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ABSTRACT 

T h i s t h e s i s i s d i v i d e d i n t o two s e c t i o n s . I n t h e f i r s t s e c t i o n t h e 

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

and p e r c h l o r o i n d e n o n e are d e s c r i b e d . The second s e c t i o n i s c o n c e r n e d 

w i t h the 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 o f some c h l o r i n a t e d monomers 

u s i n g the c a t a l y s t sys tem tungsten h e x a c h l o r i d e / t e t r a m e t h y l t i n i n 

t o l u e n e . 
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SECTION I 

SYNTHESIS AND SOME REACTIONS OF 

PERCHLOROINDENE AND PERCHLOROINDENONE 



CHAPTER 1 

INTRODUCTION AND BACKGROUND 



1 . 1 . I n t r o d u c t i o n 

The work t o be d e s c r i b e d i n t h i s s e c t i o n had as i t s i n i t i a l o b j e c t i v e 

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

e x c h a n g e . I n p r a c t i c e t h i s o b j e c t i v e was n o t a c h i e v e d . B e f o r e d e s c r i b i n g 

the w o r k c a r r i e d o u t t h e t o p i c w i l l be s e t i n c o n t e x t by a b r i e f 

d i s c u s s i o n o f t h e d e v e l o p m e n t o f f l u o r i n e c h e m i s t r y . 

1 . 2 . H i s t o r i c a l b a c k g r o u n d o f o r g a n i c f l u o r i n e c h e m i s t r y 

F l u o r i n e i s t h e most e l e c t r o n e g a t i v e e l e m e n t and i t s r e a c t i o n s d i f f e r 

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

mak ing f l u o r i n e c h e m i s t r y a s p e c i a l p a r t o f o r g a n i c c h e m i s t r y . ' ' " A l t h o u g h 

h y d r o g e n f l u o r i d e was i s o l a t e d by S c h e e l i n 1 7 7 1 , o r g a n i c f l u o r i n e 

c h e m i s t r y grew r a t h e r s l o w l y , p a r t l y because v e r y few f l u o r i n a t e d 

compounds o c c u r n a t u r a l l y , and p a r t l y because no s i m p l e methods f o r t h e 

2 

s y n t h e s i s o f C-F bonds were f o u n d i n t h e e a r l y y e a r s . I t s e a r l i e s t 

b e g i n n i n g s can be t r a c e d t o F r a n c e , where Dumas and P e l i g o t a c h i e v e d w h a t 

i s c l a i m e d t o have been t h i s f i r s t r e c o r d e d s y n t h e s i s o f an o r g a n i c 

f l u o r i d e ( m e t h y l f l u o r i d e ) i n 1836, and where M o i s s a n and Meslaus were 
3 

a c t i v e f r o m 1880 o n w a r d s . However , t h e B e l g i a n c h e m i s t S w a r t s was 

pe rhaps t h e p r i n c i p a l p i o n e e r o f t h e s u b j e c t . I n t h e p e r i o d 1892 -

1938 he p r e p a r e d a range o f s i m p l e a l i p h a t i c f l u o r o - c o m p o u n d s , n o t a b l y 

a l k a n e s , a l k e n e s and c a r b o x y l i c a c i d s , an a c t i v i t y w h i c h i n v o l v e d 

d e v e l o p m e n t o f t h e h a l o g e n exchange r e a c t i o n u s i n g m a i n l y a n t i m o n y 
RX + m e t a l f l u o r i d e > RF + m e t a l h a l i d e 
(where , X = C I , B r o r I ) 

4 

and m e r c u r o u s f l u o r i d e s . S w a r t s a l s o d e f i n e d t h e mos t i m p o r t a n t 

r e a c t i o n s and i n f l u e n c e s o f f l u o r i n e as a s u b s t i t u e n t i n an a l i p h a t i c 

e n v i r o n m e n t . S w a r t s ' s t u d i e s a l l o w e d t h e i n t r o d u c t i o n o f d i c h l o r o -
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d i f l u o r o m e t h a n e i n 1930 as an i n e r t , n o n - t o x i c r e f r i g e r a n t , f o l l o w i n g w o r k 

5 

by M i d g l e y and Henne o f G e n e r a l M o t o r s i n t h e U . S . A . T h i s compound and 

r e l a t e d c h l o r o f l u o r o c a r b o n s have been used w i d e l y as a e r o s o l p r o p e l l a n t s . 

I n t e r e s t i n t hese c h l o r o f l u o r o c a r b o n s was a m a j o r s t i m u l u s t o o r g a n i c 

f l u o r i n e c h e m i s t r y b u t now, a f t e r many y e a r s o f c o m m e r c i a l a p p l i c a t i o n , 

t h e y a r e s u s p e c t e d o f c a u s i n g damage t o t h e E a r t h ' s ozone s h i e l d . 

I n 1927 , B a l z and Schiemann d i s c o v e r e d t h e g e n e r a l r o u t e t o a r y l 

f l u o r i d e s w h i c h now b e a r s t h e i r names, t h i s i n i t i a t e d i n t e r e s t i n 

a r o m a t i c f l u o r i n e c h e m i s t r y . A l t h o u g h t h e r e a c t i o n i s i n c r e a s i n g l y 

d i f f i c u l t t o a p p l y as t h e number o f f l u o r i n e s i s i n c r e a s e d , t h i s me thod 
1 

i s s t i l l w i d e l y used f o r t h e s y n t h e s i s o f mono and d i f l u o r i d e s . 
( i ) HNO / 0 ° C + A 

P-C1C,.H NH , . . , „ > P-C1C H N BF„ > P - C 1 C J F + N + BF_ 
6 4 2 ( i i ) NaBF^ 6 4 2 4 6 4 2 3 

I n 19 37 t h e s a t u r a t e d c ^ _ C y p e r f l u o r o c a r b o n s were i s o l a t e d and 

6 

c h a r a c t e r i s e d by Simons and B l o c k . These h i g h l y s t a b l e compounds 

became a v a i l a b l e a t j u s t t h e r i g h t t i m e t o be a p p l i e d as w o r k i n g 

f l u i d s i n t h e a t o m i c bomb ( Ma nh a t t an ) p r o j e c t , w h i c h r e q u i r e d 

m a n i p u l a t i o n o f t h e v o l a t i l e u r a n i u m d e r i v a t i v e UF^, w h i c h i s i t s e l f a 
6 

p o w e r f u l f l u o r i n a t i n g a g e n t . New s y n t h e t i c methods were q u i c k l y 

d e v e l o p e d t o e n a b l e a w h o l e range o f f l u o r o c a r b o n m a t e r i a l s t o be 

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

ca rbons w i t h e l e m e n t a l f l u o r i n e and w i t h h i g h v a l e n c y m e t a l f l u o r i d e s 

such as CoF^f t h e s e t e c h n i q u e s r e q u i r e d r a t h e r s p e c i a l a p p a r a t u s . 

A n o t h e r i m p o r t a n t p r e - w a r (1938) d i s c o v e r y , made by P l u n k e t t i n 

D u p o n t ' s L a b o r a t o r i e s , was t h a t t e t r a f l u o r o e t h y l e n e r e a d i l y p o l y m e r i z e d 

t o h i g h - m o l e c u l a r w e i g h t m a t e r i a l (PTFE) w h i c h had o u t s t a n d i n g 

c h e m i c a l and p h y s i c a l p r o p e r t i e s . T h i s d i s c o v e r y i n i t i a t e d t h e 

p r o g r e s s i v e d e v e l o p m e n t o f f l u o r o - p o l y m e r s . By t h e end o f W o r l d War I I , 
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d u r i n g w h i c h Simons d i s c o v e r e d h i s e l e c t r o c h e m i c a l f l u o r i n a t i o n t e c h n i q u e , 

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

w h i c h o c c u r r e d i n t h e i m m e d i a t e p o s t - w a r p e r i o d . Of p a r t i c u l a r n o t e 

C H CO H e l e c t r o l y s i s i n y JV\> 
3 7 2 anhydrous HF 3 7 3 7 2 

d u r i n g t h i s p e r i o d are Henne ' s w o r k on c h l o r o f l u o r o compounds and 

h a l o g e n exchange t e c h n i q u e s , and M i l l e r ' s r e a l i z a t i o n o f t h e i m p o r t a n c e 

o f f l u o r i d e i o n i n f l u o r o c a r b o n c h e m i s t r y . The s u b j e c t has grown 

r a p i d l y , and a g r e a t number o f b a s i c s t r u c t u r e s , i n v o l v i n g a w i d e 

v a r i e t y o f d i f f e r e n t f u n c t i o n a l g r o u p s , have been s y n t h e s i z e d and 

s t u d i e d . ^ ^ V e r y l a r g e numbers o f compounds h a v i n g a p a r t i c u l a r 

f l u o r i n a t e d g r o u p i n g i n an o t h e r w i s e h y d r o c a r b o n based m o l e c u l e have 

been made and have a roused i n t e r e s t as a consequence o f t h e u n u s u a l 

p h y s i c a l p r o p e r t i e s and b i o l o g i c a l e f f e c t s o b s e r v e d . Such compounds 

can o f t e n be made f r o m c o m m e r c i a l l y a v a i l a b l e f l u o r i n a t e d p r e c u r s o r s , 

u s i n g s y n t h e s e s w h i c h do n o t r e q u i r e s p e c i a l i z e d a p p a r a t u s . 

1 . 3 . F l u o r i n a t e d a r o m a t i c compounds 

A r o m a t i c compounds c o n t a i n i n g r e l a t i v e l y few f l u o r i n e a toms , e . g . 

b e n z o t r i f l u o r i d e and f l u o r o b e n z e n e , have been known f o r o v e r s e v e n t y 

y e a r s , none o f them have a c h i e v e d l a r g e - s c a l e p r o d u c t i o n . More 

r e c e n t l y methods have been d e v e l o p e d f o r t h e s y n t h e s i s o f h i g h l y 

12 

f l u o r i n a t e d a r o m a t i c compounds. Hexa and p e n t a f l u o r o b e n z e n e , 

d e c a f l u o r o b i p h e ny 1 , o c t a f l u o r o n a p h t h a l e n e and numerous d e r i v e d 

compounds are now c o m m e r c i a l l y a v a i l a b l e . Some o f these compounds 

show p r o m i s e i n v a r i o u s a p p l i c a t i o n s as p h a r m a c e u t i c a l c h e m i c a l s , 

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

o f f l u i d s and p o l y m e r s . 
13 14 

The l i m i t a t i o n s o f t h e c l a s s i c a l B a l z - S c h i e m a n n r o u t e ' t o 
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f l u o r i n a t e d a r o m a t i c compounds were m e n t i o n e d above , a l a r g e number o f 

a l t e r n a t i v e s y n t h e s e s have been d e v e l o p e d i n the l a s t few y e a r s . D i r e c t 

c o n v e r s i o n o f a r e a d i l y a v a i l a b l e h y d r o c a r b o n a r o m a t i c compound t o 

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

o b j e c t i v e , u n f o r t u n a t e l y i t i s n o t g e n e r a l l y a v a i l a b l e y e t . When 

o r g a n i c compounds are f l u o r i n a t e d by t h e c l a s s i c a l t e c h n i q u e s u s i n g 

15 ,16 17 
c o b a l t i c f l u o r i d e , e l e m e n t a l f l u o r i n e o r e l e c t r o c h e m i c a l 

18 

f l u o r i n a t i o n t h e u s u a l r e s u l t i s s a t u r a t i o n and e l i m i n a t i o n o f 

f u n c t i o n a l g r o u p s . T h i s s t a t e m e n t g e n e r a l i z e s a g r e a t amount o f 

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

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

c o m p l i c a t e d t e c h n o l o g i e s w h i c h t o o k many y e a r s t o d e v e l o p . I n r e c e n t 

y e a r s d i r e c t e l e c t r o p h i l i c f l u o r i n a t i o n o f a r o m a t i c compounds b y 
19 2o 21 22 

CF 3 OF, CF 3COOF, CsSC^F, and t h e e l e m e n t i t s e l f have been 

e x t e n s i v e l y i n v e s t i g a t e d . However , t h e s e i n v e s t i g a t i o n s have 

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

compounds b u t n o t t o p e r f l u o r o compounds, One p r o m i s i n g d e v e l o p m e n t 

f o r t h e d i r e c t r o u t e i s t h e work o f t h e B i r m i n g h a m g r o u p on complex 

23 

m e t a l l i c f l u o r i d e s such as CsCoF^, an example o f f l u o r i n a t i o n w i t h 

t h i s r e a g e n t i s summar ized b e l o w . 

CsCoF, 

6 6 250 4% 9% 

32% 1% 
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The f i r s t g e n e r a l route to h i g h l y f l u o r i n a t e d a r o m a t i c compounds 

i n v o l v e d f l u o r i n a t i o n o v e r c o b a l t i c f l u o r i d e , f o l l o w e d by d e h y d r o f l u o r -

i n a t i o n w i t h base a n d / o r d e f l u o r i n a t i o n over a c t i v e meta l o r meta l ox ide 

24 25 

s u r f a c e s . F o r example, the f l u o r i n a t i o n o f benzene o v e r ' c o b a l t i c 

f l u o r i d e g i v e s a complex m i x t u r e o f h y d r o f l u o r o c y c l o h e x a n e s which can be 

used as s t a r t i n g m a t e r i a l s f o r s y n t h e s i s o f f l u o r i n a t e d c y c l o h e x e n e s , 

c y c l o h e x a d i e n e s and a r o m a t i c compounds as shown s c h e m a t i c a l l y i n F i g u r e 1 . 1 , 

C o F . 
C y c l o C . F H 

6 12-x x 

d e f l u o r i n a t i o n 

+ o l e f i n s + 
d i enes 

^ J 
0 d e f l u o r i n a t i o n . 

F i g u r e 1 . 1 . S c h e m a t i c f o r f l u o r i n a t i o n - d e h y d r o f l u o r i n a t i o n - d e f l u o r i n -

a t i o n route to p o l y f l u o r o b e n z e n e s . 

26 

T h i s route has been g e n e r a l i z e d f o r the s y n t h e s i s o f p e r f l u o r i n a t e d 

a l k y l benzenes , n a p h t h a l e n e , and o t h e r p o l y c y c l i c a r o m a t i c compounds 

An a l t e r n a t i v e approach to the s y n t h e s i s o f h i g h l y f l u o r i n a t e d 

a r o m a t i c compounds i n v o l v e s ha logen exchange , which has been 

c o n s i d e r a b l y deve loped d u r i n g the l a s t 20 to 25 y e a r s . The p r e p a r a t i o n 

27 
o f hexaf luorobenzene was f i r s t d e s c r i b e d i n 1947. I t was p r e p a r e d 

28 
i n 1955 by the p y r o l y s i s o f t r i b r o m o f l u o r o m e t h a n e , as shown below. 

630 - 640 /1 atm. 
C B r ^ F P t . tube 

-> C F + 2Br 
6 6 

The y i e l d o b t a i n e d from t h i s route was low, and the route s t a r t i n g w i t h 
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CoF^ f l u o r i n a t i o n o f benzene (Figure 1.1) i s more economical . An 

a l t e r n a t i v e rou te uses halogen exchange f rom perchlorobenzene, i n i t i a l 

29 30 
f l u o r i n a t i o n w i t h e i t h e r c h l o r i n e t r i f l u o r i d e or w i t h f l u o r i n e gas, 

gives a mix tu re o f ch lo ro f luo rocyc lohexanes which may be dehalogenated 

to give hexafluorobenzene and var ious chlorof luorobenzenes 

CF ClCCl F 
2 2 Fe 

C C I + 3F > C C I F 7T^CaF^ + C ^ C 1 F Q + COC17A +
 C e C 1 i F i 

6 6 2 6 x 12-x o 6 6 6 5 6 2 4 6 3 3 
330 C 

where x = 5, 6, 7. 

More r e c e n t l y , a more d i r e c t rou te to aromat ic f luorocarbons has 

been developed. This i s based on the r e a c t i o n o f p e r c h l o r o aromatic 
31-33 

compounds w i t h potassium f l u o r i d e i n s o l v e n t s , as i l l u s t r a t e d 
below 

C CI + KF s u l f o l a n e + c CI F + C CI F 
6 6 230 - 240°C/18 h r . 6 5 6 2 4 6 3 3 

25% 24% 30% 

CN CN 

CI CI 
DHF 

+ KF 
145 C/3 h r 130 

CI 
CN CN 

44% 

CI 
CI CI 

s u l f o l a n e 
+ KF 

235 C/14 h r 
CI 

Cl CI F F 
50 - 60% 

F l u o r i n a t i o n by halogen exchange a lso takes placo i n the absence o f 

so lven t i f the reac tan ts are heated i n a c losed vesse l under auto-

geneous pressure . Hexachlorobenzene reacts w i t h potassium f l u o r i d e a t 

450 - 500°C to g ive a mix tu re o f hexafluorobenzene and c h l o r o f l u o r o -
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benzene o the r p e r c h l o r o aromat ic compounds r eac t s i m i l a r l y as shown 

below 
30,34,35 

C^C1,_S0„C1 + KF 6 5 2 

CI CI 

CI CI 

autoclave 

250°C/5 h r . 

+ K F autoclave ) 

450°C/8 h r . 

SO F 

autoclave . 
+ KF —-7 

4CO - 500 C 

60 - 80% 

Dur ing the l a s t few years the p y r o l y t i c e l i m i n a t i o n o f b r i d g i n g 

u n i t s f rom p o l y c y c l i c compounds has found widespread use i n syn thes i s 

the e l i m i n a t i o n o f the one carbon b r i dge from norbornadienes and 

r e l a t e d systems i s a t y p i c a l example o f the process . For example, 

the e l i m i n a t i o n o f e thylene f rom compounds (1) and (2) a l lows the 

i s o l a t i o n o f the unstable compounds i sobenzofuran (3) and t e t r a f l u o r o 

36,37,38 
i s o i n d o l e (4) Figure 1.2. 

CO o 650 0 O + C H O.Ol mm. Hg 

(1) (3 

550 NH NH + C H 
O.Ol mm. Hg 

2) 4) 
Figure 1.2 
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This p y r o l y s i s rou te has a lso found a p p l i c a t i o n i n the chemis t ry o f 

f l u o r i n a t e d compounds; thus , a s e r i e s o f syntheses o f f l u o r i n a t e d 

aromat ic compounds has been r e p o r t e d which uses a rou te based on an 

i n i t i a l D i e l s - A l d e r r e a c t i o n o f f l u o r i n a t e d dienes f o l l o w e d by p y r o l y s i s 

o f the p r imary adducts . Feast e t . a l . have descr ibed the syntheses 

. 39,40,41 
summarized below: 

R R 
C D i e l s - A l d e r vacuum 

A d d i t i o n p y r o l y s i s 

R R 
R 

R R 
D i e l s - A l d e r c vacuum 

A d d i t i o n p y r o l y s i s 

N 

This rou te was subsequently extended t o the syntheses o f 2 , 3 - d i s u b s t i -

42 

t u t e d hexaf luoro-naphtha lenes and f l u o r i n a t e d i s o q u i n o l i n e s . These 

p repa ra t ions are summarized i n F igure 1.3. 

H 
H 

D i e l s - A l d e r de HF 
Addi t i o n 

H 

H 

R CF 

I 
N 

R CF 

2C F p y r o l y s i s p y r o l y s i s -2C F 

CF 

N 
R' 

Figure 1.3. (Unmarked bonds to f l u o r i n e ) 
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The expected pr imary p roduc t o f e x t r u s i o n o f the b r i d g i n g u n i t i n 

most cases gives the expected aromatic p r o d u c t , (as was i n d i c a t e d 

e a r l i e r ) b u t , i n some cases, the expected produc t was not i s o l a t e d . 

Thus, the f l a s h vacuum p y r o l y s i s o f compound (5) y i e l d s p e r f l u o r o -

indene (7) and not the a n t i c i p a t e d p r imary produc t p e r f l u o r o i s o i n d e n e 

/ r \ V, K I 3 8 ' 4 3 

(6) as shown below 

de HF D i e l s - A l d e r 
A d d i t i o n 

vacuum p y r o l y s i s 

p e r f l u o r o i n d e n e 
(7) 

(6) 
not i s o l a t e d 

Feast e t . a l . r epo r t ed r e c e n t l y the photochemical i s o m e r i z a t i o n o f 

p e r f l u o r o c y c l o h e x a - 1 , 3 diene ( 8 ) , when i r r a d i a t e d i n the vapour phase 

t h i s diene gives compound (9) q u a n t i t a t i v e l y . They also synthes ized 

two p e r f l u o r o p o l y c y c l i c compounds which con ta in c y c l i c conjugated 

diene systems and s t u d i e d t h e i r photochemical i s o m e r i z a t i o n . 

I r r a d i a t i o n o f compounds (10) and (5) i n the vapour phase w i t h UV 

l i g h t r e s u l t s i n t h e i r i s o m e r i z a t i o n to isomers (11 and 12) and 

13 r e s p e c t i v e l y . Compound 13 probably a r i ses f rom 5 by way o f a 

photochemical 1 ,5 - s igmat rop ic m i g r a t i o n o f a f l u o r i n e atom. Vacuum 

p y r o l y s i s o f 13 and 5 gives p e r f l u o r o i n d e n e i n a good y i e l d . While 

isomers 11 and 12 were i n t e r c o n v e r t e d and under c o n d i t i o n s s i m i l a r t o 

those where breakdown occured , CF„ and C^F, u n i t s were e x c e l l e d g i v i n g 
' 2 2 4 " i ^ 
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p e r f l u o r o i n d e n e . These i s o m e r i z a t i o n s are summarized below. 43 

2 2 
hv , 

F 
(8) 

2 F 

(9) 

F 2 * F~ ' 
(5) (13) (7) 

P e r f l u o r o i n d e n e , when i r r a d i a t e d i n the vapour phase, i somerizes v i a a 

s igmat rop ic f l u o r i n e s h i f t t o p e r f l u o r o i s o i n d e n e which can be t rapped as 

i t s D i e l s - A l d e r adduct w i t h e t h y l e n e ; the thermal r e a c t i o n between 

44 

p e r f l u o r o i n d e n e and e thy lene gives the 1,2-adduct , as shown i n the 

scheme below. 



N u c l e o p h i l i c s u b s t i t u t i o n i n p e r f l u o r o i n d e n e 

The r eac t ions o f p o l y f l u o r o p o l y n u c l e a r aromatic compounds w i t h 

nuc leophi les have occupied the p r a c t i c a l and t h e o r e t i c a l i n t e r e s t s 
45-47 

o f a number o f workers f o r some years . The n u c l e o p h i l i c 

s u b s t i t u t i o n r eac t ions o f p e r f l u o r o i n d e n e have also rece ived some 

a t t e n t i o n ; thus i t was shown to r eac t c l e a n l y w i t h sodium borohydr ide 
48 

i n d ig lyme, the r e a c t i o n could be r e g u l a t e d to give e i t h e r the 
mono (C HF ) o r d i (C H F ) replacement p roduc t f o l l o w i n g the equa t ion 

CO 
H 

NaBH H + H + 
diglyme 

Y 
di replacement mono replacement 

The f o r e g o i n g b r i e f d i scuss ion shows t h a t p e r f l u o r o i n d e n e i s an 

i n t e r e s t i n g compound. The a v a i l a b l e route to p e r f l u o r o i n d e n e was 

r a t h e r d i f f i c u l t and the s t a r t i n g m a t e r i a l s r e l a t i v e l y expensive, 

because o f t h i s we se t ou t to see i f we cou ld make i t more cheaply. 

The route i n v e s t i g a t e d i s descr ibed i n Chapter 2. 



SECTION I 

CHAPTER 2 

ATTEMPTED EXCHANGE FLUORINATION 

OF PERCHLOROINDENE 
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2 . 1 . I n t r o d u c t i o n 

The o b j e c t i v e o f the work descr ibed i n t h i s Chapter was the synthes is 

o f c h l o r o f l u o r o i n d e n e s by exchange f l u o r i n a t i o n o f pe rch lo ro indene ; 

C l 
P I 

exchange 
~~fi 

' c i 
f l u o r i n a t i o n C l„ F 8-n n 

The f i r s t s tep i n t h i s process was the synthes is o f pe rch lo ro indene , 

the route chosen was v i a the c h l o r i n a t i o n o f perchloroindenone which i n 

t u r n can be made f rom the commercia l ly a v a i l a b l e p e r c h l o r o c y c l o p e n t a -

d iene . This Chapter descr ibes bo th the work i n v o l v e d i n the syn thes i s 

o f the pe r ch lo ro compounds and the c h a r a c t e r i z a t i o n o f compounds 

a c t u a l l y ob ta ined f rom the f l u o r i n a t i o n a t tempts . 

50-58,60 

51 

2 .2 . Synthesis o f Hexachloroindenone 

Several syntheses o f hexachloroindenone have been desc r ibed . 

I n t h i s work i t was decided t o use one o f the e a r l i e s t methods r epo r t ed 

The f i r s t s tep i n t h i s syn thes i s i n v o l v e d the r e a c t i o n o f hexach loro-

cyclopentadiene (14) w i t h concent ra ted s u l p h u r i c a c i d , hydrogen-

c h l o r i d e i s evolved and the i n i t i a l p roduc t i s the enone (15 ) . T e t r a -

chlorocyclopentadienone (16) i s formed as a r e a c t i v e in t e rmed ia t e by 

d e h y d r o c h l o r i n a t i o n o f (15) and dimer izes spontaneously to give the 

5 2 2 6 endo D i e l s - A l d e r dimer , o c t a c h l o r o t r i c y c l o [ 5 , 2 , 1 , 0 ' ] d e c a - 4 , 8 - d i e n -

3,10-dione* (17 ) . The r e a c t i o n between t h i s d i k e t o n e and water gives 

hexachloroindenone, the syntheses i s summarized below: 

* In the early literature, particularly patents, this compound is 
named as a derivative of indene, i.e. octachloro-Za,4,7,7a-tetra-
hydro-4, 7-methanoindene-l3 8-dione. 
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C I . 

c l C l 

(14) 

H SO 
2 4 

-HC1 

(15) 

H SO 
2 4 

-HC1 

(16) 
not i s o l a t e d 

C l CI 

(17) 

-COCl 

r e f l u x with 
water 

(18) 

Several a l t ernat ive syntheses of hexachloroindenone have been 

described, most of these involve the l a s t two steps shown i n the scheme 

above but use d i f f e r e n t routes from perchlorocyclopentadiene to 

tetrachlorocyclopentadienone. Thus, hexachlorocyclopentadiene reacts 

with alcohols i n the presence of a l k a l i metal hydroxides to give 5 ,5-

dialkoxyltetrachlorocyclopentadienes , which can be decomposed i n 

53 54 55 

s evera l d i f f e r e n t ways to give tetrachlorocyclopentadienone. ' ' 

One example i s given below. 

KOH/C„H_OH C 
C l 2_J 

7 O £ 20 - 60 C c i« 
( O C 2 H 5 ) 2 

H 2 S ° 4 

0 - 50°C 
(18) 

A c lose ly re la ted route involves the react ion of diethanolamine with 

56 
the same s t a r t i n g mater ia l as i l l u s t r a t e d below. 

C l 

• C l 
HN(CH 2CH 2OH) 2 

2 KOH,(CH 3) 2CH0H 

CH2CH2OH 
C l / 

C1^-£S\ N CH 
2 

acetone 

C l 
0 CH, H 2 S ° 4 

-*(18) 
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Vollmannhas reported an a l t ernat ive syntheses s t a r t i n g from hexa-

57 
chlorodiketocyclohexene. 

base 
2 OH 

heat 

COOH 

CI 
C l r - - - " \ 2 OH 

C I ^ / H 

CI 

-> (16)- (18) 

Several other authors have noted that hexachloroindenone i s 

57 
read i ly formed from octachloroindene; for example, by hydro lys i s , or 

58 

react ion with sulphur t r i o x i d e . 

The o r i g i n a l route reported by Newcomer and McBee i n 1949 has the 

advantages of using simple experimental procedures and r e l a t i v e l y cheap 

s t a r t i n g mater ia l s , and although the y i e l d from t h i s react ion i s not 

very high i t was chosen as a convenient way of making hexachloroindenone. 

The preparation involved adding an excess of concentrated su lphuric 

ac id to vigorously s t i r r e d hexachlorocyclopentadiene and heating the 

o o 

mixture at 80 - 90 C for 19 hours, during which time HC1 was evolved. 

Af ter cooling t h i s mixture i t was poured onto i ce and the r e s u l t i n g 

brown s o l i d was recovered by f i l t r a t i o n , washed with water to remove 

r e s i d u a l a c i d , and dr i ed . The i n f r a red spectrum of th i s product 

showed no CH absorbtions but i n the carbonyl region there were bands 

at ca . 1835, 1750 and 1730 cm. \ therefore i t was deduced that t h i s 

product was not a pure compound but a mixture. Authentic samples of 

(15) and (17) were ava i lab le from e a r l i e r work (D. Hunter t h i s 

59 

department) and the i n f r a red spectra of these compounds showed the 

c h a r a c t e r i s t i c frequencies as indicated below: 
i „ ° 

1745 

1585 

51 

C I C I 

1740 
2930 1585 

1830 

(15) 
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The absence o f a CH s t r e t c h i n g abso rp t i on i n the spectrum o f the 

crude p roduc t excluded (15) f rom the m i x t u r e . The bands a t ca. 1835, 

1750 and 1585 probably arose f rom (17) as the major component i n the 

m i x t u r e , and the e x t r a bands at ca. 1730 c l e a r l y belonged to another 

carbonyl compound p o s s i b l y (18) . The i n i t i a l p roduc t was d i s s o l v e d 

i n pe t ro leum e the r and b o i l e d w i t h a c t i v a t e d cha rcoa l , then f i l t e r e d 

through a h y f l o p l u g ; the r e s u l t i n g s o l u t i o n gave brown c r y s t a l s on 

c o o l i n g , and evapora t ion o f the s o l v e n t gave an orange s e m i - s o l i d 

r e s idue . The i n f r a red spectrum o f the brown c r y s t a l s showed seve ra l 

bands i n the ca rbony l and C=C r e g i o n , as d i d the i n f r a r ed spectrum o f 

the orange r e s idue . I t seemed l i k e l y t h a t bo th the c r y s t a l i z e d 

m a t e r i a l and the res idue were m i x t u r e s . A t t h i s stage i t was r e a l i z e d 

t h a t compound (18) cou ld be prepared d i r e c t l y f rom (17) by s imply 

b o i l i n g w i t h water and s ince (18) was the des i r ed p roduc t f u t h e r 

attempts to p u r i f y (17) were abandoned. The brown c r y s t a l s ob t a ined 

as descr ibed above were mixed w i t h a l a rge excess o f water and the 

mix tu r e re f l u x e d f o r h a l f an hour , on c o o l i n g a s o l i d orange p roduc t 

separated which was recovered by f i l t r a t i o n and r a c r y s t a l l i z e d f rom 

acetone t o g ive orange c r y s t a l s o f pe rch lo ro indenone , the i n f r a red 

spectrum o f t h i s p roduc t showed no absorb t ions i n CH reg ion and 

s t rong bands a t 1730 (^C=0) and 1575 cm. 1 (-CC1=CC1-), the compound 

had c o r r e c t e lementa l ana lys i s and i t s o t h e r p h y s i c a l c h a r a c t e r i s t i c s 

56 ,60 ,61 

were i n good agreement w i t h those descr ibed i n the l i t e r a t u r e . 

The semi s o l i d orange residue was t r e a t e d i n the same manner to g ive 

perch loro indenone . 
2 .3 . Synthesis o f oc tach loro indene 

6 2—6 8 

Octachloroindene has been synthes ized i n seve ra l ways. 

RSssler has descr ibed the p r e p a r a t i o n o f oc tach loro indene f rom 
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naphthalene by d i r e c t ch lor inat ion i n the presence of a halogen c a r r i e r , 

t h i s react ion can be regulated to give predominantly mono chloronaphthalene, 

62 
octachloronaphthalene, or perchloroindene, the sequence i s shown below: 

C l C I . 

+ CCl 

The r ing system of perchloronaphthalene i s degraded to perchloroindene 

with loss of one carbon atom, which i s chlorinated to carbontetra-

ch lor ide . Perchloroindene i t s e l f i s subject to futher ch lor inat ion to 

give perchloroindane; th i s l a s t react ion i s revers ib le and when 

o 
perchloroindane i s heated above 250 C i t e l iminates chlorine to give 

. . . . 62,63,64,58 perchloroindene. 

Ruetman has described the synthesis of octachloroindene by d i r e c t 

ch lor inat ion at 600°C i n the absence of c a t a l y s t , of n-propylbenzene, 

carbontetrachloride was used as a d i luent to control the exothermic 

reac t ion , he also reported that the ch lor inat ion of indene under 

s i m i l a r conditions gave octachloroindene 65 
McBee e t . a l . have 

reported that the p y r o l y s i s o f hexachlorocyclopentadiene gave octa-

66 
chloroindene together with severa l other compounds as shown below. 

C l 250 C l 

11 - 22% 

C l C l 
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Eaton and coworkers showed p y r o l y s i s o f decaehloropentacyclo 

2,6 4,10 5 ,9 . „ . , [ 5 . 3 . 0 . 0 .0 .0 J decan-3-one gave o c t a c h l o r o m d e n e , they a lso 

CI 
C I CI CJ 

C l ^ CI CI 
A 

C] CI Z ci 
Cl 

Cl 
Cl 

r e p o r t e d t h a t oc tachloro indene was formed by the r e a c t i o n o f phosphorus 

58 
pen t ach lo r i de w i t h hexachloroindenone. This l a t t e r p r e p a r a t i o n o f 

67 

o c t a c h l o r o i n d e n e had been r e p o r t e d p r e v i o u s l y by Zincke and Gunther, 

and t h i s procedure has been used i n t h i s work . The exper imenta l 

method i n v o l v e s hea t i ng hexachloroindenone w i t h an excess o f phosphorus 
o 

p e n t a c h l o r i d e i n a Carius tube a t 200 - 250 C f o r 2 hours . Oc tach lo ro 

indene i s a wh i t e c r y s t a l l i n e s o l i d , the m e l t i n g p o i n t o f the m a t e r i a l 
o 

ob ta ined i n t h i s work was 130 C; o t h e r workers have r e p o r t e d values i n 
o o 63,67,68 the range 84 - 138.5 C. I t i s so lub l e i n c a r b o n t e t r a c h l o r i d e 

and d i e t h y l e the r and s l i g h t l y so lub l e i n xylene and the lower a l i p h a t i c 

a lcohols e . g . e t h a n o l , methanol and i sop ropano l and i n s o l u b l e i n wate r . 

The m a t e r i a l produced i n t h i s work had c o r r e c t e lementa l a n a l y s i s , 

i . r . and mass spectrum, and was a s i n g l e component on HPLC a n a l y s i s . 

Octachloroindene i s s t ab l e when s t o r e d i n the dark under dry c o n d i t i o n s , 

however, i t i s very r e a d i l y hydro lysed to octachloroindenone and i s 

l i g h t s e n s i t i v e . 

2 .4 . L i g h t s e n s i t i v i t y o f oc tachloro indene 

Octachloroindene i s very s e n s i t i v e to the l i g h t , when the 

b r i g h t w h i t e c r y s t a l s were exposed to day l i g h t they changed t o a 

l i g h t p i n k w i t h i n ten minu tes . Soiae p r e l i m i n a r y experiments were 

c a r r i e d o u t t o t r y t o e s t a b l i s h the cause o f the observed co lour 
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change. A s o l u t i o n o f oc tachloro indene i n cyclohexane (0.14M) was 

streamed w i t h dry n i t r o g e n to remove d i s s o l v e d oxygen. Two c y l i n d r i c a l 

pyrex r e a c t i o n vessels were f i l l e d i n t h i s way, one o f these tubes 

was covered and s t o r e d i n the dark w h i l e the o the r was p u t on the 

window s i l l . The i n i t i a l l y co lou r l e s s l i q u i d i n the tube on the window 

s i l l s t a r t e d to change t o p i n k a f t e r about f o r t y minutes, the co lou r o f 

the s o l u t i o n became p r o g r e s s i v e l y darker t u r n i n g f rom p i n k to v i o l e t , 

a f t e r one week, the g lass -s topper was removed and an ac id gas (Litmus) 

was evo lved . The s o l v e n t was evaporated and the v i o l e t p roduc t was 

d r i e d on the vacuum l i n e , examinat ion by i . r . spectroscopy showed a 

weak band in the CH a l i p h a t i c s t r e t c h i n g frequency r eg ion (2860 - 2960 

cm. "S , as w e l l as a l l the bands o f oc t ach lo ro indene . Thin Layer 

Chromatography showed t h a t the p roduc t was a mix tu re o f a t l e a s t f i v e 

components. An a t tempt was made to separate t h i s mix tu re by"dry column 

chromatography (see Expe r imen ta l ) ; the f i r s t f r a c t i o n f rom the column 

was perch loro indene and the c o n s t i t u t e d 79% o f the m i x t u r e , the 

remaining 21% c o n s i s t i n g o f a complex mix tu re o f ove r l app ing bands. 

The tube which was s t o r e d i n the dark was s t i l l co lour l e s s a f t e r one 

month, i t s co lou r s t a r t e d to change when i t was exposed to day l i g h t . 

The procedure was repeated us ing c a r b o n t e t r a c h l o r i d e as s o l v e n t , 

the tube on the window s i l l was s t i l l c o l o u r l e s s a f t e r one week, and 

evapora t ion o f the s o l v e n t gave pe rch lo ro indene . 

The observa t ions r epo r t ed above are c o n s i s t e n t w i t h a hypothes is 

o f a photochemical hemolysis o f a carbon c h l o r i n e bond to produce a 

h e p t a c h l o r o i n d e n y l r a d i c a l and a c h l o r i n e atom. 

Cl Cl Cl C 2 

Cl + Cl 1 
/ c i ^ 

C l Cl Cl Cl 
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When the r e a c t i o n i s c a r r i e d ou t i n cyclohexane the c h l o r i n e atom can 

a b s t r a c t a hydrogen atom f rom s o l v e n t to g ive cyc lohexy l r a d i c a l p lus 

hydrogen c h l o r i d e . The h e p t a c h l o r o i n d e n y l and cyc lohexy l r a d i c a l s 

formed i n i t i a l l y may undergo a v a r i e t y o f f u r t h e r r eac t i ons such as 

d i m e r i z a t i o n , c o u p l i n g , t r a n s f e r and a b s t r a c t i o n . The products o f these 

r eac t ions may undergo f u r t h e r r e a c t i o n to g ive the compl ica ted mix tu re 

a c t u a l l y observed. As i n t e n s e l y co loured species are formed they 

e v e n t u a l l y absorb a l l the i n c i d e n t l i g h t and r e s t r i c t f u r t h e r r e a c t i o n 

o f pe rch lo ro indene , i t may a lso be t h a t accumulated hydrogen c h l o r i d e 

has an i n f l u e n c e i n the course o f r e a c t i o n . I t was decided to 

i n v e s t i g a t e the l i g h t induced r e a c t i o n between oc tach loro indene and 

t o l u e n e . This system was chosen i n the hope o f o b t a i n i n g a s imp le r 

r e a c t i o n p roduc t than was observed w i t h cyclohexane. A s o l u t i o n o f 

oc tachloro indene i n toluene was i r r a d i a t e d i n a Rayonet photochemical 

r e a c t o r us ing 3500A lamps, the s o l u t i o n was c o n t i n u a l l y s t r e a m e d w i t h 

dry n i t r o g e n and the gas emerging f rom the r eac to r was bubbled through 

a s tandard s o l u t i o n o f sodium hydroxide which was p r o t e c t e d f rom 

atmospheric contaminat ion by a Drechsel b o t t l e c o n t a i n i n g heavy wh i t e 

o i l . E s t i m a t i o n o f the amount o f hydrogen c h l o r i d e evo lved by 

t i t r a t i n g the sodium hydroxide s o l u t i o n f rom the Drechsel b o t t l e and 

c a r e f u l m o n i t o r i n g o f the mass balance showed t h a t f o r every mole o f 

pe rch loro indene i r r a d i a t e d 2.8 m o l e s o f HCl were evolved d u r i n g 

t h i s r e a c t i o n , and also t h a t i n c o r p o r a t i o n o f residues d e r i v e d f rom 

toluene i n t o the crude p roduc t r e s u l t e d i n an increase i n mass o f 16%. 

+ C l * HCl + 
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The o v e r a l l react ion can be represented as fo l lows: -

C l C l 
C l C l 

C] C l 
+ nC-H.CH + crude product + 2.8 HC1 

mass increased 
by 16% 

mol. wt. 392 92 36.46 

I f there was one toluene residue for each HC1 evolved then the 

increase i n mass of the crude product should correspond to 

that i s an approximate increase of 40%, th i s c l e a r l y i s not i n 

agreement with experimental observation. I f , on the other hand, one 

toluene residue gives r i s e to 2HC1 molecules the increase i n mass of 

the crude produce i s given by 

The observed r e s u l t was a 16% mass increase suggesting that the r e a l 

s i t u a t i o n l i e s somewhere between the two p o s s i b i l i t i e s considered 

above, that i s some of the toluene residues are incorporated with loss 

of 2HC1 molecules per molecule of toluene and some are incorporated 

with the loss of only one HCl res idue. 

The crude product was separated by column chromatography into 

four f r a c t i o n s . Each f r a c t i o n contained chlorine as evidenced by 

the isotope patterns i n the mass spec tra . The C-H s tre tch ing region 

i n the i n f r a red spectrum of each f r a c t i o n indicated both aromatic and 

a l i p h a t i c CH s t r u c t u r a l f ea tures , and the spectra of the separated 

frac t ions were very s i m i l a r . The mass spectrum of the f i r s t f r a c t i o n 

had a highest mass peak m/e = 500 and an isotope pattern ind ica t ing 

the presence of s i x chlor ine atoms; the base peak of the spectrum was 

2.8 x 92 - 2.8 x 36.46 
392 x 100, 

1.4 x 92 - 2 . 8 x 36.46 
392 

x lOO = ca . 7% 
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at m/e 91 ( C y H ^ ) confirming the presence of benzyl residues suggested 

by the i . r . data and the mass balance a n a l y s i s ; there were also peaks 

i n the mass spectrum corresponding to the loss of 91 and 35 from the 

ion at highest mass. A poss ible react ion sequence leading to a product 

consis tent with the above data can be postulated as shown i n Figure 

2 .1 . I t i s c l e a r that the sequence shown could lead to a complex 

C l CI Cl CO c i ^ 
Cl 

C l ^ Cl 
Cl C l 

) HC1 + C H CH C l + C H CH 

CH C H Cl 
Cl 

Cl 
Cl HC1 Cl + C H CH 

Cl Cl 
Cl 

Cl C l 

CHC H CHC H Cl Cl 
Cl Cl CH C H + H + C-H CH 

H 
Cl Cl Cl Cl 

Cl Cl 
(19) (20) 

Figure 2.1 Mol . Wt. 500 

mixture s ince the benzil idene der iva t ive (19) can e x i s t as c i s - and 

trans - isomers and subsequent react ion with benzyl r a d i c a l s could 

occur at a number of s i t e s . 

The second and t h i r d f rac t ions had s i m i l a r spectroscopic 

propert ies to f r a c t i o n 1. The fourth f r a c t i o n had a somewhat s i m i l a r 

i n f r a red spectrum but the mass spectrum was very complex showing peaks 

up to m/e values of at l e a s t 1150, these high mass peaks a l l contained 

many chlorine atoms and the mater ia l i s c l e a r l y product of combination 
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o f a t l e a s t three p o l y c h l o r o i n d e n y l u n i t s . The outcome o f t h i s r e a c t i o n 

i s cons i s t en t w i t h the occurrence o f a f r e e r a d i c a l chain process 

i n i t i a t e d by p h o t o l y s i s o f a ca rbon-ch lo r ine bond i n the i n i t i a l 

p e r c h l o r o i n d e n y l molecule . The p roduc t mix tu re was complex and a 

d e t a i l e d assignment was not p o s s i b l e . 

2 .5 . Attempted f l u o r i n a t i o n o f oc tach loro indene us ing potassium 

f l u o r i d e 

As discussed i n Chapter 1 , the synthes is o f f l u o r i n a t e d compounds 

has been achieved by a v a r i e t y o f techniques . Exchange f l u o r i n a t i o n 

has found widespread use i n the p r e p a r a t i o n o f f l u o r o - a r o m a t i c 

compounds f rom t h e i r pe rch loro-ana logues . A l k a l i meta l f l u o r i d e s are 

69 

w i d e l y used i n t h i s process , and an e f f e c t i v e f l u o r i n a t i n g agent o f 

t h i s type i s potassium f l u o r i d e . 

Potassium f l u o r i d e i s de l i quescen t , and f o r a l l f l u o r i n a t i o n s i t 
must be thoroughly d r i e d . I t may be used i n glass o r metal vesse l s , 

70 
and the r eac t ions are p a r t i c u l a r l y s e n s i t i v e to temperature . 

F l u o r i n a t i o n us ing potassium f l u o r i d e takes place e i t h e r i n a p o l a r 

a p r o t i c o r i n the absence o f s o l v e n t , ^ 0 ^ as was descr ibed i n 

Chapter 1 . Potassium f l u o r i d e was used i n t h i s a t tempt t o make 

c h l o r o f l u o r o i n d e n e s hav ing the molecular formulae C„C1 F (where n 
9 8-n n 

i s an i n t e g e r f rom 1 t o 8) by exchange f l u o r i n a t i o n o f oc tach loro indene 

i n the absence o f s o l v e n t . The r eac t ions were c a r r i e d ou t by h e a t i n g 

mix tures o f perch loro indene w i t h excess o f d ry potassium f l u o r i d e i n 

flame dry Carius tubes. Any t race o f water w i l l r e s u l t i n h y d r o l y s i s 

o f oc tachloro indene t o give hexachloroindenone and hydrogen c h l o r i d e 

which w i l l both decrease the p o s s i b l e p roduc t y i e l d and create the r i s k 

o f pressure b u i l d up i n the Carius tube . Consequently g rea t care was 

taken to make sure t h a t water was exc luded . The Carius tube was sealed 
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under vacuum and heated. I n pract i ce the optimum conditions for react ion 

were obtained a f t e r numerous t r i a l experiments, a few of which are 

recorded in Table 2 .1 . 
Table 2.1 

Experiment 
no. 

S t a r t i n g materials 
g 

o 
T C Time ( h i s . ) 

1 

KF 

15 

c^ci 

9 8 

2 
380 17 Ca. 3% c g c l g recovered, 

plus fragmentation 
products and 
uncharacterized black 
r e s i n 

2 13.36 3 300 17 As above 

3 IS 3-1 260 23 Mixed chlorof luoro-
indenes ca . 66% by 
weight 

4 16.76 2.2 250 17 Trace reac t ion , ca . 70% 
C CI recovered 

9 8 

5 16.6 2 200 17 No react ion 

I t i s c l ear that at temperatures lower than 250 C the react ion w i l l not 

o 

occur, but below 300 C chlorofluoroindenes can be i s o l a t e d from the 

react ion product and at temperatures greater than 300°c the materials 

begin to decompose and only fragmentation products and tars are 
o 

obtained. A temperature of 260 C and react ion time of 23 hours were found 

to produce the best y i e l d of chlorofluoroindene (run 3) . The mater ia l 

was extracted from inorganic s a l t s as described i n the experimental 

sec t ion . The yellow brown product was analysed by i . r . spectroscopy 

which showed two strong absorptions in the double bond region, the peak 

at 1662 cm. 1 confirmed the presence of - C F = C C l - , the other peak at 

1585 cm. 1 ind ica t ing a -CC1=CC1- u n i t . Perfluoroindene shows a -CF=CF-
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-1 absorption at 1740 cm. and perchloroindenone shows a carbonyl absorption 

at 1730 cm. the absence of e i t h e r of these peaks showed that 

extensive f l u o r i n a t i o n was not achieved and also showed that the i s o l a t i o n 

technique did not r e s u l t i n hydrolys i s of the gem dihalo group. The 

product was examined by t . l . c . using n-hexane as so lvent , which 

es tabl i shed that the product was a mixture and that neither perchloro-

indene or indenone were present . An attempt to separate the mixture 

into i t s components was made using "dry column" chromatography (see 

experimental) . The f i r s t f r a c t i o n co l l ec ted gave, on p a r t i a l 

evaporation of the so lvent , a yellow c r y s t a l l i n e product. Examination 

of th i s product by t . l . c . indicated a s ing le component. When the 

product was analysed by mass spectroscopy the data i n Table 2.2 were 

obtained. The peak at highest mass (m/e 356) showed an isotope pat tern 

ind ica t ing s i x chlor ines and i s consis tent with the molecular formula 

C F CI ; expulsion of CI from th i s parent leads to a fragment ion at m/e 

321, and a peak at t h i s mass with a f i v e chlorine isotope pattern i s 

observed, loss of a further CI leads to m/e 286 (CF CI ) . However, 
" 2 4 

there i s another peak showing a f i v e chlorine isotope pattern at m/e 

M/e 

356 C - F C l 

r 340 C F CI 
^9 3 5 Compound (21) 

321 C.F_C1 

-305 C .F .C1 

Compound (22) , 286 C F CI 
9 2 4 

-270 C . F . C l 

251 C_F_C1 

-235 C . F . C l 

Table 2.2 
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340 which can not reasonably be d e r i v e d f rom the h i g h e s t mass i o n 

(m/e 356) bu t does f i t the molecular fo rmula C F CI ; t h i s gives r i s e 
9 3 5 

to a se t o f fragment ions a t 305, 270 and 235 by successive losses 

o f c h l o r i n e atoms. Thus, the mass spectrum s t r o n g l y suggests t h a t t h i s 

component i s a mix ture o f two compounds C^F„C1 and C-F.C1 , bo th 
9 2 6 9 3 5 

g i v i n g expected paren t and fragment i o n s , there be ing one fragment i o n 

i n common a t m/e 251. High performance l i q u i d chromatography showed 

t h a t there were indeed two components i n t h i s f i r s t f r a c t i o n . Fu r the r 

s t r u c t u r a l evidence f o r the two components o f f r a c t i o n 1 was p r o v i d e d 

19 
by F and i . r . spectroscopy. Two absorpt ions i n the double bond 

r eg ion i n d i c a t e d the presence o f a -CF=CC1- u n i t (1665 cm. "S and a 
- 1 19 

-CC1=CC1- u n i t (1590 cm. ) i n the m i x t u r e . The F n . m . r . spectrum 
showed three resonances, a t r i p l e t 123.6 p . p . m . up f i e l d f rom C F C l j 

(J = 7.5 H ^ ) , a s i n g l e t a t 124.6 p . p . m . and a doub le t a t 126.2 p . p . m . 

(J = 7.5 ) ; taken toge ther w i t h the mass spec t roscopic data the 

s i g n a l s a t 123.6 and 126.2 p . p . m . can be assigned t o the pen t ach lo ro -

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

a s i n g l e f l u o r i n e , the s i n g l e t a t 124.6 p . p . m . be ing assigned to the 

h e x a c h l o r o d i f l u o r o i n d e n e and t h i s p roduc t must t h e r e f o r e be the 1>1-

d i f l u o r o compound. N u c l e o p h i l i c s u b s t i t u t i o n i s expected to be 

e a s i e s t i n the f i v e membered r i n g and i t appears t h a t t h i s f i r s t 

f r a c t i o n a r i ses f rom f l u o r i n a t i o n i n the f i v e membered r i n g and t h a t 

tlie two products de tec ted can be assigned the s t r u c t u r e s : -

CI (F) 

F (CI) 

(21) (22) 
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The p o s i t i o n o f the v i n y l i c f l u o r i n e i n the t r i f l u o r o p roduc t can no t be 

assigned w i t h c e r t a i n t y on the bas is o f s h i f t and c o u p l i n g cons tan t , 

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

to 46% o f t h i s m i x t u r e . 

U n f o r t u n a t e l y t h i s f i r s t f r a c t i o n was the on ly c h l o r o f l u o r o i n d e n e 

f r a c t i o n o b t a i n e d . The chromatography column was used near a w e l l 

i l l u m i n a t e d window and a l though the i n i t i a l p roduc t mix ture was 

r e l a t i v e l y l i g h t i n co lour the appearance o f the column r a p i d l y darkened 

and a l l f u r t h e r f r a c t i o n s conta ined C-H u n i t s as i n d i c a t e d by i n f r a r ed 

spectroscopy (Appendix 1 , No. 10, 11 , 12, 13) . The e x p l a n a t i o n o f t h i s i 

s imple i n the l i g h t o f the p h o t o - r e a c t i v i t y o f perch loro indene discussed 

e a r l i e r , i n f a c t t h i s o b s e r v a t i o n was made s h o r t l y be fo r e the pho to 

s e n s i t i v i t y o f t h i s type o f compound had been r e a l i z e d . The m a t e r i a l s 

e l u t e d f rom the column were examined by e lementa l a n a l y s i s , i n f r a r e d , 

19 

mass and F n . m . r . spect roscopy. No unambiguously cha rac t e r i z ed s i n g l e 

compounds were ob ta ined b u t some c l e a r g e n e r a l i z a t i o n s can be made:-

( i ) i n no case was there ex tens ive f l u o r i n a t i o n , exchange 

o f three c h l o r i n e s appears to be as f a r as the r e a c t i o n 

goes under the c o n d i t i o n i n v e s t i g a t e d ; 

( i i ) a l l f r a c t i o n s conta ined C-H bonds c o n s i s t e n t w i t h r e a c t i o n 

o f the i n i t i a l p roduc t mix tu re w i t h s o l v e n t d u r i n g 

sepa ra t ion by a pho tochemica l ly promoted r a d i c a l process ; 

( i i i ) the longer r e t a i n e d products appeared, on the bas is o f 

mass spectroscopy, t o be dimers o f the o r i g i n a l c h l o r o f l u o r o -

indenes, coupled w i t h hydrocarbon residues d e r i v e d from 

s o l v e n t . 

2 .6 . Attempted f l u o r i n a t i o n o f the ca rbonyl group i n Hexachloroindenone 

The s e l e c t i v e replacement o f oxygen atoms by f l u o r i n e i n many 

types o f o rgan ic compounds has been accomplished w i t h su lphur t e t r a -
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71 72 73 f l u o r i d e , phenyl s u l f u r t r i f l u o r i d e , carbonyl f l u o r i d e , d i a l k y l 

74 75 
amino s u l f u r t r i f l u o r i d e , s e l e n i u m t e t r a f l u o r i d e , and more r e c e n t l y 

76 

w i t h a mix ture o f molybdenumhexafluoride and b o r o n t r i f l u o r i d e . Of 

p a r t i c u l a r relevance to t h i s work was the convers ion o f carbonyl t o 

d i f l u o r o m e t h y l e n e by e i t h e r o f these reagents , s ince t h i s p r o v i d e d 

a pos s ib l e s y n t h e t i c route to the 1 , 1 - d i f l u o r i d e (21) f rom hexachloro-

indenone. I t seemed poss ib l e t h a t t h i s compound might be a b e t t e r 

s t a r t i n g m a t e r i a l f o r exchange f l u o r i n a t i o n , s ince the p h o t o l a b i l i t y o f 

perchloro indene i s thought t o be due t o the ease w i t h which the b e n z y l i c 

carbon c h l o r i n e bond can be c leaved , the b e n z y l i c carbon f l u o r i n e bonds 

i n (21) would not be expected t o be so e a s i l y cleaved and i n consequence 

i s o l a t i o n o f products might be e a s i e r . 
0 

f l u o r i n a t i n ' 
agent 

Cl Cl (18) ^ (21) 
The h i g h t o x i c i t y o f su lphur t e t r a f l u o r i d e and the ease w i t h which i t 

hydro lyses to g ive hydrogen f l u o r i d e on con tac t w i t h mois ture make 

extreme care a p r e r e q u i s i t e when work ing w i t h t h i s m a t e r i a l and, s ince 

i t i s a gas, r eac t i ons a t e l eva t ed temperatures r e q u i r e s t a i n l e s s 

s t e e l au toc laves . On the o the r hand, a l though i t reac ts w i t h m o i s t u r e , 

r e ac t i ons w i t h molybdenumhexafluoride may be conven ien t ly c a r r i e d ou t 

i n dry glassware; consequently the l a t t e r reagent ca ta lysed by BF^, was 

the p r e f e r r e d f l u o r i n a t i n g agent. The f l u o r i n a t i o n o f cyclohexanone 

us ing MoF /BF i n c a r b o n t e t r a c h l o r i d e was at tempted as a model r e a c t i o n 6 3 

g i v i n g d i f l u o r o c y c l o h e x a n e f o l l o w i n g the procedure descr ibed i n the 

exper imenta l s e c t i o n . The p roduc t was c h a r a c t e r i s e d by mass 

O 

MoF /BF 
6 3 

CCl . 
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spectroscopy w i t h a molecular i o n M (m/e 120 ) , and e x p u l s i o n o f HF 

f rom the molecular i o n g i v i n g a f ragment a t m/e 100. The r e a c t i o n 

between hexachloroindenone and MoF /BF i n c a r b o n t e t r a c h l o r i d e a t -15°C 
6 3 

was unsuccessfu l the s t a r t i n g m a t e r i a l be ing recovered unchanged. I t 

i s poss ib le t h a t the p roduc t expected , 1 , 1 - d i f l u o r o h e x a c h l o r o i n d e n e , 

was formed as expected bu t des t royed by h y d r o l y s i s d u r i n g work up o f 

the p r o d u c t . To check t h i s p o s s i b i l i t y the experiment was repeated 

us ing a m o d i f i e d method, anhydrous sodium f l u o r i d e powder and anhydrous 

aluminium f l u o r i d e powder were added a t the t e r m i n a t i o n stage i n s t e a d 

o f wa te r . However, there was no de tec tab le r e a c t i o n and the s t a r t i n g 

m a t e r i a l was recovered unchanged. Thus, i t seems reasonable to 

conclude t h a t MoF /BF_ does not e f f e c t the f l u o r i n a t i o n o f the 
6 3 

carbonyl i n perch loro indenone . Other workers i n t h i s group have 

had d i s a p p o i n t i n g r e s u l t s w i t h t h i s reagent ; t h u s , B. Wilson used the 

reagent i n an a t tempt to prepare l , l - d i f l u o r o c y c l o p e n t - 3 - e n e f rom 

c y c l o p e n t - 3 - e n e - l - o n e , i n the event the ca rbonyl group d i d not r e a c t 

a l though one o f the a l l y l i c C-H bonds was rep laced by a C-F bond. I t 

can be concluded t h a t MoF,. i s not such a un iversa l reagent f o r ca rbonyl 
6 

f l u o r i n a t i o n as i t i s g e n e r a l l y thought t o be. 

2 . 7 . Conclusions and suggestions f o r f u r t h e r work 

The at tempted f l u o r i n a t i o n o f oc t ach lo ro indene , us ing potassium 

f l u o r i d e as f l u o r i n a t i n g agent was l a r g e l y unsucces s fu l , a l though i t 

i s e s t a b l i s h e d t h a t p a r t i a l exchange f l u o r i n a t i o n can occu r . One o f 

the reasons f o r the very l i m i t e d success o f t h i s work i s the 

s e n s i t i v i t y to l i g h t o f oc tach loro indene and r e l a t e d c h l o r o f l u o r o -

indenes. I t seems very l i k e l y t h a t t h i s s e n s i t i v i t y i s a consequence 

o f the homolysis o f a carbon c h l o r i n e bond i n the d ich loromethylene 

u n i t . These d i f f i c u l t i e s might be overcome i f the s t a r t i n g m a t e r i a l 
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was 1 ,1 -d i f l uo rohexach lo ro indene r a t h e r than oc t ach lo ro indene ; the 

at tempt t o make the d i f l u o r o compound by f l u o r i d a t i o n o f hexach lo ro-

indenone was unsuccessfu l w i t h MoF .̂ bu t i n any c o n t i n u a t i o n o f t h i s 
6 

work a l t e r n a t i v e f l u o r i n a t i n g agents such as SF^ o r ( C

2

H 5 ^ 2 N S F 3 w o u ^ ^ ^ e 

worth i n v e s t i g a t i n g . 

Another l i m i t a t i o n on the exchange f l u o r i n a t i o n w i t h KF which was 

demonstrated stems f rom the thermal i n s t a b i l i t y o f oc t ach lo ro indene . 

A l t e r n a t i v e f l u o r i n a t i o n procedures might be advantageous, such as the 

use o f p o l a r a p r o t i c s o l v e n t s , o r CsF r a t h e r than KF, or i n c l u s i o n o f 

crown e t h e r s . 



SECTION I 

CHAPTER 3 

EXPERIMENTAL 
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3 . 1 . Synthesis o f hexachloroindenone v i a r e a c t i o n o f hexach lo rocyc lo -

pentadiene w i t h concent ra ted s u l p h u r i c a c i d 

Hexachlorocyclopentadiene was ob ta ined f rom stock s u p p l i e d by 

Koch-L igh t Labora to r i e s L t d . 

Hexachlorocyclopentadiene (320 m l , 544 g , 2 moles) was p laced i n 

a 3-necked round bottomed f l a s k f i t t e d w i t h an e f f i c i e n t mechanical 

s t i r r e r , a thermometer which dipped below the l i q u i d l e v e l , and a water 

cooled r e f l u x condenser. S u l p h u r i c a c i d (concent ra ted , dens i t y 1.89, 

320 mole) was added c a r e f u l l y i n p o r t i o n s o f ca. 50 ml w i t h s t i r r i n g . 

The mix tu re was s t i r r e d a t room temperature f o r 10 minu tes , there was 

no evidence o f r e a c t i o n . The mix tu re was then g e n t l y heated us ing an 
o 

e l e c t r i c a l h e a t i n g mant le . At about 50 the mix ture s t a r t e d to darken, 

and i t became p r o g r e s s i v e l y darker t u r n i n g f rom y e l l o w t o b lack d u r i n g 

the course o f r e a c t i o n , an a c i d gas was evo lved , the temperature o f the 

mix ture was kep t a t ca. 80 - 90° f o r 19 hours . The mix tu r e was cooled 

to room temperature , c a r e f u l l y poured onto i c e and l e f t over n i g h t , the 

brown s o l i d res idue was recovered by f i l t r a t i o n , washed w i t h water u n t i l 

the washings were co lou r l e s s and n e u t r a l and then d r i e d i n the a i r t o 

give a s o l i d p roduc t (239 g ) . This i n i t i a l p roduc t was b o i l e d w i t h 

water f o r about h a l f an hour , the s o l i d p roduc t which separated on 

c o o l i n g was recovered by f i l t r a t i o n . I t was d i s s o l v e d i n acetone, 

b o i l e d w i t h a c t i v a t e d charcoal and f i l t e r e d through a H y f l o p l u g , 

the s o l i d orange p roduc t which separated on c o o l i n g was recovered by 

f i l t r a t i o n and r e c r y s t a l l i z e d f rom acetone to g ive hexachloroindenone 

(81 g, 24.04 moles, 12%); m.p. 1 4 2 ° , f ound : C, 3 2 . 1 ; C I , 63.4%, 

M, ,334 , C CI 0 r e q u i r e s , C, 3 2 . 1 ; C I , 63.2%, M, 334 mass (mass spec.) 9 6 

spectrum and i n f r a red spectrum (Appendix 1 No. 1 ) . 
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3 .2 . Synthesis o f oc tachloro indene by r e a c t i o n o f hexachloroindenone w i t h 

phosphorouspentachloride 

Hexachloroindenone (lO g , 29.7 mmoles) and phosphorouspentachloride 

(20 g , 95.9 mmoles) were p laced i n a t h i c k w a l l e d pyrex ampoule (Carius 

tube) which had p r e v i o u s l y been d r i e d by h e a t i n g under vacuum. The 

vessel was connected to the vacuum l i n e , evacuated, and warmed t o remove 

any t race o f water which may have en te red d u r i n g the t r a n s f e r processes; 

then i t was sealed under vacuum. The tube was p l aced i n a furnace and 

o 

heated f o r about 2 hours a t 200 - 250 C. A f t e r c o o l i n g to room 

temperature i t was removed f rom the fu rnace and cooled i n l i q u i d a i r , 

the sea l was broken by "hot s p o t t i n g " . The p roduc t was recovered by 

c a r e f u l l y adding wa te r , f o l l o w e d by e the r and acetone, the content o f 

the tube was s t i r r e d us ing a long glass r o d , a s t r o n g l y exothermic 

r e a c t i o n occurred and HCl was evo lved . The mix ture was d i l u t e d w i t h 

d i s t i l l e d water and e the r was added u n t i l a l l the p r e c i p i t a t e d i s s o l v e d . 

The o rgan ic l a y e r was separated, washed again w i t h wa te r , separated, 

and d r i e d over anhydrous sodium su lpha te . A f t e r f i l t r a t i o n and 

evapora t ion o f the s o l v e n t crude perch loro indene was ob ta ined (8.35 g, 

21.3 mmoles, 72%) as wh i t e needles. An a n a l y t i c a l sample was prepared 

by repeated r e c r y s t a l l i z a t i o n f rom methanol (Found: C, 27.78; C I , 
72.11%, M ,388, CCln r equ i r e s C, 27.55; C I , 72.45%, M, (mass spec.) 9 8 

388) , m.p. 130° r e p o r t e d values ranged f rom (84° - 1 3 8 . 5 ) w i t h 

c o r r e c t i . r . spectrum (Appendix 1 , No. 2) and M(raass spec t rum) . 

3 .3 . Photochemical r eac t i ons o f oc tachloro indene 

(a) Cyclohexane 

Octachloroindene (2 g , 5.2 mmoles) was d i s s o l v e d i n 50 ml o f 

cyclohexane, the s o l u t i o n was streamed w i t h d ry n i t r o g e n f o r 40 minutes . 
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Two c y l i n d r i c a l tubes were f i l l e d w i t h s o l u t i o n i n t h i s way. One o f 

these tubes was covered and s to r ed i n the dark w h i l e the o the r was p u t 

on the window s i l l . 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 i n the tube on 

the window s i l l s t a r t e d to change to p ink a f t e r 40 minutes , the co lou r 

o f the s o l u t i o n became p r o g r e s s i v e l y darker t u r n i n g f rom p ink to v i o l e t . 

A f t e r one week the tube on the window s i l l was opened, an a c i d gas was 

evolved ( L i t m u s ) , the s o l v e n t was evaporated and the v i o l e t p roduc t 

(1.8 g) was d r i e d under vacuum. I t was examined by i . r . spectroscopy 

(Appendix 1 , No. 3) and t . l . c . ( s i l i c a , CCl^) which i n d i c a t e d the 

presence o f a t l e a s t f o u r components. An a t tempt was made t o separate 

the components o f t h i s mix tu re by ' d r y column' chromatography. A 

chromatography column (96 cm x 2.2 cm.dia . ) was packed w i t h dry s i l i c a 

( s i l i c a ge l (K iese l g e l 60) f rom Fluka A.G.) t a k i n g care to e l i m i n a t e 

voids and channels , the mix tu re (0 .81 g) was d i s s o l v e d i n a sma l l 

volume o f c a r b o n t e t r a c h l o r i d e and adsorbed as a t n i n band on the top 

o f the dry column. The column was then developed i n the normal way 

us ing c a r b o n t e t r a c h l o r i d e as e l u e n t . The f i r s t f r a c t i o n f rom the 

column was perch loro indene (0.64 g , 79%) i d e n t i f i e d by i t s i n f r a r e d 

spectrum, no o t h e r components o f the mix tu re were ob ta ined i n a pure 

s t a t e . The tube s t o r e d i n the dark was s t i l l co lou r l e s s a f t e r one 

month, i t s co lou r s t a r t e d t o change as soon as i t was exposed to 

day l i g h t . 

(b) Carbonte t rachlorLde 

The same procedure as i n (a) was used w i t h c a r b o n t e t r a c h l o r i d e 

r e p l a c i n g cyclohexane. The s o l u t i o n remained c o l o u r l e s s on exposure to 

day l i g h t f o r one week, evapora t ion o f the s o l v e n t gave perchloro indene 

i d e n t i f i e d by i t s i . r . spectrum. 
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(c) Toluene 

Perchloroindene (1.6 g , 4 .08 mmoles) was d i s s o l v e d i n to luene 

(50 ml) i n a c y l i n d r i c a l pyrex vessel (50 cm. x 2.2 cm. d i a . ) , the 

vessel was i r r a d i a t e d i n a Rayonet photochemical r eac to r f o r 18.30 

hours us ing 3500A lamps, the s o l u t i o n was c o n t i n u a l l y streamed w i t h 

dry n i t r o g e n and the gas evolved f rom the r e a c t i o n was bubbled through 

a s tandard s o l u t i o n o f sodium hydroxide (50 m l , 0.498N) which was 

p r o t e c t e d f rom atmospheric contamina t ion by a Drechsel b o t t l e c o n t a i n i n g 

heavy whi te o i l . The s o l v e n t was evaporated f rom the i r r a d i a t e d t ube . 

The recovered p roduc t (1.85 g) was d r i e d under vacuum, i t was examined 

by i . r . (Appendix 1 , No. 4 ) , "̂H n . m . r . spectroscopy, and a n a l y t i c a l 

t . l . c . ( s i l i c a , CCl^) which i n d i c a t e d the presence o f more than three 

components. An at tempt was made t o separate the components o f t h i s 

mix ture by ' d r y column' chromatography by the procedure descr ibed 

above. The mix tu re (1.59 g) was separated i n t o f o u r f r a c t i o n s (0.055 g, 

0 .2 g , 0.138 g , 0.77 g) r e s p e c t i v e l y , a l l these f r a c t i o n s were 

examined by i . r . spectroscopy (Appendix 1 , No . 5, 6, 7, 8 r e s p e c t i v e l y ) , 

and mass spectroscopy the d e t a i l s o f which were discussed e a r l i e r 

(see s e c t i o n 2 . 4 ) . 

The sodium hydroxide s o l u t i o n f rom the Drechsel b o t t l e was 

t i t r a t e d aga ins t s tandard h y d r o c h l o r i c a c i d (0 . IN) to determine the 

q u a n t i t y o f hydrogen c h l o r i d e evolved d u r i n g the r e a c t i o n . This 

amounted to 2.8 moles o f hydrogen c h l o r i d e per mole o f pe rch lo ro indene . 

3 .4 . At tempt f l u o r i n a t i o n o f oc tach loro indene us ing potassium f l u o r i d e 

Potassium f l u o r i d e was d r i e d by repeated hea t i ng over a bunsen 

and s i e v i n g , i t was s t o r e d under reduced pressure a t 100°C. Anhydrous 

e the r was purchased from Macfar lan Smith L t d . , d ichloromethane, hexane 

f r a c t i o n and phosphorus pen t ach lo r i de f rom Hopkin and W i l l i a m s , carbon-
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t e t r a c h l o r i d e f rom B.D.H. Chemicals L t d . 

I n a t y p i c a l experiment perch loro indene ( 3 . 1 g, 7.9 mmoles) was 

charged i n a dry pyrex Carius tube . I t was evacuated and warmed (warmed 

and a l lowed to cool) us ing a h a i r d r y e r seve ra l t imes . Potassium f l u o r i d e 

(15 g , 25.86 mmoles) was added ho t and d r y . The Carius tube was evacuated 

again f o r about 10 - 15 minutes and warmed. I t was then sealed under 

vacuum. The tube was p l aced i n a furnace and heated f o r 23 hours a t 

260°C, a f t e r c o o l i n g to room temperature the tube was removed f rom the 

furnace and cooled i n l i q u i d a i r , the sea l was broken by ' h o t s p o t t i n g 1 

and the p roduc t was t r e a t e d w i t h anhydrous e t h e r . The i n o r g a n i c s a l t 

was removed by f i l t r a t i o n f rom the e the r l a y e r . The s o l v e n t was 

evaporated to g ive ye l low-brown p roduc t ( 2 . 1 g) which was examined by 

i . r . spectroscopy (Appendix 1 , No. 9 ) , and t . l . c . ( s i l i c a , C H ) which 
6 14 

showed a t l e a s t f o u r components. An a t tempt was made to separate these 

components by dry column chromatography. The column (133 cm. x 26 d i a . ) 

was packed w i t h dry s i l i c a (Hopkin and W i l l i a m s , s i l i c a ge l M . F . L . 

lOO - 200) . The p roduc t mix tu re was d i s s o l v e d i n a sma l l amount o f 

hexane, then i t was a p p l i e d by means o f a s m a l l p i p e t t e t o the top o f 

the column w i t h o u t t ouch ing the su r face o f the adsorbent , a f t e r the 

sample s o l u t i o n was absorbed the column was developed w i t h hexane i n the 

normal way, a s e r i e s o f c l e a r l y d i f f e r e n t i a t e d co loured bands developed. 

Five f r a c t i o n s were c o l l e c t e d : -

(a) the f i r s t f r a c t i o n (O.3 g) gave y e l l o w c r y s t a l s on p a r t i a l 

evapora t ion o f the s o l u t i o n , examinat ion by t . l . c . ( s i l i c a , 

C^H^) i n d i c a t e d a s i n g l e component, bu t HPLC i n d i c a t e d two 

components which were i d e n t i f i e d as a mix tu re o f 1 , 1 - d i f l u o r o -

hexachloroindene and a t r i f l u o r o p e n t a c h l o r o i n d e n e (see 

D i s c u s s i o n ) ; 
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(b) the second f r a c t i o n (0.35 g) was subl imed and examined by i . r . , 

n . m . r . and mass spect roscopy, i t was a p roduc t o f r e a c t i o n w i t h 

the e l u t i n g s o l v e n t and was not complete ly c h a r a c t e r i z e d 

(see D i s c u s s i o n ) ; 

(c) the t h i r d f r a c t i o n 0.19 g was a lso a p roduc t o f r e a c t i o n 

w i t h s o l v e n t ; 

(d) the f o u r t h f r a c t i o n (0.048 g) was examined by i . r . spect roscopy, 

i t a lso conta ined res idues d e r i v e d f rom r e a c t i o n w i t h s o l v e n t . 

The column was washed w i t h methanol t o g ive (0.9 g) o f b lack r e s idue . 

The f l u o r i n a t i o n was c a r r i e d o u t seve ra l t imes under d i f f e r e n t r e a c t i o n 

c o n d i t i o n s . The r e s u l t s were t a b u l a t e d and discussed e a r l i e r . 

3 .5 . F l u o r i n a t i o n o f hexachloroindenone us ing molybdenumhexafluoride 

and b o r o n t r i f l u o r i d e 

3 
Dichloromethane (5O0 cm. ) d i s t i l l e d f rom P 2 ° 5 w a s P l a c e d i n a 

3 

2000 cm. , 3-necked round-bottomed f l a s k , f i t t e d w i t h a mechanical 

s t i r r e r , a gas i n l e t which extended under the s o l v e n t and a water 

cooled r e f l u x condenser. Molybdenumhexafluoride (22 g , 104 moles) was 

added t o the dichloromethane and s t i r r e d f o r 50 minutes . The mix tu r e 
o . t u rned dark i n c o l o u r . I t was cooled to 0 C us ing an e x t e r n a l acetone/ 

s o l i d carbon d i o x i d e ba th and a f a s t stream o f b o r o n t r i f l u o r i d e was 

bubbled through the mix tu re f o r f i f t e e n minutes w i t h v igorous s t i r r i n g . 

The s o l u t i o n became dark r e d . The gas i n l e t tube was replaced by a 

dropping f u n n e l and hexachloroindenone (10.6 g, 31 mmoles) d i s s o l v e d 
3 

i n dichloromethane (300 cm. ) was added dropwise to the v i g o r o u s l y 

s t i r r e d r e a c t i o n mix tu re a t such a r a t e t h a t the r e a c t i o n temperature 

o o 

s tayed between -15 C and -20 C. When a d d i t i o n was complete the s o l u t i o n 

was a l lowed to warm up s l o w l y to room temperature w h i l e i t was s t i r r e d . 

Anhydrous sodium f l u o r i d e powder (7.8 g , 186 mmoles) was added i n sma l l 
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p o r t i o n s to the r e a c t i o n m i x t u r e . I t was s t i r r e d f o r 30 minutes . 

Anhydrous aluminium f l u o r i d e powder (17.5 g, 209 mmoles) was added and 

s t i r r e d f o r 30 minutes and the p r e c i p i t a t e d m a t e r i a l s were removed 

by f i l t r a t i o n . The mix ture was d i s t i l l e d under vacuum (water pump) to 

remove s o l v e n t and v o l a t i l e r es idues . Ana lys i s by i . r . spectroscopy 

and t . l . c . showed t h a t the o n l y m a t e r i a l p resen t was perch loro indenone . 

3.6. F l u o r i n a t i o n o f cyclohexanone us ing molybdenumhexafluoride and 

b o r o n t r i f l u o r i d e 

Ca rbon t e t r ach lo r ide (500 cm. 3 ) d i s t i l l e d f rom p

2 ° 5 w a s p l a c e d i n a 

3 
1OO0 cm. , 3-necked round-bottomed f l a s k f i t t e d w i t h a mechanical 

s t i r r e r , g a s - i n l e t and water condenser. Molybdenumhexafluoride (15 g , 

o 

71 mmoles) was added to the s o l v e n t . I t was cooled t o 0 us ing an 

e x t e r n a l a c e t o n e / s o l i d carbon d i o x i d e ba th and a f a s t stream o f boron-

t r i f l u o r i d e was bubbled through the mix tu re f o r 10 minutes w i t h v igorous 

s t i r r i n g . The s o l u t i o n was cooled to - 1 5 ° . The g a s - i n l e t tube was 

rep laced by a dropping f u n n e l and d i s t i l l e d cyclohexanone (15 g , 153 
3 

mmoles) d i s s o l v e d i n c a r b o n t e t r a c h l o r i d e (100 cm. ) was added dropwise , 

the s o l u t i o n became da rk . When a d d i t i o n was complete the s o l u t i o n was 

a l lowed to warm up s l o w l y to room temperature and s t i r r e d f o r 2 hours . 
3 

Water (50 cm. ) was added dropwise to the r e a c t i o n mix tu re which was 

cooled i n an e x t e r n a l i c e / w a t e r b a t h . The o rgan ic l a y e r was separated 

a n a l y t i c a l gas chromatography (130°c column A) showed three peaks one 

f o r s o l v e n t , one f o r cyclohexanone and a t h i r d major peak which was 

i d e n t i f i e d as d i f luo roeye lonexane by mass spectroscopy coupled to 

gas chromatography. 
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4 . 1 . H i s t o r i c a l Background o f O l e f i n Metathesis 

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

t o t a l number and type o f chemical bonds remains unchanged d u r i n g the 

t r a n s f o r m a t i o n o f the i n i t i a l alkenes i n t o equimolar amounts o f two new 

products as shown i n Figure 4 . 1 . 

1 1 1 1 R CH = CHR R CH R CH 

/_ 
2 2 2 2 

R CH = CHR R CH R CH 

Figure 4 . 1 

These t r a n s f o r m a t i o n s are induced by the combinat ion o f the alkenes 

w i t h a v a r i e t y o f c a t a l y s t s . The most common c a t a l y s t s are based on 

tungs ten , molybdenum o r rhenium, toge ther w i t h a c t i v a t o r s which are 

u s u a l l y organo aluminium o r t i n compounds. The r e a c t i o n has been 

v a r i o u s l y c a l l e d ' m e t a t h e s i s ' , ' d i s p r o p o r t i o n a t i o n ' and sometimes 

' d i s m u t a t i o n ' . The f i r s t examples o f the metathesis o f l i n e a r alkenes 

77 

were r epo r t ed by Banks and B a i l y i n 1964. This opened the way f o r the 

study and the development o f a very i m p o r t a n t f i e l d o f chemistry and over 

the years the range o f subs t ra te types has been increased to i nc lude 

s u b s t i t u t e d alkenes, d ienes , polyenes , alkynes and cyc loa lkenes . The 

l a t t e r r ing-open po lymer i ze , producing l i n e a r polymers known as 

po lya lkeny l enes . This type o f p o l y m e r i z a t i o n was no t recognized as a 
78 79 

s p e c i a l case o f o l e f i n metathesis u n t i l 1968, ' see Figure 4 . 2 . 

P / 3 1 v MCH=CH-(CHJ * 
MCH J ^ 2 n P 

2 2 

F i gure 4.2 

I n f a c t the f i r s t mention o f the metathesis r e a c t i o n ca ta lysed by 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 o f b i c y c i o [2 * 2 .1] hept~2— ene by 
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a mix ture o f 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 ethylmagnesiumbromide 

80 
o r l i t h i u m t e t r a b u t y l a l u m i n i u m . This r e a c t i o n was recorded i n 1955, 

bu t i t was not u n t i l 1960 t h a t the polymer was shown to be a p o l y a l k e n -

81 82 
y l e n e . I n 1959 E l e u t e r i o , us ing a c a t a l y s t prepared f rom molybdenum 

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

r e a c t i o n w i t h aluminium h y d r i d e , was able t o r ing-open polymerize 

a v a r i e t y o f cycloalkenes i n c l u d i n g cyclopentene co form t r a n s - p o l y 

(1-pentenylene) w i t h a h i g h degree o f s t e reo- regu la r s t r u c t u r e , b u t 

83 

o n l y i n low y i e l d . I n 1963 D a l l ' A s t a and N a t t a , demonstrated the 

p o s s i b i l i t y o f p roduc ing s t e r e o - r e g u l a r polymers f rom cycloalkenes 

us ing 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 , cyclobutene 

was po lymer ized t o predominant ly o r e x c l u s i v e l y c i s o r t r ans p o l y 

(1-butenylene) as shown i n Table 4 . 1 . 

I n 1964 the same authors employed tungs ten and molybdenum h a l i d e s 

i n combinat ion w i t h organo aluminium compounds as c a t a l y s t s , c y c l o 

pentene was po lymer ized by r i n g - o p e n i n g under m i l d c o n d i t i o n s , again 
84 

s t e r e o - s e l e c t i v i t y was demonstrated. I n 1967 Calderon e t . a l . , 

us ing f o r the f i r s t t ime the term ' o l e f i n meta thes i s ' f o r the o v e r a l l 

r e s u l t o f the r e a c t i o n , conver ted 2-pentene i n t o a mix tu re o f 2-butene 

and 3-hexene us ing a WClg-EtAlCl^EtOH c a t a l y s t . 
Table 4 . 1 

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

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

T i C l ^ / E t ^ A l / n - h e p t a n e predominant ly 
. 

C I S 

T i C l 4 / R 3 A l / t o l u e n e predominant ly t r ans 

MoCl,./Et A l / t o l u e n e 
=> 3 

predominant ly c i s 

RUC1 3/H 20 mixed c i s and t r ans 

RuCl 3 /Et0H t r a n s 
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This r e s u l t was very impor t an t i n the e v o l u t i o n o f the metathesis concept 

because i t demonstrated t h a t r i n g - o p e n i n g r eac t ions and the r eac t i ons o f 

a c y c l i c o l e f i n s belonged to the same c lass o f 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 . Since then a g r ea t number o f i n v e s t i g a t i o n s o f a l l 

aspects o f the metathesis r e a c t i o n have been c a r r i e d o u t , and s eve ra l 

85-91 
d e t a i l e d reviews have been p u b l i s h e d . 

4 . 2 . The Scope and A p p l i c a t i o n s o f the O l e f i n Metathesis React ion 

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

o rgan ic chemis t ry . 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 o f 

r e f i n e r y streams, f o r example, by c o n v e r t i n g and alkenes i n t o 

mixtures c o n t a i n i n g e thylene and propene toge ther w i t h h ighe r molecular 

we igh t p r o d u c t s ; p r o d u c t i o n o f i n t e rmed ia t e s f o r flame r e t a r d a n t s ; 

92 

s t a b i l i z e r s ; perfumes; and nove l polymers and copolymers, 

(a) A c y c l i c o l e f i n s 

The convers ion o f many a c y c l i c mono-o le f ins and mixtures o f 

o l e f i n s , bo th l i n e a r and branched, has been e f f e c t e d according t o the 

general equa t ion i n Figure 4 . 3 , where R represents hydrogen or h y d r o 

carbon groups. 

f 
c-

R R R R 
V / R 

II I 8 A 7 
R R 

R R R R 

Figure 4.3 

Terminal o r 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 o f the appropr ia te c a t a l y s t , the homo _ metathesis r e a c t i o n o f 

an a c y c l i c a -mono-o le f in y i e l d s e thy lene and a symmetr ica l i n t e r n a l 

o l e f i n , the homo-metathesis r e a c t i o n o f an unsymmetrical i n t e r n a l 

m o n o - o l e f i n u s u a l l y gives two symmetr ica l i n t e r n a l o l e f i n s . The genera l 
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re la t ionsh ip for 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 Figure 4 . 4 , where 

n i s the carbon chain length and m i s the pos i t ion of the double bond 

i n the chain . 

m . m n-m 
2C N C . + C„. , 

n ^ 2m 2 (n-m) 

Figure 4.4 

React ions , of terminal and i n t e r n a l a c y c l i c mono-alkenes has been 

. , 90,91 
reported i n great d e t a i l . 

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

unsaturation by cross-metathesis , which can be use fu l i n s tructure 

inves t igat ions . Subst i tut ion of a c y c l i c monoalkenes with hydrocarbon 

groups such as c y c l o a l k y l , cyc loa lkenyl or a r y l groups does not seem 

to a f f e c t t h e i r a b i l i t y to undergo metathesis; for example, styrene i s 

93 
converted to ethylene and 1,2-diphenylethylene, Figure 4 .5 . 

CH=CH 

CH 
+ II 

CH 

Figure 4.5 

94 

Calderon, reported that the e f f e c t of subs t i tu t ion on the case of 

p a r t i c i p a t i o n i n the o l e f i n metathesis i s given by the s e r i e s shown i n 

Figure 4.6 ind ica t ing some s t e r i c control of react ion . 

CH2= > RCH2CH= > R2CHCH= > R 2 C= 

Figure 4.6 

(b) A c y c l i c polyenes 
89 

Zuech and co-workers, have reported that polyenes or cycloalkenes 

are formed from the react ion of a,*S-dienes with metathesis c a t a l y s t s , 
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the subs t ra tes undergo e i t h e r i n t e r - o r i n t r a - m o l e c u l a r r eac t i ons 

depending upon the r e l a t i v e s t a b i l i t i e s o f the r i n g and cha in p r o d u c t . 

For example, h e x a - l , 5 - d i e n e i s conver ted i n t o 1 ,5 ,9 -deca t r iene and 

e thy lene v i a i n t e r - m o l e c u l a r meta thes i s , whereas oc ta -1 ,7-d iene i s 

conver ted v i a i n t r a - m o l e c u l a r metathesis f o r cyclohexene and e t h y l e n e . 

Figure 4.7 

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

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

CH =CH CH 
H C ^CH 

? II + 

CH2=CH 

,CH 
CH, 

CH, 

CH 

(c) Alkynes 

CH=CH, 

CH=CH, 
"ST" 

Figure 4.7 

CH 

I 

The metathesis o f l i n e a r a lkynes , such as 1-pentyne, 2-pentyne and 

95 96 

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 t o be 

analogous t o the metathesis o f a c y c l i c o l e f i n s , F igure 4 .8 . 
2 1 2 

RCS33CR 

R C = C R 2 

C CR 

+ 

F igure 4.8 

CR 

(d) A r y l - s u b s t i t u t e d o l e f i n s 

93 97 
A few examples have been r e p o r t e d ' and some are shown i n 

F igure 4.9 
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a H 2-CH 2-CH=CH 2 CH_CH=CHCH_CH 

+ C 2 H 4 

CH3CH=CHCH3 

Figure 4.9 

o CH=CH-CH 

The aromat ic system which i s capable o f c o o r d i n a t i n g to l o w - v a l e n t 

t r a n s i t i o n metals such asW and Mo, can r e t a r d the ra te o f r e a c t i o n o r 

deac t iva t e p a r t i c u l a r c a t a l y s t systems, 

(e) Cycloalkenes 

The 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 o f cycloalkenes to l i n e a r polymers 

by metathesis p rov ides an i n t e r e s t i n g type o f p o l y m e r i z a t i o n i n t h a t 

a l l the u n s a t u r a t i o n o f the monomer i s r e t a i n e d i n the polymer. The 

r e a c t i o n may be gene ra l i zed as shown i n Figure 4 .10 . 

-£CH=CH-(CHj f 2 n 
po lya lkeny lene 

(CH_) 

CH : = C] 

CH 

(CHJ 2 n 

Mac rocyc l i c polyene 

Figure 4.10 

Mono-cyc l i c alkenes f rom C^ t o C^ 2 w i t h the excep t ion o f c y c l o -

85 

hexene, undergo 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 to y i e l d products which 

vary f rom 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 
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98 
can be c o n t r o l l e d to y i e l d polymers w i t h e i t h e r a h igh c i s o r a h igh 

85,99 

t rans content by v a r y i n g the c a t a l y s t and by c o n t r o l l i n g the 

temperature o f r e a c t i o n . This p o i n t i s very impor t an t i n the 

r e g u l a t i o n o f t h i s r e a c t i o n e s p e c i a l l y i n i n d u s t r y . Metathesis o f 

poly(alkenamers) o r t h e i r pa ren t cycloalkenes a t h igh d i l u t i o n gives 
lOO 

a mix ture o f mac ro -cyc l i c compound i n h i g h y i e l d . Two i n t e r e s t i n g 

m a t e r i a l s prepared by t h i s technique are cyc lohexadeca- l ,9 -d iene ( 2 3 ) , 

the c y c l i c dimer o f cyclooctene which when o x i d i z e d y i e l d e d a ketone 

w i t h a musk- l ike odour ( 2 4 ) f ^ Q ^ and catenanes, the i n t e r l i n k e d r i n g 

(23) 

systems which form p a r t o f the p roduc t f rom the metathesis o f cyc lo -

dodecene, Figure 4 . 1 1 . 

metathesis Metathesis T w i s t 

Figure 4 .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 alkenes undergo 

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 . The polymer produced f rom b i c y c l o [ 2 . 2 . 1 ] 

A 
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hept-2-ene (25 ) , p o l y ( 1 , 3 - c y c l o p e n t y l e n e v iny lene ) (26) i s the f i r s t 

po lya lkeny lene to be commercial ly e x p l o i t e d under the t rade name 

103 
Norsorex, i t i s used as p a r t o f a shock absorber system i n some cars . 

"CH=CH 

(25) :26) 
104 

I n a d d i t i o n to the examples a l ready mentioned, cycloheptene, c y c l o -
105 , v 106 

decene, and h e t e r o c y c l i c o l e f i n s (such as unsa tura ted l a c t o n e s ) , 

have been shown t o undergo 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 ; f o r example, 

7-hexadecen-16-olide g ives an unsa tura ted p o l y e s t e r as shown below. 

O 

CH-(CH ) -C N 
2. b 

CH-(CH 2 ) 7 -CH 2 

0 / - -fCH=CH- (CH„) -C-0 (CH ) Q + z D z o n 

( f ) Metathesis o f f u n c t i o n a l i z e d o l e f i n s 

I n 1975 the number o f papers d e a l i n g w i t h the metathesis o f 

107 
f u n c t i o n a l i z e d o l e f i n s was very s m a l l . The o n l y s u c c e s s f u l r e a c t i o n 

108 

was pub l i shed by Boelhowver e t . a l . , who r e p o r t e d the metathesis 

o f unsatura ted es te r s us ing the homogeneous c a t a l y s t WCl^/Sn(Me)^; 

f o r example they prepared octadec-9-ene and octaaec-9-enedoic d i m e t h y l 
109 

e s t e r f rom methyl o lea tes as shown i n Figure 4 . 1 2 . 
CH (CH ) -CH 

3 2 7 CH CH 
II + I 

- ( C H 2 ) 7 - C H 3 

CH^OC- (CH2) 7~CH CH-(CH 2) 7-COOCH3 

CH -(CH )^-CH=CH(CH o)^CH, 
- ^ 3 2 7 3 

CH3OOC-(CH2) 7-CH=CH- (CH 2) ?-COOCH3 

Figure 4.12 

This p r o v i d e d new s y n t h e t i c routes i n the f i e l d o f f a t chemist ry and 

was o f some i n d u s t r i a l i n t e r e s t . Although metathesis p o l y m e r i z a t i o n 

o f o the r f u n c t i o n a l i z e d o l e f i n s have been r e p o r t e d , f o r example the 
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p o l y m e r i z a t i o n o f f l u o r i n a t e d monomers such as 5 , 5 , 6 - t r i f l u o r o - 6 -

110 
t r i f l u o r o m e t h y l b i cy c lo [2 .2 .1Jhep ta -2 -ene ( 2 7 ) , c h l o r i n a t e d monomers 

2 9 111 as 1 , 1 0 , 1 1 , 1 2 , 1 3 , 1 3 - h e x a c h l o r o t r i c y c l o [ 8 , 2 , 1 , 0 ' ] t r i d e c a - 5 , 1 1 - d i e n e (28 ) , 

and o the r monomers c o n t a i n i n g e l e c t r o n w i t h d r a w i n g s u b s t i t u e n t s such as 

112 
5 -cyanob icyc lo [2 ,2 ,1 ]hep ta -2 -ene (29 ) . 

C F . 

(27) (28) (29) 

4 . 3 . O l e f i n metathesis c a t a l y s t systems 

Although o l e f i n metathesis o f a c y c l i c alkenes and 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 o f cycloalkenes are governed by a common mechanism the 

r eac t ions d i f f e r i n seve ra l r espec t s , consequently good c a t a l y s t s f o r 

the processes are o n l y r a r e l y in t e rchangeab le . 

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

towards meta thes i s , they may d i v i d e i n t o two ca t ego r i e s . 

(a) Heterogeneous c a t a l y s t s 

These k inds o f c a t a l y s t s u s u a l l y acqui re metathesis a c t i v i t y o n l y a t h i g h 

o o 

temperature (100 to 400 ) and are u s e f u l i n continuous processes they are 

employed f o r the metathesis o f a c y c l i c a lkenes. They g e n e r a l l y c o n s i s t o f 

t r a n s i t i o n metal oxides o r carbonyls depos i ted on h i g h sur face area supports 
such as alumina o r s i l i c a . The c a t a l y s t s d e r i v e d f rom oxides and carbonyls o f 

77 113 114 

Mo, W and Re have the g rea t e s t a c t i v i t y . ' ' This k i n d o f c a t a l y s t can 

be prepared by dry mix ing o f 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 , o r 

impregna t ion o f the supports w i t h substances w h i c h decompose a t h i g h 

temperatures to leave the a c t i v e c a t a l y s t . The c a t a l y s t s are s e n s i t i v e to 
115 90 

po i son ing by p o l a r compounds, more d e t a i l s have been g iven by B a i l e y , 
116 

and Banks, about ana lys i s o f the compos i t ion , p r e p a r a t i o n , a c t i v a t i o n and 

regenera t ion procedure , 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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(b) Homogeneous c a t a l y s t s 

Homogeneous c a t a l y s t s g e n e r a l l y c o n s i s t o f two components; a t r a n s i t i o n 

metal compound o f tungs ten , molybdenum, rhenium or tan ta lum, u s u a l l y the h a l i d e , 

oxyha l ide o r an organoalkene o r carbene complex; the second component i s 

an o r g a n o m e t a l l i c compound o f a metal f rom group I to I V . Sometimes a t h i r d 

component known as an a c t i v a t o r i s added. This a c t i v a t o r g e n e r a l l y conta ins 

an oxygen-oxygen o r oxygen-hydrogen bond ( e . g . a p e r o x i d e , a l c o h o l o r water) . 

Tungsten compounds give the most e f f i c i e n t c a t a l y s t s f o r the r i ng -open ing 

p o l y m e r i z a t i o n o f c y c l o - o l e f i n s and a l a rge number o f c a t a l y s t s are d e r i v e d 

f rom WCl^ combined w i t h s u i t a b l e c o c a t a l y s t s . Arguments about the exact 
6 

s t r u c t u r e and mode o f a c t i o n o f p a r t i c u l a r c a t a l y s t s are f r e q u e n t and indeed 
117 

the de s igna t i on "homogeneous" has been ques t ioned f o r s eve ra l systems-

D e t a i l e d i n f o r m a t i o n about some o f the systems f o r the metathesis o f a c y c l i c 

91 85 

alkenes and c y c l i c alkenes i s g iven by Hughes and D a l l ' A s t a r e s p e c t i v e l y . 

I n recen t years pho tochemica l ly a c t i v a t e d c a t a l y s t s have been r epo r t ed f o r 

the metathesis o f a c y c l i c alkenes and the r i ng -open ing p o l y m e r i z a t i o n o f 
118 119 120 

cyc loa lkenes , us ing W(C0)^, WCl^, and T i C l . . 
6 6 4 

4 . 4 . O l e f i n metathesis mechanism 

The complete mechanis t ic scheme i n v o l v e d i n o l e f i n metathesis i s no t 

f u l l y understood y e t and numerous schemes have been p u t f o r w a r d d u r i n g recent 

years . I n d i scuss ing the mechanism there are two b a s i c quest ions to 

answer:-

( i ) what i s the o v e r a l l r e s u l t o f the r eac t ion? That i s which 

bonds are broken and made d u r i n g r e a c t i o n ; 

( i i ) what i s the d e t a i l e d mechanis t ic pathway by which the o v e r a l l 

r e s u l t i s obtained? 

(a) The o v e r a l l r e s u l t o f r e a c t i o n 

There are two pos s ib l e r e a c t i o n schemes 
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( 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 o f 

carbon-carbon s i n g l e bond ad jacen t to the double bond 

as shown i n Figure 4.13 

R1-CH=CH 

R 2 

1 1 R R-CH=CH R 
I. + 2 '2 1 2 

CH=CH-R R CH=CHR 

Figure 4.13 

( 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 o f the double bond i t s e l f as a means o f 

a l k y l i d e n e moiety exchange as shown i n Figure 4.14 

R -HC4CH-R R -HC CH-R 

2 1 2 2 \\ I 2 R -HC=fCH-R R -HC CH-R 

Figure 4.14 

14 121 
Results f rom C i s o t o p i c l a b e l l i n g and deuter ium l a b e l l i n g 

78c,84 
experiments are complete ly c o n s i s t e n t w i t h t r a n s a l k y l i d e n a t i o n 

122 

scheme and exludes 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 Mot ron i have 

g iven exper imenta l evidence t h a t i n the 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 

o f cycloalkenes the cleavage occurs a t the double bond. On copo lymer iz ing 

cyclooctene and cyclopentene, i n which the cyclopentene double bond was 

14 

l a b e l l e d w i t h C, the r e s u l t i n g po lymer i c u n i t s may be (30) o r (31) 

depending on whether cleavage takes p lace a t the double bond o r a t 

the carbon-carbon s i n g l e bond ad jacen t to the double bond. Ozonolysis 

1 C S I * ° 5 * ! C e , 
double bond — CH-(CH ) -CH-CH-(CH„) -CH-CH-(CH„) -CH— , 2 6 2 3 2 2 cleavage 

c ( 3 0 ) c c 
I 8 I * * 5 I 8 I 

a l l y l i c bond CH=CH- (CH„) -•'•CH=CH- (CH„) _-CH=CF- (CH ) — , 2 6 2 3 2 6 cleagage (31) 

!4 
I * denotes C l a b e l l i n g j 
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o f the copolymer f o l l o w e d by r e d u c t i v e cleavage and rad iochemica l 

ana lys i s o f 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 

conta ined i n the 1 , 5 - d i o l , p r o v i n g t h a t the 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 

had proceeded v i a cleavage o f the double bonds, 

(b) The d e t a i l e d mechanis t ic pathway 

This ques t i on i s much more compl ica ted and d i f f i c u l t to answer 

d e f i n i t e l y , i t i s s t i l l an area o f a c t i v e d i s c u s s i o n . 

(1) The in te rmediacy o f a quas i -cyc lobu tane 

123 

Bradshaw p u t f o r w a r d the f i r s t mechan is t i c r a t i o n a l i z a t i o n o f 

o l e f i n meta thes i s . He proposed t h a t a f o u r cent re o r "quas i -cyc lobutane" 

i n t e rmed ia t e could be used to e x p l a i n the observed r e s u l t s , as shown 
78b 

i n Figure 4 .15 . Calderon used t h i s idea t o r a t i o n a l i z e 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 o f cyc loa lkenes . The mechanism was assumed to proceed 

v i a f o r m a t i o n o f macrocyc l i c species as shown i n Figure 4 .16 . While 

t h i s mechanism accounts f o r a l a rge amount o f exper imen ta l o b s e r v a t i o n , 
, . . . 121,124 . 

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, i t p r e d i c t s macrocyc l i c products whereas i t i s 

e s t a b l i s h e d t h a t l i n e a r and macrocyc l i c p roduc ts can be o b t a i n e d . One 

r a t i o n a l i z a t i o n f o r the f o r m a t i o n o f l i n e a r polymers i s shown i n 

Figure 4 .17 , a l t e r n a t i v e l y the i n t e r a c t i o n o f the growing macrocycles 

w i t h an a c y c l i c a lkene , p resen t as an i m p u r i t y , cou ld cause cleavage 

o f the macrocycle . 

Very l i t t l e evidence f o r the involvement o f cyclobutanes i n meta-
125 

t he s i s has been p u b l i s h e d , Gassman and Johnson observed a diene t o 

cyclobutane convers ion when compound (32) was reac ted w i t h the 

' t y p i c a l metathesis c a t a l y s t ' c: H WC1 / A l C l . and cyclobutane to 
6 5 3 3 

diene conversions f o r compound 34 and 36 r e a c t i n g to g ive 35 and 37 

r e s p e c t i v e l y . These authors a lso r e p o r t e d t h a t the b i c y c l i c 
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(32) 

(34) 

(36) 

- C F . 

(CH, 

- C F . 

C F . 

:33) 

(35) 

(37) 

dienes were no t a f f e c t e d by t h e i r c a t a l y s t a l though 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 cyclobutane-diene i n t e r c o n v e r s i o n even a f t e r "normal 

metathesis a c t i v i t y " had been quenched by the a d d i t i o n o f Michael acce 

126 

W i l s o n , observed t h a t the b i c y c l i c diene (35) 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 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 by a range o f metathesis 

c a t a l y s t s and i s even po lymer ized by pure tungs ten h e x a c h l o r i d e , t h i s 
M 

r , 1 1 

R -HC=^CH-R 
2 j * 2 

R -HC=*CH-R 

1 1" 1 R -HC.-s+=cH-R 

^ ! r i « 2 • 
R -HC= 

j 

1 1 
R - H C C H - R 

2 I: .'I 2 
R -HG C H - R 

! 
M 

R 1 - H C / \ C H - R 1 

2 r 1 2 
R - H C C H - R 

Figure 4.15 

file:///CH-R1
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M M 

CH CH HC CH 
(CH ) ( C H J (CHJ 2 n 2 n 

v 
2 n 2'n CH CH CH HC 

M 

UC CH r HC 
(CHJ (CHJ 1 M CHJ (CHJ 2 n 2 n 2' n 2 n 1 

CH HC* HC CH 

HC 

HC CH e tc (CH„ (CH„) M 2'n 2' n 

r n 
CH C 

CH 

CH 
J (CHJ 

2 n 

Figure 4.16 

M CH CH / CH CH CH H 
H CH 

/ CH CH CH CH / / CH CH 
CH CH 

Figure 4.17 

contrasts with i t s reported lack of r e a c t i v i t y with the PhWCl^/AlCl^ 

c a t a l y s t and suggests that the i n t e r e s t i n g cyclobutane-diene i n t e r -

conversions observed with t h i s c a t a l y s t have l i t t l e relevance to the 

mechanism of the general i ty of metathesis polymerizations. 

I t should be noted that ethylene and cyclobutane are not 

equ i l ibrated i n the presence of metathesis c a t a l y s t s , nei ther are 
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cyclobutanes formed f rom simple alkenes 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. 

Another concerted p a i r w i s e exchange mechanism was proposed, t h i s 

i s sometimes c a l l e d the " te t ramethylene t r a n s i t i o i . s t a t e hypo thes i s" and i s 

represented i n Figure 4.18. 
R R 

1 „1 1 1 1 1 \ / R R R. R R R C=C 
\ / \ / 1 I f 1 l / \ l 

2 / \ 2 y \ 2 T 2 l 2 \ I / 
R R R R R R C^C 

2 / \ 2 
R R 

Figure 4.18 

The t h e o r e t i c a l i m p l i c a t i o n s o f these concer ted mechanisms have been 

128 

reviewed by Haines and L e i g h . 

(2) Meta l locyclopentanes as i n t e rmed ia t e s 

Because o f the weaknesses o f the mechanisms descr ibed above 
seve ra l workers have looked 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 

obse rva t ion t h a t WCl reac ted w i t h 1 , 4 - d i l i t h i o b u t a n e i n benzene t o 
6 

129 

give e t h y l e n e , l e d t o the sugges t ion t h a t meta l locyclopentanes 

might be i n v o l v e d as in t e rmed ia te s i n a non-concer ted pa i rw i se 

exchange o f a l k y l i d e n e s i n the mechanism f o r metathesis as shown i n 

Figure 4.19, t h i s p roposa l was soon replaced by the c u r r e n t l y 

accepted hypo thes i s , non-concer ted , non-pa i rwise mechanism. 
CH„ CH CH- CH CH CH CH„ CHR 

CHR CHR RCH .CHR CH CHR CH CHR 

Figure 4.19 

(3) Meta l locyc lobu tane and metal-carbene in te rmedia tes 

Herisson and Chauv in"^ 0 proposed what i s now the g e n e r a l l y accepted 

mechanism f o r meta thes i s . This 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 
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an alkene and metallocarbene to give a metallocyclobutane , as indicated 

i n Figure 4 . 2 0 . This mechanism was independently pu t fo rward by Lappe r t 

131 

and co-workers, who had shown that ' e lec tron r i c h ' o l e f i n s such as 

compound (38) undergo metathesis with Rh c a t a l y s t s at h i g h temperatures, 

they also i s o l a t e d an intermediate metallocarbene (39) which acted as 

a c a t a l y s t for the react ion . 

CHR 

M 

CHR 

CHR 

CHR-I 
M — 

CHR 

-CHR 

Figure 4 .20 

1 2 CHR =CHR 

M=CHR 

C«=C< 

R 
I 

N 

12 

(pClC H ) Rh= 
6 4 3 

R 

(38) (39) 

The metallocyclobutane mechanism accounts for ring-opening polymerization 

as shown i n Figure 4 . 2 1 , c y c l i c oligomers are obtained when the carbene 

end reacts with a double bond within the growing polymer chain, 

86 
Figure 4 . 2 2 . Roony and Stewart, have reviewed i n d e t a i l the evidence 

supporting the metallo-carbene/metacyclobutane mechanism; the ir recent 

132 

work with I v i n and Green has l ed to the suggestion that there i s a 

close mechanistic re la t ionsh ip between Zieg ler -Natta polymerization 

and ring-opening metathesis , as shown in Figure 4 . 2 3 ; th i s requires 

a 1,2-hydrogen s h i f t to generate the act ive metallo-carbene postulated 

as an intermediate i n the unconventional Zieg ler-Natta mechanism. 
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n 
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Figure 4 .22 
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o l e f i n metathesis 
mechanism f o r the 
r i n g opening po ly 
m e r i z a t i o n o f 
cycloalkenes 
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F i gure 4 .23 

Although the metathesis mechanism i s w ide ly accepted, the new proposa l 

f o r 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 has not been e s t a b l i s h e d and i s a 

mat te r o f d i s p u t e . 
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5 . 1 . Monomer Syntheses 

(a) The D i e l s - A l d e r r e a c t i o n 

The D i e l s - A l d e r r e a c t i o n , which i n v o l v e s the 1 , 4 - a d d i t i o n o f a 

conjugated diene (40) and a d i enoph i l e ( 4 1 ) , i s a very u s e f u l s y n t h e t i c 

method f o r the p r e p a r a t i o n o f s i x membered r i n g s (42) , because o f the 

almost u n l i m i t e d p o s s i b i l i t i e s f o r v a r i a t i o n o f both diene and d i e n o p h i l e . 

One r e s t r i c t i o n i s t h a t the diene must be conjugated w i t h the double 

bonds c i s - o r i e n t e d a t the t ime o f r e a c t i o n , b u t the d i enoph i l e can be 

p r a c t i c a l l y any unsa tura ted compound. 

a ^a 

\ + II — > 
c f c 

>d 

(40) (41) (42) 

The D i e l s - A l d e r r e a c t i o n may be d i v i d e d i n t o two extreme r e a c t i o n types : 

f i r s t l y the normal D i e l s - A l d e r r e a c t i o n i n which dienes are a c t i v a t e d by 

e l e c t r o n dona t ing s u b s t i t u e n t s , f o r example, -NMe^, -OMe, -CH^, and 

d ienoph i l e s are a c t i v a t e d by e l e c t r o n w i t h d r a w i n g s u b s t i t u e n t s , f o r 

134 

example -CN, -COOMe, -CHO, -NO^; secondly , the D i e l s - A l d e r r e a c t i o n w i t h 

Inverse E l e c t r o n Demand, i n which the diene i s a c t i v a t e d by e l e c t r o n -

wi thd rawing s u b s t i t u e n t s and the d i e n o p h i l e by e l e c t r o n - d o n a t i n g 

135 

s u b s t i t u e n t s . I f bo th components i n the D i e l s - A l d e r r e a c t i o n are 

e i t h e r ' e l e c t r o n - r i c h ' o r ' e l e c t r o n poor ' the r e a c t i o n i s g e n e r a l l y 

s lugg i sh o r does not occur ; the g rea te r the d i f f e r e n c e i n charac ter the 

f a s t e r the r e a c t i o n proceeds. The s tereochemical outcome o f the D i e l s -

Alder r e a c t i o n was i n i t i a l l y f o r m u l a t e d by A l d e r and S t e i n i n t h e i r 

136 

c i s - p r i n c i p l e ' which s t a t e s t h a t the c o n f i g u r a t i o n a l r e l a t i o n s h i p s 

o f the d i enoph i l e and diene are r e t a i n e d i n the adduct". This f a c t i s now 
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recognised to be a consequence o f the concer ted nature o f the c y c l o -

a d d i t i o n . Hence the p r i n c i p l e s o f o r b i t a l symmetry conserva t ion 

e l abora t ed by Woodward and Hoffman may be a p p l i e d , i n which the D i e l s -

2 4 
A lde r r e a c t i o n i s c l a s s i f i e d as a (TT^ + TT^ ) c y c l o a d d i t i o n r e a c t i o n and 

137 

i s t h e r m a l l y a l lowed . 

(b) D i e l s - A l d e r adducts o f cyclopentadiene w i t h d i c h l o r o m a l e i c 

anhydride and hexachloroindenone 

Cyclopentadiene was chosen as a diene s t a r t i n g m a t e r i a l f o r the 

synthes is o f compound (43) and (44 ) , because i t was r e l a t i v e l y r e a d i l y 

a v a i l a b l e , s ince i t can be f r e s h l y prepared by the thermal c r a c k i n g 

138 

o f i t s d imer . a s o l u t i o n o f the diene and d i enoph i l e i n carbon-

t e t r a c h l o r i d e was r e f l u x e d f o r the r e q u i r e d t i m e , exper imenta l d e t a i l s 

are shown i n Table 5 . 1 . Two d i enoph i l e s were used, d i c h l o r o m a l e i c 
139 

anhydride r e a c t s , as p r e v i o u s l y r e p o r t e d , to give the endo-adduct i n 

good y i e l d ; the second adduct was prepared us ing perchloroindenone as 

d i enoph i l e and i s p r o v i s i o n a l l y assigned endo-s te reochemis t ry , t h i s 

r e a c t i o n has not been descr ibed p r e v i o u s l y . These r eac t ions are 
summarized i n Figure 5 . 1 . 

Q 
C 

C I o 

2 hours 

2 hours 

Figure 5.1 (44) 

F u l l d e t a i l s o f 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 o f these two components 

i s g iven i n the Exper imenta l s e c t i o n . Both adducts (43) and (44) were 

f u l l y cha rac t e r i z ed by ana lys i s and spectroscopy. Elemental ana lys i s and 
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mass spectroscopy gave s a t i s f a c t o r y data compared with the ca lculated 

f i gures . They confirmed the molecular formulae as CLH c i C> (43) and 
9 6 2 3 

C,,H^C1 0 (44) . Both adducts showed abundant parent ions adduct (43) 14 6 6 

m/e 232 and a d d u c t (44) m/e 400, i n both cases the base peak was 

exhibited at m/e 66 (C_H ) + , presumably a r i s i n g from the r e t r o - D i e l s -
b b 

Alder react ion of the parent i o n . The i . r . spectrum of adduct (43) 

showed c h a r a c t e r i s t i c v i n y l i c CH s tre tch ing absorptions a t 3040 cm. 1 , 

a l i p h a t i c C-H at 2840 cm. \ and a very broad band i n the region 1700 -

1880 cm. assigned to the two carbonyl groups i n the anhydride r i n g . 

The i . r . spectrum of adduct (44) showed s i m i l a r CH s tre tch ing 

absorptions (3COO and 2840 cm. 1 ) and a \:=0 s t r e t c h (1730 cm. 1 ) . The 

^H n .m.r . spectrum of compound (43) was consis tent with the presence of 

three kinds of hydrogens, the v i n y l i c hydrogens occur a t 6.4 p .p .m. , the 

a l l y l i c bridgehead hydrogens (a to the double bond) occur a t 3.5 p . p . m . , 

and the methylene group appears as a AB quartet at 2.2 and 2.5 p.p.m. 

with J „ = 10Hz. Adduct (44) was not s u f f i c i e n t l y soluble i n d ichloro-AB 

methane, chloroform, toluene, methanol, e ther , hexane, acetone, chloro-

benzene, a c e t o n i t r i t e or ethylacetate to obtain a '''H n .m . r . spectrum. 

An attempt to prepare the Die l s -Alder adduct of hexachloroindenone 

with tetraphenylcyclopentadienone was unsuccess fu l . The react ion was 

attempted using re f lux ing carbontetrachloride and xylene, i n both cases 

s t a r t i n g mater ia ls were recovered unchanged. Presumably th i s f a i l u r e 

i s a consequence of s t e r i c hindrance. I t i s w e l l es tabl i shed that 

polychlorinated compounds are often d i s tor ted by s t e r i c s t r a i n , for 

example e lec tron d i f f r a c t i o n measurements have shown that even the 

perchlorobenzene molecule i s d i s tor ted , with the chlorine atoms being 

140 displaced a l t ernate ly above and below the mean plane of the benzene r i n g . 
I t i s probably the s t e r i c i n t e r a c t i o n between the bridgehead phenyl group 
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and the t e t rach lo ropheny lene u n i t which prevents the f o r m a t i o n o f the 

adduct i n t h i s case. This becomes abundantly c l ea r i f an a t tempt to 

cons t ruc t a space f i l l i n g model o f such a molecule i s undertaken. 

Table 5.1 

Experiment 
no. 

Diene Dienophi le Adduct 
no. 

Dura t ion o f 
experiment 
hours 

Y i e l d 
% 

1 cyclopentadiene d i c h l o r o male ic -
anhydride 

43 2 92 

2 cyclopentadiene hexachloro-
indenone 

44 6 83 

3 t e t r a p h e n y l c y c l o -
pentadienone 

hexach loro-
indenone 

- 23.5 -

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

(a) The r i ng -open ing p o l y m e r i z a t i o n o f e n d o - 2 , 6 - d i c h l o r o - 3 , 5 - d i k e t o -

2 6 

4 - o x a - t r i c y c l o [ 5 , 2 , 1 , 0 ' ]dec-8-ene (43) us ing tungsten hexa-

c h l o r i d e and t e t r a m e t h y l t i n as the c a t a l y s t system 

I n the f i r s t ins tance the p o l y m e r i z a t i o n was c a r r i e d o u t us ing to luene 

which had been d r i e d over sodium, tungsten hexach lo r ide a c t i v a t e d by 

t e t r a m e t h y l t i n was used as the c a t a l y s t . The monomer was d i s s o l v e d i n 

dry to luene and i n j e c t e d , us ing an a i r - t i g h t s y r i n g e , i n t o the a c t i v a t e d 

c a t a l y s t s o l u t i o n i n a dry r e a c t i o n vessel a t room temperature . The 

r e a c t i o n system was main ta ined under an atmosphere o f dry n i t r o g e n . A f t e r 

one hour and no apparent increase i n v i s c o s i t y the r e a c t i o n was t e rmina ted 

by the a d d i t i o n o f methanol , the s o l v e n t was evaporated and the produc t 

was d r i e d under vacuum. I t was examined by i n f r a red spectroscopy which 

showed a very broad band ex tending through the reg ion (2580 - 3200 cm. ^) 

and i n d i c a t i n g o f a ca rboxy la t e group which was conf i rmed by a broad 

carbonyl s t r e t c h i n g abso rp t i on (1710 - 1850 cm. S. I t appeared t h a t the 
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monomer was not po lymer ized b u t had reac ted w i t h methanol and g iven the 

h a l f e s t e r . There were seve ra l f a c t o r s which could have i n f l u e n c e d the 

f a i l u r e o f the r e a c t i o n . The n i t r o g e n gas, toluene and the monomer may 

not have been s u f f i c i e n t l y dry and the tungs ten hexachlor ide may 

have been impure . Although c a t a l y t i c amounts o f water o r oxygen are 

b e n e f i c i a l t o the r e a c t i o n , an excess r e a d i l y deac t iva tes the c a t a l y s t . 

For subsequent at tempts the n i t r o g e n was d r i e d more thoroughly by 

pass ing i t through Drechsel b o t t l e s o f concent ra ted s u l p h u r i c ac id 

f o l l o w e d by heavy whi te o i l , then through a l l the r e a c t i o n system and t o the 

o the r Drechsel b o t t l e o f heavy w h i t e o i l , thus the e n t i r e system was 

main ta ined under an atmosphere o f d ry n i t r o g e n so t h a t a t no t ime a f t e r 

the commencement o f the r e a c t i o n was a i r a l lowed i n t o the r e a c t i o n 

ves se l . Toluene dryness was improved by r e f l u x i n g i t over sodium under 

a dry n i t r o g e n atmosphere, u n t i l a permanent b lue co lour was o b t a i n e d on 

a d d i t i o n o f b e n z o p h e n o n e , the s o l v e n t be ing d i s t i l l e d immediately be fo r e 

use. The monomer was d r i e d and resub l imed , and t e t r a h y d r o f u r a n was used 

i n s t e a d o f methanol f o r t e r m i n a t i n g the r e a c t i o n w i t h o u t d e s t r o y i n g the 

anhydride r i n g . The c a t a l y s t system WCl r/Me Sn ws.3 used w i t h an ageing 

t ime f o r the c a t a l y s t mix tu re o f f i v e minutes . The dark brown a c t i v a t e d 

c a t a l y s t s o l u t i o n was i n j e c t e d , us ing an a i r - t i g h t s y r i n g e , i n t o the 

o 

monomer s o l u t i o n . The s o l u t i o n was heated a t 70 C, there was no 

immediate r e a c t i o n and the experiment was l e f t t o run o v e r n i g h t d u r i n g 

which t ime smal l pieces o f s o l i d m a t e r i a l c o l l e c t e d on the s ides o f the 

r e a c t i o n v e s se l , the amount o f s o l i d s l o w l y increesed as the r e a c t i o n 

proceeded. The appearance o f t h i s s o l i d m a t e r i a l took about 12 hours . 

The cond i t i ons and r e s u l t s are summarised i n Table 5 . 2 . The p o l y m e r i z a t i o n 

was t e rmina ted by a d d i t i o n o f 50 ml t e t r a h y d r o f u r a n and a l l the so lven t s 

were evaporated. The dark brown m a t e r i a l was d i s s o l v e d i n t e t r a h y d r o f u r a n 
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and the r e s u l t i n g s o l u t i o n added dropwise to a f i v e - f o l d excess o f t o luene . 

A s o l i d creamy-white m a t e r i a l was produced which was recovered by 

f i l t r a t i o n and d r i e d under vacuum. I t was cha rac t e r i s ed by e lementa l 

ana lys i s which gave C, 43.44; H, 2 .10; C I , 29 .48, the c a l c u l a t e d values 

f o r the homopolymer be ing C, 46.39; H, 2 .57; C I , 30.43%. The i n f r a r ed 

spectrum (Appendix 1 , No. 16) was recorded f o r a t h i n f i l m cas t f rom 

t e t r a h y d r o f u r a n s o l u t i o n and i n d i c a t e d C-H s t r e t c h i n g (2870 - 2970 cm. ^) 

and in tense ca rbonyl s t r e t c h i n g absorpt ions (1730 - 1860 cm. "S assigned 

to the anhydride r i n g . I n favourab le cases abso rp t i on bands i n the 

970 - 960 cm. 1 and 730 - 675 cm. ^ r e g i o n have been assigned to CH o u t -

o f - p l a n e de fo rma t ion o f t rans and c i s double bonds, however i n t h i s case 

there i s a f a i r l y s t r o n g se t o f abso rp t ion peaks i n the monomer spectrum 

a t 980 - 950 cm. ^ which appear as a broad band i n the polymer spectrum, 

s ince there i s no p o s s i b i l i t y o f a t r ans CH=CH system i n the monomer 

t h i s observed band i n the polymer can no t be assigned w i t h any c e r t a i n t y 

to a CH=CH t rans system. On the o the r hand the abso rp t ion a t 680 cm. 

i n the monomer can be reasonably assigned t o the o u t - o f - p l a n e CH 

defo rmat ion o f the c i s CH=CH system and t h i s r e l a t i v e l y s t rong monomer 

band i s not seen i n the polymer spectrum al though there i s a weak band 

a t ca. 700 cm. ^ , t h i s suggests t h a t the double bonds i n the polymer 

have predominant ly t r ans geometry. There was a f a i r l y close s i m i l a r i t y 

between the spectrum o f the monomer and the r e s u l t a n t polymer , w i t h 

absorpt ions o f the l a t t e r be ing much broader . 

The n . m . r . spectrum f o r the polymer showed three very broad 

peaks i n roughly the same regions as those observed f o r the monomer. The 

v i n y l i c p ro tons a t 6.4 p . p . m . i n the monomer experience an u p f i e l d 

s h i f t t o 6.8 p . p . m . i n the polymer , and the br idgehead protons a t 

3.5 p . p . m . i n the monomer are moved s l i g h t l y d o w n f i e l d t o 3.7 p . p . m . , 
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w i t h the methylene s i g n a l s h i f t e d m a r g i n a l l y u p f i e l d . The spectrum 

o f the polymer shows no f i n e s t r u c t u r e and i s no t very i n f o r m a t i v e ; 

13 

however the C n . m . r . spectrum prov ides a much more d e t a i l e d p i c t u r e 

o f the polymer s t r u c t u r e and i s discussed i n a separate subsec t ion , 

(b) "*~̂ C n . m . r . spec t roscopic ana lys i s 

1 3 C n . m . r . spectroscopy f o r the s tudy o f p o l y [ 1 , 3 - c y c l o p e n t y l e n e -

v i n y l e n e s ] has been developed i n r ecen t years . I t p rov ides a p o w e r f u l 

t o o l f o r i n v e s t i g a t i n g the c i s / t r a n s conten t o f the unsa tura ted polymers 

much more accura te ly than i . r . spectroscopy ana w i t h o u t the need f o r 
13 

c a l i b r a t i o n . I v i n e t . a l . have i n v e s t i g a t e d the C n . m . r . spec t ra o f 
p o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) , F igure 5 . 2 , w i t h v a r y i n g amounts o f 

141 
c i s and t r a n s - u n s a t u r a t i o n . I v i n has shown t h a t the chemical s h i f t s 

CH=CH--

Figure 5.2 

1 2 3 

o f the C, C and C carbon atoms are s e n s i t i v e to isomerism about the 

nearest double bond t h a t they are a lso s e n s i t i v e to the isomerism 

about the next nearest double bond. T h e r e f o r e , i n a p o l y ( 1 , 3 - c y c l o p e n t 

y l enev iny lene ) c o n t a i n i n g both c i s and t r a n s - u n s a t u r a t i o n , f o u r s i g n a l s 
2 1 

should be observed f o r bo th C and C i . e . 2 t t , 2 t c , 2cc and 2c t (us ing 
141 

the nomenclature proposed by I v i n e t . a l . , i n which the number denotes 

the carbon atom; the f i r s t l e t t e r , the c i s (c) or t rans ( t ) s t r u c t u r e a t 

the neares t double bond; the second l e t t e r t h a t a t the next nearest double 

bond) and l t t , l t c , l e t and l e c r e s p e c t i v e l y ; f o r C which i s symmet r i ca l ly 

s i t u a t e d between two double bonds three s i g n a l s should be observed 

corresponding t o 3 t t , 3 tc=3ct and 3cc as i l l u s t r a t e d below 
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The r e l a t i v e i n t e n s i t i e s o f these s i g n a l s may be used to c a l c u l a t e the 

amount o f c i s and t r a n s - u n s a t u r a t i o n i n the polymer us ing the fo rmula 

142 f o r the de t e rmina t i on o f the f r a c t i o n o f c i s - u n s a t u r a t i o n , o , f o r each c 

se t o f s i g n a l s shown below and compared w i t h the value ob ta ined f rom the 

i n t e n s i t i e s 

l e t + l e c 
°c ~ l t t + l t c + l e t + l e c 

2 _ 2ct + 2cc 
' °c ~ 2tt + 2tc + 2ct + 2cc 

3 = 3cc + 0.5 O c t + 3tc) 
c (3tc + 3ct) + 3cc + 3tt where 3ct and 3tc are 

equivalent 

4 4 
o f the s i g n a l s due to c i s -C and t rans-C , i . e . v i n y l i c carbons where 

o c 
4c 
4c + 4t 

13 

C n . m . r . spec t ra o f the monomer ( e n d o - 2 , 6 - d i c h l o r o - 3 , 5 - d i k e t o - 4 - o x a -

t r i c y c l o [5 , 2 , 1 , 0 dec-8-ene) and the f r e s h l y prepared polymer were 

recorded as s o l u t i o n s i n CDCl^ a t 75.4990NHZ. The spectrum o f the 
13 

polymer i s compl icated and the p r e d i c t i o n o f s h i f t i n C n . m . r . 

spectroscopy i s a l so compl ica ted s ince smal l changes i n s t r u c t u r e can 

r e s u l t i n very large changes i n s h i f t . A complete ana lys i s f o r the 

polymer has been made i n Table 5 .3 , b u t be fo re d i scuss ing the spec t ra o f 

the monomer and the polymer i t i s necessary to consider the observed 
143 

s h i f t s f o r r e l a t e d systems. 
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13 C n . m . r . chemical s h i f t s i n f i v e membered r i n g systems 

[ 1 7 5 (49 1 
14 3 

51 42 

136 

131 

The quoted chemical s h i f t s are i n p . p . m . d o w n f i e l d f rom 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 o f carbon decreasing 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 . This means t h a t 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 are s h i f t e d to h ighe r f i e l d i n the 

l e ss s t r a i n e d systems. 

I n the spectrum o f the monomer, f i v e s i g n a l s are seen, the 

spec t roscop ic data i s summarized i n Figure 5 .3 . The h i g h f i e l d s i g n a l s 

a t 50.47 and 56.22 p . p . m . are assigned to the methine and methylene 

carbons by analogy w i t h the data g iven above. The d i f f e r e n c e i n the 

chemical s h i f t between these two values and the chemical s h i f t values 

f o r the methine and methylene carbons o f norbornene, may r e s u l t f r o m 

the e f f e c t o f the anhydride r i n g and the c h l o r i n e atom s u b s t i t u e n t s . 

56. 2 o v e r l a p p i n g m u l t i p l e t 
c i s i t rans 

^ 137.5 129.2 

C I 73.3 

t ° 165.5 i 6 5 . 2 

CH=CH , 50.5 — . - . 4 o v e r l a p p i n g . f \ m u l t i p l f e t Cis^ t r ans 

CH=CH-

75.0 
75.3 

The monomer The polymer 

Figure 5.3 

The s i g n a l a t 137.5 p .p .m . was assigned to the v i n y l i c carbons, i t s 

chemical s h i f t i s near to the chemical s h i f t o f the v i n y l i c carbons i n 
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norbornene (136 p . p . m . ) . The o t h e r two s i g n a l s a t 73 .3 and 165.5 p . p . m . 

are a s s i g n e d to CC1 and C=0 r e s p e c t i v e l y . 

The spectrum o f the f r e s h l y p r e p a r e d polymer showed twelve s i g n a l s 

as shown i n the Table 5 .3 t h i s i n c r e a s e d number of s i g n a l s as compared 

to the monomer spectrum i s due to o v e r l a p p i n g m u l t i p l e t s r e s u l t i n g from 

the presence o f c i s and t r a n s main c h a i n double bonds and the e f f e c t 

2 3 4 . . 
o f t h i s on the C , C and C carbon atoms. I n g e n e r a l 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 u s i n g WCl^/ (CH^)^Sn a t h i g h temperature g i v e s a 

r e l a t i v e l y g r e a t e r amount o f t r a n s double bonds a long the polymer 

2 
c h a i n . F o r C carbon atom, which i s a to the double bond, f o u r 

s i g n a l s would be expec ted by analogy w i t h the polynorbornene spectrum 

and the s i g n a l s ( 4 , 5 , 6 , 7 ) as shown i n Table 1 are a s s i g n e d r e s p e c t i v e l y 

to 2 c t , 2 c c , 2 t t and 2 t c , u s i n g the measured r e l a t i v e i n t e n s i t i e s i n 

the e x p r e s s i o n g iven above f o r the p r o p o r t i o n o f c i s double bonds g i v e s 

3 
a v a l u e o = 0 . 1 8 . F o r the CH c a r b o n , i . e . C , the c e n t r a l p o s i t i o n 

c 2 

o f t h i s carbon atom w i t h r e s p e c t to a d j a c e n t double bonds (as d e s c r i b e d 

3 

b e f o r e f o r C i n p o l y ( 1 , 3 - c y c l o p e n t y l e n e v i n y l e n e ) l e a d s to an 

e x p e c t a t i o n o f t h r e e s i g n a l s c o r r e s p o n d i n g to 3 t t , 3 t c^3c t and 3cc and 

i n p r a c t i c e peaks ( 1 , 2 , 3 ) i n T a b l e 5 . 3 have been so a s s i g n e d , the 

measured i n t e n s i t i e s l e a d to a v a l u e o f a = 0 . 1 8 . The v i n y l i c carbon 
c 

resonance i s o n l y p a r t i a l l y r e s o l v e d the main peak i s a s s i g n e d to the 

trans-CH=CH- u n i t and the s h o u l d e r to the d o w n f i e l d s i d e i s assumed to 

a r i s e f o r the c i s u n i t , a from these i n t e n s i t i e s i s 0 . 2 1 . The two 
c 

s i g n a l s a t 7 5 . 0 and 75 .3 p . p . m . are due to ^ C - C l carbons and are 

a s s i g n e d as due to t r a n s (8) and c i s (9) env ironments . As w i t h the 

v i n y l c a r b o n s , the r e s o l u t i o n i s not v e r y good and the v a l u e o f o 
c 

o b t a i n e d from the r e l a t i v e i n t e n s i t i e s i s 0 . 2 2 . The remain ing s i g n a l 

a t 165.2 has no f i n e s t r u c t u r e and i s a s s i g n e d to the c a r b o n y l c a r b o n . 
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T h u s , the a n a l y s i s o f the C spectrum o f the polymer l e a d s to the 

c o n c l u s i o n t h a t the double bonds i n the c h a i n have predominant ly t r a n s 

s t e r e o c h e m i s t r y w i t h a t r a n s : c i s r a t i o o f c a . 4 : 1 . I n the m a j o r i t y o f 

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 s o f c y c l o a l k e n e s c a t a l y s e d by WCl^/R^Sn a t 

room temperature the t r a n s : c i s r a t i o i s 1 :1 , and t h i s i n c r e a s e i n 

the p r o p o r t i o n o f t r a n s double bonds i s a s s o c i a t e d w i t h the h i g h e r 

r e a c t i o n t empera ture . 

(c) Attempts to p o l y m e r i z e 2 , 5 , 6 , 7 , 8 , 1 0 - h e x a c h l o r o - 3 - k e t o t r i c y c l o 

2 10 4 9 

[ 9 , 2 , 1 , 0 ' ,0 ' ] t e t r a d e c a - 4 , 6 , 8 , 1 2 - t e t r a e n e (44) 

S e v e r a l at tempts to p o l y m e r i z e monomer (44) were u n s u c c e s s f u l . I n 

p a r t these at tempts were handicapped by the very low s o l u b i l i t y o f 

the monomer i n to luene and ch lorobenzene . 

Table 5 .3 

13 
Chemica l s h i f t s i n C n . m . r . spectrum o f the polymer 

0 

8 o o 

C I C I 

CH=CH CH=CH 

Pe ak no. Chemica l 
s h i f t 

Assignment R e l a t i v e 
i n t e n s i t y 

1 32.7 3 t t 70 

2 34.6 3c t=3tc 28 

3 36 .5 3cc 5 

4 4 9 . 8 2c t 33 

5 50. 3 2cc lo 
6 54 .5 2 t t 165 

7 55 .1 2 t c 33 

8 75 .0 I t 35 

9 75 .3 l c 1 

10 129 .2 4 t 141 

11 c a . 129.5 
( s h o l d e r ) 

4c 29 

12 165.2 CO -
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(d) C o p o l y m e r i z a t i o n attempts 

A m i x t u r e o f monomer (43) and norbornene was p o l y m e r i z e d u s i n g 

WCl./Me Sn as c a t a l y s t . The p r o d u c t was pure polynorbornene w i t h no 
6 4 

i n c o r p o r a t i o n o f monomer ( 4 3 ) . T h i s r e s u l t i s i n complete a c c o r d w i t h 

the very low r e a c t i v i t y o f (43) a l r e a d y d e s c r i b e d . 

5 . 3 . C o n c l u s i o n s and s u g g e s t i o n s f o r f u r t h e r work 

Although no m o l e c u l a r we ight da ta i s recorded i n t h i s t h e s i s i t 

i s c l e a r , from the v i s c o s i t y o f d i l u t e s o l u t i o n s and the p h y s i c a l and 

s p e c t r o s c o p i c p r o p e r t i e s o f the p r o d u c t , t h a t the m a t e r i a l o b t a i n e d 

from the r e a c t i o n o f (43) w i t h WC1 /Me^Sn i s the r ing -opened polymer 
6 4 

w i t h the s t r u c t u r e shown below: 

4CH-HC £H-CH)= 

\ / " 
C l - C C - C l 

/ \ 
o=c c=o 

144 

At the time t h i s work was r e p o r t e d C a l d e r o n d e s c r i b e d r e l a t e d 

work on n o n - c h l o r i n a t e d s y s t e m s : 
0 

and 

H 
0 

(45) (46) 

The 'normal ' D i e l s - A l d e r adduct i s the endo- isomer ( 4 5 ) , the e x o - i s o m e r 

(46) was o b t a i n e d from the r e a c t i o n o f c y c l o p e n t a d i e n e and m a l e i c 

o 

anhydride c a r r i e d out a t t emperatures above 200 c. C a l d e r o n r e p o r t e d 

t h a t the e x o - a d d u c t p o l y m e r i z e d r e a d i l y , b u t t h a t the endo-adduct 
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p o l y m e r i z e d on ly w i t h some d i f f i c u l t y and i n low y i e l d . These r e s u l t s 

are i n complete a c c o r d w i t h the o b s e r v a t i o n s r e p o r t e d i n t h i s t h e s i s 

s i n c e the monomer (43) was assumed to have e n d o - s t e r e o c h e m i s t r y . The 

reason f o r the s l u g g i s h r e a c t i o n o f the endo i somers i s not complete ly 

c l e a r ; i t i s g e n e r a l l y assumed t h a t c a t a l y s t a t t a c k on the norbornene 

type o f monomer o c c u r s f o r the e x o - f a c e , C a l d e r o n has p o s t u l a t e d an 

i n t e r a c t i o n between the endo anhydride r i n g and the double bond. The 

o 

o 

o 
o 

o 

endo exo 

nature o f t h i s i n t e r a c t i o n i s not c l e a r and m e r i t s f u r t h e r e x a m i n a t i o n . 

The m a t e r i a l produced i n t h i s work has some f e a t u r e s which might 

make i t t e c h n o l o g i c a l l y i n t e r e s t i n g , s i n c e i t c o u l d form a c r o s s -

l i n k e d m a t r i x v i a the double bond o r anhydr ide f u n c t i o n a l i t i e s . I t s 

h igh c h l o r i n e content p r o b a b l y makes i t non- f lammable , and i f i t s 

p r e p a r a t i o n was more e f f i c i e n t l y c a r r i e d out i t might be worth f u r t h e r 

t e c h n o l o g i c a l e x a m i n a t i o n . 

I t would a l s o be i n t e r e s t i n g to attempt to make the e x o - i s o m e r , 

by a p r o c e s s analogous to t h a t r e p o r t e d by C a l d e r o n , and to examine 

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



SECTION I I 

CHAPTER 6 

EXPERIMENTAL 
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6 . 1 . Reagents 

D i c y c l o p e n t a d i e n e was p u r c h a s e d from K o h - L i c h t L a b o r a t o r i e s L t d . , 

2 , 3 - d i c h l o r o m a l e i c anhyr ide from F l u k a L t d , t e t r a p h e n y l c y c l o p e n t a -

dienone was o b t a i n e d from departmenta l s t o c k , a n a l a r c a r b o n t e t r a c h l o r i d e 

was p u r c h a s e d from BDH Chemica l s L t d . , and n-hexane was p u r c h a s e d from 

Hopkin and W i l l i a m s L t d . 

6 . 2 . C y c l o p e n t a d i e n e 

C y c l o p e n t a d i e n e was p r e p a r e d by t h e r m a l c r a c k i n g o f 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 i t h d i c y c l o p e n t a d i e n e , and an unlagged v i g r e u x column (50 cm.) was 

connected v i a a d i s t i l l a t i o n - h e a d c a r r y i n g a thermometer, and w a t e r -

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 h e a t e d 

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 p e n t a d i e n e 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 colu-nn; the p r o d u c t 

o 
( c y c l o p e n t a d i e n e ) d i s t i l l e d s l o w l y i n the range 40 - 45 C and was used 

w i t h o u t 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 s t o r e d i n the 

o 

deep f r e e z e (-20 ) and under these c o n d i t i o n s i t c o u l d be k e p t f o r 

s e v e r a l d a y s . 

6 . 3 . D i e l s - A l d e r r e a c t i o n s 

(a) The r e a c t i o n o f hexach loro indenone w i t h c y c l o p e n t a d i e n e 

Hexachloroindenone (10 g, 29 .7 mmoles) was d i s s o l v e d i n a n a l a r 

c a r b o n t e t r a c h l o r i d e (560 ml) i n a 1 1 . , 3-necked round-bottomed 

f l a s k , f i t t e d w i t h a m e c h a n i c a l s t i r r e r , r e f l u x condenser and dropping 

f u n n e l . C y c l o p e n t a d i e n e (2 .96 g, 3 .70 m l , 44 .8 mmoles) was d i l u t e d 

w i t h 20 ml c a r b o n t e t r a c h l o r i d e and added dropwise o v e r a p e r i o d o f 

30 minutes to the r e f l u x i n g s o l v e n t . A f t e r a d d i t i o n o f a l l the 

reagent the mix ture was s t i r r e d v i g o r o u s l y f o r 6 h o u r s . The s o l v e n t was 
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e v a p o r a t e d . The p r o d u c t was d r i e d under vacuum to remove any t r a c e o f 

e x c e s s c y c l o p e n t a d i e n e , then r e c r y s t a l l i z e d from c a r b o n t e t r a c h l o r i d e 

and n-hexane to g ive 2 , 5 , 6 , 7 , 8 , 1 0 - h e x a c h l o r o - 3 - k e t o - t r i c y c l o [ 9 , 2 , 1 , 0 ^ ' ^ ° , 

4 9 
O ' ] t e t r a - d e c a - 4 , 6 , 8 , 1 2 - t e t r a e n e (9 .93 g, 9 4 . 6 mmoles, 83%) as p a l e 

o 
y e l l o w c r y s t a l s m.p. 202 - 203 C which were examined by t . l . c . and 

i n f r a r e d s p e c t r o s c o p y (Appendix 1, No. 1 4 ) , M, . 400 * r - f (mass s p e c t r o s c o p y ) 

and e l e m e n t a l a n a l y s i s [Found: C , 4 1 . 5 5 ; H, 1 .39; C I , 53.01% r e q u i r e s 

C , 4 1 . 6 8 ; H, 1 .4; C I , 52 .85%]. 

(b) D i e l s - A l d e r r e a c t i o n o f hexachloro indenone and t e t r a p h e n y l -

c y c l o p e n t a d i e n o n 

The same procedure d e s c r i b e d above was used i n t h i s r e a c t i o n . 

T e t r a p h e n y l c y c l o p e n t a d i e n o n e (5 .75 g, 14 .97 mmoles) was added to h e x a -

ch loro indenon (5 g, 1 4 . 8 mmoles) u s i n g c a r b o n t e t r a c h l o r i d e as a s o l v e n t . 

I t was r e f l u x e d f o r 32 .50 h o u r s . There was no ev idence o f r e a c t i o n 

by t . l . c . The procedure was r e p e a t e d u s i n g xy lene as a s o l v e n t b u t i t 

gave the same r e s u l t . 

(c) The s y n t h e s i s o f e n d o - 2 , 6 - d i c h l o r o - 3 , 5 - d i k e t o - 4 - o x a - t r i c y c l o 

2 6 

[ 5 , 2 , 1 , 0 ' ] d e c - 8 - e n e 

D i c h l o r o m a l e i c anhydr ide (10 .1 g, 60 .4 mmoles) was d i s s o l v e d i n 

c a r b o n t e t r a c h l o r i d e (300 ml) i n a one-necked round-bottomed f l a s k (1 1 . ) 

f i t t e d w i t h water condenser . The s o l v e n t was h e a t e d u s i n g an o i l ba th 

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 u s i n g magnet ic 

s t i r r e r throughout the exper iment . C y c l o p e n t a d i e n e (5 .9 g, 89 .4 mmoles, 

7 .37 ml) was added dropwise through the condenser u s i n g a dropper over 
a p e r i o d o f 30 minutes . A f t e r complete a d d i t i o n of r eagent the m i x t u r e was 

l e f t to r e f l u x gent ly f o r 2 h o u r s . The s o l v e n t was e v a p o r a t e d and the 

o -3 

p r o d u c t was sub l imed under reduced p r e s s u r e (110 c, 10 mm.Hg.) . A 

whi te powdery m a t e r i a l was c o l l e c t e d from the s u r f a c e o f the c o l d f i n g e r 
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(12 .9 g, 55 .36 ramoles, 92%). I t was i d e n t i f i e d by i . r . s p e c t r o s c o p y 

(Appendix 1, No. 15) M. ^ ,232 and e l e m e n t a l a n a l y s i s 
(mass s p e c t r o s c o p y ) 

[Found: C , 4 6 . 4 3 ; H, 2 . 5 3 ; C I , 30.04% C H r C 1 0 , r e q u i r e s C , 4 6 . 3 9 ; 
9 b 3 

H, 2 .57 ; C I , 30.43%]. 

6 . 4 . P o l y m e r i z a t i o n 

(a) Reagents 

Toluene was p u r c h a s e d from B . D . H . Chemica l s L t d . , p u r i f i e d and d r i e d 

over sodium and 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 f l a s k s . Tungsten 

h e x a c h l o r i d e was p r e p a r e d by r e a c t i o n o f WO^ w i t h CC1^CC1=CC1^ and 

p r o v i d e d by Mr. A . B . A l i m u n i a r ( t h i s d e p a r t m e n t ) , t e t r a h y d r o f u r a n was 

p r o v i d e d by Mr. B . H a l l ( t h i s d e p a r t m e n t ) , t e t r a m e t h y l t i n and norbornene 

were p u r c h a s e d from A l d r i c h C h e m i c a l Co. L t d . 

(b) The 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 o f e n d o - 2 , 6 - d i c h l o r o - 3 , 5 - d i k e t o -

2 6 

4 - o x a - t r i c y c l o [ 5 , 2 , 1 , 0 ' ]dec -8 -ene u s i n g tungs ten h e x a c h l o r i d e 

and t e t r a m e t h y l t i n as the c a t a l y s t sys tem 

A l l the r e a c t i o n p o l y m e r i z a t i o n f l a s k s c o n t a i n e d a magnet ic 

f o l l o w e r and were c o n t i n u o u s l y purged w i t h dry n i t r o g e n . 

To one neck o f a 2-necked RB f l a s k (250 ml) was f i t t e d a serum 

cap and to the o t h e r an a i r condenser . The f l a s k was charged w i t h 

d r i e d p u r i f i e d monomer ( 4 . 8 g) which was d i s s o l v e d i n d r i e d to luene 

(75 ml) 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 , A s e p a r a t e f l a s k 

(50 ml) was charged w i t h a to luene s o l u t i o n o f t u n q s t e n h e x a c h l o r i d e 

(4 m l , 0 . 1 M) and t e t r a m e t h y l t i n (3 m l , 0 . 2 M). The c a t a l y s t mixture 

was s t i r r e d f o r f i v e minutes u n t i l the c o l o u r chanqed from b l u e - b l a c k 

to dark brown. The a c t i v e c a t a l y s t was i n j e c t e d i n t o the monomer 

s o l u t i o n us ing an a i r - t i g h t s y r i n g e (a dry n i t r o g e n atmosphere was 

m a i n t a i n e d throughout the e x p e r i m e n t ) . The l i q u i d was h e a t e d a t 
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70 C u s i n g an o i l b a t h . The exper iment was l e f t under these c o n d i t i o n s 

f o r 3 days (another p o r t i o n o f a c t i v e c a t a l y s t was added a f t e r one d a y ) . 

A dark brown v i s c o u s m a t e r i a l s e p a r a t e d around the s u r f a c e o f the 

f l a s k main ly a t the s o l v e n t gas i n t e r f a c e . A f t e r t h i s the r e a c t i o n 

was t e r m i n a t e d by the a d d i t i o n o f 50 ml o f t e t r a h y d r o f u r a n . A l l the 

s o l v e n t s were e v a p o r a t e d , the product was dark i n c o l o u r . I t was 

d i s s o l v e d i n t e t r a h y d r o f u r a n to g ive 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 l o o d e x c e s s o f t o l u e n e . "Tie p r e c i p i t a t e d m a t e r i a l 

was r e c o v e r e d by f i l t r a t i o n , d i s s o l v e d i n t e t r a h y d r o f u r a n and 

r e p r e c i p i t a t e d i n e x c e s s to luene f o u r t i m e s . The m a t e r i a l was d r i e d 

f o r 3 hours under vacuum to g ive creamy-white m a t e r i a l (1 .4 g, 29%). 

I t was i d e n t i f i e d by i . r . s p e c t r o s c o p y (Appendix 1, No. 1 6 ) , e l e m e n t a l 

a n a l y s i s [Found: C , 4 3 . 4 4 ; H , 2 .10 ; C , 29 .48 r e q u i r e s C , 4 6 . 3 9 ; H , 

, 1 13 
2 . 5 7 , C l , 30.43%], H n . m . r . and C n . m . r . 

(c) The 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 o f 2 , 5 , 6 , 7 , 8 , 1 0 - h e x a c h l o r o - 3 -

2 10 4 9 

k e t o - t r i c y c l o [ 9 , 2 , 1 , 0 ' ,0 ' ] t e t r a d e c a - 4 , 6 , 8 , 1 2 - t e t r a e n e (44) 

F o l l o w i n g the procedure d e s c r i b e d above, the p u r i f i e d monomer (44) 

( 8 . 0 g) was d i s s o l v e d i n dry chlorobenzene (75 m l ) . The a c t i v e 

c a t a l y s t p r e p a r e d by r e a c t i n g tungs ten h e x a c h l o r i d e (4 m l , 0 .1 M 

WCl^ i n C J C 1 ) w i t h t e t r a m e t h y l t i n (3 m l , 0 . 2 II Me Sn i n C H C l ) was 
6 6 5 4 6 5 

o 

i n j e c t e d i n t o the monomer s o l u t i o n . The m i x t u r e was h e a t e d a t 70 C 

f o r 3 days but there i s no ev idence o f r e a c t i o n and a f t e r d e s t r u c t i o n 

o f the c a t a l y s t w i t h THF the monomer was c o l l e c t e d unchanged (8 g ) , 

i d e n t i f i e d by i n f r a r e d s p e c t r o s c o p y . 
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A l l s p e c t r a were r e c o r d e d u s i n g KBr d i s c o r c a s t i n g t h i n f i l m s f o r the 

po lymer . 

I n f r a r e d s p e c t r a are g iven b e l o w : -

Spectrum No. Sample 

1 P e r c h l o r o i n d e n o n e , see page 30; 

2 P e r c h l o r o i n d e n e , see page 31; 

3 Recovered m a t e r i a l from the r e a c t i o n o f p e r c h l o r o 

indene w i t h c y c l o h e x a n e , see page 32; 

4 Recovered m a t e r i a l from the r e a c t i o n o f p e r c h l o r o 

indene w i t h T o l u e n e , see page 33; 

5 The f i r s t f r a c t i o n from the s e p a r a t i o n o f 4 (above) ; 

6 The second f r a c t i o n from the s e p a r a t i o n o f 4 (above) ; 

7 The t h i r d f r a c t i o n from the s e p a r a t i o n o f 4 (above ) ; 

8 The f o u r t h f r a c t i o n from the s e p a r a t i o n o f 4 (above) ; 

9 Recovered m a t e r i a l from the r e a c t i o n o f p e r c h l o r o 

indene w i t h p o t a s s i u m f l u o r i d e , see page 34; 

10 The f i r s t f r a c t i o n from the s e p a r a t i o n o f 9 (above ) ; 

11 The second f r a c t i o n from the s e p a r a t i o n o f 9 (above) ; 

12 The t h i r d f r a c t i o n from the s e p a r a t i o n o f 9 (above ) ; 

13 The f o u r t h f r a c t i o n from the s e p a r a t i o n o f 9 (above ) ; 

14 Recovered m a t e r i a l from the r e a c t i o n o f c y c l o p e n t a d i e n e 

w i t h h e x a c h l o r o i n d e n o n e , see page 70; 

15 Recovered m a t e r i a l from the r e a c t i o n o f c y c l o p e n t a d i e n e 

w i t h d i c h l o r o m a l e i c a n h y d r i d e , page 71; 

16 Recovered m a t e r i a l from the r e a c t i o n of e n d o - 2 , 6 -

2 6 

d i c h l o r o - 3 , 5 - d i k e t o - 4 - o x a - t r i c y c l o [ 5 , 2 , 1 , 0 ' ] d e c - 8 - e n e 

wi th WC1 /Me S n , page 72. 
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