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ABSTRACT 

The work reported i n t h i s t h e s i s i s concerned with an i n v e s t i g a t i o n 

of the ring-opening p o l y m e r i z a t i o n of a r y l c y c l o a l k e n e s . The monomers 

i n v e s t i g a t e d were indene, acenaphthylene and benzonorbornadiene and the 

c a t a l y s t system used was tungsten h e x a c h l o r i d e / t e t r a p h e n y l t i n i n tol u e n e . 

Attempts to ring-open polymerize indene and acenaphthylene a r e 

d e s c r i b e d i n Chapter 2. The r e s u l t s suggest t h a t these monomers do not 

undergo ring-opening p o l y m e r i z a t i o n to any a p p r e c i a b l e e x t e n t with the 

c a t a l y s t system used; however, some ambiguity remains and i t may be t h a t 

a l i m i t e d amount of ring-opening does occur. 

Benzonorbornadiene r e a d i l y undergoes ring-opening p o l y m e r i z a t i o n . 

Sy n t h e s i s ' of the monomer, i t s p o l y m e r i z a t i o n and the c h a r a c t e r i z a t i o n of 

the polymer a re d e s c r i b e d i n Chapter 3. Polybenzonorbornadiene i s v e r y 

s u s c e p t i b l e to o x i d a t i o n by atmospheric o x i d a t i o n . 



C O N T E N T S 

Page No. 

De d i c a t i o n i i 

Acknowledgements i i i 

Memorandum i v 

A b s t r a c t v 

CHAPTER 1. General I n t r o d u c t i o n and Background 

1.1. H i s t o r i c a l Background of O l e f i n Metathesis 1 

1.2. The Scope and A p p l i c a t i o n s of the O l e f i n Metathesis Reaction 4 

1.2a. A c y c l i c o l e f i n s 4 

1.2b. A c y c l i c polyenes 6 

1.2c. C y c l o a l k e n e s 7 

1.2d. Alkynes 11 

1.2e. A r y l - s u b s t i t u t e d o l e f i n s .1.3 

1.3. O l e f i n M e t a t h e s i s C a t a l y s t Systems 14 

1.3a. Heterogeneous c a t a l y s t s 14 

1.3b. Homogeneous c a t a l y s t s 16 

.I. .--:. O l e f i n Metathesis Mechanism 16 

1.4a. The o v e r a l l r e s u l t of r e a c t i o n 17 

1.4b. The d e t a i l e d m e c h a n i s t i c pathway 18 

1.4b.(i) The intermediary of a "quasi-cyclobutane" 18 

1 . 4 b . ( i i ) Metallocyclopentanes as i n t e r m e d i a t e s 23 

1.4b. ( . i i i ) M etaliocyclobutane and metal-carbene i n t e r m e d i a t e s .. 23 

1.5. The O r i g i n a l Question which I n i t i a t e d the Research D e s c r i b e d 25 
i n t h i s T h e s i s 

CHAPTER 2. Attempts to Polymerize Indene and Acenaphthylene with 
Metathesis C a t a l y s t s 

2.1. I n t r o d u c t i o n 29 



Page No. 

2.2. P r e v i o u s VJork on Inclene as a Monomer f o r 32 

P o l y m e r i z a t i o n 

2.2a. V i n y l p o l y m e r i z a t i o n 32 

2.2b. Attempted r i n g - o p e n i n g p o l y m e r i z a t i o n 33 
2.3a. D i s c u s s i o n of f u r t h e r work on the p o l y m e r i z a t i o n of indene 36 

wit h WCl r/Ph.Sn c a t a l y s t 

2.3b. Q u a n t i t a t i v e a n a l y s i s f o r u n s a t u r a t i o n using bromine 38 
a d d i t i o n 

2.3c. Attempts to polymerize indene using the c a t a l y s t system 43 
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 i n the 
presence of organ i c bases 

2.4. C o n c l u s i o n s 46 

EXPERIMENTAL PART 

2.5. C a t a l y s t s 49 

2.5a. Reagents 49 

2.5b. P r e p a r a t i o n of anhydrous tungsten h e x a c h l o r i d e 49 

2.6. P o l y m e r i z a t i o n s 49 

2.6a. Reagents ... 49 

2.6b. The p o l y m e r i z a t i o n of .indene i n i t i a t e d by concentrated SO 
.sulphuric a c i d 

2.6c. P o l y m e r i z a t i o n of indene by heating 50 

2.6d. The p o l y m e r i z a t i o n of indene using tungsten h e x a c h l o r i d e 50 
and t e t r a p h e n y l t i n as c a t a l y s t system 

2.6e. The ring-opening p o l y m e r i z a t i o n of norbornene using 51 
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 

2.6f. The attempted p o l y m e r i z a t i o n s of indene and norbornene 52 
using o r g a n i c bases with the c a t a l y s t system 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 

2.6g. The p o l y m e r i z a t i o n of acenaphthylene u s i n g concentrated 52 
s u l p h u r i c a c i d as i n i t i a t o r 

2.oh. The p o l y m e r i z a t i o n of acenaphthylene using tungsten 52 
he 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 



Page No. 

2.7. A n a l y s i s for Unsaturation by Bromine Additio n 53 

(a) Reagents 53 

(b) P r e p a r a t i o n of the reagents 53 

( i ) P r e p a r a t i o n of (0.2N) bromine reagent 53 

( i i ) P r e p a r a t i o n of potassium i o d i d e s o l u t i o n 20% . . 53 

( i i i ) P r e p a r a t i o n of s t a r c h i n d i c a t o r 53 

( i v ) P r e p a r a t i o n of (O.IN) sodium t h i o s u l p h a t e s o l u t i o n 54 

(c) S t a n d a r d i z a t i o n of t h i o s u l p h a t e s o l u t i o n by standard 54 
potassium iodate (0.01070 g per ml) 

( i ) S t a n d a r d i z a t i o n of the bromine/carbon t e t r a c h l o r i d e 55 
reagent using standard sodium t h i o s u l p h a t e 
s o l u t i o n (0.1031N) 

2.8. The General Method f o r Determination of U n s a t u r a t i o n by 55 
Reac t i o n with Bromine i n Carbon T e t r a c h l o r i d e 

(a) R e s u l t s and c a l c u l a t i o n s 55 

CHAPTER 3. The S y n t h e s i s and Ring-opening P o l y m e r i z a t i o n of 
Benzonorbornadiene 

3.1. I n t r o d u c t i o n 57 

3.2. The S y n t h e s i s of Benzonorbornadiene 57 

3.3. The Ring-opening P o l y m e r i z a t i o n of Benzonorbornadiene 58 
usi n g the C a t a l y s t System Tungsten Hexachloride and 
T e t r a p h e n y l t i n 

3.4. C h a r a c t e r i z a t i o n of Polybenzonorbornadiene 59 

3.5. C o n c l u s i o n s and Suggestions f o r F u r t h e r Work 66 

EXPERIMENTAL PART 

3.6. Reagents 68 

3.6a. Cyclopentadiene 68 

3.6b. The s y n t h e s i s of benzonorbornadiene 68 

3.7. The Ring-opening P o l y m e r i z a t i o n of Benzonorbornadiene u s i n g 69 
Tungsten Hexachloride 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 

Appendix A. I n f r a r e d S p e c t r a , ... 7 1 

RO 
References 



CHAPTER 1 

General I n t r o d u c t i o n and Background 
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1.1. H i s t o r i c a l Background of O l e f i n M e tathesis 

O l e f i n metathesis i s a bond r e o r g a n i z a t i o n r e a c t i o n c h a r a c t e r i s e d by 

the f a c t t h a t the t o t a l number and types of chemical bonds remain unchanged 

during the transformation of the i n i t i a l r e a c t a n t s i n t o two new products a s 

shown i n F i g u r e 1.1. When o l e f i n s a r e combined with a v a r i e t y of c a t a l y s t s , 

1 1 R CH=CHR 

2 2 R CH=CHR 

R 1 ™ 

2 
R CH 

CHRX 

CHR 

F i g u r e 1.1. 

most commonly co n t a i n i n g tungsten, molybdenum or rhenium, they undergo the 

transformation g e n e r a l i z e d above. The me t a t h e s i s r e a c t i o n of al k e n e s 

c o n s t i t u t e s a major development i n the f i e l d of hydrocarbon chemistry i n 

r e c e n t y e a r s . The v e r s a t i l i t y of the me t a t h e s i s r e a c t i o n not only g i v e s 

many new pathways f o r o r g a n i c s y n t h e s i s but a l s o o f f e r s new openings f o r 

the chemical i n d u s t r y . The d i s c o v e r y of the m e t a t h e s i s r e a c t i o n i s a l s o 

of importance from a t h e o r e t i c a l and fundamental p o i n t of view, and has 

con t r i b u t e d to the development of new i d e a s about r e a c t i o n s of al k e n e s i n 

the presence of t r a n s i t i o n metal compounds. 

I n 1964, Banks and B a i l e y ^ reported the f i r s t example of the meta

t h e s i s of l i n e a r a l k e n e s , they c a l l e d 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 " . 

They demonstrated the e q u i l i b r i u m shown i n F i g u r e 1.1., which a l l o w s the 

s e l e c t i v e c o n v e r s i o n of an unsymmetrical l i n e a r alkene i n t o roughly equimolar 

amounts of higher and lower molecular weight o l e f i n s , they used h e t e r o 

genous c a t a l y s t s prepared from molybdenum or tungsten hexacarbonyls. T h i s 

opened the way f o r the development and study of a v e r y important f i e l d of 

organi c c h e m i s t r y and s i n c e then, the me t a t h e s i s r e a c t i o n has been extended 



- 2 -

to other types of a l k e n e s , s u b s t i t u t e d a l k e n e s , d i e n e s , polyenes, a l k y n e s 

and, of g r e a t importance, c y c l o a l k e n e s . T h i s l a s t r e a c t i o n gave r i s e to 

a r i n g enlargement r e s u l t i n g i n m a c r o c y c l i c compounds and e v e n t u a l l y poly-
2 3 

alkenamers as shown i n F i g u r e 1.2. S c o t t and Wasserman, were the f i r s t to 

r e a l i z e t h a t t h i s r i n g opening p o l y m e r i z a t i o n , which had been known f o r 

s e v e r a l y e a r s , might be a s p e c i a l case of the m e t a t h e s i s r e a c t i o n . 

I n s t e a d of the name "metathesis" the term " d i s p r o p o r t i o n a t i o n " i s 

f r e q u e n t l y a p p l i e d to the r e a c t i o n , and sometimes the term "dismutation". 

For h i s t o r i c a l reasons the name " d i s p r o p o r t i o n a t i o n " i s most commonly used 

f o r the heterogeneously c a t a l y z e d r e a c t i o n , w h i l e the homogeneously 

c a t a l y z e d r e a c t i o n i s u s u a l l y designated as "met a t h e s i s " , the name " d i s 

p r o p o r t i o n a t i o n " i s c o r r e c t i n the case of the c o n v e r s i o n of a c y c l i c a l k e n e s , 

however, t h i s name i s inadequate i n most other s i t u a t i o n s , such as the 

r e a c t i o n between two d i f f e r e n t a l k e n e s , and r e a c t i o n s i n v o l v i n g c y c l o a l k e n e s . 

The name " o l e f i n d i s p r o p o r t i o n a t i o n " was o r i g i n a l l y used because of the 

analogy with i n o r g a n i c d i s p r o p o r t i o n a t i o n of metal o x i d a t i o n s t a t e s . 

"Dismutation" i s s u b j e c t to s i m i l a r o b j e c t i o n s as an a p p r o p r i a t e name f o r 

t h i s r e a c t i o n , whereas the name "metathesis" i s not s u b j e c t to these 

l i m i t a t i o n s and t h e r e f o r e i s p r e f e r r e d . 

I n f a c t the f i r s t mention 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 

bv a t r a n s i t i o n metal was the p o l y m e r i z a t i o n of b i c y c l o [ 2 , 2 , l ] h e p t - 2 - e n e 

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 ethylmagnesium bromide 
4 

or l i t h i u m tetrabutylaluminium recorded i n 1955, but i t was not u n t i l 1960 

c 3 •fCH=CH-(CHj i 2 n 
C H J 

p CH—CH 

n P 

F i g u r e 1.2. 
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t h a t the polymer was shown to be a p o l y a l k e n y l e n e . "* 

I n 1959 E l e u t e r i o f reported t h a t a c a t a l y s t prepared from molybdenum 

oxide on alumina, a c t i v a t e d by hydrogen r e d u c t i o n and f u r t h e r r e a c t e d with 

aluminium hydride, was a b l e to ring-open polymerize a v a r i e t y of c y c l o -

a l k e n e s such as b i c y c l o [ 2 , 2 , 1 ] h e p t - 2 - e n e , t r i c y c l o [ 5 , 2 , 1 , 0 " ' ]deca-3,8-diene 
2 6 

(cyclopentadiene dimer), t r i c y c l o [ 5 , 2 , 1 , 0 ' ]dec-8-ene and cyclopentene. 

I n the ca s e of cyclopentene trans-poly(1-pentenylene) was formed 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 . I n 1963 

D a l l ' A s t a and Natta,^ demonstrated 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 using d i f f e r e n t c a t a l y s t systems and 

r e a c t i o n c o n d i t i o n s , i n t h i s work cyclobutene was polymerized 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 ( 1 - b u t e n y l e n e ) , s e v e r a l kinds of t r a n s i t i o n 

metal c a t a l y s t s such as T i C ^ / E t ^ A l / n - h e p t a n e , T i C l ^ / l ^ A l / t o l u e n e , RuCl^/H^O, 

MoCl^/Et^Al/toluene and RuCl^/EtOH were used and v a r i a t i o n of c o n d i t i o n s and 

c a t a l y s t allowed c l o s e c o n t r o l of s t e r e o - r e g u l a r i t y . I n 1964 the same 
Q 

authors i n v e s t i g a t e d 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 , cyclopentene was polymerized by r i n g -

opening under mild c o n d i t i o n s , again s t e r e o - s e l e c t i v i t y was demonstrated. I n 
9 10 

1967 Calderon e t a l . , " ' were the f i r s t to use the term " o l e f i n m e t a t h e s i s " 

fo 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 , they converted 2-pentene i n t o a 

mixture of 2-butene and 3-hexene using a W C l c - E t A l C l -EtOH c a t a l y s t . T h i s 
b 2. 

r e s u l t was very important i n the e v o l u t i o n of the me t a t h e s i s concept because 

i t demonstrated t h a t ring-opening r e a c t i o n s and the r e a c t i o n s of a c y c l i c 

o l e f i n s belonged to the same c l a s s of r e a c t i o n and were e f f e c t e d by s i m i l a r 

c a t a l y s t s . S i n c e then a g r e a t number of i n v e s t i g a t i o n s of a l l a s p e c t s of the 

met a t h e s i s r e a c t i o n have been c a r r i e d out, and s e v e r a l d e t a i l e d r e v i e w s have 
11-24 

been p u b l i s h e d . 
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1.2. The Scope and App.licnti.onF: o f the Olef.iri Matnthord s Reaction 

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 has been shown to be a very v e r s a t i l e 

t o o l f o r p r e p a r a t i o n of some v a l u a b l e hydrocarbons i n common demand, and i n 

g e n e r a l f o r o r g a n i c chemistry. The 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 of r e f i n e r y streams, f o r example, by c o n v e r t i n g C and C al k e n e s 
4 5 

i n t o mixtures c o n t a i n i n g ethylene and propene together with higher molecular 

weight products; production of i n t e r m e d i a t e s 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 , 

25 

perfumes, novel polymers and copolymers; and degradation of polymers. 

1.2a. A c y c l i c o l e f i n s 

The conversion of many a c y c l i c mono-olefins and mixtures of o l e f i n s , 

both l i n e a r and branched, has been e f f e c t e d according to the g e n e r a l equation 

i n F i g u r e 1.3., where R r e p r e s e n t s hydrogen or hydrocarbon groups. Both 

R R / \ / \ 
R 

C C 

/ \ / \ 8 

8 R 
6 

F i g u r e 1.3. 

t e r m i n a l or i n t e r n a l a c y c l i c o l e f i n s can be metathesized i n the presence 

of the a p p r o p r i a t e c a t a l y s t , the homometathesis r e a c t i o n of an a c y c l i c 

a-mono-olefin y i e l d s e t h y l e n e and a symmetrical i n t e r n a l o l e f i n , the homo-

meta t h e s i s r e a c t i o n of an unsymmetrical i n t e r n a l mono-olefin u s u a l l y g i v e s 

two symmetrical i n t e r n a l o l e f i n s . The g e n e r a l r e l a t i o n s h i p f o r a c y c l i c 

l i n e a r o l e f i n s i s shown i n F i g u r e 1.4., where n i s the carbon c h a i n length 

http://App.licnti.onF
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and m i s the p o s i t i o n of the double bond i n the c h a i n , the m e t a t h e s i s of 

2 C
m - — - c? + c ; : m . 

n 2m 2(n-m) 

F i g u r e 1.4, 

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 has been reported i n g r e a t 
15 17 18 

d e t a i l . ' ' The m e t a t h e s i s of propylene i s an example of t h i s kind of 

r e a c t i o n g i v i n g ethylene and but-2-ene. Other a - o l e f i n s reported to undergo 
• , 24,26-30 , _ 26-30^ ^ . _. me t a t h e s i s are 1-pentene, 1-octene, and t h e n o n - l i n e a r a - o l e f i n s 

3 - m e t h y l b u t - l - e n e , ^ 2-methylbut-l-ene, 4 - m e t h y l p e n t - l - e n e . E x a m p l e s 

of h e t e r o m e t a t h e s i s r e a c t i o n s of t e r m i n a l and i n t e r n a l o l e f i n s a re the 

r e a c t i o n s of but-l-ene with but-2-ene,^° and hept-2-ene with e t h y l e n e . ^ 

A c y c l i c a l k e n e s can be used i n the a n a l y s i s of polymer m i c r o s t r u c t u r e by 

c r o s s - m e t a t h e s i s , f o r example the e l u c i d a t i o n of m i c r o s t r u c t u r e i n s t y r e n e -
32 

butadiene copolymers by r e a c t i o n with but-2-ene, and the d e t e r m i n a t i o n of 

the e x t e n t of double bond m i g r a t i o n during f r e e - r a d i c a l c r o s s - l i n k i n g of 
3 3 

butadiene. The m e t a t h e s i s of a c y c l i c o l e f i n s s u b s t i t u t e d with c y c l o a l k y l , 
28 

c y c l o a l k e n y l or a r y l groups has been observed, f o r example s t y r e n e i s 
28 

converted to e t h y l e n e and 1,2-diphenylethylene; as shown i n F i g u r e 1.5. 

+ * 

CH, 

CH, 

F i g u r e 1.5. 



- 6 -

Claderon, r e p o r t e d t h a t 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 m e t athesis i s given by the s e r i e s shown i n 

F i g u r e 1.6., i n d i c a t i n g s t e r i c c o n t r o l of r e a c t i o n . Unsaturated e s t e r s 

CH ?= > RCH2CH= > R2CHCH= > R 2C= 

F i g u r e 1.6. 

have been found to undergo metathesis r e a c t i o n which opened e. new f i e l d i n 
34 

s y n t h e t i c f a t chemistry. Alkenes having d i f f e r e n t f u n c t i o n a l groups such 

as -COOR, -OCOR, -OR, -CN, -COR, have been reported to undergo m e t a t h e s i s 

r e a c t i o n s . 

1.2b. A c y c l i c polyenes 
24 

Zuech and co-workers, have reported t h a t polyenes or c y c l o a i k e n e s 

are formed from the r e a c t i o n of a,w-dienes w i t h m e t a t h e s i s c a t a l y s t s . The 

r e a c t i o n f o l l o w s an i n t e r - or i n t r a - m o l e c u l a r pathway as shown i n F i g u r e 1.7., 

CH CH 

(CHJ 
n 

CH CH 

CH =CH- (CHJ -CH=CH 2 n 

CH 
CH =CH-(CHJ -CH=CH-(CH„) -CH=CH„ + f | 2 n 2 n CH 

F i g u r e 1.7. 

the predominating route being governed by the r e l a t i v e s t a b i l i t i e s of r i n g 

and c h a i n products. Thus hexa-1,5-diene g i v e s d e c a - 1 , 5 , 9 - t r i e n e and 
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ethylene but no cyclobutene, whereas octa-1,7-diene i s almost e x c l u s i v e l y 

converted to et h y l e n e and cyclohexene as shown i n F i g u r e 1.8. 

CH =CH-(CH 2) 2-CH*CH 2 

I 

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

H 

CH=CH H_C CH 
II 2 + 
CH CH=CH 

H 

CH_=CH CH 

\ CH CH CH 

CH CH CH 

CH_=CH CH 

Fi g u r e 1.8. 

1.2c. C y c l o a l k e n e s 

Many m e t a t h e s i s r e a c t i o n s of c y c l o a l k e n e s have been reported, they a r e 

of p a r t i c u l a r i n t e r e s t i n the s y n t h e s i s of m a c r o c y c l i c compounds and polymers. 

The r e a c t i o n may be g e n e r a l i z e d as shown i n F i g u r e 1.9. The i n t e r e s t i n g 

f e a t u r e of both ki n d s of products being t h a t they r e t a i n the u n s a t u r a t i o n of 

the monomer, t h i s c o n t r a s t s with normal t e l o m e r i z a t i o n and p o l y m e r i z a t i o n 

where u n s a t u r a t i o n i s l o s t . The ex a c t course of r e a c t i o n depends on the 

d e t a i l s of monomer s t r u c t u r e and r e a c t i o n c o n d i t i o n s . 
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CH 

( C H J 
<L n 

•CH 

(CHJ (CH, 
I n 

Ma c r o c y c l i c polyene 

«CH=CH(CH.) f 2 n q 

P o l y a l k e n y l e n e 

F i g u r e 1.9. 

I n f a c t , Anderson and Merckling were the f i r s t to r e a l i z e t h a t 

Z i e g l e r - t y p e c a t a l y s t s do polymerize b i c y c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e to a high 

molecular weight polymer, but they d i d not d i s c l o s e e i t h e r the s t r u c t u r e of 
4 5 

the polymer or the mode of p o l y m e r i z a t i o n . L a t e r , i n 1956, T r u e t t , e t a l . " ' 

r eported t h a t u s i n g the c a t a l y s t system d e s c r i b e d by Anderson and Merckling 

under s u i t a b l e c o n d i t i o n s r e s u l t s i n the ring-opening p o l y m e r i z a t i o n of 

bi c y c l o [ 2 . 2 . 1 ] h e p t - 2 ~ e n e , as shown i n F i g u r e l . l O . I n 1957 E l e u t e r i o , 

:H=CH-< 

F i g u r e 1.10. 

reported t h a t a v a r i e t y of c y c l o - o l e f i n s can polymerize by ring-opening 
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when r e a c t e d with c a t a l y s t s d e r i v e d from t r a n s i t i o n m e tals. A l l t h i s work 

d i d not r e c e i v e much a t t e n t i o n u n t i l N a tta's group i n 1964 r e p o r t e d t h e i r 
g 

s u c c e s s f u l s t e r e o - s p e c i f i c p r e p a r a t i o n of polypentenamers i n good y i e l d s . 

Mono-cyclic o l e f i n s from to , wi t h the exception of c y c l o h e x e n e , ^ 

undergo ring-opening p o l y m e r i z a t i o n to y i e l d products which v a r y from 

amorphous elastomers to c r y s t a l l i n e m a t e r i a l s . Ring-opening can be c o n t r o l l e d 
36 11 38 to y i e l d polymers i n e i t h e r a high c i s or a high t r a n s ' form, by 

c o n t r o l l i n g the temperature. T h i s p o i n t i s v e r y important i n t h i s r e a c t i o n 
3 8 

e s p e c i a l l y i n i n d u s t r y ; f o r example, c i s - p o l y ( 1 - p e n t e n y l e n e ) i s a low 

temperature elastomer which could be c o m p e t i t i v e with the more expensive 
26 

s i l i c o n e rubber, trans-poly ( 1-pentenylene) i s a good s u b s t i t u t e f o r n a t u r a l 

rubber i n the t y r e i n d u s t r y , and polymers which a r e g e n e r a l l y g e l - f r e e 
u • ^ r i 2 6 , 3 0 , 3 4 , 3 9 , 4 0 • rubbers, have been obtained from cyclopentene, c y c l o -

2 , 3 , 2 6 , 3 9 , 4 0 . , , 41 ,42 . 1 _ . t , . 2 octene, cyclododecene, and 1 , 5 - c y c l o - o c t a d i e n e . I t was 

shown t h a t the low molecular weight e x t r a c t a b l e m a t e r i a l produced i n these 

r e a c t i o n s could be polymerized to high molecular weight polymer by c o n t a c t 
2 

with a d d i t i o n a l c a t a l y s t , and c o n v e r s e l y the me t a t h e s i s of high molecular 

weight polymers of c y c l o a l k e n e s a t high d i l u t i o n y i e l d e d a mixture of macro-
43 

c y c l i c compounds i n high y i e l d s . Two m a t e r i a l s were prepared by t h i s 

technique; c y c l o h e x a d e c a - l , 9 - d i e n e ( 1 ), the c y c l i c dimer of c y c l o - o c t - l - e n e , 
44 

which when o x i d i s e d y i e l d e d a ketone (2) w i t h a musk-like odour. 

V J 

(1) (2) 
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Catenanes ( i n t e r l o c k e d r i n g systems) can be formed as i n d i c a t e d i n 

F i g u r e 1.11., and evidence f o r t h e i r formation i n the met a t h e s i s of c y c l o -

dodecene has been reported 

Metathesis 360 t w i s t Metathesis 

F i g u r e 1.11. 

C y c l i c d i e n e s , polyenes, as w e l l as mono- and p o l y - c y c l i c a l k e n e s , 
45 

undergo r i n g opening p o l y m e r i z a t i o n . As expected, cyclobutene, c y c l o -

octa-1,5-diene, and cyclododeca-1,5,9-triene y i e l d the same po l y -

alkenamer as shown i n F i g u r e 1.12. 

=£CH-CH -CH -CH=|= 
2 2 p 

*CH-CH 2-CH 2-CH* 2 p 

4CH-CH 2-CH 2-CH}= 3 p 

F i g u r e 1.12. 
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The v a r i e t y of polymers t h a t can be prepared from c y c l o a l k e n e s i s i l l u s t r a t e d 

by the case of cyclobutene, four d i f f e r e n t polymers can be obtained as shown 

i n F i g u r e 1.13, depending on the c a t a l y s t system and r e a c t i o n c o n d i t i o n s 

cyclobutene 

C CH \ 

I I I 

H 
I 
C 

C CH. 

CH, 

\ 

I I IV 

F i g u r e 1.13. 

46 
I n a d d i t i o n to the examples a l r e a d y mentioned, cycloheptene, c y c l o -

47 48 decene, and h e t e r o c y c l i c o l e f i n s (such as unsatur a t e d l a c t o n e s ) , have 

been shown to undergo r i n g opening p o l y m e r i z a t i o n . 

Cross m e t a t h e s i s of c y c l o a l k e n e s and polyenes with a c y c l i c a l k e n e s 
26 49 50 

a l l o w s the production of a,w-dienes as shown i n F i g u r e 1.14. ' ' 

1.2d. Alkynes 

The m e t a t h e s i s of l i n e a r a l k y n e s , such as 1-pentyne, 2-pentyne and 
51-54 

3-hexyne, has been r e p o r t e d . The o v e r a l l r e a c t i o n was shown to be 

analogous to the m e t a t h e s i s of a c y c l i c o l e f i n s , F i g u r e 1.15. 
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- C l i 

CH 
:CH, 

CH, =CH, 

CH, :CH, 

CH, •CH, 

CH, 
:CH, 

F i g u r e 1.14, 

CR R LC CR 

CR 1 R C CR 

F i g u r e 1.15. 
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55,56 
C y c l o t r i m e r i z a t i o n to benzene d e r i v a t i v e s i s a l s o observed. Hocker 

57 
and Musch, have reported t h a t the o l i g o m e r i z a t i o n of cyclodecyne i n the 
presence of WC1 -EtAlCl„-EtOH y i e l d e d c y c l i c compounds of the formula (C H ) , o 2. iO l b n 
where n = 1-6. 

Tungsten h e x a c h l o r i d e and molybdenum p e n t a c h l o r i d e a r e v e r y e f f e c t i v e i n 
58 59 

the p o l y m e r i z a t i o n of p h e n y l a c e t y l e n e s a t ambient temperatures. ' 

1.2e. A r y l - s u b s t i t u t e d o l e f i n s 

A few examples of the m e t a t h e s i s of p h e n y l - s u b s t i t u t e d o l e f i n s have been 

reported,^'^° and are shown i n F i g u r e 1.16. 

CH2CH2CH=CH CH2CH2CH=CHCH2CH 
+ C 2 H 4 

CH=CH 

^y ^y 
CH3CH=CHCH3 ^ 2 

^y 
CH=CHCH. 

CH=CH 
2 + CH,CH CH=CHCH 

CHCH. 

CH=CHCH2CH3 

+ CH 3CH 2CH=CH 2 + CH 3CH=CH 2 

F i g u r e 1.16. 

The aromatic system, which i s capable of c o o r d i n a t i n g to low- v a l e n t 

t r a n s i t i o n metals such as W and Mo, can r e t a r d the r a t e of r e a c t i o n or de

a c t i v a t e p a r t i c u l a r c a t a l y s t systems. 
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1.3. O l e f i n Metathesis C a t a l y s t Systems 

A wiilo vnri.iity of m a t e r i a l s are claimed to be a c t i v e m e t a t h e s i s 

c a t a l y s t s . Metathesis c a t a l y s t s promote two main types of r e a c t i o n , namely, 

ring-opening p o l y m e r i z a t i o n of c y c l o - o l e f i n s and d i s p r o p o r t i o n a t i o n r e a c t i o n s 

of a c y c l i c o l e f i n s . Although governed by a common mechanism, these r e a c t i o n s 

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 and t h i s causes 

d i f f e r e n t c a t a l y s 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 . 

Almost a l l the systems c o n t a i n a t r a n s i t i o n and a n o n - t r a n s i t i o n metal 

component. The m a j o r i t y of c a t a l y s t systems are d e r i v e d from the group VIA 

metals, molybdenum and tungsten, the n o n - t r a n s i t i o n metal component i s more 

v a r i e d but i s o f t e n a group I l l b or IVb element, p a r t i c u l a r l y aluminum and t i n . 

The nature of the n o n - t r a n s i t i o n metal component has a s i g n i f i c a n t e f f e c t on 

c a t a l y t i c a c t i v i t y , f o r example, the r e l a t i v e e f f e c t i v e n e s s of the c a t a l y s t s 

obtained from tungsten h e x a c h l o r i d e and s e v e r a l a l k y l - l i t h i u m r e a g e n t s was 
61 

found to be n-butyl > s - b u t y l > t - b u t y l . C a t a l y s t s may be homogeneous or 

heterogeneous and the g e n e r a l i z a t i o n s above apply to both groups, f o r example 

c o c a t a l y s t s can promote the a c t i v i t y of both homogeneous and heterogeneous 
62 

c a t a l y s t s . The most e f f i c i e n t c a t a l y s t s for ring-opening p o l y m e r i z a t i o n s of 

c y c l o - o l e f i n s a r e composed of h a l i d e s , o x y h a l i d e s or a l k o x y h a l i d e s of tungsten 

and o r g a n o m e t a l l i c d e r i v a t i v e s of aluminium and t i n . A second group of metals 

comprising molybdenum, rhenium, and tantalum a l s o g i v e q u i t e e f f i c i e n t 

c a t a l y s t s f o r ring-opening p o l y m e r i z a t i o n s . A t h i r d group of metals comprising 

t i t a n i u m , zirconium, vanadium, niobium and some l a n t h a n i d e s a r e of lower 

c a t a l y t i c a c t i v i t y and promote me t a t h e s i s only i n some s p e c i a l c a s e s . A v e r y 

g r e a t number of c a t a l y s t s have been d e s c r i b e d , ^ ^ p a r t i c u l a r l y i n the patent 

l i t e r a t u r e , and no attempt a t a comprehensive survey has been made here. 

1.3a. Heterogeneous c a t a l y s t s 

I n g e n e r a l heterogeneous c a t a l y s t s c o n s i s t of t r a n s i t i o n metal o x i d e s or 

c a r b o n y l s deposited on high s u r f a c e a r e a supports, such as alumina or s i l i c a . 
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The c a t a l y s t s d e r i v e d from oxides and carbony.ls of Mo, W and R<? have the 
1 71 72 73 

g r e a t e s t a c t i v i t y , ' ' ' w h i l s t the remainder of the promoters a r e l e s s 
74 74 75 e f f e c t i v e , s u l p h i d e s of Mo and W provide poor c a t a l y s t s , ' but i n 

76 

s p e c i a l c o n d i t i o n s M0S2 alone i s q u i t e 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 supports and promoters a r e l i s t e d i n 

Table l . 1 5 

Table 1. 

Heterogeneous c a t a l y s t supports and promoters f o r o l e f i n m e t a t h e s i s . 

Compounds ] Supports Promoters 

Oxides A l S i Fe Mo W Re 

Ni Zr Sn Nb Rh Sn 

W Th S i A l Te La Ta 

A I T i AlTh MgSi Os I r 

MgTi 

Phosphates Al T i Ca 

Zr Mg 

Carbonyls Mo W Re 

Sulphides Mo W 

Heterogeneous c a t a l y s t s can be prepared i n d i f f e r e n t ways; by d r y 

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 

t h e s u p p o r t s with substances which decompose a t high temperatures to l e a v e 

the a c t i v e promoter. The c a t a l y s t s a r e s e n s i t i v e to poisoning by p o l a r 
77 15 18 compounds. More d e t a i l s have been g i v e n by B a i l e y , and Banks, about 

a n a l y s i s 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, poisons and c a t a l y t i c m o d i f i c a t i o n s . 
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1.3b. Homogeneous c a t a l y s t s 

Homogeneous c a t a l y s t s a re i n many ways s i m i l a r to the heterogeneous 

systems d i s c u s s e d e a r l i e r ; thus, they g e n e r 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 d e r i v a t i v e and a c o - c a t a l y s t , sometimes a t h i r d component 

such as an oxygen c o n t a i n i n g o r g a n i c compound (e.g. a peroxide or a l c o h o l ) 

or water i s a l s o added. Tungsten compounds g i v e 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 z a t i o n of c y c l o - o l e f i n , and a l a r g e number of 

c a t a l y s t s a r e d e r i v e d from WCl^ combined with s u i t a b l e c o c a t a l y s t s . I n 1967, 

Calderon, Chen and Scott,^° d e s c r i b e d the f i r s t homogeneous c a t a l y s t s f o r 

o l e f i n m e t a t h e s i s , and subsequently g r e a t e r d e t a i l s about them were 

A 2 ' 7 8 

provided. 

Arguments about the e x a c t s t r u c t u r e and mode of a c t i o n of p a r t i c u l a r 

c a t a l y s t s a re frequent, and indeed the d e s i g n a t i o n "homogeneous" has been 
79 18 questioned f o r s e v e r a l systems. The a r e a has been reviewed by Hughes and 

D a l l ' A s t a . ^ Recent developments i n c l u d e photochemically a c t i v a t e d c a t a l y s t s 
80 81 82 such as W(CO),., WCl,., and T i C l . , and the o b s e r v a t i o n t h a t m e t a l l o -6 6 4 

83-85 
carbenes are a c t i v e c a t a l y s t s . 

1 . 4 . O l e f i n Metathesis Mechanism 

The mechanism of the m e t a t h e s i s r e a c t i o n has been the s u b j e c t of many 

i n v e s t i g a t i o n s and much d i s c u s s i o n . Opinions have changed as new evidence 

was e s t a b l i s h e d , and consequently the l i t e r a t u r e i s somewhat d i f f i c u l t to 

f o l l o w s i n c e d i f f e r e n t workers changed t h e i r o p i n i o n s a t d i f f e r e n t times. 

I n d i s c u s s i n g the mechanism th e r e a r e two b a s i c q u e s t i o n s to answer:-

( i ) What i s the o v e r a l l r e s u l t of the r e a c t i o n ? That i s , which 

bonds are broken and made during r e a c t i o n ? 

( i i ) What i s the d e t a i l e d m e c h a n i s t i c pathway by which the o v e r a l l 

r e s u l t i s obtained? 
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1.4a. The o v e r a l l r e s u l t of r e a c t i o n 

There are two p o s s i b l e r e a c t i o n schemes which would l e a d 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, 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 a s shown i n F i g u r e 

1.17. 

1 • 1 R -CH=CH+R 

R rCH=CH-R 

R -CH=CH 

CH=CH-R 

F i g u r e 1.17. 

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

shown i n F i g u r e 1.18. 

1 ! 1 R -CH^CH-R 

R -CFHCH-R 

R1-HC 

R2-HC 

CH-R 

CH-R^ 

Fi g u r e 1.18, 

R e s u l t s from 1 4 C i s o t o p i c l a b e l l i n g 8 8 ' ^ 0 and deuterium l a b e l l i n g 

e x p eriments^ 0' ̂ ° a r e completely c o n s i s t e n t w i t h a t r a n s a l k y l i d e n a t i o n scheme 
39 92 

and excludes a t r a n s a l k y l a t i o n . D a l l ' A s t a and Motroni ' have gi v e n 
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experimentnl cvidenco t h a t i n the r. ing-openi nrj pol ymnr i/.a t i o n of c y c l o 

alkenes the cleavage o c c u r s a t the double bond. liy copolymerizinq c y c l o -

octene and cyclopentene, i n which the cyclopentene double bond was l a b e l l e d 
14 

with C, the r e s u l t i n g polymeric u n i t s may be (3) or (4) depending on whether 

cleavage takes p l a c e a t the double bond or a t the carbon-carbon s i n g l e bond 

a d j a c e n t to the double bond. 

[•denotes 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 t h a t a l l the r a d i o a c t i v i t y 

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

proceeded v i a cleavage of the double bonds. 

1.4b. The d e t a i l e d m e c h a n i s t i c pathway 

T h i s q u e s t i o n i s much more complicated and d i f f i c u l t to answer d e f i n i t e l y . 

S e v e r a l m e c h a n i s t i c p r o p o s a l s have been put forward, and the area i s s t i l l one 

of a c t i v e d i s c u s s i o n . 

1 . 4 b . ( i ) . The intermediacy of a "quasi-cyclobutane" 

The f i r s t m e c h a n i s t i c r a t i o n a l i z a t i o n of o l e f i n metathesis was put 
86 

forward by Bradshaw who proposed t h a t a f o u r - c e n t r e or " q u a s i - c y c l o 

butane" i n t e r m e d i a t e could be used to r a t i o n a l i z e the observed r e s u l t s , t h i s 

p roposal i s g e n e r a l i z e d i n F i g u r e 1.19. T h i s i d e a r e c e i v e d q u i t e widespread 
2b 

acceptance and was used by Calderon to r a t i o n a l i z e ring-opening p o l y m e r i z a t i o n , 

the mechanism was assumed to proceed v i a formation of m a c r o c y c l i c s p e c i e s as 

shown i n F i g u r e 1.20. 

8 8 1 CH-(CH„) -CH=±CH-(CH„) -CH=!=CH-(CH_) „-CH 
(3 

8 8 1 i 1 CH=CH-(CH„) ̂ -LCH^H-CCH^) ̂ K ^ C H - (CH„) 
(4) 

double bond cleavage 

a l l y l i c bond cleavage 
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R1-HC=CH-R1 

\ 
2 / 2 R -HC=CH-R 

R1-HC 

M 

-CH-R 

2 ' 2 R -HC CH-R 

A 

R -HC / \ CH-R 

R -HC CH-R 

R^HC-

M 
A 

- - CH-R 

2 ; : 2 R -HC --.CH-R 

Fi g u r e 1.19. 

While t h i s mechanism accounts f o r a l a r g e amount of experimental 

o b s e r v a t i o n , i n c l u d i n g i s o t o p i c l a b e l l i n g s t u d i e s , ^ ^° i t has some weaknesses, 

For example, cyclobutanes might reasonably be expected to be found as by

products, or a t l e a s t to p a r t i c i p a t e i n m e t a t h e s i s r e a c t i o n s ; and p o l y -

alkenamers might be expected to be c y c l i c m olecules. I n f a c t polyalkenamers 

f r e q u e n t l y c o n s i s t of a mixture of c y c l i c and l i n e a r molecules. T h i s 

d i f f i c u l t y was r e l a t i v e l y e a s i l y overcome by suggesting t h a t the l i n e a r 

polymers arose v i a i n t e r a c t i o n of the growing macrocycles with an a c y c l i c 
91 

alkene, p r e s e n t a s an imp u r i t y . A l t e r n a t i v e l y c h a i n t e r m i n a t i o n of a co

or d i n a t e d growing polymer macrocycle could be due to mi g r a t i o n of the co

or d i n a t e d double-bond, accompanied by decomplexation, g i v i n g r i s e to a l i n e a r 

macromolecule having two v i n y l end groups, F i g u r e 1.21. On the other hand 
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r HC 

(CH_) • 2 n 

HC 

CH 

CH 

1 
(CH„) 2 n 

J 
(CH ) 2 n (CH„) 

HC 

(CH_) 2 n 

HC 

CH 

M (CH„) 2 n 

CH J 
(CH„) 2 n 

L 

M 

HC r-rr-— CH 

HC: CH 

( C H j i 2 n 

' HC 

( C V n 

•HC 

CH HC 

(CHJ ( C H J e t c M 2'n 2 n 

\ CH HC 

CH HC 

(CK n) 
i. n 

m a c r o c y c l i c product 
polymer 

F i g u r e 1.20. 
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M 

CH-CH CH=CH 
\ H CH CH / H 

CH-CH CH=CH 
/ CH CH \ CH CH 

F i g u r e 1.21. 

very l i t t l e evidence f o r the involvement of cyclobutanes i n me t a t h e s i s has 
93 

been p u b l i s h e d , the r e s u l t s of Gassman and Johnson, being the most w i d e l y . 

c i t e d . They observed a diene to cyclobutane c o n v e r s i o n when compound (5) was 

re a c t e d with "an accepted m e t a t h e s i s c a t a l y s t PhWCl.,/AlCl " , and cyclobutane 

( C H J (CHJ 2 10 2 10 

CF CF 

CF CF 

(5) (6) 

to diene c o n v e r s i o n s f o r compounds (7) and (9) r e a c t i n g to g i v e (8) and (10) 

r e s p e c t i v e l y . These authors a l s o reported t h a t the b i c y c l i c d i e n e s were 

u n a f f e c t e d by t h e i r c a t a l y s t although i t r e t a i n e d i t s a c t i v i t y f o r the c y c l o -

butane-diene i n t e r c o n v e r s i o n even a f t e r "normal m e t a t h e s i s a c t i v i t y " had been 
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CF CF 

CF CF 

7) 8 

it CF CF 

CF CF 

(9) (10) 

quenched by the a d d i t i o n of Michael a c c e p t o r s . Wilson, observed t h a t the 

b i c y c l i c diene (8) i s p a r t i c u l a r l y s u s c e p t i b l e to ring-opening p o l y m e r i z a t i o n 

by a range of m e t a t h e s i s c a t a l y s t s and i s even polymerized by pure tungsten 

h e x a c h l o r i d e , t h i s c o n t r a s t s with i t s reported l a c k of r e a c t i v i t y w i t h the 

PhWCl^/AlCl^ c a t a l y s t and suggests t h a t the i n t e r e s t i n g cyclobutane-diene 

i n t e r c o n v e r s i o n s observed with t h i s c a t a l y s t have l i t t l e r e l e v a n c e to the 

mechanism of the g e n e r a l i t y of m e t a t h e s i s p o l y m e r i z a t i o n s , 

I t should be noted t h a t e t h y l e n e and cyclobutane a r e not e q u i l i b r a t e d 

i n the presence of metathesis c a t a l y s t s , n e i t h e r are cyclobutanes formed from 

simple a l k e n e s nor do they s p l i t i n the manner r e q u i r e d by t h i s mechanism. 

For these reasons another concerted p a i r w i s e exchange mechanism was 
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95 proposed, • t h i s i s sometimes c a l l e d the "tetramethylene t r a n s i t i o n s t a t e 
hypothesis" and i s represented i n Figure 1.22. The t h e o r e t i c a l i m p l i c a t i o n s 

R R * R 
\ / 
C 

R R 
C =p=C r \ R -C 

M C c 

R 
2 J \ _ _ 2 M / R -C R R 

R 
R \ 2 R 

Figure 1.22. 

of these concerted mechanisms have been reviewed by Haines and Leigh. 

1 . 4 b . ( i i ) . Metallocyclopentanes as intermediates 

Although the mechanisms described i n the previous s e c t i o n accounted f o r 

most of the evidence the weaknesses described made workers look f o r a l t e r n a t i v e 

r a t i o n a l i z a t i o n s . The observation t h a t WC1,. reacted w i t h 1 , 4 - d i l i t h i o -
o 

96 

butane i n benzene t o give a q u a n t i t a t i v e y i e l d of ethylene, l e d t o the 

suggestion t h a t metallocyclopentanes might be involved as intermediates 

i n a non-concerted pairwise exchange o f a l k y l i d e n e s i n the mechanism f o r meta

t h e s i s , such a mechanism i s i n d i c a t e d i n Figure 1.23. This proposal found 

l e s s support than the e a r l i e r mechanisms and was soon replaced by the c u r r e n t l y 

accepted, non-concerted, non-pairwise mechanism. 

1 . 4 b . ( i i i ) Metallocyclobutane and metal-carbene intermediates 

The g e n e r a l l y accepted mechanism f o r metathesis i n v o l v e s a r e v e r s i b l e 

r e a c t i o n between an alkene and metallocarbene t o give a metallocyclobutane, 

as i n d i c a t e d i n Figure 1.24. This mechanism was f i r s t proposed by Herisso 
97 98 and Chauvin, and was independently put forward by Lappert and co-workers, 

who had shown t h a t ' e l e c t r o n r i c h ' o l e f i n s (11) undergo metathesis w i t h 



- 24 -

CH2 CH2 

> M -<r-

CKR CHR 

CH_ CH„ I 2 I 2 RCH HCR 
CHn CHR i 2 I 
CH., CHR 

CH2 CHR 

CH2 CHR 

Figure 1.23. 

CHR CHR CHR CHR 1 2 CHR^=rCHR 

CHR M -CHR 1 M=CHR 

Figure 1.24. 

Rh c a t a l y s t s a t high temperatures, they also i s o l a t e d an intermediate 

metallccarbene (12) which acted as a c a t a l y s t f o r the r e a c t i o n . 

The metallocyclobutane mechanism accounts f o r ring-opening p o l y 

m e r i z a t i o n as shown i n Figure 1.25. 

Polymers are not formed by consecutive m a c r o c y c l i z a t i o n ( c f . F i g . 1.20), 

but instead c y c l i c oligomers are obtained when the carbene end r e a c t s w i t h 
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N. 

N 

ClPPh3Rh=C 

(11) (12) 

a double bond w i t h i n the growing polymer chain, Figure 1.26. The evidence 

supporting the metallocarbene/metacyclobutane mechanism has been reviewed 

i n d e t a i l by Roony and S t e w a r t , ^ and recent work by these authors together 
99 

w i t h , I v i n and Green has l e d t o the suggestion t h a t there i s a close 

mechanistic r e l a t i o n s h i p between Z i e g l e r - N a t t a p o l y m e r i z a t i o n and r i n g -

opening metathesis, t h i s view i s summarised i n Figure 1.27., and r e q u i r e s a 

1,2-hydrogen s h i f t t o f i r s t generate the a c t i v e metallo-carbene f o r the 

unconventional process. 
1.5. 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 

Thesis 

Many examples of ring-opening p o l y m e r i z a t i o n have been r e p o r t e d , however 

there i s no mention i n the l i t e r a t u r e of the ring-opening p o l y m e r i z a t i o n o f 

indene (13). This i s a w e l l known monomer f o r v i n y l p o l y m e r i z a t i o n and has 

o o 
(13) (14) 
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/ n 

M n 

Figure 1.26. 
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O l e f i n metathesis 
mechanism f o r the 
r i n g opening poly
m e r i z a t i o n of 
cycloalkenes 

CH =CH— CH0 2 v 

CH. M=Oi / 2 ^•CH„ 2 

etc. 

Unconventional Ziegler-
Natta p o l y m e r i z a t i o n 
mechanism 

9 > 

i H > - C H „ 

i\ 
CH_ I I 2 CH, 

H-M + || ' 
CH, 

CH. 
I I 2 

H-M <-
CH, 

CH„ 

C H 2 — C H 2 

i H;-M CH. 

H-CHr CH, 

M CH, 

etc. 

Conventional Zi e g l e r -
Natta p o l y m e r i z a t i o n 
mechanism 

CH. CH, 

M CH, 

H 3 C " ---CH, 

-•CH, 

H3C -CH, 

M- -CHr 

etc, 

Figure 1.27, 

i n t e r e s t e d polymer s c i e n t i s t s f o r many years both from an academic and 

commercial p o i n t of view, i t seemed worthwhile i n v e s t i g a t i n g the p o s s i b i l i t y 

of making a new polymer from t h i s w e l l known monomer. Indene maybe regarded 

as a d e r i v a t i v e of cyclopentene or cyclopentadiene, another r e l a t e d compound 
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i s acenaphthylene (14) . 

Some p r e l i m i n a r y work on the p o s s i b i l i t y of ring-opening p o l y m e r i z a t i o n 

o f indene had been c a r r i e d out by Wilson i n t h i s department and Chapter 2 

of t h i s t h e s i s describes a c o n t i n u a t i o n of t h i s work and some work w i t h 

acenaphthylene as monomer. 

The work w i t h indene and acenaphthylene d i d not lead t o r i n g opened 

products and t h i s suggested a f u r t h e r question r e l a t i n g t o the e f f e c t of 

aromatic u n i t s on the p o l y m e r i z a b i l i t y o f p o t e n t i a l monomers. 

I n view of these r e s u l t s , the next p r o j e c t t o be examined was the 

synthesis of other p o t e n t i a l monomers co n t a i n i n g aromatic u n i t s and t h e i r 

p o l y m e r i z a t i o n w i t h metathesis c a t a l y s t s . To-date, one system has been 

i n v e s t i g a t e d and Chapter 3 describes the synthesis of benzonorbornadiene 

(15), i t s p o l y m e r i z a t i o n , and the c h a r a c t e r i z a t i o n o f the product. 

(15) 



CHAPTER 2 

Attempts to Polymerize Indene and Acenaphthylene w i t h Metathesis 
Catalyst's 
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2.1. I n t r o d u c t i o n 

Indene (13), has not been s p e c i f i c a l l y reported t o undergo ring-opening 

p o l y m e r i z a t i o n , t h e r e f o r e i t was of i n t e r e s t t o attempt t o polymerize t h i s 

monomer using o l e f i n metathesis c a t a l y s t s . Indene maybe thought o f as a 

d e r i v a t i v e of e i t h e r cyclopentadiene or cyclopentene, and i t has been 

reported t h a t conjugated c y c l i c dienes such as cyclopentadiene (16) do not 
9 

undergo ring-opening p o l y m e r i z a t i o n . Several i n v e s t i g a t i o n s of. the r i n g -

opening p o l y m e r i z a t i o n of p o l y c y c l i c monomers have been reported and 

dicyclopentadiene (17) i s o f p a r t i c u l a r i n t e r e s t i n t h i s respect because i t s 

(16) (17) 

s t r u c t u r e encompasses two types of unsaturated f i v e membered r i n g , namely 

the h i g h l y s t r a i n e d bridged ring-A and the fused f i v e membered r i n g of type 

B. Oshika and T a b u c h i , ^ 0 0 who i n v e s t i g a t e d the p o l y m e r i z a t i o n o f d i c y c l o 

pentadiene by a v a r i e t y o f c a t a l y s t systems reported t h a t , t h i s monomer i s 

polymerized e x c l u s i v e l y by r e a c t i o n of the bridged r i n g A, as shown i n 

Figure 2.1. 
6 lOO 

E l e u t e r i o and Oshika, demonstrated t h a t the isomer of d i h y d r o -
2 6 

dicyclopentadiene having the B-ring s a t u r a t e d , t r i c y c l o [ 5 . 2 . 1 . 0 ' ]dec-0-ene 

(18), does undergo ring-opening p o l y m e r i z a t i o n . On the other hand, Ofstead 

and C a l d e r o n , 1 0 1 have reported t h a t an isomer of (18) w i t h the double bond 
2 6 

i n the less s t r a i n e d r i n g , t r i c y c l o [ 5 . 2 . 1 . 0 ' ]dec-3-ene (19) and a r e l a t e d 

compound (20) b i c y c l o [ 3 . 3 . 0 ] o c t e n e , also possessing a B-type r i n g do not 

undergo ring-opening p o l y m e r i z a t i o n . These observations would lead one t o 

(19) (20) 
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A1C1., .TiCl„-

Lewis acid c a t a l y s t 

n 
v i n y l p o l y m e r i z a t i o n , c a t i o n i c 

H 
MoCl n 

H 
17 

n 

ring-opening, trans 

H H 

ReCl 

n 
ring-opening, c i s 

Figure 2.1. 

conclude t h a t fused five-membered B-type r i n g s do not ring-open polymerize under 
g 

the c o n d i t i o n s used. Natta and Da l l ' A s t a , reported t h a t a v a r i e t y of tungsten 

or molybdenum based c a t a l y s t s are very e f f e c t i v e f o r the po l y m e r i z a t i o n of c y c l o -

o l e f i n s , i n c l u d i n g those possessing r e l a t i v e l y low s t r a i n energy such as c y c l o -

pentene (21) which polymerized by ring-opening as shown i n Figure 2.2. Also 

-tCH=CH-CH_-CH„-CH„}-z i £ n 

Figure 2.2. 

/ 3 n 

(21) 
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Gunther e t al . " * " 0 ^ reported t h a t some, s u b s t i t u t e d cycloppntpncis u n d e r g o r i n q -

opuniruj jjolymer l.ion, I o r • • >:. 11 n | > I t • i - i n e t h y 1 c:yi '1c >| K - n I <'li< •, where , i:: o l l n - 1 : ; , 

f o r example 3-.i.sopropylcyclopenl;cne, r e s i s t e d p o l y m e r i z a t i o n . 

A novel d i s u b s t i t u t e d five-membered r i n g , 1 , 1 - d i m e t h y l - l - s i l a c y c l o -

pent-3-ene (22), was reported by Lammens and c o - w o r k e r s , t o undergo r i n g -

opening p o l y m e r i z a t i o n , as i n d i c a t e d i n Figure 2.3., and 3,3-bicyclopentene 

S i ' / \ H3C CH3 

(22) 

--
CH 

I 3 

CH=CHCH -S i-CH -2 | 2 
CH3 

—1 n 

Figure 2.3. 

(23) was polymerized i n low y i e l d t o a predominantly soluble p r o d u c t , a s 

shown i n Figure 2.4. The o v e r a l l p i c t u r e from these l i t e r a t u r e r e p o r t s i s 

confusing; f o r example, i t i s d i f f i c u l t t o understand why 3-methylcyclopentene 

and 3-cyclopentenylcyclopentene (23) should polymerize whereas 3 - i s o p r o p y l -

cyclopentene should not. 

{CH=CH-CH-CH2-CH2}h 

(23) 

Figure 2.4. 
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Using metathesis c a t a l y s t s prepared from W or Mo hali d e s and organo-
10^ 

aluminium compounds, Dall'Asta and Motroni, reported t h a t b i c y c l o -

[4.3.0]nona-3,7-diene "tetrahydroindene" (24) polymerized by ring-opening. 

Two po s s i b l e modes of poly m e r i z a t i o n e x i s t f o r tetrahydroindene as shown i n 

Figure 2.5., both of the modes would appear unfavourable, mode A represents 

the ring-opening of a cyclohexene r i n g , and cyclohexene has been considered by 

•H2C CH2CHCH=CH--

CH=CH--
_ n 

Figure 2.5. 

most researchers t o be unpolymerizable, and mode B represents the r i n g -

opening of a fused f i v e membered r i n g . They proposed t h a t the r e s u l t i n g polymer 

B was formed from exclusive ring-opening o f the f i v e membered r i n g , which 

allows the cyclohexene r i n g i n the polymer chain t o transform from the boat t o 

the more stable h a l f - c h a i r conformation and the cyclopentene r i n g t o release 

r i n g s t r a i n , both processes are e n e r g e t i c a l l y favourable and i t was suggested 

t h a t these f a c t o r s were s u f f i c i e n t t o render the monomer polymerizable. 

2.2. Previous Work on Indene as a Monomer f o r Polymerization 

2.2.a. V i n y l p o l y m e r i z a t i o n 

Indene was f i r s t shown t o be a polymerizable o l e f i n i n 1890. 

Polymerizations have been achieved using v a r i o u s c a t i o n i c c a t a l y s t s such as 

105 



- 33 - J 

s u l p h u r i c a c i d , antimony pentachloride and stannic c h l o r i d e , and also by 

h e a t i n g . A l l polymers produced i n the e a r l y work were of low molecular 

weight and the repeat u n i t was as shown i n Figure 2.6. 

Figure 2.6. 

The s u s c e p t i b i l i t y of indene t o 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 i s very high, t h i s area has i n t e r e s t e d many workers and p o l y m e r i z a t i o n 
110,111 

of indene and i t s d e r i v a t i v e s has been the subj e c t of many i n v e s t i g a t i o n s . 

The l i s t o f Lewis acids which have been used as i n i t i a t o r s has been extended 
t o include boron t r i f l u o r i d e and t i t a n i u m d e r i v a t i v e s , low temperature 

112 113 
experiments using these two c a t a l y s t s , ' w i t h and with o u t c o - c a t a l y s t s 
such as water and hydrogen c h l o r i d e have produced high polymers w i t h i n t r i n s i c 

114 

v i s c o s i t i e s i n benzene of upto 2, corresponding t o a molecular weight of 

2 x 10.^ Also Bhadani and Baranwal, have reported the e l e c t r o l y t i c 

p o l y m e r i z a t i o n of indene i n non-aqueous solvents c o n t a i n i n g p e r c h l o r a t e and 

hexachloroantimonate s a l t s . 

2.2.b. Attempted ring-opening p o l y m e r i z a t i o n 

Wilson has done some p r e l i m i n a r y work t o t r y t o polymerize indene by 

ring-opening using an o l e f i n metathesis c a t a l y s t made from tungsten hexachloride 

and t e t r a p h e n y l t i n . The procedure f o r p o l y m e r i z a t i o n of a cycloalkene using 

the c a t a l y s t system WCl^/Ph.Sn used by him was as f o l l o w s : a r e a c t i o n vessel 

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 (0.148 mmoles) 

and purged f o r one hour w i t h d r y n i t r o g e n , tungsten hexachloride (0.072 mmoles) 
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dis s o l v e d i n d r i e d , degassed toluene (7.5 cm ) was i n j e c t e d i n t o the r e a c t i o n 

vessel 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 colour changed from blue-black t o dark brown. 

The r e a c t i o n was cooled t o 0° and the d r i e d , degassed monomer (28.8 mmoles) 

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 inge, on 

a d d i t i o n of the monomer t o 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 an 

immediate colour change t o deep blue was observed and a f t e r 20 minutes there 

was a detectable increase 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 o f 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 excess o f 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 (henceforth r e f erred t o as BW—A) was removed by f i l t r a t i o n , 

d i s s o l v e d i n analar 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 t o excess 

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 pressure. I t was soluble 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 . This was the only experiment c a r r i e d 

out and Wilson examined the product by elemental a n a l y s i s , : L . 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 . Some of h i s sample was a v a i l a b l e 

f o r f u r t h e r t e s t s and comparison w i t h m a t e r i a l s synthesised i n t h i s work. 

Elemental a n a l y s i s confirmed the molecular formula as CrtH . Wilson 
9 o 

suggested t h a t the new polymer (BW-A) might have, a t l e a s t i n p a r t , the repeat 

u n i t i n d i c a t e d i n Figure 2.7. 

CH=CH 2 

ft 

_ n 

Figure 2.7. 
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This suggestion was based on a comparison of polyindene BW-A w i t h 

another polyindene sample BW-B produced by conventional c a t i o n i c p o l y m e r i z a t i o n . 

Q u a l i t a t i v e r e a c t i o n of s o l u t i o n s of both polyindenes i n carbon t e t r a c h l o r i d e 

w i t h 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 suggested t h a t 

u n s a t u r a t i o n was present i n polymer BW-A t o a great e r e x t e n t than i n polymer 

BW-B. 

The i n t r i n s i c v i s c o s i t y o f polymer BW-A was determined, the r e s u l t i s 

given i n T a b l e 2 together w i t h the M and M determined by G.P.C. a n a l y s i s , 
n w 

these l a s t two values are compared w i t h those f o r polymer BW-B. 

Table 2. 
A comparison of M and M f o r polymers BW-A and BW-B 

Polymer r l a 

d l / g 
- b M w 

- b M 
n 

BW-A 0.21 22920 8420 73 

BW-B 3541 1671 14 

a o Solvent methyl e t h y l ketone. Determined a t 25.00 +_0.01 . 
b 

G.P.C. r e s u l t s through the S.R.C. service o f RAPRA. 

As can been seen the molecular weight of the two polymers are q u i t e 

d i f f e r e n t , polymer BW-A having a molecular weight considerably g r e a t e r than 

polymer BW-B. These r e s u l t s c e r t a i n l y i n d i c a t e d t h a t the m a t e r i a l made by 

Wilson was a homopolymer o f indene, and the greater molecular weight of BW-A 

together w i t h i t s apparent greater r e a c t i v i t y towards bromine are c o n s i s t e n t 

w i t h the suggestion t h a t i t contains o l e f i n i c u n i t s . 

A comparison was made between the i . r . spectrum o f the polymer prepared 

using WClg/Ph4Sn c a t a l y s t (BW-A) and t h a t prepared by a standard c a t i o n i c 

p o l y m e r i z a t i o n (BW-B) and the spectra were as shown i n Figure 2.8. The on l y 
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BW-A 

I i l l I I I I 

BW-B 

40oofcm 'sin 3000. doo 2000 idoo 16*00 ' uoo ' ii» ' idoo ' aio ' 600 ' do îo 

Figure 2.8. 

s i g n i f i c a n t d i f f e r e n c e between the two spectra was the presence of a strong 

absorption a t 790 cm. ^ i n spectrum BW-A and the absence of such a band i n 

spectrum of c a t i o n i c polyindene BW-B. Wilson said i f the polymer prepared 

using the c a t a l y s t system WClg/Ph^Sn was formed by the ring-opening polymerization 

of the fused five-membered r i n g , then i t would have the s t r u c t u r e shown i n 

Figure 2.7. and the e x t r a absorption a t 790 cm. might be due t o a v i b r a t i o n a l 

mode a v a i l a b l e t o 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 t o conventional p o l y 

indene ( c f . Figure 2.6.). 

Wilson concluded 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 o f 

the a c t i v e o l e f i n metathesis c a t a l y s t system WC1 /Ph.Sn on indene, i s a t 
b 4 

l e a s t i n p a r t the ring-opened polymer. 

2.3a. Discussion o f f u r t h e r work on the p o l y m e r i z a t i o n of indene w i t h 
WCl^/Ph^Sn c a t a l y s t 6 4 

The usual procedure f o r a p o l y m e r i z a t i o n o f a cycloalkene using the 

c a t a l y s t system WCl^/Ph.Sn was used, the dry p u r i f i e d monomer was added t o the 
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dark brown a c t i v e c a t a l y s t s o l u t i o n m i x t u r e , an immediate colour change to 

deep blue was observed and the experiment wa.s l e f t o v e r n i g h t w i t h continu.-il 

s t i r r i n g . The r e a c t i o n was terminated a f t e r one day by the a d d i t i o n of n 

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 excess of methanol, 

the white s o l i d powdery m a t e r i a l which p r e c i p i t a t e d was d i s s o l v e d i n analar 

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 of methanol. A l l the polymerizations 

were c a r r i e d out under an atmosphere of dry n i t r o g e n , a l l apparatus was 

c a r e f u l l y cleaned and d r i e d , and a l l the t r a n s f e r s of m a t e r i a l s and solvents 

were c a r r i e d out under an atmosphere of d r y n i t r o g e n . 

A l l the polymers which were made i n t h i s work appeared to be i d e n t i c a l 

w i t h c a t i o n i c polyindene o f low molecular weight. The i . r . spectra of the 

polymers produced d i d not show the absorption a t 790 cm. ^ (Appendix A ( I ) ) 

which was o r i g i n a l l y detected i n Wilson's polyindene BW-A. The m a t e r i a l s were 

examined by elemental a n a l y s i s , confirming the molecular formula as C H 0; 
9 a 

and by G.P.C., which demonstrated t h a t the products were o f r e l a t i v e l y low 

molecular weight (e.g. M ^ 1400, M ^ 6700). That the d.p, was low was also 
n w 

evident from the i n f r a r e d spectra of these products since the t e r m i n a l ̂ C=CH-

s t r e t c h i n g absorption could be detected a t 1610 cm. ^ When the i n f r a r e d 

spectrum of Wilson's polyindene (BW-A) was re-recorded i t showed t h a t the e x t r a 

band a t 790 cm. ^ which was present when the spectrum of the f r e s h l y prepared 

sample was o r i g i n a l l y recorded had disappeared (Appendix A ( I I ) ) , the time 

between the recordings o f the two spectra was about one year. I t i s p o s s i b l e 

t h a t Wilson's polymer had some ring-opened u n i t s and some c a t i o n i c polyindene 

u n i t s and could be represented as shown i n Figure 2.9.., and f o r one reason or 

another t h i s polymer s t r u c t u r e had changed w i t h the passage of time p o s s i b l y 

t o reform the five-membered r i n g . 

U n f o r t u n a t e l y , i n the r e p e t i t i o n of Wilson's work the present author has 

been unable t o produce a polymer sample w i t h the same i n f r a r e d spectrum as 

BW-A d e s p i t e repeated c a r e f u l attempts. The nature of sample BW-A was c a r e f u l l y 
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o o 
CH=CH CH 

m 

Figure 2.9. 

examined and i n the next s e c t i o n attempts t o measure the amount o f un-

s a t u r a t i o n by bromination are described. 

2.3b. Q u a n t i t a t i v e a n a l y s i s f o r u n s a t u r a t i o n using bromine a d d i t i o n 

For the purposes of t h i s work i t was necessary t o f i n d out i f i t was 

po s s i b l e t o use the bromine a d d i t i o n r e a c t i o n q u a n t i t a t i v e l y as w e l l as 
118 

q u a l i t a t i v e l y f o r the samples o f i n t e r e s t here. The Shell-method was 

selected f o r t h i s a n a l y s i s , t h i s method i s based on the r e a c t i o n of the 

o l e f i n i c compound w i t h an excess of bromine under standard c o n d i t i o n s . The 

excess bromine, a f t e r r e a c t i o n , i s determined i o d o m e t r i c a l l y and i t i s assumed 
\ / I I 
C=C + Br„ Br-C-C-Br 
/ X 2 | | 

t h a t one double bond i s eq u i v a l e n t t o one bromine molecule. 

There are a number of p o s s i b l e d i f f i c u l t i e s i n the a p p l i c a t i o n of t h i s 
119 

method,"'' " f i r s t of a l l there may be o x i d a t i o n and d e s t r u c t i o n o f the molecule; 

the second ki n d of d i f f i c u l t y which may cause low r e s u l t s , i s p r e c i p i t a t i o n o f 

p a r t i a l l y brominated products; and the t h i r d type, which may cause high 

r e s u l t s , i s displacement of c e r t a i n groups such as COOH, SO^H, CHO, and 

s u b s t i t u t i o n r e a c t i o n s as shown i n Figure 2.10. 
Br 

c§r> o o Br HBr 

Figure 2.10. 
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I n order t o check the a p p l i c a b i l i t y of the method i t was necessary t o 
c a r r y out experiments on unsaturated compounds o f known composition, and 
c l e a r l y , the more c l o s e l y such compounds resembled the polyindenes of i n t e r e s t 
the more r e l e v a n t these checks would be. 

The a c t u a l a n a l y t i c a l procedure adopted was t o take a weighed amount o f 

standard m a t e r i a l , d i s s o l v e i t i n 25 ml carbon t e t r a c h l o r i d e , cool the s o l u t i o n 

i n i c e f o r 10 minutes, add the bromine i n carbon t e t r a c h l o r i d e reagent i n 

65-70% excess, store i n the dark a t 0° f o r 10 minutes, then add 15 ml of 20% 

potassium i o d i d e s o l u t i o n and t i t r a t e the released i o d i n e t o the s t a r c h end 

p o i n t using standard sodium t h i o s u l p h a t e s o l u t i o n . The reagent s o l u t i o n s were 

standardized d a i l y . F r o m the bromine consumed, assuming one double bond 

i s e q u i valent t o one bromine molecule, the percentage r e a c t i o n was c a l c u l a t e d . 

F i r s t indene, cyclohexene and indane were analysed by t h i s method and 

the r e s u l t s are summarised below (Table 3 ) . I t i s c l e a r from these r e s u l t s t h a t 

Table 3. 

Reaction of unsaturated compounds of known s t r u c t u r e w i t h bromine i n carbon 
o 118 t e t r a c h l o r i d e a t Q , using the S h e l l method. 

Compound % Reaction Average 

Indene 89,8, 91.7, 92.9, 89.7, 90.9 90.9 
91.8, 91.1, 89.2, 91.2, 90.5 

Cyclohexene 90, 95 92.5 

Indane 1.4, 1.6, 1.8 1.6 

r e a c t i o n w i t h indane i s n e g l i g i b l y small and t h a t r e a c t i o n w i t h c y c l i c o l e f i n s 

does not go t o completion under the c o n d i t i o n s used. The average e x t e n t of 

r e a c t i o n f o r c y c l i c o l e f i n s was 91% and i t was decided t h a t analyses f o r polymer 

u n s a t u r a t i o n by t h i s method (corrected f o r the systematic e r r o r by d i v i d i n g by 

9.1) would provide a u s e f u l estimate of the r e l a t i v e degree of u n s a t u r a t i o n of 

d i f f e r e n t samples. 
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The next step involved the an a l y s i s of some unsaturated polymer samples, 

and the r e s u l t s nlita.im.-d are shown i n Table 4. T I I R polyhutadienes used 

were commercial samples, they were a l l reputedly 1.,4-po.lybutadienes. 

Sample 1 had a random d i s t r i b u t i o n of c i s and trans double bonds, sample 

2 had an a l l c i s c o n f i g u r a t i o n and samples 3 and 4 were copolymers w i t h 

r e s p e c t i v e l y 5 and 23 mole-% of styrene. I t can be seen t h a t f o r samples 1 

and 2 the corrected percentages of r e a c t i o n are less than the t h e o r e t i c a l 100% 

c a l c u l a t e d f o r a pure poly-l,4-butadiene s t r u c t u r e . This i s q u i t e a reasonable 

r e s u l t since i t i s known t h a t polybutadienes g e n e r a l l y c o n t a i n a p r o p o r t i o n 

of saturated u n i t s formed by c y c l i z a t i o n r e a c t i o n s d u r i n g p o l y m e r i z a t i o n or 

as a r e s u l t o f subsequent photo or thermal r e a c t i o n s , f o r example:-

Thus, the measured amount of u n s a t u r a t i o n i s expected to be lower than the 

t h e o r e t i c a l i d e a l . The r e s u l t f o r copolymer sample 3, which i s expected t o 

resemble samples 1 and 2, i s also s a t i s f a c t o r y . Sample 4, which contains 

r e l a t i v e l y more styrene gave a corrected r e s u l t which was a l i t t l e higher than 

the value c a l c u l a t e d on the basis of the quoted composition, i t may be t h a t 

the quoted composition i s s l i g h t l y inaccurate or t h a t t h i s copolymer undergoes 

s i g n i f i c a n t s u b s t i t u t i o n r e a c t i o n s a t the be n z y l i c C-H bond. Sample 5 was a 

po 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 ) prepared by Wilson ( t h i s 

department), i n t h i s case the corrected value f o r the percentage r e a c t i o n i s 

close t o the t h e o r e t i c a l value, c y c l i z a t i o n r e a c t i o n s being much le s s l i k e l y 

i n t h i s r e l a t i v e l y immobile s t r u c t u r e . These r e s u l t s gave a measure of 

confidence i n the method, as a se m i - q u a n t i t a t i v e a n a l y t i c a l procedure and the 

next step v/as t o apply i t to the a n a l y s i s o f vari o u s polyindene samples, the 

r e s u l t s are summarised i n Table 5 f o r samples 1 and 2 produced r e s p e c t i v e l y 

CH -CH=CH-CH ^ - I •CH -CH-CH-CH -

-CH2-CH-CH2-CH-
CH 

/ 
CH -CH CH 

http://nlita.im.-d
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Table 5. 

Reaction of polyindene w i t h bromine i n chloroform a t 0°. 

No. Polymer % Reaction a 
D.P. loo 

Measured Corrected D.P. 

1 Polyindene ( c a t i o n i c ) 
by H 2S0 4 

i e . 9 , 16.3 20 - -

2 Polyindene (thermal) 20.1 22 5 20 

3 Polyindene (WClfi + 
Ph.Sn) t h i s worK 4 

17.8 20 12 8 

4 Polyindene (WC1,. + 
Ph.Sn) BW-A 4 

23.2, 23.8 26 73 1.4 

By G.P.C. a n a l y s i s . 

by c a t i o n i c and thermal i n i t i a t i o n we expect a polyindene w i t h the s t r u c t u r e 

shown i n Figure 2.6.; f o r such a polyindene there i s only one double bond 

a v a i l a b l e t o r e a c t w i t h bromine per chain and the percentage r e a c t i o n w i t h 

bromine i s r e l a t e d t o the degree o f po l y m e r i z a t i o n by the expression:-

% Reaction = — — — D.P. 

The agreement between the measured value o f percentage r e a c t i o n and t h a t 

c a l c u l a t e d from D.P. v a l u e s w i l l only be good where the product polymer has 

the s t r u c t u r e shown i n Figure 2.6. Degrees of p o l y m e r i z a t i o n were obtained 

by G.P.C. measurements f o r samples 2, 3 and 4; and from i t s mode of p r e p a r a t i o n 

sample 1 i s expected to be a low D.P. product and the measured percentage 

r e a c t i o n w i t h bromine would i n d i c a t e a D.P. of about 5. Agreement between 

measured and c a l c u l a t e d values f o r sample 2 i s good. When we consider sample 

3 and 4 produced using the metathesis c a t a l y s t we f i n d t h a t the measured 

percentage r e a c t i o n w i t h bromine i s f a r g r e a t e r than would be expected on the 

basis of s t r u c t u r e 2.6., by a f a c t o r o f 2*5 times f o r sample 3 (produced i n t h i s 
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work) and 18*5 times f o r sample 4 (prepared by Wilson) . 

A reasonable conclusion from these measurements would be t h a t the polymers 

produced, both i n t h i s work and by Wilson, using the WCl^/Ph^Sn c a t a l y s t 

c o n t a i n s i g n i f i c a n t l y more u n i t s which can r e a c t w i t h bromine than the con

v e n t i o n a l polyindenes. This i s , of course, c o n s i s t e n t w i t h some ring-opening 

having occurred. However both the a n a l y t i c method and the d.p. r e s u l t s obtained 

from G.P.C. ana l y s i s cannot be regarded as t o t a l l y r e l i a b l e , and the f a c t t h a t 

both the i n f r a r e d and n.m.r. spectra o f conventional c a t i o n i c polyindenes 

and the products from the WCl^/Ph^Sn i n i t i a t e d r e a c t i o n s are i d e n t i c a l u n d e r l i n e s 

the u n c e r t a i n t i e s which remain concerning the t r u e s t r u c t u r e o f these products. 

I n view of these u n c e r t a i n t i e s i t was decided t o attempt metathesis 

p o l y m e r i z a t i o n of indene under c o n d i t i o n s where the i n t e r v e n t i o n of c a t i o n i c 

mechanisms could be r i g o r o u s l y excluded. 

2.3c. Attempts t o polymerize indene using the c a t a l y s t system tungsten 

hexachloride and t e t r a p h e n y l t i n i n the presence o f organic bases. 

A f t e r the ambiguous r e s u l t s from the attempts t o polymerize indene by 

ring-opening using the c a t a l y s t system tungsten hexachloride and t e t r a p h e n y l 

t i n , i t was decided t h a t i n view of the high s u s c e p t i b i l i t y of indene t o c a t i o n s 

i t was necessary t o exclude anything which might lead t o c a t i o n i c p o l y m e r i z a t i o n , 

such as moisture or any other source of protons. Tungsten hexachloride i s very 

susceptible t o r e a c t i o n w i t h water and d e s p i t e a l l precautions i t seemed . 

WC1, + H„0 > W0C1, + 2HC1 

6 2. 4 

u n l i k e l y t h a t the l a s t traces of water could be removed and so, as the next 

best procedure, a d d i t i o n of organic bases t o remove HC1 was i n v e s t i g a t e d . 

Previous workers have shown t h a t norbornene i s p a r t i c u l a r l y s u s c e p t i b l e t o 
122 123 

r i n g opening p o l y m e r i z a t i o n , ' ' i n t h i s work norbornene was polymerized by 
WCl^/Ph.Sn as a check on the technique used, the c a t a l y s t was found t o be v e r y 6 4 
a c t i v e f o r t h i s monomer. 
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I t has been reported t h a t metathesis c a t a l y s t s modified by a d d i t i o n of 

several amines show increased a c t i v i t y i n r i n g cleavage i n the p o l y m e r i z a t i o n 

of n o r b o r n e n e . 1 2 4 , 1 2 5 Oshika and T a b u c h i , 1 0 0 ' 1 2 6 have reported t h a t the a d d i t i o n 

of a t e r t i a r y amine t o the p o l y m e r i z a t i o n system remarkably increased the 

p o l y m e r i z a t i o n r a t e and the molecular weight w i t h o u t making any change i n the 

m i c r o s t r u c t u r e s of the products, also the a d d i t i o n o f the base 30 minutes a f t e r 

the r e a c t i o n had s t a r t e d increased the r a t e o f the p o l y m e r i z a t i o n . T s u j i n o 
127 

and Saegusa, have examined the e f f e c t s of various bases on the p o l y m e r i z a t i o n 

of norbornene using some metathesis c a t a l y s t s , they found t h a t secondary and 

t e r t i a r y amines, dioxane, d i b u t y l sulphide, p y r i d i n e and p y r i d i n e d e r i v a t i v e s 

were h i g h l y e f f e c t i v e i n i n c r e a s i n g the a c t i v i t y o f the A l E t ^ / T i C l ^ (2.5/1) 

system i n ring-opening p o l y m e r i z a t i o n , w h i l e the a d d i t i o n of bases such as 

t r i e t h y l a m i n e t o the system A l E t ^ / T i C l ^ (1/1) decreased the c a t a l y t i c a c t i v i t y . 

The c a t a l y s t a c t i v i t y grew higher as the amount of amine was increased and, i n 
127 

t h i s work, caused a considerable change i n the m i c r o s t r u c t u r e o f the polymer. 

I t was also reported t h a t these t e r n a r y c a t a l y s t systems which were shown t o be 

q u i t e e f f e c t i v e f o r ring-opening p o l y m e r i z a t i o n o f norbornene, were i n a c t i v e f o r 

the p o l y m e r i z a t i o n of o l e f i n s such as ethylene and propylene. K o t h a r i and 

Tazuma, reported t h a t p y r i d i n e completely i n h i b i t s the d i s p r o p o r t i o n a t i o n 
128 

a c t i v i t y of the WClg/EtAlCl 2 c a t a l y s t system. 

The l i t e r a t u r e examples gi v e n above i l l u s t r a t e t h a t the e f f e c t of bases 

on the a c t i v i t y of metathesis and Z i e g l e r type c a t a l y s t s i s d i f f i c u l t t o p r e d i c t , 

i n some cases a c t i v a t i n g and others d e a c t i v a t i n g , the e f f e c t depending not o n l y 

on the c a t a l y s t system but also on the monomer being polymerized. 

Several d i f f e r e n t organic bases were used i n attempts t o polymerize indene 

i n the absence of protons, and several d i f f e r e n t r e a c t i o n procedures were t r i e d . 

F i r s t of a l l an a l i p h a t i c t e r t i a r y amine, t r i e t h y l a m i n e , was used. This strong 

base was added to the c a t a l y s t system both before the monomer and, i n a separate 

experiment, a f t e r the r e a c t i o n had proceeded f o r 30 minutes. The a c t i v e c a t a l y s t 
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was generated by mixing a t room temperature i n most cases, and i n some cases 

the WClc/Ph.Sn mixture was r e f l u x e d p r i o r to a d d i t i o n of other reagents, fa 4 
No polymers were formed i n most of the r e a c t i o n s using t r i e t h y l a m i n e as base, 

u s u a l l y a residue of t e t r a p h e n y l t i n was recovered. I n the case where the 

base was added 30 minutes a f t e r the r e a c t i o n had s t a r t e d , a very small amount 

of c a t i o n i c polyindene was formed, showing t h a t t r i e t h y l a m i n e stopped the 

r e a c t i o n and the r a t e o f c a t i o n i c p o l y m e r i z a t i o n i n the presence of the WC1,./ 
fa 

Ph^Sn c a t a l y s t was very slow. 

The second base used was p y r i d i n e . When a small q u a n t i t y of p y r i d i n e was 

added t o the c a t a l y s t system before the indene, a mixture of c a t i o n i c p o l y 

indene and t e t r a p h e n y l t i n was recovered. When p y r i d i n e was used i n higher 

c o n c e n t r a t i o n f o r the po l y m e r i z a t i o n of norbornene, no polymers were formed 

and t e t r a p h e n y l t i n was recovered; the p o l y m e r i z a t i o n of the same monomer w i t h 

the same c a t a l y s t system i n the absence o f p y r i d i n e was very successful g i v i n g 

the ring-opened polymer i n high y i e l d . These r e s u l t s i n d i c a t e t h a t even the 

weak base p y r i d i n e e f f e c t i v e l y suppresses the a c t i v i t y o f t h i s c a t a l y s t system. 

The l a s t base i n v e s t i g a t e d was 1,8-bis-(dimethylamino)-naphthalene / proton 

sponge (25), t h i s compound has a very high proton a f f i n i t y . Proton sponge 

was added t o the c a t a l y s t system both before the monomer a d d i t i o n and, i n an

other experiment, 30 minutes a f t e r the r e a c t i o n had s t a r t e d . The c a t a l y s t 

system was generated e i t h e r by room temperature mixing or r e f l u x i n g . I n most 

experiments t e t r a p h e n y l t i n was recovered and no polymers were formed, but i n 

the experiment where the proton sponge was added a f t e r 30 minutes, a small 

o o 
NMe 2 NMe 2 

(25) 
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amount of c a t i o n i c polyindene was formed. A d d i t i o n o f proton sponge t o the 

c a t a l y s t systnni complntnly suppressed the polymer i.".n t. ion of norhorneiip . I n 

summary i t was found that. 1, fl-bi s-(dime thy lam.i no) -naphthalene, l i k e p y r i d i n e and 

t r i e t h y l a m i n e , suppressed a l l c a t a l y t i c a c t i v i t y f o r the WC1 /Ph.Sn system 
6 4 

used i n t h i s work. 

I n a l a s t attempt t o polymerize indene using the c a t a l y s t system WClg/Ph^Sn, 

the a c t i v e c a t a l y s t s o l u t i o n was added i n three separate p o r t i o n s t o the 

r e a c t i o n , i n t h i s case a good y i e l d of c a t i o n i c polyindene was formed. The 

r e s u l t s of these experiments are summarised i n Table 6 f o r indene monomer and 

i n Table 7 f o r norbornene monomer. 

2.4. Conclusions 

A l l the attempts to polymerize indene e x c l u s i v e l y by ring-opening 

p o l y m e r i z a t i o n were unsuccessful w i t h the c a t a l y s t system WClg/Ph^Sn, i t was 

found t h a t bases destroyed the c a t a l y s t a c t i v i t y completely both f o r c a t i o n i c 

p o l y m e r i z a t i o n of indene and ring-opening p o l y m e r i z a t i o n o f norbornene. 

There remains some ambiguity and i t may be t h a t i n some cases a l i m i t e d amount 

of r i n g opening of indene does occur, although t h i s cannot be regarded as 

proved. The r e l a t e d system acenaphthylene was also b r i e f l y examined (see 

Experimental p a r t ) , t h i s monomer gave only v i n y l p o l y m e r i z a t i o n w i t h WClg/ 

Ph Sn system w i t h no evidence f o r ring-opening. 
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2.5. C a t a l y s t s 

2. 5a. Reagents 

Hexachloropropene and t e t r a p h e n y l t i n were used as purchased from Koch-

L i g h t L a b o r a t o r i e s L t d . Tungsten t r i o x i d e was used as purchased from BDH 

Chemicals L t d . , carbon t e t r a c h l o r i d e was purchased from BDH, and degcLSsed. 

2.5b. P r e p a r a t i o n of anhydrous tungsten h e x a c h l o r i d e 

Hexachloropropene (35 ml) and tungsten t r i o x i d e (3 g) were placed i n a 

100 cm^, 3-necked, round-bottomed f l a s k , f i t t e d w i t h an a i r - c o n d e n s e r which was 

attached to the dry n i t r o g e n l i n e . A s i n t e r f i l t e r tube was a t t a c h e d to the 

f l a s k and i t s e x i t was a l s o attached to the dry n i t r o g e n l i n e , the mixture 

was 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 c o o l s l o w l y 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 condenser was removed from the r e a c t i o n f l a s k , which 
3 

was c l o s e d immediately w i t h a g l a s s stopper, another 250 cm. , 2-necked, 

round-bottomed f l a s k , was f i t t e d to the end of the s i n t e r tube attached to the 

r e a c t i o n f l a s k , and the other o u t l e t of t h i s f l a s k was a t t a c h e d to a vacuum 

pump and with c a r e f u l manipulation of the r e a c t i o n f l a s k and the p r e s s u r e i n 

the system the c r y s t a l s were f i l t e r e d from the s o l v e n t . 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 degassed carbon t e t r a 

c h l o r i d e t a k i n g c a r e to m a i n t a i n an atmosphere of dry n i t r o g e n or a vacuum. The 

c r y s t a l s were evacuated f o r t h r e e hours on the vacuum l i n e to remove t r a c e s of 

chlorocarbons, the tungsten h e x a c h l o r i d e (3.4 g, 66%) obtained was s t e e l - b l u e 

i n c o l o u r . 

2.6. P o l y m e r i z a t i o n s 

2.6a. Reagents 

Indene was purchased from Hopkin and W i l l i a m s L t d . , shaken w i t h P 2 ° 5 ' 

f i l t e r e d 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 c a l c i u m hydride and 

s t o r e d i n an atmosphere of d r y n i t r o g e n . Toluene was purchased from BDH 

Chemicals L t d . , p u r i f i e d and d r i e d over sodium w i r e and d i s t i l l e d d i r e c t l y i n t o the 



- 50 -

r e a c t i o n f l a s k . Dry t r i e t h y l a m i n e was provided by Mr. B. H a l l ( t h i s 

department). P y r i d i n e was purchased from Hopkin and Williams L t d . , 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 twice over potassium hydroxide and then over 

calcium h y d r i d e . 1,8-bis-(dimethylamino)-naphthalene was provided by 

Dr. K.B. D i l l o n ( t h i s department). Acenaphthylene was purchased from 

BDH L a b o r a t o r i e s L t d . Norbornene was purchased from A l d r i c h Chemical Co. L t d . 

2.6b. The p o l y m e r i z a t i o n of indene i n i t i a t e d by cone, s u l p h u r i c a c i d 

P u r i f i e d indene (20 ml) was i n j e c t e d i n the r e a c t i o n vessel which contained 

a magnetic f o l l o w e r , three drops of concentrated s u l p h u r i c a c i d were added t o 

the l i q u i d , immediately a red s o l i d was formed and the s o l u t i o n colour changed 

to y e l l o w. The experiment was l e f t o v e r n i g h t , the s o l u t i o n became viscous 

and red i n colour, the s o l u t i o n was d i s s o l v e d i n toluene and washed w i t h water. 

Part o f the toluene was evaporated (Rotavap) and the product p r e c i p i t a t e d by 

dropwise a d d i t i o n to a f i v e - f o l d excess o f petroleum s p i r i t (40-60), the white 

m a t e r i a l was removed by f i l t r a t i o n and d r i e d under vacuum f o r f o u r hours 

(2.1 g. Found: C, 90.45; H, 7.2%; CnH r e q u i r e s C, 93.06;. H, 6.94%). 

2.6c. Polymerization of indene by heating 

P u r i f i e d indene (20 ml) was i n j e c t e d i n t o the r e a c t i o n vessel which 

contained a magnetic f o l l o w e r . The l i q u i d was heated a t 150°C using o i l bath, 

the experiment was l e f t under these c o n d i t i o n s f o r one week, the i n i t i a l l y 

c o l o u r l e s s l i q u i d changed to yellow and became viscous, the l i q u i d was added 

dropwise to a f i v e - f o l d excess of petroleum s p i r i t . 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 and d r i e d under vacuum. A white powdery m a t e r i a l 

was found (2.3 g, M , 630, d.p. 5 by G.P.C. a n a l y s i s , Found C, 91.04; H, 
n 

8.53%) . 

2.6d. The p o l y m e r i z a t i o n of indene using tungsten hexachloride and 

t e t r a p h e n y l t i n as c a t a l y s t system 

The r e a c t i o n vessel 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 

tungsten hexachloride (0.04 g) d i s s o l v e d i n d r i e d toluene (30 ml) by i n j e c t i o n 
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i n t o the r e a c t i o n vessel using an a i r - t i g h t s y r i n g e , t e t r a p h e n y l t i n (0.08 g) 

was added t o the mix t u r e . An atmosphere of dry n i t r o g e n was maintained throughout 

the experiment. The mixture was purged w i t h dry n i t r o g e n and s t i r r e d f o r ten 

minutes, the colour changed from blue-black to dark brown, the d r i e d p u r i f i e d 

monomer (20 ml) 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 nge, an immediate colour change to dark blue was observed. The r e a c t i o n was 

l e f t w i t h c o n t i n u a l s t i r r i n g o v e r n i g h t , the v i s c o s i t y o f the r e a c t i o n mixture 

d i d not increase d e t e c t a b l y . 

The r e a c t i o n was terminated by the a d d i t i o n o f a small q u a n t i t y of 

methanol, followed by the a d d i t i o n t o a f i v e - f o l d excess o f 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 analar toluene and 

r e p r e c i p i t a t e d i n excess methanol. The m a t e r i a l was a white powder (0.7 g ) , 

(M 1420, d.p. 12 by G.P.C. a n a l y s i s , found: C, 92.21; H, 7.38%). n 
NOTE: The same procedure was used f o r the p o l y m e r i z a t i o n i n which the 

c a t a l y s t system was added t o the r e a c t i o n mixture i n three p o r t i o n s . The f i r s t 

p o r t i o n a t the beginning of the p o l y m e r i z a t i o n , the second p o r t i o n a f t e r 20 

minutes of r e a c t i o n and the t h i r d a f t e r f o u r hours. A white powder was formed 

(2.0 g r found: C, 90.86; H, 7.82%), i t was shown t o be c a t i o n i c polyindene by 

i . r . spectroscopy. 

2.6e. The ring-opening p o l y m e r i z a t i o n o f norbornene using tungsten 

hexachloride 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 

A r e a c t i o n vessel 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 tungsten 

hexachloride (0.41 g) di s s o l v e d i n d r i e d toluene (60 ml) by i n j e c t i o n i n t o the 

r e a c t i o n vessel using an a i r - t i g h t s y r inge, t e t r a p h e n y l t i n (0.88 g) was then 

added t o the mix t u r e . The mixture was s t i r r e d f o r ten minutes, the colour 

changed from blue-black t o dark brown. The monomer (12.8 g) was d i s s o l v e d i n 

dry toluene (40 ml) and t h i s s o l u t i o n was added t o the c a t a l y s t m i x t u r e , 

there was an immediate colour change t o deep blue w i t h traces of dark brown. 
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A f t e r one minute 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 and one 

minute l a t e r the r e a c t i o n mixture became s o l i d . The s o l i d was d i s s o l v e d i n 

a n a l a r toluene and p r e c i p i t a t e d by the a d d i t i o n to a f i v e - f o l c l e x c e s s of 

methanol. 

The m a t e r i a l , which was a red powder (12.5 g) was shown to be p o l y -

(1,3-cyclopentylene v i n y l e n e ) by i n f r a r e d spectroscopy (Appendix A, V I I ) . 

2.6f. The attempted p o l y m e r i z a t i o n s of indene and norbornene u s i n g o r g a n i c 

bases with the c a t a l y s t system 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 . 

The same procedure d e s c r i b e d above was used and the r e s u l t s a r e l i s t e d i n 

Table 6 and 7. 

2.6g. The p o l y m e r i z a t i o n of acenaphthylene u s i n g concentrated s u l p h u r i c 

a c i d as i n i t i a t o r 

Acenaphthylene (1.31 g.) and a n a l a r toluene (60 ml) were p l a c e d i n a 

250 cm"*, 1-necked, round-bottomed f l a s k . Concentrated s u l p h u r i c a c i d (6 drops) 

was added, the c o l o u r changed from y e l l o w to blue-green. The r e a c t i o n mixture 

was l e f t f o r 3 hours with s t i r r i n g . The product was 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, recovered by f i l t r a t i o n and d r i e d under vacuum 

f o r four hours. 

The product, polyacenaphthylene (0.55 g, 42%; found, C, 91.2; H, 6.71%; 

C^Hg r e q u i r e s C, 94.70; H, 5.30) was a reddy-green colour and was i d e n t i f i e d 

by i n f r a r e d spectroscopy (Appendix A, X X I ) . 

2.6h. The p o l y m e r i z a t i o n of acenaphthylene 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 (0.07 g ) , tungsten h e x a c h l o r i d e (0.03 g) d i s s o l v e d i n d r i e d 

toluene (20 ml) 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 u s i n g 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 ten minutes and the c o l o u r changed from b l u e - b l a c k 

to dark brown. The monomer (0.86 g) was d i s s o l v e d i n 25 ml of d r i e d toluene to 
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g i v e a y e l l o w s o l u t i o n , t h i s s o l u t i o n was i n j e c t e d i n t o r e a c t i o n v e s s e l u s i n g 

an a i r - t i g h t s y r i n g e , the colour changed during t h r e e hours to deep b l u e . A f t e r 

3 hours the r e a c t i o n was terminated by a d d i t i o n of a s m a l l 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 and d r i e d under vacuum f o r four hours. 

The white-yellow product, polyacenaphthylene (0.62 g, 72%, found: C, 92.44; 

H, 6.78%), was shown to be c a t i o n i c polyindene by i n f r a r e d spectroscopy 

(Appendix A, X X I I ) . 

2.7. A n a l y s i s f o r U n s a t u r a t i o n by Bromine A d d i t i o n 

(a) Reagents 

Analar bromine and potassium iodide were purchased from Hopkin and W i l l i a m s 

L t d . ; sodium t h i o s u l p h a t e was purchased from F i s o n s A n a l y t i c a l Reagents; 

cyclohexene, chloroform, indane, standard potassium i o d a t e (O.01070 g per m l . ) , 

carbon t e t r a c h l o r i d e and s t a r c h were purchased from BDH Chemicals L t d . ; 

polybutadiene ( c i s - t r a n s ) , polybutadiene ( c i s ) , s tyrene/butadiene copolymers 

were obtained from P r o f e s s o r D.T. C l a r k ' s ESCA group's c o l l e c t i o n , of standard 

polymers, 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 ) and polyindene 

(BW-A) were provided by Dr. W.J. F e a s t . 

(b) P r e p a r a t i o n of the reagents 

Reagents were prepared according to the u s u a l methods i n a n a l y t i c a l 
. . t 120,121 chemistry, as f o l l o w s : -

( b ) i . P r e p a r a t i o n of (0.2N) bromine reagent 

Analar bromine (5.5 ml) 17.2 grams was d i s s o l v e d i n one l i t r e of carbon 

t e t r a c h l o r i d e using a one l i t r e graduated f l a s k . 

( b ) i i . P r e p a r a t i o n of potassium i o d i d e s o l u t i o n 20% 

Potassium i o d i d e (20 g) was d i s s o l v e d i n d i s t i l l e d water and completed 

to lOO ml u s i n g a graduated f l a s k . 

( b ) i i i . P r e p a r a t i o n of s t a r c h i n d i c a t o r 

One gram of s o l u b l e s t a r c h was d i s s o l v e d w i t h lOO ml c o o l d i s t i l l e d water 
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to form a s l u r r y , the s l u r r y was added r e g u l a r l y to 90 ml b o i l e d d i s t i l l e d 

water with c o n t i n u a l s t i r r i n g . The s o l u t i o n was t r a n s f e r r e d to a stoppered 

f l a s k . 

(b) i v . P r e p a r a t i o n of (0.1N) sodium t h i o s u l p h a t e s o l u t i o n 

Sodium t h i o s u l p h a t e {Na 2S 20 3.5H 20, (25 g)) was d i s s o l v e d i n f r e s h l y b o i l e d 

and cooled d i s t i l l e d water. Sodium carbonate (0.1 g) was added, the s o l u t i o n 

was d i l u t e d to 1 l i t r e , t r a n s f e r r e d to a dark b o t t l e and s t a n d a r d i s e d a f t e r 

24 hours. 

(c) S t a n d a r d i s a t i o n of t h i o s u l p h a t e s o l u t i o n by standard potassium i o d a t e 

(0.01070 g per m l ) . 

Standard potassium iodate (lO ml) was p i p e t t e d i n t o a c o n i c a l f l a s k , 

potassium i o d i d e (1.0 g) was added followed by s u l p h u r i c a c i d 2N (15 m l ) . The 

t i t r a t i o n was made w i t h sodium t h i o s u l p h a t e s o l u t i o n (0.1N) to a f a i n t straw 

c o l o u r , i n d i c a t o r (1 ml) was added and the t i t r a t i o n was continued to the 

s t a r c h end p o i n t . The measurement was repeated u n t i l t h r e e c o n s e c u t i v e 

t i t r a t i o n agreed w i t h i n 0.1 ml. 

I l l u s t r a t i v e c a l c u l a t i o n 

The end p o i n t was 29.1 ml. 

K I 0 3 + SKI + 3H 2S0 4-s== 3 I 2 + 5 K 2 S 0 4 + 3 ^ 0 

The e q u i v a l e n t wiehgt of K10., i s \ of i t s formula weight. 

I n 10 ml of KIO^ th e r e i s 0.1070 g and i t was e q u i v a l e n t to 29.1 ml of the 

sodium t h i o s u l p h a t e s o l u t i o n . 

I 2 + 2 N a 2 S 2 0 3 = = 2 N a I + N a ^ O g 

•"• K 1 0 3 — T N a 2 S 2 ° 3 
O.1070 x 6 

. . 29.1 ml of sodium t h i o s u l p h a t e s o l u t i o n = • 
e q u i v a l e n t s 

, 0.1070 x 6 x 1000 . . 1 l i t r e of sodium t h i o s u l p h a t e s o l u t i o n has 214" x 29 1 
= 0.103.1 

Then the sodium t h i o s u l p h a t e s o l u t i o n normality i s 0.1031N. 
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( c ) i . S t a n d a r d i s a t i o n of the bromine/carbon t e t r a c h l o r i d e reagent u s i n g 
standard sodium t h i o s u l p h a t e s o l u t i o n (0.1031N) 

The reagent was standardised d a i l y as f o l l o w s : carbon t e t r a c h l o r i d e (25 ml) 

and d i s t i l l e d water (100 ml) were measured out i n a g l a s s - s t o p p e r e d f l a s k and 

cooled i n i c e bath f o r 10 minutes with c o n t i n u a l s t i r r i n g , reagent (20 ml) was 

added and the f l a s k was stor e d i n the dark a t 0° with c o n t i n u a l s t i r r i n g f o r 

a f u r t h e r 10 minutes, potassium iodide s o l u t i o n 20% (20 ml) was then added. 

The r e l e a s e d i o d i n e was t i t r a t e d a g a i n s t standard sodium t h i o s u l p h a t e s o l u t i o n 

to the s t a r c h end p o i n t . 

2.8. The General Method f o r Determination of U n s a t u r a t i o n by R e a c t i o n w i t h 

Bromine i n Carbon T e t r a c h l o r i d e 

The same procedure was used f o r a l l samples. A sm a l l amount of the sample 

was d i s s o l v e d i n carbon t e t r a c h l o r i d e (sometimes i n chloroform i f the sample 

d i d not d i s s o l v e i n CCl^) (25 ml) i n a g l a s s - s t o p p e r e d f l a s k , water (100 ml) 

was added and the f l a s k was cooled i n an i c e bath with c o n t i n u a l s t i r r i n g f o r 

lO minutes. The B r ^ / C C l ^ reagent i n 65 to 70% ex c e s s ( u s u a l l y about 20 ml) was 

added and the f l a s k was then s t o r e d i n the dark and kept i n the i c e - b a t h 

with c o n t i n u a l s t i r r i n g . 10 minutes a f t e r the a d d i t i o n of the reagent, potassium 

i o d i d e s o l u t i o n 20% (20 ml) was added and the l i b e r a t e d i o d i n e was t i t r a t e d 

w i t h sodium t h i o s u l p h a t e s o l u t i o n to the s t a r c h end p o i n t , 

(a) R e s u l t s and c a l c u l a t i o n s 

One example i s g i v e n as i l l u s t r a t i o n of the c a l c u l a t i o n : -

( i ) Sodium t h i o s u l p h a t e s o l u t i o n - 0.1031N. 

( i i ) B r 2 / C C l 4 reagent - 0.1758N. 

( i i i ) Weight of the sample (indene) - O.lOO g. 

( i v ) T i t r e of t h i o s u l p h a t e r e q u i r e d - 19.0 ml. 

The amount of bromine a t the beginning of the r e a c t i o n was:-
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20 x 0.1758 x 79.92 — — - i . e . 0.2810 g 1000 ^ 

The amount of bromine which remained a f t e r the r e a c t i o n was:-

19 x 0.1031 x 79.92 n . . r r • i . e . 0.1566 g ..000 J 

Thus, the r e a c t i o n used 0.2810 - 0.1566 = 0.1244 g of bromine. 

On the b a s i s of 1 mole of bromine per r e a c t i n g double bond the bromine 

consumed was e q u i v a l e n t t o : -

0.1244 x 116.154 

159.84 9 

i . e . 0.0904 g of indene, thus the % r e a c t i o n observed was:-

0.0904 x 100 n „ „„ 
- — = 90.4% 
O.l 



CHAPTER 3 

The S y n t h e s i s and Ring-opening P o l y m e r i z a t i o n 
of Benzonorbornadiene 
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3 . 1 . I n t r o d u c t i o n 

I n t h i s chapter the s y n t h e s i s of benzonorbornadiene and the r e a c t i o n of 

t h i s monomer wi t h tungsten h e x a c h l o r i d e / t e t r a p h e n y l t i n c a t a l y s t a re d e s c r i b e d . 

The reasons f o r undertaking t h i s work were gi v e n a t the end of the p r e v i o u s 

chapter. 

129 

3 . 2 . The S y n t h e s i s of Benzonorbornadiene 

Benzonorbornadiene (15 ) was f i r s t d e s c r i b e d i n 1 9 5 8 , " " ortho-bromofluoro-

benzene was r e a c t e d with magnesium and the r e s u l t i n g benzyne trapped with c y c l o -

pentadiene to g i v e ( 1 5 ) . Although t h i s i s an e f f e c t i v e s y n t h e s i s the s t a r t i n g 

Mg 

( 1 5 ) 

m a t e r i a l i s expensive and f o r the purposes of t h i s work i t was decided to 

generate benzyne from the r e a c t i o n of a n t h r a n i l i c a c i d with a m y l n i t r i t e . ^ 0 

C 5 H 1 1 N ° 2 

"COOH COO 

-N 
-CO, 

T h i s route has p r e v i o u s l y been d e s c r i b e d , and the procedure used i n t h i s work 
13.1 

i n v o l v e d o n l y s m a l l changes from the published method. Monoglyme s o l u t i o n s 

of the reagents were added to r e f l u x i n g monoglyme a t approximately equal r a t e s , 

the f i r s t formed diazonium s a l t decomposed immediately and the r e s u l t i n g benzyne 

was trapped with cyclopentadiene. T h i s method av o i d s any r i s k of i s o l a t i n g the 
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e x p l o s i v e diazonium s a l t . F u l l d e t a i l s of the p r e p a r a t i o n and p u r i f i c a t i o n 

of monomer (15) a r e g i v e n i n the Experimental S e c t i o n . 

3.3. The Ring-opening P o l y m e r i z a t i o n of Benzonorbornadiene Using the C a t a l y s t 

System Tungsten Hexachloride and T e t r a p h e n y l t i n 

The u s u a l procedure f o r the ring-opening p o l y m e r i z a t i o n of a c y c l o a l k e n e was 

followed u s i n g the c a t a l y s t system WCl^/Ph^Sn i n toluene. On a d d i t i o n of benzo

norbornadiene (1 ml) to the dark brown a c t i v e c a t a l y s t system i n (30 ml) toluene 

an immediate c o l o u r change to dark blue was observed, the s o l u t i o n v i s c o s i t y 

i n c r e a s e d r a p i d l y and the mixture became a j e l l y l i k e mass a f t e r f i v e minutes. 

T h i s r e s u l t was l i k e t h a t observed f o r the p o l y m e r i z a t i o n of norbornene, and i n 

f a c t polynorbornene has a remarkably high c a p a c i t y f o r absorbing hydrocarbon 

s o l v e n t s . The experiment was repeated u s i n g 2 ml of monomer and 125 ml of 

toluene and the p o l y m e r i z a t i o n was terminated by a d d i t i o n of 5 ml of methanol 

a f t e r 30 minutes, a t t h i s stage the mixture was v i s c o u s but had not y e t s o l i d i f i e d ; 

t h i s procedure made the i s o l a t i o n of the polymer e a s i e r . The r e a c t i o n product, 

a blue s t i c k y m a t e r i a l , was d i s s o l v e d i n chloroform, the r e s u l t i n g s o l u t i o n 

was p a r t i a l l y evaporated to g i v e a v i s c o u s s o l u t i o n which was added dropwise to 

a l a r g e excess of methanol, the product which p r e c i p i t a t e d was recovered by 

f i l t r a t i o n . The product was then r e p r e c i p i t a t e d four times u s i n g the same 

so l v e n t / n o n - s o l v e n t combination, and was f i n a l l y d r i e d f o r 48 hours under vacuum 

to g i v e a p a l e y e l l o w s o l i d i n 79% y i e l d . 

T h i s product was shown to be the expected ring-opened polymer (16) of 

benzonorbornadiene by a combination of elemental a n a l y s i s , s p e c t r o s c o p i c 

examination, G.P.C. a n a l y s i s and chemical t e s t s d e s c r i b e d i n the next s e c t i o n . 

CH=CH 

WCl^/Ph.Sn 

< toluene 

n 

(16) 
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3.4. C h a r a c t e r i z a t i o n of Polybenzonorbornadiene 

The elemental a n a l y s i s of the f r e s h sample? of polymer (16) was un

s a t i s f a c t o r y g i v i n g C, 87.5; H, 7.6% whereas the c a l c u l a t e d f i g u r e s f o r the 

polybenzonorbornadiene a r e C, 92.9; H, 7.1%; the a n a l y s i s was repeated a f t e r 

two days and gave C, 86.6; H, 7.7%. At t h i s stage i t was r e a l i z e d t h a t the 

s t r u c t u r e (16) contained a t e r t i a r y carbon hydrogen bond which i s both a l l y l i c 

and b e n z y l i c and would t h e r e f o r e be expected to be p a r t i c u l a r l y s u s c e p t i b l e to 
13 

o x i d a t i o n . The f i r s t product of o x i d a t i o n would be expected to be a peroxide, 

so a s o l u t i o n of the polymer i n chloroform was t e s t e d f o r peroxides u s i n g 

a c i d i f i e d potassium i o d i d e s o l u t i o n (2%) , the mixture turned brown a f t e r a few 

minutes and a blue c o l o u r a t i o n was obtained on a d d i t i o n of s t a r c h s o l u t i o n 

i n d i c a t i n g t h a t peroxide u n i t s were p r e s e n t . Another sample of (16) 0.1 g was 

d i s s o l v e d i n 35 ml chloroform and oxygen was allowed to bubble through the 

s o l u t i o n for. 18 hours, then the s o l v e n t was removed, the recovered polymer was 

a darker y e l l o w than the i n i t i a l m a t e r i a l , elemental a n a l y s i s gave C, 73.64; 

H, 6.94%, c l e a r l y the product was very s u s c e p t i b l e to o x i d a t i o n . 

The i n f r a r e d s p e c t r a of the f r e s h polymer and the h i g h l y o x i d i z e d sample 

were compared (Appendix A, number XXV and number XXVI r e s p e c t i v e l y ) . The 

o x i d i z e d m a t e r i a l showed a much more i n t e n s e band a t 3400 cm. ^ which presumably 

a r i s e s from OH and 00H groups; a l s o t h e r e were changes i n the r e l a t i v e 

i n t e n s i t i e s i n the a l i p h a t i c CH s t r e t c h i n g r e g i o n (2850 - 2970 cm. ; the 

band a t 1710 cm. ^, assig n e d to c arbonyl s t r e t c h i n g , had i n c r e a s e d i n t e n s i t y 

and other s m a l l changes i n the low frequency p a r t of the spectrum were observed. 

The U.V. s p e c t r a of benzonorbornadiene, f r e s h polybenzonorbornadiene and 

the h i g h l y o x i d i z e d sample of polybenzonorbornadiene were a l s o compared. The 

monomer showed no s i g n i f i c a n t a b s o r p t i o n above 285 nm, whereas both the f r e s h 

and o x i d i z e d samples of the polymer showed a s e r i e s of overlapping bands 

extending out to 350 nm, a comparison of the e x t e n s i o n c o e f f i c i e n t s f o r the long 

wave length bands i n the s p e c t r a of the two polymer samples i s g i v e n 

on the f o l l o w i n g page. 
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Band P o s i t i o n 
(run) 

E x t i n c t i o n C o e f f i c i e n t Band P o s i t i o n 
(run) F r e s h Sample O x i d i z e d Sample 

292 670 490 

303 600 360 

325 140 110 

350 15 15 

The ESCA s p e c t r a of the polymer samples were recorded by Dr. A. D i l k s 

( t h i s department). For the f r e s h sample an oxygen content of approximately 10% 

was i n d i c a t e d which compares with the 5% oxygen content i n d i c a t e d by elemental 

a n a l y s i s , these r e s u l t s a r e c o n s i s t e n t s i n c e ESCA i s a s u r f a c e s e n s i t i v e technique 

and the p r e c i p i t a t e d polymer would be expected to be most h i g h l y o x i d i z e d on the 

outer s u r f a c e s of the p a r t i c l e s . The ESCA spectrum of the more h i g h l y o x i d i z e d 

sample i n d i c a t e d an i n c r e a s e d oxygen content but a l s o i n d i c a t e d the presence of 

c h l o r i n e , presumably d e r i v e d from s o l v e n t s . T h i s p r e l i m i n a r y ESCA i n v e s t i g a t i o n 

thus confirms t h a t even the f r e s h polybenzonorbornadiene has undergone 

c o n s i d e r a b l e s u r f a c e o x i d a t i o n . 

Thus these three s p e c t r o s c o p i c techniques a r e c o n s i s t e n t w i t h the suggestion 
o 

t h a t polybenzonorbornadiene i s r a p i d l y o x i d i z e d by molecular oxygen. A p o s s i b l e 

mechanism f o r t h i s p r o c e s s i s i n d i c a t e d i n F i g u r e 3.1. on the f o l l o w i n g page. 

I n f a c t the evidence of the peroxide t e s t i s c o n s i s t e n t with the proposed 

formation of peroxides; i n f r a r e d spectroscopy i n d i c a t e s -OOH and/or -OH as 

w e l l as carbonyl groups i n the o x i d i z e d polymer; and the u l t r a v i o l e t s p e c t r a l 

measurements i n d i c a t e an unsaturated system which absorbs a t longer wave

le n g t h than the monomer, conjugated systems such as those g i v e n f o r proposed 

i n t e r m e d i a t e (18) and/or i t s dehydration products would be expected to absorb 

a t longer wavelength. The r a t i o n a l i z a t i o n proposed i n F i g u r e 3.1. i n d i c a t e s 

only the f i r s t s t e p s i n the o x i d a t i o n p r o c e s s , a l l the proposed i n t e r m e d i a t e s 
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(o) o 
H 
CH=CH 

H 

(16) 

h e r / ^""^Qr 7 X e i t h e r 

o o OH 

OOH 
CH-CH 

CH=CH n n 

18) 17 

H.O 

o 
i 

CH-C 
n 

F i g u r e 3.1. 
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drawn would be expected tro unrionjo F u r t h e r r e a c t i o n and t h e o v e r f i l l r e s u l t w i l l 

be complex, the s p e c t r o s c o p i c examination c a r r i e d out can o n l y be regarded as 

p r e l i m i n a r y and the a v a i l a b l e data do not j u s t i f y an attempt a t a more d e t a i l e d 

a n a l y s i s . 

The v e r y ready o x i d a t i o n of polybenzonorbornadiene may make i t an i n t e r e s t i n g 

t e s t m a t e r i a l f o r studying o x i d a t i o n p r o c e s s e s . For example, o x i d a t i o n a t 

a l l y l i c C-H bonds may occur by way of s i n g l e t or t r i p l e t oxygen as shown below 

i n F i g u r e 3.2. I n the case of polybenzonorbornadiene a s i n g l e t mechanism would 

(a) S i n g l e t mechanism: 

H OH 
0 \ / / 1 

2 C ^ 0 C 
\ / i s \ 

c = c c — c 
' / N 

(b) T r i p l e t mechanism: oon c 

\ / HO , / / 

°9 C 2 -'C ^ H 0 0 v 

C r C 

F i g u r e 3.2. O x i d a t i o n a t a l l y l i c C-H 

le a d e x c l u s i v e l y to formation of (18) as the f i r s t s t e p , whereas a t r i p l e t 

mechanism would g i v e both (17) and ( 1 8 ) . I f an unoxidized polymer can be 

prepared i t should be p o s s i b l e to d i s t i n g u i s h between (17) and (18) 

s p e c t r o s c o p i c a l l y and, i f the h y p o t h e s i s i n d i c a t e d i n F i g u r e 3.1. i s proved 

c o r r e c t i n f u t u r e work, the r e l a t i v e p r o p o r t i o n s of (17) and (18) formed i n the 

f i r s t s t e p may provide u s e f u l i n f o r m a t i o n about polymer o x i d a t i o n p r o c e s s e s . 

Although the data analysed so f a r a r e c o n s i s t e n t with the i n i t i a l formation 

of ring-opened polybenzonorbornadiene they do not prove t h a t the polymer has the 

proposed s t r u c t u r e . P o l y m e r i z a t i o n of benzonorbornadiene could g i v e r i s e to a 

v i n y l polymer (19) as w e l l as the expected polymer ( 1 6 ) , a polymer with s t r u c t u r e 
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\ 

/ n 
(19) 

(19) would not be expected to be so e a s i l y o x i d i z e d a s the a c t u a l product. 

However convincing s t r u c t u r e proof was provided by n u c l e a r magnetic resonance 

spectroscopy. 

I n the '''H n.m.r. s p e c t r a of s t r u c t u r e (16) four aromatic, two v i n y l i c , two 

methine and two methylene s i g n a l s would be expected; whereas s t r u c t u r e (19) would 

be expected to g i v e r i s e to four aromatic, four methine and two methylene s i g n a l s . 

The "̂H n.m.r. spectrum of the f r e s h l y prepared polymer showed s i g n a l s which were 

only c o n s i s t e n t with the s t r u c t u r e ( 1 6 ) , with broad resonances a t 7 .2 ( a r o m a t i c ) , 

5.6 ( v i n y l i c ) , 3.9 (methine) and 1.5 p.p.m. (methylene) i n the r e l a t i v e i n t e n s i t y 

r a t i o 2:1:1:1. The spectrum was recorded a t 90 MHz and the chemical s h i f t s a r e 

r e f e r r e d 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 . The n.m.r. spectrum of benzonor-

bornadiene (15) shows two m u l t i p l e t s i n aromatic r e g i o n a t 7.22 and 6.9 p.p.m., 

the v i n y l i c protons occur a t 6.77 p.p.m. with the methine and methylene s i g n a l s 

a t 3.86 and 2.25 p.p.m. r e s p e c t i v e l y . 
13 

The C n.m.r. of the monomer (15) and the f r e s h prepared polymer were 

recorded as s o l u t i o n s i n CDCl^ a t 22.635 MHz u s i n g t e t r a m e t h y l s i l a n e a s i n t e r n a l 
13 

r e f e r e n c e . The p r e d i c t i o n of s h i f t i n C n.m.r. spectroscopy i s complicated and 

sm a l l changes i n s t r u c t u r e can r e s u l t i n ver y l a r g e changes i n s h i f t . Before 

d i s c u s s i n g the s p e c t r a of (15) and (16) i t i s n e c e s s a r y to c o n s i d e r the observed 133 s h i f t s f o r r e l a t e d systems: 
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C i i . i n . r . clui ini .cn .1 sli.i t l.s :i n_ I'i vi-> iiu'iiiluinvl r i n c i s y s t e m s 

3 39 
136 30 143 26 

51 42 37 

The quoted chemical s h i f t s a r e i n p.p.m. downfield from t e t r a m e t h y l s i l a n e , i t 

can be seen t h a t f o r a l l types of carbon d e c r e a s i n g r i n g s t r a i n r e s u l t s i n an 

u p f i e l d s h i f t . A s i m i l a r e f f e c t i s seen i n the two s t r u c t u r e s shown below, thus 

a l l the s i g n a l s f o r the carbons i n the f i v e membered r i n g a r e s h i f t e d to higher 

CH_ 26 CH 30 

140 136 134 119 128 
128 130 

123 

f i e l d i n the u n s t r a i n e d analogue 1,8-dimethylnaphthalene. I n t h i s l a s t example 

i t i s a l s o i n t e r e s t i n g to note t h a t the aromatic carbons not i n i t i a l l y p a r t of . 

the f i v e membered r i n g experience a downfield s h i f t i n the l e s s s t r a i n e d system. 

I n the spectrum of benzonorbornadiene s i x s i g n a l s a r e seen; the h i g h f i e l d 

124 50 
151 

70 

http://cluiini.cn
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s i g n a l s a t 50 and 70 p.p.m. are as s i g n e d to the methine and methylene carbons by 

analogy with the data given above; the b r i d g i n g aromatic carbons g i v e a low 
133 

i n t e n s i t y s i g n a l as expected by analogy with other aromatic systems and a r e 

ass i g n e d to the s i g n a l a t 151; the two other aromatic s i g n a l s a t 121 and 124 

ar e s i m i l a r l y assigned l e a v i n g the v i n y l i c s i g n a l a t 143. The spectrum of the 

f r e s h l y prepared polymer a l s o showed s i x s i g n a l s a t 43, 48, 124, 127, 134 and 

146 p.p.m. The f i r s t p o i n t to note i s t h a t t h i s spectrum i s on l y c o n s i s t e n t w i t h 

s t r u c t u r e (16) because t h e r e a r e two a l i p h a t i c and four aromatic and v i n y l i c 

s i g n a l s , s t r u c t u r e (19) would r e q u i r e t h r e e a l i p h a t i c and thr e e aromatic s i g n a l s . 

By analogy with the data g i v e n above an assignment of the observed s i g n a l s can 

be made as shown below, a l l the observed s h i f t changes a r e c o n s i s t e n t w i t h the 

48 43 8 43 (48 

146 

134 

124 

trends d i s c u s s e d above, although the assignment i s not t o t a l l y unambiguous 

p a r t i c u l a r l y f o r the a l i p h a t i c carbons. The v i n y l i c carbons s i g n a l appeared to 

be p a r t i a l l y r e s o l v e d i n t o a doublet, most ring-opening p o l y m e r i z a t i o n s with 

WC1 /Ph.Sn give an approximately equal amount of c i s and t r a n s double bonds b 4 
94 . 

along the polymer c h a i n , the p a r t i a l r e s o l u t i o n of the v i n y l i c carbon s i g n a l 

suggest t h a t t h i s a l s o o c c u r s i n the ring-opening p o l y m e r i z a t i o n of benzo-

norbornadiene. 

The G.P.C. a n a l y s e s of both f r e s h l y prepared polymer and the h i g h l y o x i d i z e d 

sample were c a r r i e d out 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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Some d i f f i c u l t y was encountered because, although both samples were t o t a l l y s o l u b l e 

i n chloroform the a v a i l a b l e instruments used only t e t r a h y d r o f u r a n and the f r e s h l y 

prepared polymer d i d not d i s s o l v e completely i n t h i s s o l v e n t . However, from the 

t r a c e s obtained i t i s c l e a r t h a t the f r e s h l y prepared sample i s a genuine high 

polymer w i t h a ve r y low proportion of low molecular weight m a t e r i a l ; the maximum 

of the observed G.P.C. peak occurred a t a p o l y s t y r e n e e q u i v a l e n t of M ^ 20,000 
n 

I t seems re a s o n a b l e to assume t h a t the THF i n s o l u b l e f r a c t i o n i s of high molecular 

weight. On the other hand, the h i g h l y o x i d i z e d sample was completely s o l u b l e i n 

THF and i t s G.P.C. peak had a maximum a t a p o l y s t y r e n e e q u i v a l e n t of M ^ 13,000; 
n 

the peak was v e r y broad with t a i l s i n t o both the low molecular weight (3-500) 

and high molecular weight (100,000) r e g i o n s . T h i s l a s t r e s u l t i s c o n s i s t e n t 

with e x t e n s i v e c h a i n fragmentation during the o x i d i z e d polymer. 

3.5. C o n c l u s i o n s and Suggestions f o r F u r t h e r Work 

The evidence represented above shows t h a t benzonorbornadiene i s polymerized 

by ring-opening i n the presence of a m e t a t h e s i s c a t a l y s t prepared from 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 . A f u r t h e r c o n f i r m a t i o n of t h i s c o n c l u s i o n could 

be obtained by preparing the v i n y l polymer of benzonorbornadiene, p o s s i b l y by a 

r a d i c a l or c a t i o n i c a l l y i n i t i a t e d r o ute, and comparing i t with the r i n g opened 

product obtained i n t h i s work. 

S i n c e i t i s c l e a r t h a t norbornadiene undergoes ring-opening p o l y m e r i z a t i o n 

whereas i t i s u n c l e a r whether indene does or does not undergo r i n g opening (even 

i n p a r t ) i t might be of i n t e r e s t to examine some r e l a t e d s t r u c t u r e s so t h a t , 

f o r example, r e a c t i v i t y i n the s e r i e s shown below could be compared. 
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I t i s c l e a r t h a t the presence of an aromatic r i n g does not i n h i b i t r i n g -

opening p o l y m e r i z a t i o n by a t y p i c a l m e t a t h e s i s c a t a l y s t , however, i f indene 

p o l y m e r i z a t i o n i s to be re-examined a c a t a l y s t a c t i v e i n b a s i c media w i l l probably 

be r e q u i r e d , or a t l e a s t a n e u t r a l m a t e r i a l with low Lewis Acid a c t i v i t y , both 

o p t i o n s seem u n l i k e l y to be r e a l i z e d . 



EXPERIMENTAL PART 
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3.6. Reagents 

Di c y c l o p e n t a d i e n e was purchased from Koch-Light L a b o r a t o r i e s L t d . , 

a m y l n i t r i t e was purchased from Hopkin & W i l l i a m s L t d . , dry monoglyme was k i n d l y 

provided by Mr. B. H a l l of t h i s department. 

3.6a. Cyclopentadiene 

Cyclopentadiene was prepared by thermal c r a c k i n g of d i c y c l o p e n t a d i e n e . 

A one-necked round-bottomed f l a s k (1 1.) was q u a r t e r - f i l l e d w ith d i c y c l o p e n t a 

diene, and an unlagged v i g r e u x column (50 cm) was connected v i a a s t i l l - h e a d 

c a r r y i n g a thermometer, and a water-condenser to a r e c e i v e r f l a s k . The 

d i s t i l l a t i o n f l a s k was heated s t r o n g l y u s i n g an e l e c t r i c h e a t e r . The d i c y c l o 

pentadiene b o i l e d v i g o r o u s l y and l i q u i d g r a d u a l l y ascended the column, the 

product (cyclopentadiene) d i s t i l l e d i n the range 40° - 45° and was used 

without f u r t h e r p u r i f i c a t i o n . When n e c e s s a r y i t was st o r e d i n the deep f r e e z e 

(-20°) and under these c o n d i t i o n s i t could be kept f o r s e v e r a l days. 

3.6b. The s y n t h e s i s of benzonorbornadiene 

Dry monoglyme (400 ml) was placed i n a 3-necked round-bottomed f l a s k 

(2 1 . ) , the middle neck was f i t t e d with a mechanical s t i r r e r , the second neck 

was f i t t e d w ith a dropping f u n n e l c o n t a i n i n g a s o l u t i o n of amyl n i t r i t e 

(153.4 ml, 133.45 g, 1.14 moles) i n monoglyme (200 ml) and the t h i r d neck was 

attached to a water-condenser which was f i t t e d w i t h a dropping funnel c o n t a i n i n g 

a n t h r a n i l i c a c i d (137 g, 1 mole), c y c l o p e n t a d i e n e (164.4 g, 2.5 moles) and d r y 

monoglyme (300 m l ) . The apparatus was purged w i t h dry n i t r o g e n . The s o l v e n t 

i n the f l a s k was heated from a water bath u n t i l i t r e f l u x e d g e n t l y , i t was 

s t i r r e d c o n t i n u o u s l y throughout the experiment. The components i n the two 

dropping funnels were added to the r e f l u x i n g s o l v e n t i n the r e a c t i o n f l a s k a t 

the same irate. There was c o n s i d e r a b l e e v o l u t i o n of gases and the mixture was 

kept a t r e f l u x throughout the a d d i t i o n which took t h r e e hours. A f t e r complete 

a d d i t i o n of reagents the mixture was r e f l u x e d g e n t l y f o r one hour, a t t h i s 

stage e v o l u t i o n of gases had stopped and the mixture was o i l y and dark red to 
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bl a c k i n c o l o u r . The produce was vacuum d i s t i l l e d to y i e l d four f r a c t i o n s 

which were examined by i n f r a r e d spectroscopy and a n a l y t i c a l gas chromatography. 

The f i r s t two f r a c t i o n s { b . r . 27° - 79°/15 mm Hg) c o n s i s t e d of s o l v e n t , c y c l o -

pentadiene and a t r a c e of benzonorbornadiene, and were d i s c a r d e d . The l a s t two 

f r a c t i o n s ( b . r . 80° - 88°/15 mm Hg) had i d e n t i c a l i n f r a r e d s p e c t r a and c o n s i s t e d 

of benzonorbornadiene together with minor i m p u r i t i e s . The l a s t two f r a c t i o n s 

were combined and f r a c t i o n a t e d 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 (HMS 500, 75 t h e o r e t i c a l p l a t e s ) to g i v e : ( i ) s o l v e n t s 

(6.5 ml, b . r . 48° - 82°/20 mm Hg), i d e n t i f i e d by i . r . spectroscopy; ( i i ) a 

mixture (7.5 ml, b.r. 86° - 95°/23 mm Hg) which on the bases of g . l . c . mass 

spectroscopy and i n f r a r e d spectroscopy (Appendix A, number XXIV) appeared to be 

predominantly amyl a l c o h o l together w i t h t r a c e s of s o l v e n t , an a l i p h a t i c ketone 

and some benzonorbornadiene; ( i i i ) benzonorbornadiene (15) (35 ml, 42 g, 30% 

y i e l d , b . r . 96° - 98°/23 mm Hg, found C, 92.95, H, 6.92%, M m g ( 1 4 2 ) , c a l c u l a t e d 
129 

f o r c
i ; L

H
1 0 ' c ' 92.91, H, 7.09%, M, 142) w i t h c o r r e c t i n f r a r e d spectrum 

(Appendix A, number X X I I I ) . T h i s product was shown to be a s i n g l e component by 

gas chromatography and G.L.C. mass spectroscopy showed t h a t the peak was 

homogeneous s i n c e the mass spectrum of the l e a d i n g edge of the peak was 

i d e n t i c a l with t h a t of the t r a i l i n g edge. 

3.7. The Ring-opening P o l y m e r i z a t i o n of Benzonorbornadiene Using Tungsten 

Hexachloride 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 

A 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 purged.with d r y 

n i t r o g e n and charged with tungsten h e x a c h l o r i d e (0.26 g) which was d i s s o l v e d i n 

d r i e d toluene (125 m l ) , d i s t i l l e d d i r e c t l y i n t o the r e a c t i o n v e s s e l . T e t r a 

p h e n y l t i n (0.52 g) was added to the mixture, a dry n i t r o g e n atmosphere being 

maintained throughout the experiment. The mixture was s t i r r e d f o r ten minutes, 

the c o l o u r changed from b l u e - b l a c k to dark brown. The monomer (2 ml, 2.4 g) 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 s o l u t i o n u s i n g an a i r - t i g h t s y r i n g e , an 

immediate c o l o u r change to dark blue was observed. The r e a c t i o n was s t i r r e d 
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c o n t i n u a l l y and a f t e r 30 minutes the v i s c o s i t y s t a r t e d to i n c r e a s e . At t h i s 

stage the r e a c t i o n was terminated by the a d d i t i o n of 5 ml. of methanol. The 

r e a c t i o n product was a blue s t i c k y m a t e r i a l which was d i s s o l v e d d i r e c t l y i n 

400 ml chloroform; the r e s u l t i n g s o l u t i o n was p a r t i a l l y evaporated to g i v e 20 ml 

of v i s c o u s s o l u t i o n which was added dropwise to a f i v e - f o l d e x c e s s of methanol. 

The y e l l o w 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 , d i s s o l v e d i n 

chloroform and r e p r e c i p i t a t e d i n excess methanol four times. The m a t e r i a l was 

d r i e d f o r 48 hours under vacuum to g i v e a p a l e yellow s o l i d (1.9 g, 79% y i e l d ) . 



APPENDIX A 

I n f r a r e d S p e c t r a 
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A l l s p e c t r a were recorded u s i n g KBr c e l l s , p l a t e s or d i s c s or c a s t i n g t h i n 

f i l m s and were run under c o n d i t i o n s designated by:-

A - KBr d i s c 

B - t h i n l i q u i d f i l m 

C - t h i n polymer f i l m 

D - c a s t i n g t h i n f i l m over mercury 

I n f r a r e d s p e c t r a a r e gi v e n below:-

Spectrum No. Nature of sample 

I Polyindene u s i n g the c a t a l y s t system WCl^/Ph^Sn 

I I Polyindene (BW-A) see page 37 

I I I Polyindene i n i t i a t e d by cone. H 2 S ° 4 ' P- 4^ 

IV Polyindene from h e a t i n g , p.47 

V T e t r a p h e n y l t i n as s u p p l i e d 

VI Polyindene using the c a t a l y s t system WC1 /Ph Sn, 
a d d i t i o n of the c a t a l y s t t h r e e times, p.47 

V I I Recovered m a t e r i a l (Ph^Sn) from the r e a c t i o n with 
WClg/Ph^Sn and t r i e t h y l a m i n e , p.47 

V I I I C a t i o n i c polyindene using WCl^/Ph^Sn and a d d i t i o n 
of t r i e t h y l a m i n e a f t e r 30 min., p.47 

IX Recovered m a t e r i a l by using p y r i d i n e a s base 
( c a t i o n i c polyindene and Ph^Sn), p.47 

X Recovered mater i a l . (Ph^Sn) from the r e a c t i o n of 
indene + WClVPh-,Sn and 1,8-bis-(dimethvlamino) -6 4 
naphthalene a s base, see p.47 

XI Recovered m a t e r i a l (Ph 4Sn) from the r e a c t i o n of indene 
u s i n g WCl,/Ph.Sn and l,8-bis-(dimethylamino)-6 4 
naphthalene a s base with r e f l u x i n g of the 
c a t a l y s t s o l u t i o n , p.47 

X I I Polyindene u s i n g the c a t a l y s t WClg/Pl^Sn and 
a d d i t i o n of the proton sponge a f t e r 30 minutes, 
p.47 

X I I I Norbornene a s s u p p l i e d , see p.48 



- 72 -

Spectrum No. 

XIV 

XV, XVI, XVII 

X V I I I 

XIX 

XX 

XXI 

XXII 

X X I I I 

XXIV 

XXV 

Mature of sample 

Polynorbornene from the r e a c t i o n w i t h WCl_/Ph.Sn 
6 4 

Recovered m a t e r i a l (Ph Sn) from the r e a c t i o n of 
norbornene with WClg/Ph^Sn and p y r i d i n e as base, 
see p.48 

Recovered m a t e r i a l (Ph^Sn) from the r e a c t i o n of 
norbornene with WCl^/Ph^Sn and 1 , 8 - b i s -

6 4 
(dimethylamino)-naphthalene) as base 

Recovered m a t e r i a l (Ph^Sn) from the r e a c t i o n of 
norbornene with WCl^/Ph.Sn and 1 , 8 - b i s -

6 4 
(dimethylamino)-naphthalene as base with 
r e f l u x i n g the c a t a l y s t s o l u t i o n 10 min., see p.48 

Recovered m a t e r i a l (Ph^Sn) from the r e a c t i o n of 
norbornene with WCl^/Ph„Sn and a d d i t i o n of 

6 4 
1,8-bis-(dimethylamino)-naphthalene before the 
monomer wi t h r e f l u x i n g the c a t a l y s t s o l u t i o n 
5 min., see p.48. 

Polyacenaphthylene i n i t i a t e d by cone. H^SO^, see 
p.52 

Polyacenaphthylene by WC1 /Ph Sn, see p.52 
b 4 

Benzonorbornadiene b . r . 96° - 98°/23 mm Hg 

Mixture from amyl a l c o h o l , t r a c e s of s o l v e n t , an 
a l i p h a t i c ketone and some benzonorbornadiene 
d i s t i l l e d between b . r . 86° - 95°/23 mm Hg 

Polybenzonorbornadiene by the c a t a l y s t system 
WClVPh.Sn 6 4 

XXVI Ox i d i z e d polybenzonorbornadiene 
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