined 

p o l y ( l - d o d e c e n y l e n e ) 133 8.6 
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The percentage c i s - d o u b l e bonds may be c a l c u l a t e d using the e x p r e s s i o n 

F i g u r e 3.2. 

xA 
% c i s - d o u b l e bonds = 100 xA + A 

c t 

F i g u r e 3.2 

where A and A^ are the r e s p e c t i v e absorbances of the c i s - and trans-double c t 
bonds and x i s the r a t i o of the t r a n s - e x t i n c t i o n c o e f f i c i e n t (e ) to 

t r a n s 

the c i s - e x t i n c t i o n c o e f f i c i e n t ^ c i s ) , which i n the case of p o l y ( l - p e n t e n y l e n e ) 

i s 16.5 f o r the absorption bands r e p r e s e n t i n g c i s - and trans-double bonds 

at 1404 cm * and 966 cm 1 r e s p e c t i v e l y . 

3.1c The s y n t h e s i s of lH,2H-hexafluorocyclopentene 

1H,2H-Hexafluorocyclopentene ( 9 ) was prepared from r e l a t i v e l y cheap 

s t a r t i n g m a t e r i a l , p e r c h l o r o c y c l o p e n t a d i e n e (77) by the s y n t h e t i c route 

shown. 

(77) 

( 9 ) 

A1C1 

iAIH 

(78) (79) (80) 
( a l l unmarked bonds 
attached to 
f l u o r i n e atoms) 

Products ( 9 ) and (78) can e a s i l y be separated from (79) and (80) u s i n g 

p r e p a r a t i v e g . l . c . techniques. However, i t i s more d i f f i c u l t to s e p a r a t e 

( 9 ) and ( 7 8 ) , but the amount of ( 7 8 ) pr e s e n t i s very s m a l l . 
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3.Id Attempts to ring-open polymerise lH,2H-hexafluorocyclopentene 

1 Using the c a t a l y s t system WCl„/Na_0 o/(i-butyl)JU 

o Z & o 

I n l i g h t of the s u c c e s s f u l p o l y m e r i s a t i o n of cyclopentene using the 

c a t a l y s t system W C l g / N a 2 0 2 / ( i - b u t y l ) 3 A 1 i n toluene the p o l y m e r i s a t i o n of 

( 9 ) was attempted u s i n g the same system, experimental procedure and 

c o n d i t i o n s . The p o l y m e r i s a t i o n proved u n s u c c e s s f u l , although the c o l o u r 

changes from blue-black to deep-red was observed on the a d d i t i o n of the 

pre-mixed WClg/Na2C>2 s o l u t i o n to the monomer s o l u t i o n and deep-red to dark-

brown on the a d d i t i o n of the ( i - b u t y l ) ^ A l . To check the experimental 

technique an i d e n t i c a l p o l y m e r i s a t i o n experiment was performed, but w i t h the 

same r e s u l t . 
2 Using the c a t a l y s t system WClg/NBgC^/E^AlCl 

From the c o l o u r changes which were observed during the attempted 

p o l y m e r i s a t i o n of ( 9 ) u s i n g the c a t a l y s t W C l _ / N a o 0 o / ( i - b u t y l ) _ A 1 , i t was 

p o s s i b l e t h a t the system was not a c t i v e enough to polymerise the fluoromonomer. 

I t has been reported that the c a t a l y t i c a c t i v i t y i n c r e a s e s w i t h i n c r e a s i n g 

the c h l o r i n e content of the c o c a t a l y s t i n the s e r i e s E t A l C l g > E t g A l C l > 
145 

attempted u s i n g a more r e a c t i v e c o c a t a l y s t . Diethylaluminium c h l o r i d e was 

Et„Al. T h e r e f o r e the p o l y m e r i s a t i o n of lH,2H-hexafluorocyclopentene was 

14 

chosen and prepared from t r i - e t h y l a l u m i n i u m and anhydrous aluminium c h l o r i d e . 

I t s a c t i v i t y as a component of a ring-opening p o l y m e r i s a t i o n c a t a l y s t system 

was t e s t e d by attempting the p o l y m e r i s a t i o n of cyclopentene using the system 

WC1 /Na 0 / E t 0 A l C l . T h i s was s u c c e s s f u l producing poly(1-pentenylene) 

(74% y i e l d ) . However, the attempted p o l y m e r i s a t i o n of ( 9 ) using t h i s new 

c a t a l y s t system was u n s u c c e s s f u l . 
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3.2 Examination of the f a c t o r s r e s p o n s i b l e f o r the f a i l u r e to ring-open 

polymerise 1H,2H-hexafluorocyclopentene 

3.2a P o s s i b l e d e a c t i v a t i o n of the c a t a l y s t system by the f l u o r o c y c l o a l k e n e 

I n Chapter 1 i t was s t a t e d t h a t one p o s s i b l e o b j e c t i o n to the proposed 

work was the a b s t r a c t i o n of a f l u o r i d e ion from the f l u o r o c y c l o a l k e n e by 

an a c t i v e s i t e on the t r a n s i t i o n metal and hence d e a c t i v a t i n g the c a t a l y s t . 

S i n c e WFg i s an a c t i v e c a t a l y s t f o r the ring-opening p o l y m e r i s a t i o n of 
27 

c y c l o a l k e n e s , i t was b e l i e v e d t h a t even i f f l u o r i n e a b s t r a c t i o n d i d occur 

the t r a n s i t i o n metal f l u o r i d e complex formed might s t i l l be an a c t i v e 

c a t a l y s t . However, the organo-aluminium c o c a t a l y s t may have a b s t r a c t e d a 

f l u o r i n e atom producing an organo-aluminium f l u o r i d e which may not have been 

an a c t i v e c o c a t a l y s t . 

A f u r t h e r problem may have been the presence of lH,5H-hexafluorocyclo­

pentene (78) as an impurity i n the ( 9 ) . T h i s p o s s e s s e s a -CHF- group, 

f l u o r i n e a b s t r a c t i o n from which i s a more f a c i l e p rocess than from the ~ C F 2 ~ 

groups i n ( 9 ) . 

P u r i f i c a t i o n of ( 9 ) by the removal of ( 7 8 ) was attempted. Compounds 

such as RCHFCH=CFR are known to i s o m e r i s e to RCF2CH=CHR on p y r o l y s i s over 
o 148 

sodium f l u o r i d e a t temperatures about 300 . The i s o m e r i c mixture of 

( 9 ) and (78) was repeatedly p y r o l y s e d over sodium f l u o r i d e at 300°, but 

no d e t e c t a b l e r e d u c t i o n i n the amount of (78) was observed. 

The c o p o lymerisation of an equimolar mixture of cyclopentene and ( 9 ) 

c o n t a i n i n g the small amount of impurity of ( 7 8 ) was attempted u s i n g the 

c a t a l y s t system WClg/NagO^/d-butyl)^A1 and the e s t a b l i s h e d procedure. A 

creamy-white m a t e r i a l was produced, which from i . r . and n.m.r. spectroscopy 

was i d e n t i f i e d as p o l y ( l - p e n t e n y l e n e ) c o n t a i n i n g no d e t e c t a b l e f l u o r i n e . 

I t may be concluded t h a t ( 9 ) does not copolymerise w i t h cyclopentehe 

us i n g the c a t a l y s t system d e s c r i b e d and c o n d i t i o n s employed and that ( 9 ) 
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and (78) do not d e a c t i v a t e the c a t a l y s t system w i t h r e s p e c t to the r i n g -

opening p o l y m e r i s a t i o n of cyclopentene. 

3.2b Thermodynamic a s p e c t s of ring-opening p o l y m e r i s a t i o n of c y c l o a l k e n e s 

1 The e f f e c t of r i n g s i z e and s u b s t i t u t i o n on the ring-opening 

p o l y m e r i s a t i o n of c y c l o a l k e n e s 

An unpolymerisable monomer may sometimes be rendered p o l y m e r i s a b l e by 

changing the r e a c t i o n c o n d i t i o n s , f o r example, a-methylstyrene polymerises 
o o 149 at 0 y e t does not polymerise a t 100 and o-methoxystyrene copolymerises 

with s t y r e n e , yet does not homopolymerise a t any t e m p e r a t u r e . 1 ^ Therefore 

an understanding of the thermodynamic a s p e c t s of p o l y m e r i s a t i o n p r o c e s s e s 

are of g r e a t importance to the polymer chemist. 

Dainton e t a l 1 " * 1 s t a t e d that w i t h i n a given homologous s e r i e s of r i n g 

compounds the two most s i g n i f i c a n t f a c t o r s t h a t a f f e c t the p o l y m e r i s a b i l i t y 

of a member of that s e r i e s a r e r i n g s i z e and s u b s t i t u t i o n . 

For the o l e f i n m e t a t h e s i s of a c y c l i c a l k e n e s the attainment of a 

s t a t i s t i c a l e q u i l i b r i u m composition i s e s s e n t i a l l y entropy determined, because 

the enthalpy d i f f e r e n c e between the r e a c t a n t s and products i s v i r t u a l l y zero, 

the t o t a l number and types of chemical bonds a re equal before and a f t e r the 

r e a c t i o n . However, f o r the ring-opening p o l y m e r i s a t i o n of c y c l o a l k e n e s , 

although p o s s e s s i n g the f e a t u r e s of an e q u i l i b r i u m r e a c t i o n , comprising 

monomer-oligomer, oligomer-polymer and r i n g - c h a i n e q u i l i b r i a , the thermo­

dynamic c o n s i d e r a t i o n s a r e q u i t e d i f f e r e n t . The e q u i l i b r i a are s h i f t e d 

from a s t a t i s t i c a l composition due to the negative enthalpy term a r i s i n g from 

the r e l e a s e of r i n g s t r a i n . I t s v a l u e being high i n four-membered r i n g s , 

but s m a l l i n higher membered r i n g s , except cyclohexene, which i s v i r t u a l l y 

s t r a i n f r e e and f o r t h i s reason i s the only u n s u b s t i t u t e d monocycloalkene 

that does not polymerise by ring-opening. 
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Based on a comparison of e n t r o p i e s estimated by Oainton e t a l f o r 

the h y p o t h e t i c a l ring-opening p o l y m e r i s a t i o n of a homologous s e r i e s of 

s a t u r a t e d hydrocarbons as shown i n Table 3.2, which are expected to hold at 

l e a s t q u a l i t a t i v e l y f o r p o l y m e r i s a t i o n of c y c l o a I k e n e s , the entropy term 

involved i n c y e l o a l k e n e p o l y m e r i s a t i o n appears to be negative f o r small 

Table 3.2 1 5 1 

C a l c u l a t e d h e a t s , e n t r o p i e s and f r e e e n e r g i e s f o r 

the h y p o t h e t i c a l p o l y m e r i s a t i o n of c y c l o a l k a n e s 

Ring S i z e ' H ° - i 
k.cals.mol 

t s ° - x -1 c a1.mol deg k.cals.mol 

3 -27.0 -16.5 -22.1 

4 -25.1 -.1.3.5 -21.5 

5 - 5.2 -10.2 - 2.2 

6 + 0.7 - 2.5 + 1.4 

7 - 5.2 - 0.7 - 4.9 

8 - 8.3 + 8.9 -11.0 

r i n g s up to cyclohexene, c l o s e to zero f o r cycloheptene and p o s i t i v e f o r 

higher membered r i n g s . Therefore, the cyclopentene p o l y m e r i s a t i o n i s an 

a n t i - e n t r o p i c and enthalpy favoured p o l y m e r i s a t i o n , whereas that of c y c l o -

octene i s an enthalpy and entropy favoured p o l y m e r i s a t i o n . 

For monomers where the f r e e energy of p o l y m e r i s a t i o n (ACi) i s s m a l l , l o r 

example cyclopentene, and very s e n s i t i v e to small changes i n p h y s i c a l 

c o n d i t i o n and chemical s t r u c t u r e , s u b s t i t u t i o n i n ,the r i n g may render the 

monomer e f f e c t i v e l y unpolymerisable. The f r e e energy of p o l y m e r i s a t i o n 

of c y c l o a l k a n e s as a f u n c t i o n of the number of atoms i n the r i n g i s shown 
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152 i n F i g u r e 3.3. I t i s evident that s u c c e s s i v e a l k y l s u b s t i t u t i o n on the 

same carbon atom make AG more p o s i t i v e . As s t a t e d i n Chapter 1, mono-

s u b s t i t u t e d cyclopentenes have been reported to undergo ring-opening 

p o l y m e r i s a t i o n s , other examples of p o l y m e r i s a b l e s u b s t i t u t e d cyclopentenes 
153 63 being 1 , l - d i m e t h y l - l - s i l a c y c l o p e n t - 3 - e n e ( 8 1 ) and 3,3'-bicyclopentene (83) 

g i v i n g polymers with s t r u c t u r e s (82) and (84) r e s p e c t i v e l y . However, no 

•Q 
cTi3 CH 3 

CH, 

- -CH=CH-CH„-Si-C1L- -
n 2 j 2 

CH_ 

(81) (82) 

-CH=CH-CH-CH -CH n 6 n 

( 8 3 ) (84) 

examples have been reported of the p o l y m e r i s a t i o n of p o l y - s u b s t i t u t e d c y c l o ­

pentenes. I t may be t h a t s u c c e s s i v e s u b s t i t u t i o n of cyclopentene as i n the 

case of ( 9 ) may have caused the f r e e energy of p o l y m e r i s a t i o n to become 

p o s i t i v e hence re n d e r i n g the monomer thermodynamically unpolymerisable under 

the r e a c t i o n c o n d i t i o n s employed. I t has been suggested that f l u o r i n e 
154 

s u b s t i t u t i o n s t a b i l i s e s c y c l i c compounds; and, although data are not 

a v a i l a b l e , i t may be t h a t the f l u o r i n a t e d cyclopentene has a reduced s t r a i n 

energy when compared to the hydrocarbon analogue. I f t h i s i s so the d r i v i n g 

f o r c e f o r ring-opening p o l y m e r i s a t i o n would be absent i n the case of the 

f l u o r i n a t e d monomer. 
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o a 

o 

F i g u r e 3 . 3 1 5 2 

C a l c u l a t e d f r e e energy of p o l y m e r i s a t i o n of c y c l o a l k a n e s as a f u n c t i o n 
of the number of atoms i n the r i n g , n, ( a ) u n s u b s t i t u t e d ; ( b ) methyl 
s u b s t i t u t e d ; ( c ) 1 , 1 - d i m e t h y l s u b s t i t u t e d . 
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2 The temperature dependence of the e q u i l i b r i u m composition f o r the 

ring-opening p o l y m e r i s a t i o n of c y c l o a l k e n e s 
63 

Calderon and Ofstead have demonstrated the temperature dependence 

of the monomer-polymer e q u i l i b r i u m f o r cyclopentene. I n two p a r a l l e l 
o o 

experiments c a r r i e d out a t 0 and 25 the l i m i t i n g c o nversions were 

approximately 80% and 50% r e s p e c t i v e l y . The r e v e r s i b l e i n t e r c o n v e r s i o n of 

polymer to monomer was proved; c l e a r l y demonstrating t h a t under c e r t a i n 

c o n d i t i o n s the polymer i s thermorlynamically unstable with r e s p e c t to the 

monomer. 

Theory p r e d i c t s the r e l a t i o n s h i p 
l n [ M ] = ^ _ A|_ 

L 'e RT R 

where [Ml i s the e q u i l i b r i u m monomer c o n c e n t r a t i o n AH the enthalpy change e p 
o 

during p o l y m e r i s a t i o n and AS^ the standard entropy change accompanying the 
-3 

p o l y m e r i s a t i o n when the monomer c o n c e n t r a t i o n i s lmol.dm 

The temperature above which long c h a i n polymers a r e not formed, known 
152 

as the ' c e i l i n g temperaturo' occurs when [M] - 1. For cyclopentene 

undergoing ring-opening p o l y m e r i s a t i o n to predominantly t r a n s - p o l y ( 1 -

pentenylene) a p l o t of l n [ M J e a g a i n s t on the b a s i s of e q u i l i b r i u m 

monomer c o n c e n t r a t i o n s a t v a r i o u s temperatures and e x t r a p o l a t i o n to 
ln[M] = 0 a c e i l i n g temperature of approximately 150° has been o b t a i n e d . 6 ^ e 
From the graph v a l u e s of -4.4 kcal.moL 1 and -14.9 cal.mol. '''deg. 1 were 

o 
d e r i v e d f o r AH and AS r e s p e c t i v e l y . The enthalpy v a l u e (AH ) obtained, 

P P P -1 155 i s c l o s e to the r i n g s t r a i n energy of 4.9 kcal.mol. reported by Cox. 

T h i s i s e n t i r e l y c o n s i s t e n t with the theory that i n the ring-opening 

p o l y m e r i s a t i o n of c y c l o a l k e n e s the main c o n t r i b u t i o n to Allp i s s t r a i n energy. 

For cyclopentene undergoing ring-opening p o l y m e r i s a t i o n to predominantly 

c i s - p o l y ( 1 - p e n t e n y l e n e ) using the c a t a l y s t system W C l g / t e t r a a l l y l s i l a n e , a 
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c e i l i n g temperature f o r the formation of c i s - p o l y ( 1 - p e r i t e n y l e n e ) i s 51 . 

I n the l i g h t of the above c o n s i d e r a t i o n s i t may be that f o r ( 9 ) the 

c e i l i n g temperature might be lower than -10°, the temperature at which a l l 

previous u n 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 had been c a r r i e d out. P o l y m e r i s a t i o n 

r e a c t i o n s using ( 9 ) were t h e r e f o r e attempted w i t h the c a t a l y s t system 

WCl./Na„0 / E t 0 A l C l at -20° and -60° f o r A hours and 7 hours r e s p e c t i v e l y . 

No p o l y m e r i s a t i o n occurred i n e i t h e r c ase. 

3.2c The a b i l i t y of the f l u o r o c y c l o a l k e n e to coordinate to the t r a n s i t i o n 

metal complex 

As d i s c u s s e d i n Chapter 2, the formation of the metallocyclobutane 

intermediate i s not completely understood. I t may i n v o l v e the i n i t i a l n-

c o o r d i n a t i o n of the alkene to the metal-carbene, followed by rearrangement 

i n t o the metallocyclobutane i n t e r m e d i a t e or a d i r e c t r e a c t i o n between the 

carbon atom of the carbene group bonded to the metal which may have 

e l e c t r o p h i l i c or n u c l e o p h i l i c c h a r a c t e r and the alkene forming the m e t a l l o ­

cyclobutane. Whichever mechanism i s involved the a b i l i t y of the alkene to 

r e a c t w i l l depend upon the donating c a p a c i t y of the n - e l e c t r o n s of the 

alkene's double bond. I n ( 9 ) the presence of the f l u o r i n e atoms may have 

rendered the n-donor c a p a c i t y of the c y c l o a l k e n e s i n s u f f i c i e n t f o r formation 

of the metallocyclobutane i n t e r m e d i a t e . 

A measure of the a v a i l a b i l i t y of a c y c l o a l k e n e ' s n - e l e c t r o n s may be 

obtained from i t s n - i o n i s a t i o n p o t e n t i a l determined by photo-electron 

spectroscopy. As shown i n Table 3.3 cyclopentene has a n - i o n i s a t i o n 

p o t e n t i a l almost 3 eV l e s s than ( 9 ) and t h i s would suggest that the f l u o r o -

c y c l o a l k e n e would be l e s s e f f e c t i v e than cyclopentene i n r e a c t i n g with the 

a c t i v e metal-carbene e n t i t y . However, i t i s perhaps worth noting that 

f l u o r i n e s u b s t i t u t e d alkenes are p a r t i c u l a r l y s u s c e p t i b l e to n u c l e o p h i l i c 

reagents and the f a i l u r e to r e a c t may be taken as evidence a g a i n s t an 
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assignment of a n u c l e o p h i l i c c h a r a c t e r to the metal-carbene (see Chapter 2 ) . 

Table 3.3 

n - I o n i s a t i o n p o t e n t i a l s of some f l u o r i n a t e d c y c l o a l k e n e s 

Cycloalkene n - I o n i s a t i o n Ref. Cycloalkene P o t e n t i a l 

Cyclopentene 9. 0 157 

1H,2H-Hexafluorocyclopentene 12. 01 156 

1H,2H-Te t r a f l u o r o c y c l o b u tene 11. 94 156 

1,4,5,5,6,6-Hexafluorobicyclo [2.2.2]oct-•2-ene 10. 50 156 

4,4-Dichlorocyclopen tene 9. 8 158 

From the c o l o u r changes which were observed on the a d d i t i o n of the 

WClg/NagOg s o l u t i o n to ( 9 ) ( b l u e - b l a c k to dark-red) and ( i - b u t y l ) 3 A l or 

ICtgAlCl to the r e s u l t a n t mixture (deep-red to dark brown) suggests t h a t a 

r e a c t i o n has occurred, but the f l u o r o c y c l o a l k e n e i s not a c t i v e enough to 

cause p o l y m e r i s a t i o n . 

3.3 Conclusions 

From the r e s u l t s of the attempted copolyraerisation of ( 9 ) w i t h 

cyclopentene, the mere presence of f l u o r i n e does not appear to prevent the 

metathesis r e a c t i o n . The s u b s t i t u t i o n of the cyclopentene by f l u o r i n e may 

have e i t h e r , from a thermodynamic aspect caused the f r e e energy of 

po l y m e r i s a t i o n to become p o s i t i v e , hence re n d e r i n g the monomer unpolymerisable 

under the c o n d i t i o n s employed, or d e a c t i v a t e d the rr-system of the c y c l o ­

alkene towards r e a c t i o n w i t h the a c t i v e metal-carbene e n t i t y . 
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For these reasons i t was decided to s y n t h e s i s e f l u o r i n a t e d monomers 

i n which the f l u o r i n e s u b s t i t u e n t s were f u r t h e r removed from the double 

bond of the c y c l o a l k e n e i n the hope of reducing the d e a c t i v a t i o n of the 

T t-system and a c h i e v i n g p o l y m e r i s a t i o n . The s y n t h e s i s of these monomers 

i s d e s c r i b e d i n the next chapter and t h e i r p o l y m e r i s a t i o n d e s c r i b e d i n 

Chapter 5. 



EXPERIMENTAL 
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I\. 4 H Uoagon t N 

Tungsten h e x a c h l o r i d e , tungsten t r i o x i d e and sodium peroxide were used 

as purchased from BDH Chemicals L t d . , cyclopentene ( p u r i s s ) and hexachloro-

propene were used as purchased from Koch-Light L a b o r a t o r i e s L t d . , without 

f u r t h e r p u r i f i c a t i o n . Anhydrous aluminium c h l o r i d e was purchased from 

Hopkin and W i l l i a m s and p u r i f i e d by reduced p r e s s u r e sublimation. T r i -

isobutylaluminium and t r i - e t h y l a l u m i n i u m were provided by Dr. K. Wade ( t h i s 

Department). The toluene was Analar Grade s t o r e d over sodium w i r e . 

3.4b Attempted p o l y m e r i s a t i o n of cyclopontono using the c a t a l y s t system 

W i : i 6 / N a 2 0 2 / ( l - b u t y l ) 3 A l 

3 

A dry 50cm , 2-necked, round-bottomed f l a s k was placed i n a glove-box 

c o n t a i n i n g a dry nitrogen atmosphere. Tungsten h e x a c h l o r i d e (0.4g, 1.0 

mmoles) and sodium peroxide (0.lOg,1.lmmoles) were weighed out i n the glove-
3 

box, placed i n the f l a s k and d i s s o l v e d i n d r i e d , degassed toluene (16cm ) . 

The r e s u l t a n t b l u e - b l a c k s o l u t i o n was shaken p e r i o d i c a l l y f o r twenty-four 

hours. 
3 

Dry toluene (30cm ) and cyclopentene (7.74g, llOmmoles) were thoroughly 
dogassod using the froezo-kliaw procedure, thou vacuum t r a n s f e r r e d i n t o a 

3 

100cm , 3-necked, round-bottouted (Mask equipped with tin a i r - L i g h t thermometer 

w e l l , a n i t r o g e n i n l e t and a serum cap. The f l a s k was l e t down to an 

atmosphere of n i t r o g e n . 
3 

The pre-mixed WCl_/Na 0 s o l u t i o n (1.5cm ) , which was pale red i n o Z i 

c o l o u r , was i n j e c t e d u s i n g an a i r - t i g h t s y r i n g e through the serum cap i n t o 

the r e a c t i o n v e s s e l . The s o l u t i o n changed c o l o u r to very pale red, i t was 

cooled to -10°, u s i n g an e x t e r n a l a c e t o n e / s o l i d carbon d i o x i d e bath. 

T r i - i s o b u t y l a l u m i n i u m (0.028g, O.l7mmoles) was i n j e c t e d i n t o the r e a c t i o n 

mixture u s i n g a m i c r o - s y r i n g e . The temperature of the r e a c t i o n was allowed 
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o o to r i a t j to 0 , thon cooled to -JO . The r e a c t i o n was maintained at t h i s 

temperature w i t h continuous s t i r r i n g under an atmosphere of dry nitrogen 
3 

f o r 1 hour then terminated by the a d d i t i o n of methanol (2cm ) . A f i v e - f o l d 

e x c e s s of methanol was added to p r e c i p i t a t e any polymer produced; no 

m a t e r i a l p r e c i p i t a t e d . A n a l y t i c a l g . l . c . (Column 0, 150°) showed that 

only three components were present, the r e t e n t i o n times corresponded to 

cyclopentene, methanol and toluene. 

3.4c Preparation of anhydrous tungsten h e x a c h l o r i d e 

Hexachloropropene (30g, 140mmoles) and tungsten t r i o x i d e (3g, l3mmoles) 
3 

were placed i n a 100cm , 1-necked, round-bottomed f l a s k , f i t t e d w i t h an a i r -

condenser and terminated i n a d r y i n g tube c o n t a i n i n g anhydrous c a l c i u m 

c h l o r i d e . The hexachloropropene was brought to the b o i l and r e f l u x e d f o r 

four hours. The r e s u l t a n t reddy-brown s o l u t i o n was allowed to cool slowly 

to room temperature. Tungsten h e x a c h l o r i d e c r y s t a l s were formed under the 

s o l u t i o n . 

The f l a s k was removed from the condenser, c l o s e d immediately w i t h a 

g l a s s stopper and placed i n the glove-box c o n t a i n i n g an atmosphere of dry 

n i t r o g e n . The r e a c t i o n mixture was f i l t e r e d through a s i n t e r e d - g l a s s 

c r u c i b l e u s i n g s u c t i o n i n the glove-box. The tungsten h e x a c h l o r i d e c r y s t a l s 

were washed s e v e r a l times w i t h d r i e d , degassed carbon t e t r a c h l o r i d e , sucked 

dry, t r a n s f e r r e d to a c l e a n pre-weighed f l a s k , removed from the glove-box 

and evacuated f o r two hours on the vacuum l i n e to remove t r a c e s of c h l o r o -

carbons from the tungsten h e x a c h l o r i d e c r y s t a l s (3.8g, 9.6mmoles, 74 % ) , which 

were s t e e l - b l u e i n c o l o u r . 
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3.4d Po l y m e r i s a t i o n of cyclopontono using the c a t a l y s t system 

W C l g / N a 2 0 2 / ( l - b u t y l ) 3 A 1 

The procedure and apparatus were as d e s c r i b e d p r e v i o u s l y (3.4b), using 

the improvements made to the ni t r o g e n system ( s e e s e c t i o n 3.1b), the 

toluene was f r e s h l y d i s t i l l e d a f t e r r e f l u x i n g over sodium under an atmosphere 

of dry ni t r o g e n u n t i l a permanent blue c o l o u r a t i o n was obtained on the 

a d d i t i o n of a small c r y s t a l of benzophenone, the cyclopentene was f r e s h l y 

d i s t i l l e d from ca l c i u m hydride under dry ni t r o g e n onto a c t i v a t e d 4A 

molecular s i e v e , the tungsten h e x a c h l o r i d e was prepared as d e s c r i b e d 

p r e v i o u s l y ( 3 . 4 c ) , and the sodium peroxide and t r i - i s o b u t y l a l u m i n i u m were 

used as before without f u r t h e r p u r i f i c a t i o n . 
3 

The pre-mixed WCl_/Na o0 c a t a l y s t s o l u t i o n (1.5cm ) , as prepared 

p r e v i o u s l y (3.4b) was blu e - b l a c k i n c o l o u r and was i n j e c t e d using an a i r ­

t i g h t s y r i n g e through a serum cap i n t o the r e a c t i o n v e s s e l , c o n t a i n i n g a 
3 

magnetic s t i r r e r f o l l o w e r , d r i e d , degassed toluene (30cm ) and d r i e d , 

degassed cyclopentene (7.74g, llOmraoles), under an atmosphere of dry n i t r o g e n 

a t room temperature. The s o l u t i o n immediately turned dark-red i n c o l o u r , 

i t was cooled to -10° us i n g an e x t e r n a l a c e t o n e / s o l i d carbon d i o x i d e bath 

and t r i - i s o b u t y l a l u m i n i u m was i n j e c t e d u s i n g a mi c r o - s y r i n g e . 
o 

The temperature of the r e a c t i o n mixture was allowed to r i s e to 0 , and 
o 

then cooled to -10 , being c o n t i n u a l l y s t i r r e d and maintained under an 

atmosphere of dry ni t r o g e n . A f t e r twenty minutes the r e a c t i o n mixture 

was s l i g h t l y v i s c o u s and a f t e r one hour i t s v i s c o s i t y was such that the 
s t i r r e r was unable to move. The r e a c t i o n was terminated by the a d d i t i o n 

3 

of methanol (2cm ) wi t h vigorous s t i r r i n g . P r e c i p i t a t i o n of the polymer 

was accomplished by the a d d i t i o n of a f i v e - f o l d e x c e s s of methanol. The 

poly(1-pentenylene) was d r i e d under reduced p r e s s u r e producing a creamy-
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white, e l a s t i c m a t e r i a l (5.5g, 81mmoles, 74 % ) , w i t h c o r r e c t i . r . and H 

n.m.r. s p e c t r a ( s e e s e c t i o n 3.1b). D e t a i l s of the experiment a r e 

summarised i n Table 3.4. 

3.4e Attempted i s o m e r i s a t i o n of !H,5H-hexafluorocyclopentene to 1H.2H-

hexafluorocyclopentene by the p y r o l y s i s with sodium f l u o r i d e 

A mixture of lH,2H-hexafluorocyclopentene and I I I , 5H-hexaf l u o r o c y c l o -
3 

pentene (3g, l7mmoles) was placed i n a 25cm t e s t tube f i t t e d w ith a D r e s h e l -

head, the i n l e t of which was connected to a dry ni t r o g e n supply and extended 

almost to the bottom of the tube and terminated i n a narrow aperture. The 

o u t l e t was connected to a s i l i c a p y r o l y s i s tube (60cm x 14mm) packed w i t h 

sodium f l u o r i d e p e l l e t s , the middle 40cm were heated i n an e l e c t r i c furnace 

and the temperature a t the outer s u r f a c e of the s i l i c a tube was measured 

w i t h a chrome-alumel thermocouple. The o u t l e t of the furnace was connected 

to a trap immersed i n l i q u i d a i r , which was i t s e l f connected to a gas flow­

meter. 

The i s o m e r i c mixture of f l u o r o c y c l o a l k e n e s was slowly evaporated by 

bubbling a f i n e stream of dry ni t r o g e n through the l i q u i d a t a r a t e of 
3 -1 

20cm min . The vapour was c a r r i e d by the ni t r o g e n stream through the 

p y r o l y s i s zone heated to 300°. The vapour which emerged from the tube 

was c o l l e c t e d i n the t r a p immersed i n l i q u i d a i r . A n a l y t i c a l g . l . c . 

(Column A, 150°) of the product, showed t h a t no observable i s o m e r i s a t i o n had 

taken p l a c e . 
3 -1 

The same experiment was repeated w i t h reduced flow r a t e s of 15cm nun 

and I2cm^min 1 and i n c r e a s e d p y r o l y s i s temperatures of 320° and 340° 

r e s p e c t i v e l y . A n a l y t i c a l g . l . c . (Column A, 150°) again showed that no 

observable i s o m e r i s a t i o n had taken p l a c e i n e i t h e r c a s e . 
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3.4f P r e p a r a t i o n of diethylaluminium c h l o r i d e 

Crude aluminium t r i c h l o r i d e was p u r i f i e d by sublimation under 

reduced p r e s s u r e (120°, 0.1mm Hg). 

The p u r i f i e d anhydrous aluminium t r i c h l o r i d e (3.65g, 27mmoles) was 
3 

placed i n a 50cm , 2-necked, round-bottomed f l a s k c o n t a i n i n g a magnetic 

s t i r r e r , f i t t e d w ith a serum cap and stopper, i n the glove-box under an 

atmosphere of dry n i t r o g e n . The f l a s k was removed from the glove-box, 

the stopper removed and the f l a s k was q u i c k l y f i t t e d to a d i s t i l l a t i o n 

apparatus, which was purged with dry n i t r o g e n . The f l a s k was immersed 

i n l i q u i d n i t r o g e n and t r i - e t h y l a l u m i n i u m (6.3g, 54mmoles) was slowly 

i n j e c t e d i n t o the f l a s k through the serum cap, using an a i r - t i g h t s y r i n g e . 

When a d d i t i o n was complete the f l a s k was allowed to warm up s l o w l y 

w i t h s t i r r i n g to room temperature, the mixture g r a d u a l l y darkened. I t wa 

heated at 60° f o r 30 minutes followed by f r a c t i o n a l d i s t i l l a t i o n under 

reduced p r e s s u r e , to g i v e a c o l o u r l e s s l i q u i d , diethylaluminium c h l o r i d e 

(8.0g, 7 6 % ) , b.p. 70-75° at 3mm Hg. 

The experimental procedure and apparatus f o r : -

3.4g Attempted p o l y m e r i s a t i o n of 111,211-hexafluorocyclopentene using the 

c a t a l y s t system WCl./Na n0 o/(i-butyl)„A1 

3.4h Attempted p o l y m e r i s a t i o n of 1H,2H-hexafluorocyclopentene using the 

c a t a l y s t system WC1_/Na o0 o/Et oAlCl 
b ct & z 

3.4i P o l y m e r i s a t i o n of cyclopentene u s i n g the c a t a l y s t system 

W C l 6 / N a 2 0 2 / E t 2 A l C l 

3.4j Attempted po l y m e r i s a t i o n of 111,211-hexafluorocyclopentene using the 

c a t l y s t system W C l g / N a ^ / E t g A l C l at -20° and -60° 
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3.4k Attempted copolymers sa t:i on of 111,211-hexafluorocyclopentene and 

cyclopentene using the c a t a l y s t system WC1 /Na 0 / ( i - b u t y l ) A l 

were i d e n t i c a l to those used i n the s u c c e s s f u l p o l y m e r i s a t i o n of c y c l o ­

pentene d e s c r i b e d p r e v i o u s l y (3.4d). A summary of the d e t a i l s of the 

i n d i v i d u a l experiments are given i n Table 3.4. 

A l l the p o l y m e r i s a t i o n experiments were c a r r i e d out under an atmosphere 

of dry nitrogen. The toluene, cyclopentene and tungsten h e x a c h l o r i d e were 

p u r i f i e d as d e s c r i b e d (3.4d). The lH,2H-hexafluorocyclopentene was 

p u r i f i e d using p r e p a r a t i v e g . l . c . (Column B, 70°) and d r i e d by vacuum 

t r a n s f e r from P„0 r. Before use a l l l i q u i d s were degassed u s i n g the f r e e z e -

thaw procedure. The order of a d d i t i o n of the v a r i o u s components to the 

p o l y m e r i s a t i o n r e a c t i o n s were, s o l v e n t , c y c l o a l k e n e , pre-mixed WCl_/Na„0 

s o l u t i o n and f i n a l l y the organo-aluminium compound. A l l the r e a c t i o n s 

were quenched by the a d d i t i o n of a s m a l l quantity of methanol and any 

polymer produced was p r e c i p i t a t e d by the a d d i t i o n of a f i v e - f o l d e x c e s s of 

methanol. 
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CHAPTER 4 

SYNTHESES AND ATTEMPTED SYNTHESES OF PARTIALLY 

FLUORINATED MONOCYCLOALKENES AND BICYCLQALKENES 



- 82 -

4.1 I n t r o d u c t i o n 

A f t e r the f a i l u r e of the attempt to a f f e c t the ring-opening 

p o l y m e r i s a t i o n of lH,2H-hexafluorocyclopentene the course of the r e s e a r c h 

work was d i r e c t e d towards the s y n t h e s i s of f l u o r i n a t e d monomers i n which 

the f l u o r i n e atoms were f u r t h e r removed from the carbon-carbon double bond 

than i n III,2H-hexafluorocyclopentene. Mono- and b i - c y c l i c compounds were 

considered and t h i s chapter d e s c r i b e s both the work d i r e c t e d towards t h e i r 

s y n t h e s i s and the c h a r a c t e r i s a t i o n of the compounds a c t u a l l y obtained. 

4.2 Attempted s y n t h e s i s of 4,4-difluorocyclopentene 

4,4-Difluorocyclopentene (8 5 ) has the f l u o r i n e atoms as f a r away as 

p o s s i b l e , i n a five-membered r i n g , from the carbon-carbon double bond and 

was t h e r e f o r e a primary o b j e c t i v e . T h i s s e c t i o n d e s c r i b e s some p o s s i b l e 

s y n t h e t i c r o u t e s to t h i s s u b s t i t u t e d cyclopentene, u n f o r t u n a t e l y f o r one 

reason or another none of these r o u t e s were s u c c e s s f u l . However, they 

h i g h l i g h t some of the d i f f i c u l t i e s which can be encountered i n s y n t h e t i c 

o r g a n i c chemistry even when the attempted s y n t h e s i s i n v o l v e s only a small 

e x t r a p o l a t i o n from apparently w e l l e s t a b l i s h e d chemistry. 

4.2a Reaction of p e r f l u o r o c y c l o p e n t e n e w i t h l i t h i u m aluminium hydride 

The r e a c t i o n s of f l u o r o c y c l o a l k e n e s w i t h l i t h i u m aluminium hydride ha 
159 r e c e i v e d c o n s i d e r a b l e a t t e n t i o n and have been e x t e n s i v e l y reviewed. 

II 

II 
H, 2 

(85) 
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V i n y l and a l l y l i c f l u o r i n e s may be r e p l a c e d by hydrogen whereas f l u o r i n e 

atoms on s a t u r a t e d n o n - a l l y l i c carbons are i n general i n e r t to a t t a c k . 

At f i r s t s i g h t i t may be thought t h a t an extension of the r e a c t i o n used to 

ob t a i n lH,2H-hexafluorocyclopentene, i . e . the l i t h i u m aluminium hydride 

r e d u c t i o n of the r e a d i l y a c c e s s i b l e perfluorocyclopentene, might y i e l d the 

r e q u i r e d product; however, i n p r a c t i c e e x h a u s t i v e r e a c t i o n of p e r f l u o r o -

cyclopentene with l i t h i u m aluminium hydride g i v e s a complex mixture as shown 

2 0 
In l-'iguro 4.1, tin L no 4 ,4-<l i I' I unrocycJ nnenl.ciK The outcome of the 

o L i A l I I 

H H H H E t _ 0 

H 
H H H H H 

H H H H H H H 

( A l l unmarked bonds attached to f l u o r i n e atoms) 

F i g u r e 4.1 

1'rotIucta of J.i_tM mn a 1 until1:i_uin hydride reduction of pt?rfluorocyclopentone 

r e a c t i o n can be r a t i o n a l i s e d i n terms of a d d i t i o n - e l i m i n a t i o n process with 

hydride as the n u c l e o p h i l e , the r e a c t i o n stopping when the number of a l l y l i c 

and v i n y l i c f l u o r i n e s i s i n s u f f i c i e n t to a c t i v a t e the double bond to f u r t h e r 

a t t a c k . 

4.2b Preparation of 4,4-dichlorocyclopentene 

The s y n t h e s i s of f l u o r i n a t e d compounds has been achieved by a v a r i e t y 

of techniques, such as; r e a c t i o n of an organic compound with hydrogen 
160 161 162 f l u o r i d e ; or elemental f l u o r i n e ; or metal f l u o r i d e s , the l a t t e r 

being the most important p r a c t i c a l procedure. Antimony f l u o r i d e s are a l s o 
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163 widely used i n exchange f l u o r i n a t i o n of c h l o r i n a t e d organic compounds. 
A very e f f e c t i v e f l u o r i n a t i n g agent of t h i s type i s a mixture of antimony t i 
f l u o r i d e with a c a t a l y t i c amount of e i t h e r antimony p e n t a f l u o r i d e or the 
mixed h a l i d e SbCl^F^; f o r example, perchlorocyclopenten.e (86) can be 
converted i n t o 1,2-dichloro-hexafluorocyclopentene (87) i n 72% y i e l d u sing 

S b P 3 / S h C l a F 3 

164 

(86) 

SbF /SbCl F 

(87) 

( A l l unmarked bonds attached to f l u o r i n e atoms) 

A p o s s i b l e route f o r the s y n t h e s i s of 4,4-difluorocyclopentene i s the 

exchange f l u o r i n a t i o n of 4,4-dichlorocyclopentene (88)., which can be 

prepared as shown i n Figure 4.2. T h i s route was i n v e s t i g a t e d and 1,1-

CH2=CH-CH=C1I2 + CHC1 + K DuO ^ CH 2=CII-CH^H 2 

C 
CI 

2 
(89) 

p y r o l y s i s 

(88) 

F i g u r e 4.2 
S y n t h e s i s of 4,4-dichlorocyclopentene 

d i c h l o r o - 2 - v i n y l c y c l o p r o p a n e (89) was prepared by the r e a c t i o n of 1,3-
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1.65 

butadiene, chloroform and potassium t-butoxide. The r e a c t i o n of 

potassium t-butoxide on chloroform generates d i c h l o r o c a r b e n e which r e a c t s 

w i t h 1,3-butadiene to form ( 8 9 ) , the product was c h a r a c t e r i s e d by i . r . 

spectroscopy (Appendix C ( I I ) ) , mass spectroscopy (Appendix fl(I)) which 

e s t a b l i s h e s the molecular formula as C_H„C1 0 with the parent ion M (m/e 

136), the (M+4 ) and (M+2) peaks being 12% and 64% of the parent ion as 

re q u i r e d f o r a dichloro-compound. The thermal rearrangement of ( 8 9 ) 

produces 4,4-dichlorocyclopentene ( 8 8 ) . 

The p y r o l y s i s was c a r r i e d out i n a dry nitrogen atmosphere to avoid 

s i d e r e a c t i o n s . A c c o r i n g to the l i t e r a t u r e the temperature of the r e a c t i o n 
165 o i s c r i t i c a l , a t temperatures lower than 250 i s o m e r i s a t i o n w i l l not occur 

i n s i g n i f i c a n t amounts, a t temperatures higher than 250° p o l y m e r i s a t i o n of 

(89) becomes i n c r e a s i n g l y e v i d e n t and at temperatures g r e a t e r than 300° (88) 

begins to dehy d r o c h l o r i n a t e . In p r a c t i c e the optimum c o n d i t i o n s f o r p y r o l y s i s 

were obtained a f t e r numerous t r i a l runs. A p y r o l y s i s temperature of 350° 
3, 

and a nitrogen flow r a t e of 70cm /min were found to produce the best r e s u l t s 

w ith the apparatus used i n t h i s work. A n a l y t i c a l g . l . c . i n d i c a t e d t h a t the 

y i e l d of (88) was 70%; the m a t e r i a l recovery was i n the region of 90%. 

E a r l i e r workers separated the isomers by small s c a l e p r e p a r a t i v e g . l . c . 

u sing an Aerograph Model A350B which had a dual column w i t h a packing 

comprised of 80% Chromosorb and 20% Carbowax 4000, terminated i n t e r e p h t h a l i c 
a c i d and a programmed temperature, ranging from 50° to 180° i n c r e a s i n g a t a 

o. 165 

r a t e of 6 /minute; such equipment was not a v a i l a b l e to the author. 

However, the a n a l y t i c a l g . l . c . t r a c e (Column A, 150°) of the isomer mixture 

i n d i c a t e d that the s e p a r a t i o n of the i n d i v i d u a l components was q u i t e good on 

a v a i l a b l e s t a t i o n a r y phases, t h e r e f o r e s e p a r a t i o n of the isomers was 

attempted using a "home-made" l a r g e s c a l e p r e p a r a t i v e gaschromatograph 

(Column B, 98°) which had an i n j e c t i o n c a p a c i t y of approximately 40g. 

Unfo r t u n a t e l y , the m a t e r i a l recovery from t h i s attempt was only 20%, a f a c t 
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u t t v i I H I t o ( J Lo docoinpos 1 U on ul' (.ho isomer m:ixluro on tin; hot n i c k e l shot 

(150°) used i n the pre-heater s e c t i o n of the column to ensure r a p i d 

v a p o u r i s a t i o n of the i n j e c t e d m a t e r i a l . Although the pre-heater temperature 

was w e l l below the p o l y m e r i s a t i o n temperature of (89) and the dehydro-

c h l o r i n a t i o n temperature of ( 8 8 ) , the hot metal s u r f a c e may have acted as a 

c a t a l y s t f o r e i t h e r or both r e a c t i o n s . 

The b o i l i n g p o i n t s of the two isomers a r e very s i m i l a r , (89) 125° at 
o 

748mm Hg and (88) 123 at 760mm Hg. Sep a r a t i o n using a F i s c h e r S p a l t r o h r -

system c o n c e n t r i c tube f r a c t i o n a t i n g column (HMS500, 75 t h e o r e t i c a l p l a t e s ) was 

attempted, but the isomers c o - d i s t i l l e d . T h i s was p a r t i c u l a r l y s u r p r i s i n g 

and d i s a p p o i n t i n g i n view of a re c e n t r e p o r t that s e p a r a t i o n could be 
158 

accomplished by vacuum d i s t i l l a t i o n . 

A small q u a n t i t y of (88) was obtained pure by p r e p a r a t i v e g . l . c . 

(Column C, 150°) and was c h a r a c t e r i s e d by mass spectroscopy (Appendix B ( I I ) ; 

parent peak M (m/e 136) and the expected (M+4) and (M+2) peak i n t e n s i t i e s 

f o r a dichloro-compound), i . r . (Appendix C ( I I I ) ) and ̂"H n.m.r. spectroscopy, 

Table 4.1. 

The exchange f l u o r i n a t i o n of (88) u s i n g SbF„/SbF_ was not attempted, 
o o 

because of the d i f f i c u l t y i n ob t a i n i n g a l a r g e quantity of pure ( 8 8 ) . 

A l t e r n a t i v e r o u t e s to (85) were t h e r e f o r e examined. 
4.2c S y n t h e s i s and attempted f l u o r i n a t i o n of cyclopent-3-en-l-one 

The s e l e c t i v e replacement of oxygen atoms by f l u o r i n e i n many types of 
166 

organic compounds has been accomplished w i t h sulphur t e t r a f l u o r i d e and 
167 

more r e c e n t l y w i t h a mixture of molybdenum h e x a f l u o r i d e and boron t r i f l u o r i d e . 

Of p a r t i c u l a r r e l e v a n c e to t h i s work i s the conversion of carbonyl to d i f l u o r o -

raethylene, by e i t h e r of these reagents, s i n c e t h i s provided a p o s s i b l e 

s y n t h e t i c route to (85) from cyclopent-3-en-l-one ( 9 0 ) . 
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= 0 
SF or 

1 , 
MoF /BF ' 

o J 

( 9 0 ) ( 8 5 ) 

Dashkevich reported the p r e p a r a t i o n of ( 9 0 ) by the p y r o l y s i s of 
168 169 calcium adipate, but Murdock e t a l were unable to repeat the work. 

A more s u c c e s s f u l s y n t h e s i s i n v o l v e s the selenium d i o x i d e o x i d a t i o n of 

d i c y c l o p e n t a d i e n e ( 9 1 ) to t r i c y c l o [3.2.1,0 2'^]deca-3,8-dien-5-ol ( 9 2 ) , 1 7 0 

followed by the p y r o l y s i s of the a l c o h o l a t 140° to g i v e a mixture of 

cyclopent-2-en-l-one ( 9 3 ) and ( 9 0 ) which can be separated by f r a c t i o n a l 
171 

d i s t i l l a t i o n . 

SeO„ 
= 0 + 

( 9 1 ) ( 9 2 ) ( 9 0 ) 

T s u c h i h a s h i e t a l have reported the s y n t h e s i s of ( 9 0 ) u s i n g the s y n t h e t i c 
172 

route o u t l i n e d i n F i g u r e 4.3. The quoted y i e l d of ( 9 0 ) was 53%, which 

i s twice t h a t quoted f o r the selenium d i o x i d e o x i d a t i o n / p y r o l y s i s route; 

however, on the b a s i s of s t a r t i n g m a t e r i a l c o s t s i t i s almost ten times 

cheaper to prepare ( 9 0 ) from d i c y c l o p e n t a d i e n e . 

CH 

SOCH, 

SCH 3 

OCH 

+ nBuLi 

SCH, 

THF. 
'SOCH. 

L i + C\i 

\ 
C 4 H 1 0 

SCH, 

r T ^ \ / S 0 C H 3 4M H 2S0 4 

SCH. 

F i g u r e 4.3 
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The high t o x i c i t y of sulphur t o t r H f l u o r i d e f i n d the ease with w h i c h i t 

hydrolyses to g i v e hydrogen f l u o r i d e on co n t a c t w i t h moisture make e x t r e m e 

c a r e a p r e r e q u i s i t e when working with t h i s m a t e r i a l , and s i n c e i t i s a gas, 

r e a c t i o n s a t e l e v a t e d temperatures r e q u i r e s t a i n l e s s s t e e l a u t o c l a v e s . On 

the other hand, although i t r e a c t s w i t h moisture, r e a c t i o n s w i t h molybdenum 

h e x a f l u o r i d e may be conven i e n t l y c a r r i e d out i n dry glassware; consequently 

the l a t t e r reagent c a t a l y s e d by BF^, was the p r e f e r r e d f l u o r i n a t i n g agent. 

The f l u o r i n a t i o n of cyclopentanone (94) using MoF /BF i n carbon 
o J 

t e t r a c h l o r i d e was attempted as a model r e a c t i o n , g i v i n g d i f l u o r o c y c l o p e n t a n e 

(95) i n 48% y i e l d , a f t e r p u r i f i c a t i o n by p r e p a r a t i v e g . l . c , the product was 

f u l l y c h a r a c t e r i s e d by mass spectroscopy (Appendix B ( I I I ) ) w ith a parent peak 

(94) (95) 

M (m/e 106), i . r . (Appendix C ( I V ) ) , and H n.m.r. and F n.m.r. spectroscopy 

( s e e Table 4.1). 

The s y n t h e s i s and s e p a r a t i o n of (90) and (93) was accomplished without 

d i f f i c u l t y , both m a t e r i a l s were c h a r a c t e r i s e d by i . r . (Appendix C ( V I ) and 

( V I I ) ) and 1H n.m.r. spectroscopy (Table 4.1), which were i d e n t i c a l with 

r e f e r e n c e s p e c t r a . 

The product from the r e a c t i o n of (90) with MoF_/BF_ was analysed by 
b o 

g . l . c . and found to c o n t a i n two major components (estimated as an approximately 

50 : 50 m i x t u r e ) , one of which was i d e n t i f i e d by g . l . c . enrichment 

experiments as (93 ) the isomer of the s t a r t i n g m a t e r i a l , the other was 

assigned s t r u c t u r e ( 9 6 ) , 5-fluorocyclopent-2-en-l-one by comparison of the 
1 19 
H n.m.r., F n.m.r. (Table 4.1) and i . r . (Appendix C ( V I I I ) ) s p e c t r a of the 
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mixture w i t h those a v a i l a b l e f o r pure cyclopent-2-en-l-one (93) and 5 - f l u o r o -
173 

4,4-dimethylcyclopent-2-en-l-one ( 9 7 ) . S e p a r a t i o n of the mixture was 

H CH 
H CH 
H H 

(96) (97) 

attempted by f r a c t i o n a l d i s t i l l a t i o n , but the m a t e r i a l decomposed exo-

t h e r m i c a l l y i n the d i s t i l l a t i o n apparatus l i b e r a t i n g hydrogen f l u o r i d e . 

The 1H n.m.r. spectrum, Table ( 4 . 1 ) , of the mixture was extremely complex, 

however, by s u b t r a c t i n g those bands due to cyclopent-2-en-l-orie the bands 

f o r (96) could be i d e n t i f i e d . The spectrum obtained showed two v i n y l i c 

protons with chemical s h i f t s and s p l i t t i n g p a t t e r n s almost i d e n t i c a l to those 

f o r the v i n y l i c protons i n (93) and ( 9 7 ) ; one t e r t i a r y proton, s p l i t i n t o 

a double (J^Q - 51.5Hz), t h i s coupling constant was i d e n t i c a l to the 

coupling constant f o r the t e r t i a r y proton i n (97) and the l a r g e coupling was 
19 

observed i n the F n.m.r. spectrum f o r the t e r t i a r y f l u o r i n e ( 6 = 192.5ppm); 

and two methylene protons which had i d e n t i c a l chemical s h i f t s to the methylene 

protons i n ( 9 3 ) . The i . r . spectrum of the mixture showed a very broad band 

c h a r a c t e r i s t i c of ̂ C=0 s t r e t c h i n the region 17101650cm 1 the broadness 

could not be accounted f o r by the ̂ C=0 s t r e t c h of (93) alone, however, the 

p o s i t i o n of the absorptions d e f i n i t e l y excludes a non-conjugated cyclopentenone 

as an acc e p t a b l e s t r u c t u r e f o r ( 9 6 ) . T h i s admittedly l i m i t e d data a l l o w s the 

second component to be p r o v i s i o n a l l y assigned as s t r u c t u r e ( 9 6 ) ; the only 

p l a u s i b l e a l t e r n a t i v e , 4-fluorocyclopent-2-en-l-one, was di s r e g a r d e d , s i n c e 

an a l l y l i c f l u o r i n e s u b s t i t u e n t would be expected to have a more marked 

e f f e c t on the observed v i n y l i c proton s h i f t s . 
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Tn l i l o -1.1 

S p e c t r o s c o p i c d a t a on s u b s L i l u t i n l c y c l o p e n t i i u e mill c y c l open I u n e s 

Compound 

( 9 5 ) 

= 0 

( 9 0 ) 

H 11 

( 9 6 ) 

H n.m.r. 

5.50 

( 2 ) 

6.12 

( 2 ) 

6.10 

( 1 ) 

6.00 

( 1 ) 

6.27 

( 1 ) 

7.66 

( 1 ) 

7.50 

( 1 ) 

7.61 

( 1 ) 

3.03 

( 4 ) 

2.80 

( 4 ) 

2.62 

( 2 ) 

2.62 

( 1 ) 

2.20 

( 2 ) 

2.20 

( 1 ) 

4.54 

( 1 ) 

5.73 

( 1 ) 

19 
V n. in. r . 

94.0 

2 0 5 . 9 

J F I l c = 5 1 . 5 . . z 

192.5 " 

J.„, "51.511/. Fi l e 

I .R. cm 

C=0 

1755 

1702 

1735 

1700 

C=C 

1625 

1608 

1536 

1 5 8 0 

H e f e r e n c o 

165,174 

171 

171,175 

1 7 3 

C h e m i c a l s h i f t s a r o g i v e n i n ppm r e l a t i v e t o Mo^Si a s c - x l o r n n l r e f e r e n c e . I n t e g r a t e d 
I n t e n s i t i e s n o g i v e n i n p a r e n I . I I O K R . 1 ; . 

b 
T h i s c h e m i c a l s h i f t was r e p o r t e d .in ppm r e J a t i v e t o C_F_ a s o x t e r n u l r e f e r e n c e and f o r 
, h 0 
c o m p a r i s o n p u r p o s e s was c o n v e r t e d to t h e . s c a l e i i s i n i ; t h o r e l a t i o n * ^ h , + 1G 

i C P L l j ) ( L F C l y ) " • g ' " ( j ' 
° C h n r a i c a ) s h i f t i r . g i v e n i n ppm r e l a t i v e t o C I - T l g a s o s l c r n a l r e f e r e n c e . 

d 1 ] 9 
D a t a w;i9 o u t a i ni."il from i . r . , I I n.in.r. mid V n.m.r. " j i c c t r n o f m i x t u r e . 
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4.3 S y n t h e s i s of p a r t i a l l y I l u o r i n a t e d b i c y c l o a l k e n e s 

4.3a The D i e l s - A l d e r r e a c t i o n 

The D i e l s - A l d e r r e a c t i o n , which i n v o l v e s the 1,4-addition of a conjugated 

diene (9 8 ) and a d i e n o p h i l e ( 9 9 ) , i s a very u s e f u l s y n t h e t i c method f o r the 

p r e p a r a t i o n of six-membered r i n g s (100), because of the almost u n l i m i t e d 

p o s s i b i l i t i e s f o r v a r i a t i o n of both diene and d i e n o p h i l e . One r e s t r i c t i o n 

e 
I 
c 

I 

(98) (99) (100) 

i s t h a t the diene must be conjugated w i t h the double bonds c i s - o r i e n t a t e d 

at the time of r e a c t i o n , but the d i e n o p h i l e can be p r a c t i c a l l y any unsaturated 

compound. 

The D i e l s - A l d e r r e a c t i o n may be d i v i d e d i n t o two extreme r e a c t i o n types, 

f i r s t l y the normal D i e l s - A l d e r r e a c t i o n i n which dienes are a c t i v a t e d by 

e l e c t r o n donating s u b s t i t u e n t s , f o r example, -NMe2, -OMe, ~CH^ and 

d i e n o p h i l e s are a c t i v a t e d by e l e c t r o n withdrawing s u b s t i t u e n t s , f o r example 
176 

-CN, -COOMe, -CHO, -NOg and secondly the D i e l s - A l d e r r e a c t i o n w i t h I n v e r s e 

E l e c t r o n Demand, i n which the diene i s a c t i v a t e d by electron-withdrawing 
177 

s u b s t i t u e n t s and the d i e n o p h i l e by e l e c t r o n - d o n a t i n g s u b s t i t u e n t s . 

I f both components i n the D i e l s - A l d e r r e a c t i o n are e i t h e r ' e l e c t r o n - r i c h ' 

or 'electron-poor' the r e a c t i o n i s g e n e r a l l y s l u g g i s h or does not occur; 

the g r e a t e r the d i f f e r e n c e i n c h a r a c t e r the f a s t e r the r e a c t i o n proceeds. 

The s t e r e o c h e m i c a l outcome of the D i e l s - A l d e r r e a c t i o n was i n i t i a l l y 
178 

formulated by A l d e r and S t e i n i n t h e i r ' c i s - p r i n c i p l e ' , which s t a t e s 

t h a t "the c o n f i g u r e t i o n a l r e l a t i o n s h i p s of the d i e n o p h i l e and diene are 

r e t a i n e d i n the adduct". T h i s f a c t i s now recognised to be a consequence 
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of the concerted nature of the c y c l o a d d i t i o n . Hence the p r i n c i p l e s of 

o r b i t a l symmetry c o n s e r v a t i o n elaborated by Woodward and Hoffmann may be 

ap p l i e d , i n which the D i e l s - A l d e r r e a c t i o n i s c l a s s i f i e d as a ( T T 2 + TI4 ) 
s s 

94 

c y c l o a d d i t i o n r e a c t i o n and i s thermally allowed. 

F l u o r i n a t e d dienes are i n general l e s s a c t i v e i n the D i e l s - A l d e r 

r e a c t i o n than t h e i r hydrocarbon e q u i v a l e n t whereas f l u o r i n a t e d d i e n o p h i l e s 

are g e n e r a l l y more r e a c t i v e than t h e i r hydrocarbon e q u i v a l e n t s . The D i e l s -
179 

Alder r e a c t i o n s of f l u o r i n a t e d compounds have been reviewed. 
4.3b S y n t h e s i s of 1,4,5,5,6,6-hexafluorobicyclo[2.2.2]oct-2-ene 

Ofstead and Calderon have reported the ring-opening p o l y m e r i s a t i o n of 
63 

b i c y c l o [ 2 . 2 . 2 ] o c t - 2 - e n e ( 1 0 1 ) , to g i v e p o l y d , 4 - c y c l o h e x y l e n e v i n y l e n e ) 

(102 ) . T h i s i s the only example of a bicyclo[2.2.2")oct-2-ene r i n g system to 

undergo such a r e a c t i o n . P o l y m e r i s a t i o n of t h i s monomer i s e n e r g e t i c a l l y 
H H 

H H 
H 

< >-
H 

-•CH=C n H H n 
H 

H 
(101) (102) 

favo u r a b l e , s i n c e i t removes the unfavourable e c l i p s i n g which occurs between 

four a d j a c e n t p a i r s of hydrogen atoms i n the monomer and r i n g s t r a i n i s 

r e l e a s e d i n going from the monomer to the polymer, because the monomer 

posse s s e s two six-membered unsaturated r i n g s c o n s t r a i n e d i n the boat 

conformation, whereas i n the l i n e a r polymer the cyclohexane r i n g i s f r e e to 

assume the l e s s s t r a i n e d and more favourable c h a i r conformation. 

As reported e a r l i e r ( T a b l e 3.3), the r r - i o n i s a t i o n p o t e n t i a l of 

l,4,5,5,6,6-hexafluorobicyclo[2.2.2]oct-2-ene (103) i s 10.50eV, t h i s i s 
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midway between the v a l u e s f o r cyclopentene O.OeV) and lH,2H-hexafluoro-

cyclopentene ( 9 ) ( l 2 . 0 5 e V ) . Therefore (103) might be expected to 

coordinate more s t r o n g l y to the t r a n s i t i o n metal complex than ( 9 ) and from 

the d i s c u s s i o n above the b i c y c l o [ 2 . 2 . 2 ] o c t - 2 - e n e system i s a l s o s u s c e p t i b l e 

to ring-opening p o l y m e r i s a t i o n . For these reasons the s y n t h e s i s of pure 

(103) was undertaken. 

1 S y n t h e s i s of 1,4,5,5,6,6-hexafluorobicyclo[2.2.2 ]oct-2-ene from 

perfluorocyclohexa-1,3-diene 

Perfluorocyclohexa-1,3-diene (104) was chosen as the s t a r t i n g m a t e r i a l 

f o r the s y n t h e s i s of ( 1 0 3 ) , because i t was r e l a t i v e l y r e a d i l y a v a i l a b l e , 
180 

being prepared by a w e l l e s t a b l i s h e d method. I t i s s t a b l e with r e s p e c t 

to d i m e r i s a t i o n up to 250°, hence the y i e l d s of D i e l s - A l d e r adducts with 

moderately r e a c t i v e d i e n o p h i l e s a r e not reduced by the formation of the 

diene-dimer. I t i s a t y p i c a l e lectron-poor diene, g i v i n g high y i e l d s of 

adducts w i t h e l e c t r o n - r i c h d i e n o p h i l e s , f o r example, CH2=CHOCH3, CH2=CHPh 

and CH 2=CH 2. 
181 

The s y n t h e t i c route shown i n Fi g u r e 4.4 was used; (104) was r e a c t e d 8 H H H L i A l H H CH.=CH H 

H H H H 
E t _ 0 

(104) (105) (106) (103) 

( A l l unmarked bonds attached to f l u o r i n e atoms) 

Fi g u r e 4.4. 

o 

with e t h y l e n e a t 200 i n a s e a l e d tube g i v i n g the D i e l s - A l d e r adduct 

l , 2 , 3 , 4 , 5 , 5 , 6 , 6 - o c t a f l u o r o b i c y c l o [ 2 . 2 . 2 ] o c t - 2 - e n e (105) i n good y i e l d . 
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Proof that 1,4-addition of ethylene to the diene (104) had occurred and 
182 

not 1,2-addition has been provided by F e a s t and Weston who showed that 
19 

the F n.m.r. spectrum of (105) possessed only s i n g l e resonances i n the 

bridgehead and v i n y l i c regions which i s c o n s i s t e n t only w i t h the 1,4-addition 

product. 

The n u c l e o p h i l i c replacement of v i n y l i c f l u o r i n e atoms by hydride ions 
o 

using an e t h e r e a l s o l u t i o n of excess l i t h i u m aluminium hydride a t 0 gave a 

mixture of products (106) and ( 1 0 3 ) . The l a r g e s c a l e s e p a r a t i o n of these 

products was found to be very d i f f i c u l t and t h e r e f o r e an a l t e r n a t i v e route 

to (103) was examined. 

2 S y n t h e s i s of 1 , 4 , 5 > 5 1 6 > 6 - h e x a f l u o r o b i c y c l o r 2 . 2 . 2 ] o c t - 2 - e n e from 

2H,3H-hexafluorocyclohexa-1,3-diene 

One of the products from the l i t h i u m aluminium hydride r e d u c t i o n of 

perfluorocyclohexene i s lH,6H,6H-heptafluorocyclohexene ( 1 0 7 ) ; l i m i t e d 

q u a n t i t i e s of (107) were a v a i l a b l e and the two stage s y n t h e s i s of (103) 

o u t l i n e d below was undertaken. 
H 

H o 0 H H molten 
KOH H 

(107) (108) (109) 

H CH =CH 

H 

(103) 

( A l l unmarked bonds attached to f l u o r i n e atoms) 



The d e h y d r o f l u o r i n a t i o n of lH,6H,6H-heptafluorocyclohexene (107) 

using molten potassium hydroxide produced a mixture of 2H,3H-hexafluoro-
181 cyclohexa-1,3-diene (109) and lH,2H-hexafluorocyclohexa-1,3-diene ( 1 0 8 ) . 

These were e a s i l y separated i n l a r g e q u a n t i t i e s (up to 4 0 g / i n j e c t i o n ) using 

the 'home-made' p r e p a r a t i v e gaschromatograph. The i . r . s p e c t r a of pure 

(108) and (109) (Appendix C(X) and ( X I ) r e s p e c t i v e l y ) were i d e n t i c a l w i t h 

r e f e r e n c e s p e c t r a . 

211,3H-Hexafluorocyclohexa-1,3-diene (109) i s a v o l a t i l e l i q u i d which 

i s s t a b l e i n d e f i n i t e l y when s t o r e d i n the dark at room temperature. I t s 

r e a c t i v i t y i s s i m i l a r to ( 1 0 4 ) , a c t i n g as an electron-poor diene; w i t h 

ethylene a t 200° y i e l d s g r e a t e r than 90% of the r e q u i r e d D i e l s - A l d e r 

adduct (103) were a t t a i n e d . The absence of a strong absorption i n the i . r . 

spectrum of (103) (Appendix C ( X I I ) ) due to -CH=CF- r e a d i l y d i s c o u n t s the 

presence of any 1,2-addition product. I t s i . r . spectrum was i d e n t i c a l w i t h 
181 

a r e f e r e n c e spectrum. 

Although t h i s s y n t h e t i c route d i d provide the r e q u i r e d m a t e r i a l (103) 

pure, the l i m i t e d a v a i l a b i l i t y of the s t a r t i n g m a t e r i a l (107) was a handicap 

f o r the p r e p a r a t i o n of the monomer (103) which would be r e q u i r e d i n 

reasonable q u a n t i t i e s f o r e x t e n s i v e p o l y m e r i s a t i o n s t u d i e s . 

S i n c e none of the syntheses examined so f a r provided reasonable 

q u a n t i t i e s of pure monomer without c o n s i d e r a b l e labour, a l t e r n a t i v e p a r t i a l l y 

f l u o r i n a t e d b i c y c l o a l k e n e systems were i n v e s t i g a t e d ; namely p a r t i a l l y 

f l u o r i n a t e d b i c y c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e s and b i c y c l o [2.2.1 ~|hepta-2 ,5-dienes. 

4.3c S y n t h e s i s of p a r t i a l l y f l u o r i n a t e d b i c y c l o [2.2.1]hept-2-enes and 

b i c y c l o [2.2.1lhepta-2,5-dienes 

As d i s c u s s e d i n Chapter (1.2) and as w i l l be d i s c u s s e d i n more d e t a i l 

i n Chapter (5.1) the ring-opening p o l y m e r i s a t i o n of s u b s t i t u t e d b i c y c l o [ 2 . 2 . l ] -

hept-2-enes and b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e s has been e x t e n s i v e l y s t u d i e d , 
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where the s u b s t i t u e n t s have been p o l a r groups or atoms i n c l u d i n g , n i t r i l e , 

e s t e r , e t h e r , imide, c h l o r i n e , bromine, a c i d anhydride and amine, but not 

f l u o r i n e . T h i s s e c t i o n d e s c r i b e s the s y n t h e s i s and c h a r a c t e r i s a t i o n of 

a number of p a r t i a l l y f l u o r i n a t e d b i c y c l o [ 2 . 2 . 1 ] hept-2-enes and b i c y c l o -

[2.2.1]hepta-2,5-dienes. 

These compounds are u s u a l l y prepared i n reasonable y i e l d s by the 

D l e l s - A l d e r r e a c t i o n between cyclopentadiene and the appropriate f l u o r i n a t e d 

alkene or alkyne. T h i s method provides a wide range of p o s s i b l e monomers 
179 

and the work has been reviewed by P e r r y . The c h o i c e of adducts to prepare 

was made on the grounds of: 

( i ) a v a i l a b i l i t y and c o s t of the f l u o r i n a t e d d i e n o p h i l e , 

( i i ) the recorded y i e l d of the adduct. 

The f l u o r i n a t e d d i e n o p h i l e s were purchased w i t h the exception of 3,3,3-

t r i f l u o r o p r o p y n e which was prepared by a w e l l e s t a b l i s h e d s y n t h e t i c method, 

namely the r e a c t i o n of 3 , 3 , 3 - t r i f l u o r o - l , 1 , 2 - t r i c h l o r o p r o p e n e w i t h a mixture 
183 

of z i n c metal and z i n c d i c h l o r i d e i n N,N-dimethylacetamide, F i g u r e 4.5. 

Z n ' Z n C 1 2 CF C=CH 
CF„CC1=CC1 0 X T X T ^• H 1 » » L F 3 L ~ L H 

3 2 N,N-dimethylacetamide 

Fi g u r e 4.5 

The 3,3,3-trifluoropropyne was c h a r a c t e r i s e d by mass spectroscopy 

(Appendix B ( I V ) ) showing a parent peak M (m/e 94 ( 1 0 0 % ) ) with the l o s s of 

a f l u o r i n e from the parent ion g i v i n g a strong peak M-F (m/e 73 ( 6 3 % ) ) . 

I t s i . r . spectrum (Appendix C ( X I I I ) ) showed the c h a r a c t e r i s t i c 3-C-H s t r e t c h , 

- C S C - s t r e t c h and -C-F s t r e t c h e s a t 3320cm" 1, 2150cm 1 and 1250-1150cm 1 

r e s p e c t i v e l y . 
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In (general c y o l o p e n t a d i o m s , I'ruHhly proparod hy thu thermal criickiriK of 
184 

i t s dimer, was s e a l e d i n vacuo i n a Pyrex ampoule with the a p p r o p r i a t e 

f l u o r i n a t e d d i e n o p h i l e and heated at the r e q u i r e d temperature f o r the 

r e q u i r e d time. The adducts ( I ) - ( V I ) which were s y n t h e s i s e d , the r e a c t i o n 

temperatures, d u r a t i o n of the experiments and y i e l d s of the adducts a f t e r 

p u r i f i c a t i o n are summarised i n Table ( 4 . 2 ) . A l l the adducts prepared, except 

Table 4.2 

P r e p a r a t i o n of p a r t i a l l y f l u 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 b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e s 

1 

Adduct Dienophile 
Duration of 
Experiment 

Hours 

Reaction 
Temperature 

°C 
Y i e l d 3 

% 
Reference 

I CF CF=CF 72 160 85 185 

I I CF 3CF=CFCF 3 24 100 90 186 

I I I CF 3CH=CH 2 72 160 65 187 

IV CF C1C=CC1CF 3 72 160 35 180 

V CF CSCCF 24 100 90 186 

VI CFgCSCH 48 155 82 

Based upon i n i t i a l weight of cyclopentadiene 

( V I ) , have p r e v i o u s l y been reported i n the l i t e r a t u r e . 
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4.4 C h a r a c t e r i s a t i o n and ste r e o c h e m i s t r y of p a r t i a l l y f l u o r i n a t e d 

b i c y c l o [ 2 . 2 . lj hept-2-enes 

Each adduct was f u l l y c h a r a c t e r i s e d by a n a l y s i s and specl.roscopy. 

Elemental a n a l y s i s and mass spectroscopy (Appendix B ( V ) - ( V I I I ) ) confirmed 

the molecular formulae of the adducts ( I ) - ( I V ) , they a l l e x h i b i t e d a base 

peak a t m/e 66 (C,.Hg +) f presumably a r i s i n g from the r e t r o - D i e l s - A l d e r 

r e a c t i o n of the parent i o n , t h i s fragmentation mode i s c h a r a c t e r i s t i c of 
188 

b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e s . The i . r . s p e c t r a (Appendix C(XIV) - ( X V I I ) ) 

showed the c h a r a c t e r i s t i c , v i n y l i c C-H s t r e t c h (3080cm \ weak), -CH=CH-
-1 -1 s t r e t c h (1610-1631cm , weak) and C-F s t r e t c h e s (1390-lOOOcm , s t r o n g ) . 

19 1 

The F n.m.r. and H n.m.r. s p e c t r a were g e n e r a l l y more complex than 

would be expected f o r a s i n g l e component, however, they can be ex p l a i n e d 

by the f a c t that the i n d i v i d u a l adducts are produced as mixtures of geometric 

isomers. 

The D i e l s - A l d e r a d d i t i o n of an unsymmetrically s u b s t i t u t e d or a 

sym m e t r i c a l l y 1 , 2 - d i s u b s t i t u t e d a c y c l i c alkene to an u n s u b s t i t u t e d or a 

symm e t r i c a l l y s u b s t i t u t e d c y c l i c diene l e a d s to more than one geometric 

a l t e r n a t i v e , as i s i l l u s t r a t e d below f o r the r e a c t i o n of e t h y l a c r y l a t e and 

cyclopentadiene. I n t h i s case there a r e two products, the e n d o - ( l l l ) and 
189 

exo-(112) isomers and they are formed i n a r a t i o 76 : 24. C l e a r l y both 

it £0 CH 00C 3 H H 
« C H 

H H H 
COOCH 

COOCH H 

(110) (111) (112) 
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these isomers are dissymmetric and w i l l be formed as a racemic mixture of 

enantiomers, however, s i n c e no attempt to separate enantiomers has been 

undertaken t h i s aspect of adduct s t e r e o c h e m i s t r y w i l l be ignored i n the 

fo l l o w i n g d i s c u s s i o n . The adducts ( I ) - ( I V ) from the r e a c t i o n of c y c l o -

pentadiene with the appropriate f l u o r i n a t e d alkene are formed as i s o m e r i c 

mixtures, the r a t i o of the i n d i v i d u a l isomers present can be obtained 
19 

from an a n a l y s i s of the F n.m.r. s p e c t r a of the mixtures, Table ( 4 . 3 ) , as 

w i l l be explained below. 

5 , 5 , 6 - T r i f l u 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 . l ] h e p t - 2 - e n e ( I ) 

The product obtained from the r e a c t i o n of cyclopentadiene and hexa-
19 

fluoropropene gave two s e t s of s i g n a l s i n the F n.m.r. spectrum i n a r a t i o 

60 : 40, corresponding to the two p o s s i b l e geometric isomers ( l a ) and ( l b ) . 

The s t e r e o c h e m i c a l assignment of these adducts were made by Stone e t a l and 

depends on assignments made f o r analogous b i s ( c y c l o p e n t a d i e n y l ) m e r c u r y 

( l a ) ( l b ) 

compounds (113) and (114) prepared by them, 190 together with work reported 

Hg 

2b? 7 
Hg 

'CF, 

F 

3 

(113) F 
(114) 
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by Smart on the D i e l s - A l d e r adducts of t r i f l u o r o e t h y l e n e with c y c l o -
191 

pentadiene. Smart assigned the major isomer the s t r u c t u r e (115) on 
1 19 

the b a s i s of a d e t a i l e d a n a l y s i s of the H and F n.m.r. s p e c t r a of (115) 

and (116) a s s i s t e d by s e l e c t i v e decoupling experiments. 

(116) (115) 

For adduct (115) there was no coupling between the endo - f l u o r i n e atoms 

whereas i n adduct (116) the coupling between the e x o - f l u o r i n e atoms was 

12.5Hz. Stone used t h i s o b servation to a s s i g n the -CF group w i t h the 

lower f i e l d chemical s h i f t to the e x o - s t r u c t u r e ( l a ) , s i n c e none of the 

other f l u o r i n e s i g n a l s a s s o c i a t e d w i t h t h i s isomer showed coupling of the 

order of 12.5Hz, whereas f l u o r i n e s i g n a l s a s s o c i a t e d with the - C T ' 3 group w i t h 

the h i g h e r f i e l d chemical s h i f t showed coupling of 12.5Hz. T h i s allowed 

them to make the g e n e r a l i s a t i o n t h a t s i g n a l s due to 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 e x o - p o s i t i o n s occur a t lower f i e l d chemical s h i f t s 

than those due to the same u n i t s i n endo-positions, thus the assignment of 
19 

a l l the peaks i n the F n.m.r. spectrum of adduct ( I ) was p o s s i b l e (Table 

4.3); adduct ( l b ) being the major component ( 6 0 % ) . The s i g n a l s i n the *H 

n.m.r. spectrum of adduct ( I ) (Table 4.3) appear as broad unresolved bands. 

5 , 6 - D i f l u o r o - 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 . 1 ] h e p t - 2 - e n e ( I I ) 
19 

A n a l y s i s of the F n.m.r. spectrum of the adduct obtained from p e r f l u o r o -

but-2-ene and cyclopentadiene r e v e a l e d the presence of three isomers 

corresponding to ( I l a ) , ( l i b ) and ( l i e ) , t h i s was an expected consequence 
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of the f a c t that the perfluorobut-2-ene used was a mixture of c i s and t r a n s 

isomers. 

CF, 

V 
,F 
'C li­

m a ) ( l i b ) ( H e ) 

Using the g e n e r a l i s a t i o n f o r the chemical s h i f t s of exo- and endo-

f l u o r i n e atoms the composition of the adduct mixture was determined. I n 
19 

the F n.m.r. spectrum of the mixed product the major component (90%) has 

two s i g n a l s i n the "CF^ region of equal i n t e n s i t y , and two s i g n a l s i n the 

t e r t i a r y f l u o r i n e region again of equal i n t e n s i t y . T herefore the major 

component must have s t r u c t u r e ( I l a ) , which has one exo-CF , one endo-CF , 

one exo-F and one endo-F. The remaining s i g n a l s were a t t r i b u t e d to the 

two p o s s i b l e c i s - a d d u c t s ( l i b ) and ( l i e ) , the i n t e g r a t e d i n t e n s i t i e s were 

not s u f f i c i e n t l y r e l i a b l e to allow a c a l c u l a t i o n of t h e i r r e l a t i v e abundance. 
186 

T h i s assignment i s i n agreement w i t h the r e s u l t s obtained by Stone e t a l . 

5 - T r i f l u o r o m e t h y l b i c y c l o P2.2.1 "frept-2-ene ( I I I ) 

I n the ca s e of the adducts from cyclopentadiene and 3 , 3 , 3 - t r i f l u o r o -
19 

propene the F n.m.r. spectrum possessed two s i g n a l s i n the ~CF^ region 

r e v e a l i n g the presence of the two geometric isomers ( I l i a ) and ( I l i b ) . 

The peak w i t h the lower f i e l d chemical s h i f t was the major component 

(80%) and was assigned s t r u c t u r e ( I l i a ) and the minor component (20%) w i t h 

the higher f i e l d chemical s h i f t peak was assigned s t r u c t u r e ( I I l b ) . The 

1H n.m.r. spectrum of the i s o m e r i c mixture-was extremely complex and was not 
SCIENCE > i n t e r p r e t e d i n d e t a i l . 
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H 
H H 

H H 

( I l i a ) ( I l l b ) 

5 , 6 - D l c h l o r o - 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 . 1 ] h e p t - 2 - e n e ( I V ) 

A complete stereochemical a n a l y s i s of adduct ( I V ) prepared from the 

r e a c t i o n of cyclopentadiene with 2 , 3 - d i c h l o r o - 2 , 3 - b i s ( t r i f l u o r o m e t h y l ) b u t -

2-ene was not p o s s i b l e . The geometric isomers which could be formed are 

( I V a ) , ( I V b ) and ( I V c ) . 

CF CF 
CI CF 

C I 
CF 

CF 

( I V a ) ( I V b ) ( I V c ) 

The F n.m.r. spectrum of ( I V ) possessed a t l e a s t two d i f f e r e n t -CF 
o 

s i g n a l s w i t h t h a t a t lower f i e l d chemical s h i f t (62.57ppm) having an 

i n t e g r a t e d i n t e n s i t y three times g r e a t e r than t h a t a t higher f i e l d chemical 

s h i f t (65.11ppm). The *H n.m.r. spectrum c o n t a i n two d i s t i n c t s i g n a l s 

f o r the v i n y l i c protons (6.41 and 6.3lppm) wi t h equal i n t e g r a t e d i n t e n s i t y 

(1 : 1 ) , two s i g n a l s f o r the t e r t i a r y protons (3.47 and 3.36ppm) with an 

i n t e g r a t e d i n t e n s i t y r a t i o of 1 : 3, and an AB quartet ( 6 ^ = 2.56, 6 R = 2.03 

ppmj J = 10Hz), w i t h a t o t a l i n t e g r a t e d i n t e n s i t y of 4. A n a l y t i c a l g . l . c . 
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(Column E, 150 ) showed the presence of two components. However, i t i s 
19 1 

not p o s s i b l e to r e c o n c i l e the F n.m.r. and H n.m.r. s p e c t r a with a two 

or even three component mixture and i t seems very l i k e l y that other 

products than isomers (IVa,b and c ) are present i n the mixture, p o s s i b l y 

2+2 adducts. 

Separation of the i n d i v i d u a l geometric isomers of adducts ( I ) , ( I I ) 

and ( I I I ) has not been reported. Small s c a l e p r e p a r a t i v e g . l . c . (Column 

F, 130°) allowed pure samples of isomers ( l b ) , ( I l a ) , ( I l i a ) and ( I l l b ) to 

be obtained together w i t h a 16 : 84 mixture of isomers ( l b ) and ( l a ) , 

t h i s l a t t e r was a low melting point waxy s o l i d whereas pure ( l b ) i s a 

c o l o u r l e s s l i q u i d (b.p. 119°) which suggests t h a t ( l a ) would be a low 

melting point s o l i d i n the pure s t a t e . 

4.5 C h a r a c t e r i s a t i o n of the p a r t i a l l y f l u o r i n a t e d b i c y c l o [ 2 . 2 . 1 ] h e p t a -

2,5-dienes 

Both adducts (V) and ( V I ) were f u l l y c h a r a c t e r i s e d by a n a l y s i s and 

spectroscopy. Elemental a n a l y s i s and mass spectroscopy (Appendix B ( I X ) 

and (X) r e s p e c t i v e l y ) confirmed t h e i r molecular formulae as CgH^Fg (V) 

and C H F ( V I ) . Both adducts showed abundant parent i o n s , adduct (V) m/e 

228 (26%) and adduct ( V I ) m/e 160 (22%) and t h e i r base peaks arose from the 

l o s s of CFg. 

The i . r . spectrum of adduct (V) (Appendix C ( X V I I D ) i n d i c a t e d the 

c h a r a c t e r i s t i c absorption at 1689cm 1 of the -CF C=CCF - s u b s t i t u t e d double 

bond, w h i l e the i . r . spectrum of adduct ( V I ) (Appendix C ( X I X ) ) i n d i c a t e d 

the c h a r a c t e r i s t i c absorption a t 1645cm 1 of the -CF 3C=CH- s u b s t i t u t e d double 

bond. 
1 19 

The H n.m.r. and F n.m.r. s p e c t r a of the two adducts, Table ( 4 . 4 ) , 

were c o n s i s t e n t w i t h the proposed s t r u c t u r e s . The l a c k of symmetry i n 
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adduct ( V I ) produced bands i n the H n.m.r. spectrum with very complex 

s p l i t t i n g p a t t e r n s . 

Table 4.4 
1 19 H n.m.r. and F n.m.r. data f o r p a r t i a l l y 

f l u o r i n a t e d b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e s 
7 

Adduct 1„ a H n.m.r. 19„ b F n.m.r. IR Reference 

R l R 2 V H4 V H5 H 7 H 3 
v- C Rr cV 

C F 3 3.97 7.02 2.23 63.3 1689 29 

C F 3 H 3.70 6.90 2.20 7.20 67.4 1645 

Chemical s h i f t s are given i n ppm r e l a t i v e to Me^Si as e x t e r n a l r e f e r e n c e 

Chemical s h i f t s a r e given i n ppm r e l a t i v e t o C F C l ^ as e x t e r n a l r e f e r e n c e 

4.6 The d e h y d r o f l u o r i n a t i o n of lH,5H,5H-pentafluorocyclopentene 

P e r f l u o r o c y c l o p e n t a d i e n e (117) d i m e r i s e s r e a d i l y at room temperature and 

slowly even a t -22° to g i v e the D i e l s - A l d e r dimer ( 1 1 8 ) w h i c h has been 

F 

F 
(117) (118) 
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assigned endo-stereochemistry on the b a s i s of d e t a i l e d a n a l y s i s of i t s F 
193 

n.m.r. spectrum. 2H-Pentafluorocyclopentadiene (119) d i m e r i s e s 

extremely r a p i d l y to g i v e as the major product (80-90%) the endo isomer of 
194 

( 1 2 0 ) , w h i l e l l l - p e n t a f l u o r o c y c l o p e n t a d i e n e (121) i s more s t a b l e towards 

d i m e r i s a t i o n than (119) and appears to g i v e two dimers i n the r a t i o 5 : 2. 

H H 
H 

(119) (120) (121) 

Diene (121) was prepared by the d e h y d r o f l u o r i n a t i o n of lH,5H-hexafluoro-

cyclopentene u s i n g molten potassium hydroxide. 

lH,5ll,5ll-Pontafluorocycloponteno (122) was a v a i l a b l e during the course 

of t h i s work and i t was b e l i e v e d t h a t the d e h y d r o f l u o r i n a t i o n of t h i s m a t e r i a l 

might g i v e a mixture of dienes (123) and ( 1 2 4 ) . I t was hoped t h a t these 

H o H H 

H H 
H 

(122) (123) (124) 

dienes would undergo d i m e r i s a t i o n l e s s r e a d i l y than dienes (119) and (121) 

and t h e r e f o r e provide a s y n t h e t i c route to the f l u o r i n a t e d b i c y c l o [ 2 . 2 . 1 ] h e p t -

2-ene (125) by a D i e l s - A l d e r r e a c t i o n of diene (124) with e t h y l e n e . 

*2 

H H 

H H 

(125) 
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1 , 4 , 7 , 7 - T e t r a f l u o r o b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e (125) shows some s i m i l a r i t y 

to lH,2H-hexafluorocyclopentene i n the p o s i t i o n of the f l u o r i n e atoms with 

r e s p e c t to the carbon-carbon double bond. However, the i n c r e a s e d r i n g 

s t r a i n of the b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e system may make the ring-opening 

p o l y m e r i s a t i o n of (125) more favoura b l e , consequently t h i s monomer was of 

i n t e r e s t . 

D e h y d r o f l u o r i n a t i o n of (122) was accomplished i n a flow system u s i n g the 

a c t i o n of molten potassium hydroxide upon the vapour of the f l u o r o a l k e n e 

and condensing the products from the c a r r i e r gas (Ng) i n a t r a p cooled i n 

l i q u i d a i r . Immediate g . l . c . a n a l y s i s of the product showed the presence 

of four components. The s h o r t e s t r e t a i n e d being i d e n t i f i e d by g . l . c . 

enrichment experiments as unreacted s t a r t i n g m a t e r i a l . From g.c. mass 

spectroscopy a l l three longer r e t a i n e d compounds were found to have a parent 

ion m/e 276 (Appendix B ( X I ) ) , which e s t a b l i s h e s t h e i r molecular formulae as 

<'10 H4 F8' a u S B e s t i n S t h a t they are dimers of dienes (123) and/or ( 1 2 4 ) , with 

base peaks a t m/e 138 (C H_F ) presumably a r i s i n g from the r e t r o - D i e l s - A l d e r 
5 A 4 

188 

r e a c t i o n of the dimers. 

S e p a r a t i o n of the dimers was attempted using the 'home-made' 

p r e p a r a t i v e g . l . c . apparatus, but u n f o r t u n a t e l y the recovery of the i n j e c t e d 

m a t e r i a l (20g) was low ( 4 g ) . Probably due to p o l y m e r i s a t i o n or p y r o l y s i s 

of the i n j e c t e d mixture on the pre-heater of the column. The r e t e n t i o n time 

of the m a t e r i a l s which were e v e n t u a l l y e l u t e d were extremely long and hence 

they were e l u t e d w i t h r e l a t i v e l y l a r g e amounts of column packing. Separation 

of the pure adducts from t h i s m a t e r i a l was d i f f i c u l t and only one dimer was 

obtained i n a pure s t a t e . 

A l l the p o s s i b l e dimers which could be formed from the two dienes (123) 

and (124) are shown below (126) - ( 1 3 4 ) , f o r each s t r u c t u r e both exo- and 

e n d o - s t e r e o c h e m i s t r i e s are p o s s i b l e . 
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H H H H 00 00 00 H H H H 
H H 

H 

(126) (127) (128) 

H 00 OD i i H H 
I 

I I I I 

(129) (130) (131) 

H H H OD H H H H 

H H H H 

(132) (133) (134) 

( A l l unmarked bonds attached to f l u o r i n e atoms) 

The i . r . spectrum (Appendix C(XX)) of the pure dimer showed the 

c h a r a c t e r i s t i c absorptions a t 1590cm 1 and 1690cm 1 of the -CH=CH-

un s u b s t i t u t e d double bond and the -CF=CH- s u b s t i t u t e d double bond r e s p e c t i v e l y . 

T h i s suggests t h a t the dimer has e i t h e r s t r u c t u r e (126) or (127) or ( 1 2 8 ) . 
19 

The F n.m.r. spectrum, Table ( 4 . 5 ) , confirms s t r u c t u r e ( 1 2 6 ) , showing: 

three t e r t i a r y f l u o r i n e s , two a t the bridgeheads and one a t C-6; one 

v i n y l i c f l u o r i n e assigned to C-4; and two AB q u a r t e t s with that at lower 

f i e l d (6 = 103.9, 6 = 113.8ppm; J = 280Hz and i n t e g r a t i n g to two f l u o r i n e 
A D n o 

atoms) being assigned to the geminal f l u o r i n e atoms at C-5 and that at 

h igher f i e l d (& A = 125.3, 6 Q = 138.6ppm; J A Q = 180Hz and i n t e g r a t i n g to two 

f l u o r i n e atoms) to the geminal f l u o r i n e atoms a t C-10, i n accordance w i t h 
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Table 4. 5 

Matn on diiiiors from dicnus (123) and U 2 - I ) 

Adduct 

19,. a I- n. m. r. 1.11. cm"1 

Adduct 
=CK-

•'AM V - I ICV-CF- V - C I I = C I I -

:0t5 
(126) 

127.C ( 1 ) 
187.2 ( 1 ) 

195.9 ( 1 ) 

203.9 ( 1 ) 

103. n 

125.3 
lin.H 
138.6 

280 

180 
1690 1590 4 7 

(132) 

129.9 ( 1 ) 
155.6 ( 1 ) 

191.4 ( 1 ) 
194.7 ( 1 ) 

82.4 

130. 9 

101.7 

142.5 

250 

180 1780 1600 38 

(129) 

I I 

(130 

124.8 ( 1 ) 
128.3 (1) 

154.2 ( 1 ) 

118.1 (1) 

118.6 ( 1 ) 
168.4 ( 1 ) 

181.6 (2) 

82.9 

119.0 

105.1 

116.4 

99.9 

135.9 

111.0 
133.3 

260 

180 

250 

195 

1780 1700 

5 

] C 

Chemical s h i f t s aro givon i n ppm r e l a t i v e to C P C l g as e x t n r n a l reference. Integrated 
i n t e n s i t i e s are given i n parentheses. 

'percentage of dimur i n o r i g i n a l product mixture c a l c u l a t e d from r e l a t i v e i n t e g r a t e d 
i n t e n s i t i e s of t e r t i a r y f l u o r i n e s . 
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previously published data on dimers (118) and (120). A large coupling 

(doublet 35Hz) i s observed in the lower f i e l d part of the AB quartet due 

to the fluorine atoms at C-10, which suggests that one of these fluorine 

atoms i s strongly coupled to another fluorine atom. This s p l i t t i n g can be 

identi f i e d in the signal of the t e r t i a r y fluorine atom at C-6. Similar 

couplings have been observed between fluorine atoms at C-10 and C-6 in 

compounds (118) and (120) and th i s suggests that the dimer has an endo-

configuration, since such coupling would not occur in the exo-structure. 

I f a t e r t i a r y fluorine atom was present at C-2 as well as C-6, as in 

structure (118), the lower f i e l d part of the AB quartet at C-10 would be more 

complex; as was observed i n the case of (118) where i t occurred as a 

doublet of doublets, with couplings of 37Hz and 24Hz to the t e r t i a r y 

fluorines at C-6 and C-2 respectively. 

The structure of the other two dimers can be assigned although for these 

materials complete separation from the column packing was not achieved. 
19 

F N.m.r. data were obtained, Table (4.5), since this was not affected by 

the impurities and i . r . data were obtained by comparison of the i . r . spectrum 

of the mixture of dimers plus impurities with that of the impurities. For 
one of the dimers absorptions at 1780cm 1 and 1600cm 1 are c h a r a c t e r i s t i c of «. 
the -CF=CF- substituted double bond and -CH=CH- unsubstituted double bond 

19 

respectively, suggesting that the dimer has structure (132). The F n.m.r. 

spectrum confirms t h i s assignment showing: two signals in the te r t i a r y 

fluorine region, of sim i l a r intensity and chemical s h i f t and integrating to 

one fluorine atom each and assigned to the bridgehead fluorines; two 

v i n y l i c fluorines; and two AB quartets, that at lower f i e l d (6^ = 82.4, 
6 = 101.7ppm; J._ = 250Hz and integrating to two fluorine atoms) assigned B AB 
to the geminal fluorine atoms at C-5 and that at higher f i e l d ( 6. = 130.9, 
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6̂  = 142.5ppm; = 180IIz and integrating to two fluorine atoms) assigned 

to the geminal fluorine atoms at C-10, as before. 

For the remaining dimer the i . r . spectrum showed absorption at 1700cm 1 

and 1780cm 1 c h a r a c t e r i s t i c of the -CH=CF- and -CF=CF- substituted double 
19 

bonds respectively, suggesting the structure (129) or (130). The F n.m.r. 

spectrum was complex, but the integrated i n t e n s i t i e s of the different 

fluorine signals may be divided into two groups, consistent with a mixture 

of the two dimers, (129) and (130). 
The integrated i n t e n s i t i e s of the signals due to the t e r t i a r y fluorines 

19 

in the F n.m.r. spectrum of the original product from the dehydrofluorination 

of (122) allows the amount of each dimer present to be calculated, Table (4.5). 

From which i t may be concluded that dienes (124) and (123) were produced in 

a 2 : 1 r a t i o on dehydrofluorination of (122) and that 1,2- rather than 1,4-

dehydrofluorination i s the preferred mode of reaction. The dimers were more 

reactive than had been hoped and the original objective of t h i s work, the 

synthesis of 1,4,7,7-tetrafluorobicyclo [2.2.1]hept-2-ene (125), was not 

attained. 



EXPERIMENTAL 
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4.7 Attempted preparations of 4,4-difluorocyclopentene 

4. 7a Reagents 

Analar chloroform, 1,4-dioxane, 1,3-butadiene and selenium dioxide 

were purchased from BDH Chemicals Ltd.; dicyclopentadiene was purchased 

from Koch-Light Laboratories Ltd; and molybdenum hexafluoride and boron 

t r i f l u o r i d e were purchased from B r i s t o l Organics Ltd.; a l l these reagents 

were used without further p u r i f i c a t i o n . Analar n-pentane purchased from 

BDH Chemicals Ltd. and purified by fr a c t i o n a l d i s t i l l a t i o n . 

4.7b Preparation of 1,l-dichloro-2-vinylcyclopropane (89) 

Potassium t-butoxide (53g, 552mmoles), prepared by an established 
197 3 route, and freshly d i s t i l l e d analar n-pentane (400cm ) were placed in a 

3 

ldm , 3-necked, round-bottomed fl a s k , f i t t e d with a mechanical s t i r r e r , 

thermometer, a gas-inlet and a condenser cooled by an acetone/solid carbon 

dioxide mixture. The flask was cooled to -24° using an external acetone/ 

s o l i d carbon dioxide bath and 1,3-butadiene (28g, 520mmoles) was bubbled into 

the mixture over a period of two hours. When addition of butadiene was 

complete the gas i n l e t tube was replaced by a dropping funnel and chloroform 

(57g, 535mmoles) was added dropwise to the vigorously s t i r r e d reaction 

mixture at such a rate that the reaction temperature did not r i s e above -10°. 

The mixture became yellow during the addition of chloroform. After 
addition of a l l the reagents the mixture was s t i r r e d vigorously for 90 

o 
minutes at -24 and then allowed to warm up slowly to room temperature, 
unreacted 1,3-butadiene was evolved as the temperature increased. Dilute 

3 

hydrochloric acid (100cm ) was c a r e f u l l y added, the organic layer separated, 

washed with d i s t i l l e d water, separated, dried over anhydrous magnesium 

sulphate, f i l t e r e d and the f i l t r a t e f r a c t i o n a l l y d i s t i l l e d (vacuum-jacketed 

column, 60cm x 1.5cm, Fenske glass h e l i c e s ) . 
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Analytical g.l.c. (Column A, 90 ) of the major fraction from the 

d i s t i l l a t i o n showed the presence of one major component, 1,l-dichloro-2-

vinylcyclopropane (89) (59g, 430mmoles, 86%), b.p. 126°, with the correct 
165 

l . r . spectrum. 

4.7c Preparation of 4,4-dichlorocyclopentene (88) 

The apparatus consisted of a s i l i c a tube (60cm x 2cm internal diameter) 

l i g h t l y packed with glass wool. The tube was clamped in a v e r t i c a l 

position, with the middle 40cm heated in an e l e c t r i c furnace and the 

temperature at the outer surface of the tube was measured with a chrome-

alumel thermocouple. Samples were admitted under an atmosphere of dry 

nitrogen at the top of the s i l i c a tube using a pressure-equalised dropping 

funnel and the other end of the tube was connected to a trap cooled in 

l i q u i d a i r , which in turn was connected to a gas flow meter. 

1,l-Dichloro-2-vinylcyclopropane (lOg, 73mmoles) was added dropwise 
3 

over a period of one hour with a nitrogen flow rate of 70cm /minute and a 

furnace temperature (at the centre) of 350°. Analytical g.l.c. (Column A, 

90°) of the product showed i t to contain: ( i ) 4,4-dichlorocyclopentene (88) 

(about 70%); ( i i ) unreacted 1,l-dichloro-2-vinylcyclopropane (about 20%) and 

( i i i ) unidentified minor products (about 10%). Pure (88) was obtained 

using preparative g.l.c. (Column C, 150°), B.p. 122°, with the correct i . r . 
. l u . 165,174 and H n.m.r. spectra. 

4.7d Preparation of cyclopent-3-en-l-one (90) and cyclopent-2-en-l-one (93) 
3 

Dicyclopentadiene (182g, 1.38 moles) was mixed with 1,4-dioxane (SOOcnT ) 
3 3 

and water (50cm ) in a 3dm , 3-necked, round-bottomed flask, f i t t e d with a 

nitrogen i n l e t , mechanical s t i r r e r and reflux condenser. Selenium dioxide 

(62g, 0.56 moles) was added to the mixture and the solution was s t i r r e d 

under reflux for three hours. • The resultant dark brown mixture was allowed 
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to cool to room temperature, the metallic selenium was f i l t e r e d off and 

the f i l t r a t e was poured slowly into a separating funnel containing water 
3 

(2dm ). The heavy dark brown o i l which separated to the bottom of the 

funnel was drawn off and the aqueous layer was extracted with diethyl ether 
3 

(200cm ). The orig i n a l o i l and ether extract were combined, dried over 

anhydrous magnesium sulphate, f i l t e r e d , the solvents removed under reduced 

pressure. The residual o i l was f r a c t i o n a l l y d i s t i l l e d under reduced 

pressure using a Vigreux fractionating column (22cm x 2cm internal diameter ) 
2 6 

to give tricyclo[3.2.1.0 ' ]deca-3,8-dien-5-ol (92) (98g, 0.67moles, 48%) as 
o 

a very viscous, pale yellow l i q u i d , which s o l i d i f i e d on standing, B.p. 84 
at 3mm Hg ( L i t : 84° at 3mm H g ) , 1 7 0 v 3320cm"1 (-0H). 

' max 
3 

The alcohol (92) (41.7g, 0.28moles) was placed in a 500cm , 1-necked, 

round-bottomed flask, f i t t e d with a c l a i s e n head with a 15cm-long side-arm 

and a gas i n l e t which extended almost to the bottom of the flask through 

which a slow stream of dry nitrogen flowed. The material was heated using 

a free flame, the temperature at the d i s t i l l a t i o n head was maintained 

between 140-150°. The products were collected in a flask cooled in li q u i d 

a i r and immediately fractionated using a Fischer Spaltrohr-system concentric 

tube fractionating column (HMS500, 75 theoretical plates" to give: ( i ) 

cyclopent-3-en-l-one (90) (9.61g, 135mmoles, 24%), 3.p. 50° at 66mm Hg 

( L i t ; 1 7 1 41° at 44mm Hg), ^ 1755cm 1 (^C=0); ( i i ) cyclopent-2-en-l-one 

(93) (8.5g, 118mmoles, 21%), B.p. 58-60° at 27mm Hg ( L i t : 1 7 2 151° at 763mm 
Hg), v 1702cm"1 (\:=0); ( i i i ) cyclopentadiene (17.2g, 260mmoles, 46%); max ' 
( i v ) unidentified polymeric pot residue (4g). 

4.7e Fluorination of cyclopentanone using molybdenum hexafluoride and 

boron t r i f l u o r i d e 
3 

Carbon tetrachloride (100cm ) d i s t i l l e d from P„0, and stored over 4A 
& o 

3 
molecular sieve was placed in a 500cm , 3-necked, round-bottomed f l a s k , 
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f i t t e d with a mechanical s t i r r e r , a gas-inlet, a dropping funnel and water 

condenser. Molybdenum hexafluoride (8g, 42mmoles) was added dropwise, the 
o 

mixture immediately turned dark brown in colour. I t was cooled to 0 using 

an external acetone/solid carbon dioxide bath and a fa s t stream of boron 

t r i f l u o r i d e was bubbled through the mixture for eight minutes with vigorous 

s t i r r i n g . The solution was cooled to -15° and freshly d i s t i l l e d cyclo-
3 

pentanone (7.5g, 89mmoles) diluted in carbon tetrachloride (45cm ) was added 

dropwise, the solution became dark red. When addition was complete the 

solution was allowed to warm up slowly to room temperature and s t i r r e d for 
3 

four hours. Water (50cm ) was added dropwise to the reaction mixture which 

was cooled in an external ice/water bath. The organic layer was separated, 

dried over anhydrous sodium sulphate and f i l t e r e d . Analytical g.l.c. 

(Column A, 70°) showed the presence of three components which were separated 

by preparative g.l.c. (Column D, 100°) to give: ( i ) difluorocyclopentane (95) 
19 

(4.5g, 42mmoles, 48%), F n.m.r. a quintet at 94.0 ppm ( J = 14Hz), v 

1350-llOOcm"1 (-C-F absorptions); ( i i ) carbon tetrachloride; ( i i i ) unreacted 

cyclopentanone (2.7g, 36mmoles). 

4.7f Attempted fluorination of cyclopent-3-en-l-one using molybdenum 

hexafluoride and boron t r i f l u o r i d e 
Using the procedure described above (4.6e), cyclopent-3-en-l-one 

3 

(14.3g, 174mmoles), molybdenum hexafluoride (14cm , 73mmoles) and boron 

t r i f l u o r i d e were reacted together using dichloromethane as solvent. 

Analytical g.l.c. (Column E, 125°) of the product showed the presence of two 

components one of which was i d e n t i f i e d as cyclopent-2-en-l-one and the other 

was assigned 5-fluorocyclopent-2-en-l-one (96) (4.2c). Attempted separation 

of t h i s mixture by fractional d i s t i l l a t i o n using a Fischer Spaltrohr-system 

concentric tube fractionating column (FB-MMS200, 30 theoretical plates) 



resulted in the material polymerising in the d i s t i l l a t i o n f l a s k , no tractable 

products were isolated. 

4.8 Preparation of 1,4,5,5,6,6-hexafluorobicyclo[2.2.2]oct-2-ene 

4.8a Reagents 

Ethylene was used as purchased from BDH Chemicals Ltd., and lithium 

aluminium hydride was used as purchased from Hopkin and Williams without 

further p u r i f i c a t i o n . Perfluorocyclohexa-1,3-diene and lH,6H,6H-heptafluoro-

cyclohexene were available having been prepared by well established routes 

by e a r l i e r workers. 

4.8b Preparation of 1,2,3,4,5,5,6,6-octafluorobicyclo[2.2.2]oct-2-ene (105) 

A mixture of perfluorocyclohoxa-l,3-diene (104) (6.88n, 30.6mmoles) 
3 

and ethylene (1.26g, 45mmoles) was sealed in vacuo in a 150cm Pyrex ampoule 

which was heated for 15 hours at 180°. After the tube had cooled to room 

temperature the v o l a t i l e materials were removed by vacuum transfer and the 

major product, a white waxy s o l i d , was dissolved i n dry ether. Evaporation 

of the solvent and bulb to bulb vacuum transfer gave 1,2,3,4,5,5,6,6-octa-

fluorobicyclo[2.2.2]oct-2-ene (105) (7.3g, 29mmoles, 90%) M.p. 98-99.5° 
181 o -1 ( L i t : 98-99 ), with correct (Appendix C(I X ) ) i . r . spectrum, v 1751cm 

max 
(-CF=CF-). 

4.8c Reaction of 1,2,3,4,5,5,6,6-octafluorobicyclo [2.2.2 ]oct-2-ene with 

lithium aluminium hydride 

A solution of 1,2,3,4,5,5,6,6-octafluorobicyclo [2.2.2 ]oct-2-ene (105) 
3 

(28g, lllmmoles) in dry ether (50cm ) was added dropwise at room temperature 

under an atmosphere of dry nitrogen to a vigorously s t i r r e d suspension of 
3 

lithium aluminium hydride (lOg, 259mmoles) in dry ether (500cm ) , the 

mixture was then refluxed for four hours. Excess lithium aluminium hydride 
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was destroyed by the cautious dropwise addition of water to the vigorously 

s t i r r e d mixture, maintained at room temperature by a large water bath. 

Sufficient d i l u t e sulphuric acid was added to dissolve a l l the inorganic 

s a l t s and the ether layer was separated, dried over anhydrous magnesium 

sulphate, f i l t e r e d and the bulk of the ether removed by frac t i o n a l 

d i s t i l l a t i o n (vacuum-jacketted column; 50cm x 1cm i.d., Fenske glass 

h e l i c e s ) . Careful bulb to bulb vacuum transfer gave a white waxy s o l i d 

(20.5g). Analytical g.l.c. (Column A, 150°) of an ethereal solution of 

the product showed the presence of two components. Separation was carri e d 

out using a 'home-made' preparative gaschromatograph (Column B, 102°), to 

give: ( i ) 1,2,4,5,5,6,6-heptafluorobicyclo[2.2.2]oct-2-ene (106) (3.5g, 

15mmoles, 14%), M.p. 119-120°, ( L i t : 1 8 1 120-121°), M (Mass spectroscopy), 

234, with correct i . r . spectrum, v 1681cm 1 (-CH=CF-); ( i i ) 1,4,5,5,6,6-
max 

hexafluorobicyclo[2.2.2]oct-2-ene (103) (1.2g, 5.6mmoles, 5%), M.p. 142-144°, 

( L i t : 1 * * 1 145-146°), M (Mass spectroscopy), 216, with correct i . r . spectrum, 

v 1623cm"1 (-CH=CH-); ( i i i ) a 50 : 50 mixture of (106) and (103) (3.0g). max 

4.Bd Preparation of 1H.2H- and 2H,3H-hexafluorocyclohexa-1,3-dienes 

1H,6H,6H-Heptafluorocyclohexene (107) (10.2g, 49mmoles) was bubbled 

through molten potassium hydroxide at 190° in a fast stream of nitrogen. 

The product vapours were trapped in a glass trap cooled in l i q u i d a i r . 

Analytical g.l.c. (Column A, 150°) of the product (6.8g) showed the presence 

of three components, a trace amount of startin g material and a mixture of 

1H.2H- and 2H,3H-hexafluorocyclohexa-1,3-dienes, the l a t t e r being present 

in a larger amount than the former. The mixture was separated using a 

'home-made' preparative gaschromatograph (Column B, 100°). The materials 

obtained in a typi c a l separation from the inj e c t i o n of the mixture (18.7g) 
181 

were: ( i ) 1H,2H-hexafluorocyclohexa-1,3-diene (108) (6.7g), with correct 

i . r . spectrum, v 1750cm"1 (-CF=CF-); ( i i ) 2H,3H-hexafluorocyclohexa-1,3-infix 
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diene (109) (7.0g), with correct i . r . spectrum, v 1590cm (-CH=CF-); 
max 

and ( i i i ) an intermediate fraction 3g of (108) and (109); overall material 

recovery 89%. 

4;8e Preparation of 1,4,5,5,6,6-hexafluorobicyclo[2.2.2]oct-2-ene from 

2H,3H-hexafluorocyclohexa-1,3-dlene 

A mixture of 2H,3H-hexafluorocyclohexa-1,3-diene (2.3g, l2.2raraoles) and 
3 

ethylene (1.26g, 45mmoles) were sealed in vacuo in a 150cm Pyrex ampoule 

which was heated for 14 hours at 200°. After the tube had cooled to room 

temperature the products were removed by conventional vacuum transfer 

techniques to give: ( i ) a trace amount of unreacted 2H,3H-hexafluorocyclohexa-

1,3-diene; ( i i ) 1,4,5,5,6,6-hexafluorobicyclo[2.2.2]oct-2-ene (103) (2.24g, 

10.4mmoles, 85%), M.p. 143-144°, ( L i t : 1 8 1 145-146°), with correct i . r . 

spectrum, v m a x 1623cm 1 (-CH=Cll-), M (mass spectroscopy), 216. 

4.9 Preparation of p a r t i a l l y fluorinated bicyclo[2.2.1jhept-2-enes and 

bicyclo[2.2.1]hepta-2,5-dienes 

4.9a Reagents 
184 

Cyclopentadiene was freshly prepared by thermal cracking from 

dicyclopentadiene purchased from Koch-Light. The fluoroalkenes and 

fluoroalkyne were purchased from B r i s t o l Organics Ltd., and used without 

further p u r i f i c a t i o n , except for 3,3,3-trifluoropropyne which was prepared 

as described below. N,N-Dimethylacetamide was purchased from DDH Chemicals 

Ltd., and f r a c t i o n a l l y d i s t i l l e d . A l l l i q u i d reagents were degassed using 

the freeze-thaw procedure before being sealed in vacuo in a Pyrex ampoule 
3 

(approximately 150cm capacity). 



- 119 -

4.9b Preparation of 3,3,3-trifluoropropyne 

Zinc (36g, 554mmoles), zinc chloride (3.4g, 25mmoles) and freshly 

d i s t i l l e d N,N-dimethylacetamide (300cm^) were s t i r r e d and heated to 100° 
3 

i n a 1dm , 3-necked, round-bottomed flask, f i t t e d with a mechanical s t i r r e r , 

water cooled condenser, thermometer, and pressure equalised dropping funnel. 

The temperature was maintained between 85-100° by careful addition of 3,3,3-

trifluoro-1,1,2-trichloropropene (50g, 250mmoles). The reaction mixture 
was allowed to cool to 50-60° under a positive pressure of nitrogen. 

3 

Water (100cm ) was car e f u l l y added dropwise to the vigorously s t i r r e d 

mixture, the temperature being maintained between 50-60°. The gas evolved 

slowly, was collected in a trap immersed in l i q u i d a i r , when addition of 

the water was complete the reaction mixture was heated at 80° for 2 hours. 

The gaseous product was allowed to d i s t i l under reduced pressure into a 

pre-weighed metal can to give 3,3,3-trifluoropropyne (22.6g, 240mmoles, 96%), 

M (mass spectroscopy), 94, with correct i . r . spectrum, V f f l a x 3320cm 1, 2150cm 1 

and 1250-1150cm 1 (£C-H stretch, -CSC- stretch and -CF stretches r e s p e c t i v e l y ) . 

4. 9c Reaction of cyclopentadiene with fluoroalkene or fluoroalkyne 

General procedure 

The required amount of cyclopentadiene was injected into the Pyrex 

carius tube together with a small quantity of hydroquinone and degassed by 

the freeze-thaw procedure. A known volume of the fluoroalkene or fluoro­

alkyne was condensed into the tube (except for the case of 2,3-dichlorohexa-

fluorobut-2-ene which was injected into the tube), which was then sealed 

under vacuum. The tube was placed in a furnace and heated for the required 

time and at the required temperature. After cooling to room temperature, 

the tube was removed from the furnace and cooled in l i q u i d a i r , the seal 

was broken by 'hot spotting' and the products recovered by careful bulb to 

bulb vacuum transfer. 
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1. Hexafluoropropene (lOg, 67mmoles), cyclopentadiene (4.43g, 67mmoles) 

and hydroquinone (0.45g) were sealed in vacuo and heated at 160° for 

72 hours to give: ( i ) 5,5,6-trifluoro-6-trifluoromethylbicyclo [2.2.1Jhept-

2-ene (1) (12.27g, 57mrooles, 85%) [Found: C.44.7; H, 3.0; F, 52.3%; 

CgHgFg requires C, 44.5; II, 2.8; F, 52.7%], M (mass spectroscopy), 216, 

H.p. 140-141° (Lit: 1 8° 140-140.5°), with correct i . r . spectrum; ( i i ) dicyclo-

pentadiene and cyclopentadiene. 

2. Perfluorobut-2-ene (13.4g, 67mmoles), cyclopentadiene (4.46g, 67mmoles) 

and hydroquinone (0.45g) were sealed in vacuo and heated at 100° for 24 

hours to give: ( i ) 5,6-difluoro-5,6-bis(trifluoromethyl)bicyclo[2.2.l]hept-

2-ene ( I I ) (16.07g, 60mmoles, 90%) [Found: C, 40.9; H, 2.6; F, 56.8%; 

C 9 H 6 F 8 r e 3 u i r e s c » 4 0 - 6 ; H i 2- 3; F . 57.1%], M (mass spectroscopy), 266; 

D.p. 116-117° ( L i t ; 1 8 * ' 117°), with correct i . r . spectrum; ( i i ) dicyclo-

pentadiene and unreacted cyclopentadieno. 

3. 2,3-Dichlorohexafluorobut-2-ene (15.4g, 67mmoles), cyclopentadiene 

(4.46g, 67mmoles) and hydroquinone (0.45g) were sealed in vacuo and heated 

at 160° for 72 hours to give 5,6-dichloro-5,6-bis(trifluoromethyl)bicyclo-

p.2.l]hept- 2-ene (IV) (6.95g, 23mmoles, 35%), M (mass spectroscopy), 299; 

( i i ) dicyclopentadiene and unreacted cyclopentadiene and 2,3-dichlorohexa-

fluorobut-2-ene. 

4. 3,3,3-Trifluoropropene (6.43g, 67mmoles), cyclopentadiene (4.46g, 67mmoles) 

and hydroquinone (0.45g) were sealed in vacuo and heated at 160° for 72 hours 

to give: ( i ) 5-trifluoromethylbicyclo [2.2.l]hept-2-ene ( I I I ) (6g, 37mmoles, 

55%) [Found: C, 59.0; H, 5.9; F, 34.8%; C_HQF_ requires C, 59.3; H, 5.6; 
o y o 

F, 35.2%], M (mass spectroscopy), 162; B.p. 117-119°, ( L i t ; 1 8 7 119°), 

with correct i . r . spectrum; ( i i ) dicyclopentadiene and unreacted cyclo­

pentadiene. 
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5. Hexafluorobut-2-yne (10.85g, 67mmoles), cyclopentadiene (4.46g, 

67mmoles) and hydroquinone (0.45g) were sealed in vacuo and heated at 100° 

for 24 hours to give: ( i ) 2,3-bis(trifluoromethyl)bicyclo[2.2.1]hepta-2,5-

diene (V) (15.15g, 66mmoles, 99%) [Found: C, 48.1; H, 2.82%; C^H-F. 
»- 9 6 6 

requires C, 47.4; H, 2.7%]; M (mass spectroscopy), 228; B.p. 110-112°, 

( L i t : 1 8 6 109-111°); with correct i . r . spectrum, v 1688cm"1 (-CF„C=CCF - ) ; 
max 3 3 

( i i ) and a trace amount of dicyclopentadiene and unreacted cyclopentadiene. 

6. 3,3,3-Trifluoropropyne (7g, 74mmoles), cyclopentadiene (4.48g, 

74mmoles) and hydroquinone (0.45g) were sealed in vacuo and heated at 155° 

for 48 hours to give: ( i ) 2-trifluoromethylbicyclo[2.2.1]hepta-2,5-diene (VI) 

(9.7g, 60.6mmoles, 82%) [Found: C, 59.7; H, 4.5; F, 36.0%; C DH_F e requires 
o 7 o 

C, 60.0; H, 4.4; F, 35.6%]; M (mass spectroscopy), 160; v . 1645cm 1 

Tnax 
(-CF C=CH-.); ( i i ) dicyclopentadiene and unreacted cyclopentadiene. 

4.10 Dehydrofluorination of lH,5H t5H-pentafluorocyclopentene using molten 

potassium hydroxide 

1H,5H,5H-Pentafluorocyclopentene (7.0g, 44mmoles) vapour in a stream 

of nitrogen was bubbled through molten potassium hydroxide at 190°. The 

product vapours were trapped in a glass trap cooled in l i q u i d a i r . 

Analytical g.l.c. (Column A, 150°) of the j u s t melted product (4.5g) showed 

the presence of four components, unreacted lH,5H,5H-pentafluorocyclopentene 

and dimers of the dienes (123) and (124). Separation was attempted using 

a 'home-made' preparative g.l.c. apparatus (Column B, 93°) giving: ( i ) 

unreacted lH,5H,5H-pentafluorocyclopentene ( t r a c e ) ; ( i i ) 1,3,4,5,5,7,10,10--
2 6 —1 octafluorotricyclo[5.2.1.0 ' ]deca-3,8-diene (132); V m a x 1590cm (-CH=CH-) 

and 1765cm 1 (-FC=CF-); M (g.c. mass spectroscopy), 276; ( i i i ) 3,4,5,5,7,8,-
2 6 T 

10,10-octafluorotricyclo[5.2.1.0 ' ]deca-3,8-diene (129) and 3,3,4,5,7,8,-
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10,10-octafluorotrlcyclo|5.2.1.0 ' ldeca-3,8-diene (130), v 1760cm 
'. i J max 

(-FC=CF-) and 1690cm 1 (-HC=CF-); M (g.c. mass spectroscopy), 276; 
2 6 

( i v ) 1,4,5,5,6,7,10,10-octafluorotricyclo[5.2.1.0 ' ]deca-3,8-diene (126); 
v 1590cm 1 (-HC=CH-) and 1690cm 1 (-FC=CH-); M, (g.c. mass spectroscopy), max 
276. 



CHAPTER 5 

THE RING"OPENING POLYMERISATION OF PARTIALLY FLUORINATED 

BICYCLO[2.2.l]HEPT-2-ENES AND BICYCLO[2.2.1]HEPTA-2,5-DIENES 
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5.1 I n t r o d u c t i o n 

As was mentioned i n Chapter 2, the f i r s t c i t a t i o n of an o l e f i n 

m e t a t h e s i s r e a c t i o n c a t a l y s e d by a t r a n s i t i o n metal was published i n 1955 and 

d e s c r i b e d the ring-opening p o l y m e r i s a t i o n of b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e to 
36 

g i v e p o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) . S i n c e then the ring-opening 

p o l y m e r i s a t i o n of bicyclo[2.2.1]hept-2-ene and i t s n i t r i l e , amide, imide, e s t e r , 

p y r i d y l , a c i d anhydride, c h l o r i n e and bromine s u b s t i t u t e d d e r i v a t i v e s have 
been w e l l e s t a b l i s h e d and numerous patents have been published concerning 

49,198,199 

such r e a c t i o n s . 

P o l y ( l , 3 - c y c l o p e n t y l e n e v i n y l e n e ) i s a t present e x p l o i t e d commercially 

under the trade name Norsorex as a s p e c i a l i t y elastomer, being a low 

s o f t e n i n g point p l a s t i c , which g i v e s e l a s t o m e r i c compositions of c o n s i d e r a b l e 

s t r e n g t h when mixed w i t h s u b s t a n t i a l q u a n t i t i e s of carbon black and o i l , 
the commercial product having up to four times as much o i l and f i l l e r as 

64 

polymer. A s u b s t i t u t e d d e r i v a t i v e p o l y ( 4 - c y a n o - l , 3 - c y c l o p e n t y l e n e ­

v i n y l e n e ) ( 1 6 ) , i s p r e s e n t l y a v a i l a b l e i n market r e s e a r c h q u a n t i t i e s from a 
65 

Japanese Company, i t i s d e s c r i b e d as a th e r m o p l a s t i c r e s i n . 

The c u r r e n t i n t e r e s t i n f i n d i n g o u t l e t s f o r the polymers produced by the 

ring-opening p o l y m e r i s a t i o n of b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e and i t s s u b s t i t u t e d 

d e r i v a t i v e s i s p a r t l y due to economic c o n s i d e r a t i o n s . The monomers are 

a l l prepared by the D i e l s - A l d e r a d d i t i o n between cyclopentadiene and the 

a p p r o p r i a t e l y s u b s t i t u t e d alkene. The source of cyclopentadiene i s the 

Cg stream from the steam c r a c k i n g of heavy hydrocarbons, naphtha and gas 

o i l . Steam c r a c k i n g has a t t a i n e d great importance i n Europe and Japan as 

the main source of ethylene and propylene, and due to the shortage of 
19 

n a t u r a l gas the U.S.A. i s a l s o r e l u c t a n t l y moving towards naphtha c r a c k i n g . 

The Cg cut from a steam c r a c k e r amounts to about 20% of the ethylene 

stream. The average composition (weight per c e n t ) of a t y p i c a l C c u t i s o 
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shown i n Table 5.1. U n t i l r e c e n t l y the major u s e f u l component from t h i s 

cut was isoprene, the remainder was used as a f u e l . Therefore the r i n g -

opening p o l y m e r i s a t i o n of b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e and i t s s u b s t i t u t e d 

d e r i v a t i v e s ' p o t e n t i a l l y provides a worthwhile use f o r a m a t e r i a l which 

would otherwise be burnt. 

Table 5.1 

16 
Composition of C cut from steam c r a c k i n g of naphtha and gas o i l . 

F r a c t i o n % 

Cyclopentene 2.5 

Dicyclopentadiene and cyclopentadiene 16.5 

Isoprene 17.0 

P i p e r y l e n e s 11.5 

C a c y c l i c alkenes 17.0 

C_ alkanes 
5 

31.0 

C 4 + Cg i m p u r i t i e s 4.5 

At the present time no f l u o r i n e s u b s t i t u t e d b i c y c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e s 

or b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e s have been s p e c i f i c a l l y reported to 

undergo ring-opening p o l y m e r i s a t i o n , however, i n numerous Japanese patents 

the p o l y m e r i s a t i o n of halogen s u b s t i t u t e d b i c y c l o [2.2.1]hept-2-enes and 

bic y c l o [ 2 . 2 . 1 ] h e p t a - 2 , 5 - d i e n e s have been reported i n which the halogen 
200,201 

s u b s t i t u e n t i s e i t h e r u n s p e c i f i e d or c h l o r i n e or bromine. The 

only r e a c t i o n of a f l u o r i n a t e d d e r i v a t i v e w i t h a metathesis c a t a l y s t which 

has been d e s c r i b e d i s due to Gassman and J o h n s o n ; 1 ^ 0 they did not mention 

whether any p o l y m e r i s a t i o n occurred and used the conversion of (49) to (52) 
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as an argument supportingthe quasicyclobutane m e c h a n i s t i c hypothesis ( see 

Chapter 2 ) . 

T h i s chapter d e s c r i b e s the attempts to polymerise the f l u o r i n a t e d 

b i c y c l i c monomers ( I ) - ( V I ) , d e s c r i b e d i n Chapter 4, using the e s t a b l i s h e d 

c a t a l y s t systems of W C l g / N a ^ A i - b u t y l ) g A l and WClg/NagOg/E^AlCl and the 

gradual development of a more a c t i v e c a t a l y s t system f o r the p o l y m e r i s a t i o n 

of these monomers. 

5.2 The attempted ring-opening p o l y m e r i s a t i o n of 5 , 5 , 6 - t r i f l u 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 . l ] h e p t - 2 - e n e u s i n g the c a t a l y s t systems 

W C l 6 / N a 2 0 2 / ( i - b u t y l ) 3 A l or W C l g / N a ^ / E t g A l C l or WClg/EtgAlCl or 

WCl 6/EtOH/Et 2AlCl 

At the time of these i n i t i a l attempts to ring-open polymerise 5,5,6-

t r i f l u 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 ( I ) , the s e p a r a t i o n 

of the m a t e r i a l i n t o i t s geometric isomers had not been accomplished, 

consequently the m a t e r i a l used was a 60 : 40 mixture of adducts ( l b ) and ( l a ) . 

Experimental d e t a i l s of s u c c e s s f u l ring-opening p o l y m e r i s a t i o n s of 

b i c y c l o [2.2. l~]hept-2-ene and d e r i v a t i v e s which c o n t a i n a carbonyl group, a 

n i t r i l e group, or a halogen atom s u b s t i t u e n t i n the 5 - p o s i t i o n have been 
30 

reported i n the l i t e r a t u r e ; the A l : W v a r i e d from 2 : l to 10 : 1, the 

W : monomer molar r a t i o was a t l e a s t 1 : 60, the r e a c t i o n was c a r r i e d out 

a t ambient temperature and the r e a c t i o n time was 1 hour. Therefore, i n order 

to become f a m i l i a r w i t h the r e a c t i o n procedure the c a t a l y s t system 

W C l 6 / N a 2 0 2 / ( i - b u t y l ) 3 A l w i t h a monomer : W molar r a t i o of 100 : 1, a A l : W 

molar r a t i o of 4 : 1 and a r e a c t i o n temperature of 20° was used to polymerise 

b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e . A creamy white polymeric m a t e r i a l was produced 

i n 65% y i e l d i t s i . r . spectrum (Appendix C ( X X I ) ) was i d e n t i c a l w i t h a 

r e f e r e n c e spectrum of p o l y ( l , 3 - c y c l o p e n t y l e n e v i n y l e n e ) , c o n t a i n i n g 
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predominantly trans-double bonds. Using t h i s procedure the ring-opening 

p o l y m e r i s a t i o n of ( I ) was attempted. 

On a d d i t i o n of the pre-mixed WC1 /Na o0 o toluene s o l u t i o n to ( I ) a 

colour change from blue-black to dark-brown and the appearance of a very 

f i n e s o l i d was observed, but no f u r t h e r c o l o u r change occurred on the 

a d d i t i o n of ( i - b u t y l ) g A l . The r e a c t i o n was terminated by a d d i t i o n of 

methanol, producing a sm a l l q u a n t i t y of white f i b r o u s m a t e r i a l (0.79g, 

3.7mmoles, 9 % ) , w i t h an i . r . spectrum (Appendix C ( X X I I ) ) very s i m i l a r t o 

the s t a r t i n g m a t e r i a l . I t was i n s o l u b l e i n acetone, methyl e t h y l ketone, 

chloroform, dimethyl sulphoxide and toluene. . The methanol s o l u t i o n was 

evaporated to dryness under reduced p r e s s u r e l e a v i n g a very small q u a n t i t y 

of brown m a t e r i a l which was not analysed. 

The experiment was repeated u s i n g the c a t a l y s t system WC1„/Na o0 o/Et oAlCl, 

the same colour change was observed on a d d i t i o n of the pre-mixed WCl„/Na o0 o 

toluene s o l u t i o n and again a sm a l l q u a n t i t y of creamy white m a t e r i a l was 

produced on the a d d i t i o n of exc e s s methanol, i t s i . r . spectrum was i d e n t i c a l 

to t h a t obtained p r e v i o u s l y . 

The experiment was repeated again using the c a t a l y s t system WC1./Et 0AlCl, 

without an oxygen c o n t a i n i n g a c t i v a t o r . On a d d i t i o n of the blue-black toluene 
o s o l u t i o n of WC1. to the monomer a t 20 the mixture turned dark brown, and o 

deepened i n c o l o u r on the a d d i t i o n of E t ^ A l C l . Samples were removed a t 

r e g u l a r i n t e r v a l s from the r e a c t i o n mixture during the r e a c t i o n and quenched 

by a d d i t i o n to excess methanol. White powdery m a t e r i a l was p r e c i p i t a t e d 

i n each sample and the l i q u i d was analysed by g . l . c . There was a s l i g h t 

decrease i n the c o n c e n t r a t i o n of monomer during the f i r s t four hour period, 

however, no subsequent decrease was observed. The r e a c t i o n was terminated 

a f t e r 22 hours by the a d d i t i o n of methanol. A s m a l l q u a n t i t y of m a t e r i a l 

was p r e c i p i t a t e d and a f t e r being d r i e d under reduced p r e s s u r e i t s i . r . 

spectrum was recorded and found to be i d e n t i c a l to the previous two. 
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I n l i t e r a t u r e r e p o r t s the oxygen c o n t a i n i n g a c t i v a t o r used i n the 

ring-opening p o l y m e r i s a t i o n of s u b s t i t u t e d b i c y c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e s was 

ethanol i n a 1 : 1 molar r a t i o with WC1 and the organoaluminium compound 
b 

was aluminium s e s q u i c h l o r i d e . T h i s c a t a l y s t system WC1 /EtOH/Et A1C1, 
o 2 

has been reported to be very a c t i v e i n metathesis r e a c t i o n s and t h e r e f o r e 

the p o l y m e r i s a t i o n of ( I ) was attempted u s i n g i t , but again only a small 

q u a n t i t y of s o l i d m a t e r i a l was produced on the a d d i t i o n of e x c e s s methanol, 

i n t h i s case even l e s s than i n the previous experiments. 

A summary of the d e t a i l s f o r these four experiments i s given i n 

Table 5.2. I t appeared t h a t some p o l y m e r i s a t i o n was o c c u r r i n g , the 

i n s o l u b i l i t y of the products hindered a d e t a i l e d i n v e s t i g a t i o n . The 

c a t a l y s t systems W C l e / N a _ 0 o / ( i - b u t y l ) _ A 1 , W C 1 V N a o 0 o / E t o A l C l and W C l c / E t 0 A l C l 

appeared to be of roughly equal r e a c t i v i t y , whereas WC1„/EtOH/Et_AlCl was 
o A 

l e s s r e a c t i v e . I t has been reported t h a t the l i f e t i m e of the a c t i v e c a t a l y s t 
o 202 

i n the WCl e/EtOH/EtAlCl_ system i s about 30 minutes at 25 , so i f the 

p o l y m e r i s a t i o n of ( I ) i s slow then the a c t i v e s p e c i e s i n the c a t a l y s t 

system may have been consumed before e x t e n s i v e p o l y m e r i s a t i o n had taken p l a c e . 

To o b t a i n an i n s i g h t i n t o the a c t i v i t y of the f l u o r o c y c l o a l k e n e ( I ) 

towards a m e t a t h e s i s c a t a l y s t system a s e t of three experiments were 

performed using the c a t a l y s t system WClg/NagOg/EtgAlCl w i t h the monomers: 

( i ) pure cyclopentene; ( i i ) an equimolar mixture of cyclopentene and adduct 

( I ) ; ( i i i ) pure adduct ( I ) . A l l three experiments were c a r r i e d out at the 

same time u s i n g the same c a t a l y s t mixture and terminated a f t e r 2 hours by the 

a d d i t i o n of methanol. The r e a c t i o n products were poured i n t o a f i v e - f o l d 

e x c e s s of methanol to p r e c i p i t a t e any polymer; d e t a i l s of these experiments 

are given i n Table 5.2. The m a t e r i a l from experiment ( i ) was s o f t and 

e l a s t o m e r i c , i t s i . r . spectrum was i d e n t i c a l to poly(1-pentenylene) with 

predominantly trans-double bonds (2.53g, 37mmoles; 75%) ; the product from 
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experiment ( i i ) was a b r i t t l e m a t e r i a l , i t s i . r . spectrum showed i t to be 

predominantly poly(1-pentenylene) (Appendix C ( X X I I I ) ) , but absorptions i n 

the region 1390-1000cm 1 ( r e g i o n of C-F a b s o r p t i o n s ) suggested the p o s s i b l e 

presence of some f l u o r i n a t e d m a t e r i a l , however, there were no d e t e c t a b l e 
19 

s i g n a l s i n the F n.m.r. spectrum of the sample; the product from 

experiment ( i i i ) was a b r i t t l e m a t e r i a l w i t h an i . r . spectrum (Appendix 

C(XXIV)) i d e n t i c a l to the m a t e r i a l produced from previous attempted 

p o l y m e r i s a t i o n s of adduct ( I ) . Thus, from t h i s s e r i e s of experiments i t 

appeared that adduct ( I ) was much l e s s r e a c t i v e towards metathesis c a t a l y s t s 

than cyclopentene and i f reasonable q u a n t i t i e s of product were to be obtained 

a much more a c t i v e c a t a l y s t was r e q u i r e d . 

5.3 The use of organo-tin-compounds as c o c a t a l y s t s i n o l e f i n m e t a t h e s i s 

I t has been suggested that phenyltungsten t r i c h l o r i d e i s the most a c t i v e 
203 

c a t a l y s t f o r the ring-opening p o l y m e r i s a t i o n of c y c l o a l k e n e s , and t h i s 

m a t e r i a l alone or together w i t h aluminium c h l o r i d e has been used by numerous 
204 

workers i n t h i s f i e l d . U l b r i c h t has reported the use of phenyltungsten 

t r i c h l o r i d e as a c a t a l y s t f o r the ring-opening p o l y m e r i s a t i o n of cyclopentene, 

producing 80% poly(1-pentenylene) with predominantly trans-double bonds, 

a f t e r 2 hours r e a c t i o n a t 0°. I t was reported t h a t the a d d i t i o n of aluminium 

t r i c h l o r i d e enhanced the a c t i v i t y of the c a t a l y s t and a mixture of PhWCl^/AlCl^ 

was used by Gassman and Johnson i n t h e i r s t u d i e s of the i s o m e r i s a t i o n of 
100 

f l u o r i n a t e d b i c y c l i c a lkenes and qu a d r i c y c l a n e d e r i v a t i v e s . 

I n the l i t e r a t u r e the pr e p a r a t i o n of phenyltungsten t r i c h l o r i d e i s 

reported simply as the r e a c t i o n of tungsten h e x a c h l o r i d e and t e t r a p h e n y l t i n 
205 

i n a 1 : 2 molar r a t i o i n r e f l u x i n g n-pentane. The phenyltungsten 

t r i c h l o r i d e i s d e s c r i b e d as a f i n e dark brown s o l i d which i s recovered by 

f i l t r a t i o n under, an atmosphere of dry n i t r o g e n ; no i n d i c a t i o n i s given of 

the r e f l u x time or the amount of n-pentane r e q u i r e d . The s y n t h e s i s was 
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attempted using a r e f l u x time of 4^ hours, a f i n e dark brown s o l i d was 

produced; however, the y i e l d of the m a t e r i a l (150%). was not c o n s i s t e n t 

w i t h the product being assigned as phenyltungsten t r i c h l o r i d e . N e v e r t h e l e s s 

t h i s m a t e r i a l was used as a c a t a l y s t f o r the p o l y m e r i s a t i o n of cyclopentene, 

f o l l o w i n g the c o n d i t i o n s reported by U l b r i c h t . The r e a c t i o n was allowed to 

proceed f o r 2 hours then terminated by the a d d i t i o n of e x c e s s methanol. 

A very small q u a n t i t y of s o l i d m a t e r i a l was p r e c i p i t a t e d and i t s i . r . 

spectrum was i d e n t i c a l to p o l y ( l - p e n t e n y l e n e ) , but the y i e l d was l e s s than 

15%. The p r e p a r a t i o n of phenyltungsten t r i c h l o r i d e was attempted twice 

more, but a s a t i s f a c t o r y product from the point of view of m a t e r i a l balance 

and c a t a l y t i c a c t i v i t y , was not a t t a i n e d . One p o s s i b l e e x p l a n a t i o n was 

that r e f l u x i n g the mixture f o r 4 j hours may have been too much and b e s i d e s 

monophenylation of the tungsten h e x a c h l o r i d e t a k i n g p l a c e , d i - and poly-

phenylation may have r e s u l t e d . The use of t h i s m a t e r i a l as a c a t a l y s t was 

not i n v e s t i g a t e d f u r t h e r . 

The c a t a l y s t system WClg/R^SnCl^ (where R = a l k y l , or a r y l ; x = 3 or 4 

and y = 4-x) has been e x t e n s i v e l y used f o r the o l e f i n m e t athesis of a c y c l i c 

alkenes and c y c l o a l k e n e s , e s p e c i a l l y s u b s t i t u t e d m a t e r i a l s . The development 

of the homogeneous c a t a l y s t system WClg/Sn(CHg) 4 f o r the metathesis of a c y c l i c 
56 

unsaturated e s t e r s has been of great importance i n the chemistry of f a t s . 

T h i s c a t a l y s t system shows very good thermal s t a b i l i t y and a l l o w s a p p l i c a t i o n s 

a t temperatures up to a t l e a s t 125°'. I t i s a s u i t a b l e m e tathesis c a t a l y s t 

f o r the ring-opening p o l y m e r i s a t i o n of ester-group s u b s t i t u t e d c y c l o a l k e n e s 

l e a d i n g to p o l y a l k e n y l e n e s of high molecular weight w i t h pendant e s t e r 
206 

groups; a l s o unsaturated l a c t o n e s may be polymerised to l i n e a r 
66 

unsaturated p o l y e s t e r s . 

Hein has reported the use of a number of organo-tin compounds as 

c o c a t a l y s t s f o r the p o l y m e r i s a t i o n of cyclopentene and b i c y c l o [ 2 . 2 . l ] h e p t -
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207 2-ene. Using the c a t a l y s t system WClg/(butyl)^Sn w i t h cyclopentene, 

the polymer conversion ranged from 3 to 65%, the m a j o r i t y of polymers 

possessed both c i s - and t r a n s - u n s a t u r a t i o n and were c l e a r , tacky m a t e r i a l s 

of low number average molecular weights (3000-6000). The c a t a l y s t systems 

WClg/PhgSnCl and WClg/Ph^Sn were much more r e a c t i v e w i t h cyclopentene, most 

r e a c t i o n s were exothermic and i n some c a s e s where no s o l v e n t was used 

there were e x p l o s i o n s on the a d d i t i o n of the monomer. The r e p r o d u c i b i l i t y 

of the experiments was r a t h e r poor and Table 5.3 summarises some of the 

experiments. 

The e f f e c t of v a r y i n g the molar r a t i o of W : Sn i s summarised i n 

Table 5.4 f o r the p o l y m e r i s a t i o n of cyclopentene using the system WClg/Ph^Sn 

and comparing that w i t h the conversion u s i n g PhWCl^ and the system WClg/Ph^SnCl. 

I t appears t h a t PhWCl^ i s the most r e a c t i v e c a t a l y s t of the group consi d e r e d . 

Some i n t e r e s t i n g r e s u l t s have been reported by Masuda e t a l on the 
208 

p o l y m e r i s a t i o n of p h e n y l a c e t y l e n e s using the c a t a l y s t system WC1 /Ph Sn, 
107 

the mechanism of which i s assumed to be analogous to o l e f i n m e t a t h e s i s . 

A s m a l l amount of t e t r a p h e n y l t i n was found to g r e a t l y i n c r e a s e the i n i t i a l 

p o l y m e r i s a t i o n r a t e of phenylacetylene by tungsten h e x a c h l o r i d e i n benzene. 

When the molar r a t i o of Ph^Sn to WCl g was i n the range 1 : 1 to 2 : 1, the 

p o l y m e r i s a t i o n r a t e reached a maximum and w i t h a r a t i o g r e a t e r than 2 : 1 both 

the r e a c t i o n r a t e and polymer y i e l d decreased, F i g u r e 5.1. 

When the tungsten h e x a c h l o r i d e and t e t r a p h e n y l t i n were mixed together 

i n benzene, the c o l o u r of the s o l u t i o n g r a d u a l l y changed from blue-black to 

brown and the c a t a l y s t a c t i v i t y v a r i e d w i t h the change i n c o l o u r . F i g u r e 

5.2 shows the e f f e c t of the aging time ( i . e . the period from p r e p a r a t i o n of 

the c a t a l y s t mixture to the a d d i t i o n of the monomer) on the course of the 

r e a c t i o n . When the t e t r a p h e n y l t i n was added to the monomer s o l u t i o n before 

the tungsten h e x a c h l o r i d e , the p o l y m e r i s a t i o n r a t e was almost the same as 
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that of the p o l y m e r i s a t i o n i n the absence of t e t r a p h e n y l t i n . The 

poly m e r i s a t i o n r a t e i n c r e a s e d w i t h an i n c r e a s e in. aging time and a maximum 

was reached when the aging time was 10-30 minutes. With a longer aging 

time the mixture tended to be a f i n e suspension and the p o l y m e r i s a t i o n 

r a t e decreased. The best c o n d i t i o n s quoted f o r the p o l y m e r i s a t i o n of 

phenylacetylene u s i n g the c a t a l y s t system WCl„/Ph.Sn were: an equimolar 
6 4 

mixture of the c a t a l y s t components, which were r e a c t e d together 10 minutes 

before the a d d i t i o n of the monomer. T h i s system was a l s o very e f f e c t i v e 
209 

f o r the p o l y m e r i s a t i o n of phenylpropyne. 
207 

In the work reported by Hein f o r the p o l y m e r i s a t i o n of cyclopentene 

using the c a t a l y s t system WC1 /Ph Sn the monomer was added to the c a t a l y s t 
6 4 

mixture a f t e r an i n t e r v a l of about 2 minutes, a longer aging time might 

have given a higher polymer conversion. 

The ring-opening p o l y m e r i s a t i o n s of cyclopentene and b i c y c l o [ 2 . 2 . 1 ] h e p t -

2-ene were t h e r e f o r e examined u s i n g the c a t a l y s t system WClg/Ph^Sn. 

D e t a i l s of the i n d i v i d u a l experiments a r e given i n Table 5.5. I n a l l the 

experiments the mixture became v i s c o u s immediately on a d d i t i o n of the 

monomer to the WCl/,/Ph„Sn system i n toluene. The r e a c t i o n s were 
6 4 

terminated by the a d d i t i o n of a sm a l l q u a n t i t y of methanol, and then added 

dropwise to a v i g o r o u s l y s t i r r e d f i v e - f o l d e x c e s s of methanol. The 

p r e c i p i t a t e d m a t e r i a l was recovered by f i l t r a t i o n and d r i e d under reduced 

p r e s s u r e . The th r e e samples of p o l y ( l - p e n t e n y l e n e ) prepared experiments 

( i ) - ( i i i ) were s o l u b l e i n chloroform, carbon t e t r a c h l o r i d e and toluene 

and were i d e n t i f i e d by t h e i r i . r . s p e c t r a . P o l y ( l - p e n t e n y l e n e ) prepared 

experiment ( i i ) was c h a r a c t e r i s e d by elemental a n a l y s i s and i . r . (Appendix 

C( XXV)) and *H n.m.r. spectroscopy. Both samples of p o l y ( 1 , 3 - c y c l o p e n t y l e n e ­

v i n y l e n e ) which were prepared i n experiments ( i v ) and ( v ) were i n i t i a l l y 

s o l u b l e i n toluene and chloroform, but on standing f o r a few weeks they 
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were found to be more d i f f i c u l t to d i s s o l v e and had a l s o become b r i t t l e . 

For the p o l y m e r i s a t i o n of cyclopentene w i t h an equimolar mixture 

of WClg/Ph 4Sn, experiment ( i ) , the polymer conversion was i d e n t i c a l to 

t h a t obtained by Hein, except the monomer : W molar r a t i o was 600 : 1 whereas 

Hein used 50 : 1. However, w i t h a WClg : Ph 4Sn molar r a t i o of 1 : 2 the 

polymer conversion was very much g r e a t e r . Allowing the c a t a l y s t components 

to r e a c t together before the a d d i t i o n of the monomer appears to be 

b e n e f i c i a l w i t h r e s p e c t to polymer conversion. Although the polymer 

conversion f o r bicyclo[2.2.1]hept-2-ene i n experiments ( i v ) and ( v ) was 

r e l a t i v e l y high a comprehensive a n a l y s i s was not p o s s i b l e , because of the 

i n s o l u b i l i t y of the polymers. ' 

5.4 The ring-opening p o l y m e r i s a t i o n of p a r t i a l l y f l u o r i n a t e d b i c y c l o [2.2.1 ] -

hept-2-enes using tungsten h e x a c h l o r i d e and t e t r a p h e n y l t i n as the 

c a t a l y s t system 

Using the c a t a l y s t system WClg/Ph^Sn i n a W : Sn molar r a t i o of 1 : 2 

and an aging time f o r the c a t a l y s t mixture of 12-15 minutes, the ring-opening 

p o l y m e r i s a t i o n of adduct ( I ) was attempted a t 0° and 20°. The c o n d i t i o n s 

and r e s u l t s a r e summarised i n Table 5.6. 

I n a l l three experiments the monomer was degassed and vacuum 

t r a n s f e r r e d from P 2°5 then i n j e c t e d , u sing an a i r - t i g h t s y r i n g e , i n t o the 

pre-mixed WClg/Ph^Sn toluene s o l u t i o n , which was dark brown i n c o l o u r . No 

immediate r e a c t i o n was observed, but g r a d u a l l y small p i e c e s of s o l i d 

m a t e r i a l c o l l e c t e d on the s i d e s of the r e a c t i o n v e s s e l and the amount slowly 

i n c r e a s e d as the r e a c t i o n proceeded. The appearance of s o l i d m a t e r i a l 

took longer i n experiment ( i ) than i n experiments ( i i ) and ( i i i ) . The 

colo u r of the r e a c t i o n mixture became l i g h t e r as the r e a c t i o n proceeded, 

they were terminated by the a d d i t i o n of a small quantity of methanol. On 
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I n i t i a l a d d i t i o n of methanol some o l tho s o l i d m a t e r i a l appeared to 

d i s s o l v e and as more methanol was added more of the s o l i d m a t e r i a l 

d i s s o l v e d , e v e n t u a l l y producing a homogeneous s o l u t i o n . In the experiments 

to ring-open polymerise adduct ( I ) using the c a t a l y s t systems WCl„/Na o0_/ 

organo-aluminium compound (Table 5.2) no methanol s o l u b l e m a t e r i a l was 

produced, a f t e r the i n s o l u b l e products had been recovered, the methanol 

s o l u t i o n s were evaporated to dryness under reduced p r e s s u r e and i n no 

case was a s u b s t a n t i a l amount of s o l i d r e s i d u e produced. 

The methanol s o l u t i o n s from experiments ( i ) - ( i i i ) were f i l t e r e d , 

the excess methanol removed under reduced p r e s s u r e and the v i s c o u s s o l u t i o n s 

were added dropwise i n t o a f i v e - f o l d e x c e s s of toluene. However, the 

toluene proved d i f f i c u l t to remove from the products even under reduced 

p r e s s u r e , they were t h e r e f o r e d i s s o l v e d i n a n a l a r acetone and r e p r e c i p i t a t e d 

i n n-pentane, which was e a s i l y removed under reduced p r e s s u r e . The s o l i d 

m a t e r i a l from experiment ( i i ) was c h a r a c t e r i s e d by elemental a n a l y s i s , i . r . 
1 19 

(Appendix C ( X X V I ) ) , H n.m.r. and F n.m.r. spectroscopy and i d e n t i f i e d as 

p o l y ( 4 , 4 , 5 - t r i f l u o r o - 5 - t r i f l u o r o m e t h y l - 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) ( V I I ) the 

p o l y a l k e n y l e n e of adduct ( I ) ; the a n a l y s i s of t h i s m a t e r i a l w i l l be 

d i s c u s s e d i n g r e a t e r d e t a i l i n Chapter 6. The i . r . s p e c t r a of the s o l i d s 

from experiments ( i ) and ( i i i ) were i d e n t i c a l to the i . r . spectrum of the 

m a t e r i a l from experiment ( i i ) . A l l three m a t e r i a l s were s o l u b l e i n 

methanol, acetone, methyl e t h y l ketone and t e t r a h y d r o f u r a n . 

I n t h i s s e r i e s of experiments the polymer conversion was higher when 
o o the r e a c t i o n temperature was 20 than when i t was 0 , consequently the 

m a j o r i t y of subsequent experiments were performed a t 20°. 

Using t h i s p o l y m e r i s a t i o n technique the ring-opening p o l y m e r i s a t i o n s of 

the p a r t i a l l y f l u 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 , adducts ( I I ) - ( I V ) 

were attempted, the d e t a i l s a r e shown i n Table 5.7. The polymeric m a t e r i a l s 

produced ( V I I I ) - ( I X ) were f u l l y c h a r a c t e r i s e d by elemental a n a l y s i s , i . r . 
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c =c CI : (Ml 

(CF„) F ( C F 3 ) (CFo)F 
n n 

( V I I ) ( V I I I ) 

CH=CH CH=CH 

H H(CF„) (CF„)C1 C1(CF„) 
n 

( I X ) (X) 

o-CH=CH CH=CH 

CF CF CF H 
n n 

( X I ) ( X I I ) 

(Appendix C ( X X V l l ) - (XXIX) r e s p e c t i v e l y ) , H n.m.r. and F n.m.r. 

spectroscopy and i d e n t i f i e d as the ring-opened polymers of the corresponding 

monomers ( I I ) - ( I V ) r e s p e c t i v e l y . The complete a n a l y s e s of the polymers 

w i l l be d i s c u s s e d i n Chapter 6. 
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5.5 The ring-opening p o l y m e r i s a t i o n of p a r t i a l l y f l u o r i n a t e d b i c y c l o f2.2.11-

.hepta-2,5-dienes using tungsten h e x a c h l o r i d e and t e t r a p h e n y l t i n as the 

c a t a l y s t system 

Using i d e n t i c a l c o n d i t i o n s to those s u c c e s s f u l l y a p p l i e d to the 

p o l y m e r i s a t i o n of p a r t i a l l y f l u o r i n a t e d b i c y c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e s with the 

c a t a l y s t system WClg/Pl^Sn, the p o l y m e r i s a t i o n s 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 o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e , adduct ( V ) , and 2 - 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, adduct ( V I ) , were attempted, Table 5.8. 

Both r e a c t i o n s were exothermic and became extremely v i s c o u s almost 

immediately a f t e r the a d d i t i o n of the monomer. The product from adduct 

(V) was i n s o l u b l e i n toluene and p r e c i p i t a t e d out during the r e a c t i o n , w h i l e 

t h a t from adduct ( V I ) was s o l u b l e . The r e a c t i o n s were terminated by the 

a d d i t i o n of methanol, d i s s o l v e d i n a n a l a r acetone, f i l t e r e d , the excess 

acetone was removed under reduced p r e s s u r e , producing a v i s c o u s s o l u t i o n 

which was added dropwise to a v i g o r o u s l y s t i r r e d excess of n-pentane and the 

p r e c i p i t a t e d m a t e r i a l s were recovered by f i l t r a t i o n and d r i e d under reduced 

p r e s s u r e . 

The polymer ( X I ) produced from adduct ( V ) , was a p a l e y ellow, b r i t t l e 

m a t e r i a l , i . r . spectroscopy (Appendix C(XXX)) showed the c h a r a c t e r i s t i c 

absorption a t 1689cm. 1 f o r the -CFgCsCCFg- s u b s t i t u t e d double bond. T h i s 

p r e c i p i t a t e d m a t e r i a l would only s w e l l i n hot and c o l d a n a l a r acetone, 

however, i n r e f l u x i n g methyl e t h y l ketone i t d i s s o l v e d q u i t e r e a d i l y . 

The polymer ( X I I ) from adduct ( V I ) was a p a l e yellow powdery m a t e r i a l , 

i . r . spectroscopy (Appendix C(XXXI)) showed the c h a r a c t e r i s t i c absorption 

a t 1640cm. 1 f o r the -CFgC=CH- s u b s t i t u t e d double bond and s i m i l a r to 

polymer ( X I ) , t h i s p r e c i p i t a t e d m a t e r i a l would only s w e l l i n c o l d and hot 

acetone, but d i s s o l v e d r e a d i l y i n r e f l u x i n g methyl e t h y l ketone. Complete 

a n a l y s e s of both polymers w i l l be d i s c u s s e d i n more d e t a i l i n Chapter 6. 
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5.6 The ring-opening p o l y m e r i s a t i o n of p a r t i a l l y f l u o r i n a t e d b i c y c l o r 2 . 2 . l } -

hept-2-enes and b i c y c l o [ 2 . 2 . l ] h o p t a - 2 , 5 - d i e n e s u s i n g d i f f e r e n t 

combinations of WCl^, N a
2 ° 2

 a n d ( i - b u t y l ) g A l as the c a t a l y s t systems 

A f t e r the s u c c e s s f u l ring-opening p o l y m e r i s a t i o n of p a r t i a l l y 

f l u 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 bi c y c l o [ 2 . 2 . 1 ] h e p t a - 2 , 5 - d i e n e s 

u s i n g the c a t a l y s t system WClg/Ph^Sn, the e a r l i e r attempts to polymerise 

adduct ( I ) u s i n g WClg/Na^O^d-butyD^Al as the c a t a l y s t system was repeated. 

The d e t a i l s a r e given i n Table 5.9. The procedure adopted was i d e n t i c a l to 

tha t used i n the o r i g i n a l attempt to polymerise t h i s adduct. When the 

pre-mixed toluene s o l u t i o n of WCl_/Na_0_ was added to the monomer a c o l o u r 
b & c 

change from blue-black to deep reddy-brown was observed, and on the a d d i t i o n 

of the ( i - b u t y l ) ^ A l the r e a c t i o n mixture became cloudy and turned dark brown 

Table 5.9 

The ring-opening p o l y m e r i s a t i o n of p a r t i a l l y f l u o r i n a t e d b i c y c l o [ 2 . 2 . 1 ] h e p t -

2-enes u s i n g WC1 / N a 9 0 9 / ( i - b u t y l ) _ A l as the c a t a l y s t system 

Monomer wci 6 N a 2 ° 2 ( i - b u t y l ) 3 A l Toluene Reaction R e a c t i o n Y i e l d 
Temp. Time 

mmole mmole mmole mmole mmole °C hours % 

I 29 0.075 0.073 0.3 70 20 38 10 

I I 31 0.075 0.073 0.3 70 20 38 2 

i n c o l o u r . A f t e r 2 hours a sm a l l q u a n t i t y of s o l i d m a t e r i a l had appeared 

on the s i d e s of the r e a c t i o n v e s s e l . The r e a c t i o n was terminated a f t e r 

38 hours by the a d d i t i o n of methanol. The s o l i d product was d i s s o l v e d i n 

a minimum amount of a n a l a r acetone and p r e c i p i t a t e d by a d d i t i o n to a f i v e - f o l d 
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exc e s s of n-pentane. The p r e c i p i t a t e d m a t e r i a l was d r i e d under reduced 

p r e s s u r e , producing a hard white s o l i d (0.65g, 1 0 % ) , whose i . r . spectrum 

(Appendix C ( X X X I I ) ) was i d e n t i c a l to t h a t of p o l y ( 4 , 4 , 5 - t r i f l u o r o - 5 -

t r i f l u o r o m e t h y l - 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) ( V I I ) produced by the r i n g -

opening p o l y m e r i s a t i o n of adduct ( I ) u s i n g WClg/Ph^Sn as the c a t a l y s t 

system. 

The procedure was repeated u s i n g adduct ( I I ) , Table 5.9. The col o u r 

changes on the a d d i t i o n of the c a t a l y s t components to the r e a c t i o n mixture 

was i d e n t i c a l to those i n the previous experiment and the r e a c t i o n was 

terminated a f t e r 38 hours. A very small amount of s o l i d m a t e r i a l was 

produced, a f t e r p u r i f i c a t i o n ( 0 . l 6 g , 2%) and i t s i . r . spectrum (Appendix 

C ( X X X I I I ) ) was i d e n t i c a l to t h a t of p o l y ( 4 , 5 - d i f l u o r o - 4 , 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 y l e n e v i n y l e n e ) ( V I I I ) produced by the. ring-opening 

p o l y m e r i s a t i o n of adduct ( I I ) u s i n g WC1 /Ph Sn as the c a t a l y s t system. 

Although the c a t a l y s t system W C l g / N a 2 0 2 / ( i - b u t y l ) 3 A l does ring-open 

polymerise adducts ( I ) and ( I I ) to g i v e the corresponding p a r t i a l l y 

f l u o r i n a t e d p o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) i t does not appear, from the 

r e a c t i o n s performed, to be as a c t i v e as the c a t a l y s t system WClg/Ph^Sn. 

These r e s u l t s confirm those obtained p r e v i o u s l y and show th a t the f a i l u r e to 

recover reasonable y i e l d s of polymer u s i n g t h i s c a t a l y s t system was not a 

consequence of the i s o l a t i o n technique. 

The ring-opening p o l y m e r i s a t i o n of adduct ( V I ) u s i n g the c a t a l y s t 

system WClg/NagO^/d-butyDgAl was a l s o examined, f o l l o w i n g the standard 

procedure and the d e t a i l s a r e given i n Table 5.10. 

The blue-black, pre-mixed toluene s o l u t i o n of WCl g/Na 20 2 was i n j e c t e d 

i n t o the r e a c t i o n v e s s e l c o n t a i n i n g the neat monomer, and the r e a c t i o n 

mixture immediately turned deep reddy-brown i n c o l o u r and became v i s c o u s . 

No ( i - b u t y l ) - A l c o c a t a l y s t was added. The r e a c t i o n was terminated a f t e r 
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Table 5.10 

The ring-opening p o l y m e r i s a t i o n of p a r t i a l l y f l u o r i n a t e d b i c y c l o [ 2 . 2 . l ] h e p t - 2 -

enes and b i c y o l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e s using WC1 /Na 0 and WC1 as the c a t a l y s t 

systems 

Monomer wci 6 N a 2 0 2 ( i - b u t y l ) g A l Toluene Reaction 
Temp. 

Reaction 
Time 

Y i e l d 

"mmole mmole mmole mmole mmole °C hours % 

V 18 0.051 0.051 0.153 94 20 3 77 

VI 20 0.051 0.051 94 20 1 10 

VI 11 0.03 38 20 3 11 

I l i a 14 0.03 94 20 24 17 

3 hours by the a d d i t i o n of methanol, and the product was d i s s o l v e d i n the 

minimum volume of a n a l a r toluene and r e - p r e c i p i t a t e d by a d d i t i o n to a f i v e ­

f o l d e x c e s s of methanol. The p r e c i p i t a t e d m a t e r i a l was recovered by 

f i l t r a t i o n and d r i e d under reduced p r e s s u r e , g i v i n g a l i g h t brown m a t e r i a l . 

I t s i . r . spectrum was i d e n t i c a l to p o l y ( 4 - t r i f l u o r o m e t h y l - 1 , 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 ) ( X I I ) produced by the ring-opening p o l y m e r i s a t i o n of adduct ( V I ) 

using WClg/PhjSn as the c a t a l y s t system. 

The s e n s i t i v i t y of the p o l y m e r i s a t i o n process to s m a l l s t r u c t u r a l 

v a r i a t i o n s i s i n d i c a t e d by the d i f f e r e n c e i n behaviour between adducts 

( V I ) and ( V ) . When a pre-mixed toluene s o l u t i o n of WCl_/Na o0 o was added 

to adduct ( V ) , the usual c o l o u r change was observed, but there was no 

immediate change i n the v i s c o s i t y . A f t e r 15 minutes ( i - b u t y l ) ^ A l was 

added and a f t e r a f u r t h e r 15 minutes the mixture became cloudy and v i s c o u s . 

The r e a c t i o n was terminated a f t e r 3 hours and a f t e r p u r i f i c a t i o n a hard, 
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white s o l i d was produced. I t s l . r . spectrum was i d e n t i c a l with that of 

p o l y ( 4 , 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 ) ( X I ) , produced 

by the ring-opening p o l y m e r i s a t i o n of adduct (V) using WClg/Ph^Sn as the 

c a t a l y s t system. 

I n a f u r t h e r m o d i f i c a t i o n of the experimental procedure a toluene 

s o l u t i o n of WCig was added to adducts ( V I ) and ( I l i a ) , i n the former c a s e 

there was an immediate exotherm and the r e a c t i o n became v i s c o u s w h i l e i n 

the l a t t e r case the exotherm occurred a f t e r 15 minutes and then the 

mixture became v i s c o u s . D e t a i l s of both experiments a r e given i n Ta b l e 

5.10. They were terminated a f t e r 3 and 24 hours r e s p e c t i v e l y by the 

a d d i t i o n of methanol, both were p u r i f i e d by r e p r e c i p i t a t i o n from toluene 

s o l u t i o n s using methanol as the non-solvent. The polymer from adduct ( V I ) 

was a l i g h t brown m a t e r i a l w i t h an i . r . spectrum i d e n t i c a l to polymer ( X I I ) 

and the polymer from adduct ( I l i a ) was a white m a t e r i a l w i t h an i . r . spectrum 

i d e n t i c a l to p o l y ( 4 - t r i f l u o r o m e t h y l - 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) produced 

by the ring-opening p o l y m e r i s a t i o n of adduct ( I l i a ) u s ing WClg/Ph^Sn as the 

c a t a l y s t system. 

5.7 The r e l a t i v e r a t e s a t which p a r t i a l l y f l u o r i n a t e d b i c y c l o [ 2 . 2 . 1 ]hept-

2-enes and bicyclor2.2.l"|hepta-2,5-dienes undergo ring-opening 

p o l y m e r i s a t i o n 

From t h i s b r i e f study of the ring-opening p o l y m e r i s a t i o n of p a r t i a l l y 

f l u 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 b i c y c l o [2.2.1]hepta-2,5-dienes 

one or two g e n e r a l p o i n t s may be made concerning t h e i r r e l a t i v e r a t e s of 

po l y m e r i s a t i o n and the a c t i v i t y of the c a t a l y s t systems used. However, i n 
20 view of the problems of r e p r o d u c i b i l i t y commonly encountered i n t h i s f i e l d , 

the c o n c l u s i o n s drawn must be regarded as only p r o v i s i o n a l and a gr e a t d e a l 

of experimental work i s r e q u i r e d before they can be made more d e f i n i t e . 
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The nature and the y i e l d s of the polymers produced from the 60 : 40 

mixture of adducts ( l b ) and ( l a ) , pure adduct ( l b ) and 14 : 86 mixture of 

adducts ( l b ) and ( l a ) are q u i t e d i f f e r e n t . The polymer from the pure 

adduct ( l b ) i s a very hard white s o l i d , t h a t from the 60 : 40 mixture of 

adducts ( l b ) and ( l a ) i s a white f i b r o u s m a t e r i a l and t h a t from the 14 : 86 

mixture of adducts ( l b ) and ( l a ) i s a f i n e white powder. The y i e l d of the 

polymers from pure adduct ( l b ) and the 60 : 40 mixture of adducts ( l b ) and 

( l a ) a r e q u i t e s i m i l a r , about 65%, but t h e i r i n t r i n s i c v i s c o s i t i e s a r e 

d i f f e r e n t , 5.8dl/g and 1.54dl/g r e s p e c t i v e l y , w h i l e the y i e l d from the 

14 : 86 mixture of adducts ( l b ) and ( l a ) i s much lower, 20%. 

T h i s s e r i e s of r e s u l t s suggests t h a t 5 , 5 , 6 - t r i f l u o r o - e x 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 . l ] h e p t - 2 - e n e , adduct ( l a ) , i s l e s s r e a c t i v e towards r i n g -

opening p o l y m e r i s a t i o n than 5 , 5 , 6 - t r i f l u o r o - e n d o - 6 - t r i f l u o r o m e t h y l b i c y c l o -
r - i 19 

[2.2.1]hept-2-ene, adduct ( l b ) . From the F n.m.r. spectrum of the polymer 

from the 60 : 40 mixture of adducts ( l b ) and ( l a ) , which w i l l be d i s c u s s e d 

i n more d e t a i l i n Chapter 6, i t appears t h a t more endo-isomer was 

polymerised than the exo-isomer. For some reason the exo-CF^ appears to 

hinder the p o l y m e r i s a t i o n p r o c e s s . F u r t h e r evidence to support t h i s 

o b s e r v a t i o n comes from the p o l y m e r i s a t i o n of adduct ( I I ) ; t h i s m a t e r i a l 

r e q u i r e s 27 hours to a t t a i n a polymer conversion of 63% ( c . f . ( I b ) g i v e s 

64% y i e l d i n 4 h o u r s ) , i t s s t e r e o c h e m i c a l s t r u c t u r e may be considered as a 

combination of adducts ( l a ) and ( I b ) , s i n c e i t possesses one endo-CF^ and 

one exo-CFg. No d e f i n i t e c o n c l u s i o n may be made about the e f f e c t of 

s t e r e o c h e m i s t r y on the y i e l d of polymer (X) from adduct ( I V ) , although i t was 

low ( 3 7 % ) , because a complete s t e r e o c h e m i c a l a n a l y s i s of adduct ( I V ) was 

not p o s s i b l e on the data a v a i l a b l e . 

I n c o n t r a s t to the above o b s e r v a t i o n s i t was found t h a t e x o - 4 - 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]hept-2-ene, adduct ( I l i a ) polymerised extremely 

r a p i d l y and the conversion was high ( 9 3 % ) . T h i s r e s u l t does not n e c e s s a r i l y 
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c o n t r a d i c t the ob s e r v a t i o n s made f o r the p o l y m e r i s a t i o n of adducts ( I ) 

and ( I I ) , s i n c e the polymer from adduct ( I l i a ) was s o l u b l e i n the 

p o l y m e r i s a t i o n medium and the system remained homogeneous throughout the 

r e a c t i o n ; whereas, f o r adducts ( I ) and ( I I ) , the polymers were i n s o l u b l e 

i n the r e a c t i o n medium and p r e c i p i t a t e d during r e a c t i o n . The a c t i v e 

c a t a l y s t may be considered as heterogeneous i n the l a t t e r c a s e and 

homogeneous i n the former, t h e r e f o r e the r a t e s of r e a c t i o n a r e not comparable. 

The homogeneity and heterogeneity of a p o l y m e r i s a t i o n r e a c t i o n may be 

the cause of the d i f f e r e n c e i n the a c t i v i t y of adducts (V) and ( V I ) to 

met a t h e s i s c a t a l y s t s . I t was shown th a t adduct ( V I ) w i l l r a p i d l y undergo 

ring-opening p o l y m e r i s a t i o n u s i n g only WClg as the c a t a l y s t system i . e . i n 

the absence of a c o c a t a l y s t and an a c t i v a t o r , however, adduct (V) r e q u i r e d 

the presence of a c o c a t a l y s t i n order to i n i t i a t e r a p i d p o l y m e r i s a t i o n . 

The polymer from adduct ( V I ) was s o l u b l e i n toluene, w h i l e the polymer from 

adduct (V) was i n s o l u b l e i n toluene. 

Although no f i r m c o n c l u s i o n s can be drawn from t h i s l i m i t e d s e t of 

data the l a r g e v a r i a t i o n s i n behaviour a s s o c i a t e d w i t h r e l a t i v e l y s mall 

changes i n monomer s t r u c t u r e and/or c a t a l y s t composition suggest that 

u s e f u l information concerning the d e t a i l e d mechanism of m e t a t h e s i s 

p o l y m e r i s a t i o n may be acq u i r e d from a more e x t e n s i v e i n v e s t i g a t i o n of t h i s 

a r e a . 

5.8 The copolymerisation of p a r t i a l l y f l u o r i n a t e d b i c y c l o r 2 . 2 . 1 j h e p t a - 2 , 5 -

dienes w i t h cyclopentene 

The p a r t i a l l y f l u o r i n a t e d b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e s were by f a r the 

most a c t i v e of the f l u o r i n a t e d b i c y c l o a l k e n e s towards o l e f i n m e t a t h e s i s . 

T h e r e f o r e the copolymerisation of adducts (V) and ( V I ) w i t h cyclopentene was 

examined u s i n g WCl f t/Ph.Sn as the c a t a l y s t system. 
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Equimolar mixtures of adduct (V) and cyclopentene, and adduct ( V I ) 

and cyclopentene were r e a c t e d together with the c a t a l y s t system WClg/Ph^Sn 

usi n g the standard procedure; d e t a i l s are recorded i n Table 5.11. I n both 

r e a c t i o n s a c o l o u r change from dark brown to l i g h t brown and an exotherm was 

observed on the a d d i t i o n of the monomer mixtures to the c a t a l y s t . The 

r e a c t i o n s became extremely v i s c o u s , but no m a t e r i a l was p r e c i p i t a t e d . 

Both r e a c t i o n s were terminated a f t e r 2 j hours by the a d d i t i o n of methanol 

and the products were p u r i f i e d by p r e c i p i t a t i o n from toluene s o l u t i o n s , 

w i t h methanol as the non-solvent. 

The organic s o l v e n t s were removed from the p r e c i p i t a t e d m a t e r i a l s 

under reduced p r e s s u r e , producing creamy white s o l i d s . The product ( X I I I ) 

from the copoiymerisation of adduct (V) and cyclopentene, was analysed by 

i . r . spectrscopy (Appendix C(XXXIV)) showing the c h a r a c t e r i s t i c absorption 

a t 1680cm * f o r the -CF C=CCF - s u b s t i t u t e d double bond, and elemental 

a n a l y s i s which i n d i c a t e d a copolymer w i t h repeat u n i t s ( X I ) and ( 8 ) i n a 

r a t i o of 2 : 1 r e s p e c t i v e l y . The m a t e r i a l was found to be s o l u b l e i n 

acetone, toluene and. methyl e t h y l ketone. 

The copolymer of adduct ( V I ) and cyclopentene, ( X I V ) , was analysed 

by i . r . spectroscopy (Appendix C(XXXV)) showing the c h a r a c t e r i s t i c 

absorption at 1650cm 1 f o r the -CFgC=CH- s u b s t i t u t e d double bond, and 

elemental a n a l y s i s which i n d i c a t e d a copolymer w i t h repeat u n i t s ( X I I ) 

and ( 8 ) i n a r a t i o of 2 : 1 r e s p e c t i v e l y . I n i t i a l l y the copolymer was 

s o l u b l e i n toluene and acetone, but g r a d u a l l y over a p e r i o d of approximately 

CH=CH 2 > 3 j CH=CH-(CH 

C F 3 C F 3 

( X I ) ( 8 ) 



- 151 -

a 
x : CO 

4-» 
•H 01 
» >. 

05 

« •*-> 
c (0 

« >. 
•H r-H 
T 3 CO 
1 +» 

I O CO 
•» o 

CM 
1 CD 
to 
•M 
a 
a> V) 
£ 

r—i 
CO 

rH c 
• •H 

CM +J 
• rH 

CM 
i I c 
O CD 
rH •C 
O ft >» CO 
o h 

•H 
£1 CD 

rH 4-> 
i-l •o 
• CD T 3 

m •P C 
CO CO 

CD c 
•H (D 
fn •o 

CO O •H 
H 3 U 

rH O 
HH rH 

£ >» O 
rH CO 
rH X 
CO CD 

•H £ 
•*J 
>H C 
a CD 
a •M 

(0 
<H (JO 
0 s 
c 

*> 
+•> 

0 
•H 
+J c 
CO •iH 
ia (fl 

•H 3 
r l 
CD CD 
a C 

CD 
rH +J 
o C 
ft CD 
o ft o O 

rH 
O 
>» 
o 

•o 
rH 
CD rH CO 
•H CO 

C 
0 to 

•r l CD U m m 
+•> a 3 • 
O H O CM 
CO H A 
CD 

OS 

CO 

c 
o • 

•H ft 
•p a O o O 
O CD o CM CN 
CO H 
CD 
tt 

bo 
C CD (0 

• H a c CN CM 
00 -H •H rH rH 

< E-> a 

CD 
c CD 
CD rH 
3 O 

rH Q en O 
O Q 

C CD 00 t > 
CO H CO CO 
J " * O rH rH £ a • • ft 1 o o 

CO le
 

92 S 
rH 0 o o 
o a • * a o d 

CD 
C 
CD 
+» 
C CD 
CD rH • • ft o co CO 
O rH rH 
rH 5 
O 
•> 

u 

D CD 
rH • • 
o co co 

I rH rH 

• o 
CD 
+» 
CO 
C )H 

•H CD t-H 
U § > > O 0 
3 S 

rH O 
s 

o 
•H 

CD 

•P 
O 
X 
CD 

s 
•iH 
CD 
u 
CD L* 
VI 

g 
•r l 
+> 
O 
to 
CD 
r l 

o 

in 
u 
CD 

8 
c 
o 
a 

o 

U) 
•H 
CD 

o 

•M 

6 
•o 
CD 
(0 
CO 



- 152 -

CH=CH-(CH„) CH=CH 

H CF 

( X I I ) ( 8 ) 

one month I t darkened i n col o u r to deep ye l l o w and became i n s o l u b l e , 
1 19 

consequently H n.ra.r. and F n.m.r. a n a l y s i s and i n t r i n s i c v i s c o s i t y 

measurements were not p o s s i b l e . T h i s change i n s o l u b i l i t y and c o l o u r did 

not occur w i t h the other copolymer and both m a t e r i a l s were s t o r e d under 

i d e n t i c a l c o n d i t i o n s , t h a t i s , i n the dark and under an atmosphere of dry 

nit r o g e n . I t may be p o s s i b l e t h a t c r o s s - l i n k i n g i n copolymer (XIV) may 

have occurred due to the presence of r e s i d u a l a c t i v e c a t a l y s t i n the m a t e r i a l . 

Time r e s t r i c t i o n s prevented a more e x t e n s i v e i n v e s t i g a t i o n of these 

c o p o l y m e r i s a t i o n s , however, these p r e l i m i n a r y r e s u l t s suggest t h a t u s e f u l 

information concerning the mechanism of p o l y m e r i s a t i o n may be forthcoming 

from a more d e t a i l e d study. The obvious f i r s t s t e p would be to e s t a b l i s h 

whether or. not the 2 : 1 i n c o r p o r a t i o n r a t i o observed from both systems 

was independent of the monomer feed stock r a t i o or merely c o i n c i d e n t a l . 



EXPERIMENTAL 
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5.9a Reagents 

Tungsten h e x a c h l o r i d e , cyclopentene and toluene were p u r i f i e d as 

d e s c r i b e d i n Chapter 3. Sodium peroxide and b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e 

were used as purchased from BDH Chemicals L t d . , and Koch-Light L a b o r a t o r i e s 

L t d . , r e s p e c t i v e l y . T r i - i s o b u t y l a l u m i n i u m was provided by Dr. K. Wade 

( t h i s Department). T e t r a p h e n y l t i n was purchased from BDH Chemicals L t d . , 

and p u r i f i e d by repeated e x t r a c t i o n of the t e t r a p h e n y l t i n w i t h hot toluene, 

using Soxhlet E x t r a c t i o n Apparatus. P a r t i a l l y f l u o r i n a t a d b i c y c l o [ 2 . 2 . l ] -

hept-2-enes and b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e s were prepared as d e s c r i b e d 

i n Chapter 4. A l l l i q u i d monomers were degassed and d r i e d over P o0, , 

vacuum t r a n s f e r r e d i n t o a c l e a n , dry f l a s k , l e t down to an atmosphere of 

dry n i t r o g e n and t r a n s f e r r e d i n t o the r e a c t i o n v e s s e l using an a i r - t i g h t 

s y r i n g e . 

5.9b Apparatus 
3 

A l l p o l y m e r i s a t i o n r e a c t i o n s were performed i n 30cm c a p a c i t y 2-necked 

f l a s k s c o n t a i n i n g a magnetic f o l l o w e r , one neck was f i t t e d w i t h a serum 

cap and the other was connected d i r e c t l y to the vacuum system. During a l l 

r e a c t i o n s the f l a s k s were continuously purged w i t h dry n i t r o g e n . 

5.9c The ring-opening p o l y m e r i s a t i o n of b i c y c l o [2.2.1 "|hept-2-ene using 

W C l 6 / N a 2 0 2 / ( i - b u t y l ) 3 A l as the c a t a l y s t system 

B i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e (5.5g, 59mmoles) was d i s s o l v e d i n d r i e d , 
3 

degassed toluene (10cm ) i n the r e a c t i o n v e s s e l , the s o l u t i o n was degassed 

again and then l e t down to an atmosphere of dry n i t r o g e n . The toluene 

s o l u t i o n of WCl_/Na o0_ was prepared by d i s s o l v i n g WC1. (2.38g, 6.0mmoles) b & *• b 
3 

and N&2^2 ^ . 4 5 g , 6.0mmoles) i n d r i e d , degassed toluene (10cm ) under an 

atmosphere of dry n i t r o g e n i n the glove-box. The pre-mixed WCl./Nao0_ 
b C & 

3 
s o l u t i o n (2cm ) was i n j e c t e d u s i n g an a i r - t i g h t s y r i n g e i n t o the monomer 
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solution. The mixture changed colour from blue-black to deep-red, i t was 

cooled to -10° and ( i - b u t y l ) 3 A l (0.4g, 1.7mmoles) was injected into the 

reaction mixture using a micro-syringe. The mixture became viscous, i t was 
o o f i r s t allowed to warm up to 0 then cooled to -10 . The reaction was 

3 

terminated after 1 hour by the addition of methanol (2cm ) . The reaction 

mixture was added dropwise to a fiv e - f o l d excess of methanol. The 

precipitated material was dried under reduced pressure, producing a creamy-

white s o l i d (3.6g, 38mmoles, 65%) which was soluble i n toluene, carbon 

tetrachloride and chloroform. I t s i . r . spectrum (Appendix C(XXI)) was 

id e n t i c a l with a reference spectrum of poly(l,3-cyclopentylenevinylene), 
v 964cm"1 (trans-HC=CH-) and 737cm"1 (cis-HC=CH-). max 

5.9d General procedure for the attempted and successful ring-opening 

polymerisation of p a r t i a l l y fluorinated bicyclo[2.2.l")hept-2-enes 

using WClg/Na 20 2/(i-butyl) 3Al or WClg/Na^/E^AlCl or WClg/EtOH/EtgAlCl 

or WC1 / E t 0 A l C l as the c a t a l y s t system 
O £ 

The reaction vessel was charged with the required amount of dried, 

degassed p a r t i a l l y fluorinated bicyclo[2.2.l]hept-2-ene and purged 

continuously with dry nitrogen. 

When sodium peroxide was used as the activator, the WC1„ and Na o0„ 

were pre-mixed in dried, degassed toluene under an atomosphere of dry 

nitrogen in the glove-box. The mixture was injected into the reaction 

vessel at room temperature using an a i r - t i g h t syringe. Using ethanol as 

the activator, the WC1 was dissolved in dried, degassed toluene in the 
b 

glove-box and injected into the reaction vessel. The ethanol was dissolved 

in dried toluene, degassed, then injected into the reaction vessel a f t e r 

the WClg solution. The reaction vessel was purged continuously with dry 

nitrogen and the mixture was s t i r r e d . 
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After the addition of the WCl./activator the reaction was cooled to 
o 

o 
-10 , and the required amount of organo-aluminium compound was added using 
a micro-syringe. The reaction was maintained at the required temperature 

for the duration of the experiment then terminated by the addition of a few 
3 

cm of methanol. 

The above procedure was followed for the experiments recorded in Tables 

5.2 and 5.9. In the former case on the addition of methanol to the reaction 

mixture an insoluble product was produced, this was recovered and pumped 

dry under reduced pressure. The residual methanol solution was evaporated 

under reduced pressure and produced in every case only a small quantity 

of so l i d material, which was not analysed. In the l a t t e r case the reaction 

products were found to be soluble in methanol. A homogeneous solution was 

prepared by dissolving the product in analar acetone, the solution was 

f i l t e r e d and added dropwise to a f i v e - f o l d excess of n-pentane. The 

precipitated materials were recovered by f i l t r a t i o n and dried under reduced 
o ™ 3 pressure (45 , 10 mm Hg). 

The ring opening polymerisation of: ( i ) Cyclopentene; ( i i ) Equimolar 

mixture of cyclopentene and 5,5 ,6-trifluoro-6-trifluoromethylbicyclo-

[2.2.l]hept-2-ene and ( i i i ) 5,5 ,6-Trifluoro-6-trifluoromethylbicyclo-

[2.2.l]hept-2-ene using WClg/NagOg/EtgAlCl as the c a t a l y s t system 

Three reaction vessels were separately charged with dried and degassed 

( i ) cyclopentene, ( i i ) an equimolar mixture of cyclopentene and 5,5,6-trifluoro-

6-trifluoromethylbicyclo[2.2.l]hept-2-ene and ( i i i ) 5,5,6-trifluoro-6-trifluoro-

methylbicyclo[2.2.l]hept-2-ene and purged continuously with dry nitrogen. 
3 

To each flask dried, degassed toluene (10cm ) was added. 

WC1. (0.3g, O.76mmoles) and Nao0_ (0.06g, 0.8mmoles) were dissolved i n 
3 

dried, degassed toluene (20cm ) under an atmosphere of dry nitrogen in the 
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glove-box. A 5cm aliquot of this solution was injected into reactions 
3 

( i ) and ( i i ) and a 2.5cm aliquot into reaction ( i i i ) at 20°. A l l three 
solutions changed colour from blue-black to dark red, the solutions were 

o 

cooled to -10 , EtgAlCl was injected into each solution using a micro-

syringe [ ( i ) and ( i i ) (0.085g, O.77mmoles) and ( i i i ) (0.049g, 0.39mmoles) ]; 

a colour change from dark red to dark brown was observed in a l l three 

cases. The temperature was maintained at -10° and an increase was observed 

in the solution v i s c o s i t y for reaction ( i ) a similar but smaller increase 

was observed in ( i i ) and in the case of reaction ( i i i ) the solution became 

cloudy. The reactions were terminated after 2 hours by the addition of a 

small quantity of methanol, producing after p u r i f i c a t i o n : from ( i ) , 

poly(l-pentenylene) (2.9g, 43mmoles, 75%) a creamy-white material with an 

i . r . spectrum i d e n t i c a l to an authentic sample of poly(1-pentenylene); 

from ( i i ) , a white b r i t t l e material (0.65g), the i . r . spectrum of which 

(Appendix C ( X X I I I ) ) was very similar to poly(1-pentenylene), but displaying 

additional absorptions i n the region 1390-lOOOcm 1 ( c h a r a c t e r i s t i c region 

for C-F absorptions); and from ( i i i ) a hard material (0.3g, 1.4mmoles, 6%) 

which was insoluble i n methanol, acetone and chloroform, i t s i . r . spectrum 

(Appendix C(XXIV)) was id e n t i c a l to the spectra of the insoluble materials 

produced in the i n i t i a l attempts to ring-open polymerise adduct ( I ) . 

5.9f General procedure for the ring-opening polymerisation of cycloalkenes 

using tungsten hexachloride and tetraphenyltin as the cata l y s t system 

The reaction vessel was charged with required quantity of tetraphenyltin 

and purged for at l e a s t 1 hour with dry nitrogen. The required amount of 

a toluene solution of tungsten hexachloride was injected into the vessel 

using an a i r - t i g h t syringe. The mixture was s t i r r e d vigorously for 12-15 

minutes, and during that period of time a colour change from blue-black to 



- 157 -

dark brown wa.s obsorvod. Tho drJuri, ( I U K H S S < J < I monomer was injocted into 

the active c a t a l y s t system using an a i r - t i g h t syringe. 

The reaction was allowed to proceed for the appropriate amount of time 
3 

and terminated by the addition of a few cm of methanol. The product was 

dissolved i n a solvent and f i l t e r e d ; some of the solvent was then 

removed under reduced pressure to give a viscous solution, which was added 

dropwise to a large excess of non-solvent. The precipitate was recovered 

and the re s i d u a l solvent and non-solvent were removed from the precipitated 
o "3 

material under reduced pressure (45 , 10 mm Hg). 

Using t h i s procedure cyclopentene, bicyclo[2.2.1jhept-2-ene, p a r t i a l l y 

fluorinated bicyclol.2..2.1 ]hept-2-enes, adducts ( I ) - (IV) and p a r t i a l l y 

fluorinated bicyclo[2.2.1]hepta-2,5-dienes, adducts (V) and (VI) were 

ring-open polymerised using WCl./Ph.Sn as the c a t a l y s t system. Experimental 
b 4 

de t a i l s are recorded in Tables 5.5, 5.6, 5.7 and 5.8. 

For the copolymerisations of adducts (V) and (VI) with cyclopentene 

the procedure above was followed. In each copolymerisation the monomers 

were mixed in equimolar proportions before in j e c t i o n into the reaction 

mixture. The work up procedure was as described above. Details of the 

individual experiments are given in Table 5.11. 
5.9g The ring-opening polymerisation of 2,3-bis(trifluoromethyl)bicyclo-

[2.2.1]hepta-2,5-diene using WClg/Na 20 2/(i-butyl)gAl as the cata l y s t system 

Dried, degassed 2,3-bis(trifluoromethyl)bicyclo[2.2.1]hepta-2,5-

diene (4.1g, 18mmoles) was vacuum transferred into the reaction vessel and 

l e t down to an atmosphere of dry nitrogen. WC1. (0.02g, 0.051mmoles) 

and N a
2 ° 2 (0.04g, 0.051mmoles) were dissolved i n dry, degassed toluene 
3 

(10cm ) under an atmosphere of dry nitrogen in the glove-box and injected into 

the reaction vessel at room temperature, there was a colour change from 

blue-black to deep red. After 15 minutes (i-butyDgAl (0.034g, 0.153mmoles) 
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was injected into the reaction mixture using a micro-syringe and afte r a 

further 15 minutes the reaction became cloudy and viscous, small pieces 

of s o l i d material appeared on the sides of the reaction vessel. The 
3 

reaction was terminated after 3 hours by the addition of methanol (2cm ) . 

After p u r i f i c a t i o n by reprecipitation and drying of the recovered product 
o ""3 

under reduced pressure (45 , 10 mm Hg) a hard white s o l i d was produced 
(3.l6g, 13.8mmoles, 77%) v 1689cm"1 (-CF„C=CCF„-). 

max o o 

The above procedure was repeated using 2-trifluoromethyl bicyclo[2.2.l] 

hepta-2,5-diene (3.2g, 20mmoles) as the monomer. On the addition of the 

pre-mixed WClg/Na^O^ solution the reaction mixture immediately turned deep-

reddy brown in colour and became viscous, no (i - b u t y l ) ^ A l was added. The 

reaction was terminated after 1 hour by the addition of methanol, aft e r 

purification by reprecipitation a li g h t brown material was produced (0.32g, 

Smmolos, 10%) v 1640cm _ 1 (-CF„C=CH-). 
max 3 

5.9h The ring-opening polymerisation of 2-trifluoromethylbicyclo[2.2.l]-

hepta-2,5-diene and exo-5-trifluoromethylbicyclo[2.2.1]hept-2-ene 

using tungsten hexachloride as the c a t a l y s t system 

Dried, degassed exo-5-trifluoromethylbicyclo[2.2.l]hept-2-ene ( I l i a ) 

(2.05g, 14mmoles) was vacuum transferred into the reaction vessel, which 

was then l e t down to an atmosphere of dry nitrogen. w c i g (°>Ol25g, 0.0314 
3 

mmoles) dissolved i n dry, degassed toluene (10cm ) was injected into the 

reaction vessel at room temperature. The i n i t i a l blue-black colouration 

of the mixture changed to deep red then dark brown. After 15 minutes the 

reaction had become s l i g h t l y viscous. The reaction was allowed to proceed 

for 24 hours with s t i r r i n g and was terminated by the addition of methanol. 

The reaction mixture was poured dropwise into a fi v e - f o l d excess of methanol 

The precipitated material was recovered by f i l t r a t i o n and pumped dry under 
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reduced pressure (45 , 10 nun Hg) producing a white material (0.35g, 2.15 

mmoles, 17%). 

The procedure above was repeated using 2-trifluoromethylbicyclo[2.2.l]-

hepta-2,5-diene (V) (1.76g, llmmoles) as the monomer. The reaction was 

terminated after 3 hours and the product was reprecipitated from a toluene 

solution using methanol as the non-solvent (0.19g, 1.2mmoles, 11%) v 
max 

1640cm"1 (-CF C=CH-). 
• J 



CHAPTER 6 

CHARACTERISATION AND SOME PHYSICAL PROPERTIES OF SOME 

PARTIALLY FLUORINATED POLY(l,3-CYCLOPENTYLENEVINYLENES) 

AND POLY(1,3-CYCLOPENTENYLENEVINYLENES) 
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6.1 Structural characterisation 

The p a r t i a l l y fluorinated polyd,3-cyclopentylenevinylenes) and poly(1,3-

cyclopentenylenevinylenes) prepared as described i n Chapter 5 were 
1 19 13 characterised by elemental analysis, i . r . , H n.m.r., F n.m.r., and C 

n.m.r. spectroscopy. These methods of analysis confirmed that the polymers 

were produced by ring-opening polymerisation, the information derived from 

each technique i s discussed i n t h i s Chapter. 

6.1a Elemental analysis 

The r e s u l t s of elemental analyses of a l l the polymers were in good 

agreement with the calculated values and are summarised in Table 6.1. 

6.1b Infrared spectroscopy 

Infrared spectra of the polymers were recorded for thin films cast from 

dilute solutions of the polymers in v o l a t i l e solvents, on potassium bromide 

plates. 

As discussed in Chapter 3, absorptions i n the i . r . spectra of hydrocarbon 

polyalkenylenes at 980 and 1404 cm * have been used to estimate the r e l a t i v e 

amounts of trans- and cis-double bonds present in the polymers. In the case 

of the p a r t i a l l y fluorinated poly(l,3-cyclopentylenevinylenes) and p o l y d ,3-

cyclopentenylenevinylenes) discussed here, the presence of many strong 

absorptions i n the region 1400-900cm 1, assigned at le a s t i n part to C-F 

absorptions, make the unambiguous i d e n t i f i c a t i o n of bands due to trans- and 

cis-double bonds d i f f i c u l t , and no de f i n i t e conclusions about the r e l a t i v e 

amounts of trans- and cis-double bonds i n the fluorinated polymers can be made 

from an analysis of thei r i . r . spectra. In general, as might reasonably 

be expected, there was a very close s i m i l a r i t y between spectra of the monomers 

and those of the resultant polymers, with the absorptions of the l a t t e r being 

much broader. 
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Table 6.1 

Elemental analyses of p a r t i a l l y fluorinated polyd,3-cyclopentylene-

vinylenes) and poly(1,3-cyclopentenylenevinylenes) 

Polymer 
Calculated Found 

Polymer 
C H CI F C H CI F 

V I I A 44.5 2.8 52.7 44.4 3.1 52.8 

V I I I 40.6 2.3 57.1 41.7 2.3 

IX 59.3 5.6 35.2 59.0 6.0 34.8 

X 36.2 2.02 23.7 38.1 36.0 2.3 24.5 37.4 

X I 47.4 2.7 50.0 47.1 2.7 49.5 

X I I 60.0 4.4 35.6 59.9 4.0 36.0 

X I I I B 52.7 3.9 43.5 52.8 4.1 43.1 

XIV B 65.0 5.7 29.4 64.3 4.8 30.1 

eye1opentene 88.1 11.8 87.9 11.9 

Analysis on the polymer prepared from the 60 : 40 mixture of adducts 

( l b ) and ( l a ) . 

Calculated values are for a copolymer with the p a r t i a l l y fluorinated 

polyd,3-cyclopentenylenevinylene) and poly(l-pentenylene) repeat 

units in a 2 : 1 r a t i o . 
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As stated in Chapter 5, the i . r . spectra of polymers (XI) and ( X I I ) , 

that i s the polymers derived from the p a r t i a l l y fluorinated b i c y c l o [ 2 . 2 . l ] -

hepta-2,5-diene monomers, showed absorptions at 1680cm 1 and 1640cm 1 

c h a r a c t e r i s t i c of the substituted double bonds -CF C=CCF - and -CF C=CH-

respectively. The absence of an absorption for the -CF C=CH- double bond 

in polymer (XI) and for the -CF gC=CCF 3- double bond i n polymer ( X I I ) requires 

that ring-opening in both cases was either exclusively at the unsubstituted 

double bonds or exclusively at the substituted double bonds; in the case of 

polymer ( X I I ) the further condition of exclusively head-to-tail assembly 
13 

would have to be included. Analysis of the C n.m.r. spectrum of polymer 

(XI) (see below) establishes that ring-opening occurred only at the 

unsubstituted double bonds. 

6.1c N.m.r. spectroscopic analysis 

When an unsymmetrically substituted bicyclo[2.2.1]hept-2-ene undergoes 

ring-opening polymerisation there are a variety of ways in which the monomer 

unit can be incorporated i n the polymer chain. I f i t could be obtained, a 

detailed knowledge of the stereochemistries of such polymers might well 

provide useful insights into the mechanism of polymerisation. I t was hoped 
1 19 

that the combination of three s t r u c t u r a l probes, namely H n.m.r., F n.m.r. 
13 

and C n.m.r. spectroscopy would allow the elucidation of the required 

stereochemistries. In practice only a p a r t i a l solution to the problem was 

obtained, however, the work reported here establishes the potential and value 

of t h i s approach. 

The variety of possible stereochemistries can best be appreciated by 

considering a s p e c i f i c case, for example, the polymer produced from exo-5-

trifluoromethylbicyclo[2.2.1]hept-2-ene. In t h i s case stereoisomerism can 

re s u l t from three structural features of the repeat unit, the main chain 
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double bond may display c i s - or trans-geometry, the unsymmetrlcaJ. ropont unit 

may be incorporated in a head-to-tail or head-to-head fashion, and f i n a l l y 

the c h i r a l i t y of the repeat unit allows i s o t a c t i c , syndiotactic or at a c t i c 

sequences of monomer incorporation. Figure 6.1 i l l u s t r a t e s some of these 

p o s s i b i l i t i e s for the cases where each structural feature remains constant 

for the whole polymer chain, i t must also be r e a l i s e d that other s t r u c t u r a l l y 

regular p o s s i b i l i t i e s e x i s t , such as head-to-head sequences and alternating 

c i s - and trans-double bonds, along with a range of random and block 

copolymeric structures. 

At the time of writing this thesis the only detailed analysis of the 

stereochemistry of polyalkenylenes which has been reported i s that carried 
13 

out using C n.m.r. spectroscopy, and of particular i n t e r e s t with respect 
to the work reported here are the papers by I v i n et al on poly(l-pentenylene) 

210 211 212 

and poly(l,3-cyclopentylenevinylene) and derivatives. ' ' I t was 

i n i t i a l l y hoped that analysis of the n.m.r. spectra of the se r i e s of p a r t i a l l y 

fluorinated poly(l,3-cyclopentylenevinylenes) and polyCl,3-cyclopentenylene-

vinylenes) produced in th i s work would enable their stereochemistries to be 

completely established. I t was anticipated that fluorine substituents in 

different stereochemical environments would produce r e l a t i v e l y large e f f e c t s 
19 

on the chemical s h i f t s not only in the F n.m.r. spectra, but also i n the 
1„ J 13„ H n.m.r. and C n.m.r. spectra. 

For substituted bicyclo [2.2.l]hept-2-ene monomers the detailed stereo­

chemical structure of the polymer w i l l depend on the orientation of the 

coordinating monomer, i . e . exo or endo on approach to the active catalyst 

system. In other reactions of bicyclo[2.2.l]hept-2-ene with t r a n s i t i o n 
213 

metals, approach from the exo-direction i s favoured. Assuming that the 

mechanism for ring-opening polymerisation of cycloalkenes involves metal-

carbene and metallocyclobutane intermediates a substituted bicyclo[2.2.l]hept-
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Figure 6.1 

Regular head-to-head poly(4-trifluoromethyl-1,3-cyclopentylenevinylene) 

T : F „ C F „ C F „ C F „ 

i s o t a c t i c poly(4-trifluoromethyl-1,3-cyclopentylene-cis-vinylene) 

C F „ C F „ C F „ C F „ 

i s o t a c t i c poly(4-trifluoromethyl-1,3-cyclopentylene-trans-vinylene) 

c=c-m ®-c=c-

C F „ C F , 

syndiotactic poly(4-trifluoromethyl-1,3-cyclopentylene-cis-vinylene) 

£ F „ C F . 

—3» <&-C=C<Q &C=C-@ ®-C=C€i Q»C=C-

C F . C F , 

syndiotactic poly(4-trifluoromethyl-1,3-cyclopentylene-trans-vinylene) 

( $ - bond approaching, 0 - bond receding) 
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2-ene monomer w i l l approach the metal carbene species, form the metallo-

cyclobutane intermediate and hence the extended polymer chain as depicted in 

Figure 6.2. I f approach i s exclusively from the exo-direction and i f the 

H H n n M M 

H 

> 
H H 

R y n 
M=CH n M=C 2 / 

R 
H H 

Key: i s the polymer chain containing n monomeric units; 

/vwv indicates undefined stereochemistry. 

Figure 6.2 

A possible mechanism for the ring-opening polymerisation of 

substituted bicyclo[2.2.l]hept-2-ene 

monomer ex i s t as a racemic mixture, as i s the case for 5-trifluoromethyl-

bicyclo[2.2.l]hept-2-ene, the only t o t a l l y stereoregular products possible 

would be the ones in which the enantiomers of the monomer were incorporated 

in a regular alternating fashion; that i s , head-to-head poly(4-trifluoro-

methyl-1,3-cyclopentylene-cis-vinylene) or i t s a l l trans isomer. 
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I t has been proved by ozonolysis experiments that in polyd,3-cyclo-

pentylenevinylene) the cyclopentane ring has a cis-1,3-structure. From 

the mechanistic scheme shown in Figure 6.2 the endo-substituents R 2 and R 

w i l l be on the same side of the ring as the carbon-carbon double bond in 

the polymer chain. Hence, the stereochemistry of the individual repeat 

units a r i s i n g from adducts ( l a ) , ( l b ) , (11 a ) , (11 la ), (V) and (VI) w i l l be 

( V i l a ) , ( V l l b ) , ( V I I I ) , ( I X ) , (XI) and ( X I I ) respectively, as shown in 

Figure 6.3. 

HC CH HC CH 

CF 
r H H H H 

CF F 

( V i l a ) ( V l l b ) 

HC CH HC CH 
CF F H H 

N 
H H H H 

CF H CF 

( V I I I ) (IX) 

HC CH CH CH 

H CF 3 C F 3 H H C F 3 H H 

(XI) ( X I I ) 

Figure 6.3 
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A complete structural and stereochemical analysis requires high 

quality n.m.r. spectra, however, due to both p r a c t i c a l and instrumental 
1 19 

limitations, well resolved H and F n.m.r. spectra were not always obtained, 

despite extensive work and the considerable e f f o r t s of Dr. R.S. Matthews 

( t h i s Department) with a 'home-made' FT adaption of a Bruker Spectrospin HX 
90E high resolution n.m.r. spectrometer. The same limitations applied to 

13 
the recording of C n.m.r. spectra in th i s department, however, good spectra 
were obtained for some samples through the generosity of Professor K..J. Ivin 
and coworkers at Queen's University Belfast. 

1 19 13 

From the H, F and C n.m.r. spectra which were obtained i t i s clear 

that fluorine substitution does produce some differences i n chemical s h i f t s 

which are possibly caused by structural variation. Only a p a r t i a l 

interpretation of the spectra has been obtained and i f a complete unambiguous 

understanding of these systems i s to be obtained l e s s complex structures are 

required, e.g. polymers which have exclusively or predominantly c i s - or trans-

geometry. The analyses accomplished are discussed i n d e t a i l below. 
1,. . 1 9„ A , . 1. H and F n.m.r. spectroscopic analysis 

1 19 

The data from the H and F n.m.r. spectra of the polymers are 

summarised in Table 6.2. The *H n.m.r. spectra consist of complex, broad 

signals, but each showed the expected signal for the v i n y l i c protons. The 

spectra of polymers ( I X ) and (XI) showed some interesting features, the former 

showed at le a s t two d i s t i n c t signals for the v i n y l i c protons, and the l a t t e r 

showed at l e a s t three signals i n the v i n y l i c region together with two broad 

bands for the t e r t i a r y protons and two broad bands for the methylene protons. 
The possible causes for these different signals w i l l be discussed l a t e r . 

19 

The F n.m.r. spectrum of the polymer which was prepared from the 

60 : 40 mixture of adducts ( l b ) and ( l a ) i s very complex, Figure 6.4a. 
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Table 6.2 
1 1 9 H n.m.r. and F n.m.r. data for p a r t i a l l y fluorinated p o l y d , 3-

cyclopentylenevinylenes) and polyd,3-cyclopentenylenevinylenes) 

Polymer 
repeat unit 

I9„ a F n.m.r. 1„ b H n.m.r. Polymer 
repeat unit 

-CF 
3 - cv "CH2- -H =CH-

Vllb 74.05 

6 6 A B 
102.8 115.9 
J =235Hz AB 

190.26 

2.02 3.35 5.80 

V i l a 70.99 
A B 

113.7 123.5 
J,=2lOHz AB 

158.46 

2.02 3.35 5.80 

V I I I 70.67 
73.44 

163.26 
165.01 
185.97 
187.03 

2.02 3.59 5.78 

IX 63.04 1.03 to 2.25 2.37 to 3.35 5.41 5.52 

X c 

67.85 
64.00 
62.25 
60.42 

1.84, 2.56 3.89 5.84 

XI 
57.34 
57.80 

1.56, 2.77 
(1) (1) 

4.23, 3.79 
(1) (1) 

5.66) 
5.57) (2) 
5.40) 

XII 
62.40 
62.82 

Chemical s h i f t s were recorded in ppm r e l a t i v e to C c F g a s internal reference 
and for comparison purposes were converted to the 6fflpf,, » scale using the 
relati o n 6 } « 6 + 162.3 3 

J o b 
Chemical s h i f t s are given i n ppm r e l a t i v e to Me^Si as external reference. 
Integrated i n t e n s i t i e s are given i n parentheses. 

Unknown stereochemistry. 
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f i g u r e 6.\ 

Figure 640 

A 
~~H 7? S iE 1u7 il7 l i7 li7 H7 157 1̂ 7 i?7 1?7 

^CP8yPPm 

Figure 6Ab 

_ j j L 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Figure 64c 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 

Figure 6Ad 

-A /V_ 
1 1 1 1 1 1 t 1 1 1 1 1 ' 1 
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I t was i n i t i a l l y assumed, on the b a s i s of monomer composition and polymer 

y i e l d , t h a t the most i n t e n s e s i g n a l s belonged to the repeat u n i t s formed 

from adduct ( l b ) , i . e . ( V l l b ) , and the l e a s t i n t e n s e s i g n a l s belonged to 

the repeat u n i t s from adduct ( l a ) , i . e . ( V i l a ) . From the r e l a t i v e i n t e n s i t i e s 

of the t r i f l u o r o m e t h y l and t e r t i a r y f l u o r i n e s i g n a l s i n t h i s spectrum the 

r a t i o of ( V I l b ) : ( V i l a ) u n i t s was 70 : 30; thus, i t appeared t h a t adduct 

( l b ) had polymerised to a g r e a t e r extent than adduct ( l a ) . T h i s i n i t i a l 
19 

assignment of the s i g n a l s was confirmed by the F n.m.r. spectrum of the 

polymer prepared from pure adduct ( l b ) , F i g u r e 6.4b, having e x c l u s i v e l y 

repeat u n i t ( V l l b ) and t h a t of the polymer prepared from the 16 : 84 mixture of 

adducts ( l b ) and ( l a ) , F i g u r e 6.4c, having predominantly repeat u n i t ( V i l a ) . 

Each of the l a t t e r two s p e c t r a c o n s i s t e d of a sharp s i g n a l f o r the t r i f l u o r o -

methyl group, an AB q u a r t e t f o r the ̂ C F
2 group and a sharp s i g n a l f o r the 

t e r t i a r y f l u o r i n e atom, i n the c a s e of the polymer w i t h ( V l l b ) as repeat u n i t 

the t e r t i a r y f l u o r i n e occurs as a doublet. I n the spectrum of the polymer 

d e r i v e d from the 60 : 40 mixture of ( l b ) and ( l a ) the lower f i e l d limb of the 

AB q u a r t e t a t lowest f i e l d c o n s i s t e d of what appeared t o be four broad s i g n a l s , 

two of low i n t e n s i t y ; a l s o the t e r t i a r y f l u o r i n e a t h i g h e s t f i e l d c o n s i s t e d 

of two s i g n a l s , again one of low i n t e n s i t y . These low i n t e n s i t y s i g n a l s are 

not present i n the polymer obtained from pure adduct ( l b ) and must have 

a r i s e n due to the presence of the other repeat u n i t . T h i s h y p o t h e s i s 

r e c e i v e s support from the observation t h a t the t e r t i a r y s i g n a l from the minor 

component i n the polymer d e r i v e d from the 16 : 84 mixture of adducts ( l b ) 

and ( l a ) a l s o appears as two peaks ( s e e the high f i e l d p a r t of spectrum, 

F i g u r e 6 . 4 c ) . However, the ob s e r v a t i o n t h a t the spectrum of the copolymer 

produced from the 60 : 40 mixture of adducts ( l b ) and ( l a ) appears to be 

e s s e n t i a l l y the sum of the s p e c t r a of the homopolymers of ( l b ) and ( l a ) may 

be i n t e r p r e t e d as evidence t h a t the copolymer i s formed predominantly from 
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b l o c k s of ( V l l b ) and ( V i l a ) u n i t s ; the low I n t e n s i t y s i g n a l s e x c l u s i v e to the 

copolymer (which appear to be a s s o c i a t e d w i t h a difluororaethylene f l u o r i n e and 

a t e r t i a r y f l u o r i n e i n ( V l l b ) type u n i t s ) could then be a s s i g n e d to e i t h e r 

j u n c t i o n s between blocks or a l t e r n a t i n g sequences. T h i s i s n e c e s s a r i l y a 

t e n t a t i v e hypothesis s i n c e i t seems u n l i k e l y that the polymers d e r i v e d from 

pure monomers are s t r u c t u r a l l y homogeneous. 

I n view of the s e n s i t i v i t y of the chemical s h i f t of t e r t i a r y f l u o r i n e s 

to t h e i r environments, observed f o r the copolymers of ( l a ) and ( l b ) , i t was 

a n t i c i p a t e d t h a t the polymer d e r i v e d from adduct ( I I ) would show a m u l t i p l i c i t y 

of s i g n a l s i n the t e r t i a r y f l u o r i n e region as a consequence of d i f f e r e n t 
19 

s t e r e o c h e m i c a l ch a i n sequences. I n p r a c t i c e the F n.m.r. spectrum of t h i s 

polymer, F i g u r e 6.4d, shows the expected m u l t i p l i c i t y of s i g n a l s i n the t e r t i a r y 

f l u o r i n e region as w e l l as l i n e broadening of the higher f i e l d s i g n a l a r i s i n g 

from a t r i f l u o r o m e t h y l group. There i s c l e a r l y s t r u c t u r a l i n f o r m a t i o n to be 

obtained from t h i s approach, but the spectrum r e s o l u t i o n obtained i n t h i s 

c a s e does not j u s t i f y f u r t h e r s p e c u l a t i o n , b e t t e r r e s o l v e d s p e c t r a are r e q u i r e d . 
19 

The F n.m.r. spectrum of polymer ( I X ) i s simple, c o n s i s t i n g of only 

one s i g n a l , due to the s i n g l e t r i f l u o r o m e t h y l group. By c o n t r a s t , the 

spectrum of polymer (X) showed a t l e a s t four w e l l r e s o l v e d s i g n a l s , some wi t h 

f i n e s t r u c t u r e , a t chemical s h i f t s t y p i c a l of t r i f l u o r o m e t h y l groups; 

u n f o r t u n a t e l y i n t h i s case the polymer was d e r i v e d from a mixture of a t l e a s t 

t h r e e monomer isomers whose s t r u c t u r e and d i s t r i b u t i o n was not f u l l y 

c h a r a c t e r i s e d . 

For polymers ( X I ) and ( X I I ) produced from the two p a r t i a l l y f l u o r i n a t e d 

b i c y c l o [ 2 . 2 . l ] h e p t a - 2 , 5 - d i e n e s , adducts (V) and ( V I ) r e s p e c t i v e l y , at l e a s t two 

and maybe three broad s i g n a l s i n the CF^ region are observed. T h i s 

phenomenon may be e x p l a i n e d by t a k i n g i n t o account the d i f f e r e n t t r i f l u o r o ­

methyl group environments caused by r i n g t a c t i c i t y and c i s - and trans-geometry 
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of the repeat u n i t s . The cyclopentene r i n g may be i n c o r p o r a t e d i n t o the 

growing polymer c h a i n i n two ways, e i t h e r i s o t a c t i c or s y n d i o t a c t i c as 

shown i n Figure 6.5. 

i s o t a c t i c ^ 
n 

CF 

ft 

CH CH CH=CH CH=CH 

CF CF 

^ s y n d i o t a c t i c ^ 
n 

F i g u r e 6.5 

For polymer ( X I ) , w i t h s u c c e s s i v e r i n g s i n the c h a i n w i t h the same 

o r i e n t a t i o n ( i s o t a c t i c ) and the repeat u n i t s i n the cis-geometry, CF_ groups 

on neighbouring r i n g s w i l l be i n d i f f e r e n t environments t o those a s s o c i a t e d 

w i t h s y n d i o t a c t i c sequences, F i g u r e 6.6. The former may be expected to 

expe r i e n c e s t e r i c compression, whereas very l i t t l e , i f any, s t e r i c compression 

, i s o t a c t i c . 

H H H H H H / 
C CF CF 

\ H H H 
H CF CF CF 

( ) 
s y n d i o t a c t i c 

F i g u r e 6.6 
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w i l l be experienced by the l a t t e r . I n the trans-geometry even w i t h 

s u c c e s s i v e r i n g s i n the same o r i e n t a t i o n s t e r i c compression w i l l not occur, 

however, the t r i f l u o r o m e t h y l groups w i l l be i n d i f f e r e n t environments i n 

i s o t a c t i c and s y n d i o t a c t i c sequences. T h i s a n a l y s i s could account f o r the 
19 

d i f f e r e n t s i g n a l s observed i n the F n.m.r. spectrum. The suggestion 

th a t the CF^ group causes s t e r i c compression i s a l s o used i n the i n t e r p r e t a t i o n 
13 

of the C n.m.r. spectrum, which w i l l be d i s c u s s e d l a t e r . The a n a l y s i s 

presented above accounts f o r the presence of at l e a s t two v i n y l i c protons, 

two d i f f e r e n t methylene protons and two d i f f e r e n t methine protons i n the *H 

n.m.r. spectrum of the polymer. 

For polymer ( X I I ) , the only time t h a t the ~CF^ group w i l l cause s t e r i c 

compression i s when the s u c c e s s i v e r i n g s are i n the same o r i e n t a t i o n , the 

repeat u n i t s are i n cis-geometry and i n a head-to-head arrangement, F i g u r e 6.7. 

H H H H 

H H H H CF H H CF 

F i g u r e 6.7 

An a n a l y s i s s i m i l a r to th a t given above f o r ( X I ) would account f o r the 
19 

m u l t i p l i c i t y of s i g n a l s observed i n the F n.m.r. spectrum of t h i s polymer. 

T h i s may provide a method f o r determining r e g u l a r i t y i n the polymer and opens 

up another area f o r f u t u r e i n v e s t i g a t i o n ; the i n i t i a l requirement would be 

f o r polymers w i t h a l l c i s - or trans-sequences as a f i r s t s t e p i n a s s i g n i n g 

s i g n a l s to s t r u c t u r a l f e a t u r e s . 
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13 2. C N.m.r. s p e c t r o s c o p i c a n a l y s i s 
13 

C N.m.r. spectroscopy f o r the study of n o n - f l u o r i n e s u b s t i t u t e d 

p o l y ( l , 3 - c y c l o p e n t y l e n e v i n y l e n e s ) has been developed i n r e c e n t y e a r s . I t 

provides a powerful t o o l f o r i n v e s t i g a t i n g the c i s / t r a n s content of the 

unsaturated polymers much more a c c u r a t e l y than i . r . spectroscopy and without 
13 

the need f o r c a l i b r a t i o n . I v i n e t a l have i n v e s t i g a t e d the C n.m.r. 
s p e c t r a of p o l y ( l , 3 - c y c l o p e n t y l e n e v i n y l e n e ) w i t h v a r y i n g amounts of c i s - and 

210 
t r a n s - u n s a t u r a t i o n . In the spectrum of an almost 50% c i s - p o l y ( l , 3 -

c y c l o p e n t y l e n e v i n y l e n e ) , F i g u r e 6.8b, the number of s i g n a l s observed cannot 
1 2 3 

be e x p l a i n e d simply by the f a c t t h a t the chemical s h i f t s of the C , C and C 

carbon atoms, F i g u r e 6.9, a r e s e n s i t i v e to the isomerism about the n e a r e s t 

double bond, but tha t they a r e a l s o s e n s i t i v e to the isomerism about the next 

-CH=CH-^^^-

1 

F i g u r e 6.9 

ne a r e s t double bond. Ther e f o r e , i n a p o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) 

c o n t a i n i n g both c i s - and t r a n s - u n s a t u r a t i o n , four s i g n a l s should be observed 
2 1 

f o r both C and C i . e . 2 t t , 2 t c , 2cc and 2 c t ( u s i n g the nomenclature 
210 

proposed by I v i n e t a l , i n which the number denotes the carbon atom; the 

f i r s t l e t t e r , the c i s ( c ) or t r a n s ( t ) s t r u c t u r e a t the n e a r e s t double bond; 

the second l e t t e r that a t the next n e a r e s t double bond) and l t t , l t c , l e t and 
3 

l e c r e s p e c t i v e l y ; f o r C which i s sym m e t r i c a l l y s i t u a t e d between two double 

bonds three s i g n a l s should be observed corresponding to 3 t t , 3tc = 3ct and 

3cc. The r e l a t i v e i n t e n s i t i e s of these s i g n a l s may be used to c a l c u l a t e the 

amount of c i s - and t r a n s - u n s a t u r a t i o n i n the polymer using the formulae f o r 
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tho do tormina t Ion of tho True LI on »l" e i .s-unsa tura tion , o , f o r each sot of 
c 

s i g n a l s shown bo low and comparoil with tho value obtained from the i n tons! t i tea 

l e t + l e c 
a. 

o 

c l t t + l t o + l e t + l e c ' 

2c t + 2cc 
c = 2 t t + 2 t c + 2 c t + 2cc ' 

CTc = ( 3 t c t 3 c O ( ! C 3 c c Tilt W h e r e ?Ct a n d 3 t C a r e 

e q u i v a l e n t , 

4 4 
of the s i g n a l s due to c i s - C and trans-C , i . e . v i n y l i c carbons where 

a. 4c 
c 4c + 4 t 

Using t h i s argument and the f a c t t h a t i n simple alkenes the o r c i s 
214 

carbon atoms always appear about 5ppm u p f i e l d from o r t r a n s carbon atoms 
13 

together w i t h a comparison of the C n.m.r. s p e c t r a of 100% c i s - p o l y ( l , 3 -

c y c l o p e n t y l e n e v i n y l e n e ) and 84% t r a n s - p o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) , 

F i g u r e s 6.8a and 6.8c r e s p e c t i v e l y , a l l the s i g n a l s i n the spectrum of the 

50% c i s - p o l y ( l , 3 - c y c l o p e n t y l e n e v i n y l e n e ) a r e a b l e to be assigned as shown 

i n Table 6.3. 
13 

The C n.m.r. s p e c t r a of the p a r t i a l l y f l u o r i n a t e d p o l y ( 1 , 3 - c y c l o p e n t y l e n e -

v i n y l e n e s ) ( V I I ) , ( V I I I ) and ( I X ) and the p a r t i a l l y f l u o r i n a t e d p o l y d , 3 - c y c l o 

pentenylenevinylene) ( X I ) a r e shown i n F i g u r e 6.10a-d r e s p e c t i v e l y . The 

spectrum of polymer ( X I ) was the e a s i e s t to i n t e r p r e t and a complete a n a l y s i s 

has been made, Table 6.4. 

Assignment made f o r s i g n a l s i n that spectrum helped s o l v e the 

assignment of s i g n a l s i n more complex s p e c t r a of other polymers. S i g n a l s 
2 2 2 ( 2 ) and ( 3 ) were a s s i g n e d to c i s - C and trans-C r e s p e c t i v e l y , the c i s - C 

2 
s i g n a l being s h i f t e d e x a c t l y 5ppm u p f i e l d from the trans-C . S i g n a l s ( 7 ) 
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210 Talilo 6.3 
13 

Chemical s h i f t s I n the C n.m.r. s p e c t r a of three samples 

( a ) , (b) and ( c ) of p o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) 

Peak 
No. Chemical S h i f t 8 Assignment Peak 
No. 

( a ) l b ) ( c ) 

Assignment 

1 32.30 32.30 f l t t 
[ l t c 

2 33.01 32.94 l e t 

3 33.21 33.14 l e c 

4 38.47 38.47 2c t 

5 38.60 38.67 2cc 

6 41.40 41.40 3 t t 

7 42.11 42.11 3tc = 3c t 

8 42.70 42.83 3cc 

9 43.15 43.15 2 t t 

10 43.41 43.41 2t c 

11 133.10 133.10 4 t 

12 133.88 133.88 133.94 4c 

i n ppm downfield from TMS 



- 178 -

a> 

9> 

in 

0) 

CO 

s 

10 

(0 

a: 

(0 
CN 

0) 
0 
(0 

B 

CO t o 

E 

I 
<0 

0) 



- 179 -

0) 

to 

0) in 
0) 

0 

CO 

4) 
B 

(0 
CO 9 9 

(4 
CO 

& 
in 

B 

u c o i CO 
a 
a) 

to 
4) 

bO 



- 180 

j 10 

a> 

a> 

a> 

CD 
in 

CO 

a> 

CD 

II 
CO 

CO 9 s 
CN 

I 
in 

-8 CD 
a CO 

0) 
a. co i 5 
CD 

CO 
0) 

bO 



- I HI 

J 
tt) 
0) 

0) 
0) 

0 

0) 

o CM 
CO 

I 

i n 

u ii 

co 2 CO 0) 
u 

3 

In 
I 

S 
10 i co J5 

at 

9) 

L-8 bO 



- 182 -

Table 6.4 
13 

Chemical s h i f t s i n the C n.m.r. spectrum of 

p o l y ( 4 , 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 ) ( X I ) 

ft 

CH=CH 

CF CF 

Peak 
No. 

a 
Chemical S h i f t Assignment R e l a t i v e Area 

37.2 3cc 234 

1 38.1 3ct S 3tc 284 

38.5 3 t t 187 

2 44.8 2c 708 

3 49.8 2t 657 

4,5,6,10 I 2 2 ( q ) J„ =273Hz CF 6 

7 132.1 4 t 412 

8 133.5 4c 531 

9 1 4 0 . l ( q ) J c c p=31.8Hz 5 

q = q u a r t e t 

a i n ppm downfield from TMS 
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4 4 
and ( 8 ) were assi g n e d to the v i n y l i c carbon, trans-C and c i s - C r e s p e c t i v e l y . 

T h i s l i n e order was based on the r e l a t i v e i n t e n s i t i e s of the two s i g n a l s 
2 2 

compared with, the s i g n a l s f o r c i s - C and trans-C and the l i n e order proposed 
210 

f o r the v i n y l i c carbons i n p o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) , p o l y ( l -
215 214 butenylene), and simple 2-alkenes. 

3 
The CHg carbon, i . e . C shows a c l e a r t r i p l e t , s i g n a l ( 1 ) , and the 

i n d i v i d u a l s i g n a l s were assi g n e d as shown i n Table 6.4. T h i s l i n e order 
3 

does not p a r a l l e l t h a t made by I v i n e t a l f o r C i n p o l y d , 3 - c y c l o p e n t y l e n e -
210 211 v i n y l e n e ) and p o l y d , 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 ) , but the observed l i n e 

order can be r a t i o n a l i s e d using the same p r i n c i p l e s of s t e r i c compression 

proposed by I v i n e t a l to account f o r t h e i r observed s p e c t r a . For polymer 
3 

( X I ) the s t e r i c compression a t C i n the t r a n s s t r u c t u r e ( f o r a l l r i n g 

t a c t i c i t i e s ) i s probably no g r e a t e r than i n p o l y d , 3 - c y c l o p e n t y l e n e v i n y l e n e ) ; 
3 

whereas f o r the s t r u c t u r e having cis-geometry the s t e r i c compression a t C 

i s probably s i g n i f i c a n t l y g r e a t e r i n (XX) than i n p o l y d , 3 - c y c l o p e n t y l e n e ­

v i n y l e n e ) as a consequence of the requirements of the CF^ groups, t h e r e f o r e , 
3 

o v e r a l l the s i g n a l f o r C i n a l l c i s - s e q u e n c e s of polymer ( X I ) w i l l be 

s h i f t e d u p f i e l d w i t h r e s p e c t to the s i g n a l a s s o c i a t e d w i t h a l l trans-sequences 

g i v i n g the observed l i n e order. 

Using the formulae d e s c r i b e d p r e v i o u s l y the proportion of c i s - d o u b l e 
4 2 bonds c a l c u l a t e d from the C s i g n a l s was a = 0.56; the C s i g n a l was c " 3 3 

a =0.52 and the C s i g n a l was 0.53. The agreement between a from C and 
c c 
2 

C i s very good, the di s c r e p a n c y between these v a l u e s and t h a t d e r i v e d from 
4 

C may w e l l be due to the f a c t t h a t the spectrum phase appears to be out 
4 

mar g i n a l l y i n the C region. 
13 

I n f l u o r i n a t e d m a t e r i a l s , due to CF coupl i n g , complex C n.m.r. s p e c t r a 
are u s u a l l y observed; however, i n the case of polymer ( X I ) , the s i g n a l s a r e 

6 
simple and can be i n t e r p r e t e d . C , the carbon atom of the t r i f l u o r o m e t h y l 
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group was assigned to the quartet ( 4 ) , ( 5 ) , ( 6 ) and (10) ( 6 = 122.0ppm_; 
5 

J C F = 273Hz) and C , the r i n g v i n y l i c carbon atom i s a l s o coupled to the 
Q 

t h r e e e q u i v a l e n t f l u o r i n e atoms on C and appears as a qu a r t e t ( 9 ) ( 6 = 

140.1ppm; J
C C F = 31.8Hz). As can be seen the r e l a t i v e i n t e n s i t i e s of the 

carbon atoms at t a c h e d to hydrogen atoms are much g r e a t e r than those attached 

to f l u o r i n e atoms, because i n the former the Nuclear Overhauser E f f e c t i s 

operating and enhancing the i n t e n s i t y of the s i g n a l s w h i l e i n the l a t t e r no 

such e f f e c t o c c u rs. 

For polymer ( V I I I ) the assignment of the v a r i o u s s i g n a l s i s given i n 

Table 6.5. The most n o t i c e a b l e f e a t u r e about the spectrum was the number 

of doublets, which can be accounted f o r by CF and CCF couplin g s . The carbon 
6 

atom of the t r i f l u o r o m e t h y l group, C i s s p l i t i n t o a quartet of doublets, 

s i g n a l s ( 7 ) , ( 9 ) , (11) and ( 1 3 ) , the q u a r t e t s p l i t t i n g i s due to the co u p l i n g 

w i t h the three e q u i v a l e n t f l u o r i n e atoms and the doublet s p l i t t i n g i s caused 
1 1 * 

by coupling w i t h the f l u o r i n e atom attached to C (or C ) . The doublet 
s i g n a l (11) of the qu a r t e t i s i n f a c t c o i n c i d e n t w i t h the s i g n a l due to the 

4 4 c i s - v i n y l i c carbon, C , s i g n a l ( 1 2 ) , w i t h the trans-C assigned to s i g n a l (10) 
1 1' 

The s i g n a l s due to C and C appear as a double of q u a r t e t s ( 6 ) and ( 8 ) ; 

the doublet s p l i t t i n g caused by co u p l i n g w i t h the attached f l u o r i n e atom and 

the quartet s p l i t t i n g caused by coupling w i t h the f l u o r i n e atoms attached to 
c 6 . 

4 4 The v i n y l i c carbon atom, C , was a s s i g n e d as u s u a l , w i t h the c i s - C 
4 

downfield from the tr a n s - C ( s i g n a l s (12) and (10) r e s p e c t i v e l y ) . The 
2 

assignment of the s i g n a l s f o r C i s more d i f f i c u l t and the s t r u c t u r e of the 

repeat u n i t has to be taken i n t o account, s i n c e i t i s apparent that there 
2 

a r e two d i f f e r e n t environments f o r C , designated 2 and 2', two s e t s of s i g n a l 

w i l l be present. I t i s not p o s s i b l e to say which s e t belongs to which atom, 

but s i g n a l s ( 2 ) and ( 4 ) belong to one s e t and s i g n a l s ( 3 ) and ( 5 ) belong to 
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Ta b l e 6.5 
13, Chemical s h i f t s i n the C n.m.r. spectrum of p o l y ( 4 , 5 - d i f l u o r o -

4 , 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 y l e n e v i n y l e n e ) ( V I I I ) 

3 

2 ( 2 ' ^ C F . , F75'(2) 

4 
C= 

1 ( 1 ' ) l ' ( l ) 

Peak 
numbers 

a 
Chemical s h i f t s Assignment R e l a t i v e Areas 

1 34.4 
36.0 

3 t t 
3cc 

63 
90 

2 41.1(d) 
J„„ =18Hz CCF 

2 ' c ( 2 c ) 176 

3 45.8(d) 
.J =20Hz CCF 

2 c ( 2 ' c ) 205 

4 46.1(d) 
J C C F = 2 0 H z 

2 ' t ( 2 t ) 193 

5 50.5(d) 

J C C F = 2 1 H Z 

2 t ( 2 ' t ) 142 

6.8 97.9(d) 
J C F=205Hz J c c p = 2 9 H z 

l ( l ' ) 

10 
126.5 
127.0 
127.6 

4 t 
87 

135 
89 

12 128.6 
129.1 4c 230 

203 

7,9,11,13 123.1(g) 
J C F=273Hz J c c p = 3 5 H z 

6 

d = doublet 
q = q u a r t e t 

i n ppm u p f i e l d from TMS 
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2 2' 
another. Where ( 2 ) and ( 3 ) are the c i s - C ( or C ) s i g n a l s and ( 4 ) and 

2 2' 
( 5 ) are the t r a n s - C (or C ) s i g n a l s , w i t h ( 2 ) 5ppm u p f i e l d from ( 4 ) , and 

( 3 ) 4.7ppm u p f i e l d from ( 5 ) . The doublet s p l i t t i n g of each s i g n a l was 
2 2' 1 1 ' due to coupling between C (or C ) and the t e r t i a r y f l u o r i n e on C ( o r C ) . 

3 
F i n a l l y s i g n a l ( 1 ) was assigned to C . 

4 
The proportion of the c i s - d o u b l e bonds c a l c u l a t e d from the C s i g n a l s 

2 2' was a = 0.58, from the C (C ) s i g n a l s was a =0.55 ( u s i n g s i g n a l s ( 2 ) c c 
3 

and ( 5 ) ) and from the C s i g n a l s was a = 0.59. 
c 

The above assignments are s e l f c o n s i s t e n t , but even b e t t e r r e s o l v e d s p e c t r a 

a r e r e q u i r e d f o r a complete s t r u c t u r a l assignment; f o r example, th e r e i s the 
3 

question of the C s i g n a l being apparently due to 3cc and 3 t t w i t h no 3 c t 

component. 

The spectrum of polymer ( I X ) i s very complex and a t e n t a t i v e assignment 
6 

of the s i g n a l s i s given i n Table 6.6. C , appears as a quartet and was 

assigned s i g n a l s ( 6 ) , ( 7 ) , ( 8 ) and ( 9 ) (6 = 128.5ppm; J Q F = 256Hz) and C 1 

was assigned to s i g n a l ( 5 ) , again a q u a r t e t ( 6 = 46.7ppm; J
C C F " 25Hz). 

4 4 
The v i n y l i c carbons were assigned to s i g n a l s ( 1 0 ) , t rans-C and (11) c i s - C . 
The f i n e s t r u c t u r e of both s i g n a l s i s extremely complex and i t may be t h a t the 

4 

chemical s h i f t of C i s s e n s i t i v e to the h e a d - t o - t a i l isomerism of the r e p e a t 

u n i t s , t h i s may account f o r the two s i g n a l s i n the v i n y l i c region of the *H 

n.m.r. The assignments of the other bands were only t e n t a t i v e , because of 

the very complex s e t of s i g n a l s and l i m i t e d amount of information a v a i l a b l e . 

However, the assignment must be along the c o r r e c t l i n e s , s i n c e the proportion 

of c i s - d o u b l e bonds c a l c u l a t e d by u s i n g the v a r i o u s s e t s of s i g n a l s a re i n 
4 3 q u i t e good agreement i . e . from the C s i g n a l s a = 0.53; from the C s i g n a l s c 2 

a =0.53 and from the C s i g n a l s a =0.54. c c 

For polymer ( V I I ) the assignment of the bands was i m p o s s i b l e , because of 

the complex nature of the spectrum, caused by CF coupling and the f a c t t h a t 
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13 
Chemical s h i f t s I n the C n.m.r. spectrum of 

p o l y ( 4 - t r i f l u o r o m e t h y l - 1 , 3 - c y c l o p e n t y l e n e v l n y l e n e ) ( I X ) 
4' 3 4 . 

Peak 
number 

a 
Chemical s h i f t Assignment R e l a t i v e Area 

1 34.0 
34.6 

3c 
3t 

72 
63 

2 
37.6 
37.9 
38.1 
38.5 

2c 
70 
57 
36 
96 

3 
41.9 
42.2 
42.6 

2t 
55 

100 
62 

4 44.1 1' 65 

5 46.7(q) 
J C C F = 2 5 H z 

1 

6,7,8,9 128.5(q) 
J C F=256Hz 

6 

10 
129.7 
130.1 
130.7 
131.1 

4 t 
52 

112 
39 
25 

11 
133,3 
134.1 
134.5 
135.1 

4c 
64 
48 

120 
28 

q s q u a r t e t 

a 
i n ppm downfield from IMS 
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the polymer c o n s i s t e d of two d i f f e r e n t types of repeat u n i t s i . e . ( V i l a ) and 

( V l l b ) . S i n c e the amount of polymer produced from pure adduct ( l b ) was 
13 

s m a l l and adduct ( l a ) could not be obtained pure, C n.m.r. s p e c t r a of the 

pure homopolymers were not obtained during the course of t h i s work. These 

would have s i m p l i f i e d the s p e c t r a c o n s i d e r a b l y . 
13 

The polymers whose C n.m.r. s p e c t r a have been d i s c u s s e d above were a l l 
prepared from t h e i r r e s p e c t i v e monomers u s i n g WC1 /Ph.Sn as the c a t a l y s t 

6 4 
13 

system. However, the C n.m.r. spectrum of polymer ( X I ) , prepared from 

adduct (V) us i n g W C l g / N a 2 0 2 / ( i - b u t y l ) g A l as the c a t a l y s t system was a l s o 

recorded and i t was found that the proportion of c i s - u n s a t u r a t i o n was v i r t u a l l y 

the same as f o r the other sample of the polymer. 
13 

From t h i s b r i e f study of the C n.m.r. s p e c t r a of p a r t i a l l y f l u o r i n a t e d 

p o l y ( l , 3 - c y c l o p e n t y l e n e v i n y l e n e s ) and 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 s ) i t 

i s c l e a r t h a t a g r e a t d e a l of information i s p o t e n t i a l l y a v a i l a b l e from t h i s 

approach. However, c a t a l y s t systems which g i v e e x c l u s i v e l y c i s - or t r a n s -

unsaturated polymers a r e r e q u i r e d so th a t s i m p l e r s p e c t r a can be obtained and 

the assignment of s i g n a l s can be made w i t h g r e a t e r confidence. 

6.2 Determination of the molecular weight of p a r t i a l l y f l u o r i n a t e d poly-

( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e s ) and p o l y ( 1 , 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 s ) 

6.2a I n t r o d u c t i o n 

The molecular weight and molecular weight d i s t r i b u t i o n of a polymer 

a r e important c h a r a c t e r i s i n g parameters. The development of methods f o r 

e s t a b l i s h i n g parameters has advanced al o n g s i d e developments i n s y n t h e s i s and 

i n d u s t r i a l a p p l i c a t i o n of polymers, and has in v o l v e d a s e r i e s of s t e p s of 

advancement, each followed by a p e r i o d of refinement, c o n s o l i d a t i o n and 

a p p l i c a t i o n . A b r i e f review of some of the methods used i s giv e n below. 
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obtained depends on the method used. For c e r t a i n l i n e a r polymers i t i s 

p o s s i b l e to e s t i m a t e the number of end-groups by both chemical and p h y s i c a l 

methods and so d e r i v e the number-average molecular weight M̂ ; s u c c e s s f u l 

a p p l i c a t i o n of the end-group method r e q u i r e s t h a t the nature of the end-

groups should be r e l i a b l y known. Condensation polymers have r e a c t i v e 

f u n c t i o n a l end-groups and i t i s mainly to t h i s type of polymer t h a t end-group 

methods of molecular weight determination have been a p p l i e d , f o r example, the 

t i t r a t i o n of amino and carboxyl end-groups i n polyamides. P h y s i c a l methods, 

such a s , i . r . , u.v., and n.m.r. spectroscopy may a l s o be used i n end-group 

a n a l y s i s . However, whatever method i s used c a r e must be taken when 

i n t e r p r e t i n g the r e s u l t s , s i n c e c h a i n branching r e a c t i o n s and cyclomer 

formation can cause i n a c c u r a c i e s i n the f i n a l r e s u l t . 

S e v e r a l methods based on the c o l l i g a t i v e p r o p e r t i e s of d i l u t e , s o l u t i o n s 

have been e s t a b l i s h e d , these methods a l l g i v e number average molecular 

weights. A widely used method of t h i s type i s vapour-pressure osmometry 

which can be used f o r samples whose molecular weight <50,000. Although the 

appropriate i n s t r u m e n t a t i o n was a v a i l a b l e i n the department the molecular 

woighl l i m i t r u l e d out t h i s technique 1'or t h i s work. Instruiimiitation f o r 

membrane osmometry, which a l l o w s the determination of higher molecular weights, 

was not a v a i l a b l e . 

A widely used method f o r the determination of weight-average molecular 

weight M̂ , i s l i g h t - s c a t t e r i n g , the technique i n v o l v e s measuring the 

d i f f e r e n c e i n s c a t t e r e d - l i g h t i n t e n s i t y between a polymer s o l u t i o n and i t s 

s o l v e n t . The l i g h t - s c a t t e r i n g method i s a p p l i c a b l e to any polymer which 

can be d i s s o l v e d i n a s o l v e n t w i t h r e f r a c t i v e index d i f f e r e n t from t h a t of the 

polymer. I n most c a s e s , the i n t e n s i t y of l i g h t - s c a t t e r i n g from s o l u t i o n s of 

polymers w i t h M w <i0,000 d i f f e r s so l i t t l e from that of the pure s o l v e n t that 
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thu dotormination i n not prooiso. T h i s tuchniquu was not a v a i l a b l e f o r t h i s 

work. 

The v i s c o s i t y of a s o l u t i o n of a m a t e r i a l of high molecular weight i s 

c o n s i d e r a b l y g r e a t e r than t h a t of the pure s o l v e n t , even when the c o n c e n t r a t i o n 

of the m a t e r i a l i s q u i t e s m a l l . Staudinger suggested i n 1930 t h a t the 

r e l a t i v e magnitude of t h i s i n c r e a s e i n v i s c o s i t y c ould be q u a n t i t a t i v e l y 

c o r r e l a t e d w i t h the molecular weight of the polymer i n s o l u t i o n . The 

e s s e n t i a l b a s i s of Staudinger's suggestion has s i n c e been confirmed i n the 

form of the Mark-Houwink equation, 

[r>] = KM* 

where [rj] i s the i n t r i n s i c v i s c o s i t y and k and a are e m p i r i c a l c o n s t a n t s 

which can only be obtained from v i s c o s i t y measurements on samples of known 

molecular weight, though these v a l u e s may be t r a n s f e r r e d to other polymers 

of c l o s e l y r e l a t e d s t r u c t u r e . T h e r e f o r e v i s c o s i t y s t u d i e s on novel polymers 

are i n g e n e r a l u s e f u l only to e s t a b l i s h the order of magnitude of molecular 

weight. N e v e r t h e l e s s , t h i s method i s perhaps one of the most widely used, 

because i t i s cheap, quick and e x p e r i m e n t a l l y simple. 

The i n t r i n s i c v i s c o s i t y , [ r j ] , i s determined by the e x t r a p o l a t i o n of the 

inherent v i s c o s i t y , 77^ n n» ( l o g a r i t h m i c v i s c o s i t y number) and reduced 

v i s c o s i t y , T) ( v i s c o s i t y number) to i n f i n i t e d i l u t i o n where T>. . and 77 
' red ' i n h 'red 

are given by:-
, l n t w 

^ i n h = ( To)/G 

„ , t - t o w 

" r e d = ( T o ~ ) / c 

where t i s the e f f l u x time f o r a known volume of polymer s o l u t i o n to flow 

through a c a p i l l a r y , t i s the e f f l u x time f o r the pure s o l v e n t and c i s the 

c o n c e n t r a t i o n of the polymer s o l u t i o n . 
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In H1 J. Llio techniques so Cur (Inscribed only an average molecular weight 

i s obtained. In recent y e a r s tho development of g e l permeation 

chromatography i n combination w i t h a technique such as l i g h t - s c a t t e r i n g has 

provided a very e f f i c i e n t and r e l i a b l e method f o r the determination of 

molecular weight d i s t r i b u t i o n s . The s e p a r a t i o n i s based on molecular s i z e ; 

when a s o l u t i o n of the polymer i n a r e l a t i v e l y non-polar s o l v e n t i s i n j e c t e d 

as a sample, the polymer molecules tend to d i f f u s e from the mobile phase i n t o 

the s t a t i o n a r y phase. The l a r g e r the s o l u t e molecules the l e s s of the 

s t a t i o n a r y phase i s a c c e s s i b l e to i t , and the l e s s time i t remains i n the 

s t a t i o n a r y phaso as i t t r a v e r s o s the column. Thus the l a r g e s t polymer 

molecules have the s m a l l e s t r e t e n t i o n volumes. 

A c a l i b r a t i o n curve of r e t e n t i o n volume v e r s u s molecular weight i s 

u s u a l l y obtained by measuring the r e t e n t i o n volumes of a s e r i e s of polymers 

of known narrow molecular weight d i s t r i b u t i o n , the standards have to be 

c h a r a c t e r i s e d by chemical toohniquoo-. T h i s technique i s p a r t i c u l a r l y u s e f u l 

f o r the r o u t i n e c h a r a c t e r i s a t i o n of samples of known s t r u c t u r e ; a p p l i c a t i o n 

to novel systems i s , by d e f i n i t i o n , handicapped by the l a c k of s u i t a b l e 

c a l i b r a t i o n m a t e r i a l s . 

6.2b D i s c u s s i o n 

I n t h i s work d i l u t e - s o l u t i o n v i s c o s i t y was used as the major technique, 

to g i v e some idea as to whether the polymers which had been produced were of 

high molecular weight or not. Viscometry determinations were made us i n g an 

Ubbelohde viscometer immersed i n a thermostatted water bath a t 25.00 ± 0.01°. 

The e l u t i o n time of a known volume of polymer s o l u t i o n of a c c u r a t e l y known 

c o n c e n t r a t i o n ( c a . 1% s o l u t i o n ) through the viscometer was determined u n t i l 

f o ur c o n s e c u t i v e r e s u l t s were obtained (±0.1 seconds, stopwatch a c c u r a c y ) . 

S u c c e s s i v e d i l u t i o n s of the polymer s o l u t i o n were c a r r i e d out i n the viscometer, 
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lo n l low oJ u l ion time at v a r i o u s concon I r a t i o n s to ho <l<Horm.i.ii<!<l, oimbLiny 

the I n t r i n s i c v i s c o s i t y at i n f i n i t e d i l u t i o n to be obtained by e x t r a p o l a t i o n . 

For a few polymers a molecular weight d i s t r i b u t i o n a n a l y s i s was obtained by 

GPC u s i n g a r e f r a c t i v e index d e t e c t o r and p o l y s t y r e n e as c a l i b r a n t . These 

measurements were c a r r i e d out through the SRC s e r v i c e at the Rubber and P l a s t i c s 

Research A s s o c i a t i o n (Shawbury). 

The i n t r i n s i c v i s c o s i t i e s f o r the polymers are shown i n Table 6.7 

together w i t h the v a l u e s of M and M obtained from GPC. 
w n 

Table 6.7 

I n t r i n s i c v i s c o s i t i e s , weight average molecular weight and number 

average molecular weight f o r some p a r t i a l l y f l u o r i n a t e d p o l y ( l , 3 -

c y c l o p e n t y l e n e v i n y l e n e s ) and p o l y d , 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 s ) 

Polymer a 
[ T ? ] 
d l / g 

GPC a n a l y s i s Polymer a 
[ T ? ] 
d l / g M 

w 
M 
n 

d.p 

V I I b 5.8 

c .d V I I ' 1.5 

V I I I d 2.5 

IX 1.0 256,600 121,100 748 

XI 0.7 44,700 12,690 56 

X I I 0.5 

X I I I 0.8 

I n methyl e t h y l ketone at 25.00 ± 0.01° 

Polymer prepared from pure adduct ( l b ) 

Polymer prepared from 60 : 40 mixture of adducts ( l b ) and ( l a ) 

GPC a n a l y s i s performed, but unable to d e t e c t any m a t e r i a l which was e l u t e d . 



For polymers ( I X ) and ( X I ) reasonable GPC d i s t r i b u t i o n c u r v e s were 

obtained, from which v a l u e s f o r M and M were c a l c u l a t e d , showing t h a t 
n w 

both polymers a r e of high molecular weight, polymer ( I X ) having a high 

degree of p o l y m e r i s a t i o n ( d . p ) . However, c a r e must be taken when e v a l u t a t i n g 

these r e s u l t s s i n c e the c a l i b r a t i n g m a t e r i a l was p o l y s t y r e n e and only d i r e c t 

i n t e r p r e t a t i o n of OPC r e s u l t s i n terms of molecular weight d i s t r i b u t i o n i s 

a p p l i c a b l e when the c a l i b r a t i n g m a t e r i a l s and t e s t samples a r e of the same 

chemical type and t h i s does not apply to the systems under i n v e s t i g a t i o n . 

In general terms, however, i t appears on the b a s i s of both v i s c o s i t y and GPC 

measurements th a t the m a t e r i a l s prepared by the ring-opening p o l y m e r i s a t i o n 

method are of reasonably high molecular weight. The whole f i e l d of the 

s o l u t i o n p r o p e r t i e s of these m a t e r i a l s r e q u i r e s i n v e s t i g a t i o n , t h i s q u i t e 

c l o s e l y r e l a t e d group of polymers vary i n s o l u b i l i t y from those which are 

completely toluene s o l u b l e and methanol i n s o l u b l e to those w i t h e x a c t l y the 

opposite behaviour. 

6.3 Thermal behaviour of some p a r t i a l l y f l u o r i n a t e d p o l y ( 1 , 3 - c y c l o p e n t y l e n e -

v i n y l e n e s ) and p o l y ( 1 , 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 s ) 

6.3a I n t r o d u c t i o n 

A knowledge of the thermal behaviour of a polymer i s r e q u i r e d i n order to 

determine the l i m i t s of i t s working range and hence i t s end-uses. In t h i s 

work the thermal p r o p e r t i e s i n v e s t i g a t e d were g l a s s t r a n s i t i o n temperature and 

thermal degradation. 

6.3b G l a s s t r a n s i t i o n temperature 

I n simple terms the g l a s s t r a n s i t i o n temperature, Tg, i s the temperature 

marking the t r a n s i t i o n of a polymer from g l a s s - l i k e to r u b b e r - l i k e behaviour 
216 

and i n molecular terms i t i s the onset of main chain segmental motion. 
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I t a p p l i e s s t r i c t l y only to amorphous polymers and i n the presence of 

s u b s t a n t i a l c r y s t a l l i n i t y , the change of p r o p e r t i e s may occur over a wide 

temperature range and the g l a s s t r a n s i t i o n may be obscured. 

A number of p h y s i c a l p r o p e r t i e s change a b r u p t l y i n the region of Tg, 

i n c l u d i n g heat c a p a c i t y and the volume expansion c o e f f i c i e n t , these a r e 

second d e r i v a t i v e s of f r e e energy and hence Tg i s often r e f e r r e d to as a 

second order t r a n s i t i o n . A f i r s t order t r a n s i t i o n such as c r y s t a l l i n e 

melting point, i s c h a r a c t e r i s e d by changes i n the heat content and s p e c i f i c 

volumo, both of which are f i r s t d e r i v a t i v e s of f r e e energy. 

These p h y s i c a l changes which occur i n the region of Tg of a polymer are 

used to determine Tg. The s i g n a l output from a D i f f e r e n t i a l Scanning 

C a l o r i m e t e r i s p r o p o r t i o n a l to s p e c i f i c heat and hence t h i s form of 

c a l o r i m e t r y has found ready a p p l i c a t i o n i n the determination of Tg. The 

instrument used i n t h i s work was a Perkin-Elmer, Model DSC-2 D i f f e r e n t i a l Scanning 

C a l o r i m e t e r , w i t h a sub-ambient f a c i l i t y enabling scans to be made from 150°K 
o 

to 500 K and c o n s i s t e d of a p a i r of matched sample pans, each f i t t e d with a 

temperature s e n s i n g element and e l e c t r i c h e a t e r . One pan c o n t a i n s the 

sample under i n v e s t i g a t i o n i n an aluminium c a p s u l e , w h i l e the other c o n t a i n s 

an empty r e f e r e n c e c a p s u l e . The power s u p p l i e d to the two pan h e a t e r s 

c o n t i n u o u s l y changes i n response to thermal e f f e c t s i n the sample, so as to 

maintain the sample and r e f e r e n c e a t the same temperature. The d i f f e r e n c e i n 

power r e q u i r e d to maintain the two pans a t the same temperature' i s recorded 

as output on a r e c o r d e r . I n operation the temperature of the sample and 

r e f e r e n c e pans i s r a i s e d a t a constant r a t e , and w h i l e t h e r e i s no change i n 

the p h y s i c a l or chemical s t a t e of the sample the output recorded w i l l be 

constant. However, a t Tg the s p e c i f i c heat changes r a p i d l y and so a 

d e f l e c t i o n of the b a s e l i n e w i l l be observed, F i g u r e 6.10. 
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Thoro a r c at l e a s t two methods to dutermine Tg from the given output; 

e i t h e r the point of i n t e r s e c t i o n of the e x t r a p o l a t e d b a s e l i n e and the 

e x t r a p o l a t e d s t r a i g h t l i n e p o r t i o n of the curve as shown i n Figu r e 6.10a 

or the temperature a t which the change i n heat c a p a c i t y i s h a l f i t s maximum 

value as shown i n Figu r e 6.10b. In t h i s work the l a t t e r method was used. 

Cp Cp 

I 

I 

I 

I I ! 
Tg Tg 

Temperature * Temperature > 

F i g u r e 6.10a F i g u r e 6.10b 

S i n c e the observed g l a s s t r a n s i t i o n temperature i s dependent on the 

hea t i n g r a t e employed, a s t a n d a r d i s e d procedure was followed, i n order that 

a comparison of the Tg's f o r v a r i o u s polymers could be made. The instrument 

was c a l i b r a t e d before and a f t e r a s e r i e s of runs u s i n g m a t e r i a l s of known 

melting point, i . e . cyclohexane (Tm = 186°K; Tory = 279°K) and indium 

(Tm = 430°K). The melting point of each m a t e r i a l was taken as the point of 

i n t e r s e c t i o n of the e x t r a p o l a t e d b a s e l i n e and the e x t r a p o l a t e d s t r a i g h t l i n e 

p o r t i o n of the l e a d i n g edge of the t r a n s i t i o n peak, as shown i n F i g u r e 6.11. 
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Cp 

Tm 
Tempera t u r e > 

Figuro 6.11 

A sample was placed i n an aluminium pan, which was s e a l e d i n a p r e s s 

and placed i n the sample holder. An i n i t i a l r a p i d scan was c a r r i e d out 

i n order to e s t a b l i s h an approximate region of the Tg. The sample was 
o 

annealed a t approximately 30-40 above the observed t r a n s i t i o n temperature 

f o r 10-15 minutes, removing c r y s t a l l i n i t y and s t r a i n from the sample and 

a l l o w i n g i t to flow i n t o an even l a y e r on the base of the pan, ensuring good 

thermal c o n t a c t . The sample was then cooled r a p i d l y a t the maximum c o o l i n g 

r a t o of the instrument (320°/min) to approximately 60° below the observed 

t r a n s i t i o n temperature, thereby maintaining as much of the sample as p o s s i b l e 

i n the amorphous s t a t e . A scan was commenced a t a programmed heating r a t e of 

40°/minute through the t r a n s i t i o n region, t h i s procedure was repeated u n t i l 
4. o 

three v a l u e s of Tg f o r a given sample were w i t h i n the range I I . 

The r e s u l t s obtained f o r the p a r t i a l l y f l u o r i n a t e d p o l y ( l , 3 - c y c l o p e n t y l e n e -

v i n y l e n e s ) and 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 s ) a r e presented i n Table 6.8 

and may be compared w i t h the Tg's of some n o n - f l u o r i n e s u b s t i t u t e d p o l y ( 1 , 3 -
217 

c y c l o p e n t y l e n e v i n y l e n e s ) presented i n T a b l e 6.9. None of the f l u o r i n a t e d 

homopolymers show a Tg low enough f o r them to be u s e f u l as e l a s t o m e r i c m a t e r i a l s . 
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Tab l e 6.8 

G l a s s t r a n s i t i o n temperature of some p a r t i a l l y f l u o r i n a t e d p o l y ( 1 , 3 - c y c l o -

p e n t y l e n e v i n y l e n e s ) and p o l y ( 1 , 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 s ) 

Polymer C a t a l y s t system Tg Polymer C a t a l y s t system 

o o K C 

poly(1-pen t e n y l e n e ) WClVPh Sn 6 4 178 -95 

d 
(39) WCl./Ph^Sn 6 4 310 37 

V I I a WC1„/Ph,Sn 6 4 437 164 

V I I a W C l 6 / N a 2 0 2 / ( i - b u t y l ) 3 A 1 438 165 

V I I b WClVPh^Sn 6 4 422 149 

V I I c WCl./Ph.Sn 6 4 448 175 

V I I I WClVPh.Sn 6 4 433 160 

IX WCl./Ph,Sn 6 4 369 96 

XI WCl./Ph.Sn O 4 388 115 

XI W C l 6 / N a 2 0 2 / ( i - b u t y l ) 3 A l 398 125 

X I I WCl./Ph^Sn 6 4 345 72 

X I I w c i 6 340 67 

copolymer X I I I WCl./Ph.Sn b 4 317 44 

copolymer XIV WCl f l/Ph.Sn 6 4 267 -6 

Polymer prepared from 60 : 40 mixture of adducts ( l b ) and ( l a ) 

Polymer prepared from pure adduct ( l b ) 

Polymer prepared from 16 : 84 mixture of adducts ( l b ) and ( l a ) 

P o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) 
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Table 6.9 

G l a s s t r a n s i t i o n temperatures of some polymers d e r i v e d from 

no n - f l u o r i n e s u b s t i t u t e d b i c y c l o [ 2 . 2 . l ] h e p t - 2 - e n e s 

Monomer [t?J 
dl/K 

c 
Tg 
°C 

^ ^ T v - C O O M e a 
3.16 62 

or 0.65 8 77 

or 0.65 '* 140 

-

114 

> 200 

> 250 

Measured i n toluene a t 30 
o 

Measured i n chloroform at 30 

Measured by d i f f e r e n t i a l scanning c a l o r i m e t r y 
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However, i n copolymers ( X I I I ) and (XIV) the Tg's are very much lower than 

the f l u o r l n a t e d homo-polymers and these and r e l a t e d copolymers probably merit 

f u r t h e r i n v e s t i g a t i o n i n t o t h e i r p h y s i c a l p r o p e r t i e s . The only polymer not 

showing a d i s t i n c t t r a n s i t i o n was ( X ) , a l l o t h e r s showed reasonable d e f l e c t i o n s 

of the b a s e - l i n e . 

The Tg's of the two hydrocarbon p o l y a l k e n y l e n e s , p o l y ( l - p e n t e n y l e n e ) and 

p o l y ( l , 3 - c y c l o p e n t y l e n e v i n y l e n e ) , a r e i n good agreement w i t h the v a l u e s quoted 

i n the l i t e r a t u r e . For p o l y ( l - p e n t e n y l e n e ) w i t h 99% c i s - d o u b l e bonds Tg = 

- 1 1 4 o 1 ^ and 75% trans-double bonds Tg = -97°,*** w h i l e f o r p o l y ( 1 , 3 - c y c l o p e n t y l e n e ­

v i n y l e n e ) Tg i s quoted as being between 30-35°. 1 9 

6.3c Thermal degradation a n a l y s i s 

A g r e a t d e a l of e f f o r t has been devoted to the i n v e s t i g a t i o n of which 

f a c t o r s i n a polymeric s t r u c t u r e l e a d to thermal s t a b i l i t y , which i n the 

ca s e of a p r a c t i c a l polymer must be co n s i d e r e d i n the presence of oxygen, 

moisture and other reagents depending on i t s eventual end-use. 

D i f f e r e n t workers, because of t h e i r d i f f e r e n t i n t e r e s t s and equipment 

have used widely v a r y i n g environments i n which to c a r r y out t h e i r s t a b i l i t y 

t e s t s fen polymers. Commonly a i r i s used f o r an o x i d a t i v e study, w h i l e 

e i t h e r n i t r o g e n , helium or argon have been used as i n e r t atmospheres. I n 

some c a s e s vacuum degradation has been used, but t h i s had the disadvantage i n th a t 

i t minimises thermal c o n t a c t between the sample, the furnace and the temperature 

measuring d e v i c e . The c r i t e r i a of s t a b i l i t y used by d i f f e r e n t workers a l s o 

v a r i e s s u b s t a n t i a l l y . A sample may be h e l d a t a cons t a n t temperature and 

the weight l o s s , , a f t e r a convenient p e r i o d of time, measured, however, i f 

samples of v a r y i n g s t a b i l i t y a r e being t e s t e d the d i f f e r e n c e s i n the weight 

l o s s may vary g r e a t l y . An a l t e r n a t i v e method i n v o l v e s the temperature of the 

sample being i n c r e a s e d a t a cons t a n t r a t e through i t s decomposition range, 

most polymers f o l l o w an 'S' shaped decomposition curve. The temperature 
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chosen f o r the a c t u a l point of decomposition v a r i e s , i t i s sometimes the 

temperature of i n i t i a l weight l o s s , or the temperature a t which the sample 

l o s e s 10%, or 20%, or 50% of i t s o r i g i n a l weight. No standard procedure 

has y e t been adopted. Therefore a comparison of the r e s u l t s from v a r i o u s 

workers i s very d i f f i c u l t and c a r e must be taken i n drawing c o n c l u s i o n s from 

such decomposition temperatures. 

By v a r y i n g the c o n d i t i o n s , i n a s e r i e s of runs, under which a polymer 

i s decomposed, k i n e t i c parameters, such a s , a c t i v a t i o n energy of decomposition 

may be d e r i v e d i n some c a s e s . MacCallum and Tanner have c r i t i c a l l y compared 

s e v e r a l methods a v a i l a b l e f o r p r o c e s s i n g such data and have concluded t h a t 

none have any advantages over the t r a d i t i o n a l method of us i n g i s o t h e r m a l 
218 

c o n d i t i o n s f o r each run. T h i s method w i l l be d i s c u s s e d i n more d e t a i l 

l a t e r i n t h i s s e c t i o n . 

I n t h i s work the thermal decomposition s t u d i e s were c a r r i e d out us i n g a 

Stanton Redcroft TG750 Thermobalance operating i n a percentage weight l o s s 

mode. For the i n i t i a l s t u d i e s the temperature programme mode was operated. 

The sample was placed on the thermobalance, the furnace temperature a d j u s t e d to 
o, 

ambient and then programmed to i n c r e a s e a t a r a t e of 1 /minute up to 
o 

approximately 700 . At t h i s temperature a l l the polymers had v i r t u a l l y 

completely decomposed. Samples were decomposed i n atmospheres of oxygen-free 

n i t r o g e n and a i r , the r e s u l t i n g decomposition c u r v e s are shown i n F i g u r e s 6.12-

6.15. For s e v e r a l polymers an i n i t i a l s m a l l weight l o s s ( 1 - 5 % ) was observed 

before r a p i d decomposition occurred, t h e r e f o r e the e s t i m a t i o n of the temperature 

of i n i t i a l weight l o s s was extremely d i f f i c u l t . The decomposition temperatures 

of a l l the polymers a r e t h e r e f o r e reported as the temperature a t which the 

polymers l o s t 10% of t h e i r o r i g i n a l weight. The decomposition temperatures 
o 

are summarised i n Table 6.10 and quoted to the n e a r e s t 5 . 
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Table 6.10 

Decomposition temperatures of p a r t i a l l y fluorinated polyd,3-cyclopentylene 

vinylenes) and polyd,3-cyclopentenylenevinylenes) 

Polymer Catalyst 
System 

Decomposition Temerature °C 
Polymer Catalyst 

System 
N2 Air 

d 
(39) A 350 340 

VII a A 390 365 

VII b A 390 370 

VII c A 385 -
a 

VI I B 385 -

V I I I A 400 370 

IX A 380 355 

X A 295 280 

XI A 270 250 

XI B 280 -

XII A 230 185 

XII C 238 -

X I I I A 320 290 

XIV A 320 300 

A. WClg/PhjSn B. WClg/Na^/U-butyl ) 3A1 C. WClg 

Polymer prepared from 60 : 40 mixture of adducts ( l b ) and ( l a ) 
b Polymer prepared from pure adduct ( l b ) 

c Polymer prepared from 16 : 84 mixture of adducts ( l b ) and ( l a ) 
d poly(1,3-cyclopentylenevinylene) 
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The series of p a r t i a l l y fluorinated poly(1,3-cyclopentylenevinylenes), 

( V I I ) , ( V I I I ) and (IX) a l l have v i r t u a l l y the same decomposition temperature 

and i t i s i n the same region as that quoted f o r the decomposition of the 

fluorinated p o l y ( l ,3-cyclopentenylenevinylenes), (XI) and (Xlr.), and the 

poly(l,3-cyclopentylenevinylene), (X) are not as thermally stable, decomposing 
o 

some 100 or more lower than the other polymers, but a l l of them show a 

sl i g h t accelerated decomposition i n a i r compared to nitrogen. 

I t was hoped that a better understanding of the decomposition of these 

fluorinated polymers would be obtained from a k i n e t i c study of their degradation. 

The polymers chosen f o r a more detailed investigation were ( V I I ) , ( V I I I ) , 

(IX) and (XI). 

Assuming a simple general rate equation f o r the decomposition i n which 

the polymer weight loss i s assumed to correspond to the degree of conversion 

C, then 

where (JC/dt i s the rate of f r a c t i o n a l weight loss, or rate of conversion, 

n i s the order of the reaction, E i s the experimental activation energy f o r 

the degradation, R i s the gas constant and T i s the absolute temperature. 

fluorinated cyclic polymers l i s t e d i n Table 6.11. 219 However, the p a r t i a l l y 

dC n X U - C ) dt 
-E 7RT 

The pre-exponential constant X i s a chr a c t e r i s t i c of the degradation 

Taking natural logarithms, 

ln(|§) = ink + nln(l-C) - |= 

when C = 0, then l n ( l - C ) = 0, and 

dC E m ( ^ ) I n k RT 
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Table 6.11 

Decomposition temperature of some perfluoro-polymers 

Polymer 
Decomposition 
Temperature 

°C 

-CF„CF-
'I 300 

- C F 2 | F -

C F 2 ( C F 2 ) 3 C F 3 

250 

- C F -CF=CF-CF-1 300 

^\ - C F . C F T fcF-\ ' 
C F 2 

400 

-CF 2 0F N : F -

< C F 2 ) 2 

400 

.CF„ 

-CF_CF CF-

" C F 2 ) 3 

420 

- C F 2 C ^ ^ P F - 354 
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I f the polymer decompositions are performed under isothermal conditions 

and dC/dt determined at d i f f e r e n t values of C, a plot of ln(dC/dt) against 

l n ( l - C ) should the o r e t i c a l l y give a straight l i n e of slope n. However, i n 

practice deviations from a straight l i n e are observed at both high and low 

values of C, because the sample has not reached thermal equilibrium with the 

furnace and dC/dt i s lower than expected i n the former case, and so l i d 

residue remains at the end of the degradation i n the l a t t e r case hence giving 

a low value of dC/dt. 

Extrapolation of ln(dC/dt) to C = 0 may be carried out, from which a pl o t 

of ln(dC/dt) ( f o r C = 0) against 1/T should give a straight l i n e of slope -E/R 

and intercept Ink, from which the activation energy of decomposition may be 

calculated. 

Using isothermal conditions, the degradation of polymers ( V I I ) , ( V I I I ) , ( 

and (XI) was investigated and plots of ln(dC/dt) against ln ( l - C ) are shown in 

Figures 6.16, 6.17, 6.18 and 6.10 respectively. I t was hoped that t h i s 

series of polymers would show some trend i n t h e i r activation energies of 

degradation as there are only s l i g h t changes i n structure i n going from one 

polymer to another, i n event a rather complicated s i t u a t i o n emerged. 

For polymers ( V I I ) and ( V I I I ) the expected straight l i n e graphs were 

obtained, with s l i g h t variations at high and low values of C. From these 

CH=CH CH=CH 

F 2 F(CF3) (CF 3)F F(CF3) 

( V I I ) ( V I I I ) 

graphs, values of ln(dC/dt) at C = 0 were obtained for both polymers and 

graphs of ln(dC/dt) against 1/T were plotted, Figure 6.20. Evaluation of 
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J.n(l-C) 

-1.0 -0.5 0 

k-1 

a Polymer ( V I I ) 

•1 

dC l n ( ^ ) 

721 K • 
700 K 

683 K 

665 K 9 

639 K 10 
Prepared from 60 : 40 mixture of adducts ( l b ) and ( l a ) 

Figure 6.16 
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ln(l-C) 
-1.0 -0.5 

h-1 

a Polymer ( V I I I ) 

dC l n ( ^ ) dt 493 K 

• 
462 K 
429 
406~K 
391 K h -8 

L - 9 

Prepared from pure adduct ( I l a ) 

O 
- 4 - 0 

Figure 6.17 
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.l.n(i-C) 

-1.0 -0.5 0 

Polymer (IX) 

dC l n ( ^ ) dt 

47 K 

450 K 

425 K 
8 

380 K 

a Prepared from pure adduct ( I l i a ) 

Figure 6.18 
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ln(l- C ) 

Polymer (XI) 

dC l n ( ^ ) dt 

655 K 

632~K 

8 
604 K 

584 K 

10 

553 K 
11 

Figure 6.19 
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1.7 1.6 1.5 1.4 1.3 1.2 1.1 

dC lnC=r> 

O Polymer (VIIc) decomposition 0-80% 

• Polymer ( V I I I ) decomposition 0-80% 

A Polymer (IX) decomposition 10-40% 

A Polymer (IX) decomposition 40-70% 

+ Polymer (XI) decomposition 10-70% 
x Polymer (XI) decomposition 40-70% 

Figure 6.20 
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the slopes gave activation energies of degradation f o r polymers ( V I I ) and 

( V I I I ) of 43.6 and 24.4kcals.mole 1 respectively, Table 6.12. I t would 

therefore appear that the replacement of a flu o r i n e atom by a trifluoromethyl 

group has reduced the activation energy quite considerably. 

For the other two polymers (IX) and (X I ) , plots of ln(dC/dt) against 

l n ( l - C ) were quite d i f f e r e n t from the previous two. Both graphs appear to 

CH=CH CH=CH 

H(CF_) CF H CF 

(IX) (XI) 

consist of two d i f f e r e n t sets of l i n e s , extrapolation of both sets.to C = 0 

and p l o t t i n g the values of ln(dC/dt) against 1/T gave two d i f f e r e n t activation 

energies f o r degradation f o r both polymers. I t i s perhaps worth noting that 

these results were reproducible. 

A possible explanation i s that the two polymers (IX) and (XI) thermally 

degrade with activation energies 80 and 24kcals.mole 1 respectively, 

producing materials which then thermally degrade with activation energies 

23 and 18kcals.mole 1 respectively. I t has been suggested that i n the 

thermal degradation reaction the i n i t i a l degradation products may i n h i b i t or 

accelerate the next stage of the degradation process, hence producing a two 

stage reaction. However, the author i s unable to advance a simple mechanistic 

inte r p r e t a t i o n to account f o r the results reported here. Unlike the 

thermal degradation of polyvinylchloride, i n which twodistinct reactions 

occur and can be distinguished as two d i f f e r e n t weight loss behaviours 

separated by a plateau of thermally stable behaviour during i t s degradation 

at a constant heating rate, these degradations do not show clear two step 

curves (Figures 6.12-6.15). 
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Table 6.12 

Activation energies of some p a r t i a l l y fluorinated polymers 

Polymer 
Activation Energy 

kcal.mole 1 

Decomposition 
range % 

VI I 44 0-80 

V I I I 24 0-80 

IX 78 10-40 

IX 23 40-70 

XI 24 10-40 

XI 18 40-70 

The sit u a t i o n resulting from t h i s work i s clearly complex and apparently 

contradictory. An attempt to throw some l i g h t on what was happening was 

made by recording the i . r . spectra of samples submitted to respectively 30 

and 70% weight loss, however, no useful information was obtained from t h i s 

exercise; analysis of the v o l a t i l e products of degradation might prove 

informative i n any continuation of t h i s work. 

6.4 Conclusions 

The work described i n t h i s Chapter establishes that the materials obtained 

are genuine high polymers resulting from the ring-opening polymerisation of 

the respective p a r t i a l l y fluorinated bicyclo[2.2.l]hept-2-enes and bicyclo-

[2.2.l]hepta-2,5-dienes. Their solution properties and thermal behaviours 

show a considerable var i a t i o n f o r apparently small s t r u c t u r a l variations. 

These novel material would appear to be worth a more detailed investigation 

both from the point of view of possibly interesting physical properties and 
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because they offer an opportunity of establishing det a i l s of chain stereo­

chemistry and hence possibly il l u m i n a t i n g the polymerisation mechanism. 



CHAPTER 7 

THE REACTION OF AN OLEFIN METATHESIS CATALYST SYSTEM WITH INDENE 
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7.1 I n t r o d u c t i o n 

During t h i s work on the ring-opening p o l y m e r i s a t i o n of c y c l o a l k e n e s , 

i t became apparent t h a t a very i n t e r e s t i n g and r e a d i l y a v a i l a b l e compound 

which has not been s p e c i f i c a l l y reported to undergo ring-opening 

p o l y m e r i s a t i o n i s indene (XV). T h i s compound may be thought of as a 

(XV) 

d e r i v a t i v e of e i t h e r c y clopentadiene or cyclopentene. 

I t has been reported t h a t conjugated c y c l i c d i e n e s , such a s , c y c l o -
145 

pentadiene do not undergo ring-opening p o l y m e r i s a t i o n . As d e s c r i b e d 

p r e v i o u s l y ( s e e Chapter 2) i t i s very d i f f i c u l t to polymerise c e r t a i n fused 

five-membered r i n g s t r u c t u r e s . Dicyclopentadiene ( 1 3 5 ) , has two types of 

B 

(135) 

unsaturated five-membered r i n g s , the h i g h l y s t r a i n e d bridged r i n g A and a 
220 

fused five-membered r i n g B. Oshika and Tabuchi have reported t h a t , using 

a v a r i e t y of c a t a l y s t systems, d i c y c l o p e n t a d i e n e polymerises e x c l u s i v e l y by 

opening of the bridged r i n g A. Although (136) has been found to ring-open 

polymerise, (36) and the r e l a t e d compound (37) do not polymerise. Hence i t 

would appear t h a t fused five-membered r i n g s of type-B do not ring-open 
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00 CO 
(136) (36) (37) 

polymerise under the c o n d i t i o n s used. However, D a l l ' A s t a and Motroni have 

reported t h a t u s i n g m e t a t h e s i s c a t a l y s t s , prepared from W or Mo h a l i d e s and 

organo-aluminium compounds, they have e f f e c t e d s e l e c t i v e ring-opening 
221 

p o l y m e r i s a t i o n of tetrahydroindene ( 1 3 7 ) , however, w i t h c a t a l y s t s w i t h 

predominantly c a t i o n i c c h a r a c t e r (137) undergoes a d d i t i o n p o l y m e r i s a t i o n . 

For (137) two p o s s i b l e modes of ring-opening p o l y m e r i s a t i o n e x i s t s , as 

shown i n Fi g u r e 7.1. Both of which would appear unfavourable on the evidence 

C CI H_C H_CH=CH-
n 

( i ) 
(138) 

03 
(137) ( i i ) 

H.C H=CH-

n 

(139) 

F i g u r e 7.1 
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a v a i l a b l e ; ( i ) i n v o l v e s the ring-opening of a cyclohexene r i n g g i v i n g a 

polymer w i t h repeat u n i t ( 1 3 8 ) , which i s considered to be unpolymerisable 

and ( i i ) i n v o l v e s the ring-opening of a fused five-merabered r i n g g i v i n g a 

polymer with repeat u n i t ( 1 3 9 ) . D a l l ' A s t a and Motroni proposed t h a t the 

r e s u l t i n g polymer was formed from e x c l u s i v e ring-opening of the five-merabered 

r i n g , which a l l o w s the cyclohexene r i n g i n the polymer c h a i n to transform 

from the boat to the more s t a b l e h a l f - c h a i r conformation and the cyclopentene 

r i n g to r e l e a s e r i n g s t r a i n . Both p r o c e s s e s a r e e n e r g e t i c a l l y f a v o u r a b l e 

and s u f f i c i e n t to render the monomer pol y m e r i s a b l e . 

lndene was f i r s t shown to be a polymorisable alkene i n 1890. 222 

P o l y m e r i s a t i o n s were achieved u s i n g v a r i o u s c a t a l y s t s such as s u l p h u r i c a c i d , 
223 

heat ( antimony p e n t a c h l o r i d e and s t a n n i c c h l o r i d e , producing s a t u r a t e d 

polymers w i t h repeat u n i t s of the type (140) of low molecular weight. More 

(140) 

r e c e n t l y the s u s c e p t i b i l i t y of indene to a t t a c k , p a r t i c u l a r l y from c a t i o n i c 

reagents has i n t e r e s t e d many workers and p o l y m e r i s a t i o n of indene and i t s 

d e r i v a t i v e s has been s t u d i e d i n some d e t a i l 224 The l i s t of Lewis a c i d s 

used a s i n i t i a t o r s has been extended to i n c l u d e boron t r i f l u o r i d e and t i t a n i u m 
225,226 

t e t r a c h l o r i d e . Low temperature experiments u s i n g these two c a t a l y s t s , 
Q 

have produced polymers w i t h molecular weights of approximately 2 x 10 . T h i s 

s e c t i o n d e s c r i b e s the e f f e c t of the c a t a l y s t system WCl^/Ph^Sn on the 

po l y m e r i s a t i o n of indene and the subsequent a n a l y s i s of the polymer. 
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7.2 D i s c u s s i o n 

The u s u a l procedure f o r a p o l y m e r i s a t i o n of a c y c l o a l k e n e using the 

c a t a l y s t system WClg/Ph^Sn was followed. On a d d i t i o n of the monomer to the 

dark brown a c t i v e c a t a l y s t s o l u t i o n mixture an immediate c o l o u r change to 

deep blue was observed and a f t e r 20 minutes there was a n o t i c e a b l e i n c r e a s e 

i n v i s c o s i t y . The r e a c t i o n was terminated a f t e r 3 hours by the a d d i t i o n of 

a small q u a n t i t y of methanol and then poured i n t o a f i v e - f o l d e x c e s s of 

methanol. The white s o l i d powdery m a t e r i a l which was p r e c i p i t a t e d was 

removed by f i l t r a t i o n , d i s s o l v e d i n a n a l a r toluene, f i l t e r e d and r e p r e c i p i t a t e d 

by a d d i t i o n to exc e s s methanol. The s o l i d m a t e r i a l was recovered by 

f i l t r a t i o n and d r i e d under reduced p r e s s u r e . I t was s o l u b l e i n toluene, 

chloroform, carbon t e t r a c h l o r i d e , methyl e t h y l ketone and t e t r a h y d r o f u r a n . 

The m a t e r i a l was i n v e s t i g a t e d by elemental a n a l y s i s , i . r . spectroscopy, 

r e a c t i o n w i t h bromine, i n t r i n s i c v i s c o s i t y , G.P.C. molecular weight d i s t r i b u t i o n 

and thermogravimetric a n a l y s i s . Elemental a n a l y s i s confirmed the molecular 

formula a s C QH_. A comparison was made between the i . r . spectrum of the 

polymer prepared by the above procedure ( X V I ) (Appendix C(XXXVI)) and that 

prepared by a standard c a t i o n i c p o l y m e r i s a t i o n method ( t h i s m a t e r i a l was 

k i n d l y provided by Dr. B a r t l e t t , t h i s department) (140) (Appendix C ( X X X V I I ) ) . 

The d i f f e r e n c e between the two s p e c t r a was the presence of a strong absorption 

a t 790cm 1 i n spectrum (Appendix C(XXXVI)) and the absence of such a band 

i n spectrum of c a t i o n i c polyindene (Appendix C ( X X X V I I ) ) . I f the polymer 

prepared u s i n g the c a t a l y s t system WClg/PhjSn was formed by the ring-opening 

p o l y m e r i s a t i o n of the fused five-membered r i n g , then i t would have the 

s t r u c t u r e ( X V I a ) and the e x t r a a b s o r p t i o n a t 790cm 1 could be due to a 

v i b r a t i o n a l mode a v a i l a b l e to t h i s s t r u c t u r e which i s not a v a i l a b l e to 

s t r u c t u r e ( 1 4 0 ) ; s u i t a b l e models f o r comparison were not a v a i l a b l e . 
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- C l l . C U-.( l h -

O 
n 

( X V l a ) 

A very simple r e a c t i o n was performed which s t r o n g l y suggests t h a t 

u n s a t u r a t i o n i s present i n polymer ( X V I ) . I t i n v o l v e d the a d d i t i o n of a 

d i l u t e s o l u t i o n of bromine i n carbon t e t r a c h l o r i d e to a s o l u t i o n of the 

polymer i n chloroform, immediate d i s c h a r g e of the bromine c o l o u r was observed. 

Using polymer (140) under the same c o n d i t i o n s , the bromine c o l o u r p e r s i s t e d , 

oven a f t e r vigorous s t i r r i n g . T h i s suggests that u n s a t u r a t i o n i s present i n 

polymer ( X V I ) and not i n polymer ( 1 4 0 ) . 

The i n t r i n s i c v i s c o s i t y of polymer ( X V I ) was dtermined u s i n g the 

procedure d e s c r i b e d i n Chapter 6, the r e s u l t i s given i n Table 7.1 together 

w i t h the M and M determined by G.P.C. a n a l y s i s . These l a s t two v a l u e s n w * J 

are compared w i t h those f o r polymer ( 1 4 0 ) . As can be seen the molecular 

Table 7.1 

A comparison of M and M f o r polymers ( X V I ) and (140) 

Polymer Crj] a M M d.p 
d l / g w n 

( X V I ) 0.21 22920 8420 73 

(140) 3541 1671 14 

S o l v e n t methyl e t h y l ketone. Determined at 25.00 I 0.01 

weight of the two polymers a r e q u i t e d i f f e r e n t . Polymer ( X V I ) having a 

molecular weight a t l e a s t f i v e times g r e a t e r than polymer ( 1 4 0 ) . 
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Tho thormogrnvimetric aim L y s i s of ])olymors ( X V I ) ami (140) was perf orimul 

on the Stanton Redcroft TG750 i n an atmosphere of a i r , a t a c o n s t a n t heating 

r a t e of l°/minute from ambient to about 600°. Both polymers showed very 

d i s t i n c t i v e two-stage decomposition c u r v e s , F i g u r e 7.2 ( s i m i l a r i n appearance 

to that of PVC), w i t h s i m i l a r decomposition temperatures f o r the i n i t i a l 10% 
o o 

weight l o s s , of 336 and 346 f o r polymers ( X V I ) and (140) r e s p e c t i v e l y . 

However, they showed a d i f f e r e n t percentage weight l o s s i n the f i r s t stage 

of t h e i r decomposition; f o r polymer ( X V I ) i t was 42%, corresponding to the 

p o s s i b l e l o s s of a u n i t and f o r polymer (140) i t was 62%, corresponding 

to the p o s s i b l e l o s s of a C_ u n i t . T h i s i s f u r t h e r evidence supporting the 
o 

f a c t t h a t polymers ( X V I ) and (140) have d i f f e r e n t s t r u c t u r e s . 

7.3 C o n c l u s i o n s 

Although the amount of data a v a i l a b l e on polymer ( X V I ) i s l i m i t e d , i t 

very s t r o n g l y suggests t h a t the m a t e r i a l , which was produced by the r e a c t i o n 

of the a c t i v e o l e f i n m e t a t h e s i s c a t a l y s t system WClg/Ph^Sn on indene, i s a t 

l e a s t i n p a r t the ring-opened polymer w i t h s t r u c t u r e ( X V I a ) . 

T h i s b r i e f study i n d i c a t e s another area of i n t e r e s t i n g work f o r f u t u r e 

i n v e s t i g a t i o n s ; which would i n i t i a l l y be d i r e c t e d towards e s t a b l i s h i n g 

c o n c l u s i v e l y t h a t the polymer does a r i s e by the ring-opening of the fused 
13 

five-membered r i n g , using such techniques as C n.m.r. spectroscopy and 

o z o n o l y s i s , followed by o p t i m i s a t i o n of the r e a c t i o n c o n d i t i o n s , v a r i a t i o n of 

the c a t a l y s t system and the r e a c t i o n of s u b s t i t u t e d indene d e r i v a t i v e s . 
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7.4a Reagents 

Jndono was purchased from llopkin and W i l l i a m s and p u r i f i e d by f r a c t i o n a l 

d i s t i l l a t i o n from ca l c i u m hydride. 

7.4b The p o l y m e r i s a t i o n of indene using tungsten h e x a c h l o r i d e and t e t r a p h e n y l t i n 

as the c a t a l y s t system 

The r e a c t i o n v e s s e l c o n t a i n i n g a magnetic f o l l o w e r was charged w i t h 

t e t r a p h e n y l t i n (0.063g, 0.148mmoles) and purged f o r one hour w i t h dry n i t r o g e n . 

Tungsten h e x a c h l o r i d e (0.029g, 0.072mmoles) d i s s o l v e d i n d r i e d , degassed 
3 

toluene (7.5cm ) was i n j e c t e d i n t o the r e a c t i o n v e s s e l using an a i r - t i g h t 

s y r i n g e . The mixture was s t i r r e d f o r 12 minutes and the usual c o l o u r change 

from blue-black to dark brown was observed. 

The r e a c t i o n was cooled to 0° u s i n g an e x t e r n a l a c e t o n e / s o l i d carbon 

d i o x i d e bath and the d r i e d , degassed monomer (3.4g, 28.8mraole.s) was i n j e c t e d 

i n t o the a c t i v e c a t a l y s t mixture using an a i r - t i g h t s y r i n g e . There was an 

immediate c o l o u r change to dark blue. The r e a c t i o n was maintained a t 0° 

under an atmosphere of dry n i t r o g e n and continuous s t i r r i n g . A f t e r 20 minutes 

the v i s c o s i t y of the r e a c t i o n mixture had i n c r e a s e d s l i g h t l y . The r e a c t i o n 

was allowed to proceed f o r 3 hours then terminated by the a d d i t i o n of a small 

q u a n t i t y of methanol, followed by the a d d i t i o n to a f i v e - f o l d e x c e s s of 

methanol. The p r e c i p i t a t e d m a t e r i a l was removed by f i l t r a t i o n , d i s s o l v e d i n 

a n a l a r toluene and r e p r e c i p i t a t e d i n e x c e s s methanol. The m a t e r i a l which 

was recovered by f i l t r a t i o n and d r i e d under reduced p r e s s u r e (45°, 10 3mm Hg), 

was a white powdery m a t e r i a l ( X V I ) (2.0g, 60%) (Found: C, 92.8; H, 7.2%; 

C g H 8 r e q u i r e s C, 93.0; H, 7.0%). 

7.4c The r e a c t i o n of polymers (XVI ) and (140) w i t h bromine 

Separate s o l u t i o n s of polymers ( X V I ) and (140) were prepared by 
3 

d i s s o l v i n g the i n d i v i d u a l polymers ( O . l g ) i n chloroform (1cm ) . To each 
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s o l u t i o n an equal volume of a d i l u t e s o l u t i o n of bromine i n carbon t e t r a c h l o r i d e 

was added. The s o l u t i o n c o n t a i n i n g polymer (140) d i d not d i s c h a r g e the 

bromine co l o u r ; even a f t e r shaking. However, the s o l u t i o n c o n t a i n i n g polymer 

(XVI) immediately discharged the bromine c o l o u r . A f u r t h e r volume of the 

bromine s o l u t i o n was added and again immediate d e c o l o u r i s a t i o n occurred. On 

the a d d i t i o n of the t h i r d volume of the bromine s o l u t i o n d e c o l o u r i s a t i o n only 

occurred a f t e r shaking. 
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Vacuum Systom. A oonvonLional 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, a r o t a r y o i l pump and a standard volume bulb (510 t 10cm ) 

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 

r e s i d u e s from polymer samples and f o r measuring amounts of condensable gases. 

Mass s p e c t r a were recorded w i t h an A . E . I . MS9 spectrometer a t an i o n i s i n g 

beam energy of 70 eV. 

Combined g.I.e./mass s p e c t r a were recorded on a V.G. Micromass 12B coupled 

to a Pye 104 Gas Chromatograph. 

N.m.r. s p e c t r a were recorded wlth e i t h e r a Bruker S p e c t r o s p i n IIX 90E high 

r e s o l u t i o n n.m.r. spectrometer f i t t e d w i t h a 'home-made' FT u n i t ( o p e r a t i n g 
19 1 at 84.67MHz f o r F and 90.00MHz f o r H n.m.r. s p e c t r a ) , or a V a r i a n A56/60 

19 1 spectrometer ( o p e r a t i n g a t 56.40MHz f o r F and 60.00MHz f o r H n.m.r. 

s p e c t r a , a t an operating temperature of 40°), or a Bruker WH90 pulsed FT 
13 19 

n.m.r. spectrometer ( o p e r a t i n g a t 22.63MHz f o r C n.m.r.). F Chemical 

s h i f t s a r e i n ppm from e x t e r n a l f l u o r o t r i c h l o r o m e t h a n e ( p o s i t i v e u p f i e l d ) , 

u n l e s s otherwise s t a t e d , *H chemical s h i f t s a r e measured on the 6 s c a l e 
13 

r e l a t i v e to e x t e r n a l t e t r a m e t h y l s i l a n e and C chemical s h i f t s a r e i n ppm 

from i n t e r n a l t e t r a m e t h y l s i l a n e . 

Carbon and hydrogen a n a l y s e s were c a r r i e d out w i t h a Perkin-Elmer 240 CHN 

An a l y s e r . 

A n a l y t i c a l gas l i q u i d chromatography ( g . l . c . ) 

Pye Unicam GCD 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 flame i o n i s a t i o n d e t e c t o r s were used f o r a n a l y t i c a l work. 

Column d e s i g n a t i o n s were: 

Column A : 1.52m x 6mm diam., w i t h a s t a t i o n a r y phase of 

d i - n - d e c y l p h t h a l a t e / C e l i t e (1 : 2 ) . 
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Column K l..r>2m x (iiiim diiim. , w i t h u s t u i o n u r y phu.so of 

d i n o n y l p h t h a l a t e / C e l i t e (1 : 2 ) . 

Column 0 : 1.52m x 6mm diam., w i t h a s t a t i o n a r y phase of 

s i l i c o n e g r e a s e / C e l i t e 

P r e p a r a t i v e gas l i q u i d chromatography 

Column d e s i g n a t i o n s were: 

Column B : 'Home-made' p r e p a r a t i v e gas chromatograph. 

4.9m x 75mm diam., w i t h a s t a t i o n a r y phase of 

d i n o n y l p h t h a l a t e / C e l i t e (1 : 2 ) ; N g c a r r i e r 
3 

gas ( c a . 60dm /h o u r ) . 

Column C : Perkin-Elmer F21 P r e p a r a t i v e Gaschromograph. 

4.5m x 0.95cm diam., 20% Carbowax 20MTPA on 

Chromosorb P 80-100; N 2 c a r r i e r gas ( c a . 1.0 - 2.0 

atmos.). 

Column D : Perkin-Elmer F21 P r e p a r a t i v e Gaschromatograph. 

4.5m x 0.95cm diam., d i - n - d e c y l p h t h a l a t e / 

Chromosorb P (1 : 4 ) ; Ng c a r r i e r gas ( c a . 1.0 - 2.0 

atmos.). 

Column F : V a r i a n 920 Aerograph P r e p a r a t i v e Gaschromatograph. 

6.0m x 1.0cm diam., d i n o n y l p h t h a i a t e . 

D i f f e r e n t i a l scanning c a l o r i m e t r y was performed u s i n g a Perkin-Elmer DSC-2 

D i f f e r e n t i a l Scanning C a l o r i m e t e r f i t t e d w i t h the l i q u i d n i t r o g e n cooled 
o o 

sub-ambient temperature a c c e s s o r y . Scans could be run from 150 K to 500 K, 

the heating r a t e used was 40°/minute, and samples were s e a l e d i n aluminium 

sample pans. 
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Thormogravimotric n n n l y s i s was performed u s i n g a Stanton Hedcroft T(i7ri0 

Thermobalanco, e i t h e r i n the constant heating mode a t a heating r a t e of 
o / 

1 /minute, or i n the iso t h e r m a l mode. 

Viscometry determinations were made using an Ubbelohde viscometer which 

was immersed i n a Thomson and Mercer thermostatted water bath maintained 

at 25.00 ± 0.01°. The e l u t i o n time of a standard volume of polymer s o l u t i o n 

of a c c u r a t e l y known c o n c e n t r a t i o n ( c a . 1% s o l u t i o n ) through the viscometer 

was determined u n t i l four c o n s e c u t i v e measurements were i d e n t i c a l (±0.1 s e c , 

stopwatch a c c u r a c y ) . S u c c e s s i v e d i l u t i o n s of the polymer s o l u t i o n were 

c a r r i e d out i n the viscometer. 

Gel Permeation Chromatography (G.P.C.) measurements were c a r r i e d out by 

workers a t the Rubber and P l a s t i c s Research A s s o c i a t i o n (Shawbury). 
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The mass spectra of compounds obtained in the course of t h i s work are 

tabulated below. Compounds marked with an as t e r i s k , e.g. ( I l l ) * , have 

not been reported previously. Ions are tabulated in the form: 

75(63%, C 3HF 2, M-F) 

In this example the ion has a mass number 75, i t s intensity i s 63% of the 

intensity of the base peak of the spectrum, i t has provisionally assigned 

the formula Ĉ Ml'"̂  (the + being understood), and i t s supposed origin i s loss 

of an F from the parent ion (M). The base peak i s designated D. 

Metastable ion peaks, where observed, are tabulated underneath the main 
-F 

spectrum in the form NI*(M > M ) , where the metastable ion i s understood 
1 Ct 

to have been observed at 

for the loss of neutral fragment F , from ion M* to give M*. 

I . 1,l-dichloro-2-vinylcyclopropane 

c c i 2 

140(1%, M+4), 138(5%, M+2), 136(8%, CgHgCl^ M), 101(64%, CgHgCl, M-Cl), 

100(38%, CgHgCl, M-HC1), 66(10%, CgHg, M-C12), 65(100%, CgHg, B). 

I I . 4,4-dichlorocyclopentene 

H 

"2 

140(1%, M+4), 138(5%, M+2), 136(8%, C_H.C1_, M), 101(66%, C.H.Cl, M-Cl), 
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100(38%, C_H_C1, M-HC1), 66(11%, C_H_ M-C1-), 65(100%, C H , B). DO O b & 5 5 

I I I * , difluorocyclopentane 

II 
H 

H 

106(10%, C 5H 8F 2, M), 86(21%, C ^ F , M-HF) , 85(38%, CgHgF, M-H^F), 78(21%, 

C 3 H 4 F 2 ' MrC2HA*' 7 7 ( 4 2 % ' C 3 H 3 F 2 ' M " C 2 H 5 ) ' 6 5 ( 8 % ' C
5

H 5 ' " " V V ' 5 5 ( 3 5 % ' 

C 4H ?), 42(100%, C 3H 6, B), 40(10%, , M-C^H^). 

IV. 3,3,3-trifluoropropyne 

CF3C3CH 

95(8%, M+l), 94(100%, CgHFg, M and B), 93(5%, CgFg, M-H), 75(63%, CgHF^ 

M-F), 74(9%, C 3 F 2 , M-HF), 69(14%, CFg), 56(5%, C^HF, M-F 2), 55(5%, CgF, M-HF2>. 

Metastable ion : 94 » 25 (-CF ) 
o 

V. 5,5,6-trifluoro-6-trifluoromethylbicyclo[2.2.1]hept-2-ene 

CD F(CF„) 
216(31%, C gH 6F 6, M), 197(3%, CgHgFg, M-F), 177(5%, C g H ^ , M-HF2), 165(9%, 

C 7H 5F 4, M-CHF2), 147(6%, C ^ F g , M-CFg), 145(5%, C ^ F g , M-CHgFg), 

127(11%, C ?H 5F 2, M-CFg.HF), 69(4%, CFg), 66(100%, CgHg, B, M-CgFg), 65(8%, 

C 5H 5, B-H), 51(6%, CFgH). 

VI. 5,6-difluoro-5,6-bis(trifluoromethyl)bicyclo .2.1]hept-2-ene 
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266(9%, CgHgFg, M), 247(7%, C g H ^ , M-F), 197(4%, CgHgFg, M-CFg), 127(10%, 

C ?H 5F 2 > M-CgHFg), 69(10%, CFg), 67(8%, C ^ , M-C^HFg), 66(100%, C^, B), 

65(6%, CgHg, B-H), 51(6%, CF 2H). 

V I I . 5-trifluoromethylbicyclo[2.2.l]hept-2-ene 

CD CF 
162(16%, C gH 9F 3, M), 93(7%, C ?H 9, M-CF^), 91(5%, C ^ , M-CHgF^), 77(10%, 

CgHg), 69(3%, C F 3 ) , 67(8%, C ^ ) , 66(100%, CgHg, B), 65(7%, CgHg), 51(6%, CFgH). 

V I I I . 5,6-dichioro-5,6-bis(trifluoromethyl)bicyclo[2.2.l]hept-2-ene 

C1(CF 3) 

C1(CF 3) 

302(4%, M+4), 300(20%, M+2), 298(30%, CJLC1 F , M), 209(30%, C H F , 
y o & o y o o 

M-C12.F), 207(30%, C gH 4F 2, M-Clg.F.ZH), 175(20%, C g H ^ .M-2HC1 .CF2H) , 67(8%, 

C.H_), 66(100%, C.He, B), 65(8%, C,H_, B-H). 5 7 O b 5 5 

IX. 2,3-bis(trifluoromethyl)bicyclor2.2.l]hept-2-ene 

CF 

CF 

228(26%, CgHgFg, M), 209(7%, CgHgF^ M-F), 208(7%, CgHgFg, M-HF), 202(24%, 

C ?H 4F 6, M-C2H2), 189(10%, C g H ^ , M-HF. F ) , 159(100%, C^Fy B, M-CFg), 

133(11%, C 6H 4F 3, B-C 2H 2), 119(8%, C ^ F g ) , 109(22%, C ^ F ) , 69(12%, CFg), 

66(18%, CgHg), 51(10%, CHF 2). 
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X*. 2-trifluoromethylbicyclof2.2.l]hept-2-ene 

CD CF 
160(21%, C 8H 7F 3 > M), 159(12%, C ^ F g , M-H), 134(26%, C g H ^ , M-C^), 114(8%, 

C 6 H 4 F 2 ' M - C 2 H 2 , H F ) ' 1°9<11%. C 7 H
6

F - M " C F 2 H > ' 91(100*. B, M-CF^), 

84(6%, C 5H 5F), 69(11%, CFg), 66(25%, CgHg), 65(21%, C ^ ) , 51(11%, CFgH). 

Metastable ions: 160 > 91 (-CF_); 91 > 65 (-CH3CH). 

XI*. Pinters of dienes (123) and (124) 

H H H CD TDD H H H H H 
H H 

H H 

2 7 6 < C 1 0 H 4 F 8 ' M ) ' 2 5 7 < C 1 0 H 4 F 7 ' M " F ) ' 2 2 6 ( C 9 H 4 F 6 ' M~CV' 2 0 7 ( C 9 H 4 F 5 ' M " C F 3 } ' 
187<C H F M-CFg.H), 138(100%, CJl^, B), 1 1 9 ( 0 ^ 1 ^ , D-F), 8 8 ( 0 ^ 1 ^ , B-CF 2). 
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In.l!rared spootrn aro given holow. A l l spectra were recorded using 

KHr c e l l s , plates or di s c s , and were run under conditions designated by 

(A) - KBr disc 

(B) - thin l i q u i d film 

(C) - thin polymer film 

(D) - gas phase 

(£) - nujol mull; nujol bands are marked 'n' on the spectra. 

Compounds which have been reported previously are marked with an 

ast e r i s k , e.g. ( I ) * . 

Spectrum No. Name of Compound 

( I ) * poly(l-pentenylene) (C) 

( I I ) * 1,l-dichloro-2-vinylcyclopropane (B) 

( I I I ) * 4,4-dichlorocyclopentene (B) 

(IV) difluorocyclopentane (B) 

(V) * tricyclo[3.2.1.0 2 , 6]deca-3,8-dien-5-ol (B) 

(VI) * cyclopent-3-en-l-one (B) 

( V I I ) * cyclopent-2-en-l-one (B) 

( V I I I ) mixture of cyclopent-2-en-l-one and 5-fluorocyclopent-2-en 
1-one (B) 

(IX) * l,2,3,4,5,5,6,6-octafluorobicyclo[2.2.2]oct-2-ene (A) 

(X) * lH,2H-hexafluorocyclohexa-l,3-diene (D) 

(XI) * 2H,3H-hexafluorocyclohexa-l,3-diene (D) 

( X I I ) * l,4,5,5,6,6-hexafluorobicyclo[2.2.2]oct-2-ene (A) 

( X I I I ) * 3,3,3-trifluoropropyne (D) 

(XIV) * 5,5,6-trifluoro-6-trifluoromethylbicyclo[2.2.1]hept-2-ene 

(XV) * 5,6-difluoro-5,6-bis(trifluoromethyl)bicyclo [2.2.1 ]hept-2-
ene (B) 
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Spectrum No. 

(XVI) * 

(XVII) * 

( X V I I I ) * 

(XIX) 

(XX) 

(XXI)* 

(XXII) 

( X X I I I ) 

(XXIV) 

(XXV)* 

(XXVI) 

(XXVII) 

(XXVIII) 

(XXIX) 

(XXX) 

(XXXI) 

(XXXII) 

(XXXIII) 

(XXXIV) 

Name of Compound 

5-trifluoromethylbicyclo[2.2.l]hept-2-ene (B) 

5,6-dichloro-5,6-bis(trifluoromethyl)bicyclo[2.2.l.]hept-
2-ene ( B ) 

2,3-bis(trifluoromethyl )bicyclo[2.2.1 ]hepta-2,5-diene (B) 

2-trifluoromethylbicyclo[2.2.1]hepta-2,5-diene (B) 

1,4,5,5,6,7,10,10-octafluorotricyclo[5.2.1.0 ' ]deca-3,8-
diene (A) 

polyd,3-cyclopentylenevinylene) (C) 

poly(4,4,5-trifluoro-5-trifluoromethyl-1,3-cyclopentylene-
vinylene) (C) 

polymer from the copolymerisation of cyclopentene and 
5,5,6-trifluoro-6-trifluoromethylbicyclo [2.2.1]hept-2-ene (C) 

poly(4,4,5-trifluoro-5-trifluoromethyl-1,3-cyclopentylene­
vinylene) (C) 

poly(l-pentenylene) (C) 

poly(4,4,5-trifluoro-5-trifluoromethyl-1,3-cyclopentylene-
vinylene) (C) 

poly(4,5-difluoro-4,5-bis(trifluoromethyl)-l,3-cyclopentylene-
vinylene) (C) 

poly(4-trifluoromethyl-1,3-cyclopentylenevinylene) (C) 

poly(4,5-dichloro-4,5-bis(trifluoromethyl)-l,3-cyclopen tylene-
vinylene) (C) 

poly(4,5-bis(trifluoromethyl)-l,3-cyclopentenylenevinylene) (C) 

poly(4-trifluoromethyl-1,3-cyclopentenylenevinylene) (C) 

poly(4,4,5-trifluoro-5-trifluoromethyl-1,3-cyclopentylene-
vinylene) (C) 

poly(4,5-difluoro-4,5-bis(trifluoromethyl)-l,3-cyclopentylene­
vinylene) (C) 

copolymer from 2,3-bis(trifluoromethyl)bicyclo[2.2.l]hepta-
2,5-diene and cyclopentene (C) 
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Spectrum No. Name of Compound 

(XXXV) copolymer from 2-trifluor-omethy-lbicyclo-[2.2.1 ]hepta*-2-,-5-
dlene and cyclopentene (C) 

(XXXVI) polyindene from the reaction of indene with WCl./Ph.Sn (C) 
6 4 

(XXXVII) cationic polyindene (C) 
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'1'ho Hoard of StudioH i n Chemistry r e q u i r e s tha t each postgraduate 

r e s e a r c h t h e s i s c o n t a i n an appendix l i s t i n g 

( a ) a l l r e s e a r c h c o l l o q u i a , r e s e a r c h seminars and l e c t u r e s (by e x t e r n a l 

speaks) arranged by the Department of Chemistry s i n c e 1 October 1976 

and ( b ) a l l r e s e a r c h conferences attended by the w r i t e r of the t h e s i s , 

d u ring the period when the r e s e a r c h f o r the t h e s i s was c a r r i e d out. 

1. Research C o l l o q u i a , Seminars and L e c t u r e s 

1.1 1976-77 

( a ) U n i v e r s i t y of Durham Chemistry C o l l o q u i a 

Wodnoaday, 20th October 

P r o f e s s o r J.D. Hyne ( U n i v e r s i t y of C a l g a r y ) , "New Research on 

an Old Element - Sulphur". 

Wednesday, 10th November 

Dr. J.S. Ogden (Southampton U n i v e r s i t y ) , "The C h a r a c t e r i z a t i o n 

of High Temperature S p e c i e s by Matrix I s o l a t i o n " . 

Wednesday, 17th November 

Dr. B.E.F. Fender ( U n i v e r s i t y of Oxford), " F a m i l i a r but 

Remarkable Ino r g a n i c S o l i d s " . 

Wodnosday, 24 th Novonihor 

Dr. M.I. Page ( H u d d e r s f i e l d P o l y t e c h n i c ) , "Large and Small Rate 

Enhancements of I n t r a m o l e c u l a r C a t a l y s e d R e a c t i o n s " . 

Wednesday, 8th December 

P r o f e s s o r A.J. Leadbetter ( U n i v e r s i t y of E x e t e r ) , " L i q u i d 

C r y s t a l s " . 

Wednesday, 26th January 

Dr. A. Davis (ERDR), "The Weathering of Polymeric M a t e r i a l s " . 
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Wednesday, 2nd February 

Dr. M. F a l k , (NRC Canada), " S t r u c t u r a l Deductions from the 

V i b r a t i o n a l Spectrum of Water i n Condensed Phases". 

Wednesday, 9th February 

P r o f e s s o r R.O.C. Norman ( U n i v e r s i t y of Y o r k ) , " R a d i c a l C a t i o n s ; 

Intermediates i n Organic R e a c t i o n s " . 

Wednesday, 23rd February 

Dr. G. H a r r i s ( U n i v e r s i t y of S t . Andrews), "Halogen Adducts of 

Phosphines and A r s i n e s " . 

F r i d a y , 25th February 

P r o f e s s o r H.T. Dieck ( F r a n k f u r t U n i v e r s i t y ) , "Diazadienes - New 

Powerful Low-Valent Metal Ligands". 

Wednesday, 2nd March 

Dr. F. Hibbert ( B i r k b e c k C o l l e g e , London), " F a s t Reaction S t u d i e s 

of Slow Proton T r a n s f e r s I n v o l v i n g Nitrogen and Oxygen A c i d s " . 

F r i d a y , 4th March 

Dr. G. Drink (Rhodes U n i v e r s i t y , R.S.A.), " D i e l e c t r i c S t u d i e s 

of Hydrogen Bonding i n A l c o h o l s " . 

Wednesday, 9th March 

Dr. 1.0. Sutherland ( S h e f f i e l d U n i v e r s i t y ) , "The Stevans' 

Rearrangement O r b i t a l Symmetry and R a d i c a l P a i r s " . 

F r i d a y , 18th March 

P r o f e s s o r Hans Bock ( F r a n k f u r t U n i v e r s i t y ) , "Photoelectron S p e c t r a 

and Molecular P r o p e r t i e s : A Vademecum f o r the Chemist" 

Wednesday, 30th March 

Dr. J.R. MacCallum ( U n i v e r s i t y of S t . Andrews), "Photooxidation 

of Polymers". 
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Wednesday, 20th A p r i l 

Dr. D.M.J. L i l l e y (G.D. S e a r l e , Research D i v . ) , " T a i l s of 

Chromatin S t r u c t u r e - Progress towards a Working Model". 

Wednesday, 27th A p r i l 

Dr. N.P. Stevens ( U n i v e r s i t y of H a r t f o r d ) , " Photocycloaddition 

Polymeri sa t i on". 

Wednesday, 4 t h May 

Dr. (J.C. T a b i s z ( U n i v e r s i t y of Manitoba), " C o l l i s i o n Induced 

L i g h t S c a t t e r i n g by Compressed Molecular Gases". 

Wednesday, 11th May 

Dr. R.E. Banks (UMIST), "The Reaction of Hexafluoropropene 

w i t h H e t e r o c y c l i c N-Oxides". 

Wednesday, 18th May 

Dr. J . Atwood ( U n i v e r s i t y of Alabama), "Novel S o l u t i o n Behaviour 

of A n i o n i c Organoaluminium Compounds: the Formation of L i q u i d 

C l a t h r a t e s " . 

Wednesday, 25th May 

P r o f e s s o r M.M. Kroevoy ( U n i v e r s i t y of Minnesota), "The Dynamics 

of Proton T r a n s f e r i n S o l u t i o n " . 

Wednesday, 1 s t June 

Dr. J . McCleverty ( U n i v e r s i t y of S h e f f i e l d ) , "Consequences of 

D e p r i v a t i o n and Overcrowding on the Chemistry of Molybdenum 

and Tungsten". 

Wednesday, 6th J u l y 

P r o f e s s o r J . Passmore ( U n i v e r s i t y of Brunswick), "Adducts 

Between Group V P e n t a h a l i d e s and a P o s t s c r i p t on S _ I + " . 
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( I J ) Durham U n i v e r s i t y Chemical Socioty 

Tuesday, 19th October 

Dr. J.A. Salthou s e ( U n i v e r s i t y of Manchester), "Chemistry and 

Energy". 

Tuesday, 26th October 

Dr. R.E. R i c h a r d s ( U n i v e r s i t y of Oxford), "NMR Measurements on 

I n t a c t B i o l o g i c a l T i s s u e " . 

Tuesday, 2nd November 

Dr. B. S u t c l i f f e ( U n i v e r s i t y of Y o r k ) , "The Chemical Bond as a 

Figment of the Imagination". 

Tuesday, 16th November 

Mr. R. F i c k e n (Rohm and Haas), "The Graduate i n I n d u s t r y " . 

Tuesday, 30th November 

Dr. R.J. Donovan ( U n i v e r s i t y of Edinburgh), "The Chemistry of 

the Atmosphere". 

Tuesday, 18th January 

P r o f e s s o r I . F e l l s ( U n i v e r s i t y of N e w c a s t l e ) , "Energy Storage: 

the Chemists' C o n t r i b u t i o n to tie Problem". 

Tuesday, 8th February 

Dr. M.J. C l e a r e (Johnson Matthey Research C e n t r e ) , "Platinum 

Group Metal Compounds as Anti-Cancer Agents". 

Tuesday, 1 s t March 

P r o f e s s o r J.A.S. Smith (Q.E. C o l l e g e , London), "Double Resonance" 

Tuesday, 8th March 

P r o f e s s o r C. Eaborn ( U n i v e r s i t y of S u s s e x ) , " S t r u c t u r e and 

R e a c t i v i t y " . 
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I . 2 .1 !)77-7H 

( a ) U n i v e r s i t y of Durham Chemistry C o l l o q u i a 

Tuesday, 27th September 

Dr. T . J . Broxton (La Trobe U n i v e r s i t y , A u s t r a l i a ) , " I n t e r a c t i o n 

of Aryldiazonium S a l t s and A r y l a z o a l k y l E t h e r s i n B a s i c A l c o h o l i c 

S o l v e n t s " . 

Wednesday, 19th October 

Dr. B. Heyn ( U n i v e r s i t y of Jena, D.D.R.), "o-Organo-Molybdenum 

Complexes as Alkene P o l y m e r i s a t i o n C a t a l y s t s " . 

Thursday, 27th October 

P r o f e s s o r R.A. F i l l e r ( I l l i n o i s I n s t , of Technology, U.S.A.), 

"Reactions of Organic Compounds wi t h Xenon F l u o r i d e s " . 

Wednesday, 2nd November 

Dr. N. Boden ( U n i v e r s i t y of L e e d s ) , "NMR Spin-Echo Experiments 

f o r Studying S t r u c t u r e and Dynamical P r o p e r t i e s of M a t e r i a l s 

C o n t a i n i n g I n t e r a c t i n g Spin-& P a i r s " . 

Wednesday, 9th November 

Dr. A.R. B u t l e r ( U n i v e r s i t y of S t . Andrews), "Why I l o s t F a i t h 

i n L i n e a r Free Energy R e l a t i o n s h i p s " . 

Wednesday, 7th December 

Dr. P.A. Madden ( U n i v e r s i t y of Cambridge), "Raman S t u d i e s of 

Molecular Motions i n L i q u i d s " . 

Wednesday, 14th December 

Dr. R.O. Gould ( U n i v e r s i t y of Edinburgh), " C r y s t a l l o g r a p h y to the 

Rescue i n Ruthenium Chemistry". 

Wednesday, 25th January 

Dr. G. Ri c h a r d s ( U n i v e r s i t y of Oxford), "Quantum Pharmacology". 
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Wednesday, 1 s t February 

P r o f e s s o r K.J. I v i n (Queens U n i v e r s i t y , B e l f a s t ) , "The O l e f i n 

Metathesis Reaction: Mechanism of Ring-Opening P o l y m e r i s a t i o n 

of C y c l o a l k e n e s " . 

F r i d a y , 3rd February 

Dr. A. Ilartog ( F r e e U n i v e r s i t y , Amsterdam, Holland), " S u r p r i s i n g 

Recent S t u d i e s i n Organo-Magnesium Chemistry". 

Wednesday, 22nd February 

P r o f e s s o r J.D. B i r c h a l l (Mond D i v i s i o n , I . C . I . L t d . ) , " S i l i c o n 

i n the Biosphere". 

Wednesday, 1 s t March 

Dr. A. W i l l i a m s ( U n i v e r s i t y of K e n t ) , "Acyl Group T r a n s f e r 

R e a c t i o n s " . 

F r i d a y , 3rd March 

Dr. (J. van Koten ( U n i v e r s i t y of Amsterdam, Hol l a n d ) , " S t r u c t u r e 

and R e a c t i v i t y of Arylcopper C l u s t e r Compounds". 

Wednesday, 22nd March 

P r o f e s s o r H. Vahrenkamp ( U n i v e r s i t y of F r e i b u r g , Germany), 

"Metal-Metal Bonds i n Organometallic Complexes". 

Wednesday, 19th A p r i l 

Dr. M. Barber (UMIST), "Secondary Ion Mass Spectra of S u r f a c e s 

and Absorbed S p e c i e s " . 

Tuesday, 16th May 

Dr. P. Ferguson (C.N.R.S., Grenoble), " S u r f a c e Plasma Waves and 

Absorbed S p e c i e s on Metals". 

Thursday, 18th May 

P r o f e s s o r M. Gordon ( U n i v e r s i t y of E s s e x ) , "Three C r i t i c a l P o i n t s 

i n Polymer S c i e n c e " . 
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Monday, 22nd May 

P r o f e s s o r D. Tuck ( U n i v e r s i t y of Windsor, O n t a r i o ) , " E l e c t r o ­

chemical S y n t h e s i s of I n o r g a n i c and Organometallic Compounds". 

Wednesday - Thursday, 24th-25th May 

P r o f e s s o r P. von R. S c h l e y e r ( U n i v e r s i t y of E r l a n g e n , Nurnberg), 

I . "Planar T e t r a - c o o r d i n a t e Methanes, P e r p e n d i c u l a r 

E t h y l e n e s , and Planar A l l e n e s " , 

I I . "Aromaticity i n Three Dimensions". 

I I I . " N o n - c l a s s i c a l Carbocations". 

Wednesday, 2 l s t June 

Dr. S.K. T y r l i k (Academy of S c i e n c e , Warsaw), "Dimethylglyoxime-

c o b a l t Complexes - C a t a l y t i c Black Boxes". 

F r i d a y , 23rd June 

P r o f e s s o r W.B. Pearson ( U n i v e r s i t y of F l o r i d a ) , "Diode L a s e r 

Spectroscopy a t 16 p,m". 

F r i d a y , 30th June 

P r o f e s s o r G. Mateescu (Case Western Reserve U n i v e r s i t y ) , 

"A Concerted Spectroscopy Approach to the C h a r a c t e r i z a t i o n of 

Ions and Ion P a i r s : F a c t s , P l a n s , and Dreams". 

(b) Durham U n i v e r s i t y Chemical S o c i e t y 

Thursday, 13th October 

Dr. J.C. Young, Mr. A.J.S. W i l l i a m s ( U n i v e r s i t y of Aberystwyth), 

"Experiments and C o n s i d e r a t i o n s Touching Colour". 

Thursday 20th October 

Dr. R.L. W i l l i a m s (Metropolitan P o l i c e F o r e n s i c S c i e n c e Dept.), 

"Science and Crime". 
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Thursday, 3rd November 

Dr. G.W. Gray ( U n i v e r s i t y of H u l l ) , " L i q u i d C r y s t a l s - T h e i r 

O r i g i n s and A p p l i c a t i o n s " . 

Thursday, 24th November 

Mr. G. R u s s e l l ( A l c a n ) , "Designing f o r S o c i a l A c c e p t a b i l i t y " . 

Thursday, 1 s t December 

Dr. B.F.G. Johnson ( U n i v e r s i t y of Cambridge), "Chemistry of 

Binary Metal Carbonyls". 

Thursday, 2nd February 

P r o f e s s o r R.A. Raphael ( U n i v e r s i t y of Cambridge), " B i z a r r e 

R e a c t i o n s of A c e t y l e n i c Compounds". 

Thursday, 16th February 

P r o f e s s o r G.W.A. Fowlos ( U n i v e r s i t y of Reading), "Home Winemaking". 

Thursday, 2nd March 

P r o f e s s o r M.W. Roberts ( U n i v e r s i t y of B r a d f o r d ) , "The Discovery 

of Molecular Events at S o l i d S u r f a c e s " . 

Thursday, 9th March 

P r o f e s s o r H. S u s c h i t z k y ( U n i v e r s i t y of S a l f o r d ) , " F r u i t f u l 

F i s s i o n s of Benzofuroxans". 

Thursday, 4th May 

P r o f e s s o r J . Chatt ( U n i v e r s i t y of S u s s e x ) , "Reactions of Coordinated 

D i n i t r o g e n " . 

Tuesday, 9th May 

P r o f e s s o r G.A. Olah (Case Western Reserve U n i v e r s i t y , C l e v e l a n d , 

Ohio), " E l e c t r o p h i l i c R eactions of Hydrocarbons". 
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Research Conferences 

( a ) Polymer S u r f a c e s Symposium, Macromolecular Group of the Chemical 

S o c i e t y (Durham U n i v e r s i t y , March 1977). 

(b) Annual Chemical Congress, Chemical S o c i e t y ( L i v e r p o o l U n i v e r s i t y , 

A p r i l 1978). 
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11 

I I I 

IV 

R l R 2 R 3 R 4 
R 1 l a C F 3 F F F 

Rr 
,R 3 
R 4 

l b F C F 3 F F 

5 , 5 , 6 - t r i f l u 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 . l ] h e p t - 2 - e n e 

R 
( 1 

R l R 2 R 3 R4 
R 
( 1 

H a C F 3 F F C F 3 

\ l i b c p a F 

R 3 l i e F C F 3 

R4 
5 , 6 - d i f l u o r o - 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 p t - 2 - e n e 

R l R 2 R 3 R 4 
I l i a C F 3 H H H 

R 11 l b H C F n II II 
K 3 3 

5 - 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 - 2 - e n e 

C 1 ( C F 3 ) 

unknown st e r e o c h e m i s t r y 

C L ( C F 3 ) 

5 , 6 - d i c h l o r o - 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]hept-2-ene 

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 

V I L rCF, 

2 - 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 
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V I I 
-
•CH=CII- p o l y ( 4 , 4 , 5 , - t r i f l u o r o - 5 - t r i f l u o r o m e t h y l - I , 3 -

c y c l o p e n t y l e n e v i n y l e n e ) 

Jii 

V I I I CH=CH po l y ( 4 , 5 - d i f l u o r o - 4 , 5 - b i s ( t r i f l u o r o m e t h y l -
1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) 

(CF 3)I- F ( C F 3 ) 

CH=CH 

I K C F I I . 3 
r i 

poly ( 4 - t r i f luoromethyl-.l., 3-cyclopentylene­
v i n y l e n e ) 

-CH=CH-

(CF 3 ) C 1 C I ( C F 3 ) 

p o l y ( 4 , 5 - d i c h l o r o - 4 , 5 - b i s ( t r i f l u o r o m e t h y l ) -
1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) 

CII=CH 

Ci-' C I ' ' 3 

p o l y ( 4 , 5 - b i s ( t r i f l u o r o m e t h y l ) - l , 3 - c y c I o -
pen te n y l e n e v i n y l e n e 

X I I •CH=CH poly(4-trif1uoromethyl^lj_3^cyclopentenylene­
v i n y l e n e ) 

f'O" ; ; C I C N C E 

2 1 !\?% ]n/9 ) 
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