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ABSTRACT 

In t h i s t h e s i s the r e s u l t s of a series of f l u o r i n a t i o n s 
of polyfluoroazabenzenes w i t h a 50:50 mixture of C0F3 and CaF2 

are described. P e r f l u o r o - 4 - i s o p r o p y l , - 2 , 4 - d i - i s o p r o p y l , 
-3-methyl and -4-methylpyridines reacted by the a d d i t i o n 
of two or four f l u o r i n e atoms to give high y i e l d s of 
-azacyclodienes and -monoenes. The observed products were 
thought to represent the thermodynamically more stable 
dienes and a mechanism i s proposed f o r t h e i r formation. 
Pyrimidines e x h i b i t e d a v a r i e t y of behaviours i n tha t a 
diene r e s u l t e d from p e r f l u o r o - 4 , 6 - d i - i s o p r o p y l p y r i m i d i n e , 
5 - c h l o r o t r i f l u o r o p y r i m i d e behaved more l i k e t e t r a f l u o r o -
pyrmidine i n t h a t dimers were produced w h i l s t p e r f l u o r o - 4 -
i s o p r o p y l p y r i m i d i n e gave a complicated mixture of fragmentation 
products. Perfluoro-4,5- aid 4,6-di-isopropylpyridazines 
both gave products r e s u l t i n g from the loss of nit r o g e n 
w h i l s t a diene was obtained i n high y i e l d upon f l u o r i n a t i n g 
perfluoro-2,5-di-isopropylpyrazine„ Cyanuric f l u o r i d e 
was r e s i s t a n t t o f l u o r i n a t i o n 0 

Some d i r e c t f l u o r i n a t i o n s have been performed but only 
t e t r a f l u o r o p y r i m i d i n e and p e r f l u o r o - 4 , 5 - d i - i s o p r o p y l p y r i d a z i n e 
were r e a c t i v e , the former producing a dimer the l a t t e r products 
due to loss of n i t r o g e n . 

Some of the new perfluoropolyazacyclodienes have been 
reacted w i t h a v a r i e t y of n u c l e o p h i l i c reagents and w h i l s t 
imino f l u o r i n e s were r e a d i l y s u b s t i t u t e d imines bearing 
p e r f l u o r o i s o p r o p y l were r e s i s t a n t t o r e a c t i o n . P e r f l u o r o - 4 -
isopropy1-1-azacyclohexa-l,3-diene has a very l a b i l e f l u o r i n e 
at C-2 compared w i t h the one at C-3 and i t i s thought t h a t 
p o l a r i s a t i o n of the imine bond by ni t r o g e n i s responsible 
f o r t h i s . 

Several of the new dienes have been subjected to p h o t o l y s i s 
and r i n g opening and fragmentation reactions were observed. 
Products w i t h i s o l a t e d double bonds were not r e a c t i v e . 



GLOSSARY 

The f o l l o w i n g terms and conventions have been followed 
throughout the t e x t : 

1. F w i t h i n a r i n g denotes a l l unmarked bonds w i t h i n the 
molecule are to f l u o r i n e . 

2. H.V.H.M.F. = high valency heavy metal f l u o r i d e . 

3. A.H.F. = anhydrous hydrogen f l u o r i d e . 
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CHAPTER 1 

THE DIRECT FLUORINATION OF ORGANIC COMPOUNDS 

1.1 I n t r o d u c t i o n 

Various techniques f o r f l u o r i n a t i n g organic molecules 
have been developed over the years and they can be di v i d e d i n t o 
two broad classes:-

( 1) Techniques which inv o l v e r e a c t i o n of the organic compound w i t h 
f l u o r i n e gas d i r e c t l y ; 

(2) Techniques which involve the r e a c t i o n of the organic 
compound w i t h a f l u o r i n e containing species i n which the 
l a b i l e f l u o r i n e i s bonded t o a d i f f e r e n t element. These 
l a t t e r are c a l l e d i n d i r e c t techniques and are described, 

w i t h an emphasis on CoF^, i n Chapter 2. 

1.2 Thermodynamics of Di r e c t F l u o r i n a t i o n 

Compared w i t h r e a c t i o n s between organic compounds and 
c h l o r i n e , r e a c t i o n s w i t h f l u o r i n e are c h a r a c t e r i s t i c a l l y v i o l e n t 
and o f t e n proceed e x p l o s i v e l y or w i t h combustion. Special 
techniques to moderate the r e a c t i o n o f t e n have t o be employed 
as a r e s u l t . The t a b l e of enthalpy changes, presented below, 
i l l u s t r a t e s t h i s p o i n t . 

The data i n Table 1.1 i n d i c a t e t h a t a large amount of energy 
i s released when f l u o r i n e i s reacted w i t h an organic compound 
as a r e s u l t of the low d i s s o c i a t i o n energy of molecular f l u o r i n e 
and the s t r e n g t h of the bonds formed. 
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TABLE 1.1 

Enthalpy changes during halogenation reactions 

Process Enthalpy 
Kjoules 

change 
mole 

Reference 

1 D i s s o c i a t i o n of Fluorine 
F 2—*>2F. + 155 1 

2 D i s s o c i a t i o n of Chlorine 
C l 2 - * 2C1« + 254 1 

3 Formation of ^C-F bond - 439 2 
4 Formation of -C-Cl bond - 340 2 
5 Formation of H-F bond - 565 2 
6 Formation of H-Cl bond - 438 2 
7 Ad d i t i o n of F 2 t o ^C=C^ 

F 2 + > > c £ fr/CF-CF^ 
- 421 3 Ad d i t i o n of F 2 t o ^C=C^ 

F 2 + > > c £ fr/CF-CF^ 
8 Ad d i t i o n of Clg t o >C=C< - 147 3 

c i 2 + >C=C<—> ̂ CC1-CC1C 
- 147 

9 S u b s t i t u t i o n of -pC-H by F 2 

F 2 + 9C-H — > >C-F + HF 
- 410 1 

10 S u b s t i t u t i o n of -̂ C-H by C l n 

k_ 

C l 2 + $C-H > ^C-Cl + HCl - 107 1 

The energy released i s s u f f i c i e n t t o rupture Ĉ-H and ^C-C^ 
bonds. Therefore, unless extremely e f f i c i e n t methods of conducting 
t h i s energy away from the s i t e of r e a c t i o n are employed, f l u o r i n a -
t i o n r e a c t i o n s r e s u l t i n complicated mixtures of fragmentation 
products and t a r r y polymers. 

1.3 Proposed Mechanisms f o r D i r e c t F l u o r i n a t i o n Reactions 

F l u o r i n e u s u a l l y reacts w i t h organic compounds by a r a d i c a l 
chain mechanism, s i m i l a r t o t h a t observed when organic compounds 
are c h l o r i n a t e d i n the presence of u l t r a - v i o l e t r a d i a t i o n . The 
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evidence f o r t h e i n t e r m e d i a c y o f r a d i c a l s i s : -

a) d i m e r i s a t i o n s and o l i g o m e r i s a t i o n s are common, e s p e c i a l l y 
4 

when t h e f l u o r i n a t i o n i s performed i n a condensed phase. 
0°C 4 e.g. CCI2 = CClg p — > ^4^2^2 a n d ° ' t n e r p r o d u c t s ; 
2 

5 
b) r e a c t i o n s are c a t a l y s e d by l i g h t ; 

c) r e a c t i o n s are i n h i b i t e d by f r e e r a d i c a l i n h i b i t o r s such 
6 

as oxygen. 

One major d i f f e r e n c e between c h l o r i n a t i o n s and f l u o r i n a t i o n s 

i s t h e f a c t t h a t f l u o r i n a t i o n s proceed very r e a d i l y i n t h e absence 

of u l t r a - v i o l e t r a d i a t i o n and a t v e r y low t e m p e r a t u r e s . I n s p i t e 

of t h e low d i s s o c i a t i o n energy o f f l u o r i n e , o n l y a s m a l l number of 
7 

r a d i c a l s can be produced, t h e r m a l l y , at room t e m p e r a t u r e . 
-90 

F 2 > 2F- Keq = 10 Ref: 7 
Whether t h i s i s s u f f i c i e n t t o i n i t i a t e t h e r e a c t i o n has been 

7 8 9 
a s u b j e c t f o r debate. ' ' The proposed i n i t i a t i o n s t e p s a r e : -

F 2 - > 2F-

-JC-H + F» > 5=0 + HF 

S y \/ 
C C -F 
|l + F« > \ e t c . Ref : 8 
C C« / \ 

The a c t i v a t i o n energy o f t h e hydrogen a b s t r a c t i o n s t e p i s 

v e r y low, and i t has been argued t h a t , because of t h i s , such 
g 

low f l u o r i n e atom c o n c e n t r a t i o n s are s u f f i c i e n t f o r i n i t i a t i o n . 

However, M i l l e r has suggested a l t e r n a t i v e i n i t i a t i o n 

processes i n which a molecule o f f l u o r i n e , as opposed t o an atom, 

r e a c t s w i t h e i t h e r a — C-H bond, f o r s u b s t i t u t i o n r e a c t i o n s , or w i t h 
9 

a double bond, f o r a d d i t i o n r e a c t i o n s . R a d i c a l s are generated 

i n b o t h processes:-
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-C-H + F-F p. F- + H-F + -C 

m = 17Kj.mole 1 

\ / 
c C-F 
II + F-F -— > 1 
C C-
/ \ /\ 

+ F 

m = -5Kj.mole 1 

Ref : 9 

Thermodynamically, both processes are q u i t e r e a s o n a b l e , 

and t h e da t a are c o n s i s t e n t w i t h t h e f a c t t h a t f l u o r i n e i s 
9 

s i g n i f i c a n t l y more r e a c t i v e w i t h o l e f i n s than i s c h l o r i n e . 

C C-Cl 
II + C l 9 • I + CI- m = + 94.5 Kj .mole 
C Z C« 
' N ' \ Ref: 9 

Rogers s t u d i e d t h e k i n e t i c s o f t h e r e a c t i o n between 

gaseous f l u o r i n e and t h e o l e f i n s p e r f l u o r o b u t - 2 - e n e and 2,3-

- d i c h l o r o h e x a f l u o r o b u t - 2 - e n e and found t h a t t h e o r d e r o f 

r e a c t i o n , w i t h r e s p e c t t o f l u o r i n e , was c o n s i s t e n t w i t h a b i -

m o l e c u l a r i n i t i a t i o n s t e p . ^ ' ^ T h i s was f i r m evidence f o r 

M i l l e r ' s e a r l i e r p r o p o s a l s . Semenov d i d a t h e o r e t i c a l s t u d y of 

t h e r e a c t i o n o f f l u o r i n e w i t h o l e f i n s , and a l s o argued f o r t h e 

b i m o l e c u l a r p r o c e s s . ^ 

1.4 E x p e r i m e n t a l Techniques f o r D i r e c t F l u o r i n a t i o n 

1.4A D i r e c t f l u o r i n a t i o n i n the l i q u i d phase 

Many s u c c e s s f u l f l u o r i n a t i o n s have been performed by 

p a s s i n g f l u o r i n e , or a m i x t u r e o f f l u o r i n e and an i n e r t gaseous 

d i l u e n t , i n t o c o l d d i l u t e s o l u t i o n s o f an o r g a n i c compound. By 

s t i r r i n g v i g o r o u s l y , a reasonable degree o f t h e r m a l homogeneity 

can be a c h i e v e d , a l t h o u g h Tedder has s a i d t h a t , as t h e s o l u b i l i t y 

of f l u o r i n e i n o r g a n i c s o l v e n t s i s low, most o f t h e r e a c t i o n must 
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occur i n s i d e bubbles i n t h e gas phase, or at t h e i n t e r f a c e , 

and t h e t e m p e r a t u r e o f such environments may be s i g n i f i c a n t l y 
12 

h i g h e r t h a n t h a t o f t h e s o l v e n t . T h e r e f o r e , t h e r e i s a degree 

of u n c e r t a i n t y about t h e r e a c t i o n t e m p e r a t u r e o f l i q u i d - p h a s e 

fluorinations. 

The s o l v e n t must be r e a s o n a b l y i n e r t t o f l u o r i n e and, i n t h i s 

r e s p e c t , t h e c h l o r o f l u o r o a l k a n e s have proven s u p e r i o r t o o t h e r 

s o l v e n t s , when s u f f i c i e n t q u a n t i t i e s o f s u b s t r a t e s can be 

d i s s o l v e d i n them. 

The apparatus i n F i g u r e 1.1 which M i l l e r designed i l l u s t r a t e s 

how many of t h e d i f f i c u l t i e s of d i r e c t l i q u i d phase f l u o r i n a t i o n 

can be overcome. 
Copper Gauze Exhaust F l u o r i n e 

J r Coolant 

S t i r r e r 

C i r c u l a t i n g 
u b s t r a t e 

13 Ref F i g u r e 1.1 

I t c o n s i s t e d o f a r e c t a n g u l a r l o o p of brass t u b i n g , t o which 

was added an i n l e t and an o u t l e t tower. The m a t e r i a l t o be 

f l u o r i n a t e d ( e i t h e r neat or i n s o l u t i o n ) was caused t o c i r c u l a t e 

i n t h e l o o p by a pad d l e , w h i l s t t h e f l u o r i n e was passed over t h e 

l i q u i d s u r f a c e , c o u n t e r t o t h e c u r r e n t . The whole apparatus was 

immersed i n a c o o l i n g b a t h . 

Many examples o f r e a c t i o n s performed by d i r e c t f l u o r i n a t i o n 

i n t h e l i q u i d phase w i l l be found i n S e c t i o n s 1.5 t o 1.8. 
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C o u p l i n g r e a c t i o n s are common when t h i s t e c h n i q u e i s used, 
s i n c e r a d i c a l s are produced i n a condensed phase. 

1.4B J e t f l u o r i n a t i o n 

Bigelow performed a s e r i e s o f s u c c e s s f u l d i r e c t 

f l u o r i n a t i o n s by r e a c t i n g gaseous s u b s t r a t e s w i t h f l u o r i n e i n a 
14 

t u r b u l e n t n i t r o g e n j e t . The j e t speed was s e t t o exceed t h a t 

of t h e flame speed, so t h a t r e a c t i o n o c c u r r e d i n an homogenised 

m i x t u r e i n s t e a d o f the l o c a l i s e d area o f a flame f r o n t . I n t h i s 

way, heat was e f f i c i e n t l y d i s s i p a t e d . H e x a f l u o r o e t h a n e ( 1 ) was 

o b t a i n e d i n 85% y i e l d from ethane and no f r a g m e n t a t i o n o r 
15 

p o l y m e r i s a t i o n p r o d u c t s were d e t e c t e d . 
V N 2 C 0H r T . %. . > C„F C + HF 2 6 J e t f l u o r i n a t i o n 2 6 

( 1 ) Ref: 15 

85% 

1.4C C a t a l y t i c f l u o r i n a t i o n 

Another e a r l y t e c h n i q u e , was t o employ r e a c t o r s f i l l e d 

w i t h m e t a l shot f o r t h e r e a c t i o n o f o r g a n i c s u b s t r a t e s i n t h e 

vapour phase w i t h f l u o r i n e . I t i s u n c e r t a i n whether t h e success 

of t h e method i s s i m p l y due t o heat d i s s i p a t i o n by t h e s h o t , o r , 

as has been suggested, because t h e r e a c t i o n o ccurs at t h e m e t a l 

s u r f a c e s v i a a c a t a l y t i c process i n v o l v i n g h i g h v a l e n c y f l u o r i d e s 
16 

formed t h e r e . T h i s seems u n l i k e l y , however, as Musgrave and 

Smith found t h a t y i e l d s of p e r f l u o r o c y c l o h e x a n e ( 2 ) from benzene 

v a r i e d l i t t l e when a s e r i e s o f d i f f e r e n t s u r f a c e s were employed.^ 

17 C a t a l y t i c Reactor Ref 

V a r i o u s Packings ( 2 ) 
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18 12 
S i l v e r and c o b a l t f l u o r i d e s are a c t i v e f l u o r i n a t i n g 

agents at t h e t e m p e r a t u r e o f these r e a c t i o n s , but these metals 

d i d not appear t o be more a c t i v e as packings than copper t u r n i n g s . 

Using t h i s t e c h n i q u e , Cady e t al_. were able t o prepa r e 
16 

p e r f l u o r o h e p t a n e ( 3 ) i n 62% y i e l d f r o m n-heptane and, i n 

c o n t r a s t t o f l u o r i n a t i o n i n condensed phases, t h e vapour phase 

r e a c t i o n o f t r i f l u o r o m e t h y l b e n z e n e ( 4 ) gave p e r f l u o r o m e t h y l c y c l o -
19 

hexane (50) i n good (8 5 % ) y i e l d . 

n r H C a t a l y t i c p „ n-C 7H 1 6 • n " C 7 F 1 6 Ref: 16 
Reactor ( 3 ) 62% 

C a t a l y t i c 
R e a c t o r -> F 

Ref: 19 

( 4 ) ( 5 ) 85% 

P o l y m e r i s a t i o n sometimes occurs i n c a t a l y t i c f l u o r i n a t i o n s and, 

i f i t i s e x t e n s i v e enough, m a t e r i a l condenses onto t h e ' c a t a l y s t ' 

s u r f a c e s and reduces t h e e f f i c i e n c y o f heat d i s s i p a t i o n . 

However a t h i g h e r r e a c t i o n t e m p e r a t u r e s such d e p o s i t s are q u i c k l y 

degraded. Bigelow observed h e x a f l u o r o e t h a n e ( 6 ) and hepta-

f l u o r o p r o p a n e ( 7 ) as w e l l as carbon t e t r a f l u o r i d e , when he 
20 

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

F 2 
CH 4 > CF 4 + C 2F 6 + C 3F g Ref: 20 

(6 ) ( 7 ) 
1.4D The f l u o r i n a t i o n o f s o l i d s - t h e 'La Mar' process 

Margrave and Lagow r e a c t e d a wide range of s o l i d s by 

exposing them t o an atmosphere o f h e l i u m c o n t a i n i n g low 

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

c o r r e s p o n d i n g s a t u r a t e d p e r f l u o r o analogues. Both o r g a n i c and 
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i n o r g a n i c compounds were r e a c t e d . They r a t i o n a l i s e d t h e i r r e s u l t s 

by s u g g e s t i n g t h a t t h e f l u o r i n e t o o k so l o n g t o reach a r e a c t i v e 

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

t h a t t h e energy r e l e a s e d by p r e v i o u s r e a c t i o n s was w e l l d i s s i p a t e d 

and hence s p e c i e s w i t h s u f f i c i e n t k i n e t i c energy t o r u p t u r e 

-^C-C^ bonds would not be generated. ^ 

As t h e amount of f l u o r i n e i n c o r p o r a t e d i n t o t h e l a t t i c e 

i n c r e a s e d , t h e c o n c e n t r a t i o n of f l u o r i n e i n t h e h e l i u m was a l s o 

i n c r e a s e d t o m a i n t a i n t h e r a t e o f r e a c t i o n . I t was found t h a t 

complete r e a c t i o n , as determined by e l e m e n t a l a n a l y s i s o f t h e 

f i n a l p r o d u c t , was not p o s s i b l e beyond a few m i l l i m e t r e s from t h e 

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

s t a t e , o r as a t h i n f i l m . 

The method has been used t o c o n v e r t hydrocarbon polymers 

i n t o p e r f l u o r o polymers. Thus, p o l y - p - x y l y l e n e ( 1 4 ) , i n t h e form 

of a powder, was f l u o r i n a t e d by t h i s method, u s i n g a h e l i u m 
22 

d i l u e n t . The c o n c e n t r a t i o n o f f l u o r i n e was i n c r e a s e d 

s u c c e s s i v e l y u n t i l , a f t e r s i x d a y s , i t c o n s t i t u t e d 95% of t h e 

atmosphere. A c c o r d i n g t o e l e m e n t a l a n a l y s i s , t he y i e l d o f t h e 

s a t u r a t e d p e r f l u o r o analogue (15) of t h e o r i g i n a l polymer was 99%. 

i 7 \ e. g C H 2 C H 2 
n (14) 

E>/He 22 Ref 

7 -1 n > < < > CF CF CF 
n 

(15) 
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The p o s s i b i l i t y t h a t p o l y e t h y l e n e s , and o t h e r polymers, 

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

suggests p o t e n t i a l f o r major commercial e x p l o i t a t i o n o f t h i s 

t e c h n i q u e . 

P o l y e t h y l e n e ( 8 ) , p o l y p r o p y l e n e and p o l y s t y r e n e have a l l 

been s u c c e s s f u l l y t r e a t e d 23 I t has been r e p o r t e d t h a t t h e 

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

t o above 300°C when t h e y g a i n a f l u o r i n e c o n t e n t i n excess of 
24 

50%, w h i l s t p o l y e t h y l e n e f i l m s t r e a t e d t h i s way have i n c r e a s e d 

o i l r e s i s t a n c e . ^ 
-[CH 2-CH 2]- V H % - [ C F 2 - C F 2 ] - Ref: 23 

n 

Even h i g h l y branched compounds l i k e p o l y i s o b u t y l e n e ( 9 ) gave 
22 

y i e l d s o f t h e p e r f l u o r o d e r i v a t i v e ( 10) as h i g h as 95%. 

CH- CH3 
CH 9 -C -CH 0 -C 

F 2 /He 

CH-
J n 20°C 

i 3 i 
C F 0 - C - C F n - C 

2. \ 2 i 

I 3 

CH 3 CF3 

( 9 ) (10) 

Ref: 22 

1.5 The D i r e c t F l u o r i n a t i o n o f Alkanes 

Alkanes have been f l u o r i n a t e d by a l l f o u r o f t h e d i r e c t 

methods d e s c r i b e d . I n g e n e r a l , y i e l d s o f t h e p e r f l u o r o analogues 

are r e a s o n a b l e f o r s t r a i g h t c h a i n s but become poor i f t h e s k e l e t o n 

i s v ery branched. M o n o f l u o r i d e s have been prepared by l i q u i d phase 

f l u o r i n a t i o n whereas f u l l y s a t u r a t e d d e r i v a t i v e s are more e a s i l y 
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p r e p a r e d by the c a t a l y t i c and j e t t e c h n i q u e s . I t has been shown 

t h a t f l u o r i n e atoms i n h i b i t t h e s u b s t i t u t i o n o f a d j a c e n t 

hydrogens, so t h a t i n l o n g c h a i n s , e.g. l u b r i c a n t s , i t i s v e r y 

d i f f i c u l t t o remove t h e f i n a l t r a c e s o f hydrogen by d i r e c t 

f l u o r i n a t i o n . ^ 

1. n-C„H 7 16 C a t a l y t i c method -> n-C 7F 1 6 62% Ref: 17 

C 2 H 6 Je t r e a c t o r -0 

C a t a l y t i c method 

C 2 F 6 83% 

13% 

Ref: 16 

Ref: 26 

1. 6 D i r e c t F l u o r i n a t i o n of Alkenes 

BockemUller was t h e f i r s t t o s u c c e s s f u l l y f l u o r i n a t e 

an alkene i n t h e l i q u i d phase, when he t r e a t e d t e t r a c h l o r o e t h y l e n e 
27 

(11) w i t h f l u o r i n e d i l u t e d w i t h carbon d i o x i d e . 

F /CO 
CC1 0 = CC1 — > CFC1 Q + CFCl2CFCl 0 + CC1 QCFC1„ + C.F 0C1 Q 

-OU L L L 1 4 1 2 % 2 6 % 1 7 % 8 5 % 

Ref: 27 

D i m e r i s a t i o n was a major r e a c t i o n and some m i g r a t i o n o f c h l o r i n e 

atoms o c c u r r e d . 
M i l l e r l a t e r a l s o o b t a i n e d a dimer (12) when he added f l u o r i n e 

t o s - d i c h l o r o d i f l u o r o e t h y l e n e (13) and hence he proposed a f r e e -
34 

r a d i c a l mechanism, i n s p i t e o f t h e low r e a c t i o n t e m p e r a t u r e . 



- 1 1 -

CFC1 = CFC1 + F r 

(13) 
CF 2C1 - CFC1* + F» 

2CF 2C1 - CFC1* (CF 2C1 - CFC1) 2 

(12) 

CF 2C1 - CFC1* + F« • C F 2 C 1 ~ C F 2 C 1 

Neat F, 
O v e r a l l CFC1 = CFC1 (CF 2C1 - CFC1) 2 + CF 2C1 - CF 2C1 

(12) 30% 
No s o l v e n t 

17% 

Ref: 28 

I t was on t h e b a s i s o f t h i s and o t h e r r e a c t i o n s t h a t M i l l e r 

proposed t h e b i m o l e c u l a r i n i t i a t i o n r e f e r r e d t o e a r l i e r . A non-

p o l a r f o u r - c e n t r e d t r a n s i t i o n stage was envisaged:-

\ / c 
it + F-F 
C 

\ / 
C 
I 
c 

/ \ 
- F - - F 

\ / 
O 

I 
C-F 

/ \ 
+ p. —• etc, 

Ref: 28 

T h i s c o n t r a s t s w i t h t h e i o n i c mechanism l a t e r proposed f o r 
29 

t h e a d d i t i o n o f f l u o r i n e t o the o l e f i n ( 1 4 ) . 

Ph 

Ph 
C=CH 

F->, CFCl 
Jl J, 

-78 C 

Ph 7 F Ph Ph 
^C=C + /CFCFH +XFCHF 

Ph X H Ph 2 P h 2 

( 1 4 ) 

(Ph = P h e n y l ) 

(16) 

78% 

(17) 

14% 

(15) 

8% 

Ref: 29 
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I t was shown t h a t t h e t r i f l u o r i d e (15) i s formed by t h e 

a d d i t i o n o f f l u o r i n e t o (16) e x c l u s i v e l y and t h a t o l e f i n (16) 

i t s e l f , i s u n l i k e l y t o have formed by t h e l o s s o f IIF from ( 1 7 ) . 

T h i s was accounted f o r by t h e f o l l o w i n g mechanism :-

Ph Ph 
\ / 
C + F 

H 
C 2 

H 

(14) 

(Ph = Ph e n y l ) 

Ph Ph 

C—;F 
8 + 
A -H H 

6-
F 

V 

Ph Ph 
\ / C-F 

I C-F / \ 
H H 

(17) 

Ph Ph 
\ / 

6+c ,f&-
F A " 

H H 

Ph Ph 
\ / C 
II + HF 

A 
H F 

Ref: 29 
(16) 

L a t e r , M e r r i t t f l u o r i n a t e d c i s - a n d t r a n s -propenylbenzenes 

i n a s e r i e s o f s o l v e n t s , and was a b l e t o show t h a t t h e mode o f 

a d d i t i o n was p r e d o m i n a n t l y syn i n b o t h cases, c o n s i s t e n t w i t h 
30 

complex ( 1 8 ) . R e a c t i o n i n methanol r e s u l t e d i n an a d d i t i o n 

r e a c t i o n as w e l l as f o r m a t i o n o f t h e d i f l u o r i d e . The a d d i t i o n 

was s t e r e o s p e c i f i c and was p r e s e n t e d as evidence f o r t h e 

f o r m a t i o n o f (19) 
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H Ph 
\ / 

6+fT:F6 
CH, H 

(18) 

H Ph 

F6-

CH 3 H 

(19) Ref: 30 

R a d i c a l f l u o r i n a t i o n s i n t h e l i q u i d phase were employed d u r i n g 

t h e 1939 war, as a r o u t e t o o l i g o m e r i c p e r f l u o r o c a r b o n 

l u b r i c a n t s . P e r f l u o r o b u t a d i e n e (20) gave good y i e l d s o f v i s c o u s 
13 

o l i g o m e r s . 

CF 2 = CF-CF = CF 2 + F 2 

( 2 0 ) 
r Y +C Y +C Y +C Y -> ^ 8 i 1 8 ^ 1 2

i 2 6 16 34 u 2 8 58 

Ref: 13 

D i r e c t f l u o r i n a t i o n o f p e r f l u o r o o l e f i n s i s l e s s e x o t h e r m i c 

t h a n o f hydrogen r i c h o l e f i n s , and hence, i s more e a s i l y 

c o n t r o l l e d . R e c e n t l y , Von Halasz p a t e n t e d a f l u o r i n a t i o n o f 

p e r f l u o r o n o n e n e isomers (21) and (2 2 ) i n which he does not use 

a d i l u e n t . ^ 

C 3 F 7 

°3F7 

(21) 

/ 3 F. / C F 3 j - C 3 F 7 

F C 2 F 5 C F 3 
(22) 

)CFCF 2CF 3 

" C 3 F 7 
96% 

Ref: 31 
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No o l i g o m e r i s a t i o n was r e p o r t e d . S i m i l a r l y , p e r l l u o r o - 2 , 3 -
d i m e t h y l - 2 - b u t e n e (23) f a i l e d t o d i m e r i s e upon f l u o r i n a t i o n . 

CF, CF, 

CF 3 CF3 

F. C F \ / C F 3 
^CFCF 

CF 3 \ F 

1.7 D i r e c t F l u o r i n a t i o n o f Aromatic Systems 

1.7A The f l u o r i n a t i o n o f benzene 

Bigelow f l u o r i n a t e d benzene i n a c a t a l y t i c r e a c t o r 

packed w i t h copper gauze and o b t a i n e d a c o m p l i c a t e d m i x t u r e 

c o n t a i n i n g d o d e c a f l u o r o c y c l o h e x a n e (24) and some bi-undeca-
33 

f l u o r o c y c l o h e x y l (25) amongst t h e major p r o d u c t s . No a r o m a t i c 

p r o d u c t s were produced, and t h e o t h e r p r o d u c t s c o n s i s t e d o f 

s a t u r a t e d fragments and some r i n g c o n t r a c t e d compounds. 

F X F + F C a t a l y t i c 
Reactor 

H (24) (25) Ref 33 

+ F 7 + CF+C.F + CLF 
4 ~2'6 3'8 

He p o s t u l a t e d a r a d i c a l mechanism i n v o l v i n g a d d i t i o n r e a c t i o n s 

f o l l o w e d , i n t h e l a t e r s t a g e s , by s u b s t i t u t i o n r e a c t i o n s : -



+ F- •F, 

X r . / F r -
 N „ / F + C . \ / F 

Ref: 33 

Grakauskas, however, d i d produce a r o m a t i c s u b s t i t u t i o n 

p r o d u c t s when he r e a c t e d benzene, as a 6% s o l u t i o n i n a c e t o n i t r i l e 
o 34 at -35 C w i t h f l u o r i n e i n t h e molar r a t i o o f 1 p a r t benzene 

t o 0.7 o f f l u o r i n e . Some p o l y m e r i c m a t e r i a l was a l s o produced: 

-35T,CH 3CN 
Ref: 34 

The d i f l u o r o b e n z e n e s were found t o be i n t h e r a t i o 1:4:5 

f o r m e t a : o r t h o : p a r a . S i m i l a r s e l e c t i v i t y was found i n t h e 

r e a c t i o n s o f t o l u e n e and n i t r o b e n z e n e which l e d Grakauskas t o 

propose an e l e c t r o p h i l i c i o n i c mechanism: 

H + etc. 

Ref: 34 

I n s p i t e o f t h i s , Vasek and Sams suggested a r a d i c a l 

mechanism f o r Grakauskas' f l u o r i n a t i o n , on t h e b a s i s o f t h e i r 
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35 36 
experiments w i t h c o l d f l u o r i n e plasmas. ' They showed t h a t 

t h e r e a c t i o n of f l u o r o b e n z e n e (26) and bromobenzene w i t h f l u o r i n e 

atoms produced i n a glow d i s c h a r g e o f m o l e c u l a r f l u o r i n e , at 0°C, 

g i v e s a r o m a t i c s p e c i e s as major components of the p r o d u c t . They 

a l s o demonstrated t h a t t h e f l u o r i n e atom was more s e l e c t i v e t h a n 

p r e v i o u s l y supposed, e.g. i n t h e r e a c t i o n o f bromobenzene t o form 

fluorobromobenzene t h e isomer r a t i o i s i n t h e o r d e r para>ortho>meta 

The y i e l d o f para p r o d u c t i s about t h r e e t i m e s t h a t of t h e meta and 

t h e r e f o r e t h e r e a c t i v i t y o f t h e para p o s i t i o n i s s t a t i s t i c a l l y 

s i x t i m e s t h a t o f one of the meta's. These o b s e r v a t i o n s are 

r a t i o n a l i s e d i n a proposed mechanism i n which a charge t r a n s f e r 

complex forms an i n t e r m e d i a t e : -F F F 
+F 

< — • F > F 

F 3 + 
etc. 

35 Ref 
F H 

The complex t h e n c o l l a p s e s t o y i e l d a r a d i c a l i n t e r m e d i a t e , 

s u b s t i t u t e d i n t h e same p o s i t i o n s as i n an e l e c t r o p h i l i c s u b s t i t u ­

t i o n . Knunyants e_t al_. o b t a i n e d s i m i l a r r e s u l t s by f l u o r i n a t i n g 
o 37 

n i t r o b e n z e n e w i t h f l u o r i n e d i l u t e d w i t h n i t r o g e n a t -5 C. They 

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

e l e c t r o p h i l i c i t y . 
1.7B D i r e c t f l u o r i n a t i o n o f halobenzenes 

The f l u o r i n a t i o n o f halobenzenes i s , i n g e n e r a l , e a s i e r 

t o c o n t r o l than t h a t o f hydrogen c o n t a i n i n g benzenes. Both 
38 39 T a t l o w and Grakauskas have performed l i q u i d phase f l u o r i n a -
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t i o n s of hexafluorobenzene ( 2 7 ) . D i m e r i c (30), (31) and p o l y m e r i c 

p r o d u c t s were produced w i t h s m a l l e r amounts of p e r f l u o r o c y c l o -

hexene (28) and p e r f l u o r o c y c l o h e x a n e ( 2 9 ) . The c o n d i t i o n s used 

by t h e l a t t e r worker were more f o r c i n g and, as a r e s u l t , h i s 

p r o d u c t s were more s a t u r a t e d and i n c l u d e d p e r f l u o r o b i c y c l o h e x y l . 

X X + F F F + F 

(30) (31) 

F + 
n 

(28) (29) (n > 2) Ref: 48 

Grakauskas r e p o r t e d two e x p l o s i o n s w h i l s t f l u o r i n a t i n g 

h e x a f luorobenzene (27) but T a t l o w achieved smooth r e a c t i o n . 

The need t o e l i m i n a t e oxygen c o n t a i n i n g s p e c i e s from the f l u o r i n e 

used i n o r d e r t o reduce l o s s e s of m a t e r i a l due t o t h e f o r m a t i o n 

of a c i d f l u o r i d e s i d e - p r o d u c t s was s t r e s s e d by t h e l a t t e r . The 

oxygen c o n t a i n i n g s p e c i e s were supposed t o o r i g i n a t e from 

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

generate t h e f l u o r i n e and T a t l o w d e s c r i b e d p r e c a u t i o n s designed 

t o e l i m i n a t e e l e c t r o l y t e m o i s t u r e . 
40 39 Brooke et a l . and, l a t e r , Grakauskas r e p o r t e d t h a t 

hexachlorobenzene (29) r e a c t e d v e r y e a s i l y w i t h f l u o r i n e t o produce 

a s i n g l e p r o d u c t , a n a l y s i n g f o r CgFgClg. Grakauskas f u r t h e r 

r e p o r t e d the f l u o r i n a t i o n of 1,2,4- and 1 , 3 , 5 - t r i c h l o r o b e n z e n e s 

(32) and ( 3 3 ) , which r e a c t e d smoothly by a d d i t i o n , r a t h e r than 
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39 s u b s t i t u t i o n r e a c t i o n s , as i n d i c a t e d g r a v i m e t r i c a l l y . The 

p r o d u c t s from (32) were i d e n t i f i e d as t h e cyclohexane (34) and a 
dimer or m i x t u r e o f dimers, a n a l y s i n g f o r C^ClgF^Q and i d e n t i f i e d 
s p e c t r o s c o p i c a l l y as one or more b i c y c l o h e x y l s . P o l y t r i c h l o r o -
t e t r a f l u o r o c y c l o h e x e n e s were a l s o d e t e c t e d . 1 , 3 , 5 - t r i c h l o r o b e n z e n e 
(33) behaved s i m i l a r l y , g i v i n g t he 1, 2 , 3,4,5,6-hexafluoro adduct 
(35) as t h e major p r o d u c t , w i t h some d e c a f l u o r o h e x a c h l o r o b i c y c l o -
h e x y l s and some p o l y t r i c h l o r o t e t r a f l u o r o c y c l o h e x e n e s as w e l l . 

C l6 F10 

+ F { C 6 H 3 C l 3 F A F 

( 3 3 ) 
(35) 

Ref: 39 

1.7C The D i r e c t F l u o r i n a t i o n o f Aza-aromatics 

M e i n e r t r e a c t e d p y r i d i n e w i t h f l u o r i n e , d i l u t e d w i t h 

n i t r o g e n , i n CFCl^ s o l u t i o n at -80°C, and o b t a i n e d a p r e c i p i t a t e 
o 41 which exploded a t -2 C t o g i v e 2 - f l u o r o p y r i d i n e ( 3 6 ) . 

-80°C -2°C 
P r e c i p i t a t e 

CFCl 
( 3fi ̂  

Ref: 41 
(36) i t s e l f was e x h a u s t i v e l y f l u o r i n a t e d by Banks i n a j e t 

N F 

(36) 
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42 reactor. Extensive fragmentation occurred and several oxygen 
cont a i n i n g products were detected. 

• NF 3, CF4, C 2F 6, COF2, C0 2, S i F ^ (CF 3) 2CHF, 

C 2F 5CHF 2, (CF 3) 2NF, CF 3N=CF 2,(CFg)^H, CF3NCO, CF3N=CFCF3, 

(CF 3) 2N-N(CF 3) 2, CF3COF,C2F5COF + other products. Ref: 42 

Bigelow f l u o r i n a t e d cyanuric f l u o r i d e (37) i n both a j e t and 
43 

a c a t a l y t i c r e a c t o r . An e a r l i e r attempt was made by Young w i t h 
44 

s i l v e r I I f l u o r i d e , but he recovered mainly s t a r t i n g m a t e r i a l . 
However, Bigelow observed smooth r e a c t i o n s . The r e a c t i o n was 
performed at a v a r i e t y of temperatures, and high y i e l d s of c y c l i c 
products were obtained at low temperature and mainly fragmentation 
products at higher temperatures. 

F F 

N 
F N + F 2 F + 

N _ N . 

N 

F 

(37) (39) F 

\ F / fragmentation products 

(38) 
Ref: 43 

The l a r g e s t fragments were the perfluoroazaalkanes:-
CF3NFCF2NFCF2NF2> . CFgNFCFgNFCFg and CF3NFCF2NF2. 

The diazacyclopentane (38) was thought t o r e s u l t from the 
triazacyclohexene (39) thus: 



F 
F N 

(39) 

+ NFv 

(38) R e f . 4 3 

where F.* i s a f l u o r i n e atom of s u f f i c i e n t energy t o d i s s o c i a t e the 
double bond. 

Young reported t h a t p e r f l u o r o t r i a l k y l - s - t r i a z i n e s were even 
44 

more r e s i s t a n t to AgFg than cyanuric f l u o r i d e . This was 
confirmed by Bigelow who, on r e a c t i n g the t r i s ( t r i f l u o r o m e t h y l ) -
(40) and t r i s ( p e n t a f l u o r o e t h y l ) _ ( 4 1 ) d e r i v a t i v e s i n a j e t 

45 
re a c t o r , was unable to produce a d d i t i o n products. At elevated 
temperatures, fragmentation was the main r e a c t i o n and the only 
other components i n the product were recovered s t a r t i n g m a t e r i a l 
and products due to the loss of s u b s t i t u e n t p e r f l u o r o a l k y 1 
groups. QFo J e t 

*J Reactor 
Fragmentation products w i t h minor 

amounts of 
N N 2/>0°C C , F 3 CF* 

(40) 

N N 

N 
^F 

N 
F 

N 

CF3 N j " ^ 
F 

Ref: 45 
Jet Reactor 

C 2 F 5 ^ N / A C 2 F 5 

(41) 

190°C 

• S2F5 

Fragmentation products w i t h 
minor amounts of 

N 

R 

F 

5 
N 

F 

N Ref: 45 
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Ginsburg ert aJ. reported the f l u o r i n a t i o n of two poly-
Ap. 

f l u o r o a l k y l - 1 , 2 , 4 , 5 - t e t r a - a z i n e s (42) and (43). No c y c l i c 
a d d i t i o n products were obtained, even at -10°C. 

CFHCF3 

N ^ N F 2 / 0 2 , C 3 F 8 ' C 3 F 6 H 2 ^ C F 3 " N : = N - C 2 F 5 

Jti Cu Mesh 
C F - N = N - C E X F h L 

CFHCF3 3 2 2 

CF2H 

Ref: 46 

N ^ N F 2 / 0 2 ŴB"' ^ 5 - ^ - ^ 5 . 
| | > 

CuMesh CF CH-N=N—CF 0 CF 
CFH 6 1 1 3 

^ Ref: 46 

The s o l i d substrates were mixed w i t h copper mesh which 
would f u n c t i o n as a heat sink. 

1.8 Di r e c t F l u o r i n a t i o n of Compounds w i t h Functional Groups 

As a r u l e , the presence of a f u n c t i o n a l group on a molecule 
increases the tendency towards fragmentation upon d i r e c t 
f l u o r i n a t i o n and, u s u a l l y , hetero atoms are oxi d i s e d t o t h e i r 
highest valency. 

1.8A Oxygen containing compounds 

Alcohols are converted to p e r f l u o r o a l k y l h y p o f l u o r i t e s 
and fragmentation products by d i r e c t f l u o r i n a t i o n , although Cady 
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has obtained u s e f u l y i e l d s of t r i f l u o r o m e t h y l h y p o f l u o r i t e (44) 
47 

by the c a t a l y t i c f l u o r i n a t i o n of methanol. 
F 2 160-180°C 

CHgOH £• CF3OF Ref : 47 
Cu/Ag ( 4 4 ) 

Perfluoroketones have been obtained i n small y i e l d s , but the 
re a c t i o n i s not a u s e f u l p r e p a r a t i v e method. 

C2H5COCH3 ^—> C 2F 5C0CF 3 Ref: 48 
15% 

Also, some ether linkages w i l l s u r vive d i r e c t f l u o r i n a t i o n : -

0 - C H F 0°C 0 - C F 
/ Z \ 2 ' / 2 \ 

C H 3 _ C C H 2 / C _ C H 3 — - > C E - C - 0 - C F - C - C F 
O - C H / i n \ y 3 

2 ( C 4 F g ) 3 N 0 - C F 2 

10% 

Ref: 49 

1.8B Nitrogen c o n t a i n i n g compounds 

When nit r o g e n compounds are d i r e c t l y f l u o r i n a t e d ^N-H 
bonds are attacked, and c h a r a c t e r i s t i c a l l y , much fragmentation 
and rearrangement occurs. Lagovv has f l u o r i n a t e d p i v a l o n i t r i l e 
(45) and t-butylamine (46) which r e s u l t e d i n the loss of 
diflu o r a m i n o (NFg.) groups, and good y i e l d s of branched f l u o r o -
carbons were o b t a i n e d . ^ 
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CH. 

C H - C - N H 0 3 | 2 
CH, 

(46) 

CF-

~* CF + other m a t e r i a l 
3 I 

Ref: 50 

| H 3 
C H 3 - C - C H 2 N H 2 

CH 3 

(45) 

CF. 

~* ^ ^ + O T H E R M A T E R I A L 

C F 3 Ref: 50 

Less branched n i t r i l e s e.g. 1,3-dicyanopropane (47) gave 
reasonable y i e l d s of the p e r f l u o r i n a t e d d e r i v a t i v e : - 5 0 

2 / C F 2 N F

2 

CH » > ( C F ) 
2 3 2 3 + other m a t e r i a l 

X ^ C F . N F 

Ref: 50 

CN ^2^7 
(47) 

1.8C Sulphur c o n t a i n i n g compounds 

Sulphur i s ox i d i s e d to the hexavalent s t a t e upon 
d i r e c t f l u o r i n a t i o n . 

F / N 
CH-SH — ^ C F ^ F C 

3 ^ o 3 0 Ref: 51 
200°C 1 0 . / O 
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CHAPTER 2 

INDIRECT FLUORINATIONS 

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

The term ' i n d i r e c t f l u o r i n a t i o n ' was defined at the 
beginning of Chapter 1, q u i t e simply, as f l u o r i n a t i o n s achieved 
w i t h reagents i n which the l a b i l e f l u o r i n e i s bonded t o a 
d i f f e r e n t element. The f l u o r i n a t i o n of organic compounds may be 
div i d e d i n t o two cate g o r i e s , the b o r d e r l i n e s between which are 
rath e r undefined:-

(1) exhaustive f l u o r i n a t i o n s when a l l , or nearly a l l , the 
hydrogens are s u b s t i t u t e d and the double bonds saturated; 

(2) s e l e c t i v e f l u o r i n a t i o n s when only c e r t a i n types of hydrogen 
atoms are attacked or double bonds saturated. Selective 
f l u o r i n a t i o n s , t y p i c a l l y , concern the a d d i t i o n of only one 
or two f l u o r i n e atoms to the compound and, although the 
l i t e r a t u r e on these l a t t e r reagents i s massive, only a 
b r i e f mention need be made i n the present context. 

2.2 Thermodynamics of I n d i r e c t F l u o r i n a t i o n 

The enthalpies of i n d i r e c t f l u o r i n a t i o n s are u s u a l l y 
lower than those of the corresponding d i r e c t f l u o r i n a t i o n s , a 
major reason f o r which i s the f a c t t h a t the l a b i l e f l u o r i n e i n 
the vast m a j o r i t y of i n d i r e c t reagents i s more s t r o n g l y bonded 
than i n molecular f l u o r i n e . Thus, the enthalpy of the r e a c t i o n 
between an organic compound and cobalt I I I f l u o r i d e i s said t o 

52 
be about h a l f t h a t of the r e a c t i o n w i t h molecular f l u o r i n e . 

I n a d d i t i o n to t h i s , i n d i r e c t f l u o r i n a t i o n s o f t e n i n v o l v e 
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the r e a c t i o n of heterogeneous phases which can e f f e c t i v e l y slow 
down the process, whereas the r e a c t i o n between f l u o r i n e gas and 
organic vapours i s homogeneous w i t h , t h e r e f o r e , no such r e s t r a i n t . 
The heterogeneity of the r e a c t i n g phases formed p a r t of the 
explanation f o r the slow, c o n t r o l l e d r eactions observed between 
f l u o r i n e gas and organic polymers, which were performed by Lagow 
and Margrave (Section 1.4D). 

Hence, c h a r a c t e r i s t i c a l l y , i n d i r e c t f l u o r i n a t i o n s are 
easier to c o n t r o l and less hazardous than d i r e c t f l u o r i n a t i o n s 
and polymerisation and fragmentation r e a c t i o n s can, more 
f r e q u e n t l y , be avoided. Limited or s e l e c t i v e f l u o r i n a t i o n , 
d i f f i c u l t to achieve by d i r e c t f l u o r i n a t i o n , i s e a s i l y performed 
w i t h a v a r i e t y of i n d i r e c t methods. 

2•3 S e l e c t i v e F l u o r i n a t i o n Methods 

2.3A I n t r o d u c t i o n 

Much e f f o r t has been devoted i n the past toward s o l v i n g 
the d i f f i c u l t problem of synt h e s i s i n g molecules w i t h a small 
number of f l u o r i n e atoms at selected s i t e s . Fresh impetus has 
been given t o t h i s area r e c e n t l y w i t h the discovery of many 
pharmacologically a c t i v e , f l u o r i n e - c o n t a i n i n g compounds such as 

33 
s t e r o i d s and the anti-tumour agents 5 - f l u o r o u r a c i l and 5 - t r i -

54 
f l u o r o m e t h y l u r a c i l . The established methods and newer methods 
of less c e r t a i n value are described b r i e f l y i n t h i s s e c t i o n . 
F i r s t , reagents i n which f l u o r i n e i s bonded to a metal are 
described and then reagents i n which f l u o r i n e i s bonded to 
elements from groups I I I , IV, and so on, across the p e r i o d i c 
t a b l e , are mentioned. 
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2.3B The A l k a l i Fluorides as Selective F l u o r i n a t i n g Agents 

(a) I n t r o d u c t i o n 

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 of halogens and, some-
55 

times, good le a v i n g groups such as t o s y l a t e , by f l u o r i d e ion 
has been e x t e n s i v e l y e x p l o i t e d as a method of preparing 
s e l e c t i v e l y f l u o r i n a t e d compounds. The method can be used w i t h 
or without a solvent but, u s u a l l y , the l a t t e r technique i s used 
to p e r f l u o r i n a t e the substrate w h i l s t , at best, only poor y i e l d s 
of p e r f l u o r i n a t e d products can be achieved by the former. 
Therefore, i n s p i t e of the great amount of overlap i n t h e i r 
a p p l i c a t i o n s , solvent r e a c t i o n s w i l l be described i n the present 
s e c t i o n , w h i l s t r e a c t i o n s without a solvent w i l l be described i n 
section 2.4B as though they were a purely exhaustive technique. 
(b) The source of f l u o r i d e ion 

The commonest source of f l u o r i d e i o n i s a heavy a l k a l i 
56 

metal f l u o r i d e although potassium hydrogen f l u o r i d e and the 
57 

1:1 adduct of potassium f l u o r i d e and sulphur dioxide have also 
been employed i n some instances. 

The usual method i s t o d i s s o l v e the chloro compound i n a 
s l u r r y of dry a l k a l i f l u o r i d e i n a high b o i l i n g solvent. The 
r e a c t i v i t y of the a l k a l i f l u o r i d e s i s u s u a l l y i n the order:-

CsF > KF > NaF ~ LiF 

This has been a t t r i b u t e d , at l e a s t i n the absence of a s o l v e n t , 
to the greater increase i n l a t t i c e energy on forming the s o l i d 
a l k a l i metal c h l o r i d e from the f l u o r i d e when M i s l a r g e / i n the 

58 
process:-

-C-Cl + M F E>-C-F + MCI. 
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Parker s t a t e d t h a t 'potassium and caesium f l u o r i d e s are 
much more e f f e c t i v e than l i t h i u m or sodium f l u o r i d e i n p r o v i d i n g 

59 
n u c l e o p h i l i c f l u o r i d e ion i n d i p o l a r a p r o t i c solvents'. The 

t 
l a t t i c e energies of the a l k a l i metal halides decrease as the 

6 0 
size of the c a t i o n increases and presumably t h i s i s , i n p a r t , 
responsible f o r the higher s o l u b i l i t i e s of the heavier a l k a l i 
metal halides i m p l i e d above by Parker. 

I n most instances, however, the higher cost of caesium 
f l u o r i d e o f f s e t s any advantage i n r e a c t i v i t y over potassium 
f l u o r i d e which i s , hence, the more widely used. 
(c) Solvents 

The e a r l i e s t solvents were, u s u a l l y , g l y c o l s which allow 
a high r e a c t i o n temperature and they are adequate when only one 
or two halogens are t o be s u b s t i t u t e d . However, attempts to 
prepare p o l y f l u o r i n a t e d compounds from more h i g h l y c h l o r i n a t e d 
substrates l e d t o the discovery t h a t the r e a c t i v i t y of f l u o r i d e 
i o n i s d r a m a t i c a l l y increased i n a p r o t i c solvents. F l u o r i d e 
ion i s a poor nucleophile i n water (and probably, t h e r e f o r e , 
the other common p r o t i c s o l v e n t s ) compared w i t h the other h a l i d e s , 

59 
because i t i s so s t r o n g l y solvated. For example, the heat of 
h y d r a t i o n of f l u o r i d e ion i s 32 K cals (134 K j o u l e s ) higher than 

Q Q 
c h l o r i d e . In a p r o t i c s o l v e n t s , however, which i n t e r a c t only 
poorly w i t h anions, the n u c l e o p h i l i c i t y of f l u o r i d e i s u s u a l l y 

62 63 
much greater than the other h a l i d e s . ' 

Other d e s i r a b l e c h a r a c t e r i s t i c s of the solvent were 
described by Parker and these included t h a t i t should have a high 
d i e l e c t r i c constant and i t should solvate the c a t i o n i n order to 

59 
allow d i s s o l u t i o n of at l e a s t traces of the metal f l u o r i d e . 
The r e a c t i o n temperature i s a l i m i t i n g f a c t o r i n these reactions 



-28-

and hence i t i s also d e s i r a b l e t h a t the solvent be high b o i l i n g 
and, of course, of high s t a b i l i t y . F i r s t row elements such as 
oxygen and nit r o g e n act as e f f e c t i v e e l e c t r o n donors t o a l k a l i 
metal ions and the most commonly used solvents contain one or 
other of these hetero atoms. Successful solvents which combine 
these q u a l i t i e s are l i s t e d below:-

Table 2.1 The Common Halogen Exchange Solvents 

Ethers Glymes 
Sulphones Dimethylsulphone(D.M.S.O.) 

TetrahydrothiophendioxideC sulpholane) 
Amides Dimethylformamide(D.M.F.) 

N-methyl-2-pyrrolidone(N.M.P.) 

(d) Reactions 

A l i p h a t i c halides may be converted to the corresponding 
f l u o r i d e i n reasonable y i e l d : 

n C H P I KF 90°C 2 hr 
n-C yH 1 5Cl ( C H „ O H ) 9 • n _ C 7 H 1 5 r 

* A 39% 
Ref: 64 

The r e a c t i o n proceeds more r e a d i l y , however, i f an a c t i v a ­
t i n g group such as ester, n i t r i l e , carbonyl or amide i s near by 

C1CH2C0NH2
 KC C1° C * FCHgCONHg 

2 4 75% Ref: 65 

Apr o t i c solvents are necessary i n the preparation of 
p o l y f l u o r i n a t e d alkanes: 

KF 170°C 
CC13CC12CC13 N _ m e t n y l _ 2 _ p y r r o l i d o n e * C F 3 C C 1 2 C F 3 

60% 
Ref: 61 
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O l e f i n i c h alides have also been reacted and i t appears 
t h a t a l l y l i c c h l o r i n e i s e s p e c i a l l y r e a c t i v e , exhaustive 
f l u o r i n a t i o n sometimes o c c u r r i n g : 

KF >190°C 
CIA N-methyl-2-pyrrolidone 

72% 
Ref: 61 

The preparation of p o l y f l u o r o aromatic compounds has 
a t t r a c t e d considerable a t t e n t i o n . Mono c h l o r i d e s may be reacted 
i n a p r o t i c solvent when an ortho or para e l e c t r o n withdrawing 
group i s present: 

-CI KF , 170°C 
D.M.F. 163 hr 

NO. 

Ref: 66 

P o l y f l u o r o aromatic and hetero aromatic compounds have been 
prepared from h i g h l y c h l o r i n a t e d substrates: 

CI CI 
C I KF 200°C 4 hrs 

py r r o l i d o n e C l ^ ^ ^ ^ C l C l " ^ v ^ c i 
^ 49.2% CI ~» u 

35% r l 

F 

V 
CI 8% 

C l ^ > ^ C l 
1.2% 

H CI 

+ 

Traces Traces 
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Holbrook et a l . showed t h a t 1 , 3 , 5 - t r i c h l o r o t r i f l u o r o b e n z e n e 
( 5 0 ) i s r e s i s t a n t to f u r t h e r f l u o r i n a t i o n at temperatures 
compatible w i t h the use of a solvent and t h i s was thought t o 
r e f l e c t the d e a c t i v a t i n g i n f l u e n c e of para f l u o r i n e s to nucleo-

67 
p h i l i c aromatic s u b s t i t u t i o n . Indeed, recent measurements of 
s u b s t i t u e n t r a t e f a c t o r s has confirmed the powerful d e a c t i v a t i n g 

70 
e f f e c t of para f l u o r i n e i n these r e a c t i o n s . The same 
argument may be applied to the f l u o r i n a t i o n of pentachloro-
p y r i d i n e . The resistance of (50) to f u r t h e r f l u o r i n a t i o n was so 
high t h a t a b s t r a c t i o n of protons from the solvent by an unknown 
mechanism became a competing r e a c t i o n : 

KF 200°C 4 hrs 
N-methyl-2-

Q ^ * ^ \ \ ^ / ^ s Q ^ p y r r o l i d o n e 

(50) 

'/o 
Ref: 67 

Another disadvantage of the use of f o r c i n g c o n d i t i o n s i n 

these re a c t i o n s i s the f a c t t h a t f l u o r i d e ion i s a powerful 
6 2 

base i n a p r o t i c solvents and proton a b s t r a c t i o n from the 
60 7 X solvent or dehydrohalogenation of the substrate can occur. 

( e) Cation complexing reagents 

A recent innovation has been the use of c a t i o n complexing 
reagents such as the s o - c a l l e d 'crown ethers', e.g. ( 5 1 ) , which, 
by s o l v a t i n g through a large number of centres, form a s t a b l e , 
bulky c a t i o n complex, g r e a t l y i n c r e a s i n g s o l u b i l i t y i n organic 
solvents. For example, a concentration of potassium f l u o r i d e i n 

_2 
benzene of 5 x 10 M was observed i n the presence of 1.01M 
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1,4,7,10,13,16-hexaoxacyclooctadecane (51) commonly r e f e r r e d to 
71 

as 18-crown-6. 

(51) 

18-Crown-6 

Ref: 71 

Flu o r i d e ion i s , of course, unsolvated i n such a system 
and the authors r e f e r r e d to i t as 'naked f l u o r i d e i o n ' . A 
series of bromides and c h l o r i d e s were q u a n t i t a t i v e l y converted 
at moderate temperature e i t h e r to f l u o r i d e s or o l e f i n i c products 
due to dehydrohalogenation as a r e s u l t of the b a s i c i t y described 
above. 

CH3CN KF 25UC 
18-Crown-6 

CH CI 

0 CHgCN KF 83°C 

18-Crowri-6 

Ref: 71 

N 0 2 

(60%, t , = 5 hrs) 
CH 3 CI " 

:0 

Ref: 71 

Ref : 72 
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The f l u o r i n a t i o n of pentachloropyricline (52) w i t h the 
nitr o g e n c o n t a i n i n g complexing agent diaza-1,10-hexa-oxa-4,7,13, -

72 
16,21,24-bicyclo[8,8,8]hexa Cosane (53) has been reported, 
and without a great excess of KF, or a solvent other than molten 
(52) and at r e l a t i v e l y low temperatures, f l u o r i n a t i o n proceeded 
as f a r as d i c h l o r o t r i f l u o r o p y r i d i n e . 
( f ) Molten s a l t r e a c t i o n s 

F i n a l l y , some p o l y f l u o r o compounds have been synthesised 
by passing a polychloro substrate i n t o a melt of an a l k a l i 
f l u o r i d e w i t h another s a l t . 

CI KF:KC1 = 45'.55 
780°C 

-> C 6 F 6 + C 6 F 5 C 1 + C 6 C 1 2 F 4 
11.7% 34.6% 28 . 6% 

+ C 6 C 1 3 F 3 + C 6 C 1 4 F 2 
18. 0.4% 

Ref: 73 

But y i e l d s of p e r f l u o r o d e r i v a t i v e s do not appear to be 
competitive w i t h the autoclave method (see Section 2.4B) and 
the technique i s , perhaps, less simple to perform than the 
solvent route t o p o l y f l u o r o compounds. 

2.3C Other Metal Fluo r i d e s as Se l e c t i v e F l u o r i n a t i n g Agents 

(a) S i l v e r I , Mercury I and Mercury I I f l u o r i d e s 

S i l v e r I f l u o r i d e , mercury I f l u o r i d e and mercury I I 
f l u o r i d e were, formerly, widely used i n halogen exchange reactions 
but these reagents have been l a r g e l y superceded by the a l k a l i 
f l u o r i d e s . However s i l v e r I f l u o r i d e was r e c e n t l y reported t o 
f l u o r i n a t e a chloroquinone which was found t o undergo base 
catalysed polymerisation w i t h potassium f l u o r i d e and 18-crown-
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74 
0 
I I 

I I 
0 

KF/18-crown-6 
A c e t o n i t r i l e 

CI Ae-F 

Dark t a r s upon consumption 
of 100% of s t a r t i n g m a t e r i a l 

Ref: 74 

AgF (2 eq's) 
Dioxan 
200°C 4 hrs 
N 2 f i l l e d Autoclave 

18.7? 

Ref: 74 

(b) Molybdenum hex a f l u o r i d e 

The use of molybdenum he x a f l u o r i d e as an a l t e r n a t i v e t o 
SF^ (see 2.3F(b)) during the conversion of carbonyl groups 
to difluoromethylene was said t o o f f e r the advantages of being 

75 
less t o x i c and easier t o handle than SF^. A wide range of 
ketones and aldehydes have been reacted w i t h t h i s reagent but, 
w h i l s t F, CI, Br, CN, N0 2, COOR, CONRg, P(0)R 2 f u n c t i o n s do not 
i n t e r f e r e , complications a r i s e w i t h compounds s u b s t i t u t e d 
w i t h OH, NH-2, OR, NR2 and ̂ C—C^,molybdenum c o n t a i n i n g products 
r e s u l t i n g i n the l a t t e r case. BF^ catalyses the r e a c t i o n which 
i s u s u a l l y performed by adding the substrate to a CH 2C1 2 s o l u t i o n of MoF„ at -15°C. b 

MoF, 
n-C6H13CHO CH2C12,BF3 

n-C6H13CHF2 

20% 

Ref: 75 
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COCH. CF 2 CH 3 

MoF, 

•15°C CII 2C1 2 BF 3 

42% Ref: 76 

2.3D Reagents i n which F l u o r i n e i s Bonded to a Group IV Element 

(a) 2 - c h l o r o - l , 1 , 2 - t r i f l u o r o d i e t h y l a m i n e 

This c<-fluoroamine sometimes also r e f e r r e d to as 
F.A.R. (fluoroamine reagent) or the Yarovenko reagent, reacts 
w i t h a wide v a r i e t y of hydroxy compounds converting them t o 

77 
f l u o r i d e s . The reagent has r e c e n t l y been reviewed. 

I t r e acts cleanly w i t h primary and secondary alcohols 
although c y c l i c secondary alcohols and t e r t i a r y alcohols r a r e l y 
give u s e f u l y i e l d s as side r e a c t i o n s predominate. I n some ways 
t h i s reagent complements SF^ (Section 2.3F(b)) as i t w i l l 
f l u o r i n a t e the a l i p h a t i c alcohols of low a c i d i t y which cannot 
be s u c c e s s f u l l y t r e a t e d by the l a t t e r . 

CH 3(CH 2) 2CH 9OH 

(Et = E t h y l ) 

EtgNCF2CFHCl 
0.2 moles 
No solvent 
Exothermic 

-*> CH 3(CH 2) 2CH 2F 
67% 

F 

Et2NCF2CFHCl 
E t 2 0 0°C 14 hr 

C(CH ) 

Ref: 78 

ClCH ) C (CH 3 ) 3 

9% , c i s : trans = 9.1 68' 
Ref: 79 
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C a r b o x y l i c a c i d s may a l s o be c o n v e r t e d t o a c i d f l u o r i d e s . 

E t Q N C F 9 C F H C l 
C H q C O O H ~ —, 1> C H o C O F 

3 0.2 moles 3 0.2 moles No s o l v e n t 59% 

Ref: 78 

2.3E Reagents i n which F l u o r i n e i s Bonded t o a Group V Element 

(a ) Phosphoranes 

8 0 
T r i f l u o r o d i p h e n y l p h o s p h o r a n e and d i f l u o r o t r i p h e n y l -

81 

phosphorane w i l l c o n v e r t p r i m a r y and secondary a l c o h o l s t o 

f l u o r i d e s a l t h o u g h the former i s t h e more r e a c t i v e . O l e f i n s 

are f r e q u e n t s i d e - p r o d u c t s . P h e n y l t e t r a f l u o r o p h o s p h o r a n e i s 
82 

not u s e f u l as i t g i v e s t o o many s i d e - p r o d u c t s . 
( P l l ) n I F j , 

n-C c-H 1 10H = » n-C.H F 
D 1 1 150-170°C, 5-7h D 1 1 60. 3% 

(Ph = Phenyl) Ref: 80 

2.3F Reagents i n which F l u o r i n e i s Bonded t o a Group VI Element 

( a ) T r i f l u o r o m e t h y l h y p o f l u o r i t e - P h o t o f l u o r i n a t i o n 

T h i s reagent has been used i n two d i f f e r e n t ways i n t h e 

s y n t h e s i s o f f l u o r i n e c o n t a i n i n g compounds. The more w i d e l y 

used method has been t h e e l e c t r o p h i l i c a d d i t i o n o f t h e r e a g e n t 
8 3 

t o o l e f i n s b u t , as t h e r e a c t i o n u s u a l l y produces compounds 

c o n t a i n i n g added oxygen as w e l l as f l u o r i n e , i t cannot be d e s c r i b e d 

as merely a f l u o r i n a t i o n t e c h n i q u e i n t h e s t r i c t e s t sense and 

hence i t w i l l not be d e s c r i b e d here. 

The o t h e r method i s termed P h o t o f l u o r i n a t i o n and was 
84 

developed by K o l l o n i t s c h e t a l . They cl a i m e d i t t o be t h e 
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f i r s t g e n e r a l method f o r s e l e c t i v e s u b s t i t u t i v e f l u o r i n a t i o n s 

and i t i s based on t h e r e a c t i o n between R-H and f l u o r i n e atoms 

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

under v e r y h i g h luminous f l u x e s . 

CF3OF + 

CPClo -78°C 

hv 
v i a C F 3 0 F CF^O- + F* E T C ' 

Ref: 84 

N H C O C H -

CF3OF 

N H C O C H , 

Ref: 85 

An advantage of t h e method i s t h a t u n l i k e p e r c h l o r y l -

c h l o r i d e ( S e c t i o n 2.3G(a)) u n a c t i v a t e d hydrogens may be 
86 

s u b s t i t u t e d by f l u o r i n e sometimes w i t h remarkable s e l e c t i v i t y 

w i t h l i t t l e r i s k o f e x p l o s i o n s . 

A good example o f s e l e c t i v e f l u o r i n a t i o n i s t h e p r e p a r a t i o n 

o f t h e f l u o r o i s o l e u c i n e (54) i n 39% y i e l d . 

C1I3CI-I2CII(C113)CHNH3COOH 
CFgOF 

IIF s o l v e n t 
CHgFCHgCH (CH 3 )CIINH3COOH 

39% 

(54) 

Ref: 174 
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Evidence f o r t h e involvement o f f l u o r i n e atoms was t h e 

o b s e r v a t i o n t h a t t h e y i e l d , o f f l u o r o b e n z e n e f e l l t o 17% w i t h o u t 

i r r a d i a t i o n and many s i d e p r o d u c t s were produced. F u r t h e r 

evidence was t h e o b s e r v a t i o n t h a t p e r f l u o r o - t - b u t y l h y p o f l u o r i t e 

( 55) y i e l d e d t h e p e r o x i d e (56) as t h e major p r o d u c t upon 
87 

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

( C F A C O F 
J 3 

(55) 

• ( C R L C O O C I C B J L + a d d i t i o n p r o d u c t s 

(56) 54% Ref: 87 

The f a i l u r e o f t r i f l u o r o m e t h y l h y p o f l u o r i t e (57) i t s e l f t o 

produce a dimer was tho u g h t t o be due t o i t s r e l a t i v e l y h i g h e r 

r e a c t i v i t y than t h e b u l k i e r r a d i c a l from ( 5 5 ) . 

S u b s t i t u t i o n o f a l i p h a t i c hydrogen atoms has a l s o been 

ac h i e v e d , 

NH 2 

+CFoOF 
3 HF 

Ref: 84 

but B arton e t a l . have shown t h a t t h e h y p o f l u o r i t e (57) can a l s o 

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

produce t h e 1-fluoroadamantane (58) i n t h e presence o f r a d i c a l 

i n h i b i t o r s . 
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NHCOCH- NHCOCH- NHCOCH-

+CROF + 
3 C F C l 3 , - 2 5 j ^ ^ ^ 

62% F (58) <13% 

R a d i c a l i n h i b i t o r = m - d i n i t r o b e n z e n e 

( 0 . 1 eq.) 

I r r a d i a t i o n of t h e r e a c t i o n was observed t o change t h e r a t e 

but s e l e c t i v i t y was reduced i n d i c a t i n g t h e onset o f a r a d i c a l 

r e a c t i o n mechanism. 

( b ) Sulphur t e t r a f l u o r i d e 

T h i s reagent w i l l c o n v e r t a wide v a r i e t y o f c a r b o n y l 

groups t o d i f l u o r m e t h y l e n e and some h y d r o x y l groups t o f l u o r i d e s 

under m i l d c o n d i t i o n s . I t s use as a f l u o r i n a t i n g agent has been 
89 

t h e s u b j e c t o f a r e c e n t r e v i e w . 

The u s u a l procedure i s t o r e a c t t h e s u b s t r a t e i n a s t a i n l e s s 

s t e e l a u t o c l a v e c o n t a i n i n g a s o l v e n t and a Lewis a c i d as a 

c a t a l y s t . Sulphur t e t r a f l u o r i d e i s a t o x i c gas (bp -38°C). 

R e a c t i o n occurs between 50° and 200°C f o r most c a r b o n y l groups 
2 

except those h i g h l y h i n d e r e d or d e a c t i v a t e d . 
Thus, ketones may be c o n v e r t e d t o geminal' d i f l u o r i d e s 

SF, 
CHgCOCHg 

HF,110°C,16 hr 
CHgCFgCHg 

u u / 0 Ref: 90 

and t h e s e l e c t i v e c o n v e r s i o n of a c t i v a t e d c a r b o n y l groups i n t h e 
91 

presence of a n o t h e r c a r b o n y l group i s sometimes p o s s i b l e : 

Ch^CO )=0 + SF^ 
HF 

30°C, 18hr. -* C H X O 

Ref: 91 
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Y i e l d s o f m o n o f l u o r i d e s from a l i p h a t i c a l c o h o l s are o f t e n 

reduced by s i d e - r e a c t i o n s such as t h e f o r m a t i o n o f e t h e r s but 

may be q u i t e h i g h i f t he a l c o h o l i s a c t i v a t e d by an 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 . I t has been argued t h a t t h i s i s because 

t h e f o r m a t i o n o f s i d e p r o d u c t s i s suppressed r a t h e r than because 
89 

of any h i g h e r r e a c t i v i t y o f a c i d i c a l c o h o l s . 

SF 
n-C 7F 1 5CII 2OH HF,60-80°C,8hr» n - C 7 F 1 5 C H 2 F 

54% Ref: 92 

C a r b o x y l i c a c i d s are f i r s t c o n v e r t e d t o a c i d f l u o r i d e s , 

which may o f t e n be i s o l a t e d , then under v i g o r o u s c o n d i t i o n s 
93 

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

r^N-COOH SF, 

HF,120 UC,6 hr 
+ 

4 1 % 22% 
Ref: 93 

R e c e n t l y t h e use of d i a l k y l a m i n o s u l p h u r t r i f l u o r i d e (D.A.S.T.) 
94 

r e a g e n t s has been advocated. I t i s cl a i m e d t h a t DAST's have 

t h e advantage o f b e i n g l i q u i d s which are r e a c t i v e under v e r y 

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

s e n s i t i v e a l c o h o l s and ketones. Thus a l c o h o l s which a l s o bear 

e s t e r groups or o t h e r halogens may be s u c c e s s f u l l y f l u o r i n a t e d 

w i t h DAST r e a g e n t s . Carbonium i o n rearrangements occur l e s s 

f r e q u e n t l y w i t h DAST's t h a n f o r example S e F ^ . p y r i d i n e (see b e l o w ) : 

(CH 3) 2CHCH 2OH 
( C 2 H 5 ) 2 N SF 3 

(CH 3) 2CHCH 2F 
49% 

+ (CH 3) 3CF 

2 1 % 

Ref: 94 



c f (CH 3) 2CHCII„0H 

- 4 0 -

S e F 4 . C 5 I I 5 N (CH 3) 3CF o n l y 

6 5 % 

Ref: 9 4 

E l i m i n a t i o n r e a c t i o n s are l e s s f r e q u e n t t h a n w i t h t h e F.A.R. 

reag e n t which y i e l d s c y c l o o c t e n e o n l y from c y c l o o c t a n o l . 

O H 

DAS.T. 
• 

70% 3 0 % 

Ref: 9 4 

( c ) Selenium T e t r a f l u o r i d e 

T h i s reagent r e a c t s w i t h c a r b o n y l and h y d r o x y l groups 

and, l i k e D.A.S.T. o f f e r s t h e advantages o f b e i n g a l i q u i d 
9 6 

s o l u b l e i n halogenated s o l v e n t s . The use of i t s complex w i t h 

p y r i d i n e has been r e p o r t e d t o ci r c u m v e n t t h e rearrangement and 

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

by co-produced hydrogen f l u o r i d e . Even so, as mentioned e a r l i e r , 

i s o b u t a n o l r e a r r a n g e d when r e a c t e d w i t h t h e complex. 

SeF, 

47°C,lhr,CF 2C1CFC1 2 7 0 % 

Ref: 9 6 

n - C . l L .OH o 11 
SeF. . CJ-HJ-N 4 5 5 n-C^H- -F o 11 

6 0 % Ref: 9 6 
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2. 3G Reagents i n which F l u o r i n e i s Bonded t o a Group V I I Element 

( a ) P e r c h l o r y l f l u o r i d e 

P e r c h l o r y l f l u o r i d e behaves as a source of ' p o s i t i v e 

f l u o r i n e ' and i s used t o s u b s t i t u t e hydrogen atoms i n ma l o n i c 
97 

e s t e r s and s i m i l a r l y a c t i v a t e d compounds. 

The reagent i s n o r m a l l y bubbled as t h e vapour ( b . p . 46.6°C) 

t h r o u g h a s o l u t i o n o f t h e s u b s t r a t e i n t h e presence o f a base 

such as an a l k a l i m e t a l , p y r i d i n e , o r an a l c o h o l . A major 

d i s a d v a n t a g e i s t h e f a c t t h a t t h e reagent i s a p o w e r f u l o x i d i ­

s i n g agent and t h e r i s k o f e x p l o s i o n i s h i g h . S i d e - r e a c t i o n s 

can a l s o reduce y i e l d s i n t h e case o f s e n s i t i v e s u b s t r a t e s , e.g. 

0 0 0 
CH.ONa 

H not 
FClO„.CH„OH 

40% Ref 98 

The s u b s t r a t e may be a c t i v a t e d by oxygen: 

0 II 
H H H N N N N FC10~ .CH„OII 

o 20 C 0* 0 0 0 
H C 2 H 5 F 

>G0% 

Ref: 99 
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C H 2 ( C 0 2 E t ) 2
 F C 1 ° 3 CF (CO E t ) + CFH(COoEt) 2 

Na,Toluene 
10 t o 15°C 29% 42% 

or by o t h e r e l e c t r o n w i t h d r a w i n g groups: 

FC10 
(CH„) 9CHN0 ? (CH C I) 9CFN0 9 

3 2 2 CH.0H,0OC 3 2 2 

32% 

Ref: 97 

Ref: 100 

( b ) Bromine t r i f l u o r i d e 

T h i s r e a g e n t w i l l c o n v e r t c a r b o n y l groups t o d i f l u o r o -

methylene and, u n i q u e l y , some n i t r i l e groups may be d i r e c t l y 

c o n v e r t e d t o t r i f l u o r o m e t h y l . The mechanism i s t h o u g h t t o be 

s i m i l a r t o t h a t o f SF^ f l u o r i n a t i o n . 

BrF„ 
CH„COCHo > CH qCF 0ClI Q 92% 

H F * ~ 1 5 Ref: 101 

BrF„ 
CH^CN 2 CHoCF„ 29% 

J HF,-80°C 3 3 

Ref: 101 

The tendency f o r -̂ C-H and "̂ C-Ĉ  bonds t o be a t t a c k e d was 
102 

t h o u g h t l i k e l y t o re n d e r t h e reagent o f l i m i t e d u t i l i t y . 

R e c e n t l y , f l u o r i n a t i o n s o f p e r f l u o r o a r o m a t i c compounds w i t h 

m i x t u r e s o f B r 2 and BrFg t o g i v e a BrF s t o i c h i o m e t r y have been 
. 103 examined. 

B r F 3 / B r 2 

FC1„CF 9C1 
n o f ,

 Z

n f '0°C 
0 C, 2 hr 29.7% 

+ C 1 nF,„Br 
44.7% 

l ( r l 4 B r 2 isomers Ref: 103 
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The mechanism i n t h i s case was t h o u g h t t o i n v o l v e r a d i c a l 
c a t i o n i c i n t e r m e d i a t e s as has a l s o been p o s t u l a t e d f o r 
f l u o r i n a t i o n s w i t h XeF 2 and CoF^. 

( c ) P h e n y l i o d o d i f l u o r i d e 

104 D i m roth and Boc k e m l i l l e r f i r s t r e p o r t e d t h e f l u o r i n a -

t i o n o f t h e o l e f i n 1 , 1 - d i p h e n y l e t h y l e n e (59) w i t h e i t h e r p h e n y l i o ' 

d o d i f l u o r i d e or l e a d IV f l u o r i d e b u t , a c c o r d i n g t o B o r n s t e i n 

e t a l . , who re p e a t e d t h e r e a c t i o n w i t h l e a d IV f l u o r i d e , assigned 
105 

an i n c o r r e c t s t r u c t u r e t o t h e p r o d u c t . 

Ph 
\ P h I F 0 ( o r PbF, ) 
^ C = C H 7 - 1 -

Ph ( 5 9 ) 

Ph F F Ph 

Ph = Phenyl 

not 

H 

Ph F > 
Ph 

F H-i 
1 / 

H Ref: 105 
Rec e n t l y an easy p r e p a r a t i o n o f p h e n y l i o d o d i f l u o r i d e has 

106 

been d e s c r i b e d and i n c r e a s e d i n t e r e s t i n t h e rea g e n t may 

r e s u l t from i t s g r e a t e r a v a i l a b i l i t y . 
P h i XeF, PhlF 

HF,CH 2C1 2 

Room t e m p e r a t u r e 

2 
95% 

Xe 

Ref: 106 

The m-chloro d e r i v a t i v e (60) i s r e p o r t e d t o have s u p e r i o r 

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

C 
Ref: 106 
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2.3H Reagents i n which F l u o r i n e i s Bonded t o a Group V I I I Element 

( a ) Xenon d i f l u o r i d e 

F i l l e r et a l . f i r s t d e s c r i b e d t h e r e a c t i o n o f xenon 
107 

d i f l u o r i d e w i t h a r o m a t i c compounds. U n l i k e o t h e r f l u o r i n a t i n g 

agents, no a d d i t i o n r e a c t i o n s were observed and a wide range of 

s u b s t i t u t e d f l u o r o b e n z e n e s were p r e p a r a b l e i n good y i e l d . 

The r e a c t i o n was performed by p o u r i n g or t r a n s f e r r i n g a 

s o l u t i o n of t h e s u b s t r a t e i n t o a tube c o n t a i n i n g c r y s t a l s of 

the d i f l u o r i d e at -75°C and c a r e f u l l y a l l o w i n g i t t o a t t a i n 

room t e m p e r a t u r e . 

The presence o f A.H.F. i s necessary t o c a t a l y s e t h e r e a c t i o n 

S u b s t i t u e n t s on t h e r i n g may be e i t h e r e l e c t r o n - d o n a t i n g or 

e l e c t r o n w i t h d r a w i n g a l t h o u g h more c a t a l y s t i s r e q u i r e d i n t h e 

l a t t e r case. 

Other f u n c t i o n a l groups are u s u a l l y u n a f f e c t e d , a l t h o u g h 

t h e o x i d a t i o n of i o d i d e s t o i o d o d i f l u o r i d e s and t h e f l u o r i n a t i o n 
o f s u b s t i t u e n t a l k e n y l groups has been r e p o r t e d 106 

XeF r 

HF. CC1 4 
-75 t o 20°C 

XeF r 

-75to 20°C 

Ref: 107 

NO, 

18-. 9% 50.9% 

XeF r 

HF, CC1., 25°C 

2.6% 13.7% 



F i l l e r proposed t h r e e p o s s i b l e mechanisms"*"^ and i t 

i s of i n t e r e s t t o d e s c r i b e them b r i e f l y as t h e f i r s t one bears 

a c l o s e s i m i l a r i t y t o t h e mechanisms proposed f o r f l u o r i n a t i o n s 

by c o b a l t I I I f l u o r i d e and t h e o t h e r H.V.H.M.F. re a g e n t s 

(as d e s c r i b e d i n S e c t i o n 2.6F). 

I n t h e f i r s t mechanism i t was envisaged t h a t t h e xenon 

d i f l u o r i d e , p o l a r i s e d by c o - o r d i n a t i o n w i t h HF, o x i d i s e s t h e 

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

which then a b s t r a c t s a f l u o r i d e i o n : 

- e 
X e F 2 — H F XeF^-HF 

2HF + 
+HE,+XeF< 

Refs: 108, 109 

I n t h e second mechanism, r e a c t i o n o ccurs v i a a TT-complex which 

c o l l a p s e s t o a c a t i o n i c Cr'-complex b e f o r e a f u l l y r a d i c a l c a t i o n 

i s developed: 

F - X e - F - H - F F - X e - F - - H - F 

R + Xe + HE, 

IX -complex O'-complex 

2HF 

Kefs: 108,109 
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The t h i r d mechanism i n v o l v e s an i n t e r m e d i a t e w i t h a 

Xe-C- - bond and was c o n s i d e r e d t o be t h e l e a s t l i k e l y . I t i s 

not d e s c r i b e d f u r t h e r . 

D i m e r i s a t i o n t o b i p h e n y l s i s a common s i d e r e a c t i o n and 

F i l l e r c o n s i d e r e d r a d i c a l c a t i o n i n t e r m e d i a t e s t o be t h e most 
109 

l i k e l y f o r such r e a c t i o n s as, i n t h e p r o d u c t s , t h e r a t i o s 

o f o r t h o , meta and para isomers were not c o n s i s t e n t w i t h r e a c t i o n 

between t h e s t a r t i n g a r o m a t i c and e i t h e r phenyl c a t i o n s or 

r a d i c a l s . The f o l l o w i n g mechanism was proposed: 

H 

A D R + • R 
H 

HR , Xe E - - H F 

i 7 \W/ \ R R 

+ XeF+ HF 
Ref: 109 

R e c e n t l y , however, i t has been concluded from a study o f 

t h e r e a c t i o n between d e u t e r a t e d benzene and XeF 2 t h a t t h e 

d i s t r i b u t i o n o f d e u t e r i u m i n t h e d i m e r i c p r o d u c t s i s more 
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c o n s i s t e n t w i t h t h e r e a c t i o n between two r a d i c a l s i n a mechanism 
, 110 such as: 

-HF-H 

Ref: 110 

A r y l o l e f i n s and a c e t y l e n e s t e n d t o r e a c t a t t h e s i d e 

c h a i n r a t h e r t h a n p r o d u c i n g s u b s t i t u t i o n a t t h e a r o m a t i c r i n g : 

Ph 2C = CHR 

R = H, Me, F 

PhC = C R 

R = Ph,CH 3,n-C 3H 7 

XeF 2,CH 2Cl 2 

HF o r CF3COOH C a t a l y s t 
Room t e m p e r a t u r e 

2XeF, 

HF,CH 2C1 2 

> PhCF 2CF 2R 

>50% 

Ph 2CFCFR 2 

65 — 95% 

Ref: 111 

Ref: 112 

A l i p h a t i c o l e f i n s may a l s o be f l u o r i n a t e d : 

CH3CH = CH 2 

XeF 2 ( o r XeF 4) 

Room t e m p e r a t u r e 
CH 3CH 2CHF 2 

65% 
Ref: 113 

2.4 Halogen Exchange as an E x h a u s t i v e F l u o r i n a t i o n Technique 

2.4A Reagents based on antimony s a l t s (Swart's r e a c t i o n s ) 

These r e a g e n t s are o f g r e a t importance because o f t h e i r 
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e x t e n s i v e use i n i n d u s t r y i n the manufacture of c h l o r o f l u o r o c a r b o n , 

r e f r i g e r a n t s and a e r o s o l p r o p e l l a n t s . The r e a c t i o n o f an o r g a n i c 

h a l i d e w i t h an antimony f l u o r i d e i s c a l l e d a Swart 1s r e a c t i o n 

a f t e r the chemist who f i r s t used t h e process. Antimony I I I 

f l u o r i d e , i t s e l f , i s a very weak f l u o r i n a t i n g agent, and w i l l 

o n l y exchange w i t h p a r t i c u l a r l y a c t i v a t e d c h l o r i n e atoms, but 

i t s a c t i o n i s s t r o n g l y c a t a l y s e d by t h e presence o f an antimony 

V s p e c i e s . Anhydrous hydrogen f l u o r i d e i s a l s o o n l y a weak 

halogen exchange r e a g e n t , b u t i t s a c t i v i t y i s c a t a l y s e d i n t h e 

same way. I t has been suggested t h a t t h i s i s because these 

r e a c t i o n s proceed v i a c a t i o n i c i n t e r m e d i a t e s which are 

s t a b i l i s e d by antimony V s a l t s , t h e l a t t e r b e i n g p o w e r f u l Lewis 
6 0 

a c i d s . As an a l t e r n a t i v e t o t h e s i m p l e a d d i t i o n o f an 

antimony V s a l t , such as t h e p e n t a c h l o r i d e , t o antimony t r i -

f l u o r i d e , a p o w e r f u l f l u o r i n a t i n g agent may be formed by 

o x i d i s i n g a s m a l l p r o p o r t i o n o f t h e antimony I I I , i n s i t u , w i t h 

e i t h e r c h l o r i n e o r bromine. 

An example of t h e exchange o f u n a c t i v a t e d c h l o r i n e s w i t h an 

Sb V reagent i s : CHC1 CHF 
SbCl 5 1 mole 

HF 5 moles SbF 3Cl 2.2HF 

150 C A u t o c l a v e Ref: 114 

And exchange of a c t i v a t e d c h l o r i n e s w i t h Sb I I I alone i s 

i l l u s t r a t e d by t h e r e a c t i o n o f t h e p e r c h l o r o - o l e f i n ( 61) 

e c u — C C I C C 1 
SbF 

> C C I = C C I C F 3 + CCl 2 -CClCf^Cl 
3 150°C 

(61) 43% 28% 

Ref: 60 
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A d d i t i o n s , as w e l l as s u b s t i t u t i o n s , sometimes occur 

when c h l o r o - o l e f i n s are r e a c t e d w i t h r e a g e n t s c o n t a i n i n g Sb V 

and i t i s p o s s i b l e t o prepare s e m i - s a t u r a t e d c y c l i c compounds 

from p e r c h l o r o - a r o m a t i c s t a r t i n g m a t e r i a l s . 

CI 
SbF,. b 
160°C F 

20-30^-10 20% 

Ref: 115 
But i t i s very d i f f i c u l t t o produce f u l l y s a t u r a t e d 

compounds by t h i s method, as i l l u s t r a t e d by t h e r e a c t i o n below: 

Or c 
F7 SbF Q,SbF QCl 2 a, 

d i s t i l l a t i o n 
CI 72% 

Ref: 116 

2.4B Halogen Exchange w i t h A l k a l i M e t a l F l u o r i d e s as an E x h a u s t i v e 

Technique 

I n S e c t i o n 2.3B t h e r e a c t i o n o f a l k a l i h a l i d e s w i t h 

p o l y h a l o g e n a t e d compounds i n the presence of a s o l v e n t was 

d e s c r i b e d and t h e d i f f i c u l t i e s o f f o r c i n g such systems t o 

produce p e r f l u o r o compounds were h i g h - l i g h t e d . 

Yakobson showed t h a t i n the case of hexachlorobenzene (62) 

these d i f f i c u l t i e s c o u l d be s i d e - s t e p p e d by r e a c t i n g i t w i t h an 

excess o f potassium f l u o r i d e w i t h o u t a s o l v e n t so t h a t very much 
117 

h i g h e r r e a c t i o n t e m p e r a t u r e s c o u l d be employed. 
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KF, 450-500 C 
> 

Autogenous Pressure 
C 6 F 6 + C 6 F 5 C 1 + C 6 F 4 C 1 2 
20c/-iO 

(62) 
+ C 6 F 3 C 1 3 

20% 14% 

Ref: 117 

The r e a c t i o n was extended t o t h e p e r c h l o r o - a z a - a r o m a t i c s by 

Chambers e t a l . , and, as t h e p e r c h l o r o a r o m a t i c and h e t e r o -

a r o m a t i c s u b s t r a t e s may be u s u a l l y p r e p a r e d i n good y i e l d , 

t h i s method i s c o n s i d e r e d t h e best a v a i l a b l e g e n e r a l r o u t e t o 

p e r f l u o r o a r o m a t i c and h e t e r o a r o m a t i c compounds. ' 

CI KF, 480°C 

N 
A u t o c l a v e 

68% 7% 

Refs: 68, 69 
P r o d u c t s b e a r i n g t r i f l u o r o m e t h y l groups have been d e t e c t e d 

i n such a u t o c l a v e r e a c t i o n s and t h i s has been a t t r i b u t e d t o t h e 
118 

f o r m a t i o n o f d i f l u o r o c a r b e n e . 

2.5 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 

2.5A I n t r o d u c t i o n 

117 
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 , p i o n e e r e d by J.H. Simons 

e t a l . d u r i n g t h e war, i s p erformed by d i s s o l v i n g t h e s u b s t r a t e 

i n anhydrous hydrogen f l u o r i d e ( h e r e a f t e r r e f e r r e d t o as AHF) 

and p a s s i n g an e l e c t r i c c u r r e n t t h r o u g h t h e s o l u t i o n a t a v o l t a g e 

below t h a t which g e n e r a t e s gaseous f l u o r i n e . Organic compounds 

are e x t e n s i v e l y f l u o r i n a t e d , w i t h complete, or n e a r l y complete, 
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s u b s t i t u t i o n o f hydrogen atoms and s a t u r a t i o n o f m u l t i p l e bonds. 

The method has been t he s u b j e c t o f e x t e n s i v e r e v i e w s by J. 
120 121 Burdon and J.C. T a t l o w , S. Nagase and, more r e c e n t l y , 

N.L. W e i n b e r g . 1 2 2 

I t i s necessary i n t h e f i r s t p l a c e t h a t t h e s u b s t r a t e i s 

s o l u b l e i n AHF and g i v e s a reasonably c o n d u c t i n g s o l u t i o n . 

Organic compounds c o n t a i n i n g f u n c t i o n a l groups u s u a l l y possess 

s u f f i c i e n t b a s i c i t y t o i n t e r a c t w i t h AHF and thu s f u l f i l 

t h ese two r e q u i r e m e n t s . Alkanes and halogenoalkanes do not possess 

such b a s i c i t y , however, and, as a r e s u l t , are o n l y s p a r i n g l y 

s o l u b l e and d i f f i c u l t t o f l u o r i n a t e . T a t l o w quoted an 1 1 % y i e l d 

o f p e r f l u o r o - n - o c t a n e as t h e best r e p o r t e d f o r t h e c o n v e r s i o n o f 

an alkane i n t o i t s p e r f l u o r o analogue a l t h o u g h Nagase has s i n c e 

developed a t e c h n i q u e of c o n t i n u o u s f l u o r i n a t i o n o f gaseous 

hydrocarbons which has produced t e t r a f l u o r o m e t h a n e (63) i n 16.3% 
122 

y i e l d from methane. 

n-C gH 1 8 > n _ C 8 F 1 8 R e f : 1 1 9 

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 1 1 % 

CH 4 > CF 4 + CF 3H + CF 2H 2 + CH F 
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 34% 20% 18% 28% 

Product Composition 

Y i e l d o f CF 4 = 16.3%. 

Ref: 122 
2.5B Apparatus and Techniques 

A drawing o f an 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 c e l l i s 

produced below. Such a c e l l c o n s i s t s o f a s m a l l tank o f N i , Fe 

or Cu which c o n t a i n s t h e s o l u t i o n and an a r r a y o f i n t e r s p a c e d 

cathode and anode p l a t e s as i l l u s t r a t e d i n F i g u r e 2.1. Diaphragms 

are unnecessary as t h e f l u o r i n a t i o n p r o d u c t s are u s u a l l y i n e r t t o 
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c a t h o d i c r e d u c t i o n . That t h e f l u o r i n a t i o n occurs a t t h e 

anode p l a t e s i s evidenced by t h e adherence of t a r r y p o l y m e r i c 
120 

m a t e r i a l formed a t t h e i r s u r f a c e s . 

F i g u r e 2.1 ZI 

Coolant 4-
out 

AHF a d d i - — 
t i o n s =0= 

Coolant i n 

T 

V o l a t i l e j 
out t o 
t r a p 

I n n e r c o o l i n g 
j acket 

Outer c o o l i n g 
j a c k e t 

Funnel f o r 
l i q u i d a d d i t i o n s 

E l e c t r o d e a r r a y 

S u b s t r a t e as a 
s o l u t i o n i n AHF 

D r a i n cock 

The anodes are u s u a l l y made fr o m e i t h e r n i c k e l o r a n i c k e l 

based a l l o y such as monel ( 6 6 % N i ) a l t h o u g h v a r i o u s forms of 

carbon have a l s o been used. The evidence s t r o n g l y suggests 

t h a t d i f f e r e n t r e a c t i o n mechanisms are o p e r a t i v e f o r t h e two 
122 

types o f anode. 

Because o f the low b o i l i n g p o i n t o f AHF (19.5°C) and, 

sometimes, of t h e s u b s t r a t e s and p r o d u c t s , c e l l s are equipped 

w i t h overhead r e f l u x condensors and, i f necessary, a c o o l i n g 

c o i l w i t h i n t h e s o l u t i o n i t s e l f . 

B e f o r e commencing a f l u o r i n a t i o n , i t i s necessary t o 

e l i m i n a t e t r a c e s o f water from t h e AHF by e l e c t r o l y s i s w h i l s t 



-53-

p a s s i n g d r y n i t r o g e n t h r o u g h t h e system. T h i s i s because 

w a t e r , when p r e s e n t d u r i n g a f l u o r i n a t i o n , i s c o n v e r t e d t o 

oxygen d i f l u o r i d e which can cause e x p l o s i o n s i f c o n c e n t r a t e d 

w i t h o r g a n i c m a t e r i a l . r 

The us u a l range o f c e l l v o l t a g e s i s fr o m 5 t o 7V and, because 

t h e s o l u b i l i t y and c o n d u c t i v i t y of p r o d u c t s decreases upon 

f l u o r i n a t i o n , t h e p r o g r e s s o f a r e a c t i o n may be f o l l o w e d by t h e 

decrease i n c u r r e n t w i t h t i m e . A d d i t i o n s o f s a l t s such as KF 

are sometimes made t o m a i n t a i n c u r r e n t s at t h e end o f a r e a c t i o n 

o r , i n t h e case o f p o o r l y c o n d u c t i n g i n i t i a l s o l u t i o n s such as 

those o f alkanes , r i g h t from t h e s t a r t . 1 2 <~ )' 1 2 1 ' 1 2 2 

2.5C The F l u o r i n a t i o n o f Hydro-and Halocarbons 

Because of t h e problems a l r e a d y d e s c r i b e d t h e e l e c t r o ­

chemical f l u o r i n a t i o n o f hydro- or halocarbons i s not a good 

r o u t e t o p e r f l u o r o a l k a n e s . I n a d d i t i o n , more p o l a r compounds 

o f t e n fragment t o produce p e r f l u o r o c a r b o n s and hence serve as 

more u s e f u l p r e c u r s o r s . Thus p e r f l u o r o p e n t a n e ( 64) may be 

prepared i n b e t t e r y i e l d from p y r i d i n e than from pentane 

i t s e l f . 1 2 2 ' 1 2 3 

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 N 

5 11 

F 
(64) 

7.5% 25% 5.3% 
P a r t i a l l y f l u o r i n a t e d alkanes g i v e h i g h e r y i e l d s o f the 

p e r f l u o r o a l k a n e , but t h e problems of s o l u b i l i t y and conductance 

remain: 

Ref: 123 

C 6 H 1 4 E l e c t r o - C 6 F 1 4 
chemical 22% 

f l u o r i n a t i o n Ref: 122 
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C 6 H 1 2 F 2 • C 6 F 1 4 
63% Ref: 122 

The ease w i t h which o t h e r halogens are s u b s t i t u t e d i s i n 

t h e o r d e r I>Br>H>Cl, c h l o r i n e atoms o f t e n r e m a i n i n g i n the 

p r o d u c t . 

F 

19.8% 

+ + 

23.6% 19 

F 
o t h e r 

+ compounds 

Product Composition 

U n s a t u r a t e d s i t e s are p r e f e r e n t i a l l y a t t a c k e d : 

Ref: 124 
125 

CHC1 = CC1 n A •< * * n n > CHC1FCC10F + CF 0C1CC1 0F 2 A g i t a t e d C e l l 2 2 2 
80 : 12 

Ref: 125 

2.5D The F l u o r i n a t i o n o f Compounds w i t h Oxygen F u n c t i o n a l Groups 

Oxygen c o n t a i n i n g p r o d u c t s may be produced i n rea s o n a b l e 

y i e l d i n many cases by 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 i n c o n t r a s t 

w i t h f l u o r i n a t i o n s w i t h H.V.H.M.F. re a g e n t s ( S e c t i o n 2.6) o r 

f l u o r i n e (Chapter 1 ) . 

Thus p e r f l u o r o e t h e r s have been prepared from e t h e r s 

E l e c t r o c h e m i d a l 
F l u o r i n a t i o n 

42% 
Refs: 126, 127 
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P e r f l u o r o c a r b o x y l i c a c i d f l u o r i d e s are common s i d e - p r o d u c t s . 122 

C 4H gOC 4Hy p> n-C3F7COF + CgFgCOF 
E l e c t r o c h e m i c a l 
l l u o r i n a t i o n 

+ CF3COF 

4.6% Ref: 122 

P e r f l u o r o c a r b o x y l i c a c i d f l u o r i d e s are t h e major p r o d u c t s 

when a l c o h o l s , aldehydes and ketones are f l u o r i n a t e d . The 

s i m i l a r i t y i n t h e r e a c t i o n s o f these c l a s s e s o f compounds 

has been accounted f o r by a mechanism which i n v o l v e s t h e i n i t i a l 

c o n v e r s i o n o f a l c o h o l s i n t o aldehydes under t h e r e a c t i o n 

c o n d i t i o n s : 

S u b s t i t u t i o n o f a 
hydrogen by f l u o r i n e -HF 

CH3CH2OH • E> CH3CHFOH CHgCHO i 
CFgCOF 

29. 7% 

+ C F 4 + C 2 F 6 

Ref: 122 

R e c e n t l y , however, Nagase has observed t h e f o r m a t i o n o f c y c l i c 
128 

e t h e r s upon f l u o r i n a t i n g p r i m a r y a l c o h o l s from C^ t o Cg. 

C 4H 9OH • ^ + o t h e r p r o d u c t s 

11.7% 

Ref: 128 
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CHgCOCHg • CF3COF + CF 4 + CF^H 
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 59.0% 

Ref: 122 

C H 3 C O Q C 2 H 5 E l e c t r o c h e m i c a l C F 3 C 0 F 

F l u o r i n a t i o n 0 o a 

. <i/o Ref: 122 

Other c a r b o n y l c o n t a i n i n g compounds such as a c i d a n h y d r i d e s , 

c a r b o x y l i c a c i d s and a c i d h a l i d e s are t h o u g h t t o r e a c t w i t h 

AHF t o produce i n t e r m e d i a t e a c i d f l u o r i d e s which are then 

c o n v e r t e d t o p e r f l u o r o a c i d f l u o r i d e s . Y i e l d s may be reduced by 

s i d e r e a c t i o n s induced by oxygen d i f l u o r i d e and h y d r o x y l r a d i c a l s 
120 121 

produced from water formed i n t h e i n i t i a l s t e p . ' 

CH^OOH + HF _ — CHgCOF. + H"20 
CF 2C0F 

2 0 % Ref: 120 

2.5E F l u o r i n a t i o n o f Compounds w i t h N i t r o g e n F u n c t i o n a l Groups 

F u l l y f l u o r i n a t e d , n i t r o g e n - c o n t a i n i n g compounds can 

u s u a l l y be produced i n b e t t e r y i e l d s than by o t h e r f l u o r i n a t i o n 

methods. ^N-H bonds are i n i t i a l l y c o n v e r t e d t o ̂ N-F bonds 

a l t h o u g h l o s s o f n i t r o g e n as NF^ o r d i m e r i s a t i o n may be 

subsequent r e a c t i o n s . 

N 
E l e c t r o -
chemical 
f l u o r i n a t i o n 

+ CF^CF^CF^CF^Cf^ 

I 7.5% 

+ NF+CF 
3 U 

5.3? Ref: 122 
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2.5F The Mechanisms o f 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 

F l u o r i n a t i o n w i t h n i c k e l anodes i s t y p i f i e d by an 

i n d u c t i o n p e r i o d b e f o r e t he onset o f f l u o r i n a t i o n and, i n 

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

o f perfluoro-compounds i n r e l a t i v e l y h i g h y i e l d . These 

o b s e r v a t i o n s argue a g a i n s t mechanisms i n v o l v i n g t h e i n s i t u 

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

anode and the i n d u c t i o n p e r i o d suggests t h a t t h e f l u o r i n a t i n g 

agent i s a h i g h v a l e n c y n i c k e l compound formed on the anode 

s u r f a c e . However i t has been argued t h a t n i c k e l I I I f l u o r i d e 

i t s e l f i s u n s t a b l e w i t h r e s p e c t t o l o s s o f f l u o r i n e and a 
129 

complex n i c k e l I I I o r n i c k e l IV s p e c i e s i s p r e f e r r e d . 

N i + 2F ^ N i F 2 + 2 e 

N i F 2 + 2F~ 6> N i F 4 + 2 e 

N i F 4 + 2F~ • > N i F
6

2 " 
2— 

NiFg + s u b s t r a t e f> p r o d u c t s + N i F 2 

Ref: 129 

I t has a l s o been suggested t h a t t h e s u b s t r a t e i t s e l f may 

complex w i t h t h e h i g h v a l e n c y n i c k e l s p e c i e s f o l l o w e d by a 
130 

c o l l a p s e o f t h i s species t o p r o d u c t s . 

RH > ( R H ) 2 N i F 6 > P r o d u c t s 

o r (RH) 3NiFg 
Ref: 130 

However, f l u o r i n a t i o n a t carbon anodes p r o b a b l y proceeds v i a 

t h e g e n e r a t i o n o f f l u o r i n e as t h e r e i s no i n d u c t i o n p e r i o d and 
131 

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

There i s no i n d u c t i o n p e r i o d when p l a t i n u m anodes are 

employed e i t h e r , b u t t h e r e a c t i o n s proceed a t p o t e n t i a l s which 

w i l l g e nerate r a d i c a l c a t i o n s but not f l u o r i n e . T h e r e f o r e t h e 
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f l u o r i n a t i o n s are th o u g h t t o r e s u l t from t h e r e a c t i o n between t h e 
132 

o r g a n i c r a d i c a l c a t i o n and f l u o r i d e i o n . 

2.6 F l u o r i n a t i o n s w i t h Cobalt I I I F l u o r i d e and Other High 

Valency Heavy Metal F l u o r i d e s 

2.6A I n t r o d u c t i o n 

C o balt I I I f l u o r i d e , e i t h e r as i t s e l f or i n t h e form 

of a complex such as potassium t e t r a f l u o r o c o b a l t I I I and, t o a 

l e s s e r e x t e n t , o t h e r 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 o r f l u o r o 

complexes such as those o f s i l v e r I I , manganese I I I , c e r i u m IV, 

l e a d IV and n i c k e l IV, have been used e x t e n s i v e l y f o r t h e 

p r e p a r a t i o n o f s a t u r a t e d p e r f l u o r o analogues o f o r g a n i c compounds. 

Throughout t h i s c h a p t e r these r e a g e n t s w i l l be r e f e r r e d t o as 

H.V.H.M.F. r e a g e n t s . T h e i r r e a c t i o n s bear some s i m i l a r i t y t o 

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 i n t h a t e x t e n s i v e s u b s t i t u t i o n 

o f hydrogen and s a t u r a t i o n o f m u l t i p l e bonds oc c u r s but, u n l i k e 

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 s , f u n c t i o n a l groups are not u s u a l l y 

r e t a i n e d . The method does possess t h e advantage, however, o f 

b e i n g a s i m p l e r and e a s i e r procedure t o p e r f o r m than e l e c t r o ­

c h e m ical f l u o r i n a t i o n w h i l s t s h a r i n g w i t h t h e l a t t e r t h e 

advantage t h a t f r a g m e n t a t i o n s are much lower t h a n those o f 
52 

t h e more e x o t h e r m i c d i r e c t f l u o r i n a t i o n t e c h n i q u e s . 

T h i s group o f re a g e n t s i s a l s o c h a r a c t e r i s e d by t h e f a c t 

t h a t r e d u c t i o n o f t h e m e t a l t o a lower more s t a b l e ) o x i d a t i o n 

s t a t e o ccurs upon r e a c t i o n a l t h o u g h i t has been p o i n t e d o u t t h a t 

t h e S w a r t 1 s r e a g e n t , antimony V f l u o r i d e , a l s o possesses some o f 

the s e c h a r a c t e r i s t i c s ^ and hence a r i g i d c l a s s i f i c a t i o n i s not 

p o s s i b l e . 
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2.6B E x p e r i m e n t a l Techniques f o r F l u o r i n a t i o n s w i t h Cobalt I I I 

F l u o r i d e and o t h e r H.V.H.M.F. Reagents 

F l u o r i n a t i o n s w i t h c o b a l t I I I f l u o r i d e and s i m i l a r 

r e a g e n t s are now u s u a l l y performed by pa s s i n g t h e s u b s t r a t e as 

a vapour over a heated bed o f t h e reagent i n t h e form o f a f i n e l y 
52 

d i v i d e d powder. Some r e a c t i o n s have been r e p o r t e d i n which 

t h e s u b s t r a t e i s r e a c t e d w i t h a s t i r r e d s l u r r y o f c o b a l t I I I 

f l u o r i d e powder i n a r e l a t i v e l y i n e r t s o l v e n t , such as Freon 113, 
but t h i s method has not been used v e r y f r e q u e n t l y i n r e c e n t 

133 
years 

The e a r l i e s t vapour phase r e a c t o r s were s i m p l y e x t e r n a l l y 
133 

heated copper tubes which c o n t a i n e d a c a r p e t o f t h e r e a g e n t , 

but t h e performance o f such r e a c t o r s was improved i n terms o f 

y i e l d s and r e p r o d u c i b i l i t y o f r e s u l t s when c o - a x i a l paddles t o 

c o n t i n u o u s l y expose a f r e s h r eagent surface,were i n t r o d u c e d . The 

h i s t o r y and development o f c o b a l t I I I f l u o r i d e r e a c t o r s has been 

d e s c r i b e d i n d e t a i l by Stacey and Tatlow i n t h e i r comprehensive 
133 

r e v i e w o f H.V.H.M.F. r e a g e n t s . 

F i g u r e 8.1 (Chapter 8) d e s c r i b e s a t y p i c a l , modern, s t i r r e d 

r e a c t o r . I t c o n s i s t s o f a n i c k e l b a r r e l c o n t a i n i n g t h e 

reag e n t which i s s t i r r e d by a c o - a x i a l paddle t u r n e d by an 

e x t e r n a l motor. The b a r r e l i s surrounded by a lagged e l e c t r i c a l 

h e a t e r capable o f r a i s i n g t h e r e a c t o r t o 300°C and above and t h e 

e x i t chimney i s guarded by a b a f f l e system t o reduce l o s s e s o f 

c o b a l t s a l t s i n t h e p u r g i n g gas stream. The apparatus i s s e a l e d 

by l e a d gaskets and P.T.F.E. gl a n d s . 

Such r e a c t o r s are charged w i t h a s u i t a b l e c o b a l t I I s a l t 

such as t h e c h l o r i d e o r f l u o r i d e and c o b a l t I I I f l u o r i d e i s 

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

m a i n t a i n i n g a tempe r a t u r e o f about 300°C. The i n t e r i o r s u r f a c e s 
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o f t h e r e a c t o r are p a s s i v a t e d by t h e f l u o r i n e . A f t e r p a s s i n g a 

c a l c u l a t e d excess of f l u o r i n e , a l l t h e reagent i s c o n v e r t e d t o 

c o b a l t I I I f l u o r i d e and the r e a c t o r i s ready f o r use. 

The r e a c t o r i s t h e n a d j u s t e d t o t h e d e s i r e d r e a c t i o n 

t e m p e r a t u r e w h i l s t p u r g i n g w i t h a d r y , i n e r t gas t o e x p e l 

any r e m a i n i n g f l u o r i n e . The o r g a n i c s u b s t r a t e i s i n t r o d u c e d , 

e i t h e r by v a p o u r i s i n g i t i n t h e gas stream, or by d r o p p i n g t h e 

l i q u i d d i r e c t l y i n t o t h e r e a c t o r e n t r a n c e . P r o d u c t s are purged 

from t h e r e a c t o r by t h e gas and c o l l e c t e d i n t r a p s . Hydrocarbons 

produce hydrogen f l u o r i d e as a co- p r o d u c t but, as p e r f l u o r o c a r b o n s 

are i m m i s c i b l e w i t h hydrogen f l u o r i d e , s e p a r a t i o n i s achieved by 

s i m p l y d r a i n i n g o f f t h e lower l a y e r . 

I t i s u s u a l t o r e g e n e r a t e t h e reagent a f t e r e x h a u s t i n g 

about 25% o f the c o b a l t I I I and t h i s i s done by p a s s i n g an 

excess of f l u o r i n e over t h e spent reagent a t about 300°Q as i n 

t h e s t a r t - u p procedure. R e s i d u a l p o l y m e r i c p r o d u c t s and t a r r y 

c o ntaminants are combusted by t h i s and t h e r e g e n e r a t e d reagent 

i s e s s e n t i a l l y pure. 

The t e t r a f l u o r o c o b a l t a t e I I I r e a g e n t s are u t i l i s e d i n t h e 

same manner and are generated by f l u o r i n a t i n g t h e a l k a l i m e t a l 
134 

t r i f l u o r o c o b a l t a t e I I . 
F 2 

KCoFo > KCoF, 
A 4 Ref: 134 

2.6C The F l u o r i n a t i o n o f Alkanes by H.V.H.M.F. Reagents 

Alkanes may u s u a l l y be c o n v e r t e d t o t h e c o r r e s p o n d i n g 

p e r f l u o r o a l k a n e i n h i g h y i e l d (50-75%) when a s t i r r e d r e a c t o r i s 
52 

used. Many o f t h e e a r l i e s t f l u o r i n a t i o n s were performed i n 

l e s s e f f i c i e n t u n s t i r r e d r e a c t o r s but y i e l d s i n many cases were 

r e a s o n a b l e i n s p i t e o f t h i s . 
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CoF 3 

n _ C 7 H 1 6 175 - 300*C > n _ C 7 F 1 6 
s t i r r e d r e a c t o r 69% 

Ref: 135 

CoF„ 

u n s t i r r e d r e a c t o r 40% Ref: 134 

With h i g h e r m o l e c u l a r weight alkanes t h e y i e l d o f 

p r o d u c t s i n which hydrogen i s r e t a i n e d i n c r e a s e s u n l e s s h i g h e r 

r e a c t i o n t e m p e r a t u r e s o r l o n g e r exposures t o t h e reagent are 

employed which, c o n c o m i t a n t l y , i n c r e a s e s t h e number o f 

f r a g m e n t a t i o n s i d e - p r o d u c t s . Thus cetane, when f l u o r i n a t e d under 

c o n d i t i o n s s u f f i c i e n t l y v i g o r o u s t o remove a l l hydrogen, produced 
X 3 6 

some p e r f l u o r o o c t a n e as a s i d e p r o d u c t . 

CoF 3, 400°C 
n -C 1 6H 3 4 *> n - C 1 6 F 3 4 + some C g F 1 8 

u n s t i r r e d r e a c t o r 
Ref: 136 

Branched hydrocarbons are a l s o prone t o f r a g m e n t a t i o n 

and y i e l d s are not , u s u a l l y , as h i g h as f o r s t r a i g h t c h a i n 

alkanes o f t h e same m o l e c u l a r w e i g h t . I n t h e p r o d u c t from neo-
137 

pentane, no p e r f l u o r o ( n e o - p e n t a n e ) was d e t e c t e d . 

CHo C R Ref: 137 

C H 0 - C - C H 0 — ^ • NCFCRCR. 
3 | 3 175-325°C / 2 3 

CH^ u n s t i r r e d r e a c t o r 16.6% 
+ o t h e r p r o d u c t s 

Re-arrangements have a l s o been r e p o r t e d i n the f l u o r i n a t i o n s 

o f b r i d g e d r i n g hydrocarbons and monocycloalkanes w i t h more t h a n 
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s i x carbon atoms. 

CoF. 

130°C 

s t i r r e d r e a c t o r 

F 

40.6% 

+ 

* 27 

not f u l l y c h a r a c t e r i s e d 

+ o t h e r p r o ­
d u c t s c o n t a i n ­
i n g a Cg r i n g 

* 19.9% 

+ 

7.3% * 3.9% * 0.4% 

Ref: -ij&g-

CoF, 

320°C 
3 passes t h r o u g h 

a s t i r r e d r e a c t o r (67) 

( 6 4 ) : ( 6 5 ) :(66) = 63:29:8 

+ 

(64) (65) (66) 
Ref: 139 

These l a t t e r r e a c t i o n s were thought t o r e s u l t f rom i n t r a ­

m o l e c u l a r re-arrangements o f t h e proposed i n t e r m e d i a t e carbo-

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

a s t r o n g Lewis a c i d or an o x i d i s i n g agent (see S e c t i o n 2.6F). 

Thus i n t h e f l u o r i n a t i o n o f c y c l o h e p t a n e ( 68) t h e f o l l o w i n g 

process was envisaged:-

—•£> —t> 

(68) 

Ref: 138 
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The c a r b o c a t i o n undergoes a s t a n d a r d re-arrangement t o produce 

the m e t h y l c y c l o h e x a n e s k e l e t o n , f l u o r i n a t e d d e r i v a t i v e s o f which 

are o b s e r v e d . ^ ^ Evidence f o r t h e i n t e r m e d i a c y o f c a t i o n i c 

s p e c i e s i n t h e f l u o r i n a t i o n of b i c y c l o [2.2.2. l o c t a n e (67) was 

t h a t s i m i l a r p r o p o r t i o n s o f b i c y c l o [ 3 . 3 . 0 1 - a n d b i c y c l o [3.2.1 ] — 

o ctanes t o those produced by f l u o r i n a t i o n were produced by 
139 

e q u i l i b r a t i o n w i t h aluminium bromide. 
140 141 The p a r t i a l f l u o r i n a t i o n of ethane and 2-methylpropane 

w i t h both c o b a l t I I I f l u o r i d e and, i n t h e case of ethane, t h e 

m i l d e r p o t a s s i u m t e t r a f l u o r o c o b a l t a t e I I I , a t low temperatures, 

has been s t u d i e d i n some d e t a i l . W h i l s t t h e p r o p o r t i o n s of 

p r o d u c t s from ethane were s i m i l a r t o t h a t p r e d i c t e d f o r t h e 

random a d d i t i o n of f l u o r i n e , i t was noted t h a t p r o d u c t s from 

2-methylpropane i n which t h e t e r t i a r y hydrogen i s s u b s t i t u t e d 

were 10 times'commoner than i f due t o random s u b s t i t u t i o n . T h i s 

was taken as f u r t h e r evidence f o r t h e i n t e r m e d i a c y of e i t h e r 

r a d i c a l s or c a r b o c a t i o n s i n the r e a c t i o n between alkanes and 

c o b a l t I I I f l u o r i d e s . 

2.6D The F l u o r i n a t i o n o f Alkenes 

The a d d i t i o n of f l u o r i n e t o o l e f i n s , u s i n g c o b a l t I I I 

f l u o r i d e , o c c u r s even more r e a d i l y than t h e s u b s t i t u t i o n of hydrogen 

atoms as evidenced by t h e h i g h y i e l d s , under m i l d c o n d i t i o n s , 
140 

o f 1 , 2 - d i f l u o r o e t h a n e from e t h y l e n e r e p o r t e d by Burdon e t a l . 
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KCoF 4 

CH 9 = CH„ • % CH 0FCH„F + o t h e r products 
Z 2 200°C 2 2 

( 6 7 % o f p r o d u c t , 93.4% c o n v e r s i o n ) 

Ref: 140 

Under more f o r c i n g c o n d i t i o n s , p e r f l u o r o compounds are produced 

i n h i g h y i e l d . 

A d d i t i o n occurs b e f o r e s u b s t i t u t i o n i n h a l o - a l k e n e s as w e l l 
14 2 

as hydrocarbon systems, as demonstrated by Rausch e t a l . 

who o b t a i n e d 1 , 2 - d i f l u o r o d e r i v a t i v e s o f a wide v a r i e t y o f 

o l e f i n s u s i n g c o b a l t I I I f l u o r i d e at low t e m p e r a t u r e s and w i t h 

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

CoF 3, 18-32°C 

0.5 g o l e f i n min. 
CHC1 = CC1 2 > _ 1 CIIC1FCFC12 + CHC1FCF2C1 

500 mis. N 2 min. 1 
3 1 % 

Ref; 142 

The r e s u l t s f o r o l e f i n s c o n t a i n i n g hydrogen, c h l o r i n e and bromine 

were i n accord w i t h e a r l i e r o b s e r v a t i o n s c i t e d by Rausch e t a l . 

t h a t t he processes below occur i n t h e f o l l o w i n g o r d e r of ease:-

V = c £ — > - C - C - > - C - H - > - C - F ' x / \ / / 

> - C - B r - * - C - F > - C - C l - * - C - F 
/ / / / Ref: 142 

1 , 1 - d i c h l o r o e t h y l e n e gave r i s e t o p r o d u c t s i n which t h e 

c h l o r i n e atoms had m i g r a t e d which was t h o u g h t t o be c o n s i s t e n t 

w i t h i t s l a c k of s t a b i l i t y . 
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CoF, 
CH n = CC1 

2 20-50°C 
1 g. s u b s t r a t e min 
800 mis. N 2 m i n . " 1 

- 1 

CHC1FCC1F0 + CHCIFCCI^F 
2% 1 1 % 

+ CC1 2FCC1 2F + CHC1 2CC1 2F 
4% •,0 

Ref: 142 

More r e c e n t l y , h i g h y i e l d s o f t h e a d d i t i o n p r o d u c t have been 
14 3 

o b t a i n e d on f l u o r i n a t i n g 1 , 2 - b i s ( p e r f l u o r o a l k y l ) e t h y l e n e s . 

CF3CF2CP'2CH=CHCF2CF2CF3 > ^ ^ c ^ ^ ^ ^ 
( b o t h isomers) 210-220°C 0 . n a 

•^4 , iJTb 

+ o t h e r p r o d u c t s 

Ref: 143 
Cleavage can occur a t t h e double bond d u r i n g e x h a u s t i v e 

f l u o r i n a t i o n s . Thus H a s z e l d i n e and Smith noted p e r f l u o r o n o n a n e 

amongst t h e s i d e - p r o d u c t s o f t h e i r u n s t i r r e d f l u o r i n a t i o n of 
144 

1-decene. P o s s i b l e mechanisms o f t h e f l u o r i n a t i o n o f 

o l e f i n s are d i s c u s s e d l a t e r i n S e c t i o n 2.6F. 

2.6E The F l u o r i n a t i o n of Aromatic Compounds 

Stacey, T a t l o w and co-workers have s t u d i e d t h e p a r t i a l 

f l u o r i n a t i o n o f benzene and o t h e r a r o m a t i c hydrocarbons i n some 
52 

d e t a i l . W i t h c o b a l t I I I f l u o r i d e a t te m p e r a t u r e s between 150 

and 200°C t h e major p r o d u c t s were p o l y f l u o r o c y c l o h e x a n e s o f 

f o r m u l a CgH nF^ 2 n (where n = 1 t o 4 ) . A l l p o s s i b l e isomers o f 

Cg Hn F12-n w e r e P r o d u c e c l f o r n = 0, l and 2 b u t , i n t e r e s t i n g l y , 

f o r n = 3 and 4, o n l y isomers o f t h e 1 , 2 , 4 - t r i h y d r o (69) and 

1,2,4,5 t e t r a h y d r o (70) compounds were produced. 
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CoF 
1+ F 

1 5 0 - 2 0 0 1 : ^ ^ 

H H 

+ F + 

H 
A 

F + 

* = a l l p o s s i b l e 

isomers produced 

n ( ? 0 ) 

Minute q u a n t i t i e s ' o f a dimer and u n s a t u r a t e d p r o d u c t s , i n c l u d i n g 

some a r o m a t i c s , were a l s o i s o l a t e d and they are p r e s e n t e d below. 

Minor P r o d u c t s o f the M i l d CoF^ F l u o r i n a t i o n o f Benzene 

F ( 7 2 ) H 

Refs: 52, 134 
H H H 

Fluorobenzene (71) and p - d i f l u o r o b e n z e n e (72) gave almost 

i d e n t i c a l f l u o r i n a t i o n products, s u g g e s t i n g them t o be i n t e r ­

mediates f o r t h e o t h e r p r o d u c t s . 

U n s a t u r a t e d p r o d u c t s were o b t a i n e d i n h i g h y i e l d when benzene 
was f l u o r i n a t e d w i t h t h e m i l d e r r e a g e n t p o t a s s i u m t e t r a f l u o r o -

134 c o b a l t a t e I I I (see F i g u r e 2.3) 
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KCoF 

280°C 

F i g u r e 2.3 

* Ti F iT 
( 7 2 ) 8% 

H 

F 

Y 
H 

(74) 

•H 

Uo 

H 

H-
H 

(75) 

H 

H 
H 

(78) 

H 
H 

H 

H-

•H 

H 
(76) 12% 

H 

H 
(77) 35% 

H H 
+ 

H 
F 

H 
F 

H 
(79) 0.5% t r a c e s 

+ 

t r a c e s ( r e c o v e r e d s t a r t i n g m a t e r i a l ) 

t r a c e s 

Ref: 134 
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Once a g a i n , an almost i d e n t i c a l p r o d u c t was o b t a i n e d when 

f l u o r o b e n z e n e ( 7 1 ) and p - d i f l u o r o b e n z e n e (72) were f l u o r i n a t e d 

w i t h potassium t e t r a f l u o r o c o b a l t a t e ( I I I ) under s i m i l a r 
. ... 134 c o n d i t i o n s . 

These r e s u l t s were i n accord w i t h t h e e a r l i e r p o s t u l a t e 

t h a t (73) t o (79) i n c l u s i v e are a l l i n t e r m e d i a t e s i n t h e 

f o r m a t i o n o f the h i g h e r f l u o r i n a t i o n p r o d u c t s when benzene i s 

f l u o r i n a t e d by t h e c o b a l t I I I c o n t a i n i n g , and other, h i g h v a l e n c y 
134 

heavy m e t a l f l u o r i d e r e a g e n t s . The f o r m a t i o n o f these i n t e r ­

mediates has been e x p l a i n e d by a proposed mechanism f o r c o b a l t 

I I I c o n t a i n i n g , and ot h e r , h i g h v a l e n c y heavy metal f l u o r i d e 

r e a g e n t s which w i l l be d e s c r i b e d i n S e c t i o n 2.6F. 
Benzene has a l s o been r e a c t e d w i t h o t h e r a l k a l i m e t a l t e t r a -

14 5 
f l u o r o c o b a l t a t e s . The l i t h i u m s a l t was observed t o g i v e 

h i g h e r y i e l d s o f t h e proposed i n t e r m e d i a t e 3 , 3 , 6 , 6 , t e t r a f l u o r o -

c y clohexa-1,4-diene than t h e potassium s a l t , w h i l s t sodium and 

r u b i d i u m were v e r y s i m i l a r . More i n t e r e s t i n g , however, were t h e 

s m a l l y i e l d s o f p e r f l u o r o b e n z e n e and o t h e r f l u o r o b e n z e n e s 

o b t a i n e d when t h e caesium s a l t was employed. 
CsCoF, 

250°C 
Ref: 145 

H \ / H 
26% 

P e r f l u o r o o l e f i n s were t h e major p r o d u c t s when f u s e d r i n g 
146 147 a r o m a t i c s such as naphthalene and anthracene were f l u o r i n a t e d 

w i t h p o t a s s i u m and caesium t e t r a f l u o r o c o b a l t a t e s . The s c a r c i t y 
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of hydrogen c o n t a i n i n g p r o d u c t s was t h o u g h t t o i n d i c a t e p e r f l u o r o -

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

KCoF 
F F F F o 300 C 

83% 58 0 
C I ( % ' S p r o d u c t composi 

t i o n ) F F 
Ref 146 33.3% 

The f l u o r i n a t i o n o f a l o n g s e r i e s o f p o l y f l u o r o - a r o m a t i c 
148 

compounds has been r e p o r t e d . I n t e r e s t i n g l y , u n s a t u r a t e d 

p r o d u c t s accounted f o r t h e b u l k o f t h e p r o d u c t , a t r e a c t i o n 

t e m p e r a t u r e s between 80°C and 160°C, except when a t l e a s t two 

hydrogens were p r e s e n t on t h e a r o m a t i c r i n g . 

C 0 F 3 

100°C 

(%'s 

J% 90% 2% 

p r o d u c t c o m p o s i t i o n ) Ref: 148 

H H H H 
CoF 

F F + F + o 

5% 17% 15% 

a t u r a t e d compounds 62% 
0/ 1 WO S p r o d u c t c o m p o s i t i o n ) Ref 148 
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(80) i s o b t a i n e d as almost t h e o n l y p r o d u c t when 

(81) i s f l u o r i n a t e d which i s c o n s i s t e n t w i t h t h e l a t t e r b e i n g 

an i m p o r t a n t i n t e r m e d i a t e i n t h e f l u o r i n a t i o n o f napt h a l e n e . 

F F + F o 160 C 

(81 (80) ( b o t h i s o mers) 

98% Ol 
10 

(%'s = p r o d u c t c o m p o s i t i o n ) Ref: 148 

2.6F The Mechanism o f t h e R e a c t i o n between H.V.H.M.F. Reagents 

and U n s a t u r a t e d and Homoaromatic Compounds 

Al t h o u g h t h e main r e a c t i o n pathways o f t h e f l u o r i n a t i o n 

o f many a r o m a t i c compounds by H.V.H.M.F. reage n t s had a l r e a d y 

been e l u c i d a t e d t o v a r y i n g degrees of c e r t a i n t y , i t was not 

u n t i l 1972 t h a t t h e f i r s t d e t a i l e d r e a c t i o n mechanisms were p r o -
149 

posed. The i n d i c a t e d i n t e r m e d i a t e s d u r i n g t h e f l u o r i n a t i o n 

o f benzene and o t h e r a r o m a t i c compounds were a l l s u b s t i t u t e d 

as would have been t h e case f o r an e l e c t r o p h i l i c mechanism. Thus, 

f o r example, para, r a t h e r than meta, d i f l u o r o b e n z e n e was i s o l a t e d 

from t h e p r o d u c t s o f t h e f l u o r i n a t i o n o f benzene. Many s i m i l a r 

examples were noted. I t was f u r t h e r noted t h a t c o b a l t I I I 

produced s t r i k i n g l y analogous s u b s t i t u t i o n p a t t e r n s when used 

as an o x i d i s i n g agent i n aqueous media:-
HO OH OH 0 OH 3-f 

Co.aq. JL Q l i 0 > 1 I • 

11 
OH 0 HO O H R e f : 1 4 9 

CoF 
> 
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Thus, i t was p o s t u l a t e d t h a t o x i d a t i o n o f t h e a r o m a t i c s u b s t r a t e 

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

such as ( 8 2 ) . A b s t r a c t i o n o f a f l u o r i n e atom then leads t o a 

s p e c i e s v e r y s i m i l a r t o a Wheland c a t i o n i c i n t e r m e d i a t e ( 8 3 ) . 

Co' 3 + 

- e 

(82) 

Ref: 149 

I f t h e r e a c t i o n was c o n t r o l l e d by the s t a b i l i t i e s o f such 

c a t i o n s then, i t was argued, t h e observed r e a c t i o n pathways 

would be f a v o u r e d . 

The a u t h o r s q u a l i f i e d t h e i r proposed mechanism, however, 

by p o i n t i n g out t h a t t h e s t a b i l i t y o f a r a d i c a l c a t i o n such as 

(84) i s much c l o s e r t o t h a t o f t h e i n t e r m e d i a t e c a t i o n ( 85) 

th a n i s t h a t o f a n e u t r a l a r o m a t i c molecule. 

+ x Process 1 

Process 2 
Ref: 149 

T h e r e f o r e the t r a n s i t i o n s t a t e may not be v e r y s i m i l a r t o t h e 

c a t i o n i n process 1, u n l i k e process 2, and t h e s u b s t i t u t i o n c o u l d 

be c o n t r o l l e d by i n i t i a l r a t h e r t h a n f i n a l s t a t e e f f e c t s . A 

r e s u l t o f t h i s i s t h a t quenching by f l u o r i d e i o n s t o y i e l d 
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r a d i c a l i n t e r m e d i a t e s such as (86) must be c o n s i d e r e d an 
a l t e r n a t i v e p o s s i b i l i t y , as t h e isomer d i s t r i b u t i o n c o u l d be 

r ^ N + F H 

F F F 
(87) ( 8 6) 

c o n t r o l l e d by t h e d i s t r i b u t i o n o f charge i n sp e c i e s (87) r a t h e r 

t h a n by t h e r e l a t i v e s t a b i l i t i e s o f r a d i c a l s such as ( 8 6 ) . 

W h i l s t t h e l a t t e r e f f e c t would be expected t o g i v e a random 

d i s t r i b u t i o n , c o n t r o l by t h e d i s t r i b u t i o n o f charge i n (87) 

c o u l d l e a d t o t h e observed isomer r a t i o s and t h e a u t h o r s c i t e d 

e l e c t r o c h e m i c a l c y a n a t i o n s which g i v e isomer r a t i o s s i m i l a r t o 

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

no cyanide r a d i c a l s are p r e s e n t t o quench t h e i n i t i a l r a d i c a l 

c a t i o n s . 

A t h i r d p o s s i b i l i t y mentioned was t h a t quenching by f l u o r i n e 

atoms occurs but t h a t t h e observed isomer r a t i o s are a r e s u l t 

o f t h e d i s t r i b u t i o n o f e l e c t r o n s p i n on t h e r a d i c a l c a t i o n . 

Whatever t he subsequent f a t e o f t h e r a d i c a l c a t i o n , s e v e r a l 

c o n v i n c i n g , a d d i t i o n a l i t e m s o f evidence f o r t h e o x i d a t i o n process 

were c i t e d . Amongst these were:-

( a ) The f l u o r i n a t i n g power o f t h e H.V.H.M.F. reag e n t s 

a p p a r e n t l y d e c l i n e s w i t h t h e o x i d a t i o n p o t e n t i a l o f t h e meta l 

i n t h e o r d e r : -

A g 2 + > C o 3 + > M n 3 + > Ce 4 + 

( b ) When benzene i s f l u o r i n a t e d w i t h t h e s t r o n g r eagent 

CoFg, s a t u r a t e d p r o d u c t s predominate w h i l s t weaker MnF„ produces 
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p o l y f l u o r o c y c l o h e x e n e s and CeF^ produces p o l y f l u o r o c y c l o h e x e n e s , 

-dienes a n d - a r o m a t i c s , i . e . t h e i o n i s a t i o n p o t e n t i a l of t h e 

s u b s t r a t e appears t o determine i t s r e a c t i v i t y . 

The f l u o r i n a t i o n o f benzene was t h e r e f o r e d e s c r i b e d by t h e 

f o l l o w i n g mechanism,assuming c a t i o n i c i n t e r m e d i a t e s as a 
149 

w o r k i n g h y p o t h e s i s : -

H +F + CoF CoF 

F ~ H 

4 F. M 

+F II 4 4 
CoF 

F (88) F 

+F t o f u r t h e r p r o d u c t s e t c 

F F Ref 149 

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

p r o d u c t s than c o b a l t I I I f l u o r i d e and t e t r a f l u o r o b e n z e n e s were 

d e t e c t e d amongst them which i n d i c a t e s t h a t a d d i t i o n o f f l u o r i n e 

a t C-H r a t h e r t h a n C-F i n s p e c i e s ( 8 8 ) i s a competing s i d e 

r e a c t i o n . 
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The f u r t h e r r e a c t i o n o f t h e diene would account f o r a l l t h e 

monoenes and s a t u r a t e d compounds produced from benzene. A 

s i m i l a r mechanism was proposed f o r t h e s a t u r a t i o n o f o l e f i n s 

a l t h o u g h , a g a i n , i t i s not c e r t a i n whether r a d i c a l or c a t i o n i c 

i n t e r m e d i a t e s were produced.^ 

c = 

Ref: 140 

The mechanism was a l s o adapted t o u n s a t u r a t e d hydrocarbons where 

o x i d a t i o n t o a r a d i c a l c a t i o n was f o l l o w e d by l o s s o f a p r o t o n . 

T h i s process c o u l d proceed as f a r as a r o m a t i s a t i o n w i t h some 

a l i c y c l i c compounds and evidence c i t e d f o r such was t h e 

s i m i l a r i t y between t h e f l u o r i n a t i o n p r o d u c t s of naphthalene and 
149 

t e t r a l i n . 

CoF 3 

-e 

-II 
- f r ­

e t c. 

-e 

-II 

CoF, 

Ref: 151 
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2.6G The F l u o r i n a t i o n of H e t e r o c y c l i c Compounds by H.V.H.M.F. 

Reagents 

( a ) E a r l y Work 

E a r l y a t t e m p t s t o f l u o r i n a t e h e t e r o c y c l i c compounds w i t h 

c o b a l t I I I f l u o r i d e were ve r y d i s c o u r a g i n g . Thus, Ha s z e l d i n e 

r e p o r t e d o n l y very low y i e l d s ( 0 . 2 % ) o f p e r f l u o r o p i p e r i d i n e 
152 

when he a t t e m p t e d t h e f l u o r i n a t i o n o f p y r i d i n e . I t was 

t h o u g h t t h a t much m a t e r i a l was l o s t due t o t h e f o r m a t i o n o f 
153 

i n v o l a t i l e h y d r o f l u o r i d e s w i t h i n t h e r e a c t o r . 2 - m e t h y l i n d o l e 
153 154 

and t h i o a r o m a t i c h e t e r o c y c l e s ' , by c o n t r a s t , were p o l y ­

merised by t h e hydrogen f l u o r i d e b y - p r o d u c t . 
( b ) Oxygen H e t e r o c y c l e s 

When t e t r a h y d r o f u r a n was f l u o r i n a t e d w i t h c o b a l t I I I 

f l u o r i d e , however, no problems a s s o c i a t e d w i t h r e a c t i o n s w i t h 
155 

hydrogen f l u o r i d e were encountered, Under m i l d c o n d i t i o n s 

(100-110°C) t h e major p r o d u c t s were p o l y f l u o r o t e t r a h y d r o f u r a n s , 

w i t h minor p o l y f l u o r o p r o p a n e s and p o l y f l u o r o c a r b o x y l i c a c i d s 

r e p r e s e n t i n g p r o d u c t s due t o r i n g f i s s i o n . When t h e m i l d e r 

r e a g e n t p o t a s s i u m t e t r a f l u o r o c o b a l t a t e ( I I I ) was used, however, 

u n s a t u r a t e d p r o d u c t s accounted f o r 87% o f t h e p r o d u c t . 

K C o F^ F 

200°C I 
+ o t h e r 

p r o d u c t s 

Ref: 155 

T h e r e f o r e , a r e a c t i o n mechanism was proposed which i n v o l v e d t h e 

i n i t i a l o x i d a t i v e a r o m a t i s a t i o n o f ( 9 0 ) t o f u r a n , v i a a d d i t i o n s 

o f f l u o r i n e and e l i m i n a t i o n s of hydrogen f l u o r i d e , i n a manner 
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r e m i n i s c e n t o f t h e a r o m a t i s a t i o n processes supposed t o occur 

d u r i n g t h e f l u o r i n a t i o n o f a l i c y c l i c compounds mentioned i n 

S e c t i o n 2.6F. 

KCoF 
<3 Pro d u c t s 

Ref 155 0 
The subsequent r e a c t i o n o f t h e ar o m a t i c i n t e r m e d i a t e was 

o r i g i n a l l y suggested t o occur v i a s u c c e s s i v e 2,5 a d d i t i o n s o f 

f l u o r i n e f o l l o w e d by 2,5 e l i m i n a t i o n of hydrogen f l u o r i d e , b u t 

t h i s mechanism was, l a t e r , l e s s f a v o u r e d t h a n one i n v o l v i n g t h e 
156 

i n t e r m e d i a c y o f r a d i c a l c a t i o n s . An a r o m a t i s a t i o n process 

and a subsequent r a d i c a l c a t i o n process was a l s o suggested t o 

account f o r t h e si m p l e p r o d u c t s from mono and d i m e t h y l 
15f 

d e r i v a t i v e s o f t e t r a h y d r o f u r a n (93) and ( 9 4 ) . 

CH 0 KCoF 4 F CF.H 
H 0 0 

0 93 85 156 Ref 10 

KCoF 
CF.H CH CH 2 

H H 0 F 0 F 
(94) 156 Ref 
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0 

KCoF, 

t T ^CH3 CH3 

a, b 

/^CH,F F 

c, a, b 

F ' \ 0 ^ C H F 2 

cr CFU F 

d 

>Q- ^CH3 F 

a, b 

: H3 

0 X CHF2 

a = l o s s o f an e l e c t r o n 

b = a d d i t i o n o f a f l u o r i n e atom 

c = l o s s o f a p r o t o n 

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

e = l o s s o f a f l u o r i d e i o n by KCoF^ 

a c t i n g as a Lewis a c i d 

Ref: 156 

The e x c l u s i v e f o r m a t i o n o f d i f l u o r o m e t h y l groups was c o n s i d e r e d 

t o r e f l e c t t h e low a c i d i t y , i . e . r e l u c t a n c e t o l o s e a p r o t o n j o f 

such groups. 1,4-dioxan y i e l d e d 1 , 1 , 2 - t r i f l u o r o d i o x a n as t h e 

major p r o d u c t when f l u o r i n a t e d w i t h p otassium t e t r a f l u o r o c o b a l t a t e 
157 ( 1 1 1 ) . D 
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KCoF 4 

O.F 

H 

+ o t h e r compounds 

65 % o f p r o d u c t Ref: 157 

Alt h o u g h no u n s a t u r a t e d p r o d u c t s were d e t e c t e d , o l e f i n s 

were suspected i n t e r m e d i a t e s , i t b e i n g i m p o s s i b l e t o form 

a r o m a t i c i n t e r m e d i a t e s . The i o n i s a t i o n p o t e n t i a l o f i n t e r m e d i a t e 

o l e f i n s , w i t h h e t e r o atoms next t o each carbon, would be low, i t was 

argued, and hence t h e f o r m a t i o n o f r a d i c a l c a t i o n s and r e s u l t a n t 

s a t u r a t i o n would t a k e p l a c e e a s i l y as i s c o n s i s t e n t w i t h t he 

l a c k of u n s a t u r a t e d p r o d u c t s . 

( c ) Sulphur h e t e r o c y d e s 

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

were c l o s e l y analogous t o those o f t h e t e t r a h y d r o f u r a n s , c o n s i s -
156 

t i n g m a i n l y of p o l y f l u o r o t h i o l a n s and - 3 - t h i o l e n s . Also 
a n a l o g o u s l y , a s i m p l e p r o d u c t was o b t a i n e d when t h e -3-methyl 

15 
d e r i v a t i v e o f t e t r a h y d r o t h i o p h e n ( 9 5 ) was f l u o r i n a t e d . 

C e r t a i n s u l p l u r heterocycles have a l s o been f l u o r i n a t e d 

CH CkH 

F 

87% Ref: 159 

The r e a c t i o n o f 1 , 4 - d i t h i a n d i f f e r e d from t h a t o f 1,4-dioxan, 

however, i n t h a t compounds r e s u l t i n g from a r i n g c o n t r a c t i o n 

r e a c t i o n accounted f o r most ( 5 6 % ) of t h e p r o d u c t . T h i s was 
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t h o u g h t t o r e s u l t from t h e s t a b i l i s a t i o n o f i n t e r m e d i a t e 

c a r b o c a t i o n s by s u l p h u r as i n (96) a l t h o u g h , i t was added, 

c o n s i d e r a b l e bond s t r a i n would be i n v o l v e d . 1 6 0 

As 
(96) 
or 

+F~ 

+F" 

S. 

•S' 

H 

C ^ F 

AS-N 

H 

Ref: 160 

( d ) N i t r o g e n h e t e r o c y c l e s 

2 , 6 - d i m e t h y l p y r i d i n e ( 97) was r e p o r t e d t o y i e l d t h e 

c o r r e s p o n d i n g p i p e r i d i n e (97a) i n 5% y i e l d when r e a c t e d w i t h 

c o b a l t I I I f l u o r i d e , 161 but r e a c t i o n o f p y r i d i n e and 4-methyl-

p y r i d i n e w i t h p o t a s s i u m t e t r a f l u o r o c o b a l t a t e ( I I I ) y i e l d e d complex 
149 

m i x t u r e s o f r i n g opened or r i n g c o n t r a c t e d p r o d u c t s o n l y . 

CoF. 

C H ^ N ^ C H 3 

(97) 

3 \ 3 

c N c F | F 
F 

(97a) 5% Ref: 161 
Ring r e t a i n e d p r o d u c t s were r e p o r t e d i n h i g h y i e l d , 

however, when a s e r i e s o f p e r f l u o r o - and f l u o r o c h l o r o - n i t r o g e n 

heterocycles were f l u o r i n a t e d by a m i x t u r e o f c o b a l t I I I f l u o r i d e 

and c a l c i u m f l u o r i d e . P entaf l u o r o p y r i d i n e ( 98) r e a c t e d t o g i v e 

p e r f l u o r o - l - a z a c y c l o h e x - l - e n e ( 99) and a r i n g opened p r o d u c t 

(100) a t 120°C, but under m i l d e r c o n d i t i o n s a 1,3-diene (101) was 
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a l s o i s o l a t e d , 

CoF 3/CaF 0 

^ Fresh r e a g e n t , 120°C 

(98 ) (99) -62.7% 

+ CF3N=CFC3F7 

(100) 9.6% 

CoF 3/CaF 2 

(101) 2.2^ 
^ 1 
(99) 61.47c 

c.a. 50% d e p l e t e d 
r e a g e n t , 120-125°C 

Ref: 163 
T h i s was compared w i t h t h e r e a c t i o n o f hexafluorobenzene 

(103) w i t h t h e same reagent which gave good y i e l d s (25.8%) o f 

a 1,4-diene (102) but no -1,3-diene. An e a r l i e r f l u o r i n a t i o n 

o f hexafluorobenzene was performed under c o n d i t i o n s t o o v i g o r o u s 
14 8 

f o r t h e optimum y i e l d o f d i e n e s . 

CoF^/CaF 

I F + o 50 C 

(103) (102) 

25.8% 43.8% 
Ref: 163 

~ 3 ~ a n d - 4 - c h l o r o t e t r a f l u o r o p y r i d i n e s y i e l d e d -1,3-dienes 

i n h i g h e r y i e l d than -1,4-dienes and i t was noted t h a t , under 

comparable c o n d i t i o n s , t h e presence o f a c h l o r i n e atom a t C-4 

on t h e p y r i d i n e l e a d t o i n c r e a s e d amounts of dienes i n t h e 

p r o d u c t s . Thus h i g h p r o p o r t i o n s o f dienes were o b t a i n e d from 

t h e - 4 - c h l o r o (104) and-3 , 4 - d i c h l o r o d e r i v a t i v e whereas -1-enes 
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and r i n g opened a z a - o l e f i n s were the p r e f e r r e d p r o d u c t s o f t h e 

-3-chloro (105) and-3 , 5 - d i c h l o r o d e r i v a t i v e s . 

CI 

F 
N 

(104) 

CoF 3/CaF 2 

120-123°C 

CI 

45% 

CI 

F 
N 

2.3% 

+ 

F XI 

F 
N 

12.1% 

(105) 

CoF 3/CaF 2 _ 
— ^ i 

100°C 

CRXFCICF9 3 ! 2 
CF3N-CF 

30. 6% 
Ref: 163 

i n s e p a r a b l e m i x t u r e , 35% 

A ^C=N- bond was p r e s e n t i n a l l p r o d u c t s d e t e c t e d . 

Two p e r f l u o r o d i a z i n e s were a l s o f l u o r i n a t e d . T e t r a -

f l u o r o p y r a z i n e (106) gave a -1,3-diene (107) b u t , i n t e r e s t i n g l y , 

t e t r a f l u o r o p y r i m i c l i n e (108) gave a dimer, e i t h e r (109) o r 

(109a) as t h e major p r o d u c t . 

-N 
F 

(106) 

CoF 3/CaF 2 

80°C 

(107) 

28.8% ( 4 6 . 2 % c o n v e r s i o n ) 

N CoF 3/CaF 2 

(108) 

175°C F F 
N-

(109) 

14% ( 7 3 . 5 % c o n v e r s i o n ) 

"N-N 

(109a) 

F 

Ref: 1 6 3 
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The f o r m a t i o n o f dimer (109) was c o n s i d e r e d c o m p e l l i n g evidence 

f o r t he i n t e r m e d i a c y o f r a d i c a l s i n these r e a c t i o n s and mechanisms 

were proposed i n which i n i t i a l r a d i c a l c a t i o n s r e a c t e d by the 

a d d i t i o n o f f l u o r i d e ions, r a t h e r than f l u o r i n e atoms, t o y i e l d 

r a d i c a l , r a t h e r t h a n c a t i o n i c , i n t e r m e d i a t e s . C a l c u l a t i o n s o f 

t h e s p i n and charge d e n s i t y d i s t r i b u t i o n s o f the v a r i o u s 

p o s s i b l e i n t e r m e d i a t e s p e c i e s were a l s o performed and these 

i n d i c a t e d t h a t , i f i t i s assumed t h a t these i n i t i a l s t a t e f a c t o r s 

c o n t r o l the r e a c t i o n pathway r a t h e r t h a n t h e r e l a t i v e s t a b i l i t i e s 

o f p o s s i b l e r e s u l t a n t c a t i o n s o r r a d i c a l s , t h e n : -

( a ) given t h e above assumption, t h e model p r e d i c t e d 

t h e p r e f e r r e d f o r m a t i o n o f a _ l , 4 - d i e n e from p e r f l u o r o b e n z e n e and 

a -1,3-diene f r o m p e r f l u o r o p y r i d i n e , i n accord w i t h e x p e r i m e n t a l 

f a c t , o n l y i f r e a c t i o n i s v i a r a d i c a l i n t e r m e d i a t e s . 

( b ) when th e r e a c t i o n o f t h e observed dienes t o niono-enes 

was considered, i t was assumed t h a t t h e n e a r l y complete absence 

o f d i e n e s from t h e p y r i d i n e s w i t h o u t c h l o r i n e a t C-4 was due t o 

a h i g h e r s u s c e p t i b i l i t y o f such dienes t o f u r t h e r f l u o r i n a t i o n . 

The same r e a c t i o n sequence as f o r t h e a r o m a t i c s t a r t i n g m a t e r i a l s 

was proposed. 

Y Y 

X 
CoF 3/CaFg 

•F 1) + F~ 1) + F' 
or 

2) + F- 2) + F 
> p r o d u c t 

(110) 
(X, Y and Z = CI or F) 

The s t a b i l i t i e s o f t h e v a r i o u s p o s s i b l e c a t i o n s produced 
from s p e c i e s ( l l ( ) ) by adding a f l u o r i n e atom, ( c a l c u l a t e d f r o m bond 

energy d a t a ) , i n d i c a t e d t h a t i f t h e r e a c t i o n i s c o n t r o l l e d by 
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c a t i o n s t a b i l i t i e s t h e n a d d i t i o n i s most l i k e l y at C-4 f o r a l l 

t h e c h l o r o f l u o r o d i e n e s t o g i v e a s p e c i e s such as (111) 

Y 
X F 

• 
+ F- P N N F 

(113) (112) (111) 

(X, Y and Z = CI o r F) Ref: 163 

but t h e s t a b i l i t i e s o f t h e p o s s i b l e isomers o f ( 1 1 1 ) , r e l a t i v e 

t o each o t h e r , seemed t o i n d i c a t e those w i t h c h l o r i n e a t C-4 

t o be t h e most s t a b l e , i m p l y i n g dienes w i t h c h l o r i n e a t C-4 t o 

be t h e most r e a c t i v e , i n apparent c o n t r a d i c t i o n w i t h 

e x p e r i m e n t a l evidence. The c a l c u l a t e d s p i n d e n s i t i e s o f t h e 

v a r i o u s isomers o f (112) u n i f o r m l y i n d i c a t e d t h a t , i f t h e s i t e 

o f f l u o r i n e atom a d d i t i o n were c o n t r o l l e d by t h e s p i n d e n s i t i e s , 

t h e n a t t a c k a t n i t r o g e n was p r e f e r r e d w h i l s t a d d i t i o n t o C-2, 

C-3 or C-4 seemed o f n e a r l y equal p r o b a b i l i t y f o r a l l isomers. 

I t was t h e r e f o r e concluded t h a t t h e a d d i t i o n o f a f l u o r i n e atom 

t o r a d i c a l dienes d i d not l e a d t o a c l e a r - c u t p i c t u r e o f t h e 

r e l a t i v e r e a c t i v i t i e s o f t h e p o s s i b l e -1,3-dienes ( 1 1 3 ) . 

I n c o n t r a s t , t h e c a l c u l a t e d charge d e n s i t i e s o f t h e r a d i c a l 

d i e n e s were i n the o r d e r C-2 > C-4 > C-3 > N f o r a l l t h e isomers. 

I f t h e r a d i c a l dienes r e a c t by t h e a d d i t i o n o f a f l u o r i d e i o n a t 

a s i t e d e t e r m i n e d by t h e d i s t r i b u t i o n o f charge d e n s i t y , a d d i t i o n 
L 

a t C-2 was i n d i c a t e d . I t was argued, however, t h a t t h i s would 

be more l i k e l y t o be f o l l o w e d by t h e e l i m i n a t i o n of a f l u o r i n e 

atom t h a n t h e f o r m a t i o n o f an ^N-F bond, hence r e g e n e r a t i n g 

e i t h e r a -1,3- or -1,4-diene. 
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Y Y Y 

F F F F F F • 

N N N p N 

( H 4 ) ( X , Y and Z = CI or F) 

T h e r e f o r e t h e p r o d u c t i o n o f mono-enes would have t o proceed 

by a t t a c k o f f l u o r i d e i o n at C-4 i n t h e r a d i c a l c a t i o n s ( 1 1 4 ) , 

and t he charge d e n s i t i e s a t t h e C-4's were i n d i c a t e d t o be 

s i g n i f i c a n t l y lower when they bore a c h l o r i n e r a t h e r than a 

f l u o r i n e atom. 

I t was concluded, t h e r e f o r e , t h a t t h e apparent d e a c t i v a t i n g 

e f f e c t o f c h l o r i n e at C-4 i n t h e -1,3-dienes was, a l s o , best 

u n derstood i f t h e r e a c t i o n proceeded v i a r a d i c a l i n t e r m e d i a t e s . 

( c ) F i n a l l y , i t was argued t h a t t h e o n l y r a d i c a l i n t e r ­

mediate combining a s u f f i c i e n t l y h i g h u n p a i r e d s p i n d e n s i t y 

a t a s i t e o f h i g h s t e r i c a c c e s s i b i l i t y i s produced from t e t r a -

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

amongst a l l the compounds f l u o r i n a t e d . 

On t h e b a s i s o f these e x p e r i m e n t a l o b s e r v a t i o n s and 

c a l c u l a t i o n s t h e f o l l o w i n g d e t a i l e d r e a c t i o n mechanisms were 

proposed:-
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Y Y Y Y 

( i ) 

N 
(115) 

Y Y Y 

X X 
+ F " + F " N N N N 

+F 
+F 

Y v • 
X ^ N X X 

F N N N N F 
(117) N.B. A l l unmarked bonds are t o f l u o r i n e 

Ref 163 

N +F N N 
0 

( 2 ) \ 
N N N N 

D i m e r i s a t i o n 

N - N N - N 
or 

N N N N 
Ref 163 

I X e 
(3 

N N 
(116) 

F 
N 

N (118) 
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Both t h e p y r i d i n e s (115) and t h e p y r a z i n e (116) e v e n t u a l l y 

produce a l o c a l i s e d n i t r o g e n r a d i c a l ( ( 1 1 7 ) and (118) 

r e s p e c t i v e l y ) which would be s u s c e p t i b l e t o e l i m i n a t i o n , r a t h e r 

than a d d i t i o n , o f a f l u o r i n e atom and t h e r e f o r e a c t as b a r r i e r s 

t o f u r t h e r r e a c t i o n . 

2.6H The F l u o r i n a t i o n o f Compounds C o n t a i n i n g F u n c t i o n a l Groups 

by H.V.H.M.F. Reagents 

( a ) I n t r o d u c t i o n 

F u n c t i o n a l groups do not te n d t o s u r v i v e t h e H.V.H.M.F. 

process and t h e u s u a l f a t e f o r h e t e r o atoms i n f u n c t i o n a l groups 

i s f i s s i o n from t h e r e s t of t h e molecule t o appear i n a s m a l l 

fragment and i n t h e h i g h e s t p o s s i b l e o x i d a t i o n s t a t e . Some 

n o t a b l e e x c e p t i o n s are d e s c r i b e d , b r i e f l y , below:-

( b ) Oxygen compounds 

Some p e r f l u o r o and p o l y f l u o r o e t h e r s have been i s o l a t e d 

i n t h e p r o d u c t s from t h e f l u o r i n a t i o n o f e t h e r s w i t h c o b a l t I I I 

f l u o r i d e , 

< { < 
/ X 7 X CoF 

Yr-X 0 0 F 

15% 
Ref: 133 

but u s u a l l y y i e l d s are lower t h a n i n t h e example g i v e n . H i g h l y 

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

on t h e e t h e r l i n k a g e however, and good y i e l d s o f p o l y f l u o r o 

e t h e r s were r e p o r t e d from a l k o x y p o l y f l u o r o a l k e n e s . 
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OCH. 

90°C 

OCHf 

/O 32.3% 29.3% 
Ref: . i ^ 

Ketones are r e p o r t e d t o y i e l d a c y l f l u o r i d e s w i t h potassium 

t e t r a f l u o r o c o b a l t a t e (111) but c a r b o n y l d i f l u o r i d e i s t h e major 

oxygen c o n t a i n i n g p r o d u c t w i t h c o b a l t I I I f l u o r i d e . 

CoF„ 
C9H(-C0C9Hc. -^-fr COF9 + p o l y f l u o r o e t h a n e s 

A ° & 100°C z 

KCoF:-
C 2H 5C0C 2I1 5 ^ > CF 3CH 3 + CF 3CFII 2 + CH^CHFCOF 

Ref: l^f 

150 C 
9. 3% 2 8% 12.1% 

+CHoCF„COF* (% = c o m p o s i t i o n o f p r o d u c t ) 

30% Ref: 

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

The s u c c e s s f u l c o n v e r s i o n o f a s e r i e s o f e s t e r s t o a c y l 

f l u o r i d e s w i t h potassium t e t r a f l u o r o c o b a l t a t e (111) has a l s o been 

r e p o r t e d . 
KCoF. 

C 9H COOCII„ — { • CHoCF0COF + CII 9FCF oC0F 
Z 5 3 350°C, N Q

 3 2 2 2 

A * 
+ CH2CHFCOF + cle a v e d p r o d u c t s 

(* i s o l a t e d by h y d r o l y s i s and e s t e r i f i c a t i o n ) Ref: 4^3 



( c ) N i t r o g e n compounds 

Amines may be p e r f l u o r i n a t e d but y i e l d s are u s u a l l y low , 

p o s s i b l y as a r e s u l t o f s a l t f o r m a t i o n w i t h HF i n t h e i n i t i a l 
52 

stages o f t h e r e a c t i o n , as w e l l as f r a g m e n t a t i o n . 

CoF„ 
(CH ) N ^ &> (CF„)_NF 

J J 130-220°C J 3 

40-70% o f p r o d u c t 

Ref: 1^5 
A rea s o n a b l e y i e l d o f uncleaved p r o d u c t was o b t a i n e d from 

15 6 
t h e b u l k y amine N - i s o a m y l p i p e r i d i n e ( 1 1 9 ) . 

—{> 

N 
CH2CH2CH(CH3)2 

(119) 

( d ) Sulphur compounds 

CF 2CF2CF(CF 3) 2 

10% Ref: 1^6-

Compounds r e t a i n i n g c a r b o n _ s u l p h u r bonds have been 

o b t a i n e d i n some cases a l t h o u g h t h e p r o d u c t i o n o f s u l p h u r hexa-

f l u o r i d e i s t h e u s u a l r e s u l t when an o r g a n i c s u l p h i d e i s f l u o r i n a 

t e d . 
CoF 

CII 3SH 
200-275 uC 

C F 3 S F 5 

40% Ref: J^fe 
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CHAPTER 3 

THE FLUORINATION OF PERFLUOROALKYL-AZABENZENES 

WITH COBALT I I I FLUORIDE/CALCIUM FLUORIDE 

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

I n t h i s c h a p t e r t h e f l u o r i n a t i o n o f a s e r i e s o f p e r f l u o r o -

a z a -aromatic compounds i s d e s c r i b e d . The f l u o r i n a t i o n s were 

achieved by r e a c t i n g t h e s u b s t r a t e vapour w i t h a heated m i x t u r e 

o f c o b a l t I I I f l u o r i d e and c a l c i u m f l u o r i d e (50:50 w/w) i n a 

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

t h e e x p e r i m e n t a l method are g i v e n i n Chapter 8. I n g e n e r a l , 

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

two or f o u r f l u o r i n e atoms t o t h e a r o m a t i c nucleus and h i g h 

y i e l d s o f the r e s u l t a n t p e r f l u o r o s e m i - s a t u r a t e d systems were 

o b t a i n e d . 

3. 2 The F l u o r i n a t i o n o f Pe r f l u o r o - 4 - i s o p r o p y l p y r i d i n e ( 1 20; 

P e r f l u o r o - 4 - i s o p r o p y l p y r i d i n e (12Q was r e a c t e d w i t h t h e 

CoFg/CaF 2 m i x t u r e a t 118°C J t o g i v e a p r o d u c t c o n s i s t i n g o f , 

a p a r t from r e c o v e r e d s t a r t i n g m a t e r i a l , two major components 

and a c o m p l i c a t e d m i x t u r e o f minor components,, 

The f i r s t component ( 6 0 % y i e l d ) was i d e n t i f i e d as p e r f l u o r o -

4 - i s o p r o p y 1 - 1 - a z a c y c l o h e x a - l , 3 - d i e n e (12} by i t s p a r e n t i o n at 
19 

m/e = 357, and by i t s F n.m.r, spectrum. S i x c h e m i c a l l y 

s h i f t e d a b s o r p t i o n s were observed, i n t e g r a t i n g i n t h e r a t i o 

6:2:2:1:1:1. Two s i m p l e s t r u c t u r e s , 0-21) and t h e c o r r e s p o n d i n g 

-1,4-diene (122) f are c o n s i s t e n t w i t h these d a t a . 

J=20H, 

C F ( C F 3 ) 2 C F ( C F 3 ) 2 

( 121) C I " - ) 
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(122) was e l i m i n a t e d because s t r o n g c o u p l i n g ( J = 20 Hz) was 

observed between t h e s i g n a l due t o t h e imino (-CF=N-) f l u o r i n e , 

r e a d i l y i d e n t i f i e d by i t s e x t r e m e l y low f i e l d resonance at 

52.55 p.p.m., and t h e o l e f i n i c (-CF=cC ) f l u o r i n e . Comparison 

o f t h e observed chemical s h i f t s w i t h those p u b l i s h e d f o r the 

model compounds below, p r o v i d e d a d d i t i o n a l c o n f i r m a t i o n o f t h e 

s t r u c t u r e : -

19, F n.m.r. s h i f t s (p.p.m.) 

CI 
108 

53 

185 77 
C F ( C F 3 ) 2 

15 124 

F 

(121) 

/103 48 N 

15 117 

98 83 

178,6 

I ? 4 i ' 4 

CF(CF3) 

(123) Ref:163 (124 ) Ref:163 (124a) Ref: 
17 

1775 cm ^ and 1687 cm ^ were c o n s i s t e n t I . r . a b s o r p t i o n s at 

w i t h t h e presence of two double bonds. 

The second component ( 1 8 % y i e l d ) was i d e n t i f i e d as per-

f l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a - l , 4 - d i e n e (]22 ) by i t s p a r e n t 
19 

i o n at m/e = 357 and by i t s F n o m 0 r 0 spectrum which a l s o gave 

s i x s i g n a l s i n t h e r a t i o 6:2:2:1:1:1. The presence of an imino 

(-CF=N-) f l u o r i n e was deduced, as b e f o r e , from t he presence o f 

a s i g n a l a t very low f i e l d which i n t e g r a t e d t o 1. A b s o r p t i o n s 

a t 1742 cm ^ and 1767 cm ^ i n t h e i . r . spectrum were a d d i t i o n a l 

evidence f o r t h e imino and, at l e a s t , one o t h e r double bond. 

C o u p l i n g o f t h e im i n o f l u o r i n e t o a -CF 2~ group t o produce a 

t r i p l e t ( J = 26 Hz) and t h e absence of any c o u p l i n g t o t h e 

o l e f i n i c (-C=CF) f l u o r i n e and comparison o f i t s chemical s h i f t s 

w i t h t h e models (123) (124) and (124a) g i v e n e a r l i e r , c o n f i r m e d t he 

s t r u c t u r e . 
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I 88 78 
C F ( C F 3 ) 2 

19 F n.m.r. s h i f t s p.p.m. 110 

88 
F 

103 

58 

(122) 

The remainder of the p r o d u c t (~20%) was shown by r n . s . / g . l . c 

t o c o n s i s t of a c o m p l i c a t e d m i x t u r e o f components o f h i g h e r 

m o l e c u l a r weight t h a n t h e dienes (12L) and (122) and a l s o f r a g ­

m e n t a t i o n p r o d u c t s . No i n d i v i d u a l component was pr e s e n t i n 

h i g h y i e l d and so no f u r t h e r compounds were i s o l a t e d and 

i d e n t i f i e d . 

The behaviour o f (123) upon f l u o r i n a t i o n w i t h CoF^/CaFg 

i s , t h e r e f o r e , v e r y s i m i l a r t o t h a t o f 4 - c h l o r o t e t r a f l u o r o -

p y r i d i n e (125) w i t h two s l i g h t d i f f e r e n c e s . F i r s t l y , t h e 

p r o d u c t i o n o f -1,4-dienes i s more f a v o u r a b l e i n t h e r e a c t i o n 

w i t h (120) tha n w i t h ( 1 2 5 ) . 

R a t i o o f -1,3- over -1,4-dienes 

(125) 

CoF„/CaF 0 d l _ 2_|> 
120°C 

F(CF 3 ) 2 

F 

(120) 

CoF?/CaF,^ 
118°C 

(123) 20 :1 

F(CF 3 ) 2 

F 

(121) 3.4:1 

(124) 

CF(CF 3 ) 2 

F 

(122) 
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Secondly, t h e p e r f l u o r o i s o p r o p y l system(120) seems t o be l e s s 
r e a c t i v e than t h e c h l o r o - s y s t e m (125) under comparable c o n d i t i o n s , , 
(120) was o n l y about 90% c o n v e r t e d t o new p r o d u c t s , whereas no 
s t a r t i n g m a t e r i a l was r e p o r t e d i n t h e p r o d u c t from ( 1 2 5 ) . 

3 „ 3 The F l u o r i n a t i o n of P e r f l u o r o - 2 , 4 - d i - i s o p r o p y l p y r i d i n e (1-26) 

When p e r f l u o r o - 2 , 4 - d i - i s o p r o p y l p y r i d i n e (1-26) was 

f l u o r i n a t e d under s i m i l a r c o n d i t i o n s t o (1-20) t h e pr o d u c t c o n s i s t e d 

o f , a p a r t from r e c o v e r e d s t a r t i n g m a t e r i a l . ( 7 % ) , an i n s e p a r a b l e 

m i x t u r e o f p e r f l u o r o - 2 , 4 - d i - i s o p r o p y l - l - a z a c y c l o h e x a - l , 3 - d i e n e 

(127) and p e r f l u o r o - 2 , 4 - d i - i s o p r o p y l - l - a z a c y c l o h e x a - l , 4 - d i e n e 

(128) and u n i d e n t i f i e d m a t e r i a l . 

F(CF 3 ) 2 

CoF^/CaFp, 
118°C 

^ N ^ C F ( C F ) 
(126 ) 

CF(CF 3 ) 2 

CF(CF L 
(127) 26% J Z 

CF(CF 3) 2 

F 

^NT C F ( C F J ? 

(128 ) 26% J Z 

+ o t h e r p r o d u c t s 

The dienes were r e a d i l y c h a r a c t e r i s e d as t h e m i x t u r e which 

gave a p a r e n t i o n a t m/e = 507 i n t h e mass spectrum. Elem e n t a l 

a n a l y s i s was c o n s i s t e n t w i t h a m i x t u r e o f isomers of C^^NF-^g. 

Four s e p a r a t e s i g n a l s i n t h e r e g i o n 75 t o 78 p.p.m. of a 
19 

F n.m.r. spectrum, each i n t e g r a t i n g t o 6, were i n d i c a t i v e o f 

4 p e r f l u o r o i s o p r o p y l ( (CF^^CF-) groups. The absence of s i g n a l s 

i n t h e low f i e l d r e g i o n o f t h e spectrum ( i . e . below 75 p.p.m.) 

i n d i c a t e d t h e absence o f im i n o f l u o r i n e s (-CF=N-). T h i s e v idence, 

a l o n e , i s s u f f i c i e n t t o e l i m i n a t e a l l s t r u c t u r e s o t h e r than t h e 

-1,3-diene (327) and t h e -1,4-diene (128). 
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19 
I t was not u n t i l t h e F n.m.r. spectrum had been f u r t h e r 

a n a l ysed, however, t h a t i t was p o s s i b l e t o c o n f i r m t h a t b o t h t he 

-1,3-diene and the -1,4-diene were p r e s e n t i n t h e m i x t u r e as t h e 

data p r e s e n t e d , so f a r , does not e l i m i n a t e t h e p o s s i b i l i t y t h a t 

t h e s p e c i e s i n the m i x t u r e were i n f a c t two r o t a t i o n a l isomers, 

o f o n l y one of t h e above s t r u c t u r e s . 

R o t a t i o n a l isomerism, caused by t h e h i n d e r e d r o t a t i o n 

of s u b s t i t u e n t p e r f l u o r o i s o p r o p y 1 groups, has been observed i n 

o t h e r six-membered r i n g s . The rotamers (126£. and (1261) o f 

p e r f l u o r o - 2 , 4 - d i - i s o p r o p y l p y r i d i n e , i t s e l f , have s u f f i c i e n t 
o 19 l i f e - t i m e s a t -40 C t o be c l e a r l y r e s o l v e d i n i t s F n.m.r. 

spectrum, 171 

F-
C - C F 3 

C F 3 - . C—F 

F 
1M 

CF 3 CF 3 

F 

C 
F 

( 1 2 6 a ) 

CF3 CF 3 

(126b) Ref: 171 
w h i l s t those o f the more h i n d e r e d system p e r f l u o r o ( t e t r a - i s o -

p r o p y l p y r i m i d i n e ) 19 
are c l e a r l y observed i n t h e F n.nur 

o 172 
spectrum at tem p e r a t u r e s h i g h e r t h a n +35 C. 

The presence o f t h e -1,4-diene was e s t a b l i s h e d because one 

of t h e d i f l u o r o m e t h y l e n e (-CF,-,-) s i g n a l s , i d e n t i f i a b l e as such by 

i t s i n t e g r a t i o n and m i d - f i e l d p o s i t i o n (98.17 ..p.p.m.), was 

coupled t o two t e r t i a r y (^C-F) f l u o r i n e s , i d e n t i f i a b l e , i n 

t h e i r t u r n , by t h e i r h i g h - f i e l d p o s i t i o n s (^>170 p.p.m.) and 

i n t e g r a t i o n . Thus, b o t h t e r t i a r y f l u o r i n e s were t r i p l e t s ( b o t h 
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J's = 37.5 Hz) and t h e d i f l u o r o m e t h y l e n e s i g n a l was a d o u b l e t 

of d o u b l e t s ( b o t h J's = 37.5 Hz) i n t h e form of an apparent 

t r i p l e t . Only (128) would g i v e r i s e t o such c o u p l i n g : -

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

group and t h e t e r t i a r y f l u o r i n e s ( J = 37„5 Hz), compared w i t h 

i t s l a c k o f o b s e r v a b l e c o u p l i n g t o the t r i f l u o r o m e t h y l (-CF^) 

f l u o r i n e s ( J < 3 Hz) suggests t h a t t h e p e r f l u o r o i s o p r o p y 1 groups 

are i n f i x e d or n e a r l y f i x e d o r i e n t a t i o n s at 40°C. I n k e e p i n g 

w i t h t h e proposed s t r u c t u r e , t h e o t h e r d i f l u o r o m e t h y l e n e group 

gave r i s e t o a sharp d o u b l e t ( J = 27 Hz) because i t was coupled t o 

th e o l e f i n i c f l u o r i n e o n l y . The o l e f i n i c f l u o r i n e i t s e l f was 

not f u l l y r e s o l v e d , but i t was broad and complex, as would be 

expected i f t h e a d j a c e n t p e r f l u o r o i s o p r o p y l group ((CF^^CF-) 

was o r i e n t e d w i t h i t s t r i f l u o r o m e t h y l groups i n c l i n e d toward it„ 

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

be assigned t o t h e o t h e r isomer„ That i t i s a -1,3-diene was 

im m e d i a t e l y apparent because one o f t h e d i f l u o r o m e t h y l e n e s i g n a l s 

was a t r i p l e t ( J = & Hz), i n d i c a t i n g t h e o n l y nearby 

f l u o r i n e s t o be on t h e o t h e r d i f l u o r o m e t h y l e n e . 

CF. 
37.5 Hz 

E J 37.5 Hz 
27 Hz 

N 
CF3 CF3 (128) 

CRCFJ 

j 8 Hz 

3'2 
(127 ) 
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The p e r f l u o r o i s o p r o p y l group a t C-2 i n (127) was i n f i x e d 

o r i e n t a t i o n as evidenced by t h e v e r y s t r o n g c o u p l i n g between 

i t s t e r t i a r y f l u o r i n e and the o l e f i n i c ( CF=C ) f l u o r i n e at C-3:-

CF(CR) CRCFJ 3'2 A. F 68 Hz 60 Hz J 
J F c f „ 

N " C N 
CF3 C ^ C E CE 

171 (126 Ref 127 

The p e r f l u o r o i s o p r o p y l group at C-4 appeared t o be r o t a t i n g , 

however, as the t e r t i a r y f l u o r i n e o f t h e C-4 p e r f l u o r o i s o p r o p y l 

group, t h e d i f l u o r o m e t h y l e n e (CFg) group at C-5 and the o l e f i n i c 

f l u o r i n e (CF=C) a t C-3, were a l l broad, s e m i - r e s o l v e d m u l t i p l e t s . 

T h i s i s c o n s i s t e n t w i t h t h e b e h a v i o u r of t h e p a r e n t compound 

(126) which, i t was observed, gave rotamers where t h e p e r f l u o r o ­

i s o p r o p y l group at C-4 was f i x e d i n two o r i e n t a t i o n s , whereas 
171 

t h a t a t C-2 adopted o n l y one o r i e n t a t i o n . 

CE CE CE CE K F F TV ̂  \ V 3 3 V ^ C c 
CF CE' 'CE CF 

F F F CE L \ 

/ \ 
N C C 

• / 
CE CE F CF CE CF F CE 

(12 6a) (126b) (126c) (126a) , (126b) c f . (126c) , (126d) 
Obs- ' ::d Rotamers Not observed 
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P e r f l u o r o - 2 , 4 , 6 - t r i - i s o p r o p y l p y r i d i n e (130) and p e r f l u o r o - 2 , 4 , 5 -
t r i - i s o p r o p y l p y r i d i n e (131) a l s o o r i e n t e d t h e i r p e r f l u o r o -
i s o p r o p y l groups at C-2 and C-5 w i t h t h e t r i f l u o r o m e t h y l groups 
towards n i t r o g e n „ 

CE R CE \ F F CE C E ^ 3-./ 
C 

CE F F 
F F c c c. N N • 

CE CE CE CE CE CE 
3 

(130) (131) Ref: 171 
T h e r e f o r e t h i s b e h a v i o u r of C-2 and C-5 p e r f l u o r o -

i s o p r o p y l groups appears t o be f a i r l y g e n e r a l and presumably 

r e s u l t s because, a l t h o u g h i n some of t h e examples quoted 

( e . g . p e r f l u o r o - 2 , 4 - d i - i s o p r o p y l p y r i d i n e ) t h e p e r f l u o r o -

i s o p r o p y l group a t C-4 appears t o be t h e most h i n d e r e d , t h e 

l e a s t h i n d e r e d c o n f o r m a t i o n of t h e C-2 p e r f l u o r o i s o p r o p y l group 

i s so s t a b l e t h a t o n l y one f l u o r i n e on C-3 i s s u f f i c i e n t t o 

p r e v e n t r o t a t i o n even at r e l a t i v e l y h i g h t e m p e r a t u r e s . 
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3.4 The F l u o r i n a t i o n o f a M i x t u r e o f P e r f l u o r o - 3 - (134) and 

- 4 - m e t h y l p y r i d i n e (133) 

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

t e t r a f l u o r o p y r i d i n e and p o l y t e t r a f l u o r o e t h y l e n e c h i p s a t 550°C 
174 

i n an a u t o c l a v e under autogenous p r e s s u r e . The p r o d u c t , a 

m i x t u r e o f p e r f l u o r o - 3 - (134) and - 4 - m e t h y l p y r i d i n e 033) i n t h e 

molar r a t i o 9:1, was not s e p a r a b l e and, t h e r e f o r e , t h e two 

isomers were r e a c t e d w i t h c o b a l t I I I f l u o r i d e a t 120°C as t h e 

m i x t u r e . 

Unreacted s t a r t i n g m a t e r i a l accounted f o r most ( 5 5 % ) o f 

th e p r o d u c t , but two new compounds were a l s o produced. The 
f i r s t o f these ( 3 7 % of t h e m i x t u r e ) gave a p a r e n t i o n at m/e = 

19 

295 and i t s F n.m.r. spectrum c o n s i s t e d o f s i x s i g n a l s , 

i n t e g r a t i n g i n t h e r a t i o 1:1:2:2:2:3. One o f t h e s i g n a l s , 

i n t e g r a t i n g t o 1, r e s o n a t e d at low f i e l d (41.0 p.p.m.) 

i n d i c a t i n g t h e presence o f an i m i n o f l u o r i n e (FC=N-) < > T h e r e f o r e 

t h e compound was i d e n t i f i e d as e i t h e r p e r f l u o r o - 3 - (135) or 

per f l u o r o - 5 - m e t h y l - 1 - a z a c y c l o h e x - l - e n e 0-36 ) 

F 

•NT ^ N -
(135) (136) 

The o t h e r s i g n a l s were c o n s i s t e n t w i t h b o t h s t r u c t u r e s , 

w i t h a s i g n a l a t h i g h f i e l d (177.4 p.p.m,) a t t r i b u t a b l e t o a 

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

r e s o n a t i n g a t 72.23 p.p.m., i n d i c a t i n g t h e presence o f a 

t r i f l u o r o m e t h y l group (-CFg) and t h r e e o t h e r s i g n a l s e x h i b i t i n g 

t he AB s t r u c t u r e and m i d - f i e l d p o s i t i o n s t y p i c a l o f r i n g d i f l u o r o -

methylene (-CF^-) groups. 
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The s i g n a l due t o the t e r t i a r y 0>C-F) f l u o r i n e was a 

p o o r l y r e s o l v e d d o u b l e t ( J = 24 Hz) and t h e o n l y o t h e r s i g n a l 

which was broad enough t o accommodate a r e c i p r o c a l d o u b l e t o f 

J = 24 Hz, a l t h o u g h not r e s o l v e d , was t h a t o f t h e imino (-CF=N-) 

f l u o r i n e atom. On t h e b a s i s o f t h i s e v i d e n c e , t h e data appears 

t o f a v o u r t h e - 3 - m e t h y l - s t r u c t u r e (135) over s t r u c t u r e (136). 

CF 
CL 

F ^ F 
F F F 24 Hz 

N 
(137) (135) (136) 

The f a c t t h a t o n l y one mono-ene i s produced from (134) 

c o n t r a s t s w i t h t h e behaviour o f t h e c h l o r o compound (137) which 

was r e p o r t e d t o y i e l d b o t h t h e - 3 - c h l o r o — and - 5 - c h l o r o — 
1 (3 3 

mono-enes i n a 1:1 r a t i o . T h i s d i f f e r e n c e i s not un d e r s t o o d 

at p r e s e n t . 

The second new p r o d u c t o f t h e f l u o r i n a t i o n ( 7 . 1 % o f t h e 

m i x t u r e ) was a di e n e as evidenced by i t s p a r e n t i o n a t m/e -

257 and by i t s i . r . spectrum, which gave two a b s o r p t i o n s a t 

1745 cm"'1' and 1756 cm - 1 r e s p e c t i v e l y . There were no h i g h - f i e l d 
19 

resonances i n t h e F n.m.r. spectrum, which i n d i c a t e d t h e 

absence of t e r t i a r y f l u o r i n e s , and, t h e r e f o r e , t h e t r i f l u o r o m e t h y l 

group i s s i t u a t e d on an u n s a t u r a t e d carbon. A s i g n a l i d e n t i f i a b l e 

as t h a t o f t h e imino f l u o r i n e (FC=N-) atom by i t s c h a r a c t e r i s t i ­

c a l l y low f i e l d s h i f t (52.26 p.p.m.) was a d o u b l e t ( J = 18.5 Hz) 

coupled t o t h e o l e f i n i c f l u o r i n e ( XC=C-F) atom i d e n t i f i a b l e i n 

i t s t u r n by i t s m i d - f i e l d s h i f t (114.83 p.p.m.) and i t s i n t e ­

g r a t i o n . T h e r e f o r e t h e o l e f i n i c f l u o r i n e atom i s on C-3, 

ad j a c e n t t o t h e im i n o f l u o r i n e atom and t h e t r i f l u o r o m e t h y l 
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group i s on C-4 and t h e compound i s i d e n t i f i e d as p e r f l u o r o - 4 -

m e t h y l - l - a z a c y c l o h e x a - 1 , 3 - d i e n e (140), and i s a p r o d u c t o f t h e 

f l u o r i n a t i o n o f the p e r f l u o r o - 4 - m e t h y l p y r i d i n e (133) which was 

p r e s e n t i n the s t a r t i n g m a t e r i a l . A i l o t h e r observed c o u p l i n g s 

were c o n s i s t e n t w i t h t h e assigned s t r u c t u r e . 

9 5 
v CoF 3/CaF 2 

F > 
120°C F 

J 
N 

(133) (140) 

3.5 Mechanism o f t h e F l u o r i n a t i o n o f P e r f l u o r o a l k y l p y r i d i n e s 

The p e r f l u o r o a l k y l p y r i d i n e s r e a c t w i t h CoF2/CaF 2 i n a 

manner very s i m i l a r t o t h e c h l o r o f l u o r o p y r i d i n e s and hence i t 

i s thought t h a t t h e same type o f mechanism t h a t was proposed 
163 

f o r t he l a t t e r i s a p p l i c a b l e t o the f o r m e r , i . e . 
X 

Y £3 X 
X ̂Z N 

X X X X 
Y rf^ff 

1 a 
Y 

5 ̂ Z ^z ^Kl-^Z ( A l l unmarked bonds >x X x' 6 6 are t o f l u o r i n e ) 
^ i Y > ^ Y > ^ Y 

X x 7 z rTxZ X N N N 
X X X 

A Y 3 0 ^Y Y 
X X ^Z ^M^Z z z N N N 

X a A Y Y 
X x ^ Z N 
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Where X = CFg, Y = F, Z = F 

or X = F, Y = CF 3, Z = F 

or X = ( C F 3 ) 2 C F , Y = F, Z = F 

or X = (CF 3) 2CF, Y = F, Z = ( C F 3 ) 2 C F 

N.B. The r a d i c a l f o r m i n g s t e p s i n the above scheme r e p r e s e n t 

two d i s c r e t e s t a g e s : -

M — • M — [ M - F ] ' 
CoF 3/CaF 2 CoF 3/CaF 2 

The r a d i c a l quenching s t e p s occur by the a d d i t i o n o f f l u o r i n e 

atoms i n t h e case of f o r w a r d r e a c t i o n s and l o s s of f l u o r i n e 

atoms i n t h e case o f r e t r o - r e a c t i o n s c S e v e r a l aspects o f the 

r e a c t i o n are d i s c u s s e d below i n t h e l i g h t o f t h e proposed 

mechanism:-

3.5A Observed Isomers 

I n t h e p r o d u c t s from b o t h t h e p e r f l u o r o a l k y l - and t h e 

c h l o r o f l u o r o p y r i d i n e s o n l y what are t h o u g h t t o be,the most s t a b l e 

of t h e many p o s s i b l e i s o m e r i c dienes and mono-enes were observed 

hence many e q u i l i b r a t i o n pathways have been i n c l u d e d i n t h e 

proposed mechanism t o account f o r t h i s . 

I n t h e case o f the -1,3- and -1,4-dienes, (121) and 0l22) ; 

i t has been shown (see S e c t i o n 5 06C ) by e q u i l i b r a t i o n o f pure 

samples o f each w i t h f l u o r i d e i o n t h a t they are produced i n a 

r a t i o which i s c l o s e to t h a t f o r thermodynamic e q u i l i b r i u m . 

A l s o , r e l a t i v e l y u n s t a b l e compounds c o n t a i n i n g t he weak 

n i t r o g e n t o f l u o r i n e (^N-F) bond were not observed i n these 

r e a c t i o n s . /^v-^ 1'-
SCIENCE '>'' 

8 MAR 1980 , 
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^N-F, bond energy = 65 K.cals.mole * ( 272 K„ j o u l e s . m o l e 1 ) 

Ref: 17 5 

^ - F , bond energy = 116 K. c a l s .mole""1 ( 485 K. j o u l e s . m o l e - 1 ) 

Ref: 175 

S i m i l a r l y , t h e o n l y isomers of t h e many p o s s i b l e dienes 

and mono-enes t h a t were produced from e i t h e r t he p e r f l u o r o a l k y l 

or t h e c h l o r o f l u o r o p y r i d i n e s were those which c o n t a i n e d t h e 

minimum number of f l u o r i n e s bonded t o u n s a t u r a t e d carbon atoms„ 

The d e s t a b i l i s i n g e f f e c t o f f l u o r i n e at u n s a t u r a t e d s i t e s i s now 
60 

w e l l e s t a b l i s h e d , and has been i n t e r p r e t e d i n two ways. 
F i r s t l y , i t has been suggested t h a t t h e c a r b o n - f l u o r i n e bond 

energy decreases when t h e carbon changes i t s h y b r i d i s a t i o n 
3 2 

from sP t o sP and hence becomes more e l e c t r o n e g a t i v e . The 

a l t e r n a t i v e e x p l a n a t i o n i s t h a t a s t r o n g r e p u l s i v e i n t e r a c t i o n 

o ccurs between t h e lone p a i r s o f t h e f l u o r i n e atom and t h e 

e l e c t r o n s o f the double bond i n a manner s i m i l a r t o the 

* C F 
\ d b / - \ j 
c — c , c v 

/ C D \ / \ IT 
R e p u l s i v e i n t e r a c t i o n between R e p u l s i v e i n t e r a c t i o n between 
lone p a i r and p i e l e c t r o n s . a n i o n i c c e n t r e and lone p a i r 

e l e c t r o n s . 
d e s t a b i l i s i n g e f f e c t o f f l u o r i n e atoms on a c a r b a n i o n i c c e n t r e . 

I t i s not proposed t o d i s c u s s t h e m e r i t s o f each t h e o r y here as 

i n e i t h e r case t h e e f f e c t i s t h e same. 

T h i s would e x p l a i n t h e absence o f -1,5-dienes i n t h e 

r e a c t i o n p r o d u c t s which, i t can be seen by i n s p e c t i o n , always 

have more f l u o r i n e s bonded t o u n s a t u r a t e d carbon t h a n t h e 

observed -1,3- and -1,4-dienes. 

60 



-102-
CRCF) CF(CF 3) 2 

F 

CF(CF 3) 2 

F - ^ ^ F 
F 
N 

Not observed, 3 i n t e r a c t i o n s ; Both produced, 2 i n t e r a c t i o n s . 

An a d d i t i o n a l , o r a l t e r n a t i v e , argument might be t h a t 

p e r f l u o r o i s o p r o p y l s u b s t i t u e n t s are s u f f i c i e n t l y b u l k y t o 

s t e r i c a l l y h i n d e r t he a d d i t i o n o f a f l u o r i n e s p e c i e s t o t h e carbon 

t o which t h e y are bonded. 

M.O. c a l c u l a t i o n s were c l a i m e d t o i n d i c a t e t h e f o l l o w i n g 
176 

o r d e r o f s t a b i l i t y i n t h e analogous hydrogen systems below:-

N N N 

Thermodynamic s t a b i l i t y Ref: 176 

Hence i n the absence o f the e l e c t r o n i c e f f e c t s or t h e s t e r i c 

e f f e c t s i t would be re a s o n a b l e t o expect -1,5-dienes t o have 

been formed. 

As a consequence o f these arguments p e n t a f l u o r o p y r i d i n e 

(142) i t s e l f ought t o have y i e l d e d a -1,5- as w e l l as a -1,3-
163 

d i e n e , when i t was f l u o r i n a t e d under m i l d c o n d i t i o n s . 

However, the y i e l d o f diene was so low t h a t i t may not be 

s i g n i f i c a n t t h a t no -1,5-diene was d e t e c t e d . 

(142) (Tie-

CoF^/CaF 
l2(P-125$t (142) + F 

'10 

F 

;nt d e p l e t e d by 50%) ( 1 4 3 ) , 2% ( 1 4 4 ) , 50% 
Ref: 163 
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The same arguments may be used t o e x p l a i n why a -4,6-

diene i s not produced from the p y r i d i n e (126):-

CRCF 3) 2 

CoF 3/CaF 2 

> 

V N T CF(CF3)2 

(126) 

R C | ) 2 

F 

RC(|) 2 

but 
not 

N^CRCF 3 ) 2 ^N / CRCf5) 2 

(127) (128) 

RCF 3) 2 

F 

(145) 

The u n i d e n t i f i e d d i ene m a t e r i a l produced i n t h e f l u o r i n a t i o n 

o f (146) can o n l y be t h e -1,4-diene (148) i f t h e s e arguments may 
163 

be e x t r a p o l a t e d t o t h a t case. 

CI 

(146) (147) 

+ 

(148) 

3.5B The E f f e c t o f P e r f l u o r o i s o p r o p y l Groups on t h e R e a c t i v i t y 

of t h e Dienes 

I n t h e c h l o r o f l u o r o p y r i d i n e s , i t was noted t h a t a 

c h l o r i n e , as compared w i t h a f l u o r i n e , s u b s t i t u e n t at C-4 

r e s u l t e d i n the r e c o v e r y o f d i e n e s , r a t h e r t h a n mono-enes, 

under comparable c o n d i t i o n s . I t was proposed t h a t t h i s c o u l d be 

e x p l a i n e d i n terms o f t h e c a l c u l a t e d e f f e c t on the charge 

d e n s i t y at C-4 i n t h e i n t e r m e d i a t e s p e c i e s (149) when the 
16 3 

s u b s t i t u e n t was changed f r o m f l u o r i n e t o c h l o r i n e . 
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+ • 

( 149) 
C a l c u l a t e d charge a t C-4 0. 24 

(150) Ref: 163 
C a l c u l a t e d charge a t C-4 = 0.07 

I n f a c t t h e c a l c u l a t i o n s i n d i c a t e d t h a t , i n a l l t h e c h l o r o f l u o r o -

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

had h i g h e s t charge d e n s i t i e s a t C-2, but i t was argued t h a t 

t h e a t t a c k of a f l u o r i d e i o n a t C-2 would o n l y be f o l l o w e d by 

the e l i m i n a t i o n o f a f l u o r i n e atom t o r e - g e n e r a t e a d i e n e . 

T h e r e f o r e r e a c t i o n can o n l y proceed v i a t h e a t t a c k o f a 

f l u o r i d e i o n a t C-4. 

I t i s not w o r t h w h i l e t r y i n g t o p r e d i c t by i n s p e c t i o n t he 

change i n charge and s p i n d i s t r i b u t i o n s on s u b s t i t u t i n g t h e 

f l u o r i n e on C-4 by a p e r f l u o r o a l k y l group i n spec i e s (149) 

save t o note t h a t i f t h e drop i n charge d e n s i t y a t C-4 on 

s u b s t i t u t i o n by c h l o r i n e r e s u l t s from t h e lower i n d u c t i v e 

e f f e c t o f t h e c h l o r i n e atom, th e n a s i m i l a r e f f e c t would be 

expected i f a p e r f l u o r o a l k y l group was the new substituent„ 

I n a d d i t i o n t o t h e e l e c t r o n i c e f f e c t s , i t c o u l d a l s o be 

argued t h a t s u b s t i t u t i o n o f C-4 by a p e r f l u o r o a l k y l group w i l l 

i n h i b i t t h e f o r m a t i o n o f mono-enes as a r e s u l t of two s t e r i c 

e f f e c t s . The f i r s t i s t h a t a d d i t i o n o f a f l u o r i d e i o n i s 

a c t u a l l y h i n d e r e d , so t h a t a d d i t i o n occurs a t C-3 f o l l o w e d by 

l o s s o f a f l u o r i n e atom:-

CRCF^ CRCF^ H0F3)2 CRCI=) 2 

0 - p . 
F 

^-
F p. F 

^-

NT hr 
or F 

N 
t l i v e d r a d i c a l 
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Or a l t e r n a t i v e l y , a t t a c k does occur a t C-4 but t h a t e l i m i n a t i o n 
o f t h e newly c r e a t e d t e r t i a r y f l u o r i n e at C-4 i n spec i e s (151) 
becomes a f a v o u r a b l e p r o c e s s : -

CRCF3)2 

F 2 ^ ^ F 

F CF(Cf^)2 CRCF3)2 

F 

N 

or 

(151) 

CHCF 3 ) 2 

3.5C R a t i o o f -1,3- t o -1,4-dienes 

As was remarked upon e a r l i e r , when d i s c u s s i n g t h e 

f l u o r i n a t i o n o f p e r f l u o r o - 4 - i s o p r o p y l p y r i d i n e ( S e c t i o n 3 .2), 

the p r o d u c t i o n o f -1,4-dienes seems t o be more f a v o u r a b l e i n t h e 

p e r f l u o r o i s o p r o p y l p y r i d i n e s t h a n i n t h e chlorofluoropyridines„ 

For - 2 , 4 - d i - i s o p r o p y l p y r i d i n e , t h e -1,4- t o -1,3- diene r a t i o 

i s as h i g h as 1:1, W h i l s t i t i s t h o u g h t t h a t t h i s r e f l e c t s an 

i n c r e a s e i n the thermodynamic s t a b i l i t y o f t h e p e r f l u o r o i s o -

propy 1-1 ,• 4-dienes compared t o the r e s p e c t i v e -1,3-dienes, t h e 

reasons are not i m m e d i a t e l y a p p a r e n t . 

3.6 The F l u o r i n a t i o n o f P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l p y r i m i d i n e 

(152) w i t h CoF 3/CaF 2 

The p y r i m i d i n e (152), when r e a c t e d w i t h CoFg/CaFg, gave 

o n l y one new p r o d u c t , i n s i g n i f i c a n t y i e l d , which was shown t o be 

p e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 3-diazacyclohexa-3 , 6-diene @-53 ) „ 

CRCF^ 
172°C 

F 
N 

( C F3'2 C F 

(152) 

CRCF-)2 

N 
F 

CoF,/CaF9 ^ 

( C F 3 ) 2 C F ^ N 
(153) 83% 



- 1 0 6 -

The p a r e n t i o n i n the mass spectrum of the p r o d u c t was at 

m/e = 4 9 0 and a peak a t 2 9 5 was i n t e r p r e t e d as due t o l o s s o f 

CgF7CN (see S e c t i o n 3 . 1 4 ) . E l e m e n t a l a n a l y s i s i n d i c a t e d t h e 

e m p i r i c a l f o r m u l a C-^QN^F^Q. TWO bands, one at 1 7 0 0 cm - 1, t h e 

o t h e r a t 1 7 3 2 cm *, i n t h e i . r . spectrum i n d i c a t e d t h e presence 
1 9 

o f at l e a s t two double bonds, w h i l s t t h e F n.m.r, spectrum 

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

6 : 1 : 1 : 1 . T h e r e f o r e t h e two i s o p r o p y l groups are e q u i v a l e n t and 

t h e molecule has r e t a i n e d t he h i g h symmetry o f t h e s t a r t i n g 

m a t e r i a l . The chemical s h i f t s o f t h e t r i f l u o r o m e t h y l (-CFg) 

groups and t h e t e r t i a r y f l u o r i n e atoms f a l l i n t o t y p i c a l ranges 

at 7 8 and 1 8 5 p.p.m. r e s p e c t i v e l y . One s i g n a l , i d e n t i f i a b l e as 

due t o a d i f l u o r o m e t h y l e n e ( ^CF 2) group by i t s i n t e g r a t i o n , had 

a very low f i e l d chemical s h i f t ( 7 4 p.p.m.). I t was assigned 

as t he C-2 s i g n a l on the r i n g because i t was not coup l e d t o any 

o t h e r resonances whereas t h e o t h e r d i f l u o r o m e t h y l e n e ( ^CF 9) 

s i g n a l was coupled t o b o t h t h e t e r t i a r y f l u o r i n e atom and t h e t r i -

f l u o r o m e t h y l groups. The l a c k o f c o u p l i n g o f t h e C-2 d i f l u o r o ­

methylene group i s a r e f l e c t i o n o f t h e i s o l a t i o n o f i t s p o s i t i o n 

from t h e o t h e r f l u o r i n e nuclei„ 

The chemical s h i f t o f t h e C-2 d i f l u o r o m e t h y l e n e group i s 

ver y low compared w i t h t h e range o f v a l u e s a s s o c i a t e d w i t h d i -

f l u o r o m e t h y l e n e groups bonded t o carbon atoms which i s from 1 3 6 

p.p.m. down t o 82 p.p.m. ( F i g u r e s adapted from d a t a i n Ref„ 

1 7 7 ) and t h i s may be a t t r i b u t e d t o t h e combined d o w n f i e l d e f f e c t s 

o f two a d j a c e n t n i t r o g e n atoms. Such e f f e c t s can be very l a r g e 

and they are w e l l e s t a b l i s h e d . The model compounds below 

i l l u s t r a t e t h i s p o i n t : 

c f F 
F 2 S ^ F 

9 3 5 1 1 1 9 1 5 2 

1 9 F nim^ r sh >. m Ref : 1 6 3 
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3.7 The F l u o r i n a t i o n o f P e r f l u o r o - 4 - i s o p r o p y l p y r i m i d i n e (154) 

I t was t h o u g h t t h a t a d i m e r i c p r o d u c t might r e s u l t from 

t h e f l u o r i n a t i o n o f p e r f l u o r o - 4 - i s o p r o p y l p y r i m i d i n e as one of 

t h e n i t r o g e n s i s u n h i n d e r e d . Such a r e s u l t would p r o v i d e f u r t h e r 

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

o f o r g a n i c compounds w i t h c o b a l t I I I f l u o r i d e . 

However, the r e s u l t s o f s e v e r a l f l u o r i n a t i o n s d i s a p p o i n t ­

i n g l y i n d i c a t e d t h a t any dimer, i f formed as an i n t e r m e d i a t e , 

i s e x t r e m e l y s u s c e p t i b l e t o r i n g opening and f r a g m e n t a t i o n as, 

at a t e m p e r a t u r e comparable t o t h a t at which the d i - a l k y l 

p y r i m i d i n e was f l u o r i n a t e d , 90% of t h e r e c o v e r e d p r o d u c t 

c o n s i s t e d o f gaseous f r a g m e n t a t i o n p r o d u c t s . On l o w e r i n g t h e 

r e a c t i o n t e m p e r a t u r e the p r o p o r t i o n o f s t a r t i n g m a t e r i a l i n the 

p r o d u c t i n c r e a s e d w i t h o u t t h e appearance o f s i g n i f i c a n t amounts 

of unfragmented m a t e r i a l as i n d i c a t e d by combined mass s p e c t r o ­

scopy /g. I . e . on the non-gaseous p r o d u c t s . 

3.8 The F l u o r i n a t i o n o f P e r f I u o r o - 5 - c h l o r o p y r i m i d i n e (155) 

The p y r i m i d i n e (155) behaved i n a s i m i l a r manner t o 

p e r f l u o r o p y r i m i d i n e (156) when i t was f l u o r i n a t e d , i n t h a t 

d i m e r i c p r o d u c t s were produced. At 178°C d i m e r i c p r o d u c t s 

comprised about 20% o f t h e t o t a l p r o d u c t by w e i g h t , t h e remain­

der c o n s i s t i n g o f s t a r t i n g m a t e r i a l ( 10%) and a complex m i x t u r e 

of v o l a t i l e f r a g m e n t a t i o n p r o d u c t s . 

The s p e c i e s p r e s e n t i n t h e m i x t u r e were i d e n t i f i e d as 

e i t h e r t h e - 2 - e n y l dimer ( 1 5 7 ) , t he - 3 - e n y l dimer (158) or t h e 

u n s y m m e t r i c a l dimer ( 1 5 9 ) . The d a t a were i n s u f f i c i e n t t o 

d e t e r m i n e whether a l l t h r e e or o n l y two o f these compounds were 

p r e s e n t . I t i s even p o s s i b l e as argued l a t e r t h a t o n l y one 

o f these s p e c i e s i s p r e s e n t 
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F + o t h e r product; 

(155) (157 

c CI 

F or 
N N N 

(158) 

CI c 

F I or 
N N 

(159) 

Thus, t h e m i x t u r e was i n d i c a t e d t o c o n t a i n isomers o f 

CgN^F^QCl by e l e m e n t a l a n a l y s i s and mass s p e c t r o s c o p y which 

gave a p a r e n t i o n a t m/e = 450. The i n t e n s i t y r a t i o P:P+2:P+4 = 

100:66:11 which a l s o c o n f i r m e d t h e presence o f two c h l o r i n e s 

i n t h e e m p i r i c a l f o r m u l a . 

A ' s t r o n g a b s o r p t i o n a t 1749 cm ^ i n t h e i . r . spectrum 

was assigned t o imin e ( C=N-) s t r e t c h i n g . The f a c t t h a t o n l y 

one band was p r e s e n t suggests t h a t t h e sp e c i e s p r e s e n t i n t h e 

m i x t u r e are s t r u c t u r a l l y s i m i l a r t o each o t h e r . 
19 

The F n.m.r. spectrum suggested t h e presence o f more 

than one s p e c i e s but was complex and c o n t a i n e d many broad, 

o v e r l a p p i n g s i g n a l s so t h a t a d e t a i l e d a n a l y s i s was not p o s s i b l e . 

No s i m p l i f i c a t i o n o f t h e spectrum o c c u r r e d on h e a t i n g t o 80°C. 

The s i g n a l s f e l l i n t o t h r e e d i s t i n c t groups d e f i n e d by t h e i r 

c h e m i cal s h i f t s , however, as i n d i c a t e d i n Table 3.1 below. 
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Table 3.1 F n.m.r. spectrum o f d i m e r i c p r o d u c t s 

Group Chemical S h i f t s p.p.m. (CFClg) I n t e g r a t i o n 

1 60.59 • 62.00 1 

2 82.34 > 112.02 4 

3 137.62 > 141.65 1 

The s i g n a l s i n group 1 have t h e low f i e l d c h e m i cal s h i f t s 

t y p i c a l o f im i n o f l u o r i n e atoms ( ^CF^N-), those i n group 3 

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

(-CFC1-) s i g n a l s (Banks g i v e s a range o f 111 t o 148 p.p.m. 
177 

f o r CFX where X = halogen ) w h i l s t t h e s i g n a l s i n group 2 

may be assigned t o d i f l u o r o m e t h y l e n e ( iXFg) groups i n the s i t u ­

a t i o n (-C1?
2-N=C^ ) o r , p o s s i b l y , ( ^N-CF2~N=) by comparison 

w i t h t h e models ( 1 6 0 ) , (161) and (152) below. 

96 p.p.m. Ax, 
110 p.p.m. Eq. 

99 p.p.m. Ax, 
111 p.p.m. Eq, 

(160) Ref: 163 

19 F n.m.r. s h i f t s ( w . r . t . 
CFClg) 

N 
93 p.p.m. 

(161) Ref: 163 

( C F 3 l 2 C R V i ^ \ ^ C F ( C F 3 ) 2 

(152) ^ Sect. 3.6 

74.3 p.p.m. 
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T h e r e f o r e , a c c o r d i n g t o the d a t a p r e s e n t e d so f a r , 

t h e dimers may be a m i x t u r e o f any o f t h e compounds ( 1 5 7 ) , 

(158) or even (159) below: 

CI c c c 

fXi F ' I F F 
N N — N N N — N 

(158 (157) 

c c 

I F F 
N N N 

159 

The s i t u a t i o n i s f u r t h e r c o m p l i c a t e d when i t i s 

r e a l i s e d t h a t a l l t h r e e s t r u c t u r e s ( 1 5 7 ) , (158) and (159) 

can e x i s t as e i t h e r c i s or t r a n s isomers such as (157a) and 

(157b) f o r (157) below: 

CI N 

(157b) 
N 
/ 

CI N 

F / 

N 

/ r 
(157a) 

CI N 

C I / - / 

N 
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19 I t was apparent from t h e F n.m.r. spectrum t h a t a 
minimum of t h r e e d i f f e r e n t s i g n a l s were p r e s e n t i n group 3 
(see Table 3.1) i n a p p r o x i m a t e l y equal i n t e n s i t i e s . 

T h e r e f o r e , at l e a s t t h r e e d i f f e r e n t s p e c i e s are p r e s e n t 

i n t h e m i x t u r e . As ( 1 5 7 ) , (158) and (159) each have o n l y c i s 

and t r a n s isomers t h i s c o u l d i n d i c a t e t h a t a t l e a s t one 

compound c o n t a i n i n g a - 3 - e n y l bond, e i t h e r (158) or ( 1 5 9 ) , 

has been produced i n c o n t r a s t t o t h e r e a c t i o n o f t e t r a -

f l u o r o p y r i m i d i n e . A l t e r n a t i v e l y , however, because t h e c h l o r i n e 

s u b s t i t u e n t s i n ( 1 5 7 ) , (15S) and (159) are meta t o n i t r o g e n 

atoms, then the 1,3 i n t e r a c t i o n s which n o r m a l l y d e s t a b i l i s e 

6-membered r i n g conformers w i t h a x i a l c h l o r i n e atoms 

w i l l be absent and, hence, n e a r l y equal p o p u l a t i o n s of 

a x i a l l y and e q u a t o r i a l l y s u b s t i t u t e d conformers of ( 1 5 7 ) , 

(158) and (159) may be p o s s i b l e . T h e r e f o r e i t i s even 

p o s s i b l e t h a t o n l y one o f t h e compounds ( 1 5 7 ) , (158),and (159) 

need be p r e s e n t t o g i v e r i s e t o t h e observed spectrum. 

3.9 Mechanisms f o r t h e F l u o r i n a t i o n of S u b s t i t u t e d 

F l u o r o - p y r i m i d i n e s 

Chambers et a l . argued t h a t the d i m e r i c p r o d u c t formed 

when t e t r a f l u o r o p y r i m i d i n e (156) was f l u o r i n a t e d c o u l d be 

accounted f o r w i t h i n t h e framework of t h e i r g e n e r a l mechanism 
1 6 3 

f o r CoF„/CaF„ f l u o r i n a t i o n s . The proposed s t e p s were:-
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CoF„/CaF 3 
N +F +F F F > 

F ^ > , ^ F 
N N N 

CoF Q/CaF 

c9 D i m e r i s a t i o n 
N N—N 

F F F 
F 0 \ 
2 ^ N N 

(162) 

unobserved 
Ref 163 

A l t h o u g h r a d i c a l i n t e r m e d i a t e s were a l s o proposed f o r t h e 

p y r i d i n e and p y r a z i n e systems t h e y f l u o r i n a t e d , no o t h e r 

d i m e r i s a t i o n r e a c t i o n s were d e t e c t e d . The e x p l a n a t i o n f o r 

t h i s was t h a t o n l y t h e a l l y l i c r a d i c a l i n t e r m e d i a t e s such as 

(162) O P j i n t h e case o f t h e p y r i d i n e s ("163) c o n t a i n e d s i t e s o f 
X FZ 

(163) 

h i g h enough s p i n d e n s i t y f o r c o u p l i n g r e a c t i o n s w h i l s t at t h e 

same ti m e h a v i n g s u f f i c i e n t l i f e t i m e s , t o c o l l i d e w i t h an i d e n t i c a l 

s p e c i e s . I n s p i t e o f t h i s , t h e p y r i d i n e i n t e r m e d i a t e s (163) 

s t i l l do not c o u p l e , i t was proposed, because t h e s p i n d e n s i t y i s 

c o n c e n t r a t e d a t C-3 and the approach o f two such s p e c i e s t h r o u g h 

t h e i r C-3's would be s t e r i c a l l y h i n d e r e d . There would not be any 

g r e a t s t e r i c i n t e r f e r e n c e f o r t h e c o r r e s p o n d i n g approach o f 

i n t e r m e d i a t e s ( 1 6 2 ) . F u r t h e r t o these arguments, i t may be 
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added t h a t , w h i l s t t h e a d d i t i o n o f the much more numerous and 

s t e r i c a l l y s m a l l f l u o r i n e atoms t o t h e p y r i d i n e species (163) 

at C-3 leads t o a s t a b l e c y c l i c aza-alkene ( 1 6 4 ) , 

(163) (164) 

t h e a d d i t i o n o f a f l u o r i n e atom t o the p y r i m i d i n e r a d i c a l (162) 

r e s u l t s i n an e n t i r e l y d i f f e r e n t s i t u a t i o n : -

F 
N 

F 
F N 

(162) 
Thus, a d d i t i o n t o t h e n i t r o g e n s , t he most l i k e l y event 

on t he b a s i s o f s p i n d e n s i t y d i s t r i b u t i o n , leads t o t h e f o r m a t i o n 

o f an u n s t a b l e compound w i t h f l u o r i n e bonded t o n i t r o g e n and 

a r e t r o r e a c t i o n would be very f a v o u r a b l e . A d d i t i o n t o C-2 i s 

c l e a r l y i m p o s s i b l e . T h e r e f o r e t e t r a f l u o r o p y r i m i d i n e may be 

regarded as a s p e c i a l case where t h e r e i s no r e a l a l t e r n a t i v e 

t o d i m e r i s a t i o n . 

The same mechanism may be proposed f o r 5 - c h l o r o t r i f l u o r o ­

p y r i m i d i n e which a l s o produces a d i m e r i c p r o d u c t . 

The f a i l u r e o f p e r f l u o r o - 4 , 6 - d i - i s o p r o p y l p y r i m i d i n e (152) 

t o do l i k e w i s e i s e a s i l y accommodated w i t h i n t h e framework o f 

t h i s mechanism, f o r two d i f f e r e n t reasons. The f i r s t i s t h a t t h e 

approach o f two a l l y l i c r a d i c a l s s p e c i e s such as (165 ) would be 

s u b j e c t t o c o n s i d e r a b l e s t e r i c h i n d r a n c e i n most, i f not a l l , 

o r i e n t a t i o n s due t o t h e i n t e r a c t i o n o f t h e two p e r f l u o r o i s o -

p r o p y l groups. 
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CR. ,F 3 \ / C F C — C F F / 
F C - F c \ 

I N F 

CF F ;N CF + 3 
F N 

(165) C F 3 165) 

>< 

Secondly, i t i s c o n s i d e r e d u n l i k e l y t h a t an a l l y l i c s p e c i e s 

such as (165) can be formed i n any case, as i t s p r e c u r s o r , t h e 

-2,6-diene ( 1 6 6 ) , i s a r g u a b l y much l e s s s t a b l e than the observed 

-3,6-diene (153) and would hence e i t h e r not be formed o r 

would q u i c k l y i s o m e r i s e t o the -3,6-diene, i f , as i s proposed, 

these f l u o r i n a t i o n s are under thermodynamic r a t h e r t h a n k i n e t i c 

c o n t r o l . 

Thus, u s i n g the arguments a l r e a d y e s t a b l i s h e d i n the d i s c u s s i o n 

c o n c e r n i n g t h e p y r i d i n e systems, (166) w i l l be the l e s s s t a b l e 

d i ene because i t has more than t h e minimum number o f f l u o r i n e s 

bonded t o u n s a t u r a t e d carbon. I n a d d i t i o n , t he s t r u c t u r e has a 

p e r f l u o r o i s o p r o p y l group bonded t o a s a t u r a t e d carbon atom which 

would be s t e r i c a l l y u n f a v o u r a b l e . These arguments are s u p p o r t e d 

by t h e e x p e r i m e n t a l o b s e r v a t i o n d e s c r i b e d i n S e c t i o n 5, 6D t h a t 

(153) does not produce any o t h e r isomers a f t e r p r o l o n g e d s t i r r i n g 

CF(CFo) R^CFlCFn 3'2 
N 

F F (153) (166) 
(CFn)oCF (CFJoCF^N 3'2 3'2 

Observed diene H y p o t h e t i c a l diene 
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i n the presence of caesium f l u o r i d e . By c o n t r a s t , however, none 
of these considerations a f f e c t the 5-chloropyrimidine (155) 
which produces dimeric products i n reasonable y i e l d . 

The f a i l u r e of the mono s u b s t i t u t e d p yrimidine (154) to 
produce dimeric products i s not f u l l y understood but i t i s 
noteworthy t h a t only one i n four c o l l i s i o n s w i l l present an 
unhindered n i t r o g e n on one species (lG6a) t o an unhindered 
n i t r o g e n on another species (166a). 

3.10 The F l u o r i n a t i o n of P e r f l u o r o - 4 , 5 - d i - i s o p r o p y l p y r i d a z i n e 

four products. The two most abundant products were inseparable 
by e i t h e r d i s t i l l a t i o n or g„l oc 0 and were i d e n t i f i e d as the 
mixture. These l a t t e r were the c i s and trans isomers of per-
fluoro-2,3,4,5-tetramethylhex-3-ene (168) and (169) r e s p e c t i v e l y , 
and were obtained i n a combined y i e l d of 53%. The two other 
products were i d e n t i f i e d , i n order of abundance, as the already 
known p e r f l u o r o - 2 , 3 - d i m e t h y l p e n t a n e 1 7 9 (170) and the new compound 
perfluoro-2,3,4,5-tetramethylhexane (171). 

F CFCR 

N 
(166a) 

(167) 

Upon f l u o r i n a t i o n at 170 C, the pyridazine (167) gave 

c R m i c a p F CE CF F 3 \ / / 3 
C c CoFo/CaF 
II 3 2 

N o C 170 C ICE 
(CFUCF CF (CFkCF CR 

J ^ (168) J 3'2 3 (169) 
C F ( C F 3 ) 2 C F ( C F 3 ) C F 2 C F 3 + C F ( C F 3 ) 2 C F ( C F 3 ) C F ( C F 3 ) C F ( C F 3 ) g 

•-170) 12% ( 1 7 1 ) 9 % 
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The mixture of (168 ) and (169 ) gave a P-F ion at m/e = 
481 i n i t s mass spectrum (see Section 3.13 f o r f u r t h e r comment) 
which, together w i t h i t s analyses, gave an e m p i r i c a l formula of 
^10 F20' T l l e a b s e n c e °^ absorption above 1400 cm 1 i n the i . r . 
i s consistent w i t h e i t h e r a r i n g s t r u c t u r e or a h i g h l y symmetrical 

19 
o l e f i n . The F n.m.r. spectrum contained two broad overlapping 
s i g n a l s i n t e g r a t i n g together as 12 w i t h chemical s h i f t s at 72 
p.p.m. t y p i c a l f o r t r i f l u o r o m e t h y l groups (CF^) bonded to saturated 

177 
carbon atoms. Two si g n a l s at high f i e l d (159 and 161 p.p.m.) 
each i n t e g r a t e d t o 1 and were assigned t o t e r t i a r y f l u o r i n e 
\ 177 

(-\l)-F) atoms. The only remaining s i g n a l s were i n m i d - f i e l d 
and consisted of a broad s i n g l e t (58 p.p.m.) overlapping a 
doublet (57 p.p.m. J = 50 Hz). The two s i g n a l s gave a t o t a l 
i n t e g r a t i o n of 6 and were i d e n t i f i e d t h e r e f o r e as due t o two t r i -
f l u oromethyl groups (-CF^). By comparison w i t h the models below, 
t h e i r s h i f t s are seen to be t y p i c a l of t r i f l u o r o m e t h y l groups 
bonded to unsaturated carbon (CFg-OC). These data e a s i l y 
e l i m i n a t e s t r u c t u r e s other than (168) and (169). 

C F X F X F 
CF1CFJ CF 

y 3\ 3'2 
X ) \ ( C F L C F CRCFJ 3'2 CF 3'2 

\ j ^ i ^ CF CFICFo 

\ 
c = c 

/ F 

(172) (173) 
groups bonded to unsaturated carbon Chemical s h i f t s of CF 

p. p. m. w.r . t . CFC1 3° 
a - 52.6 

b = 51.0 
Ref: 199 
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Coupling constants (Hz) 
J1 = 45 
J 2 = 0 
J 3 = 68 
J 4 = 0 

The large doublet s p l i t t i n g (J = 50 Hz) of one of these 
l a t t e r t r i f l u o r o m e t h y l groups was caused by coupling to one of 
the t e r t i a r y f l u o r i n e s at 161 p„p„m„ as evidenced by i t s q u a r t e t 
s t r u c t u r e ( J = 50 Hz). Consideration of the coupling constants 
i n the model compounds (172) and (173 ) i n d i c a t e d t h a t these 
s i g n a l s belong to the trans isomer (169). The t e r t i a r y f l u o r i n e s 
were not overlapped and i n t e g r a t i o n gave the c i s t o trans 
isomer r a t i o as 36:64. 

( C F 3 ) 2 C ^ CF3 (CRLCF CR 

II J = 50 Hz 

(CF3)2CF C F Z?{ CF(CF3)2 

(168) 36:64 (169) 

The t h i r d most abundant product was r e a d i l y i d e n t i f i e d as 
perfluoro-2,3-dimethylpentane ( 1 7 0 ) by i t s P-F ion at m/e = 369 
and elemental analysis which e s t a b l i s h e d i t s i d e n t i t y as a 

19 
perfluoroheptane. I t s F n.m0r. spectrum contained s i x s i g n a l s , 
two of which overlapped. Their i n t e g r a t i o n s were 9 (two s i g n a l s 
overlapping):3:2:1:1. The s i g n a l s i n t e g r a t i n g t o 1 were both 
a t t r i b u t a b l e to t e r t i a r y f l u o r i n e atoms ( 7C-F) by t h e i r high 
f i e l d s h i f t s at 178 and 182 p.p.m. These data alone are 
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s u f f i c i e n t to e s t a b l i s h the i d e n t i t y of the t h i r d product. The 
19 

remaining s i g n a l s i n the F n.m.r. spectrum had chemical s h i f t s 
c onsistent w i t h the assigned s t r u c t u r e and the i . r . spectrum 
d i d not contain any absorptions at higher wavenumber than 
1343 cm *. An i . r . spectrum of what was claimed to be p e r f l u o r o -

179 
2,3-dimethylpentane was published i n 1948 but i t d i f f e r e d 
markedly from t h a t observed i n the present work i n t h a t i t 
contained many absorptions not present i n the i . r . spectrum of the 
present sample. Therefore i t seems l i k e l y t h a t the m a t e r i a l 
described i n 1948 was not pure and i t i s believed t h a t the data 
published i n the present work represent the f i r s t accurate 
c h a r a c t e r i s a t i o n of perfluoro-2,3-dimethylpentane (170) 

The f o u r t h product was e a s i l y i d e n t i f i e d as perfluoro-2,3,4, 
5-tetramethylhexane (171) by i t s P-F ion at m/e = 519 and e l e ­
mental analysis which established i t s i d e n t i t y as a p e r f l u o r o -

19 
decane C C 1 Q F 2 2 ) . I t s F n.m.r, spectrum was simple, c o n s i s t i n g 
of four s i g n a l s i n the r a t i o 12:6:2:2, the s i g n a l s i n t e g r a t i n g 
to 6 and 3 i d e n t i f i e d by t h e i r chemical s h i f t s (69 and 72 p 0p 0m 0 

r e s p e c t i v e l y ) , as t r i f l u o r o m e t h y 1 groups bonded t o saturated 
carbon atoms (CF^-C^-) and the remaining s i g n a l s v/ere i d e n t i f i e d 
by t h e i r high f i e l d s h i f t s (166 and 170 p.p.m.) as due to t e r t i a r y 
f l u o r i n e atoms ( -}CF). No coupling was resolved. F i n a l l y , the 
i . r . spectrum was devoid of bands at higher wavenumber than 
1326 cm - 1. 

'j 

3.11 The F l u o r i n a t i o n of P e r f l u o r o - 3 , 5 - d i - i s o p r o p y l p y r i d a z i n e 
(174) 

The - 3 , 5 - s u b s t i t u t e d p y r i d a z i n e (174) was reacted w i t h 
CoFg/CaF,., to give a product which was resolved i n t o two components 

19 
by a v a i l a b l e g . l . c . columns. However i . r . and F spectroscopy 
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i n d i c a t e d both components to consist of more than one compound. 
19 

In each case the most abundant compound was estimated by F 
n.m.r. spectroscopy to comprise over 85% of the respective 
mixtures and, although c a r e f u l peak chopping, i n a f u r t h e r attempt 
to i s o l a t e the major compounds by g . l . c , d i d not lead to f u r t h e r 
p u r i f i c a t i o n , i t was possible t o i d e n t i f y the two major 
compounds as e i t h e r c i s or trans p e r f l u o r o - 2 , 3 , 6 - t r i m e t h y l h e p t - 3 -
ene (175) or (176) and e i t h e r c i s or trans p e r f l u o r o - 2 , 5 , 6 - t r i ; 
methylhept-3-ene (177) and (178) 

F CF2 CF J= F ^ F R 

N 135°C or 4 - 1 or I 
CF /CF^ 

R

F

 C F3 R

F c§ r; ^ F 3 R ; CF3 

(176) (175) (178) (177) 

The f i r s t component was i n d i c a t e d by a very weak parent 
ion at m/e = 500 and strong P-F ion at m/e = 481 and elemental 
analysis to be a mixture of isomers of C^Q^Q. The i . r . spectrum 
contained a strong band at 1671 cm-* w i t h a weaker one at 1714 
cm * i n d i c a t i n g the major and at le a s t one other compound i n the 
mixture t o be perfluorodecenes„ Signals due to the major 

19 
compound i n the F spectrum were c l e a r l y d i s t i n g u i s h a b l e . They 
i n t e g r a t e d i n the r a t i o 6:6:3:2:1:1:1. The presence of two non-
equivalent p e r f l u o r o i s o p r o p y l groups was deduced from the s h i f t s 
of the two signals of i n t e g r a t i o n 6 (76 and 77 p.p.m.) and two 
high f i e l d s i g n a l s (181 and 185 p.p.m.) i n t e g r a t i n g to 1„ The 
s i g n a l i n t e g r a t i n g t o 3 had a t y p i c a l t r i f l u o r o m e t h y 1 group s h i f t 
of 62 p.p.m. (Banks gives a range from 47 to 90 p.p.in. f o r -CFg 

17 7 
i n saturated or unsaturated f l u o r o c a r b o n s ) . The s i g n a l 
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i n t e g r a t i n g to 1 was i d e n t i f i e d as due to a f l u o r i n e atom bonded 
to unsaturated carbon (-CF=C ) as i t s chemical s h i f t was too 
low (89.11 p.p.m.) f o r i t to be assigned as a t e r t i a r y f l u o r i n e 
atom ( }'c-F) which are reported not t o resonate below 140 

177 
p.p.m. The s i g n a l i n t e g r a t i n g t o 2 had a s h i f t (107 p.p.m.) 
t y p i c a l f o r a d i f luoromethylene (-CF^-) group i n a fluorocarbon.' 
Only the c i s or trans isomers of p e r f l u o r o - 2 , 3 , 6 - t r i f l u o r o h e p t -
3-ene (175) or ( 176) could accommodate the data given. 

CF CF CF CF 3x CF CF 

CF F CF F N. 
I 
c CF 

CF 

CF CF 

(176) (175) 

19 
The F n.m.r. spectrum was i n s u f f i c i e n t l y resolved to d i s t i n g u i s h 
between (175) and (176) by analysing the coupling constants. 

In a s i m i l a r manner, the most abundant compound i n the 
second component was i d e n t i f i e d as a perfluorodecene also, namely 
e i t h e r c i s or trans perfluoro-2,5,6-trimethylhepta-3-ene (177) or 
(178). 



CF X R 5 i 

( 1 7 8 ) ( 1 7 7 ) 

As w i t h the e a r l i e r mixture, the mass spectrum of the 
second g . l . c . component gave a very weak s i g n a l at m/e = 500 (P) 
and a strong s i g n a l at m/e = 4 8 1 (P-F). A band at 1 7 1 9 cm-* and 
a weaker one at 174 0 cm-* were taken as evidence t h a t the mixture 
contained a perfluorodecene (C-^QF^Q) A S ^ E M A J ° R compound w i t h 
minor amounts of at lea s t one other perfluorodecene. Elemental 
analysis was i n agreement w i t h t h i s . Once again, s i g n a l s i n the 
1 9 

F n.m.r. spectrum due to the major compound i n the mixture 
were c l e a r l y d i s t i n g u i s h a b l e from the much weaker signa l s of the 
unknown compound. The major compound gave s i g n a l s i n the r a t i o 
9 : 6 : 1 : 1 : 1 : 1 : 1 . Of the s i g n a l s i n t e g r a t i n g to 1 , three were 
assigned as due to t e r t i a r y f l u o r i n e atoms ( -)C-F) because of 
t h e i r high f i e l d s h i f t s ( 1 9 4 , 2 0 1 and 207 p.p.m.) and two were 
thought t o be bonded to unsaturated carbon atoms ( -CF=C ), 
because of t h e i r m i d - f i e l d s h i f t s ( 1 2 6 and 129 p.p.m.). This 
i d e n t i f i e s the compound as perfluoro-2,5,6-trimethylhept-3-ene f(177 
or ( 1 7 8 ) , but a l l the s i g n a l s were broad envelopes except f o r one 
of the t e r t i a r y f l u o r i n e atoms which was a m u l t i p l e t and hence 
because of the lack of data on the coupling between s i g n a l s i t 
was not possible to deduce whether i t was the c i s or trans 
isomer. 



-122-

By comparison w i t h the f l u o r i n a t i o n of the - 4 , 5 - d i - i s o -
p r o p y l p y r i d a z i n e (167) (see Section 3.10) where c i s trans 
i s o m e r i s a t i o n was found t o occur during the f l u o r i n a t i o n , i t 
would be s u r p r i s i n g i f the same d i d not apply during the 
f l u o r i n a t i o n of the -3,5-isomer (174) and i t i s possible t h a t 
the inseparable minor co-products detected w i t h the major 
products are the respective c i s or trans isomers. 

3.12 Proposed Reaction Mechanisms f o r the F l u o r i n a t i o n of 
Pyridazines 

The intermediacy of the unobserved -1,4-diene (179) i s 
proposed during the f l u o r i n a t i o n of the -4,5-pyridazine (167). 
Such an intermediate would r e f l e c t the behaviour of the previous 
aza-aromatics i n t h a t i t does not contain d e s t a b i l i s i n g n i t r o g e n 
to f l u o r i n e bonds or f l u o r i n e s bonded to an unsaturated carbon 
atom. 

CoF3/CaF 

N - e -

(179) (167) 
R F

= -CF(CF 3) 2 etc 
Thermal loss of nit r o g e n from a -1,2-diazacyclohexa-l,4-diene 

us u a l l y occurs v i a a concerted mechanism rather than a b i r a d i c a l 
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181 and losses of N from diaza mechanism, according to Brown, 
182 183 

compounds can lead t o e i t h e r r i n g opened or c y c l i c products ' 

R RR 
155-65UC 
48 hr N, + + CH 2~CRCHRR 

R 
R 
R 

= CH, 
- CIL 

R R 
10.2% 19.2% 

Ref: 182 

3.5% 

+ CH QCHR=CRR 
>̂ 54.5% 

C 0 2 C K 3 
Therefore loss of n i t r o g e n from (179) would probably be a 

concerted r e a c t i o n but i t i s not clear whether a diene (180) 
or cyclobutene (181) would r e s u l t . E i t h e r (180) or (181) would 
be h i g h l y a c t i v a t e d to f u r t h e r f l u o r i n a t i o n , ( 1 8 0 ) as a r e s u l t of 
the d e s t a b i l i s i n g i n t e r a c t i o n between four f l u o r i n e atoms and the 
IT bonds or (181) as a r e s u l t of r i n g s t r a i n . 

f\| 170°C 
- N r 

(181 ) 

( 168) J 

RF
 = CF(CF 3) 2 

N 

+ 

R E ^ C F ^ 

R

F "CF 2 

(180) 



-124-

The i s o m e r i s a t i o n of the c i s o l e f i n (168), s a t u r a t i o n and 
fragmentation to the other products could then occur v i a 
processes such as:-

R 

(168) 

(171) 

+F' 

F CF 

CF ; x 
°r R+

F + 
F-

CF3 

.CF3 

-F 
R 

CF3 RF 

,CF3 

R 

(169) 

+ F' 
or F 

CF3 

.CF3 

:F 

R = CF(CFJ0 

F O Z 
(170) 

A l t e r n a t i v e l y , the trans o l e f i n (169) might a r i s e d i r e c t l y 
from the unobserved diene (180) i f the l a t t e r i s free t o r o t a t e 
i n t o a trans c o n f i g u r a t i o n and has time to do so. 
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Much less can be said about the f l u o r i n a t i o n of the 
-3,5- s u b s t i t u t e d p yridazine (174) as there are four possible 
diene intermediates which are equally l i k e l y using the usual 
c r i t e r i a of thermodynamic s t a b i l i t y , and a l l of which could lead 
to the observed products through f e a s i b l e mechanisms. 

F 3 or 
1 

CoFo/CaFo 
H ft 

F or 

RF 

^ F 

F 
N 

F 
CoF3/CaF2 

F 
R, 

RF •CF3 

(or c i s ) 

F 
F 

RF 
(178) 

CF3 

(or c i s ) 

<176) R ^ C F I C ^ 
The p r o p o r t i o n of (176 ) i n the product appeared to increase 

w i t h i n c r e a s i n g r e a c t i o n temperature. Thus the r a t i o of (176) 
to (178) at 132°C was 1:1 going up to 2:1 at 158°C. Therefore 
(178) might be the precursor of (176) by a process such as:-

RF 

R F CE-
( 178) 

% X | R F CF3 

=CF(CF 3) 2 

R CF 
F J 
( 176) 
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3.13 Parent Ion I n t e n s i t i e s of the Pyridazine F l u o r i n a t i o n 
Products 

I t was noted t h a t the perfluorodecane and -decene products 
from the pyri d a z i n e f l u o r i n a t i o n s gave parent ions i n t h e i r mass 
spectra of e i t h e r very low or zero i n t e n s i t y at 14eV. The 
spectrum of the mixture of the c i s and trans perfluorodecenes 
( 168) and ( 169) was also recorded at 3eV but a parent ion was 
s t i l l not observable. 

In the case of the decenes i t i s thought t h a t t h i s i s a 
r e s u l t of the ease w i t h which a f l u o r i n e atom can be l o s t upon 
i o n i s a t i o n i n the spectrometer as a r e s u l t of the f o l l o w i n g 
process:-

V_Q|r i o n i s a t i o n / - C F > — CF, 4 CF3 CF3 

(182) (183) 
Formation of P-F ion i n mass spectra of perfluorodecenes 

This i s reasonable as the process leads from a l o c a l i s e d 
r a d i c a l c a t i o n such as ( 182) v ^ a the loss of a t e r t i a r y f l u o r i n e 
atom to the a l l y l i c a l l y s t a b i l i s e d c a t i o n (183). 

In the case of the perfluorodecanes i t i s not possible to 
p r e d i c t which bond w i l l lose an e l e c t r o n the most e a s i l y upon 
i o n i s a t i o n as there are no TT ele c t r o n s a v a i l a b l e and hence i t i s 
less easy to understand why these compounds, too, appear to lose 
f l u o r i n e atoms r e a d i l y upon ionisation„ However, i t can at l e a s t 
be said t h a t the loss of a t e r t i a r y f l u o r i n e atom from the r a d i c a l 
c a t i o n would not be expected t h i s time as the r e s u l t a n t t e r t i a r y 
carbocation would be h i g h l y d e s t a b i l i s e d by e l e c t r o n withdrawing 
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p e r f l u o r o a l k y 1 groups and a process leading t o a primary carbo-
c a t i o n , such as the one below, would be p r e f e r a b l e : -

CF CF 
C F - C F - R • C R - C F - R 

Less l i k e l y 

more l i k e l y route 
route 

F 

CF CF 
C Fr- C — R CF-CF -R 

3.14 The F l u o r i n a t i o n of P e r f l u o r o - 2 , 5 - d i - i s o p r o p y l p y r a z i n e (184) 

The pyrazine (184) reacted w i t h CoF3/CaF2 at 156°C t o 
give a new product which was i d e n t i f i e d as p e r f l u o r o - 2 , 5 - d i -
isopropy 1-1 ,4-diazacyclohexa-l,4-diene (185)„ 

F 
R F N 

(184) 

CoFg/CaFf, 
* * " 1 •"- ft*^ 

Nv. R 

156°C 

F 

(185) 
87% 

R F = C F ( C F 3 ) 2 

A weak parent ion at m/e = 4 9 0 and elemental analyses 

established c ^ Q N 2 F 1 8 A S T H E E M P I R i c a l formula. Bands at 1 7 0 9 

and 1 7 2 1 cm * i n the i.r„ i n d i c a t e d at l e a s t two double bonds and 
1 9 

the s i m p l i c i t y of the F n.m.r. spectrum which contained only 
three chemically s h i f t e d bands i n t e g r a t i n g i n the r a t i o 1 2 : 4 : 2 
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was s u f f i c i e n t data to r u l e out a l l s t r u c t u r e s other than (185). 
Chemical s h i f t s and observed couplings were consistent w i t h 
s t r u c t u r e ( 185) . 

A prominant fea t u r e i n the mass spectrum of (185) at 14eV 
was a peak at m/e = 295. This i s r e a d i l y i n t e r p r e t e d as r e s u l t i n g 
from the loss of p e r f l u o r o i s o p r o p y l n i t r i l e from the parent 
i o n . A s i m i l a r f e a t u r e was observed i n the spectrum of the 
pyrim i d i n e product (153) which has a c l o s e l y s i m i l a r s t r u c t u r e 
to (185). 

R N 

+ 
ZF2 

F 2 + F^CN 

R f = C F ( C F 3 ) 2 

The product from the - 2 , 5 - d i - s u b s t i t u t e d pyrazine (184) 
cont r a s t s w i t h t h a t from t e t r a f l u o r o p y r a z i n e i t s e l f which was 
reported to y i e l d a conjugated diene r a t h e r than a -1,4-diene. 
The e f f e c t of s u b s t i t u e n t s i n the 2 and 5 p o s i t i o n s provides 
f u r t h e r evidence t h a t products which minimise the number of 
f l u o r i n e s d i r e c t l y bonded to saturated carbon are p r e f e r r e d i n 
these r e a c t i o n s . 

163 

N 

F 

N 
(186) 

CoF3/CaF2 

80°C 

-N 

F 

(187) Ref: 163 
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^«CoF 3/CaF 2 

F -e 
R 
F 

(184) 

+F-

Rj. =CRCf|}2 (185) 
F 

3.15 Attempted F l u o r i n a t i o n of Cyanuric Fl u o r i d e (188) 

Attempts t o f l u o r i n a t e the t r i a z i n e system, cyanuric 
f l u o r i d e w i t h s i l v e r I I f l u o r i d e were reported t o be unsuccessful, 

o 44 even i n an autoclave at 150 C f o r 10 hrs. Not s u r p r i s i n g l y , 
t h e r e f o r e , when a sample of cyanuric f l u o r i d e was passed through 
the CoF^/CaFg reactor almost t o t a l recovery of s t a r t i n g m a t e r i a l 
was made, even at r e a c t i o n temperatures as high as 328°C„ 

F 328°C 
^ no r e a c t i o n 

N ^ v ^ N CoF3/CaF2 

(188 ̂  
In c o n t r a s t , Bigelow found t h a t smooth r e a c t i o n occurred 

when he reacted cyanuric f l u o r i d e w i t h f l u o r i n e d i r e c t l y i n h i s 
o 43 

j e t r e a c t o r at the mild temperature of 88 C. 
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NK N 

+ F Jet reactor 
o 88~C 

F 
N N f7\ + 

NF FN FN N 

This provides f u r t h e r evidence th a t the f i r s t stage 
i n the mechanism of cobalt I I I f l u o r i d e f l u o r i n a t i o n i s 
o x i d a t i o n of the substrate as i t i s reasonable t o suppose t h a t 
as r i n g carbon atoms are replaced by more e l e c t r o negative 
n i t r o g e n i n a perfluoro-arene j the i o n i s a t i o n p o t e n t i a l w i l l 
increase. Also underlined i s the f a c t t h a t cobalt I I I 
f l u o r i d e does not behave as simply a donor of f l u o r i n e atoms. 
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CHAPTER 4 

THE DIRECT FLUORINATION OF SOME PERFLUOROAZABENZENES 

4.1 I n t r o d u c t i o n 

In t h i s chapter the reactions between elemental f l u o r i n e 
d i l u t e d w i t h n i t r o g e n and some perfluoro-azabenzenes are described. 
The compounds were f l u o r i n a t e d by passing the f l u o r i n e / n i t r o g e n 
mixture through e x t e r n a l l y cooled, d i l u t e s o l u t i o n s of the s t a r t i n g 
m a t e r i a l s i n Freon 113 (the Du Pont trade name f o r 1,1,2-
t r i f l u o r o t r i c h l o r o e t h a n e ) which functioned as an e f f i c i e n t and 
i n e r t heat sink. The f l u o r i n a t i o n apparatus and precautions 
taken t o el i m i n a t e oxygen c o n t a i n i n g species contaminating 
the f l u o r i n e are f u l l y described i n the experimental Chapter 8 
(Section 8.15). 

4.2 The Attempted D i r e c t F l u o r i n a t i o n of P e r f l u o r o - 4 - i s o p r o p y l -
p y r i d i n e (189) 

Upon passing two moles of f l u o r i n e ( d i l u t e d t w o - f o l d i n 
nit r o g e n ) per mole of - p y r i d i n e (18D) through a s o l u t i o n of the 
l a t t e r i n Freon 113 at a temperature of -20°C only traces of new 
products were formed, one of which ( 1 % by g . l . c . ) had i d e n t i c a l 
r e t e n t i o n times to the -1,3-diene (121) on a se r i e s of columns. 
The other (2%) had lower r e t e n t i o n times on a l l columns. No 
f u r t h e r attempts t o v e r i f y the i d e n t i t y of these products were 
made. 

F 

(121) 
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This r e s u l t contrasts w i t h the reported r e a c t i o n of penta-
184 

f l u o r o p y r i d i n e (100), i t s e l f , w i t h f l u o r i n e , published since the 
completion of t h i s work, which gave high y i e l d s of p e r f l u o r o - 1 -
azacyclohex-l-ene (191), the -1,3- and -1,4-dienes (192) and 
(193) and dimeric and oligomeric m a t e r i a l . However the l a t t e r 
r e a c t i o n was performed without a solvent and at higher 
temperatures (40 and 100°C). Indeed, i t was noted t h a t l i t t l e 
r e a c t i o n appeared to occur below 40°C i n the case of penta-

192 
f l u o r o p y r i d i n e . 

F 
^ / N 2 

40°C 
(190) 

F 
N 

(191) 
5% 

F + r \ 
F 

(192) (193) 
20% 8% 

+ oligomeric m a t e r i a l Ref: 192 

4.3 The D i r e c t F l u o r i n a t i o n of T e t r a f l u o r o p y r i m i d i n e (194) 

T e t r a f l u o r o p y r i m i d i n e (194) was dissolved i n Freon 113 
and, a f t e r c o o l i n g to -20°C, was then t r e a t e d w i t h f l u o r i n e d i l u t e d 
w i t h twice i t s volume of n i t r o g e n . A f t e r removing the solvent 
by d i s t i l l a t i o n , only one product, apart from recovered s t a r t i n g 
m a t e r i a l (194), was detected by g . l . c . I t was p u r i f i e d by 
sublimation onto a cold f i n g e r and was i d e n t i f i e d as the dimer 
perfluoro-2,2'-bi-1,3-diazacyclohexa-3,6-dienyl (195) 

recovered s t a r t -
+ ing m a t e r i a l 

(194) 

42% (194) (195) 24.9% 
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The s t r u c t u r e of the product (195) was deduced from i t s 
19 

mass spectrum, elemental analysis and i t s F n.m.r. spectrum. 
Thus, a parent ion at m/e = 342 i n the mass spectrum 

and elemental analysis i n d i c a t e d an e m p i r i c a l formula of 
19 

CgN^F^Q. The F n.m.r. spectrum of (190) was very simple, 
c o n t a i n i n g only three groups of s i g n a l s i n t e g r a t i n g i n the 
r a t i o 1:2:2. A s a t i s f a c t o r y i . r . spectrum was not obtained because 
the m a t e r i a l hydrolysed r a p i d l y . Only the s t r u c t u r e s (195) and 
(196) have s u f f i c i e n t symmetry to accommodate the data so f a r : 

The -5,5'- dimer (196) was el i m i n a t e d as a p o s s i b i l i t y , 
however, as the chemical s h i f t s of the difluoromethylene ( *CF2) 
group s i g n a l s (120.9 and 121.2 p.p.m.) were i n a region t y p i c a l 

2 
f o r a difluoromethylene group bonded t o two Sp h y b r i d i s e d 
carbon atoms, but w e l l above the region f o r difluoromethylene 
bonded to ni t r o g e n atoms, as the models (197) and (153), below, 
i l l u s t r a t e : 

N N D F F F F 
N F 

(195) (196) 

F2 F2 
^ v C F ( C ^ ) 2 (CRkCF 

N C F 3 \ ^ F (19?) (153) 
F 2 7 4 P-P 2 105 p.p m m 

Adapted from data i n Ref: 148 Ref: Section 3.6 

The difluoromethylene group sign a l s were i d e n t i f i e d as such 
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because, as already i m p l i e d , they e x h i b i t e d what was i n t e r p r e t e d 
as an AB p a t t e r n although, as might be expected, the d i f f e r e n c e 
i n the chemical s h i f t s of the i n d i v i d u a l f l u o r i n e atoms w i t h i n 
the difluoromethylene group was very small (0.3 p.p.m. or 18 Hz) 
and t h e r e f o r e the outer l i n e s of the AB system were too weak to be 
observed. In s p i t e of t h i s , the s i g n a l i s r e a d i l y proven to be 
an AB system f o r two reasons; 

(a) The s i g n a l at 120.9 p.p.m. consisted of a t r i p l e t ( J = 
24 Hz) of doublets (J = 6 Hz) whereas t h a t at 121.2 p.p.m. was 
a t r i p l e t ( J = 24 Hz) of m u l t i p l e t s too narrow t o contain a 
doublet w i t h J = 6 Hz. 

(b) None of the other sign a l s was broad enough t o contain a 
t r i p l e t w i t h J = 18 Hz and hence the 18 Hz s h i f t between the 
inner AB l i n e s cannot be a l t e r n a t i v e l y i n t e r p r e t e d as a 
coupling constant and, i n any case, i t i s hard to envisage how 
the -2,2'- dimer (195) could give r i s e to such a doublet. 

19 
The remaining s i g n a l s i n the F n.m.r. spectrum were 

consistent w i t h the assigned s t r u c t u r e and consisted of a s i g n a l 
at 60 p.p.m., i n t e g r a t i n g to 2 and assigned t o the imino ( ̂ CF=N-) 
f l u o r i n e atoms and a s i g n a l at 118 p.p.m. assigned to the 
t e r t i a r y ( pC-F) f l u o r i n e atoms. The chemical s h i f t of the 
l a t t e r i s very low compared to the s h i f t s of t e r t i a r y f l u o r i n e s 

3 
on carbon atoms bonded to three sp hy b r i d i s e d carbon, atoms. 
the lower l i m i t on the range of chemical s h i f t s f o r which 

177 
i s 151 p.p.m., adapted from f i g u r e s given by Banks. However, 

3 
as the model (198), below i n d i c a t e s , s u b s t i t u t i o n of the sp 
carbon atoms by three nitrogen atoms reduces the chemical s h i f t 
of a t e r t i a r y f l u o r i n e atom to 139 p.p.m. and i t seems reasonable, 
t h e r e f o r e , to suppose t h a t two s u b s t i t u e n t nitrogen atoms would 
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be s u f f i c i e n t to reduce the s h i f t of a t e r t i a r y f l u o r i n e atom 
to 118 p.p.m. 

NF^ — C — F 139 p.p.m. 

NF 2 

(198) Ref: 185 

The observed couplings were also consistent w i t h the 
-2,2'- dimer (195) 

F 6 

F N—C 

Da 
h5b 5b 

/ T 5 a 
F 

(195) 

J4.5a= 24 Hz 
J4.5b= 24 Hz 

J^.5a= 6 Hz? (not confirmed because the s i g n a l of 2_ was 
not r e s o l v e d ) . 

The mechanism by which the -2,2'- dimer (195) i s formed i s 
not clear but the f o l l o w i n g p o i n t s may be noted. F i r s t , 
Hotchkiss et a l . proposed mechanisms f o r the d i m e r i s a t i o n of 
both hexafluorobenzene ( 1 9 9 ) * ^ and p e n t a f l u o r o p y r i d i n e ( 1 9 0 ) * ^ 
which involved the a d d i t i o n of a f l u o r i n e atom, by e i t h e r F 2 or F» 
to the i n i t i a l aromatic species, followed by attack by the 
r e s u l t a n t intermediate r a d i c a l also on the i n i t i a l aromatic species 
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e. g, 

(190) 

(190) 

Ref: 184 
I t seems reasonable to assume t h a t t h i s i s also how 

dimer (195) i s formed, as the a l t e r n a t i v e would be the 
r e a c t i o n of two intermediate r a d i c a l s of s t r u c t u r e (200). 

FL JF 

N o r p . N 
(194) (200) 

+ (194) + F2 P 
(195) 

However such an event seems h i g h l y u n l i k e l y as r a d i c a l (200) 
i f s u f f i c i e n t l y s t a b l e to b u i l d up the necessary concentrations 
f o r r e a c t i o n w i t h other r a d i c a l s of the same s t r u c t u r e , would also 
have time t o react w i t h f l u o r i n e , but no such products have been 
observed. 

Nevertheless, to form the -2,2'- dimer (195) by r e a c t i o n of 
the intermediate (200) raise s the problem t h a t intermediate 
(200) apparently attacks a d i f f e r e n t s i t e on the t e t r a f l u o r o -
p y r i m i d i n e to tha t attacked by f l u o r i n e or a f l u o r i n e atom. A 
possible explanation might be t h a t , u n l i k e the small f l u o r i n e 
atom or molecule, the r a d i c a l (200) i s large and p r e f e r s t o attack 
t e t r a f l u o r o p y r i m i d i n e at C-2 which i s flanked by two nit r o g e n 
atoms and i s t h e r e f o r e of s l i g h t l y higher s t e r i c a c c e s s i b i l i t y 
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compared w i t h C-4 . 

F 
+ F F or 

N N 

(200) (152 

(152) 

+ F N N D 
f n 

N 2 
F F F 

F N N N N or 
(195) 

4.4 The Attempted F l u o r i n a t i o n of Pe r f l u o r o - 4 , 6 - d i - i s o p r o p y 1 -
p y r i m i d i n e (152) 

A f t e r passing three moles of f l u o r i n e ( d i l u t e d t w o - f o l d 
by n i t r o g e n ) per mole of the -pyrimidine (152) i n t o a d i l u t e 
s o l u t i o n of the l a t t e r i n Freon 113 at -10°C, no r e a c t i o n was 
detected. In view of the ready r e a c t i o n of t e t r a f l u o r o p y r i m i d i n e , 
t h i s i s a s u r p r i s i n g r e s u l t as the s u b s t i t u e n t p e r f l u o r o a l k y 1 
groups i n the pyrimidine (152) are too remote to i n t e r f e r e w i t h 
a coupling r e a c t i o n such as: 

(152) 
RF = C F ( C ^ ) 2 

h y p o t h e t i c a l r e a c t i o n 
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Hotchkiss et a l . thought t h a t the lower r e a c t i v i t y of 
p e n t a f l u o r o p y r i d i n e towards elemental f l u o r i n e , compared w i t h 
hexafluorobenzene, might, amongst other reasons, be due to the 

184 
d e a c t i v a t i n g i n f l u e n c e of the r i n g n i t r o g e n . The s u b s t i t u e n t 
p e r f l u o r o i s o p r o p y l groups on the -pyrimidine (152) would be 
s i m i l a r l y d e a c t i v a t i n g and t h i s may e x p l a i n i t s low r e a c t i v i t y , 
as w e l l , but i t must be noted, i n c o n t r a d i c t i o n to t h i s , t h a t 
p e r f l u o r o - 4 , 5 - d i - i s o p r o p y l p y r i d a z i n e (167) which also bears two 
r i n g nitrogens and two s u b s t i t u e n t p e r f l u o r o i s o p r o p y l groups 
reacts q u i t e r e a d i l y under comparable conditions as described 
i n Section 4.5. Therefore the s i t u a t i o n remains unclear. 

4.5 The D i r e c t F l u o r i n a t i o n of P e r f l u o r o - 4 , 5 - d i - i s o p r o p y l -
p y r i d a z i n e (167) 

The -pyridazine (167) behaved i n a s i m i l a r manner when 
t r e a t e d w i t h gaseous f l u o r i n e as i t did when f l u o r i n a t e d w i t h 
cobalt I I I f l u o r i d e (Section 3.10). Thus, a f t e r passing an excess 
of f l u o r i n e (13 moles per mole of (167)) through a s o l u t i o n of 
the - p y r i d a z i n e (167) i n Freon 113 at -5°C, apart from traces 
of less v o l a t i l e m a t e r i a l , the only product detected was an 
inseparable mixture of c i s - and t r a n s - p e r f l u o r o - 2 , 3 , 4 , 5 - t e t r a -
methyl-hex-3-enes (168) and (169) i n approximately the same 
r a t i o (1:1.8) as they are produced i n the cobalt I I I f l u o r i d e 
r e a c t i o n . The y i e l d of the -3-enes (168) and (169) was also 
s i m i l a r at 57% combined. The o l e f i n s (168) and (169) were 
i d e n t i f i e d by comparison of t h e i r spectra w i t h those of m a t e r i a l 
produced by the r e a c t i o n w i t h cobalt I I I f l u o r i d e . 

The f o l l o w i n g mechanism i s proposed f o r t h i s r e a c t i o n : 
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F F 
F 2 ^ Y T ^ N F 2 ^YT^ R N 1 F I F F 

F N N F R R 

/ N 
N 

R 

C 9 less l i k e l y 

^ C F R ^ intermediate R 

F 2 F 

C F R 

C F 

F 2 
F R F X ^ C F 3 + F R F ^ C F 3 + p C | 

to 

F- R / v ^ F F R CF R CF 

R F = C F [ C F 3 ) 2 

The intermediacy of the cyclobutene i s less l i k e l y i n t h i s case 
as the route to the observed products i s more s t r a i g h t f o r w a r d 
from a diene intermediate 
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CHAPTER 5 

THE REACTION OF PERFLUORO-CYCLIC-IMINES 
WITH NUCLEOPHILIC REAGENTS 

5.1 I n t r o d u c t i o n 

The p r e p a r a t i o n of a se r i e s of new p e r f l u o r e - c y c l i c -
imines was described i n Chapter 3. When compared w i t h the 
work which has been done on the i s o e l e c t r o n i c p e r f l u o r o - o l e f i n s , 
comparatively l i t t l e i s known of the chemistry of t h i s class of 
compounds although work by several authors has already shown 
th a t perfluoro-imines are susceptible to att a c k by n u c l e o p h i l i c 
reagents i n a manner analogous t o the reac t i o n s of p e r f l u o r o -

184 
o l e f i n s . I n t h i s clmpter the re a c t i o n s of some of the 
new p e r f l u o r o - c y c l i c - i m i n e s and the pr e v i o u s l y known p e r f l u o r o -

163 
1,l'-bi-l,3-diazacyclohex-2-enyl (160) w i t h a se r i e s of 
nucleophiles are described. 

N \ .N—N N 
(160) 

The dimer (160) i s prepared by the cobalt I I I f l u o r i d e 
f l u o r i n a t i o n of t e t r a f l u o r o p y r i m i d i n e as described i n Section 
2.6G(d) and the s l i g h t doubts about i t s s t r u c t u r e expressed by 
the o r i g i n a l authors have now been removed by an experiment 
described i n Section 5.7A. 

The order i n which the reactions are described i s deter­
mined by the nature of the p a r t i c u l a r nucleophile. Thus a 
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r e a c t i o n w i t h p e r f l u o r o i s o p r o p y l carbanion i s described f i r s t as 
i t s n u c l e o p h i l i c centre i s a carbon atom. Then reactions w i t h 
nucleophiles based on oxygen, moving to the r i g h t across the 
p e r i o d i c t a b l e , are described and then, f i n a l l y , reactions w i t h 
h a l i d e ions are described. Any r e a c t i o n s performed on products 
i s o l a t e d from the n u c l e o p h i l i c r e a c t i o n are d e a l t w i t h immediately 
a f t e r d e s c r i b i n g t h e i r preparation. 

5.2 P e r f l u o r o i s o p r o p y l Carbanion as a Nucleophile 

5 2A Reaction w i t h perfluoro-4-isopropylcyclohexa-l,3-diene (121) 

i s o p r o p y l carbanion (187), generated i n s i t u by the d i s s o l u t i o n 
of hexafluoropropene (190) i n a s l u r r y of dry caesium f l u o r i d e 
and tetrahydrothiophen dioxide as a solvent. N u c l e o p h i l i c 
aromatic s u b s t i t u t i o n s w i t h p e r f l u o r o i s o p r o p y l carbanion, 

185 
using s i m i l a r techniques, are w e l l known. 

Upon d i s t i l l i n g the products, a mixture of oligomers of 
hexafluoropropene and one new product was obtained. The new 
product was separated from the oligomers by f u r t h e r d i s t i l l a t i o n . 
I t was i d e n t i f i e d as the d i s u b s t i t u t e d product perfluoro-2,3,4-
t r i - i s o p r o p y l - l - a z a c y c l o h e x a - 1 , 3 - d i e n e (201). 

The -1,3-diene (121) was reacted w i t h the p e r f l u o r o -

C R C F = C R + F 
Eh* (CfckCF ""9 

(190) (187) 

RCR CRCF R C R 3'2 
• ^ C R C F J 

F 2(CF3)2CF F 
NT C R C F J N 

(121) (201) 
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Thus, a parent ion at m/e = 657 confirmed the new product 
to have formed by the s u b s t i t u t i o n of two f l u o r i n e atoms f o r 
p e r f l u o r o i s o p r o p y l ((CF 3) 2CF-) groups. The 1 9 F n.m.r. spectrum 
revealed three s i g n a l s i n the high f i e l d region above 150 p.p.m., 
each i n t e g r a t i n g to one, which were evidence of the presence of 
three t e r t i a r y ( ->CF) f l u o r i n e atoms. A complicated group of 
sig n a l s between 66 p.p.m. and 76 p.p.m., i n t e g r a t e d to 18 and 
was t h e r e f o r e assigned to the t r i f l u o r o m e t h y l groups of three 
non-equivalent h e p t a f l u o r o i s o p r o p y l groups. The only other 
groups of signal s i n the spectrum were two oc c u r r i n g i n mid-
f i e l d , both i n t e g r a t i n g to 2. Both s i g n a l s e x h i b i t e d an AB 
s p l i t t i n g p a t t e r n and were assigned t o r i n g difluoromethylene 
( ^CF2) groups. 

The chemical s h i f t s of the f l u o r i n e atoms i n one of the 
AB systems were at the downfield part of the usual range of 
s h i f t s f o r difluoromethylene ( ̂ Cl 7

2) s i g n a l s , at 107 p.p.m. and 
116 p.p.m., by comparison w i t h the models (160) and (161) below, 
t h i s was taken as evidence t h a t one of the difluoromethylene 
groups was bonded t o the nit r o g e n atom: 

135 p.p.m. 

b = 

96 p.p.m. 
101 p.p.m. 
134 p.p.m. 
141 p.p.m. 
99 p.p.m. 

I l l p.p.m. 

(160) 
(Ax. ) 
(Eq. ) 
(Ax. ) 
(Eq. ) 
(Ax. ) 
(Eq. ) 

Ax 

134 p.p.m. 

93 p.p.m. 

a x i a l 
Eq = e q u a t o r i a l 

F 

(161) 

121 p.p.m. 

51 p.p.m. 

Ref: 163 

Two s t r u c t u r e s , (201) and (202), were considered possible 



-143-

on the basis of the data so f a r . (202) could have formed as a 
r e s u l t of f l u o r i d e ion rearrangements. 

FICF 3 ) 2 CF(CF3) 2 

C R C F ^ 

N ^ C F i C E ^ 
(20 1) 

F 
( C F ^ C F ^ N 

(20 2) 

5>: 

F i n a l c o n f i r m a t i o n t h a t the product was the - 1 , 2 , 3 - t r i - i s o -
propyl-isomer (201) was only possible a f t e r the product had 
been d e f l u o r i n a t e d to a p y r i d i n e i d e n t i f i e d as perfluoro-2,3,4-
t r i - i s o p r o p y l p y r i d i n e (203). 

RCF 3 ) 2 

C R C i | ) 2 

tf^CRCF^ 
(201) 

Fe 
340°C 

C R C ^ ) 2 

C R C F 3 ) 2 

CRCFj^ 
(203) 

Thus, by passing the new diene i n a stream of ni t r o g e n 
over heated i r o n f i l i n g s i n a s i l i c a tube at 340°C, a c r y s t a l l i n e 
product was i s o l a t e d . The new product gave a parent ion at 

19 
m/e = 619. I t s F n.m.r. spectrum consisted of a complicated 
band of si g n a l s between 69 and 73 p.p.m. i n t e g r a t i n g t o 18 and 
three s i g n a l s at h i g h f i e l d each i n t e g r a t i n g t o 1 which were 
assigned as the si g n a l s of three s u b s t i t u e n t non-equivalent 
p e r f l u o r o i s o p r o p y l groups. The only remaining s i g n a l s i n the 
spectrum were two at m i d - f i e l d , each i n t e g r a t i n g t o 1, i d e n t i f y ­
i n g them as bonded to the r i n g carbons of a p y r i d i n e . This 
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confirms the formation of a p y r i d i n e from the diene. The 
possib l e p y r i d i n e s from the dienes (201) and (202) are (203) 
and (204). 

F 

F ( C F 3 ) 2 CF(CF3)2 

F 
^ > C F ( C F 3 ) 2 ( C F 3 ) 2 C F ^ j 

(.203) (204) 

185 
The -2,4,5-isomer (204) i s known and was immediately 

19 
eli m i n a t e d because the F n.m.r. and i . r . spectra of an 
authentic sample were d i f f e r e n t from those of the new p y r i d i n e . 
This, t h e r e f o r e , confirmed the new p y r i d i n e as the -2,3,4-
isomer (203) and the i n i t i a l diene as the -2,3,4-isomer ( 2 0 l ) . 

19 
The F n.m.r. spectrum of the diene (201) was i n s u f f i c i e n t ­

l y resolved to allow any f i r m conclusions about the stereo­
chemistry of the s u b s t i t u e n t a l k y l groups. Changes took 
place i n the spectrum on heating t o 161°C (16 degrees below the 
b. p t . ) but they have not been i n t e r p r e t e d as the r e s o l u t i o n 
concomitantly became much worse. 

The i . r . spectrum of the new diene ( 2 0 i ) contained only 
-1 

one strong band i n the double bond region (1400 to 1800 cm ) 
at 1,657 cm 1. This i s not considered i n c o n s i s t e n t w i t h the 
proposed s t r u c t u r e as, although both the double bonds i n (201) 
are assymetric, the assymetry of the o l e f i n ( ^C=C' ) bond i s 
much less pronounced than t h a t of the imine ( ̂ C=N-) bond 
and hence the i . r . absorption band of the former would be expected 

186 
to be much weaker than t h a t of the l a t t e r . Therefore, the 
band at 1,657 cm ^ i s assigned t o the imine ( ^C=N-) bond. I n 
a d d i t i o n , i t i s possible t h a t the band i s due to two c o i n c i d i n g 



resonances. 
The p y r i d i n e (20'3) contained bands at 1,448 ( s h o u l d e r ) , 

1,471, 1,580 (shoulder) and 1,587 cm - 1 at wavelengths t y p i c a l 
of fluoroaromatic compounds as the f o l l o w i n g models i n d i c a t e : 

F 
R 1 ? 

(204) 

A = 1,562 and 1,600 cm max 
-1 Ref: 185 

L (20>5) 

F 

A = 1,453 and 1,587 cm 1 Ref: 185 max ' ' 

Am = 1,471 and 1,587 cm max ' ' 
-1 

Rp = CF(CF 3) 2 

(20 3) 
The f o l l o w i n g mechanism i s proposed to account f o r the 

formation of diene (201). 

(121) 

+ (CF 3) 2CF~ 

CF(CF 3) 2 

( 2 0 i ) 

R 
-F" 

F 
(20 6) (20 7) 

+ < C F3>2 

R 
'F 

^ R 
(208) F 



-146-

Th e i n i t i a l attack at C-2 i n the mechanism i s consistent 
w i t h the observations t h a t other nucleophiles attack diene (121) 
at C-2 to give i s o l a b l e mono s u b s t i t u t e d products (see Sections 
5.3C and 5.4B). 

As i s described i n Section 5.6C, the -1,3-diene (121) 
i s e q u i l i b r a t e d by f l u o r i d e i o n , i n the absence of hexafluoro­
propene , to produce a small p r o p o r t i o n of the -1,4-diene (122). 

Therefore i t must be concluded t h a t , as i n the presence of 
hexafluoropropene there are apparently no products derived 
from the -1,4-diene (122), then e i t h e r (121) reacts t o form the 
d i a l k y l diene intermediate (207) more q u i c k l y than i t reacts w i t h 
f l u o r i d e ion or t h a t , i n the presence of hexafluoropropene, the 
concentration of f r e e f l u o r i d e ion i s n e g l i g i b l e as a r e s u l t 
of the f o l l o w i n g e q u i l i b r i u m , 

Once formed, the d i a l k y l diene (207) would not be 
expected t o be susceptible to rearrangement t o a -1,4-diene as 
such a process would involve the e l i m i n a t i o n of a secondary 
rather than a hindered t e r t i a r y f l u o r i n e from the anion (208) 
and i t would also increase the number of f l u o r i n e s on unsaturated 
carbon atoms. Nevertheless, i t i s i n t e r e s t i n g t h a t the f u r t h e r 
s u b s t i t u t i o n of the d i a l k y l diene (20'7) occurs w i t h such apparent 
ease as i t was reported t h a t f o r c i n g conditions were required to 
i n s e r t a p e r f l u o r o i s o p r o p y l group i n t o a s i m i l a r p o s i t i o n i n the 

CF(Cfc) 
F 

F F 

(121) (122) 

C 3 F 6 + F 
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p e r f l u o r o t r i - i s o p r o p y l p y r i d i n e s (203) and ( 2 0 4 ) : 

N 
(20)4 ) (20,3) 

C 3F 6,CsF 

Sulpholan.190°C^ ^ ^ 

(20-9) 

Ref: 185 
The a u t h o r s t h o u g h t t h a t s t e r i c h i n d r a n c e was t h e major 

reason f o r the r e l u c t a n c e o f these p y r i d i n e s t o r e a c t , and, 

indeed, as t h e m i x t u r e c o n t a i n e d a h i g h p r o p o r t i o n o f the 

sy m m e t r i c a l p y r i d i n e (204) which, because i t does not bear a 

f l u o r i n e atom p a r a t o t h e s i t e o f a t t a c k , would o t h e r w i s e be 
18 7 

supposed t o be s u s c e p t i b l e t o f u r t h e r s u b s t i t u t i o n , t h i s i s 

q u i t e reasonable. 

I n c o n t r a s t w i t h t h e p y r i d i n e s (203) and ( 2 0 4 ) , however, 

t h e d i a l k y l d i e n e i n t e r m e d i a t e (207) and the t r i a l k y l d i e n e 

p r o d u c t (201) do not n e c e s s a r i l y have p l a n a r r i n g s and t h e s t e r i c 

c r o w d i n g may t h e r e f o r e be c o r r e s p o n d i n g l y l e s s severe. 

5.3 Reactions w i t h Methanol 

5.3A I n t r o d u c t i o n 

S e v e r a l r e a c t i o n s between p e r f l u o r o - i m i n e s and methanol 

have a l r e a d y been r e p o r t e d and i t i s c l e a r t h a t i m i n e s w i t h 

f l u o r i n e atoms bonded d i r e c t l y t o t h e u n s a t u r a t e d carbon are 

h i g h l y r e a c t i v e . I n f a c t , p e r f l u o r o - 2 - a z a p r o p e n e (210) r e a c t s 
191 

so v i g o r o u s l y t h a t a l l i t s f l u o r i n e atoms are removed. 
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CF 3-N=CF 2 + CHgOH -£> HF + NH 3 + (CH 30) 2CO 

+ CHgOCHg 

Ref: 191 

Two a l t e r n a t i v e mechanisms were proposed. The f i r s t 

i n v o l v e s a s e r i e s o f a d d i t i o n s o f methanol across t h e double 

bond f o l l o w e d by HF e l m i n a t i o n , 

CF 3-N=CF 2 

(210) 

+ CHgOH 
CF3-NH-CF2OCH3 

-HF 

(CH 30) 3C-NH-C(CH 30) 3 

i ) + CH3OH 
i i ) - HF 
Sev e r a l t i m e s 

CF2=N-CF2OCH3 

CHgOH 

C(OCH 3) 4 + NH 3 
HF i> (CH 30) 2CO + CH3OCH3 

Ref: 191 

(The a u t h o r c o n s i d e r s t h e f o l l o w i n g e l i m i n a t i o n s t e p t o be 

the more l i k e l y however on t h e grounds t h a t i t m i n i m i s e s t h e 

number of f l u o r i n e s bonded t o u n s a t u r a t e d carbon, 

CF 3-NH-CF 20CH 3 CF3-N=CFOCH3 ) 
The a l t e r n a t i v e mechanism i n v o l v e d t h e f o l l o w i n g i n i t i a l 

s t e p s 

CF 3N=CF 2 

+CH30H +CH30H 
-fi> CF 3NH 2 + CH3OCH3 + COF2 

CH3OH 

Products 

Ref: 191 

The r e a c t i o n o f t h e c y c l i c aza-1,3-diene ( 1 9 3 ) ; however, 
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was more c o n t r o l l e d and good y i e l d s o f t h e s i m p l e mono 
192 

s u b s t i t u t e d p r o d u c t (211) were r e p o r t e d , 

(193) 

CK^OH F 

N ^ O C H 3 

(211) 

Ref: 192 

5.3B The Re a c t i o n o f P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o h e x - 2 -

e n y l (16 0) w i t h Methanol 

The i m i n e dimer ( 1 6 0 ) , when r e a c t e d w i t h t w i c e t h e 

s t o i c h i o m e t r i c amount o f methanol, as a s o l u t i o n i n d i e t h y l 

e t h e r , gave t h e -2,2'-dimethoxy d e r i v a t i v e (212) i n 38% y i e l d . 

F I I F 
N X . N - N 

(160) 

+2CH0H 
EtgO,Na2CO 

3 20°-45°C, 
1 hr 

0CH~ OChL 
J ( 2 1 2 ) J 

38% 
The dimethoxy d e r i v a t i v e (212) w a s i d e n t i f i e d by i t s p a r e n t 

19 1 
i o n a t m/e = 442 and by i t s F and H n.m.r. s p e c t r a . Thus, 

19 
i t s F spectrum c o n s i s t e d s i m p l y o f t h r e e AB p a t t e r n s , two of 

which o v e r l a p p e d a t low f i e l d (92.4 and 95.3, 97.9 and 111.2 

p.p.m.) i d e n t i f y i n g them as due t o d i f l u o r o m e t h y l e n e groups 

next t o n i t r o g e n and t h e t h i r d was t o h i g h e r f i e l d (135.7 and 

138.1 p.p.m.) i n a r e g i o n t y p i c a l o f d i f l u o r o m e t h y l e n e bonded t o 

carbon. 

The "4l n.m.r. spectrum c o n t a i n e d a broad s i n g l e t o n l y ( a t 

3.12 p.p.m.) and t h e i . r . spectrum c o n t a i n e d a weak band a t 2,979 
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cm assigned t o t h e a l i p h a t i c ->C—II bond i n t h e methoxy groups 

and an i n t e n s e a b s o r p t i o n a t 1,675 cm * was assigned t o t h e 

imino ( ^C=N-) bond. 

5.3C The Re a t i o n o f P e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a -

1,3-diene (121 ) w i t h Methanol 

The - 1 - a z a - l , 3 - d i e n e (121) r e a c t e d w i t h methanol i n 

1:1 s t o i c h i o m e t r i c amounts under t h e same c o n d i t i o n s as t h e 

dimer (160) t o g i v e t he -2-methoxy d e r i v a t i v e (213) i n good 

y i e l d ( 5 2%) and t r a c e s of two u n i d e n t i f i e d p r o d u c t s . The 

-2-methoxy d e r i v a t i v e (213) was i d e n t i f i e d as such because i t s 

mass spectrum gave a p a r e n t i o n at m/e = 369 w h i l s t i t s 

n.m.r. spectrum c o n s i s t e d o f a broad s i n g l e t o n l y (3.13 p.p.m.) 
19 

and t h e F spectrum was s i m i l a r t o t h a t o f t h e s t a r t i n g diene 

(121) except t h a t t h e r e was no s i g n a l i n t h e low f i e l d r e g i o n 

a t t r i b u t a b l e t o an i m i n o f l u o r i n e ( -CF=N). A weak band a t 

2,960 cm ^ i n t h e i . r . was assigned t o ->C-H s t r e t c h e s i n t h e 

methoxy s u b s t i t u e n t group and an i n t e n s e band a t 1,661 cm ^ w i t h 

a s h o u l d e r a t 1,680 cm ^ was assigned t o t h e o l e f i n and 

im i n e bonds. 

(121) 

RCR) 3'2 
+ Et ? |0,Na ?C0 3 

3 90 mins,20-45°C 

RCF 3) 2 

N OCHg 
(213) 52% 

Upon r e a c t i n g (121) w i t h methoxide i o n i n molar r a t i o 

1:4, at room t e m p e r a t u r e , a c o m p l i c a t e d m i x t u r e o f p o l y s u b s t i t u t e d 

p r o d u c t s was o b t a i n e d . The m i x t u r e was i n v e s t i g a t e d by mass 

spectroscopy/g.1.c. which i n d i c a t e d t he f o l l o w i n g degrees of 

s u b s t i t u t i o n 
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3'2 

+ CH3ONa 

P r o p o r t i o n o f pro­
duct e s t i m a t e d 
from g . 1. c . 

20°C, 18 hr 
CH3OH * C 8NF 1 2OCH 3 

+ C 8 N F 1 1 ( O C H 3 ) 2 

+ C 8 N F l P C I I 3 > 2 
+ C 8 N F 1 0 ( O C H 3 ) 3 

+ C 8 N 1 ? 1 0 < O C H 3 ) 3 
+ C 8NF 9(OCH 3) 4 

1 1 % 

22% 

20% 

16% 

23% 

None o f t h e isomers were i s o l a t e d i n a pure s t a t e upon a t t e m p t i n g 

a s e p a r a t i o n by g . l . c . 

The i s o l a t i o n o f t h e monomethoxy d e r i v a t i v e (213) Q f 

d i e n e (121) c o n f i r m s t h e h i g h e r r e a c t i v i t y o f the i m i n o f l u o r i n e 

at C-2 compared w i t h t h e v i n y l i c f l u o r i n e a t C-3 i n ( 121)_ 

W h i l s t t h e low r e a c t i v i t y o f C-3 t o n u c l e o p h i l e s of t h e 

u n s u b s t i t u t e d -1,3-diene ( 1 9 3 ) c o u l d be e x p l a i n e d by t h e n e c e s s i t y 

f o r an u n f a v o u r a b l e i n t e r m e d i a t e c a r b a n i o n which would be 

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

bonded t o t h e charged carbon atom t h u s : -

F + Nu 

N 

(193 ) 

1 

(214 ) 

when C-4 bears a p e r f l u o r o i s o p r o p y 1 group t h e e q u i v a l e n t 

anion would no l o n g e r be s u b j e c t t o such d e s t a b i l i s a t i o n . There­

f o r e t h e absence o f a -3-methoxy d e r i v a t i v e such as (215) i n t h e 

r e a c t i o n of the - 4 - p e r f l u o r o i s o p r o p y l - 1 , 3 - d i e n e (121) may r a t h e r 
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be because t h e i n t e r m e d i a t e anion f o r a C-3 a t t a c k would be 

s t e r i c a l l y d e s t a b i l i s e d by the p e r f l u o r o - i s o p r o p y l 

H y p o t h e t i c a l p r o d u c t 

from C-3 s u b s t i t u t i o n 

215) 

An a l t e r n a t i v e e x p l a n a t i o n which seems e q u a l l y p l a u s i b l e 

i s based on t h e o b s e r v a t i o n t h a t t h e u n s u b s t i t u t e d -1,3-diene 
1 Q"3 192 

( i y j ) j i t s e l f , i s a l s o r e p o r t e d t o r e a c t e x c l u s i v e l y at C-2 

a l t h o u g h r e a c t i o n a t C-4 might have been p r e d i c t e d by analogy 

w i t h the behaviour of p e n t a f l u o r o p y r i d i n e , and o t h e r aza-
a r o m a t i c s , which are u s u a l l y most r e a c t i v e at p o s i t i o n s para t o 
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n i t r o g e n . T h e r e f o r e , i t might be t h a t , i n t h e - l - a z a - 1 , 3 -

diene systems, a t t a c k occurs p r e f e r e n t i a l l y at C-2 because, i n 

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

n e g a t i v e n i t r o g e n . I t i s not p o s s i b l e t o d i s t i n g u i s h these 

p o s s i b i l i t i e s f o r t h e - 4 - p e r f l u o r o i s o p r o p y 1 compound on t h e b a s i s 

o f t h e a v a i l a b l e evidence. 
5.3D The R e a c t i o n o f P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 3 - d i a z a -

c yclohexa-3,6-diene (153) w i t h Methanol 

The -1,3-diaza-3,6-diene (153) was r e c o v e r e d unchanged 

a f t e r r e f l u x i n g i t f o r an hour i n e t h e r w i t h methanol i n 1:1 

s t o i c h i o m e t r y . However, when r e a c t e d w i t h sodium methoxide i n 

1:1 s t o i c h i o m e t r y i n methanol f o r 20 h r s a c o m p l i c a t e d m i x t u r e 

o f at l e a s t e i g h t p r o d u c t s was o b t a i n e d . The s t e r i c problems o f 

a t t a c k i n g an imino group s u b s t i t u t e d by p e r f l u o r o i s o p r o p y 1 would 

be g r e a t b u t , i f a c h i e v e d , rearrangements t o r e n d e r f u r t h e r s i t e s 

a v a i l a b l e c o u l d w e l l occur. 
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5.4 Reactions w i t h Phenol 

5.4A R e a c t i o n o f P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o h e x - 2 - e n y 1 

(160) w i t h Phenol 

The d i - i m i n e (160) was r e a c t e d w i t h phenol i n 1:2 

s t o i c h i o m e t r y i n e t h e r i n t h e presence o f t r i e t h y l a m i n e . The 

p r o d u c t was a h i g h m e l t i n g s o l i d f o r which no s u i t a b l e s o l v e n t 

f o r n.m.r. spectroscopy c o u l d be found. A p a r e n t pea]-: at 

m/e = 566 was c o n s i s t e n t w i t h t h e f o r m a t i o n o f a diphenoxy 

d e r i v a t i v e . The i . r . spectrum c o n t a i n e d weak bands a t 3070 and 

3098 cm * a t t r i b u t a b l e t o phen0li.c7.C-H s t r e t c h e s , ' a s t r o n g broad 

band a t 1705 cra"^ a t t r i b u t a b l e t o ̂ C=N- s t r e t c h i n g and sharp 

bands a t 1590 cm -* and 1603 cm -* a t t r i b u t a b l e t o p h e n o l i c ^C=CC 

s t r e t c h e s . 

On t h e b a s i s o f t h i s evidence t he p r o d u c t was t h o u g h t 

l i k e l y t o be t h e diphenoxy compound ( 2 1 6 ) . 

5.4B The Re a c t i o n o f P e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a -

1,3-diene (121) w i t h Phenol 

The p r o d u c t from t h e r e a c t i o n between t h e aza-diene (121) 

and phenol i n 1:1 s t o i c h i o m e t r y was i d e n t i f i e d as t h e -2-phenoxy 

d e r i v a t i v e ( 2 1 7 ) , c o n f i r m e d by a p a r e n t i o n a t m/e = 431 i n i t s 
1 1 9 19 mass spectrum and H and F n.m.r. s p e c t r a . Thus, t h e F 

n.m.r. spectrum was s i m i l a r t o t h a t o f the s t a r t i n g aza-diene 

(121) except f o r t h e absence of a l o w - f i e l d s i g n a l a t t r i b u t a b l e 

t o an imino f l u o r i n e (-FC=N-) w h i l s t an envelope o f u n r e s o l v e d 

s i g n a l s at 7.11 p.p.m. ( f r o m T.M.S.) i n the a r o m a t i c r e g i o n o f 

the *H n.m.r. was a t t r i b u t e d t o t h e p h e n o l i c p r o t o n s . 

The r e a c t i o n s o f t h e imines w i t h phenol are hence v e r y 

s i m i l a r t o t h e r e a c t i o n s w i t h methanol and s i m i l a r mechanisms 

are t h o u g h t t o ap p l y . 

http://phen0li.c7.C-H
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F 
N N v N v 

0 0 

216 

C F ( C F V 2 CRCFJ OH 
3'2 

Et„0 
F F o 25 t o 35^C 

N N 
(121) (217) 

5.5 Hydr o l y s e s 

5.5A The H y d r o l y s i s o f P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o h e x -

2-enyl (160) 

Upon r e f l u x i n g t h e dimer (160) w i t h an excess o f water 

i n acetone f o r 24 hours a s i n g l e p r o d u c t was o b t a i n e d i n h i g h 

y i e l d which was found t o be the t e t r a k e t o d e r i v a t i v e ( 2 1 8 ) . 

0 (7^ H o0, Acetone F F F F N—N MgCO N 
H R e f l u x , 24hrs I I I 

0 0 

The t e t r a k e t o n e (218) was i d e n t i f i e d as such by i t s 1 9 F 

n.m.r. spectrum which c o n s i s t e d , s i m p l y , of two AB p a t t e r n s , one 

of which was t o l o w f i e l d i n a r e g i o n t y p i c a l o f a CF 9 group next 
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t o n i t r o g e n (98.72 and 105.41 p.p.m.) w h i l s t t h e o t h e r was t o 

h i g h e r f i e l d i n a r e g i o n t y p i c a l o f a >CF2 bonded t o carbon atoms 

o n l y (120.71 and 130.07 p.p.m.). 

The mass spectrum gave a p a r e n t i o n a t m/e = 370 which 

t o g e t h e r w i t h t h e da t a from e l e m e n t a l a n a l y s i s , c o n f i r m e d t he 

e m p i r i c a l f o r m u l a CgN^O^FgHg. Peaks due t o t h e su c c e s s i v e l o s s 

o f two HF molecules from t h e p a r e n t i o n were p r e s e n t a t m/e = 

350 and 330 and a peak at m/e = 328 was i n t e r p r e t e d as due t o 

th e l o s s of a hydrogen i s o c y a n a t e (HNCO) molecule from t h e 

p a r e n t i o n . 

A m u l t i p l e band p e a k i n g a t 3143 and 3239 cm - 1 i n t h e i . r . 

spectrum was t y p i c a l o f t h e ̂ N-H s t r e t c h e s of a l a c t a m a s s o c i a t e d 

i n t h e s o l i d s t a t e and a v e r y s t r o n g m u l t i p l e band w i t h peaks a t 

1740 and 1795 cm ^ was assigned t o the X>0 a b s o r p t i o n s . These 

l a t t e r were a t s h o r t e r wavelengths than i s t y p i c a l f o r a l a c t a m 

but i t i s known t h a t e l e c t r o n w i t h d r a w i n g groups on t h e a d j a c e n t 

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

group and a c a r b o n y l group f o r t h e o t h e r , cause s h i f t s t o s h o r t e r 
193 

wavelengths. 

5.5B The H y d r o l y s i s of P e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a - l , 

3-diene ( 1 2 1 ) and -1,4-diene (122) 

The diene (121) was h y d r o l y s e d w i t h excess water i n 

acetone under s i m i l a r c o n d i t i o n s t o those o f t h e dimer ( l ^ O ) . 

The p r o d u c t , o b t a i n e d i n rea s o n a b l e y i e l d , was i d e n t i f i e d as 

th e amido compound ( 2 1 9 ) . 

CF(C(|) 2 CF(Ci | ) 2 

Acetone,MgC0 Q 

Z R e f l u x , 7 hrs 

(121) 
(219) 46% 
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19 Thus, t h e F n.m.r. spectrum c o n t a i n e d , a p a r t from s i g n a l s 
r e a d i l y i d e n t i f i a b l e as those due t o a p e r f l u o r o i s o p r o p y l group 
by i n t e g r a t i o n and chemical s h i f t s (75.5 and 185.5 p.p.m.), two 
s e t s o f s i g n a l s i n t e g r a t i n g t o 2 and 1 r e s p e c t i v e l y . Both 
s i g n a l s were a t m i d f i e l d (93.7 and 100.4 p.p.m.) and were i d e n t i ­
f i e d as due t o a r i n g d i f l u o r o m e t h y l e n e group ( •CFg) and a 

i 
v i n y l i c f l u o r i n e atom (F-C=CC ) . S t r o n g c o u p l i n g between the 

d i f l u o r o m e t h y l e n e group and the t e r t i a r y f l u o r i n e o f t h e p e r f l u o r o -

i s o p r o p y l group c o n f i r m e d t he p r o x i m i t y o f the former t o C-4 w h i l s t 

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

t h a t i t was not a d j a c e n t t o n i t r o g e n . The mass spectrum d i d not 

g i v e a d i s c e r n i b l e p a r e n t i o n , however, and t h e h i g h e s t m/e v a l u e 

was at 314, i n t e r p r e t e d as due t o t h e P-F i o n . Elemental a n a l y s i s 

c o n f i r m e d t h e e m p i r i c a l f o r m u l a as CgNOgHF^Q. A prominent peak 

at m/e 290 was i n t e r p r e t e d as due t o a l o s s o f a hydrogen 

i s o c y a n a t e fragment (P-HNCO). The same f r a g m e n t a t i o n process was 

no t e d , e a r l i e r , i n t h e mass spectrum o f t h e amido compound (218) 

d e r i v e d from t h e dimer (160) and t h i s r e f l e c t s t h e s t r u c t u r a l 

s i m i l a r i t i e s between t h e p y r i d i n e p r o d u c t (219) and t h e dimer 

p r o d u c t ( 2 1 8 ) . CRCI5). 

0' 
F 
N ^ 0 1 
H 

( 2 1 9 ) 

0: 

H" 
F 

1 1 
0 

^ 0 

. N — N 

( 2 1 8 ) 

F 

0 
H 

The l a c k of an o b s e r v a b l e p a r e n t i o n peak i n t h e mass 

spectrum o f amide (21i9) i s thought t o r e f l e c t t h e ease w i t h which 

t h e p a r e n t i o n would l o s e t h e t e r t i a r y f l u o r i n e atom ( ?CF) i n 

t h e s u b s t i t u e n t p e r f l u o r o i s o p r o p y l group t o form a h i g h l y 

d e l o c a l i s e d c a t i o n i c s p e c i e s ( 2 2 0 ) . The s i m i l a r i t y o f the 

s t r u c t u r e s of t h e amides (218) and (219) was a l s o r e f l e c t e d i n 
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CF(CF3) 

F 

I 

H 

+ C(CF 3 ) 2 

f a s t 

-F • 

+C(CF3) 

F 
H O - ^ j ^ O 

e t c , 

C5 / C F 3 

( 220) 
some f e a t u r e s o f t h e i r i . r . s p e c t r a . Thus (219) a l s o d i s p l a y e d 

a m u l t i p l e band o f ^N-H s t r e t c h e s ( a t 3118 and 3212 c m - 1 ) and of 

c a r b o n y l s t r e t c h e s ( a t 1735 and 1778 cm -*) b u t , by c o n t r a s t w i t h 

£18 ) , t h e o l e f i n i c bond i n (219) gave r i s e t o an a d d i t i o n a l band 

i n t h e double bond r e g i o n a t 1685 cm -*. 

The -1,4-diene (122) when r e a c t e d under t h e same c o n d i t i o n s 

was a l s o c o n v e r t e d t o t h e amide ( 2 1 9 ) . 

F(C(|) 2 CRCF^ 

.. ~ Acetone, MgCOo 
+ Ho 0 R e f l u x 7 h r s 

(122) H 
(219) 32% 

The - 4 - c h l o r o - d i e n e (123) was a l s o r e p o r t e d t o h y d r o l y s e 
t o an amide 192 

( 123) 

+ H 20 

Ref: 192 
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5.5C Attempted H y d r o l y s i s o f P e r f l u o r o - 4 , 6 - d i - i s o p r o p y 1 - 1 , 3 -

d i a z a c y c l o h e x a - 3 , 6 - d i e n e (153) 

The diene (153) appeared i n e r t t o r e a c t i o n w i t h water 

under c o n d i t i o n s s i m i l a r t o those i n which the imines (1G0), 

(121) and (122) were c o n v e r t e d t o amides. 

( C l ^ ) 2 C F r ^ \ f C R C ^ ) 2 

(153 ) 

5.5D P o s s i b l e Mechanism f o r t h e Hydrolyses 

The h y d r o l y s e s are t h o u g h t t o proceed v i a a s e r i e s o f 

a d d i t i o n s o f water f o l l o w e d by the e l i m i n a t i o n o f HF as i n : -

I n t h e dienes (121) and ( 1 2 2 ) , t he imino f l u o r i n e i s , once 

more, seen t o be more l a b i l e t han t h e o l e f i n i c f l u o r i n e atom and, 

a g a i n , i t seems most l i k e l y t h a t t h i s i s because t h e n i t r o g e n 

atom a c t i v a t e s C-2 t o a t t a c k by p o l a r i s a t i o n . 
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-HF 

+H 20 

H = CF(CF 3) 2 

A s i m i l a r mechanism i s proposed f o r t h e -1,3-diene ( 1 2 1 ) . The 

f a i l u r e o f t h e d i a l k y l diene (153) t o r e a c t i s presumably a r e s u l t 

o f u n f a v o u r a b l e s t e r i c i n t e r a c t i o n s between t h e s u b s t i t u e n t 

p e r f l u o r o i s o p r o p y l group and t h e incoming n u c l e o p h i l e . 

5.5E Attempted H y d r o l y s i s o f P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 3 -

d i a z a c y c l o h e x a - 3 , 6 - d i e n e (153) i n S u l p h u r i c A c i d 

I t was r e p o r t e d t h a t t h e d i f l u o r o m e t h y l e n e groups o f 

the -1,4-diene (221) may be h y d r o l y s e d t o c a r b o n y l by h y d r o l y s i s 

i n fuming s u l p h u r i c a c i d f o l l o w e d by o x i d a t i o n o f t h e r e s i d u e i n 
194 n i t r i c a c i d 

F 

(221) 

1) Fuming H 2S0 4 2) 50% HNOg 
fc, : f> 

0 
11 

F 

i • 
0 
Ref: 194 

The -3,6-diene (153) has an analogous s t r u c t u r e t o t h e 

-1,4-diene (221) but upon s u b j e c t i n g a sample t o p r o l o n g e d 

h e a t i n g and s h a k i n g w i t h fuming s u l p h u r i c a c i d a t 145°C f o r 17 h r s 

the s t a r t i n g m a t e r i a l was re c o v e r e d unchanged. I t i s not known 

whether t h i s i s because t h e -3,6-diene (153) i s not r e a c t i v e 

towards s u l p h u r i c a c i d o r whether t h e i m m i s i b i l i t y o f t h e 

r e a c t a n t s was r e s p o n s i b l e f o r t h e l a c k o f r e a c t i o n . 
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5.6 React i o n s w i t h F l u o r i d e I o n 

5.6A I n t r o d u c t i o n 

As d e s c r i b e d i n Chapter 2 ( S e c t i o n 2.3B) f l u o r i d e i o n , 

when not s o l v a t e d , behaves as a p o w e r f u l n u c l e o p h i l e and i t w i l l 

add t o an o l e f i n or an imine t o generate a c a r b a n i o n . An example 
195 

i s t h e o l i g o m e r i s a t i o n of h e x a f l u o r o p r o p e n e . 

CF 3-CF-CF 2 + F CF 3-CF-CF 3 

CF 3CF=CF 2 

(CF 3) 2'GFCF 2 CFCFy 

(CF 3) 2CFCF=CFCF 3 

l+F e t c 

Ref: 195 

I n t h e absence o f a t r a p p i n g agent and when o l i g o m e r i s a -

t i o n i s l e s s f a v o u r a b l e , rearrangements o f t e n occur and 

p e r f l u o r o - o l e f i n s are c o n v e r t e d i n t o t h e r m o d y n a m i c a l l y more 
. ., . 196 s t a b l e isomers. 

C F = C F + F 

C ^ = C F — C F , 

^CF>—CF p — C F 

C F 3 ~ C F — C f 2 C f j — C F — C F 

C F — C F 

C F 3 — C = C F 
( i i ) " F 

Ref: 196 
S i m i l a r f l u o r i d e i o n induced r e a c t i o n s have been observed 

w i t h i m i n e s . The n e g a t i v e charge r e s i d e s on t h e n i t r o g e n i n t h e 

r e s u l t a n t a n i o n i c i n t e r m e d i a t e . An example o f a f l u o r i d e i o n 

induced rearrangement o f a p e r f l u o r o i m i n e i s : -



-161-

CF^—N-CF(CF^) CF[CF 3)-N-CF, 

+ F" 

\ IX 
CF — C-^F 

/ * \ 
C F 3 - N - ^ 

CFo 

CF-

CF3 

/ 
N 

/ 3 

-C 

W 
N 

/ 
Ref: 197 

The i n t e r m e d i a t e anion may be t r a p p e d by a s u i t a b l e t r a p p ­

i n g agent such as a p e r f l u o r o - a r o m a t i c compound a c t i v a t e d t o 

n u c l e o p h i l i c s u b s t i t u t i o n . C y a n u r i c f l u o r i d e i s a h i g h l y 
198 

s u i t a b l e r e a g e n t i n t h a t r e s p e c t . 

Cf^~N=CF2 + F 

( C ^ ) 2 N ^ N ^ N ( C F ^ ) 2 

C | - N - C | 

•N 
F 

N^n 'N 

(CF^N 
(CF^N-

e t c F 
N 

Ref: 198 

5.6B Re a c t i o n o f P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o h e x - 2 - e n y l 

(160) w i t h F l u o r i d e I o n 

The dimer (160) was r e a c t e d w i t h caesium f l u o r i d e t o 

g i v e , a p a r t from r e c o v e r e d s t a r t i n g m a t e r i a l , one of two i s o l a t e d 

p r o d u c t s , o r a m i x t u r e o f t h e two, depending on the c o n d i t i o n s . 

Only one o f the two new p r o d u c t s was i d e n t i f i e d . 

Thus, when t h e dimer (160) was heated w i t h caesium f l u o r i d e 

i n t h e absence of a s o l v e n t , t h e p r o d u c t c o n s i s t e d o f r e c o v e r e d 

(160) and a new compound (222) which has been t e n t a t i v e l y 

i d e n t i f i e d as p e r f l u o r o - 4 - m e t h y l - l , 2 , 5 , 7 - t e t r a - a z a t r i c y c l o -

[ 5.3.1.0 2' 6]undec-4-ene ( 2 2 2 ) . 
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NkF N CsF 
F F F F 

N N 3hrs 
(lGO) (222) 

A p a r e n t i o n a t m/e = 418 and e l e m e n t a l a n a l y s i s c o n f i r m e d t h e 

p r o d u c t (222) t o be an isomer o f t h e s t a r t i n g m a t e r i a l ( 1 6 0 ) . 
19 

The F n.m.r. spectrum c o n t a i n e d f i v e s e t s o f s i g n a l s a t t r i b u ­

t a b l e t o d i f l u o r o m e t h y l e n e ( X F 2 ) groups by t h e i r i n t e g r a t i o n s 

and m i d - f i e l d s h i f t s . I n a d d i t i o n , f o u r out o f th e s e f i v e s e t s 

o f s i g n a l s e x h i b i t e d AB s p l i t t i n g p a t t e r n s . The o n l y s i g n a l s not 

a t t r i b u t a b l e t o d i f l u o r o m e t h y l e n e groups were a s i n g l e t i n t e g r a ­

t i n g t o 3 at 58.6 p.p.m. and a s i g n a l , hidden under one 

l i n e of one o f the AB p a t t e r n s , i n t e g r a t i n g t o 1 a t 106.3 p.p.m. 

The s i g n a l a t 58.6 p.p.m. i n d i c a t e s t h e presence o f a 

t r i f l u o r o m e t h y 1 (-CF^) group on t h e molecule which i n t u r n 

i n d i c a t e s a r i n g c o n t r a c t i o n t o have o c c u r r e d d u r i n g t h e forma­

t i o n o f t h e p r o d u c t . The absence o f o t h e r s i g n a l s i n t h e low-

f i e l d r e g i o n below 80 p.p.m. i n d i c a t e s t h e absence o f imino 

f l u o r i n e atoms (-CF=N-). The s h i f t o f t h e t r i f l u o r o m e t h y l 

s i g n a l (5S.6 p.p.m.) i s t y p i c a l f o r a t r i f l u o r o m e t h y l group 

bonded t o an u n s a t u r a t e d carbon, as t h e f o l l o w i n g models i n d i c a t e 

C F r-\ C F C IP (-» v. 

56 p.p.m. 

^ C F ( C F 3 ) 2 

52 p.p.m. 

CX / N ( C H 3 ) 2 

C F 3 
63.7 p.p.m. 

Ref: 199 Ref: 200 
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A s t r o n g a b s o r p t i o n at 1740 cm -1 i n the i . r . spectrum 

c o n f i r m e d t h e presence of an u n s a t u r a t e d bond. To accommodate 

these d a t a , t h e t r i f l u o r o m e t h y 1 group (-CFg) must be s i t u a t e d 

e i t h e r on a carbon doubly bonded t o n i t r o g e n (CFgC=N-) ( as i n 

t h e p r e f e r r e d s t r u c t u r e (222) j or on a carbon doubly bonded t o 

carbon (CF^-C^' ). The l a t t e r s i t u a t i o n would i m p l y t h e presence 

of f o u r b r i d g e h e a d n i t r o g e n atoms i n s t r u c t u r e s such as ( 2 2 3 ) ? 

but i t i s d i f f i c u l t t o see how such compounds c o u l d have formed 

from t h e s t a r t i n g m a t e r i a l (\QQ) . 

The e x p e r i m e n t a l d a t a does not appear t o be c o n s i s t e n t 

w i t h such s t r u c t u r e s , e i t h e r , as o n l y one of t h e d i f l u o r o m e t h y l e n e 

( ) groups r e s o n a t e s at s u f f i c i e n t l y l o w f i e l d , w i t h l i n e s at 

88.3 and 98.6 p.p.m., t o have two a d j a c e n t n i t r o g e n atoms, as 

the models below i n d i c a t e : 

The s i g n a l at 106.3 p.p.m., i n t e g r a t i n g t o 1, c o u l d be 

i n t e r p r e t e d as due t o a f l u o r i n e atom bonded t o u n s a t u r a t e d 

carbon (-CF=C£ ) as i n the l e s s f a v o u r e d s t r u c t u r e such as (223) 

but i t i s argued on the b a s i s o f t h e model compound (198) t h a t t h e 

d e s h i e l d i n g i n f l u e n c e of t h r e e a d j a c e n t n i t r o g e n atoms might w e l l 

be s u f f i c i e n t t o reduce t h e chemical s h i f t from t h e h i g h f i e l d 

C ^ v ^ K — N 

> > > F 
N N 

(223 ) 

, c&C RfCir CRCR 32 
N N 93 p.p 

F 074 p.p m 
S e c t i o n 3.7 Ret 

93 p.p.m. F } \ M S 

F 

2 N 

Ref: 163 
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p o s i t i o n u s u a l l y observed when t e r t i a r y f l u o r i n e s are a d j a c e n t 

t o carbon atoms o n l y ) as i n ( 2 2 4 ) , and s t r u c t u r e ( 222) remains 

p r e f e r r e d . 

NF 2 

I 
NF 9 — C — F 139 p. p.m. 

I 
NF 2 

(198) 

-C — C — F 70 to 120 p. p.m. w . r . t 
I CFoCOOH 

H148 t o 198 p.p.m. w . r . t 
1 C F C 1 3 

(22 4 ) 

Ref: 185 Ref: 177 

When the dimer (160) i s heated w i t h caesium f l u o r i d e i n 

t h e presence o f s u l p h o l a n as a so l v e n t , at 140°C f o r 2 hrs, a new 

p r o d u c t , (225) which was not i d e n t i f i e d , i s o b t a i n e d as w e l l as 

(222). With t h e same s o l v e n t at 180°C f o r 3 h r s the new compound 

(225) i s t h e o n l y v o l a t i l e p r o d u c t a p a r t from gaseous f r a g m e n t a t i o n 
p r o d u c t s . 

The f o r m a t i o n o f (222) i s o n l y p a r t i a l l y u nderstood. 

I n t r a - r n o l e c u l a r r e a c t i o n t o form a t r i c y c l i c system c o u l d e a s i l y 

occur v i a t he f o l l o w i n g n u c l e o p h i l i c mechanism: 

F F F F 
N 

160) CF I 

M Unknou \ F \ 'n F mechanism F N F ,N « r N 
N N 

N N F F 

(222) 
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Th e r i n g c o n t r a c t i o n r e a c t i o n , however, i s not understood 

at p r e s e n t . 

5.6C The R e a c t i o n o f P e r f l u o r o - 4 - i s o p r o p y 1 - 1 - a z a c y c l o h e x a - l , 

3-diene (121) and -1,4-diene (122) w i t h F l u o r i d e I o n 

As a l r e a d y r e f e r r e d t o i n S e c t i o n 2.5A, when e i t h e r the 

-1,3- or the -1,4-dienes (121) or (122) are heated w i t h caesium 

f l u o r i d e , i n the presence o f a s o l v e n t , a m i x t u r e of b o t h 

i n molar r a t i o 7:3 i s o b t a i n e d . 

- F " 

- F 

+ F" 

f^- CRCF3)2 

By analogy w i t h t h e b e h a v i o u r o f o t h e r n u c l e o p h i l e s i t i s 

assumed t h a t C-2 i s t h e s i t e o f a d d i t i o n . 

5.6D The Attempted R e a c t i o n o f P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 

3 -diazacyclohexa-3,6-diene (153) w i t h F l u o r i d e I o n 

Upon s t i r r i n g t h e diene (153) w i t h caesium f l u o r i d e i n 

t e t r a g l y m e at 50°C f o r 15 h r s , no new p r o d u c t s c o u l d be 

d e t e c t e d . I t i s u n l i k e l y t h a t f l u o r i d e i o n a d d i t i o n does not 

t a k e p l a c e under these c o n d i t i o n s and hence i t i s concluded t h a t 

d i e n e (153) i s more s t a b l e t h a n i t s p o s s i b l e isomers. T h i s 

c o n c l u s i o n was used t o i n t e r p r e t t h e mechanism o f i t s f o r m a t i o n 

from the p y r i m i d i n e (152) i n S e c t i o n 3.10. 
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5.7 Reactions w i t h C h l o r i d e I o n and React i o n s of C h l o r i d e 

Ion D e r i v a t i v e s 

5.7A R e a c t i o n o f P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o h e x - 2 - e n y l (160) 

w i t h C h l o r i d e I o n 

When t h e f l u o r i n a t i o n o f t e t r a f l u o r o p y r i m i d i n e (156) 

w i t h c o b a l t I I I f l u o r i d e was r e p o r t e d , t h e a u t h o r s were not 

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

s t r u c t u r e (226 ) f o r t h e d i m e r i c p r o d u c t a l t h o u g h t h e 
16 3 

evidence s t r o n g l y f a v o u r e d ( 1 5 3 ) . 

19 F n . m . r 

C pF 3/CaF 2 

175°C N-N 

(156) (153 ) (226 ) 
Ref: 163 

I n view of t h e proven s u s c e p t i b i l i t y o f the im i n o f l u o r i n e 

(~CF=N-) i n the dimer t o n u c l e o p h i l i c s u b s t i t u t i o n and t h e ease 

w i t h which t h e dimer may be d e f l u o r i n a t e d t o r e g e n e r a t e a 

p y r i m i d i n e ( d e s c r i b e d i n S e c t i o n 7.3 ) i t was a n t i c i p a t e d t h a t 

an unambiguous p r o o f o f s t r u c t u r e (153) might be o b t a i n e d by t h e 

f o l l o w i n g s e r i e s o f r e a c t i o n s : 

N 
F 

N-

X 

A.Fe 

(227) 
N u c l e o p h i l i c s u b s t i t u t i o n , D e f l u o r i n a t i o n 

X 

N' F N 
A,Fe 

N N 
(228) 

\ - n u c l e o p h i l e 
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Thus t h e s y m m e t r i c a l p y r i m i d i n e (227) would be r e a d i l y 
19 

d i s t i n g u i s h e d from (228) by F n.m.r. sp e c t r o s c o p y . 

C h l o r i d e i o n was t h e chosen n u c l e o p h i l e on t h e grounds t h a t 

a c h l o r i n e atom would be l e s s t h e r m a l l y l a b i l e a t t h e necessary 

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

L i t h i u m c h l o r i d e was chosen as t h e source o f c h l o r i d e i o n 

because, as was d i s c u s s e d i n S e c t i o n 2.3B ( a ) , a l t h o u g h when M 

i s a l a r g e c a t i o n such as K + o r Cs + , t h e e q u i l i b r i u m below tends 

t o t h e l e f t , a r e d u c t i o n i n t h e i o n i c r a d i u s o f M r e v e r s e s t h e 

e q u i l i b r i u m t o the r i g h t : 
R - F + MCI ^ n R - CI + MF 

T h i s has been a t t r i b u t e d t o t h e h i g h e r l a t t i c e energy o f l i t h i u m 

f l u o r i d e compared w i t h t h e c h l o r i d e . 

Thus, upon s t i r r i n g t h e dimer (160) w i t h a s l u r r y o f 

l i t h i u m c h l o r i d e i n s u l p h o l a n a t 112°C f o r 12 h r s , a d i c h l o r o 

d e r i v a t i v e was o b t a i n e d i n 68% y i e l d . The p r o d u c t was i d e n t i f i e d 

as a d i c h l o r o d e r i v a t i v e by i t s mass spectrum which gave a p a r e n t 

i o n a t m/e = 450 w i t h a P:P+2:P+4 i n t e n s i t y r a t i o o f 100:66:11. 
19 

The F n.m.r. spectrum c o n t a i n e d t h r e e AB systems, one t o h i g h 

f i e l d (131.76 and 141.43 p.p.m.) and two o v e r l a p p i n g a t low 

f i e l d (91.05 and 129.98, 93.02 and 102.76 p.p.m.) s u g g e s t i n g 

t h e presence o f two n o n - e q u i v a l e n t d i f l u o r o m e t h y l e n e groups next 

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

from n i t r o g e n as i n s t r u c t u r e (229) r a t h e r t h a n ( 2 3 0 ) . The 

absence of any o t h e r s i g n a l s c o n f i r m e d t h a t t h e im i n o f l u o r i n e s 

(-CF=N-) i n the s t a r t i n g m a t e r i a l had been s u b s t i t u t e d . 

CI CI 
F F F F 

N N—N N or 

C r-1 
( 229 (2 30 ) 
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G.I.e./mass sp e c t r o s c o p y o f t h e crude p r o d u c t p r i o r t o 

the i s o l a t i o n o f t h e d i c h l o r o compound by r e c r y s t a l l i s a t i o n 

i n d i c a t e d , i n a d d i t i o n t o the d i c h l o r o compound, t h e presence 

o f a monochloro d e r i v a t i v e ( 7 % of t h e p r o d u c t ) , a t r i c h l o r o 

d e r i v a t i v e ( 8 % o f t h e p r o d u c t ) and t r a c e s o f a t e t r a c h l o r o 

d e r i v a t i v e . 

The d i c h l o r o d e r i v a t i v e (229) o r (230) was then d e f l u o r i -

nated by p a s s i n g i t , as t h e vapour i n a stream o f n i t r o g e n , over 

heated i r o n f i l i n g s . The p r o d u c t c o n t a i n e d o n l y one major 

component which, a f t e r i s o l a t i o n by g . l . c , was i d e n t i f i e d as 

2 - c h l o r o t e t r a f l u o r o p y r i m i d i n e (228) by i t s p a r e n t i o n at 

m/e = 168, w i t h P:P+2 = 100:33 i n d i c a t i n g one c h l o r i n e , and t h e 
spectrum 

F n.m.r./ which c o n t a i n e d o n l y two s i g n a l s i n t h e i n t e n s i t y 

r a t i o 1:2. The more i n t e n s e s i g n a l was a d o u b l e t a t low f i e l d 

i n a t y p i c a l (-CF=N-) r e g i o n and t h e o t h e r s i g n a l was coupled t o 

i t as a t r i p l e t t o h i g h e r f i e l d . 

N N » - N 

CI CI 
( 229) 

CI 
(228 ) 59% 

T h e r e f o r e t h e s t r u c t u r e o f t h e o r i g i n a l dimer can be 

co n f i r m e d as (160) and i t s d i c h l o r o d e r i v a t i v e as ( 2 2 9 ) . 

(160) (229 ) CI CI 
The p y r i m i d i n e (228) was proposed as an i n t e r m e d i a t e i n 

201 t h e r e a c t i o n between t e t r a f l u o r o p y r i m i d i n e and c h l o r i n e . 
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F 
N X N 

+ CI2 + CI 
N \ 'N , 

CI (228) 

I +FCI 

4 

F 

CI 

CI 

CI 
CI 

* = not i s o l a t e d Ref: 201 
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CHAPTER 6 

THE PHOTOLYSIS OF SOME PERFLUORO-AZADIENES AND -IMINES 

6.1 I n t r o d u c t i o n 

I n t h i s c h a p t e r t h e r e s u l t s of a s e r i e s o f p h o t o l y s e s 

o f some o f t h e new p e r f l u o r o - a z a d i e n e s and - i m i n e s , whose 

syntheses were d e s c r i b e d i n Chapter 3, are d i s c u s s e d . These 

r e a c t i o n s were performed i n c o - o p e r a t i o n w i t h R. M i d d l e t o n . 

The p h o t o l y t i c rearrangement o f p e r f l u o r o p o l y a l k y l p y r i d i n e s 
2 0 2 — 0 5 

and - p y r i d a z i n e s has been s t u d i e d i n d e t a i l r e c e n t l y , 

and, by t r a p p i n g and i d e n t i f y i n g t h e i n t e r m e d i a t e s o f some un­

ambiguously l a b e l l e d systems, Chambers e t a l . have e l u c i d a t e d 

the r e a c t i o n pathways o f some o f these r e a c t i o n s and have been 

a b l e , i n some cases, t o propose d e t a i l e d mechanisms. 

The r e a c t i o n s were found t o proceed v i a Dewar benzene 

i n t e r m e d i a t e s , such as (231) or ( 2 3 2 ) , and prismanes such as 

( 2 3 3 ) : 

N —N 

R^Nv^ R 

R F=CF(CF 3) 2 

(231) 

A 
4-

N-

N N 

Ref: 20 3, 205 

"N 

R p 

(232) 

'F 
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z fT\ x 

N 

Y Z 

N 

Y 

Z Y 

Y 
7 - ^ > Y Y v ^ A + I < 
x ^ > z Z ^ > Z 

z 
Y N ^ V Y 

X 
Y 
Z 

z- X 
r F * not i s o l a t e d 

C F ( C F 3 ) 2 

(233) 

Ref: 205 

The f o r m a t i o n o f para-bonded i n t e r m e d i a t e s analogous 

t o t h e Dewar benzenes and subsequent rearrangement o f azadienes, 

such as ( 1 2 1 ) , seemed p o s s i b l e t h e r e f o r e , a l t h o u g h of course, 

th e f o r m a t i o n of analogues o f prismane i n t e r m e d i a t e s i s 

i m p o s s i b l e . 

(121) 
( H y p o t h e t i c a l rearrangement) 

RF = C R C F ^ 
However, i n no case was t h i s process observed i n p r a c t i c e 

and q u i t e d i f f e r e n t b e h a v i o u r was encountered, as i s d e s c r i b e d 

be low. 

The p h o t o l y s e s were performed by i r r a d i a t i n g s i l i c a tubes 

i n t o which s m a l l amounts o f s u b s t r a t e had been s e a l e d i n vacuo. 

The s i l i c a i s t r a n s p a r e n t t o t h e mercury emission at 253.7 nm 



but i n s e v e r a l cases where t h e s u b s t r a t e c o n t a i n e d o n l y one 

double bond, o r was an unconjugated d i e n e , i t s a b s o r p t i o n 

maximum was at much s h o r t e r wavelength than 253.7 nm and i t was 

necessary t o i n c l u d e t r a c e s of mercury vapour i n the r e a c t i o n 

v e s s e l s i n o r d e r t o s e n s i t i s e t h e s u b s t r a t e t o t h e r a d i a t i o n . 

Mercury s e n s i t i s a t i o n i s a w e l l e s t a b l i s h e d t e c h n i q u e i n 
206 

p h o t o c h e m i s t r y and i s based on t h e p r i n c i p l e t h a t molecules 

whose a b s o r p t i o n i s very weak at a p a r t i c u l a r wavelength may s t i l l 

be caused t o absorb energy i n d i r e c t l y from e x c i t e d mercury t r i p l e t 

s t a t e s . 

Thus energy i s i n i t i a l l y absorbed by mercury vapour w i t h 

t h e f o r m a t i o n o f e x c i t e d mercury t r i p l e t s t a t e s and i s 

t h e n t r a n s f e r r e d from t h e mercury t r i p l e t t o t h e ground s t a t e 

of t h e o r g a n i c s u b s t r a t e by i n t e r s y s t e m c r o s s i n g . T h i s generates 

e x c i t e d t r i p l e t s t a t e s o f the o r g a n i c s u b s t r a t e which may t h e n 

proceed t o f u r t h e r r e a c t i o n . 

11 M 11 
Hg Hg 

11 1 {, I n t e r s y s t e m C r o s s i n ^ ^ 

Hg + M • Hg + M 

11 ^ Chemical change 

M = Organic molecule 

The behaviour of - 1 - a z a - l , 3 - d i e n e s i s d e s c r i b e d f i r s t l y , f o l l o w e d 

by - d i a z a - analogues o f -1,4-dienes and, f i n a l l y , t he b e h a v i o u r o f 

p e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o h e x - 2 - e n y l ( 1 6 0 ) , i n a sense a 

-1,5-diene, and the i m i n e p e r f l u o r o - l - a z a c y c l o h e x - l - e n e (161) i s 

d e s c r i b e d . 
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6.2 The P h o t o l y s i s of P e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y l c l o h e x a - 1 , 

3-diene ( 1 2 1 ) 

The -1,3-diene (121) gave a broad a b s o r p t i o n i n t h e 
3 

u l t r a - v i o l e t w i t h a maximum at 228 nm ( € = 5.77 x 10 ) w i t h 

s u f f i c i e n t a b s o r p t i o n at 253.7 nm f o r r e a c t i o n t o be p o s s i b l e 

w i t h o u t t h e need f o r a s e n s i t i s e r (see S e c t i o n 6.1). 

Upon i r r a d i a t i o n i n the vapour phase, (121) r e a c t e d t o 

g i v e two new p r o d u c t s and t r a c e s o f o t h e r m a t e r i a l . The major 

p r o d u c t ( 7 0 % o f t h e m i x t u r e ) was i d e n t i f i e d as p e r f l u o r o - 6 -

m e t h y l - 5 - m e t h y l e n e - 2 - a z a h e p t a - l , 3 - d i e n e (234) by i t s p a r e n t i o n 

a t m/e = 357 i n the mass spectrum, which i n d i c a t e d i t t o be an 
19 

isomer o f the s t a r t i n g m a t e r i a l , and by F n.m.r. and i . r . 
19 

spe c t r o s c o p y . Thus, a p a r t from s i g n a l s i n t h e F n.m.r. 

spectrum r e a d i l y i d e n t i f i a b l e as due t o t h e p e r f l u o r o i s o p r o p y 1 

group t h e r e were s i x o t h e r s i g n a l s , a l l i n t e g r a t i n g t o 1. Two 

were at very low f i e l d (32.9 and 51.2 p.p.m.) and were broad 

and they i n d i c a t e t h e presence of a d i f l u o r o i m i n e group (-N=CF 2). 

F l u o r i n e atoms i n s i m i l a r s i t e s on t h e model compound (235) were 

r e p o r t e d t o r e s o n a t e a t 50.4 p.p.m. and 58.2 p.p.m. and were 

a l s o broad. r* 
/ 

N=C \ 

(235) Ref: 207 

The r e m a i n i n g s i g n a l s r e s o n a t e d i n m i d - f i e l d ( 9 6 . 1 , 113.8, 

114.3 and 136.7 p.p.m.) and can t h e r e f o r e be a t t r i b u t e d t o 

f l u o r i n e atoms a t o l e f i n i c s i t e s as i s c o n s i s t e n t w i t h t he 

assigned s t r u c t u r e . The p o s s i b i l i t y o f an a l t e r n a t i v e s t r u c t u r e 

namely the c y c l o b u t e n e (236 ) , was a l s o c o n s i d e r e d . The 

evidence p r e s e n t e d so f a r does not e l i m i n a t e t h e c y c l o b u t e n e as 

the n o n - e q u i v a l e n t geminal f l u o r i n e atoms and, p l a u s i b l y , t h e 
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t e r t i a r y f l u o r i n e atom, under t h e d o w n f i e l d i n f l u e n c e o f an 
ad j a c e n t n i t r o g e n atom, might a l s o r e s o n a t e a t m i d - f i e l d . 

F C 
I 

C F - ~ \ 

N = C F 2 

F F 
N-CF 2 

(CFLCF 
F 

C = C R 
/ 1 

CF(CF 3) 2 

F 

(234) (235) 

S t r u c t u r e (235) W a s d i s c o u n t e d however on t h e b a s i s o f i . r . 

e vidence which gave t h r e e a b s o r p t i o n s i n t h e ̂ C=<X and X=N-
s t r e t c h i n g r e g i o n at 1680, 1767 and 1775 cm - 1. 

T r i e n e (234) was found t o be t h e c i s isomer because t h e 

f l u o r i n e atoms on C-3 and C-4 were coupled t o each o t h e r w i t h a 

c o u p l i n g c o n s t a n t o f 19 Hz, t y p i c a l f o r c i s o l e f i n s but w e l l 

below the range of va l u e s f o r t r a n s o l e f i n s (Banks g i v e s a range 

of 0 t o 58 Hz f o r c i s c o u p l i n g and 105 t o 148 Hz f o r t r a n s 
177 

c o u p l i n g ) . 

The minor p r o d u c t was not i s o l a t e d i n a s u f f i c i e n t l y pure 

s t a t e t o be i d e n t i f i e d . 

The f o r m a t i o n of t r i e n e (234) i s th o u g h t t o r e s u l t from a 

c o n c e r t e d e l e c t r o c y c l i c r i n g opening mechanism which i s c o n s i s t e n t 

w i t h i t s r e t e n t i o n o f c o n f i g u r a t i o n : 
/CRCfcU 

CRCFJ CF^C 2 ~ \ 
F CF 

I 
CF F 2 ^ F 

CF2=N 
(121) (234) 
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A s i m i l a r r e a c t i o n was noted when cyclohexa-1,3-diene 
O r\ Q 

(237) was i r r a d i a t e d , a t r i e n e (238) b e i n g f i r s t formed. 

hv h v 

(237 ) (238 ) (239 ) (240 ) 
Ref: 208 

Upon f u r t h e r i r r a d i a t i o n a compound (239) e q u i v a l e n t t o (236) 

was formed. 

6.3 Attempted P h o t o l y s i s o f P e r f l u o r o - 2 , 3 , 4 - t r i - i s o p r o p y l - l -

azacyclohexa-1,3-diene (201) 

By c o n t r a s t w i t h t h e -4- s u b s t i t u t e d -1,3-diene ( 1 2 1 ) , 

t h e -2,3,4- t r i s u b s t i t u t e d -1,3-diene (201) f a i l e d t o r e a c t even 

a f t e r i r r a d i a t i n g under the same c o n d i t i o n s as f o r (121) f o r 

203 h r s . I t s u.v. spectrum i n d i c a t e d X a t 231 nm (e = 3.9 
max 

3 
x 10 ) and a t t h e e x c i t i n g w a velength, 253.7 nm, £ was 

3 

a p p r o x i m a t e l y 1.3 x 10 and t h e r e f o r e t he molecule was s u f f i c i e n t l y 

a b s o r b i n g f o r r e a c t i o n t o occur. 

T h i s may be understood i f i t i s assumed t h a t , as i s 

a p p a r e n t l y t h e case w i t h ( 2 0 1 ) , any r e a c t i o n would t a k e p l a c e by 

an e l e c t r o c y c l i c t r i e n e f o r m a t i o n . As was p o s t u l a t e d i n S e c t i o n 

5.2, t h e diene r i n g i s p r o b a b l y deformed out o f plane t o r e l i e v e 

the s t e r i c i n t e r a c t i o n s between t h e s u b s t i t u e n t p e r f l u o r o i s o -

p r o p y l group. I t seems l i k e l y t h a t t h e f o r m a t i o n o f a t r i e n e 

would proceed t h r o u g h a p l a n a r t r a n s i t i o n s t a t e and i n t h e case 

of (201) t h i s would be s t e r i c a l l y d e s t a b i l i s e d . 
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6.4 The P h o t o l y s i s of P e r f l u o r o - 2 , 5 - d i - i s o p r o p y 1 - 1 , 4 - d i a z a -

cyclohexa-1,4-diene (185) 

The u.v. spectrum o f the u n c o n j u g a t e d diene ( 1 8 5 ) , d i d 

not c o n t a i n any s i g n i f i c a n t a b s o r p t i o n s above 215 nm and t h e r e f o r e , 

i t was i r r a d i a t e d i n the presence o f mercury vapour (see S e c t i o n 

6.1) t o g i v e , a p a r t from r e c o v e r e d s t a r t i n g m a t e r i a l ( 6 % o f 

t h e p r o d u c t ) , two o t h e r components. 

One ( 3 7 % o f the p r o d u c t ) was i d e n t i f i e d as p e r f l u o r o i s o -

b u t y r o n i t r i l e by comparison o f i t s i . r . and mass s p e c t r a w i t h 
203 

those of an a u t h e n t i c sample. 

The o t h e r component ( 5 7 % o f the p r o d u c t ) was new and has 

been c h a r a c t e r i s e d as p e r f l u o r o - 4 - m e t h y l - 3 - m e t h y l e n e - 2 - a z a p e n t -

1-ene ( 2 4 1 ) . I t s mass spectrum c o n t a i n e d a p a r e n t i o n at m/e = 
295 w i t h A at 1,805 and 1,732 cra -^ i n the i . r . i n d i c a t i n g 

nicix 

the presence o f a ^C=C^ and X = N - bond. I t s * 9 F n.m.r. spectrum 

c o n s i s t e d of s i x c h e m i c a l l y s h i f t e d s i g n a l s i n t e g r a t i n g i n t h e 

r a t i o 6:1:1:1:1:1. The s i g n a l s a t 78.9 p.p.m. ( i n t e g r a t i n g t o 6) 

and a t 187 p.p.m. ( i n t e g r a t i n g t o 1) were r e a d i l y i d e n t i f i a b l e as 

b e l o n g i n g t o a p e r f l u o r o i s o p r o p y l group. Two of t h e o t h e r s i g n a l s 

were broad and a t very low f i e l d (42.6 and 55.9 p.p.m.) and were 

t h e r e f o r e , a l s o by comparison w i t h ( 2 3 5 ) , t h e model employed i n 

S e c t i o n 6.2, i d e n t i f i a b l e as due t o t h e f l u o r i n e atoms of a d i -

f l u o r o i m i n e group (-N=CF2). The two r e m a i n i n g s i g n a l s had chemi­

c a l s h i f t s t y p i c a l of f l u o r i n e atoms bonded t o u n s a t u r a t e d carbon 

atoms (83.1 and 93.0 p.p.m.). The observed c o u p l i n g was c o n s i s ­
t e n t w i t h t h e assigned s t r u c t u r e : 29Hz~* 59 Hz 

F - C 

C-ClCfc 37 / 

F 

R 
.C N 

F 
(241) 
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Th e r i n g f i s s i o n of (185) i s c o n s i d e r e d u n l i k e l y t o be a 

c o n c e r t e d process as t h e Woodward-Hoffman r u l e s f o r t h e 

c o n s e r v a t i o n o f o r b i t a l symmetry i n d i c a t e t h a t a p h o t o c h e m i c a l 
2 D R 

r e t r o - 2 i T + 4TT r e a c t i o n i s a d i s a l l o w e d process. T h e r e f o r e 

a process i n v o l v i n g r a d i c a l i n t e r m e d i a t e s i s suspected. 

One such process would be: 

F N. 
'CIV N 

(185) . (241) 

(242) 

6.5 P h o t o l y s i s o f P e r f l u o r o - 4 , 6 - d i - i s o p r o p y 1 - 1 , 3 - d i a z a c y c l o -

hexa-3,6-diene (153) 

The unconjugated -3,6-diene (153) r e a c t e d when 

i r r a d i a t e d at 253.7 nm i n t h e vapour phase, i n t h e presence o f 

mercury vapour as a s e n s i t i s e r ? t o g i v e , a p a r t from r e c o v e r e d 

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

m a t e r i a l . 

The f i r s t two were i d e n t i f i e d f rom t h e i r i . r . and mass 

s p e c t r a as ( 2 4 l ) and ( 242), r e s p e c t i v e l y , which were a l s o produced 

when (185) was i r r a d i a t e d as d e s c r i b e d e a r l i e r . The t h i r d 

component was s t a r t i n g m a t e r i a l . 

The f o u r t h component ( 4 8 % o f the m i x t u r e ) was shown by mass 

sp e c t r o s c o p y t o be an isomer o f t h e s t a r t i n g m a t e r i a l . S i g n a l s 
19 

i n t h e F n.m.r. spectrum a t 76.6 and 77.9 p.p.m. b o t h i n t e ­

g r a t i n g t o 6, a n d , u p f i e l d , a t 182.2 p.p.m. and 185.9. p.p.m., bot h 

i n t e g r a t i n g t o 1,were a t t r i b u t e d t o 2 n o n - e q u i v a l e n t p e r f l u o r o -

i s o p r o p y l groups. There were f o u r o t h e r s i g n a l s , two i n t e g r a t i n g 

t o 1 and two i n t e g r a t i n g t o 2. Two o f these had chemical s h i f t s 
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at 77.7 and 91.3 p.p.m. r e s p e c t i v e l y , b o t h t y p i c a l o f o l e f i n i c 

( y2-CF) f l u o r i n e s and t h e o t h e r two were t o low f i e l d , 41.8 

p.p.m. and were assigned as a c c i d e n t a l l y e q u i v a l e n t f l u o r i n e atoms 

i n a d i f l u o r o i m i n e group (-N=CF2) 

c o n f i r m e d t h e s t r u c t u r e : 

The c o u p l i n g c o n s t a n t s 

( C ^ C F 
\ _ / F N 
/C C 26 

Co u p l i n g c o n s t a n t s i n Hz 

F N — c s , \ 
(•243 ) CFICF^^ 

The i . r . spectrum gave t h r e e a b s o r p t i o n s at ^ m a x = 1678, 1731 

and 1799 cm c o n s i s t e n t w i t h t h e presence o f t h r e e double bonds 

The f o r m a t i o n o f ( 2 4 3 ) i n v o l v e s a 1,3 m i g r a t i o n o f f l u o r i n e 

which c o u l d be p a r t o f a r i n g opening process such as:-

^F N 
d i g ) R F=CF!CF 3) 2 

F F 
(241) and (242) are formed i n a competing r e a c t i o n which 

lias a s i m i l a r mechanism t o t h e r e a c t i o n o f (185) which g i v e s 

r i s e t o t h e same p r o d u c t s : 

(153) 

h-\> 
( H E ) 

> Z 1 
.CF, 

CFCN 
(242) 

R 

CF2 

(241) 

RF =CF(C^) 2 
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6.6 Attempted P h o t o l y s i s of P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o -

hex-2-enyl (160 ) and P e r f l u o r o - l - a z a c y c l o h e x - l - e n e (191 ) 

The p h o t o l y s e s d e s c r i b e d so f a r have a p p a r e n t l y i n v o l v e d 

mechanisms i n which two double bonds are s i m u l t a n e o u s l y i n v o l v e d . 

T h e r e f o r e i t was o f i n t e r e s t t o see i f any r e a c t i o n would ensue 

upon i r r a d i a t i n g compounds w i t h o n l y one double bond as i n t h e 

case o f (191) or a diene whose double bonds were so remote from 

each o t h e r t h a n r e a c t i o n s s i m u l t a n e o u s l y i n v o l v i n g b o t h of them 

would be u n l i k e l y , as i n t h e case o f ( 1 6 0 ) . 

N a t u r a l l y , because i s o l a t e d i m i n e bonds do not absorb 

s i g n i f i c a n t l y a t 253.7 nm jmercury vapour was i n c l u d e d i n t h e 

r e a c t i o n v e s s e l s as a s e n s i t i s e r . However i n n e i t h e r case, even 

a f t e r p r o l o n g e d p e r i o d s o f i r r a d i a t i o n , was any r e a c t i o n d e t e c t e d . 
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CHAPTER 7 

SOME MISCELLANEOUS REACTIONS OF PERFLUORO-

CYCLIC-IMINES 

7.1 I n t r o d u c t i o n 

Most of t h e r e a c t i o n s performed on t h e f l u o r i n a t i o n 

p r o d u c t s d e s c r i b e d i n Chapter 3 were e i t h e r r e a c t i o n s w i t h 

n u c l e o p h i l i c r e a g e n t s (Chapter 5) or p h o t o l y s e s (Chapter 7 ) . 

However a few r e a c t i o n s do not f i t a c c u r a t e l y i n t o these 

c a t e g o r i e s and t h e y are d e s c r i b e d i n t h i s c h a p t e r . 

7.2 The D e f l u o r i n a t i o n of P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o h e x -

2-enyl (160) 

M a s l a k i e w i c z noted t e t r a f l u o r o p y r i m i d i n e (155) amongst 

th e p r o d u c t s d e r i v e d by p y r o l y s i n g t h e dimer (160) on p a s s i n g i t 
210 

t h r o u g h a heated s i l i c a t ube c o n t a i n i n g g l a s s wool. I t was 

of i n t e r e s t t h e r e f o r e t o see i f improved y i e l d s o f (155) and, 

more i n t e r e s t i n g l y , o t h e r d e f l u o r i n a t i o n p r o d u c t s , such as 

th e h y p o t h e t i c a l d i m e r i c t e t r a e n e ( 2 4 4 ) , c o u l d be produced under 

more e f f i c i e n t c o n d i t i o n s , by p a s s i n g t h e s u b s t r a t e over i r o n 

f i l i n g s r a t h e r than g l a s s wool. 

F F N<>J—N x-N 
(244 ) 

I n t h e event, d e f l u o r i n a t i o n t o t e t r a f l u o r o p y r i m i d i n e was 

shown t o occur w i t h h i g h e f f i c i e n c y but upon l o w e r i n g t h e r e a c t i o n 

t e m p e r a t u r e i n c r e a s e d amounts o f s t a r t i n g m a t e r i a l were r e c o v e r e d 

w i t h o u t t h e appearance o f i n t e r m e d i a t e d e f l u o r i n a t i o n p r o d u c t s , 
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such as ( 2 4 4 ) , i n i s o l a b l e amounts. The r e s u l t s o f two t y p i c a l 
e x p e r i m e n t s are t a b u l a t e d i n Table 7.1. 

Fe f i l i n g s F F 
Nx .N — N. /.N A 

(160) (155) 

The m a t e r i a l s d e s c r i b e d i n Table 7.1 are t h e p r o d u c t s r e m a i n i n g 

l i q u i d a t room t e m p e r a t u r e , most o f t h e s t a r t i n g m a t e r i a l which 

i s unaccounted f o r h a v i n g been c o n v e r t e d t o gaseous f r a g m e n t a t i o n 

p r o d u c t s . 

The - 2 , 2 ' - d i c h l o r o d e r i v a t i v e o f (160) was s i m i l a r l y 

c o n v e r t e d t o the c o r r e s p o n d i n g p y r i m i d i n e as was d e s c r i b e d i n 

S e c t i o n 5.7, 

7.3 Attempted R a d i c a l D i s s o c i a t i o n o f P e r f l u o r o - 1 , 1 1 - b i - 1 , 3 -

d i a z a c y c l o h e x - 2 - e n y 1 (160) 

7.3A Attempted R e a c t i o n w i t h Mercury 

I t seemed p o s s i b l e t h a t t h e - 1 , 1 ' - bond o f t h e dimer 

(160) might be e a s i l y cleaved, upon h e a t i n g , t o generate a l l y l i c a l l y 

s t a b i l i s e d r a d i c a l s i n a h y p o t h e t i c a l scheme such as: 

A 

N—N. F .N ^ NS>N 
(160) (162) 

Indeed i t has been argued t h a t t h e r a d i c a l s p e c i e s (162 ) must be 
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r e l a t i v e l y s t a b l e f o r dimer (1G0) t o be produced, upon 
16 3 

f l u o r i n a t i n g t e t r a f l u o r o p y r i m i d i n e j a t a l l . 

T h e r e f o r e an at t e m p t was made t o t r a p any r a d i c a l s produced 

on h e a t i n g (1G0) w i t h mercury m e t a l . Mercury has p r e v i o u s l y 

been shown t o form f a i r l y s t a b l e c o v a l e n t compounds c o n t a i n i n g 
211 

m e r c u r y - n i t r o g e n bonds. However on h e a t i n g dimer (160) and 

mercury i n Carius tubes at a s e r i e s o f te m p e r a t u r e s (Table 7.2) 

no c o v a l e n t mercury compounds were formed. 
Tab1e 7.2 Attempted R e a c t i o n Between Mercury and P e r f l u o r o - 1 , 

1 ' - b i - 1 , 3 - d i a z a c y c l o h e x - 2 - e n y l (160) 

Run Temp. °C Time h r s \ 160) r e c o v e r e d % Mercury r e c o v e r e d 
a 

1 240 59 96 100 

2 400 5. 75 ~1 100 

The unaccounted f o r s t a r t i n g m a t e r i a l i n Run 2 was c o n v e r t e d t o 

a c o m p l i c a t e d m i x t u r e o f mainly gaseous f r a g m e n t a t i o n p r o d u c t s . 

7.4B Attempted R e a c t i o n of P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a c y c l o h e x -

2-enyl (160) w i t h N i t r i c Oxide 

A r g u a b l y , t h e dimer (160) might r e a c t more r e a d i l y w i t h 

n i t r i c o x i d e t h a n mercury as t h e former i s a s t a b l e f r e e r a d i c a l 

However, as w i t h mercury, n i t r i c o x i d e f a i l e d t o r e a c t w i t h t h e 

dimer under a v a r i e t y o f c o n d i t i o n s ( T a b l e 7.3). 
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Table 7.3 Attempted Reaction o f P e r f l u o r o - 1 , 1 ' - b i - 1 , 3 - d i a z a -

cyclohex-2-eny1 (160) w i t h N i t r i c Oxide 

Run Temp. °C Time h r s Recovered (160) % Recovered No % 

1 180 12 >95 30 

2 345 16 >90 40 

7.4 The D e f l u o r i n a t i o n o f a M i x t u r e of C i s - and Trans-Isomers 

o f P e r f l u o r o - 2 , 3 , 4 , 5 - t e t r a m e t h y l h e x - 3 - e n e (168) and (169) 

The p r e p a r a t i o n o f an i n s e p a r a b l e m i x t u r e o f (168 ) and 

( 1 6 9 ) , i n t h e r a t i o 7:3, from t h e f l u o r i n a t i o n of t h e d i -

s u b s t i t u t e d p y r i d a z i n e (167) was d e s c r i b e d i n S e c t i o n 3.10. 

F u r t h e r c o n f i r m a t i o n o f t h e assignment o f t h e s t r u c t u r e of these 

two compounds has been o b t a i n e d by d e f l u o r i n a t i n g t h e m i x t u r e 

over heated i r o n f i l i n g s t o g i v e a p r o d u c t c o n t a i n i n g o n l y two 

major components. One ( 1 5 % o f t h e p r o d u c t from g„l„c.) was not 

i s o l a t e d i n a s u f f i c i e n t l y pure s t a t e f o r i d e n t i f i c a t i o n but gave 

a p a r e n t i o n by g . l . c . mass spectr o s c o p y a t m/e = 462 i n d i c a t i n g 

i t t o have formed from t h e s t a r t i n g m a t e r i a l by the l o s s o f two 

f l u o r i n e atoms. 

The o t h e r component ( 7 0 % of t h e p r o d u c t ) was o b t a i n e d , by 

c a r e f u l peak chopping d u r i n g p r e p a r a t i v e g . l . c . , as a f r a c t i o n 
19 

i n d i c a t e d by F n.m.r. t o be 90% pure and was i d e n t i f i e d as 

p e r f luor'o-2 , 3 , 4 , 5 - t e t r a m e t h y l h e x a - 2 , 4-diene ( 245). Thus i t 

c o n t a i n e d two broad s i g n a l s a t 78.3 and 79.9 p.p.m. i n t e g r a t i n g 

i n the r a t i o 1:2. A p r o d u c t r e p o r t e d by Evans e t a l . 2 0 9 had been 

i d e n t i f i e d as e i t h e r t h e -2,4-diene (245) or p e r f l u o r o - 2 , 3 - d i -

m e t h y l c y c l o b u t - 2 - e n e (246) but the l 9 F n.m.r. spectrum o f 

t h e i r compound i s d i f f e r e n t t o t h a t o f u;,. P i .. . ...-pound i n 
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t h a t a l t h o u g h t h e y , a l s o , observed two broad s i g n a l s i n the 
r a t i o 1:2 the r e p o r t e d chemical s h i f t s were 95.2 p.p.m. (adapted 
from +18.7 p.p.m. w . r . t . CFgCOOH) and 93.7 p.p.m. (adapted from 
+17.2 p.p.m. w . r . t . CFgCOOH), r e s p e c t i v e l y . Thus the compound 
d e s c r i b e d by Evans e t a l . has i t s most i n t e n s e s i g n a l at lower 
f i e l d than t h e o t h e r s i g n a l w h i l s t f o r t h e d e f l u o r i n a t i o n p r o d u c t 
the r e v e r s e i s t r u e . F u r t h e r , i n t h e case of the d e f l u o r i n a t i o n 
p r o d u c t t he s i g n a l o f i n t e g r a t i o n 2, a l t h o u g h not r e s o l v e d , 
was d i s t i n c t l y a s s y m e t r i c and was t h e r e f o r e due' t o two d i f f e r e n t 
s i g n a l s o v e r l a p p i n g , c o n s i s t e n t w i t h t h e 2,4-diene (245) b u t not 
w i t h t h e c y c l o b u t e n e ( 2 4 6 ) - I n t e g r a t i o n r u l e d out the 
p o s s i b i l i t y t h a t t h e assymetry i s due t o an i m p u r i t y . The chemical 

s h i f t s are t y p i c a l o f t r i f l u o r o m e t h y l (-CFg) groups 177 The mass 

spectrum gave a p a r e n t i o n a t m/e = 462 and t h e i . r . spectrum gave 

a band a t 1652 cm ^, assigned t o the ( ^C=cC ) s t r e t c h e s . 

C F 

/ \\ / ^ 
CR C ( + C i s ) 

310°C. Fo 

C F 3 / C F 3 B • A / F 3 
CF 3 C 

C F 3 C F 3 
(169) 

Contact t i m e c.a. 175 sec A 
CF3 CF3 

(245) 

( C F J 9 C = C I C E H^Il^ C F 3' 
J t «J Copper Bronze Q p" • 

(247) ^ 

CF 3 

CF3 
(246) 

C F 3 Ref: 209 
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I t i s , t h e r e f o r e , concluded t h a t t h e compound observed 

by Evans et a l . was t h e c y c l o b u t e n e ( 2 4 6 ) . The s y n t h e s i s o f 

(246 ) vvas achieved by r e a c t i o n o f hexaf l u o r o - 2 - i o d o - 3 - t r i f l u o r o -

methylbut-2-ene (247) w i t h copper bronze. 
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CHAPTER 8 

DESCRIPTION OF INSTRUMENTS AND EXPERIMENTAL 

FOR CHAPTERS 3 and 4 

8.1 I n s t r u m e n t a t i o n 

I n t h i s s e c t i o n t h e i n s t r u m e n t s employed i n s e p a r a t i o n s 

and s t r u c t u r e d e t e r m i n a t i o n s i n t h e work d e s c r i b e d i n t h i s t h e s i s 

are b r i e f l y d e s c r i b e d . 

8.1A G a s - l i q u i d Chromatography 

A n a l y t i c a l chromatograms were o b t a i n e d on e i t h e r a 

Pye 'Series 104' I n s t r u m e n t u s i n g a flame i o n i s a t i o n d e t e c t o r 

o r a G r i f f i n and George Gas D e n s i t y Balance. 

P r e p a r a t i v e s e p a r a t i o n s were performed u s i n g e i t h e r a 

P e r k i n Elmer model F21 p r e p a r a t i v e s c a l e i n s t r u m e n t or an 

Aerograph 'Autoprep' i n s t r u m e n t . 

Most o f the work was performed w i t h one o f two types o f 

column. The f i r s t c o n t a i n e d a non-polar s t a t i o n a r y phase, 

s i l i c o n e elastomer and t h e second a p o l a r s t a t i o n a r y phase d i -

i s o d e c y l p h t h a l a t e . 'Chromosorb P' (80-100 mesh) was t h e 

s u p p o r t i n g m a t e r i a l i n bot h cases. 

8.IB D i s t i l l a t i o n s 

Some s e p a r a t i o n s were achieved u s i n g a F i s c h e r S p a l t r o h r -

Column FB-MMS200 m i c r o s t i l l w i t h a c o n c e n t r i c tube column o f 

ext r e m e l y low h o l d up. 

8.1C I n f r a - R e d S p e c t r o m e t r y 

I . r . s p e c t r a were o b t a i n e d on a P e r k i n Elmer 157 i n s t r u ­

ment w i t h a range from 250 t o 4000 cm ^. Samples were v a r i o u s l y 
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examined as e i t h e r l i q u i d f i l m s , vapours or KBr d i s c s as s t a t e d 

i n t h e s p e c t r a p r e s e n t e d i n Appendix 2. 

8.ID U l t r a - V i o l e t Spectrometry 

U.v. s p e c t r a were o b t a i n e d u s i n g a Unicam S.P. 800 

i n s t r u m e n t as d i l u t e s o l u t i o n s i n s p e c t r o g r a d e cyclohexane. 

The examined range was from 200 t o 450 nm. 

8.IE Nuclear Magnetic Resonance Spectroscopy 

1 19 

H and F n.m.r. s p e c t r a were o b t a i n e d u s i n g a 

V a r i a n A56/60D i n s t r u m e n t o p e r a t i n g a t 56.4 MHz f o r f l u o r i n e 

n u c l e i and 60 MHz f o r p r o t o n s . I n some cases a Bruker HX90E 

i n s t r u m e n t was a l s o used, as i t s h i g h e r o p e r a t i n g f r e q u e n c y 
19 

(84.67 MHz f o r F) gave a u s e f u l l y h i g h e r r e s o l u t i o n . 

Samples were run e i t h e r neat or i n s o l u t i o n and chemical 

s h i f t s , quoted i n p.p.m., were measured, u n l e s s s t a t e d o t h e r w i s e , 

a g a i n s t e x t e r n a l CFCl^. 
8.IF Mass Spectrometry 

Mass s p e c t r a were o b t a i n e d u s i n g an A.E.I., M.S.9 

i n s t r u m e n t o p e r a t i n g , u n l e s s s t a t e d o t h e r w i s e , at 70 eV. 

D i f f i c u l t s p e c t r a were counted w i t h t h e a i d o f added p e r f l u o r o -

kerozene. G.I.e./mass spe c t r o s c o p y was performed on a Vacuum 

Generator Micromass 12B i n s t r u m e n t o p e r a t i n g at 2.7 kV, coupled 

t o a Pye S e r i e s 104 chromatograph. H e p t a c o s a f l u o r o - t r i - n -

b u t y l a m i n e , i n s t e a d o f p e r f l u o r o k e r o z e n e , was used as a r e f e r e n c e 

compound f o r c o u n t i n g purposes. 

8.2 The Cobalt I I I F l u o r i d e Reactor 

The CoFg r e a c t o r i s i l l u s t r a t e d i n diagram 8.1. The 

reagent c o n s i s t e d o f 300g o f a 50:50 (w/w) m i x t u r e o f c o b a l t I I I 
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f l u o r i d e and c a l c i u m f l u o r i d e . The c o n s t r u c t i o n a l m a t e r i a l s 

are i n d i c a t e d i n the diagram. D u r i n g a r u n t h e paddles were 

r o t a t e d at a r a t e o f about 4 r.p.m. The paddles were arranged 

as i l l u s t r a t e d so t h a t t h e reagent s t a y e d near t h e m i d d l e o f t h e 

r e a c t i o n r a t h e r than d r i f t i n g t o one end. 

8.3 The F l u o r i n e Gas Generator 

The f l u o r i n e used t o r e g e n e r a t e t he CoF 3/CaF 2 reagent 

and f o r t h e d i r e c t f l u o r i n a t i o n s d e s c r i b e d i n Chapter 4 was 

gene r a t e d by an I . C I . 10 amp f l u o r i n e c e l l . T h i s g e n e r a t o r 

e l e c t r o l y s e s an e l e c t r o l y t e o f approximate c o m p o s i t i o n KF.2HF, 

m a i n t a i n e d as a l i q u i d a t 85°C I t produces 6.5 g (0.17 moles) 

of f l u o r i n e per hour at 10 amps. The f l u o r i n e was t r a n s f e r r e d 

t o t h e r e a c t o r t h r o u g h p a s s i v a t e d copper p i p e s (8 mm o.d.) 

under t h e autogenous p r e s s u r e o f t h e g e n e r a t o r ( w h i c h i s f i t t e d 

w i t h a s a f e t y l u t e c o n t a i n i n g a head of a p p r o x i m a t e l y 5 cm 

of f l u o r o l u b e (a grade o f p e r f l u o r o k e r o z e n e ) i n case o f blockages 

d e v e l o p i n g d o w n l i n e . 

8.4 E x p e r i m e n t a l Procedure f o r C o b a l t I I I F l u o r i d e F l u o r i n a t i o n s 

The same g e n e r a l procedure was employed f o r a l l t h e 

c o b a l t I I I f l u o r i d e r e a c t i o n s d e s c r i b e d i n Chapter 3. The r e ­

agent was r e g e n e r a t e d no e a r l i e r than 24 hrs p r i o r t o use by 

p a s s i n g f l u o r i n e gas t h r o u g h t h e r e a c t o r w h i l s t t h e l a t t e r was 

m a i n t a i n e d at a t e m p e r a t u r e above 300°C. The f l u o r i n e was 

gene r a t e d at 10 amps and was passed t h r o u g h t h e r e a c t o r f o r 90 

mins. so t h a t t h e reagent was exposed t o a p p r o x i m a t e l y 9.5 g 

of f l u o r i n e . The reagent c o n t a i n e d 150 g o f c o b a l t I I I f l u o r i d e 

when f u l l y r e g e n e r a t e d which i s e q u i v a l e n t t o 24.6 g of 

t h e o r e t i c a l l y a v a i l a b l e f l u o r i n e and t h e amount of s u b s t r a t e 
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f l u o r i n a t e d b e f o r e r e g e n e r a t i n g a f r e s h was l i m i t e d so t h a t the 

reagent was u n l i k e l y t o l o s e more than 25% o f the t h e o r e t i c a l l y 

a v a i l a b l e f l u o r i n e . 

A f t e r r e g e n e r a t i n g t h e r e a g e n t , t h e r e a c t o r was purged 

w i t h d r y n i t r o g e n t o expel r e s i d u a l e l e m e n t a l f l u o r i n e w h i l s t 

t h e r e a c t o r t e m p e r a t u r e was a d j u s t e d t o t h a t d e s i r e d f o r t h e 

r e a c t i o n . 

S u b s t r a t e s were then i n t r o d u c e d i n t o t h e r e a c t o r w h i l s t 

t h e n i t r o g e n purge was m a i n t a i n e d i n o r d e r t o c a r r y t h e s u b s t r a t e 

t o the re a g e n t and t o purge t h e r e s u l t a n t p r o d u c t s from t h e 

r e a c t o r . L i q u i d s u b s t r a t e s were dropped d i r e c t l y i n t o t h e 

r e a c t o r a t a slow r a t e by u s i n g a m o d i f i e d b u r e t t e as a d r o p p i n g 

f u n n e l . The b u r e t t e was, of course, equipped w i t h a rubber tube 

t o e q u a l i s e t h e c a r r i e r gas p r e s s u r e e i t h e r s i d e o f t h e t a p . 

I t was a t t a c h e d t o t h e r e a c t o r by a s t a n d a r d o l i v e and un i o n n u t . 

A l l t h e s o l i d 'compounds f l u o r i n a t e d were s u f f i c i e n t l y 

v o l a t i l e t o be passed i n t o t h e r e a c t o r by v a p o r i s i n g them i n a 

heated g l a s s tube t h r o u g h which t h e c a r r i e r gas was conducted. 

P r o d u c t s were c o l l e c t e d by t r a p p i n g them from t h e 

e f f l u e n t gases a t e i t h e r l i q u i d a i r or c a r d i c e t e m p e r a t u r e s . 
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8.5 The Re a c t i o n of P e r f l u o r o - 4 - i s o p r o p y l p y r i d i n e (120 ) w i t h 

Cobalt I I I F l u o r i d e / C a l c i u m F l u o r i d e 

To t h e CoFg/CaF2 r e a c t o r , a t an i n i t i a l t e m p e r a t u r e 

o f 118°C, was added (120) (9.6 g., 30.1 m.moles). The a d d i t i o n 

t o o k 90 mins., a f t e r which t h e r e a c t o r t e m p e r a t u r e had r i s e n t o 

122°C. The n i t r o g e n f l o w was 300 mls . m i n " 1 . The p r o d u c t (9.2 g) 

was c o l l e c t e d over a p e r i o d o f 8 hrs and was fou n d , by g . l . c . 

a n a l y s i s (G.D.B., s i l i c o n e e l a s t o m e r , 78°C), t o c o n s i s t o f t h r e e 

major components i n the r a t i o 9.7%, 64% and 19% i n o r d e r o f 

d e c r e a s i n g r e t e n t i o n t i m e s and a c o m p l i c a t e d m i x t u r e o f more 

v o l a t i l e minor components. S e p a r a t i o n o f t h e major components 

was achieved by p r e p a r a t i v e s c a l e g . l . c . ( F 2 1 , d i - i s o d e c y l -

p h t h a l a t e , 60°C). 

The f i r s t component (1.8 g) was i d e n t i f i e d as s t a r t i n g 

m a t e r i a l (120) by comparison o f s p e c t r a . The second component 

was i d e n t i f i e d as p e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a - l , 3 - d i e n e 

(121) (4.9 g ) . [Found: F, 68.8%; M, 357, CgF^N r e q u i r e s 

F, 69.27%; M, 357 ] ; b . p t . 112-113°C u n c o r r . , i . r . spectrum No. 
19 

1, F n.m.r. spectrum No. 1, u.v. spectrum No. 1. 

The t h i r d component (1.5 g) was i d e n t i f i e d as p e r f l u o r o -

4 - i s o p r o p y 1 - 1 - a z a c y c l o h e x a - l , 4 - d i e n e (122) (1.5 g . ) . [Found: 

F, 68.9%, M, 357, CgF^N r e q u i r e s , F, 69.17%; M, 357 ] ; b . p t . 
o 19 103-104 C u n c o r r . ; i . r . spectrum No. 2, F n.m.r. spectrum No. 

2 

8.6 The F l u o r i n a t i o n o f P e r f l u o r o - 2 , 4 - d i - i s o p r o p y l p y r i d i n e (126) 

w i t h C o b a l t I I I F l u o r i d e / C a l c i u m F l u o r i d e 

The p y r i d i n e . ( 1 2 6 ) , (5.5 g, 11.7 m. moles) was d r i p p e d , 

as t h e l i q u i d , i n t o t h e r e a c t o r ( i n i t i a l t e m p e r a t u r e 118°C, 

n i t r o g e n f l o w 100 mls.min 1 ) , t h e a d d i t i o n t a k i n g 25 mins. The 
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p r o d u c t was c o l l e c t e d i n t h e u s u a l manner by t r a p p i n g at l i q u i d 

a i r t e m p e r a t u r e . The r e c e i v i n g t r a p was removed a f t e r p u r g i n g 

th e r e a c t o r f o r 16 hours. A c o l o u r l e s s l i q u i d p r o d u c t (4.5 g) 

was c o l l e c t e d . A n a l y s i s by g . l . c . (G.D.B. s i l i c o n e e l a s t o m e r , 

20°C) r e v e a l e d t h r e e major components, 7%, 52% and 26% of t h e 

product, r e s p e c t i v e l y , i n o r d e r o f d e c r e a s i n g r e t e n t i o n t i m e s . 

A s e p a r a t i o n of t h e m i x t u r e was achieved by c a r e f u l 

p r e p a r a t i v e g . l . c . (Aerograph, s i l i c o n e e l a s t o m e r , 20°C). 

The f i r s t component (0.3 g) was i d e n t i f i e d as s t a r t i n g 

m a t e r i a l by comparison of s p e c t r a . 

The second component (0.5 g) was not i d e n t i f i e d and was 

t h o u g h t t o be a m i x t u r e o f more th a n one compound. The h i g h e s t 

m/e i n i t s mass spectrum was at 545. 

The t h i r d component was i d e n t i f i e d as a 50:50 m i x t u r e of 

p e r f l u o r o - 2 , 4 - d i - i s o p r o p y l - l - a z a c y c l o h e x a - l , 3 - d i e n e (127) and 

p e r f l u o r o - 2 , 4 - d i - i s o p r o p y 1 - 1 - a z a c y c l o h e x a - 1 , 4 - d i e n e (128 ) ( 2 . 1 g ) . 

[Found: C, 25.8%; N, 2.7%; F, 71.5%; M, 507, C-^N F 1 9 r e q u i r e s 

C, 26.05%; N, 2.76%; F, 71.18:, M, 507 ] . i . r . spectrum No. 3, 
19 

F n.m.r. spectrum No. 3. 

8.7 The F l u o r i n a t i o n o f P e r f l u o r o - 3 - m e t h y l p y r i d i n e (134) 

w i t h Cobalt I I I F l u o r i d e / C a l c i u m F l u o r i d e 

A sample o f ( 1 3 4 ) , a l s o c o n t a i n i n g p e r f l u o r o - 4 - m e t h y 1 -

p y r i d i n e (133) ( 1 0 % w/w) from which i t c o u l d not be s e p a r a t e d , 

(8.6 g, 39.3 m.moles o f m i x t u r e ) was d r i p p e d i n t o t h e r e a c t o r 

i n t h e u s u a l manner. The i n i t i a l r e a c t o r t e m p e r a t u r e was 116°C 

r i s i n g t o 127°C a f t e r a d d i t i o n of t h e s u b s t r a t e , which took an 

hour. The n i t r o g e n f l o w was 100 m l s - m i n - 1 , and t h e p r o d u c t , a 

l i q u i d (8.8 g), was c o l l e c t e d by t r a p p i n g at l i q u i d a i r tempera­

t u r e s . A n a l y s i s by g . l . c . (G.D.B., s i l i c o n e e l a s t o m e r , 78°C) 
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of t h e p r o d u c t r e v e a l e d t h r e e components. The m i x t u r e was 
se p a r a t e d by d i s t i l l a t i o n at atmospheric p r e s s u r e u s i n g t h e 

c o n c e n t r i c tube m i c r o d i s t i l l a t i o n a p p a r a t u s . The f i r s t component 

(45 % o f t h e p r o d u c t ) was c o l l e c t e d between 61.5°C and 62.5°C. 

I t was i d e n t i f i e d as e i t h e r p e r f l u o r o - 3 - m e t h y 1 - 1 - a z a c y c l y h e x - 1 - e n e -

or p e r f l u o r o - 5 - m e t h y l - l - a z a c y c l o h e x - l - e n e , (135) or (136) (3.4 g ) . 

[Found: C, 24.6%; N, 5.2% F, 71.2%; M, 295, CgNF^ r e q u i r e s 

C, 24.42%; N, 4.75%; F, 70.83%, M, 2 9 5 ] . 1 9 F n.m.r. spectrum No. 

4. A s a t i s f a c t o r y i . r . spectrum was not o b t a i n e d owing t o h y d r o l y ; 
s i s . 

The second component ( 8 % o f t h e p r o d u c t ) was c o l l e c t e d as 

an impure f r a c t i o n between 62°C and 79°C, which was then p u r i f i e d 

by p r e p a r a t i v e g . l . c . ( A u t o p r e p . , s i l i c o n e e l a s t o m e r , 25°C). 

I t was i d e n t i f i e d as p e r f l u o r o - 4 - m e t h y l - l - a z a c y c l o h e x a - l , 3 - d i e n e 

(140) (0.4 g ) . [Found: C, 27.6%; N, 5.6%; F, 66.5%; M, 257, 

CgNF g r e q u i r e s C, 28.03%; N, 5.45%; F, 66.52%, M, 2 5 7 ] . 
19 

i . r . spectrum No. 4, F n.m.r. spectrum No. 5. 
The t h i r d component ( 4 7 % o f t h e p r o d u c t ) was i d e n t i f i e d 

as u n r e a c t e d s t a r t i n g m a t e r i a l by comparison o f i t s g . l . c . 

r e t e n t i o n t i m e and i . r . spectrum. I t s n.m.i\ spectrum i n d i c a t e d t h e 

p r o p o r t i o n o f (133) i n t h i s r e c o v e r e d s t a r t i n g m a t e r i a l t o have 

been reduced by about h a l f . 

8 . 8 The F l u o r i n a t i o n o f P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l p y r i m i d i n e 

(152) w i t h C o b a l t I I I F l u o r i d e / C a l c i u m F l u o r i d e 

The p y r i m i d i n e ( 1 5 2 ) , (10.4 g, 23 m.moles) was added t o 

the r e a c t o r by the u s u a l method f o r a l i q u i d . The r e a c t o r was a t 

an i n i t i a l t e m p e r a t u r e of 172°C and t h e n i t r o g e n f l o w was 200 mis 

min ^. The a d d i t i o n t o o k one hour d u r i n g which t h e a i r tempera­

t u r e rose t o 176°C. The p r o d u c t (9.8 g) was c o l l e c t e d by t r a p p i n g 

at l i q u i d a i r t e m p e r a t u r e and appeared t o have f i n i s h e d p u r g i n g 
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from t he apparatus a f t e r 7 h r s . I t was analysed by g . I . e . 

(G.D.B., s i l i c o n e e l a s t o m e r , 78°C) and c o n s i s t e d o f one major 

component w i t h t r a c e s o f b o t h more and l e s s v o l a t i l e p r o d u c t s . 

The major component was i s o l a t e d by d i s t i l l a t i o n (concen­

t r i c tube column) as a f r a c t i o n b.p. 126-127°C. I t was i d e n t i f i e d 

as p e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 3 - d i a z a c y c l o h e x a - 3 , 6 - d i e n e (153) 

(8.5 g ) . [Found: F, 70.1%; M, 490, C 1 0 N 2 F 1 8 r e q u i r e s F, 69.78%; 
19 

M, 490J. i . r . spectrum No. 5 F n.m.r. spectrum No. 6. A s m a l l 
f r a c t i o n (0.8 g) b o i l i n g below 126°C was c o l l e c t e d which c o n t a i n e d 

an u n i d e n t i f i e d p r o d u c t . The pot r e s i d u e (0.4 g) was found by 
19 

g . l . c . and F n.rn.r. s p e c t r o s c o p y t o c o n s i s t o f (152) w i t h 

t r a c e s of (153 ) . 

8.9 The F l u o r i n a t i o n o f P e r f l u o r o - 4 - i s o p r o p y l p y r i m i d i n e (154) 

w i t h C o b a l t I I I F l u o r i d e / C a l c i u m F l u o r i d e 

8.9A High Temperature Reaction 

The p y r i m i d i n e (154) (9.3 g, 31 m.moles) was added t o 

t h e r e a c t o r i n t h e l i q u i d phase over a p e r i o d o f 1 h r . The 

i n i t i a l r e a c t o r t e m p e r a t u r e was 169°C r i s i n g t o 174°C and t h e 

n i t r o g e n f l o w was 100 mls-min-"*". The p r o d u c t , c o l l e c t e d over 16 

h r s , weighed 7.4 g, most of which was gaseous, o n l y 2.0 g remain­

i n g i n the l i q u i d phase on warming t o room t e m p e r a t u r e . 

The l i q u i d f r a c t i o n was found by g . l . c . (G.D.B., s i l i c o n e 

e l a s t o m e r , 78°C) t o be composed o f a c o m p l i c a t e d m i x t u r e o f v e r y 

v o l a t i l e components w i t h o n l y t r a c e s o f m a t e r i a l o f t h e same 

r e t e n t i o n time o r h i g h e r r e t e n t i o n t i m e than ( 1 5 4 ) . 

The gaseous f r a c t i o n was not r e s o l v e d on g . l . c . columns even 

at low t e m p e r a t u r e (Pye 452, d i - i s o d e c y l p h t h a l a t e , -15°C). 



-196-

8.9B Low Temperature Reac t i o n 

The r e a c t i o n was r e p e a t e d at a lower t e m p e r a t u r e . Thus 

the p y r i m i d i n e (154) (4.5 g, 14.9 m.moles) was added t o the 

r e a c t o r ( t e m p e r a t u r e 113°C r i s i n g t o 114°C) i n the u s u a l manner. 

The a d d i t i o n t i m e was 20 mins. and t h e n i t r o g e n f l o w was 80 mis. 

min 1. The p r o d u c t , a l i q u i d (3.2 g) was c o l l e c t e d a f t e r 20 h r s . 

A n a l y s i s by g . l . c . (Pye 104, s i l i c o n e e l a s t o m e r , 150°C) 

demonstrated t h e absence of p r o d u c t s w i t h a h i g h e r r e t e n t i o n t i m e 

than ( 1 5 4 ) . The major component (1.4 g) was i d e n t i f i e d as (154) 

by i t s g . l . c . r e t e n t i o n t i m e and i . r . spectrum and t h e remainder 

of t h e p r o d u c t was a m i x t u r e of a t l e a s t s i x very v o l a t i l e 

components, p o o r l y r e s o l v e d from each o t h e r on a v a i l a b l e g . l . c . 

columns. 

8.10 The F l u o r i n a t i o n of T r i f l u o r o - 5 - c h l o r o p y r i m i d i n e (155) w i t h 

C obalt I I I F l u o r i d e / C a l c i u m F l u o r i d e 

Three a l i q u o t s of (155) w e r e f l u o r i n a t e d under t h e 

c o n d i t i o n s d e s c r i b e d below and t h e l i q u i d p r o d u c t s were combined 

and d i s t i l l e d t o g e t h e r . The f i r s t a l i q u o t of (155) (10 g, 59.4 

m.moles) was r e a c t e d , i n t h e u s u a l manner f o r l i q u i d s , w i t h an 

i n i t i a l r e a c t o r t e m p e r a t u r e o f 146°C r i s i n g t o 154°C. ( A d d i t i o n 

t i m e 60 mins; N 2 f l o w 120 m i s . m i n - 1 ) . The p r o d u c t , c o l l e c t e d over 

n i g h t (18 h r s ) c o n s i s t e d of a l i q u i d f r a c t i o n (8.8 g) and a 

gaseous f r a c t i o n (1.2 g) at room t e m p e r a t u r e . G.l.c. (Pye 104, 

s i l i c o n e e l a s t o m e r , 150°C) i n d i c a t e d t h e p r o d u c t t o c o n s i s t m a i n l y 

of a component w i t h t h e same r e t e n t i o n t i m e as s t a r t i n g m a t e r i a l 

w i t h minor amounts of compounds w i t h h i g h e r r e t e n t i o n t i m e . 
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19 
A F n.m.r. spectrum o f t h e crude p r o d u c t c o n f i r m e d t h a t i t 

c o n s i s t e d m a i n l y o f (155) ( > 7 0 % ) . The gaseous f r a c t i o n was 

e x t r e m e l y s u s c e p t i b l e t o h y d r o l y s i s and was not i n v e s t i g a t e d 

f u r t h e r . 

A second a l i q u o t o f (155) (5.6 g, 3.3 m.moles) was r e a c t e d 

at 170°C, r i s i n g t o 182°C, ( N 2 f l o w 100 m l s . m i n - 1 , a d d i t i o n t i m e 

40 m i n s ) . The p r o d u c t c o n s i s t e d , at room t e m p e r a t u r e , of 4.3 g, 

o f l i q u i d and 1.0 g o f gaseous m a t e r i a l . G.l.c. a n a l y s i s (Pye 

104, s i l i c o n e e l a s t o m e r , 150°C) i n d i c a t e d t h e p r o p o r t i o n o f 

( 1 5 5 ) , i n the l i q u i d , t o have dropped t o a p p r o x i m a t e l y 15%, t h e 

remainder of l i q u i d c o n s i s t i n g o f a complex m i x t u r e o f p r o d u c t s 

more v o l a t i l e than (155) ( 4 0 % of the l i q u i d ) and two l e s s 

v o l a t i l e components ( 2 0 % and 2 0 % ) . 

F i n a l l y , a t h i r d a l i q u o t o f ( 1 5 5 ) (8.7 g, 51.6 

m.moles) was f l u o r i n a t e d a t 178°C r i s i n g t o 183°C ( N 2 f l o w 80 

mls.min 1 , a d d i t i o n t i m e 1.5 h r s ) . The p r o d u c t had a s i m i l a r 

c o m p o s i t i o n t o t h a t o f the second a l i q u o t . The 

l i q u i d f r a c t i o n was combined w i t h those from t h e p r e v i o u s 

f l u o r i n a t i o n ( t o t a l 16.8 g) and t h e m i x t u r e was d i s t i l l e d 

( c o n c e n t r i c t u b e ) t o g i v e : -

F r a c t i o n 1, b.p. <113.5°C (4.2 g) found by g . l . c . (G.D.B., 

s i l i c o n e e l a s t o m e r , 25°C) t o be a very c o m p l i c a t e d m i x t u r e o f 

components of s h o r t r e t e n t i o n t i m e s . 

F r a c t i o n 2, b.p. 113.5-115°C ( 3 . 1 g) i d e n t i f i e d by i t s 

s p e c t r a and r e t e n t i o n t i m e as s t a r t i n g m a t e r i a l ( 1 5 5 ) . 

F r a c t i o n 3, b.p. 78-79.5°C ( a t 18 mm Hg p r e s s u r e , 0.7 g) 

found by g . l . c . ( A u t o prep Col 0, 70°C) t o be a m i x t u r e o f a t 

l e a s t t h r e e compounds and some s t a r t i n g m a t e r i a l . An a t t e m p t e d 

g . l . c . s e p a r a t i o n was u n s u c c e s s f u l and these compounds were not 

i d e n t i f i e d . 
F r a c t i o n 4, 7.1 g c o l l e c t e d from 90 t o 92°C (18 mm Hg 
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p r e s s u r e ) and i d e n t i f i e d as a m i x t u r e o f d i m e r i c compounds 
of e m p i r i c a l f o r m u l a C' 8N 4F 1 2C1 2. [Found: 

C, 21.5%; F, 50.5%; C I , 15.5%; M, 450; P:P+2:P+4 = 100:66:11; 
C 8 N 4 F 1 2 C 1 2 r e c l u i r e s C 1 > 15.72%; F, 50.55%; M, 450; 
P:P+2:P+4 = 100:66:11]. i . r . spectrum No. 6. 

8.11 The F l u o r i n a t i o n o f P e r f l u o r o - 4 , 5 - d i - i s o p r o p y l p y r i d a z i n e 

(167) w i t h Cobalt I I I F l u o r i d e / C a l c i u m F l u o r i d e 

The p y r i d a z i n e (167) (11.2 g, 24.8 m.moles) was sub l i m e d 

i n t o t h e r e a c t o r i n t h e manner d e s c r i b e d f o r s o l i d s ( S e c t i o n 

8.4). The s o l i d was heated t o 108°C and passed i n t o t h e r e a c t o r , 

as t h e vapour, t h r o u g h a d e l i v e r y arm m a i n t a i n e d at 143°C by a 

h e a t i n g tape. The Ng f l o w was 200 mls.min ^ and t h e r e a c t o r 

t e m p e r a t u r e was 163°C r i s i n g t o 169°C, t h e a d d i t i o n t a k i n g 3hrs. 

The p r o d u c t , a l i q u i d (10.1 g ) , was c o l l e c t e d a f t e r a . 

f u r t h e r 14 hrs and was found by g . l . c . (G.D.B., s i l i c o n e elastomer 

78°C) t o c o n t a i n t h r e e components. The r e a c t i o n was r e p e a t e d 

w i t h t h r e e f u r t h e r a l i q u o t s o f (167) under c l o s e l y s i m i l a r 

c o n d i t i o n s and t h e combined p r o d u c t (42.6 g) was se p a r a t e d i n t o 

i t s components by d i s t i l l a t i o n ( c o n c e n t r i c tube m i c r o d i s t i l l a t i o n 

a p p a r a t u s ) a t atmo s p h e r i c p r e s s u r e . The f i r s t component (b.p. 

74.5°C t o 75.5°C) was i d e n t i f i e d as p e r f l u o r o - 2 . 3 - d i m e t h y l p e n t a n e 

(170) (4-° B)- [Found: C, 21.5%; F, 78.1%; P-F, 369, C ? F 1 6 

19 

r e q u i r e s 21.67%; F, 78.33%; M, 3 8 8 ] , i . r . spectrum No. 7, A S T 

n.m.r. spectrum No. 7. 

The second component (24.2 g) ( b . p . 118°C t o 118.5°C) 

was i d e n t i f i e d as a . 36:64 m i x t u r e o f c i s - and t r a n s -

p e r f l u o r o - 2 . 3 . 4 . 5 - t e t r a m e t h y l h e x - 3 - e n e (168 ) and (169) 

r e s p e c t i v e l y . [Found: C, 23.8%; F, 75.8%; P-F, 481, C 1 Q F 2 Q 

r e q u i r e s C, 24.02%; F, 75.98%; M, 5 0 0 ] , i . r . spectrum No. 8; 
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19 F n.m.r. spectrum No. 8. 

The t h i r d component (7.2 g) b.p. 136°C t o 138°C was i d e n t i ­

f i e d as p e r f l u o r o - 2 , 3 , 4 , 5 - t e t r a m e t h y l h e x a n e ( 1 7 1 ) . [Found: 

C, 22.0%; F, 77.3%; P-F, 519, C 1 Q F 2 2 r e q u i r e s C, 22.32%; 

F, 77.68%; M, 5 3 8 ] , i . r . spectrum No. 9, 1 9 F n.m.r. spectrum 

No. 9. 

8.12 The F l u o r i n a t i o n o f P e r f l u o r o - 3 , 5 - d i - i s o p r o p y l p y r i d a z i n e 

(174) w i t h Cobalt I I I F l u o r i d e / C a l c i u m F l u o r i d e 

The p y r i d a z i n e (174) (10.1 g, 22.3 m.moles) was f l u o r i n a -

t e d i n t h e u s u a l manner f o r l i q u i d s w i t h a r e a c t o r t e m p e r a t u r e 

of 132°C r i s i n g , upon c o m p l e t i o n o f t h e a d d i t i o n (50 mins) t o 

138°C ( N 2 f l o w 150 m l s . m i n - 1 ) . 

The p r o d u c t , a l i q u i d (8.5 g) was c o l l e c t e d over a p e r i o d 

of 48 h r s . A n a l y s i s by g . l . c . ( F 2 1 , s i l i c o n e e l a s t o m e r , 25°C) 

r e v e a l e d t h r e e components which were s e p a r a t e d by p r e p a r a t i v e 

g . l . c . (Fg-^. s i l i c o n e e l a s t o m e r , 25°C). 

The f i r s t component ( 3 9 % o f the p r o d u c t by g . l . c . ) was 

i d e n t i f i e d as a m i x t u r e o f e i t h e r c i s or t r a n s - p e r f l u o r o - 2 , 3 , 6 - t r i -

methylhept-3-ene (175) or (176) and at l e a s t one o t h e r u n i d e n t i f i e d 

compound, a l s o t h o u g h t t o be a p e r f l u o r o d e c e n e and d e t e c t a b l e 
19 

o n l y by F n.m.r. sp e c t r o s c o p y which i n d i c a t e d i t t o be <15% 

of t h e m i x t u r e . No d i f f e r e n c e i n t h e c o m p o s i t i o n o f m a t e r i a l 

t r a p p e d as t h e f i r s t h a l f o f t h e g . l . c . peak compared w i t h t h e 
19 

l a t e r h a l f c o u l d be d e t e c t e d by F n.m.r. s p e c t r o s c o p y . [Found: 

F, 76.2%; M, 500, C 1 Q F 2 Q r e q u i r e s F, 75.78%; M, 5 0 0 ] , i . r . 

spectrum No. 10, ^ F n.m.r. spectrum No. 10. 
The second component ( 3 7 % by g . l . c . ) was a l s o 

19 
found by F n.m.r. t o c o n t a i n one main compound and a t l e a s t 
( <10% of t h e m i x t u r e ) one other> a g a i n t h o u g h t t o be a p e r f l u o r o -
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decene. The main compound was i d e n t i f i e d as e i t h e r c i s or t r a n s 

p e r f l u o r o - 2 , 5 , 6 - t r i m e t h y l h e p t - 3 - e n e (177 o r 178). [Found: F, 

76.0%; M, 500, C 1 Q F 2 0 r e q u i r e s , F , 75.98%; M, 5 0 0 ] , i . r . spectrum 
19 

No. 11, F n.m.r. spectrum No. 11. 
The t h i r d component was i d e n t i f i e d as s t a r t i n g m a t e r i a l 

( 174)-

8.13 The F l u o r i n a t i o n of P e r f l u o r o - 2 , 5 - d i - i s o p r o p y l p y r a z i n e (184) 

w i t h C o b a l t I I I F l u o r i d e / C a l c i u m F l u o r i d e 

The p y r a z i n e (184) (10.4 g, 22.9 m.moles) was subl i m e d 

i n t o t h e r e a c t o r i n t h e u s u a l manner f o r s o l i d s . The r e a c t o r 

t e m p e r a t u r e was 156°C, r i s i n g t o 159°C and the N 2 f l o w was 300 

mls.min 1 . A d d i t i o n took 2 h r s and t h e p r o d u c t (9.6 g) was 

c o l l e c t e d a f t e r a f u r t h e r 15 h r s , as a c o l o u r l e s s c r y s t a l l i n e 

s o l i d at room t e m p e r a t u r e . A n a l y s i s by g . l . c . (G.D.B., s i l i c o n e 

e l a s t o m e r , 78°C) r e v e a l e d two components, t h e minor o f which was 

i d e n t i f i e d by g.l.c./mass s p e c t r o s c o p y as s t a r t i n g m a t e r i a l 

(184) (10.7% o f t h e p r o d u c t ) . 

The major component (7.0 g) was i s o l a t e d by r e c r y s t a l l i s i n g 

from cyclohexane t o g i v e l a r g e , w e l l - f o r m e d c r y s t a l s o f p e r f l u o r o -

2 , 5 - d i - i s o p r o p y l - l , 4 - d i a z a c y c l o h e x a - l , 4 - d i e n e (185) ( 7 . 0 g ) ; 

m.p. 43-45°C u n c o r r . [Found: C, 24.4%; N, 6.1%; F, 69.3%; 

M, 490, C 1 0 N 2 F l g r e q u i r e s C, 24.51%;, N, 5.72%; F, 69.7%;, M, 490] 
19 

i . r . spectrum No. 12, F n.m.r. spectrum No. 12. 

8.14 Attempted F l u o r i n a t i o n s o f Cya n u r i c F l u o r i d e (188) w i t h 

C o b a l t I I I F l u o r i d e / C a l c i u m F l u o r i d e 

Using t h e t e c h n i q u e adopted f o r l i q u i d s u b s t r a t e s (188) 

(12.4 g, 91.8 m.moles) was passed i n t o t h e r e a c t o r which was a t an 

i n i t i a l t e m p e r a t u r e o f 110°C ( t e m p e r a t u r e a f t e r a d d i t i o n 110°C, 
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n i t r o g e n f l o w 300 m l s . m i n - 1 , a d d i t i o n t i m e 2.25 h r s ) . A f t e r 20 
h r s , 11.3 g of p r o d u c t had been t r a p p e d , which was found upon 
a n a l y s i s by g . l . c . and i . r . s p e c t r o s c o p y t o c o n t a i n (188) o n l y . 

A second a l i q u o t o f ( 1 8 8 ) , (9,7 g, 71.8 m.moles) was added 

t o t h e r e a c t o r a t t h e h i g h e r i n i t i a l t e m p e r a t u r e of 219°C, r i s i n g 

t o 220°C ( a d d i t i o n t i m e 1 h r , N 2 f l o w 300 m l s . m i n - 1 ) . The p r o d u c t 

(8.9 g ) , c o l l e c t e d a f t e r a f u r t h e r 18 h r s , was once ag a i n found 

by g . l . c . a n a l y s i s and i . r . s p e c t r o s c o p y t o c o n t a i n s t a r t i n g 

m a t e r i a l (188) o n l y . 

F i n a l l y , a t h i r d a l i q u o t o f (188) (9.6 g, 71.1 m.moles) 

was added t o t h e r e a c t o r a t an i n i t i a l t e m p e r a t u r e of 328°C 

r i s i n g t o 329°C ( N 2 f l o w 300 m l s . m i n " 1 , a d d i t i o n t i m e 1.5 h r s ) . 

The p r o d u c t (8.8 g ) , c o l l e c t e d a f t e r a f u r t h e r 16 h r s , was found 

by g . l . c . a n a l y s i s (G.D.B. s i l i c o n e e l a s t o m e r , 78°C) and i . r . 

s p e c t r o s c o p y t o c o n t a i n o n l y t r a c e s (<2%) o f new p r o d u c t s , which 

were o f very s h o r t r e t e n t i o n t i m e . 

8.15 E x p e r i m e n t a l Procedure f o r D i r e c t F l u o r i n a t i o n s 

D i r e c t f l u o r i n a t i o n s were performed by p a s s i n g f l u o r i n e , 

h e a v i l y d i l u t e d w i t h d ry n i t r o g e n , t h r o u g h s o l u t i o n s o f t h e 

compound t o be f l u o r i n a t e d , i n 'Freon 113' (Freon 113 i s t h e DuPont 

t r a d e name f o r 1 , 2 , 2 - t r i f l u o r o t r i c h l o r o e t h a n e ) . The apparatus was 

designed so t h a t t h e f l u o r i n e d i d not come i n t o c o n t a c t w i t h any 

m a t e r i a l s o t h e r t h a n d r y g l a s s , p a s s i v a t e d copper, brass and 

' Fluorolube' (a heavy f l u o r i n a t e d kerozene produced by I . C . I . ) . 

A drawing o f t h e apparatus i s p r e s e n t e d below i n Diagram 8.2. 

The glassware was d r i e d i n t h e oven p r i o r t o use and a l l o w e d 

t o c o o l w h i l s t b e i n g purged w i t h n i t r o g e n . The f l u o r i n e l i n e was 

then a l s o connected t o t h e glassware and t h e g e n e r a t o r s w i t c h e d on 

at 5 amps and a l l o w e d t o produce f l u o r i n e gas f o r 30 mins i n o r d e r 
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t o remove any i n g r e s s e d m o i s t u r e from t he e l e c t r o l y t e . I t was 

suspected t h a t oxygen d i f l u o r i d e produced from such m o i s t u r e 

might be t h e cause o f t h e e x p l o s i o n s t h a t have been r e p o r t e d by 

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

s e v e r a l e x p l o s i o n s were exp e r i e n c e d i n the p r e s e n t work b e f o r e 

a d o p t i n g these p r e c a u t i o n s . T a t l o w has a l s o suggested t h a t 

m o i s t u r e i n f l u o r i n e c e l l e l e c t r o l y t e s i s r e s p o n s i b l e f o r the 

a c i d f l u o r i d e s o f t e n p r e s e n t among t h e p r o d u c t s o f d i r e c t 
,-, • + • 186 f l u o r m a t i o n s . 

As a secondary p r e c a u t i o n , t h e t r a p i n the f l u o r i n a t i o n 

apparatus (see F i g u r e 8.2) was c o o l e d w i t h a n i t r o g e n / p r o p a n e 

s l u s h b a t h m a i n t a i n e d a t -187°C i n o r d e r t o t r a p any r e m a i n i n g 

oxygen c o n t a i n i n g s p e c i e s ( F 2 b.pt = -187°C; OF 2 b.pt = 

-145.3°C). 

B l a s t screens, heavy g l o v e s and p r o t e c t i v e c l o t h i n g were 

employed at a l l stages o f these e x p e r i m e n t s , o f course. 

A f t e r t h i s p r e - e l e c t r o l y s i s , t h e g e n e r a t i n g c e l l was 

t e m p o r a r i l y s w i t c h e d o f f and, a f t e r w a i t i n g 10 mins f o r t h e 

n i t r o g e n purge t o remove f l u o r i n e gas from t h e a p p a r a t u s , a f l a s k , 

c o n t a i n i n g a s o l u t i o n of t h e s u b s t r a t e i n f r e o n 113 and a magnetic 

f o l l o w e r , was connected t o t h e apparatus so t h a t t h e n i t r o g e n and 

f l u o r i n e would pass t h r o u g h t h e l i q u i d . A water c o o l e d r e f l u x 

condenser and an a c e t o n e / c a r d i c e c o o l e d , c o l d f i n g e r condenser 

were p l a c e d a t the f l a s k e x i t , t h e l a t t e r above t h e f o r m e r , i n 

ord e r t o m i n i m i s e l o s s e s of s o l v e n t , s u b s t r a t e o r p r o d u c t s . The 

f i n a l e x i t o f t h e apparatus was guarded by a c a l c i u m c h l o r i d e 

tube. 

A f t e r c o o l i n g t h e c o n t e n t s o f t h e r e a c t i o n f l a s k i n a 

c o o l i n g bath and w i t h v i g o r o u s s t i r r i n g t h e f l u o r i n e g e n e r a t o r 

was s w i t c h e d on again (2 amps, 1.3 g. F 2 . h r ~ * ) and f l u o r i n e was 

passed t h r o u g h t he s o l u t i o n , u n t i l an amount c a l c u l a t e d t o be 
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e q u i v a l e n t t o t h e a d d i t i o n of two f l u o r i n e atoms t o t h e s u b s t r a t e 

had been passed. The f r e o n s o l v e n t f u n c t i o n e d b o t h as a d i l u e n t 

o f t h e s u b s t r a t e and a l s o , by r e f l u x i n g , as a heat s i n k f o r t h e 

r e a c t i o n . I t was d r i e d , p r i o r t o use, by d i s t i l l i n g from ^2^5• 

i n grease f r e e a p p a r a t u s , c o l l e c t i n g t he f r a c t i o n at b . p t . 47°C. 

The fluorolube t r a p t h r o u g h which t h e n i t r o g e n e n t e r e d t h e 

l i n e p r e v e n t e d back d i f f u s i o n o f f l u o r i n e . A f t e r p a s s i n g 

s u f f i c i e n t f l u o r i n e , t h e g e n e r a t o r was s w i t c h e d o f f and t h e 

apparatus was purged w i t h t h e n i t r o g e n f l o w f o r a f u r t h e r 10 min. 

8.16 D i r e c t F l u o r i n a t i o n o f P e r f l u o r o - 4 - i s o p r o p y l p y r i d i n e (189) 

The p y r i d i n e (189) ( 4 . 1 g, 12.8 m.moles) was d i s s o l v e d 

i n d ry 1 , 1 , 2 - t r i f l u o r o t r i c h l o r o e t h a n e (7.2 g) and the s o l u t i o n was 

p l a c e d i n t h e f l u o r i n a t i o n a pparatus d e s c r i b e d above and c o o l e d 

(-20°C) i n an a c e t o n e / c a r d i c e b a t h . F l u o r i n e gas (1.3 g.hr *, 

12.6 mis.min \ a g e n e r a t o r c u r r e n t 2 amperes) mixed w i t h d r y 

n i t r o g e n (4.5 mis.min *, 3.1 g hr *) was bubbled t h r o u g h t h e 

v i g o r o u s l y s t i r r e d s o l u t i o n . C r a c k l i n g sounds t h o u g h t t o be due 

t o minor e x p l o s i o n s were heard d u r i n g t h e r e a c t i o n . 

A f t e r 24.4 mins ( i . e . two e q u i v a l e n t s of f l u o r i n e ) , t h e 

c u r r e n t was s w i t c h e d o f f , w h i l s t t h e n i t r o g e n purged r e s i d u a l 

f l u o r i n e from t h e apparatus. The f l a s k was then removed and 

a l l o w e d t o a t t a i n room t e m p e r a t u r e b e h i n d t he b l a s t screen. 

A f t e r s t a n d i n g f o r 30 mins t h e p r o d u c t (7.4 g) was analysed by 

g . l . c . (G.D.B., d i - i s o d e c y l p h t h a l a t e 78°C). The p r o p o r t i o n o f 

s o l v e n t ( 3 0 % of t h e m i x t u r e ) had dropped as a r e s u l t o f evapora­

t i o n . S t a r t i n g m a t e r i a l ( 6 4 % of t h e m i x t u r e by g . l . c . ) was t h e 

o n l y o t h e r major component w i t h t r a c e s o f two o t h e r components 

( 1 % and 2% r e s p e c t i v e l y by g . l . c . ) . The f i r s t had i d e n t i c a l 

r e t e n t i o n t i mes t o p e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a - l , 3 -
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diene (121) on s i l i c o n e gum rubber and d i - i s o d e c y l p h t h a l a t e 

g . l . c . columns w h i l s t t h e second had s h o r t e r r e t e n t i o n t i m e s . 

M a t e r i a l which had s o l i d i f i e d on t h e c o l d f i n g e r d u r i n g r e a c t i o n 

(1.5 g) was i d e n t i f i e d as s o l v e n t (248) o n l y . 

8.17 D i r e c t F l u o r i n a t i o n o f P e r f l u o r o p y r i m i d i n e (156) 

I n t o t h e f l u o r i n a t i o n apparatus was p l a c e d p e r f l u o r o -

p y r i m i d i n e (156) (5 g, 32.9 m.moles) and dry 1 , 1 , 2 - t r i c h l o r o -

t r i f l u o r o e t h a n e (10 g ) . F o l l o w i n g t h e u s u a l p r o c e d u r e , f l u o r i n e 

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

47.25 m.moles h r _ 1 . The s o l u t i o n was m a i n t a i n e d a t -20°C 

( g e n e r a t o r s e t a t 3 amps g i v i n g 18.75 m i s . m i n - 1 ) . The f l u o r i n e 

was d i l u t e d w i t h d ry n i t r o g e n (30 mis min"" 1). The g e n e r a t o r was 

s w i t c h e d o f f a f t e r 50 mins e q u i v a l e n t t o t h e passage of 46.7 

m.moles of f l u o r i n e . 

The p r o d u c t (9.6 g) was analysed by g . l . c . (Pye 104, 

s i l i c o n e gum r u b b e r , 100°C) which r e v e a l e d o n l y t h r e e major compo­

nents . The f i r s t two were i s o l a t e d by d i s t i l l a t i o n t h r o u g h a 
19 

s h o r t (15 cm x 1 cm) v i g r e u x column and i d e n t i f i e d by F n.m.r. 

and g . l . c . as s o l v e n t (4.5 g) and s t a r t i n g m a t e r i a l (156) ( 2 . 1 g) . 

The r e s i d u e was a n e a r l y c o l o u r l e s s o i l (2.0 g) which b o i l e d above 

150°C and was i n d i c a t e d by g . l . c . (Pye 104, s i l i c o n e gum r u b b e r , 

150°C) t o be m a i n l y t h e t h i r d component. Most o f the o i l 

c r y s t a l l i s e d on s t a n d i n g and t h e c r y s t a l s were p u r i f i e d by s u b l i ­

m a tion onto a c o l d f i n g e r (40°C, 0.01 mm Hg) t o g i v e w h i t e 

c r y s t a l s o f p e r f l u o r o - 2 , 2 ' - b i - 1 , 3 - d i a z a c y c l o h e x a - 3 , 6 - d i e n y l (195) 

(1.4 g ) , m.pt. 56°-57°C ( u n c o r r . ) . Found: C, 27.7%; N, 16.8%; 

F, 55.9%; M, 342. C gN 4F 1 ( ) r e q u i r e s C, 28.0%; N, 16.38%; 

F, 55.54%, M 342. 1 9 F n.m.r. spectrum No. 13. Owing t o r a p i d 

h y d r o l y s i s , a s a t i s f a c t o r y i . r . spectrum was not o b t a i n e d . 
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8.18 D i r e c t F l u o r i n a t i o n of P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l p y r i m i d i n e 

( 1 5 2 ) 

I n t o t h e f l u o r i n a t i o n apparatus was p l a c e d (152) (5 g, 

11.1 m.moles) and 1 , 1 , 2 - t r i f l u o r o t r i c h l o r o e t h a n e (15 m i s ) . 

F o l l o w i n g t h e d e s c r i b e d p r o c e d u r e , f l u o r i n e gas, generated at 3 

amps (=47.25 m.moles hr ^ or 18.75 mls.min ^) d i l u t e d w i t h 

n i t r o g e n (30 mls.min""'1'), was bubbled i n t o t h e v i g o r o u s l y s t i r r e d 

s o l u t i o n which was m a i n t a i n e d a t -10°C. The f l u o r i n e was stopped 

a f t e r 37 mins, e q u i v a l e n t t o t h e passage o f 29.1 m.moles of 

f l u o r i n e . The p r o d u c t was examined by mass spectroscopy/g.1.c. 

( s i l i c o n e gum r u b b e r , 165°C) and s o l v e n t (248) and s t a r t i n g 

m a t e r i a l (152) were the o n l y components d e t e c t e d . The b u l k o f t h e 

s o l v e n t was d i s t i l l e d o f f u s i n g a s h o r t v i g r e u x (15 cm x 1 cm) 
19 

column t o le a v e a r e s i d u e (5.2 g) which F n.m.r. c o n f i r m e d as 

m a i n l y (152) w i t h t r a c e s o f r e s i d u a l s o l v e n t . Also h i g h 

t e m p e r a t u r e g . l . c . (Pye 104, s i l i c o n e gum r u b b e r , 250°C) d i d 

not i n d i c a t e t h e presence o f components o f h i g h e r r e t e n t i o n 

t i m e t h a n ( 1 5 2 ) . 

8.19 The D i r e c t F l u o r i n a t i o n o f P e r f l u o r o - 4 , 5 - d i - i s o p r o p y l -
> 

p y r i d a z i n e (167) 

The p y r i d a z i n e ( 1 6 7 ) , (2.9 g, 6.4 m.moles) and excess of 

Freon 113 (210 mis) as s o l v e n t , were p l a c e d i n an e a r l i e r form o f 

t h e f l u o r i n a t i o n a p p a r a t u s , which d i f f e r e d from t h a t a l r e a d y 

d e s c r i b e d , i n t h a t i t d i d not have an F^O t r a p . The s o l u t i o n 

was c o o l e d t o -5°C and s t i r r e d v i g o r o u s l y , w i t h a ' t e f l o n ' - - c o a t e d 

magnetic f o l l o w e r , w h i l s t f l u o r i n e ( g e n e r a t e d a t 5 amps, 69.7 

mls.min ^) d i l u t e d w i t h d r y n i t r o g e n (46 mls.min""'1') was bubbled 

t h r o u g h i t f o r a p e r i o d o f 60 mins (85.5 m.moles). 

A f t e r t h e f l u o r i n e f l o w had ceased, t h e n i t r o g e n f l o w was 
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continuecl a f u r t h e r 15 mins i n o r d e r t o purge t h e a p p a r a t u s , 

a f t e r which t h e r e a c t i o n f l a s k was a l l o w e d t o s t a n d f o r 30 mins 

and a t t a i n room t e m p e r a t u r e . 

M a t e r i a l c o l l e c t e d on t h e c o l d f i n g e r (1.4 g) c o n s i s t e d o f 

Freon 113 o n l y , as r e v e a l e d by g . l . c . (G.D.B., s i l i c o n e gum 

r u b b e r , 40°C) and i . r . The f l a s k c o n t e n t s were d i s t i l l e d 

(30 cm x 1.5 cm column packed w i t h p y r e x h e l i c e s ) and, a f t e r 

removal o f t h e s o l v e n t , a r e s i d u e (1.7 g) was o b t a i n e d which 

gave o n l y one major component on g . l . c . a n a l y s i s (G.D.B., 

s i l i c o n e gum r u b b e r , 40°C) w i t h t r a c e s o f p r o d u c t s o f h i g h e r 

r e t e n t i o n t i m e . The major component was i s o l a t e d by p r e p a r a t i v e 

g . l . c . ( A u t o p r e p . , s i l i c o n e gum r u b b e r , 30°C) and was i d e n t i f i e d 

as a 1:1.8 m i x t u r e o f c i s and t r a n s p e r f l u o r o - 2 , 3 , 4 , 5 - t e t r a -

methylhex-3-enes (168) and (169) by comparison o f i t s g . l . c . 
19 

r e t e n t i o n t i mes and F n.m.r. spectrum w i t h t h e p r o d u c t 

produced by f l u o r i n a t i n g ( 167) w i t h CoFg/CaF2 d e s c r i b e d i n 

S e c t i o n 3.10. 
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C1IAPTER 9 
EXPERIMENTAL FOR CHAPTER FIVE 

9 .1 R e a c t i o n o f P e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y c h l o h e x a - l , 3 - d i e n e 

(121) w i t h t h e P e r f l u o r o i s o p r o p y l Carbanion 

To a dry evacuated, round bottomed, t h r e e necked f l a s k , 

equipped w i t h a gas i n l e t , a serum cap and communicating v i a 

a condensing t r a p t o a c o l l a p s i b l e gas b l a d d e r was 

added h e x a f l u o r o p r o p e n e (249) (18 g, 120 m.moles). The hexa-

f l u o r o p r o p e n e was condensed i n t o t h e w e l l , which was the n i s o l a t e d 

from t he f l a s k . Dry n i t r o g e n was a d m i t t e d i n t o t h e f l a s k t o 

r e t u r n i t t o atmospheric p r e s s u r e . A g a i n s t t h e n i t r o g e n f l o w 

was added . • CsF ( c . a . 1.0 g ) , a magnetic s t i r r e r and 

dry t e t r a g l y m e (10 m i s ) . The f l a s k was re-evacuated and t h e 

s o l v e n t de-gassed a f t e r which t h e h e x a f l u o r o p r o p e n e was r e ­

a d m i t t e d and (121) (4.5 g, 12.6 m.moles) was added by i n j e c t i n g 

t h r o u g h t h e serum cap. The m i x t u r e was s t i r r e d v i g o r o u s l y a t 

room t e m p e r a t u r e f o r 17 h r s . The v o l a t i l e p r o d u c t was removed 

by d i s t i l l a t i o n from t he s o l v e n t a t reduced p r e s s u r e . The l i q u i d 

(22.5 g) was found by g . l . c . t o c o n s i s t o f two components i n 

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

was d i s t i l l e d a t atmospheric p r e s s u r e ( c o n c e n t r i c t u b e ) t o g i v e : 

( 1 ) a complex m i x t u r e o f o l i g o m e r s o f h e x a f l u o r o p r o p e n e , 

b o i l i n g below 112°C (11.6 g ) ; 

(2 ) a f r a c t i o n (2.0 g) c o l l e c t e d between 112 and 113°C, 

which was i d e n t i f i e d by comparison o f i . r . s p e c t r a as 

s t a r t i n g m a t e r i a l ( 1 2 1 ) ; 

( 3 ) a f r a c t i o n (3.9 g) c o l l e c t e d a t 177°C which was 

i d e n t i f i e d as p e r f l u o r o - 2 , 3 , 4 - t r i - i s o p r o p y l - l - a z a -
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cyclohexa-1,3-diene ( 2 0 1 ) . [Found: F, 72.5%; M, 657, C 1 4NF 2 

r e q u i r e s F, 72.28%; M, 6 5 7 ] , A „ 231 nm, e = 3.89 x 1 0 3 

max 
19 

cyclohexane, i . r . spectrum 13, F n.m.r. spectrum 14. U.v. 

spectrum No. 2. B.pt. = 177°C. 

9.2 The D e f l u o r i n a t i o n o f P e r f l u o r o - 2 , 3 , 4 - t r i - i s o p r o p y l - l -

azacyclohexa-1,3-diene (201) 

The diene (201) (3.5 g, 5.3 m.moles) was p l a c e d i n a d r y 

f l a s k equipped w i t h a n i t r o g e n i n l e t c a p i l l a r y and b o i l i n g c h i p s . 

The f l a s k was p l a c e d at t h e end o f a s i l i c a tube (16 m.m. o.d.) 

which was packed a l o n g 45 cm o f i t s l e n g t h w i t h coarse i r o n 

f i l i n g s heated t o 340°C by an e n v e l o p i n g f u r n a c e . The diene 

(201) was heated u n t i l i t began t o r e f l u x i n t h e apparatus and, 

by p a s s i n g dry n i t r o g e n t h r o u g h i t (50 m l s - m i n - 1 ) , i t was c a r r i e d 

as a vapour over t h e i r o n f i l i n g s . The p r o d u c t (0.7 g) was 

tr a p p e d at l i q u i d a i r t e m p e r a t u r e and was found by g . l . c . t o 

c o n s i s t o f one major component ( 9 1 % ) and a l e s s v o l a t i l e minor 

component ( 9 % ) . The pr o d u c t p a r t i a l l y c r y s t a l l i s e d on s t a n d i n g 

and g . l . c . i n d i c a t e d t h a t t h e c r y s t a l s were t h e major component 

which was i d e n t i f i e d as p e r f l u o r o - 2 , 3 , 4 - t r i - i s o p r o p y l p y r i d i n e 

(203) (0.5 g ) . [Found: F, 70.5%; M, 619, C 1 4 N F 2 3 r e q u i r e s 
19 

F, 70.58%; M, 619] . i . r . spectrum 14 F n.m.r. spectrum 15. 

The minor component has not been i d e n t i f i e d . 

9 . 3 The E e a c t i o n of P e r f l u o r o - 1 ,1 ' - b i - 1 , 3-diaz.acyclohex-2-enyl 

(160) w i t h Methanol 

I n a dry 100 ml two-necked f l a s k c o n t a i n i n g a magnetic 

s t i r r e r , c o n t i n u o u s l y purged w i t h d ry n i t r o g e n and equipped w i t h 

a serum cap, was added d r y e t h e r (5 mis) anhydrous sodium carbon­

ate ( 1 g, 9.4 m.moles) and (160) (1.0 g, 2.4 m.moles). S t i r r i n g 
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v i g o r o u s l y , methanol (0.2 ml; 0.16 g, 5.2 m.moles) d i s s o l v e d 

i n d ry e t h e r (5 mis) was added by i n j e c t i n g from a s y r i n g e over 

a p e r i o d o f 10 mins. S t i r r i n g was c o n t i n u e d at room t e m p e r a t u r e 

f o r 30 mins a f t e r which t he m i x t u r e was r e f l u x e d f o r 30 mins. 

The s o l v e n t was then d i s t i l l e d o f f t h r o u g h a v i g r e u x column (16 

cm) t o leave a crude w h i t e s o l i d . The r e s i d u e was sublimed onto 

a c o l d f i n g e r (0.05 mm Hg, 70°C) t o g i v e w h i t e c r y s t a l s o f 
1 , 1 ' - b i - 2 - m e t h o x y p e n t a f l u o r o - 1 , 3 - d i a z a c y c l o h e x - 2 - e n y l (212) 

(0.4 g ) . [Found: C, 26.9%; N, 12.7%; F, 51.5%; M, 442, 
C 1 0 N 4 H 6 ° 2 F 1 2 r e c i u i r e s C, 27.16%; N, 12.67%; F, 51.56%; M, 4 4 2 ] , 

i . r . spectrum 15, n.m.r. spectrum 16. 

9.4 Re a c t i o n o f P e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a - l , 3 - d i e n e 

(121) W i t h Methanol 

I n a d r y 100 ml two-necked f l a s k c o n t a i n i n g a magnetic 

s t i r r e r , c o n t i n u o u s l y purged w i t h d r y n i t r o g e n and equipped w i t h 

a serum cap and a r e f l u x condenser, was p l a c e d d r y e t h e r (5 m i s ) , 

anhydrous sodium carbonate (1.0 g, 9.4 m.moles) and t h e -1,3-

diene (121) (2.2 g, 6.2 m.moles). Dry methanol (0.3 mis, 0.25 g, 

7.7 m.moles) d i s s o l v e d i n dry e t h e r (5 mis) was i n j e c t e d dropwise 

from a s y r i n g e w i t h s t i r r i n g over a p e r i o d o f 15 min. S t i r r i n g 

was c o n t i n u e d f o r another 45 mins a f t e r which t h e m i x t u r e was 

r e f l u x e d f o r a f u r t h e r 30 mins. A f t e r r e a c t i o n , t h e s o l v e n t was 

removed by d i s t i l l a t i o n t h r o u g h a s h o r t (16 cm) v i g r e u x column 

and t h e r e s i d i l a i l i q u i d was vacuum t r a n s f e r r e d from t h e sodium 

s a l t Residue. The t r a n s f e r r e d m a t e r i a l was found, by g . l . c , 

t o C o n s i s t df one major component ( 7 0 % ) , two u n i d e n t i f i e d minor 

components (10%) and methanol ( 2 0 % ) . The m i x t u r e was s e p a r a t e d 

(G.D.B., s i l i c o n e e l a s t o m e r , 120°C) t o g i v e a pure sample o f t h e 

major component which was found t o be 2-methoxy-4-(heptafluoro-
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isopropyl)pentaf luoro-l-azacyclohexa-1, 3-diene (1.2 g). [Found: 
C, 29.5%; N, 3.9%; F, 61.5%; H, 1.1%;, M, 369. CgNOHg F 1 3 

requires C, 29.28%;, N, 3.79%;, F, 61.77%; H, 0.82%; M, 369]. 
19 i . r . spectrum 18, F n.m.r. spectrum 17. A = 213 nm, max 

e = 6.07 x 10 . U.v. spectrum No. '3. 

9.5 The Reaction of P erfluoro-4-isopropyl-l-azacyclohexa-l,3-
diene (121) w i t h Methoxide Ion 

In a dry three necked f l a s k , equipped w i t h a gas i n l e t , 
a serum cap, a r e f l u x condenser and a magnetic s t i r r e r was placed, 
against a flow of dry n i t r o g e n , dry methanol (20 mis, an excess). 
A f t e r a b r i e f wash i n methanol, sodium (0.6 g, 26 m.moles) was 
added, piece by piece, against the n i t r o g e n flow u n t i l a clear 
s o l u t i o n , equivalent t o 26 m.moles of methoxide i o n , was obtained. 
The diene (121) (2.3 g, 6.4 m.moles) was slowly added to the 
s o l u t i o n w h i l s t the l a t t e r was s t i r r e d v i g o r o u s l y . The s t i r r i n g 
was continued overnight a f t e r which the v o l a t i l e contents of the 
f l a s k were t r a n s f e r r e d i n vacuo. The t r a n s f e r r e d m a t e r i a l was 
found by g.1.c. to consist of methanol only and the products, 
which were r e l a t i v e l y i n v o l a t i l e , had remained i n the f l a s k . The 
m a t e r i a l i n the f l a s k was e x t r a c t e d i n t o methylene c h l o r i d e , 
f i l t e r e d and examined by g.I.e./mass spectroscopy (Micromass, 
s i l i c o n e elastomer, 150°C) and found t o consist of a mixture of 
at l e a s t s i x p o l y s u b s t i t u t e d products. 

9.6 Attempted Reaction of P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 3 -
diazacyclohexa-3,6-diene ( 153) w i t h Methanol 

The apparatus described f o r experiment 9.4 was used. To 
the dry f l a s k , against a flow of dry n i t r o g e n , was added (153) 
(2.0 g, 4.1 m.moles), sodium d r i e d ether (20 m i s), and anhydrous 
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sodium carbonate (1 g). Methanol (0.165 mis, 4.0 m.moles) 
dissolved i n ether (5 mis) was added dropwise from a syringe 
over a period of 10 mins. The mixture was magnetically s t i r r e d 
throughout the r e a c t i o n . A f t e r one hour, the mixture was 
r e f l u x e d f o r a f u r t h e r hour, cooled and f i l t e r e d . The solvent 
and unreacted methanol were d i s t i l l e d o f f t o leave a l i q u i d 
residue (1.9 g) which was shown by g . l . c . and i . r . to consist 
of s t a r t i n g m a t e r i a l only. 

9.7 Reaction of Perfluoro-1,1 1-bi-1,3-diazacyclohex-2-enyl 
(160) w i t h Phenol 

To a dry, round bottomed, 100 ml, two-necked f l a s k 
equipped w i t h a magnetic s t i r r e r , a serum cap and a r e f l u x 
condenser was added,against a flow of dry nitrogen,the dimer 
(160) ( i . o g, 2.5 m.moles) dissolved i n dry ether (10 mis) 
and t r i e t h y l a m i n e (0.4 g, 5 m.moles). The s o l u t i o n was s t i r r e d 
v i gorously w h i l s t phenol (0.45 g, 5 m.moles),dissolved i n ether 
(10 mis),was added slowly through the serum cap. White m a t e r i a l 
p r e c i p i t a t e d slowly from the s o l u t i o n . The s t i r r i n g was continued 
f o r 12 hrs a f t e r which the solvent was removed by d i s t i l l a t i o n . 
The residue was e x t r a c t e d w i t h an excess of e t h y l a c e t a t e from which 
c r y s t a l s (0.5 g) were deposited upon evaporation. The m a t e r i a l 
(m.pt. 177°C) was only s p a r i n g l y soluble i n a range of solvents 

19 
and a s a t i s f a c t o r y F n.m.r. spectrum was not obtained. On the 
basis of mass s p e c t r a l and i . r . evidence ( i . r . spectrum No. 17) 
i t i s thought l i k e l y t h a t the m a t e r i a l i s 1 ,1'-bi-2-phenoxyhexa-
fluoro-1,3-diazacyclohex-2-enyl (216 ). 
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9.8 Reaction of Perfluoro-4-isopropyl-l-azacyclohexa-l,3-diene 
(121) w i t h Phenol 

The same apparatus as f o r r e a c t i o n 9.4 was used. Against 
a flow of dry n i t r o g e n , dry ether (5 mis), f r e s h l y d i s t i l l e d 
t r i e t h y l a m i n e (0.21 mis, 2.85 m.moles) and (121) (1.0 g, 2.8 
m.moles) were added to the f l a s k . S t i r r i n g v i g o r o u s l y , phenol 
(0.26 g, 2.8 m.moles) dissolved i n dry ether (5 mis) was added 
dropwise, from a syringe, over a period of 15 mins. The s t i r r i n g 
was continued f o r 30 mins and then the mixture was r e f l u x e d f o r 
a f u r t h e r 30 mins. The contents of the f l a s k were then washed 
w i t h water, d r i e d (MgSO^) and the solvent was removed by 
d i s t i l l a t i o n . The remaining crude s o l i d was then p u r i f i e d by 
sublimation (0.05 m.m. Hg, 40°C) to give a white c r y s t a l ­
l i n e s o l i d i d e n t i f i e d as 2-phenoxy-4-(heptafluoroisopropy^-
pentaf luoro-l-azacyclohexa-1, 3-diene (219) (0.8 g ) . [Found: 
C, 40.1%; N, 3.3%;, H, 1.2%;, F, 52.9%; M, 431, C 1 4NH 50F 1 2 

requires C, 38.99%; N, 3.25%; H, 1.17%; F, 52.88%; M, 431], 
i . r . spectrum 18. N.m.r. spectrum 18. 

9 . 9 Hydrolysis of Perf luoro-1,1 ' -bi-l,3-diazacyclohex-2-enyl (160) 

In a 20 ml round-bottomed f l a s k equipped w i t h a r e f l u x 
condenser and a magnetic s t i r r e r , were placed (160) (1 g, 2.4 
m.moles), water (1 g, 55.5 m.moles), acetone (5 mis) and magnesium 
carbonate (0.35 g, 4.15 m.moles). The mixture was r e f l u x e d , w i t h 
s t i r r i n g , for' 24 hrs. The product was f i l t e r e d ether (20 mis) 
was added and the whole was washed twice w i t h water. Upon removal 
of the solvent, a s o l i d (0.8 g) remained which was r e c r y s t a l l i s e d 
(CHC13) t o y i e l d 1,1' -bi-3Ii-2 , - j - d i k e t o t e t r a f luoro-1 , 3-diazacyclo-
Jiex_y_l (218) (0.7 g) . Found: C, 25.9%; N, 15.3%; F, 41.5%; 

M, 370. C gN 40 4H 2F 8 r e q u i r e s , C, 25.96%; N, 15.14%; F, 41.07%; 



M, 370], i . r . spectrum No. 19, F n.m.r. spectrum No. 19. 

9.10 Hydrolysis of Perfluoro-4-isopropyl-l-azacyclohexa-l,3-diene 

(131) 

To a 10 ml, round-bottomed f l a s k equipped w i t h a r e f l u x 
condenser was added (121) (0.9 g, 2.6 m.moles), water ( 2 mis, 
111 m.moles) and acetone (5 mis). The mixture was r e f l u x e d f o r 
7 hrs a f t e r which the solvent and excess water were removed by 
vacuum transference, l e a v i n g a white s o l i d . The s o l i d was 
p u r i f i e d by sublimation onto a cold f i n g e r (0.005 mm Hg, 90°C) 
to c r y s t a l s (0.4 g) i d e n t i f i e d as 1H-2,6-diketo-4-{heptaf l u o r o i s o -
p r o p y ] ) t r i f luoro-l-azacyclohex-3-ene (218 ). [Found: C, 27.7%; 
F, 56.7%; M-F, 314, CgNC^HF^ requires C, 28.8%; F, 57.0%; 

19 
M, 333], i . r . spectrum 20, F n.m.r. spectrum 20. 

9.11 Hydrolysis of P e r f l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a - l , 
4-diene (122) 

Using the same method as f o r the -1,3-diene (121),(122) 
(1.0 g., 2.8 m.moles) reacted w i t h water (2 mis, 111 m.moles) i n 
acetone (5 mis) to give a crude white s o l i d from which c r y s t a l s 
(0.3 g) were obtained by sublimation (0.005 mm Hg, 105°C). 

19 
Comparison of the i . r . and F n.m.r. spectra showed the product 
to be i d e n t i c a l to t h a t produced from the -1,3-diene ( 121). 

9.12 Attempted Hydrolysis of P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 3 -
dia.zacyG!ohexa^3 , 6-diene (153 ) 

Using the stamo method as described f o r the h y d r o l y s i s of 
( 1 2 1 ) i n 9.10, the diene (153) (1.0 g, 2.0 m.moles) was r e f l u x e d 
i n aqueous acetone (acetone 10 mis, water 1 ml, 5.5 m.moles) 
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f o r 16 hrs. Upon d i s t i l l i n g , the product through a vigveux column, 
no i n v o l a t i l e residue remained and the d i s t i l l a t e (0.9 g.) 
b o i l i n g at 126°C was i n d i c a t e d by g . l . c . and comparison of 
spectra t o consist of s t a r t i n g m a t e r i a l (153) only. 

9.13 Attempted Ac i d i c Hydrolyses of P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 
3-diazacyclohexa-3,6-diene (153) 

To a 25 ml conical f l a s k , equipped w i t h a r e f l u x 
condenser and a magnetic s t i r r e r , was added (153) (2.5 g, 5.1 
m.moles) and concentrated s u l p h u r i c acid (10 mis, 7.7 molar). 
The contents were r e f l u x e d f o r 16 hrs s t i r r i n g v i g o r o u s l y t o 
emulsify, as much as possible , the two immiscible l i q u i d s . 
The product s t i l l comprised two immiscible phases and the organic 
layer (2.5 g ) , a f t e r separation i n a dropping f u n n e l , was shown 
by comparison of the g.l . c . r e t e n t i o n time and i . r . spectrum t o 
be unchanged (153). 

The r e a c t i o n was repeated under more vigorous c o n d i t i o n s . 
Thus, i n t o a carius tube (10 mis) was placed (153) (2.8 g, 5.7 
m.moles) and oleum (9.9 g) containing the equivalent of 25% fr e e 
SOg. The tube was sealed under vacuum and placed i n a mechanical 
shaker to mix the two immiscible phases. The tube was heated to 
145°C f o r 17 hrs, w i t h continuous shaking a f t e r which i t was found 
t h a t two immiscible phases remained. The organic layer (2.7 g) 
was shown by comparison of the respective i . r . spectra and g . l . c . 
r e t e n t i o n times to be i d e n t i c a l t o the s t a r t i n g m a t e r i a l . Upon 
adding the r e s i d u a l oleum to excess ice-water, no organic 
m a t e r i a l separated. 
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9.14 Reactions of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl 
(160) w i t h Fluoride Ion 

9.14A Reaction without a solvent 

The dimer (160) (1.0 g, 2.25 m.moles) was t r a n s f e r r e d 
under vacuum i n t o a carius tube (35 mis capacity) co n t a i n i n g dry 
caesium f l u o r i d e (1 g, 6.5 m.moles). The tube was sealed under 
vacuum and heated at 170°C f o r 3 hrs. The product (l.Og) was 
removed from the tube by vacuum transference and was found, by 
g . l . c . ( s i l i c o n e rubber 100°C, Pye 104) to consist of s t a r t i n g 
m a t e r i a l ( 6 2 % ) , and one other product (32%) which was i s o l a t e d 
by preparative g.l.c. (Autoprep Col '0', 40°C) and i d e n t i f i e d as 

r 2 6 
perf luoro-4-methy 1-1 ^ j S ^ - t e t r a - a z a t r i c y c l o l S . S . l . O ' ]undec-4-
ene (2 22) (0.3 g). [Found: C, 23.1% N, 13.7%; F, 63.6%; M, 418, 
C 8 N 4 F 1 4 r e c l u i r e s c> 22.98%; N, 13.40%; F, 63.62%; M, 418]. i . r . 

19 
spectrum 21, F n.m.r. spectrum 21. 

9.14B Reaction of (160) w i t h Caesium Fluoride i n Tetrahydrothio-
phendioxide at 140°C 

The dimer (160) (4.1 g, 10.0 m.moles) was t r a n s f e r r e d 
under vacuum i n t o a carius tube (35 mis) con t a i n i n g dry caesium 
f l u o r i d e (1 g) and dry tetrahydrothiophendioxide (15 mis). The 
tube was sealed under vacuum and heated at 140°C f o r 2 hrs. A f t e r 
r e a c t i o n the products were removed by vacuum transference and 
examined by g ^ l . c . (G.D.B. Col A, 78°C). Three components were 
present. A f t e r separation by p r e p a r a t i v e g.l.c., the most abundant 
component (50%) was shown by comparison of i . r . spectra to be 
s t a r t i n g m a t e r i a l . The second component (27% of the product) 
could not be i d e n t i f i e d . I t s mass spectrum gave a parent ion at 
m/e = 423 and analysis i n d i c a t e d the e m p i r i c a l formula C pNoF 1 (-. 
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-1 19 
I t s i . r . spectrum contained a band at 1696 cm and the F n.m.r. 
spectrum gave s i x signa l s at 57.00, 95.46, 99.65, 101.95, 139.06 
and 141.84 p.p.m. 

The t h i r d component (23% of the product) was i d e n t i f i e d as 
the t r i c y c l i c compound (222) by comparison of i . r . spectra. 

9.14C Reaction of Dimer ( 160) w i t h F l u o r i d e Ion at 180°C i n 
Tetrahydrothiophendioxide 

The dimer (160) (1.8 g, 4.3 m.moles) was t r a n s f e r r e d 
under vacuum from a Pr^O^/MgCOg mixture to a f l a t bottomed carius 
tube equipped w i t h a magnetic s t i r r e r and con t a i n i n g t e t r a ­
hydrothiophendioxide (10 mis) as a solvent. The tube was sealed 
under vacuum and heated at 180°C f o r 3 hrs w h i l s t v i g o r o u s l y s t i r ­
r i n g i t s contents. Upon t r a n s f e r r i n g the products from the 
r e a c t i o n vessel under vacuum a l i q u i d (0.8 g) i d e n t i f i e d by 
g. l . c . and comparison of i . r . spectra as the unknown product 
of experiment 9.14B was i s o l a t e d . No water i n s o l u b l e phases 
remained i n the residue apart from a f i n e white powder (0.3 g) 
i d e n t i f i e d by i . r . as s i l i c a . Gaseous products (c.a. 0.5 g) were 
also produced. 

9.15 Reaction of Perfluoro-4-isopropyl-l-azacyclohexa-l,3-diene 

(.121) w i t h Caesium Fluoride 

I n t o a dry, f l a t bottomed carius tube (80 mis capacity) 
containing a magnetic s t i r r e r , was placed dry caesium f l u o r i d e 
(0.5 g) arid tetraglyme (15 mis). (121) (2 g, 5.6 m.moles) was 
vacuum t r a n s f e r r e d i n t o the tube which was then sealed under 
vacuum arid heated at 75°C f o r 2 hrs, s t i r r i n g the contents 
vigorously. The product, obtained by vacuum transference, 
was shown by g . l . c . t o consist of two components i n the r a t i o 
71:29. A f t e r separating by pre p a r a t i v e g . l . c . ( F 2 1 , Col '0', 20°C) 
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the major component was i d e n t i f i e d as s t a r t i n g m a t e r i a l 
(0.9 g) and the second component as the -1,4-diene (122) (0.2 g) 

19 
by comparison of the respective i . r . and F n.m.r. spectra. 

9.16 Reaction of Perfluoro-4-isopropyl-l-azacyclohexa-l,4-diene 
(122) w i t h Caesium Fluoride 

(122) (1.0 g, 2.8 m.moles) was reacted w i t h caesium 
f l u o r i d e i n the same manner as (121) at 80°C f o r 2 hrs. The 

19 
product was found by g.l.c. and F n.m.r. spectroscopy to consist 
of a mixture of (121) and (122 ) i n approximately the same r a t i o 
as when the -1,3-diene had been the s t a r t i n g m a t e r i a l . 

9.17 Attempted Reaction of P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l - l , 3 -
diazacyclohexa-3,6-diene (153) w i t h Caesium Fluoride 

I n t o a dry flat-bottomed c a r i u s tube containing a 
magnetic s t i r r e r (85 mis c a p a c i t y ) , was placed dry tetraglyme 
(10 mis) and caesium f l u o r i d e ( 1 g ) . The diene (153) (0.9 g, 
1.8 m.moles) was added by vacuum transference and the tube was 
sealed under vacuum and reacted at 50°C f o r 15 hrs. A f t e r 
vacuum t r a n s f e r r i n g the product (0.9 g) from the solvent i t 
was. found by comparing i t s g . l . c . r e t e n t i o n time and i . r . 
spectrum w i t h those of authentic m a t e r i a l , t h a t i t consisted 
of unchanged (153). 

9.18 Reaction of Perfluoro-1,1'-bi-1,3-diazacyclohex-2-enyl (160) 
w i t h Chloride Ion 

In a dry, flat-bottomed c a r i u s tube (60 mis c a p a c i t y ) , 
was placed a magnetic s t i r r e r , dry l i t h i u m c h l o r i d e (1.0 g, 23.6 
m.moles) and dry tetrahydrothiophendioxide (15 mis). The tube was 
evacuated and the solvent allowed to de-gas, a f t e r which (160) 
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(3.3 g, 7.9 m.moles) was added by vacuum transference from a 
mixture of P2^5 a n c l NaF. The tube was sealed under vacuum and 
heated at 112°C f o r 12 hrs w h i l s t i t s contents were s t i r r e d 
v i g o r o u s l y . The product (3.1 g) was i s o l a t e d by vacuum 
transference from the solvent and l i t h i u m s a l t s . I t was a l i q u i d 
which p a r t i a l l y c r y s t a l l i s e d on standing (2.4 g of c r y s t a l s were 
i s o l a t e d by r e c r y s t a l l i s i n g at 0°C and the product was i d e n t i f i e d 
as 1,1'-bi-2-chlorohexafluoro-1,3-diazacyclohex-2-enyl (229). 
[Found: C, 21.5%; N, 12.1%; F, 50.2%; CI, 15.8%; M, 450, 
C 8 N 4 F 1 2 C 1 2 r e c l u : i - r e s c> 21.30%; N, 12.42%; F, 50.55%; CI, 15.72%; 
M, 450], i . r . spectrum 23, F n.m.r. spectrum 22, m.pt. 38-39uC 
(uncorrected). 

Using the same method (160) was reacted w i t h a s l i g h t l y lower 
p r o p o r t i o n of L i C l . Thus (160) (4.6 g, 11 m.moles) was reacted 
w i t h L j C l (1.0 g, 23.6 m.moles) i n tetrahydrothiophendioxide 
(15 mis) at 130°C f o r 18 hrs. The product (4.8 g) was combined 
w i t h the mother l i q u o r of the f i r s t r e a c t i o n and contained four 
components ( g . l . c . ) . The most abundant (05%) was i s o l a t e d by 
f r a c t i o n a t i o n under reduced pressure c o l l e c t i n g at 92-94°C 
(22 mm Hg) and was shown by comparison of i t s i . r . spectrum w i t h 
t h a t of a sample from the f i r s t experiment t o be (229). The 
other components were not i s o l a t e d i n a pure s t a t e . Of these, 
the most abundant was less v o l a t i l e than (229) and comprised 
8% of the product. M.s/g.l.c. of f r a c t i o n s r i c h i n t h i s 
component i n d i c a t e d a parent ion at m/e = 466 and the isotope 
r a t i o P:P+2:P+4 was 10:10:3, i n d i c a t i n g the presence of three 
c h l o r i n e atoms. The remaining component (7%) was more v o l a t i l e 
than (229) and gave a parent ion at m/e = 434 and i t s isotope 
r a t i o P:P+2 = 3:1 i n d i c a t e d one c h l o r i n e atom. Traces of a 
compound w i t h P = 482 and i n t e n s i t y r a t i o P:P:2:P+4:P+6 = 



10:13:6:1, i n d i c a t i n g a t e t r a c h l o r o compound, were also detected 

9.19 D e f l u o r i n a t i o n of 1,1'-bi-2-chlorohexafluoro-1,3-diaza-
cyclohex-2-enyl (229) 

( 2 2 9 ) (1.8 g, 4 m.moles) was placed i n a dry f l a s k 
where i t was vaporised at 85°C i n t o a stream of dry n i t r o g e n 
(50 mls.min * ) . The gas stream was fed through a s i l i c a tube 
(16 m.m. i . d . ) packed along 45 cm of i t s length w i t h coarse 
i r o n f i l i n g s which were heated to 445°C by an enveloping furnace 
The product was removed from the n i t r o g e n at l i q u i d a i r 
temperature. A f t e r a day, a l l the m a t e r i a l had passed through 
the tube. A l i q u i d product (0.8 g) was obtained. I t consisted 
of one major component (85%) and two u n i d e n t i f i e d minor 
components. The major component was i s o l a t e d by g . l . c . (G.D.B., 
Col 0, 80°C) and was i d e n t i f i e d as 2 - c h l o r o t r i f l u o r o p y r i m i d i n e 
(228) (0.4 g). [Found: C, 28.8%; N, 16.3%; F, 33.5%; CI, 21.5%; 
M, 168, C 4N 2F 3C1 requires C, 28.51%; N, 16.62%; F, 33.82%; 
CI, 21.04%; M, 168], \ = 212 nm, e = 9.76 x 10 3 cyclohexane, 

max 
19 

i . r . spectrum No. 24 t F n.m.r. spectrum No. 23, u.v. spectrum 
No. 4. 
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CHAPTER 10 

EXPERIMENTAL TO CHAPTERS 6 and 7 

10.1 I n t r o d u c t ion 

In t h i s chapter the experimental f o r Chapters 6 
(photolyses) and 7 (miscellaneous r e a c t i o n s ) i s given. The 
p h o t o l y t i c work was, as mentioned i n Chapter 6, performed i n 
co-operation w i t h R. Middleton. A l l the photolyses were c a r r i e d 
out w i t h a 120 watt Hanovia low-pressure mercury arc which gives 
v i r t u a l l y monochromatic r a d i a t i o n of 253.7 nm wavelength. 

10.2 Photolysis of Perf l u o r o - 4 - i s o p r o p y l - l - a z a c y c l o h e x a - l , 3 -
diene (121) 

Perfluoro-4-isopropy1-1-azacyclohexa-1,3-diene (121) 
(4.3 g, 12,0 m.moles) was placed i n clean dry s i l i c a tube 
and de-gassed, p r i o r t o s e a l i n g the tube under vacuum. The 
tube (25 cm long and 2 cm i n diameter) was then i r r a d i a t e d at 
253.7 nm f o r 116 hours. 

The product (3.9 g) was removed from tube by vacuum 
transference. I t was a colo u r l e s s l i q u i d at room temperature and 
analy s i s by g. l . c . (G.D.B., s i l i c o n e gum rubber, 78°C) i n d i c a t e d 
the presence of two major components and some minor components. 
The mixture was separated by d i s t i l l a t i o n ( c o n c e n t r i c tube),. 
The major component (70%, b.pt. 98.5°C) was i d e n t i f i e d as 
perfluoro-6-methyl-5-methylene-2-azahepta-1,3-diene (2 34 ) . 
[Found: Analysis r e s u l t s i n c o n s i s t e n t ; M, 357, CgF^N requires 
C, 26.91%; N, 3,92%; F, 69.17%; M, 357], l 9 F n.m.r. spectrum 
No. 24, i . r . spectrum No. 25. 

None of the other components were i s o l a t e d i n a pure enough 
s t a t e t o be i d e n t i f i e d . 
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10.3 Photolysis of P e r f l u o r o - 2 , 3 , 4 - t r i - i s o p r o p y l - l - a z a c y c l o h e x a -
1,3-diene (201) 

I n t o a clean dry s i l i c a tube (29 cm x 2.8 cm dimensions) 
was placed (201) (0,5 g, 0.81 m.moles). A f t e r de-gassing the 
contents, the tube was sealed under vacuum and i r r a d i a t e d at 
253.7 n.m. f o r 203 hrs. The tube was then opened and the product 
(0.5 g) removed by vacuum transference. I t was shown by g.l„c. 
and i . r . spectroscopy to consist of s t a r t i n g m a t e r i a l only. 

10.4 Mercury Sensitized P h o t o l y s i s of P e r f l u o r o - 2 , 5 - d i - i s o -
propyl-1,4-di azacyclohexa-1,4-diene (185) 

To a clean dry s i l i c a tube, of dimensions 22 cm by 2.8 
cm was added a small drop (c.a. 0.5 g) of mercury. .Perfluoro-
2,5-di-isopropyl-l,4-diazacyclohexa-l,4-diene (185) (1.0 g, 
2.0 m.moles) was then t r a n s f e r r e d to the tube under vacuum. 
A f t e r de-gassing the contents t o exclude oxygen, the tube 
was sealed under vacuum and i r r a d i a t e d , i n the usual manner, at 
253.7 nm w i t h a 120 watt source, f o r a period of 335 hrs. S l i g h t 
t a r r i n g of the tube contents, a f t e r t h i s time, i n d i c a t e d t h a t 
some r e a c t i o n had taken place. 

The tube was opened and the products were t r a n s f e r r e d under 
vacuum. Upon warming t o room temperature some of the m a t e r i a l 
v o l a t i l i z e d and was c o l l e c t e d i n a gas storage bulb. The v o l a t i l e 
product was i d e n t i f i e d as p e r f l u o r o i s o b u t y r o n i t r i l e (242) from 
i t s mass spectrum and by comparison of i t s i . r . spectrum w i t h 

203 
that of an a u t h e n t i c sample. 

The m a t e r i a l remaining i n the l i q u i d phase (0.6 g) was 
analysed by g . l . c . and was found to contain one major (80%) 
component and two minor components. The two minor components 
(together <10%) were i d e n t i f i e d as (242) and s t a r t i n g m a t e r i a l 
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(185) by comparison of g.l.c./mass spectra w i t h those of 
authentic samples. The major component was i s o l a t e d from the 
mixture by pr e p a r a t i v e g . l . c . (Autoprep., d i - i s o d e c y l p h t h a l a t e , 
40°C). I t was i d e n t i f i e d as perfluoro-4-met.hy 1-3-methylene-2-
azapent-l-ene (241) although a pure sample was not obtained 
because of i t s extreme s u s c e p t i b i l i t y to h y d r o l y s i s . Analysis 
i n d i c a t e d the presence of hydrolysed m a t e r i a l . M, 295, 
CgF^N requires M, 295 (but a peak at m/e = 272 also i n d i c a t e d 

1 9 
the presence of the isocyanate h y d r o l y s i s product) F n.m.r. 

spectrum No. 25 v 

10.5 Mercury Sensitized P h o t o l y s i s of P e r f l u o r o - 4 , 6 - d i - i s o p r o p y l -
l,3-diazacyclohexa-3,6-diene (153) 

To a clean dry s i l i c a tube (28 cm high, 2.7 cm wide) 
was added perfluoro-4,6-di-isopropyl-l,3-diazacyclohexa-3,6-diene 
(153) (1.5 g, 3.1 m.moles) and a small drop of mercury. The 
l i q u i d was de-gassed, to remove atmospheric oxygen and then 
i r r a d i a t e d at 253.7 nm, using a 120 watt source, f o r 117 hrs. 
A f t e r r e a c t i o n the contents of the tube had discoloured and the 
v o l a t i l e products (1.5 g) were removed by vacuum transference, 
a c o l o u r l e s s l i q u i d being obtained. 

Analysis by g.l . c . revealed four major components and traces 
of other m a t e r i a l . The mixture was separated by pr e p a r a t i v e 
g . l . c . (Autoprep. s i l i c o n e gum rubber, 80°C) and the f i r s t two 
components were i d e n t i f i e d as (242) (9%) and (241) (15%) by 
comparison of t h e i r g . l . c . r e t e n t i o n times, i . r . spectra and mass 
spectra w i t h those of authen t i c samples. The t h i r d component 
(24%) was i d e n t i f i e d as s t a r t i n g m a t e r i a l (153) i n the 
same way. The f o u r t h component (48%) was i d e n t i f i e d as p e r f l u o r o -
2}8-dimethyl-7-methylene-4,6-di-aza»ona-3,5-diene (2 43). [Found 
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F, 69.6%; M, 490, C
1 0

F
1 8

N
2 requires F, 69.8%; M, 490], 1 9 F n.m.r. 

spectrum No. 26, i . r . spectrum No. 2Q. 

10.6 Mercury Sensitized Photolysis of Perfluoro-1,1'-bi-1,3-
diazacyclohex-2-eny1 (160) 

I n t o a clean dry s i l i c a tube (21.0 cm x 2.7 cm), contain­
ing a small drop (c.a. 0.5 g) of mercury, was placed p e r f l u o r o -
1,1 *-bi-1,3-diazacyclohex-2-enyl (160) (1.0 g, 2.5 m.moles). The 
contents of the tube were thoroughly de-gassed before i t was 
sealed under vacuum. The tube was then i r r a d i a t e d at 273.7 nm 
using a 120 watt source f o r a period of 227 hrs, The product 
(1.0 g) was then t r a n s f e r r e d from the tube under vacuum and 
anal y s i s by g . l . c . and i . r . i n d i c a t e d i t to contain s t a r t i n g 
m a t e r i a l (160) only. 

10.7 Mercury Sensitized P h o t o l y s i s of Perfluoro-l-azacyclohex-

1-ene ( 1 6 1 ) 

I n t o a clean dry s i l i c a tube (22 cm long, 2.8 cm 
diameter) was placed a small drop of mercury (c.a. 0.25 g) and 
(!61) (2.6 g, 10.6 m.moles). A f t e r de-gassing the contents, to 
remove dissolved oxygen, the tube was sealed under vacuum and 
i r r a d i a t e d under the usual c o n d i t i o n s (253.7 nm, 120 watt source) 
f o r 357 hrs. The tube was then opened and i t s contents removed 
by vacuum transference. They were found to consist s o l e l y of 
s t a r t i n g m a t e r i a l , by comparison of the g. l . c . r e t e n t i o n times 
and i . r . spectra. 

10.8 D e f l u o r i n a t i o n s of Perfluoro-1,1 1-bi-1,3-diazacyclohex-2-
enyl (160) 

The d e f l u o r i n a t i n g apparatus consisted of a s i l i c a tube 
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( i n t e r n a l bore 16 m.m.) packed f o r 45 cm of i t s length w i t h 
coarse i r o n f i l i n g s (283 g ) , heated e x t e r n a l l y by an enveloping 
e l e c t r i c furnace and purged w i t h dry n i t r o g e n . The s t a r t i n g 
m a t e r i a l (160) (4.1 g, 9.8 m.moles) was passed over the i r o n 
f i l i n g s ( a t 345°C) as a vapour i n the n i t r o g e n flow (46 mls.min-'1" 
contact time 118 sec). The product (1.1 g ) , a l i q u i d , was 
trapped from the gas flow at l i q u i d a i r temperature. Two days 
were required to pass a l l compound (160) by t h i s method. 
Analysis of the product by g . l . c . revealed one major component, 
which was shown, by comparison of i t s i . r . spectrum w i t h t h a t of 
an authentic sample, to be t e t r a f l u o r o p y r i m i d i n e (1.0 g) (156). 

The same experiment was performed at a lower temperature. 
Thus (160) (1.7 g, 4.1 m.moles) was passed over i r o n f i l i n g s at 
257°C i n a stream of dry n i t r o g e n (43 mls.min-'1') to give, a f t e r 
two days, a l i q u i d product (0.9 g ) . The product was found t o 
contain two major components, by g . l . c . , w i t h small amounts of 
other components. Upon separation (F21 Col A, 70°C), the major 
components were i d e n t i f i e d as s t a r t i n g m a t e r i a l (160) (0.5 g) 
and t e t r a f l u o r o p y r i m i d i n e (156) (0.2 g ) , by comparison of t h e i r 
i . r . spectra w i t h those of authentic samples. The most 
abundant of the minor components was i n d i c a t e d by i t s g . l . c . peak 
area t o comprise c.a. 5% of the product and was i n d i c a t e d , by 
mass spectroscopy/g.1.c., t o have a parent ion at m/e = 380. 

10.9 Attempted Reaction of PerfIuoro-1,1'-bi-1,3-diazacyclohex-
2-enyl (160) w i t h Mercury 

I n t o a clean dry carius tube (10 mis) was placed (160) 
(1.0 g, 2.4 m.moles) w i t h mercury (1.4 g, 7.0 m.moles). The tube 
was sealed under vacuum and heated at 240°C f o r 59 hrs. Upon 
opening the tube a l i q u i d product (0.9 g) was obtained by vacuum 



transference. I t was found by g . l . c . and i . r . to consist of 
unchanged ( 1 6 0 ) . 

The r e a c t i o n was attempted at a higher temperature. Thus 
i n t o a clean dry carius tube of 12 mis capacity was placed (160) 
(1.2 g, 2.9 m.moles) and mercury (1.2 g, 6.0 m.moles). The tube 
was sealed under vacuum and heated at 400°C f o r 4.75 hrs. Upon 
opening the tube v o l a t i l e products were recovered by vacuum 
transference. On warming t o room temperature the bulk of the 
product vaporised only 0.2 g remained i n the l i q u i d phase. The 
l i q u i d was found by g.l.c./mass spectroscopy t o consist of a 
complicated mixture of products of lower molecular weight than 
(160). The gas was unresolved by g . l . c . Recovered mercury 
weighed 1.2g. 

10.10 Attempted Reactions of Perfluoro-1,1 1-bi-1,3-diazacyclohex-
2-enyl w i t h N i t r i c Oxide 

The dimer (160) (2.3 g, 5.5 m.moles) was placed i n a 
carius tube (232 mis) by vacuum transference from &2®5 ANC* C*E~ 

gassed. N i t r i c oxide (0.3 g, 10.5 m.moles) was then admitted to 
the tube which was then sealed under vacuum and heated at 180°C 
f o r 12 hrs. The product consisted of 0.1 g of gas, i d e n t i f i e d 
as unreacted n i t r i c oxide by i . r . spectroscopy, and 2.2 g of 
l i q u i d i n d i c a t e d by g . l . c and i . r . to be unreacted (160) only. 

At a higher temperature (345°C f o r 16 hrs) i n the same 
tube,2 g (6.3 m.moles) of (^^O) s i m i l a r l y f a i l e d to react w i t h 
0.33 g (11.2 m.moles) of n i t r i c oxide. 
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10.11 D e f l u o r i n a t i o n of a Mixture of Cis and Trans-perfluoro-
2,3,4,5-tetramethylhex-3-ene (168) and (169) 

I n t o a 25 ml, two-necked, p ear-shaped f l a s k was placed 
a mixture of c i s and trans-perfluoro-2,3,4,5-tetramethylhex-3-ene 
(168 and 169, 3.5 g,7m mole The l i q u i d was slowly vaporised 

by dry ni t r o g e n (24 mls.min - 1) and the vapour was then passed 
through a s i l i c a tube (45 cm by 1.4 cm) which contained loosely 
packed coarse i r o n f i l i n g s (c.a. 280 g) maintained at 310°C by 
an enveloping furnace. The evaporation took 9 hrs, 45 mins and 
the product (2.0 g) was c o l l e c t e d by t r a p p i n g at l i q u i d a i r 
temperature. G.l.c. analysis (G.D.B., s i l i c o n e gum rubber, 
25°C) i n d i c a t e d two major components and at l e a s t s i x minor 
components. The mixture was separated by pre p a r a t i v e g . l . c . 
(F21, s i l i c o n e gum rubber, 20°C) but an i n s u f f i c i e n t amount 
of the f i r s t major (15%) component was recovered f o r i t t o be 
i d e n t i f i e d . The second major component (70%) was obtained as 
a 90% pure f r a c t i o n by c a r e f u l peak chopping and i d e n t i f i e d as 
as perfluoro-2.3.4.5-hexa-2,4-diene (245)„ [Found: F, 74,4%; 

1 q 

M, 462, C 1 Q F 1 8 requires F, 74.0%; M, 462]. F n.m.r. spectrum 
No. 27 } i . r . spectrum No. 27. 
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APPENDIX 1 

F and H N.m.r, Spectra 
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The f o l l o w i n g abbreviations have been used i n Appendix 

ax. = a x i a l 
eq„ = e q u a t o r i a l 
D = doublet 
T = t r i p l e t 
Q = quartet 
Sp = septet 
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1. Perfluoro-4-isopropyl-l-azacyclohexa-l,3-diene (121) 

S h i f t Fine Structure Coupling Relative 
p.p.m. Constants i n Hz I n t e n s i t y Assignment 

52.55 D( J 2 3 = 20) 1 2 
76.76 D ( J4b„3 = 1 7 ' 5 > ° f 6 4b 

D ( J 4 b . 4 a = 6 ) o f 

T< J4b.5 = 6> 
102.68 D ( J 6 e 4 a = 5.5) 2 6 
107.5 D ( J 3 2 = 20) of 1 3 

D ( J 3 . 4 a = 2 0 > o f 

S P ( J 3 s 4 b = 17.5) 
114.62 D ( J 5 . 4 a = 3 5 ) ° f 2 5 

m u l t i p l e t s 
185.08 Broad 1 4a 

Recorded neat at 40 C 
w i t h e x t e r n a l CFClg 
reference 

CF3 / C F 3 - 4 b 
CF-4a 
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2. Perfluoro-4-isopropyl-l-azacyclohexa-l,4-diene (122) 

S h i f t Fine S t r u c t u r e Coupling Relative 
P.p.m. Constants i n Hz I n t e n s i t y Assignment 

58.12 T ( J 2 3 = 26) 1 2 

78.44 D < J 4 b o 4 a = 2 4 ) ° f 6 4 t > 

m u l t i p l e t s 
88.2 D ( J 6 5 = 24) 2 6 

101.06 Broad 1 5 
103.1 Broad 2 3 
188.67 Broad 1 4a 

5 

6 

Cfc C R — 4 b 

CF 4a 

F 

F2 

F 2 - 3 

F o k N ^ F 

Recorded neat at 40 C 
w i t h e x t e r n a l CFClg 
reference. 
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3. An Equimolar Mixture of Perfluoro-2,4-di-isopropy1-1-
azacyclohexa-1,4-diene (128) and P e r f l u o r o - 2 , 4 - d i - i s o p r o p y l -
1,3-diene (127) 

S h i f t 
p.p. ip. . 

Fine S t r u c t u r e Coupling 
Constants i n Hz 

Rel a t i v e 
I n t e n s i t y Assignment 

75.46 D(J = 7) of 6 2, 2b', 
D(J = 6.5) 4b or 4b' 

76.45 D(J = 5) of 6 2b, 2b', 
T(J = 3.5) 4b or 4b' 

76.88 D(J = 20) of 6 2b, 2b», 
D(J = 11.5) of 4b or 4b 1 

77.58 D(J = 24) of 6 2b, 2b», 
D(J = 6) of 4b or 4b 1 

T(J = 3.5) 
91.02 D ( J 6 ' . 5, - 26) 2 6' 
98.42 D ( J 3 t > 2a' ° r J3'.4a' = 37.5) of 2 3 ' 

D(J 3,^ 2a' o r J3«,4a' = 37.5) 
101.26 M u l t i p l e t 1 3 or 5' 
c.a. 103 Broad c.a. 1 3 or 5' 
109.72 T ( J 6 . 5 = 8) 2 6 
111.76 M u l t i p l e t 2 5 
c.a. 184 Broad c.a. 1 4a 
186.61 D < J 2 a . 3 = 68) of 1 2a 

M u l t i p l e t s 
187.87 T ( J 2 a - .3' o r J4a'.3' = 37) 1 2a' or 4a 1 

191.74 T< J2a' .3' o r J4a'.3' = 39) 1 2a' or 4a' 
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4a 4 b 

CF(CF 3) 

2 ^ N ^ ^ C F ( C F 3 ) 

4a 4 b" 

CF(CF 3) 

Fr^SF2 — 3 ' 
^ N ^ C F K ^ ) 

2a 2 b' 

2a 
2 b 

Recorded neat at 40 C 
w i t h e x t e r n a l CFCl^ 
reference 
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Perfluoro-3-methyl-l-azacyclohex-l-ene (135) 

S h i f t Fine S t r u c t u r e Coupling 
p.p.m. Constants i n Hz 

Relative 
I n t e n s i t y Assignment 

41.0 Broad 1 2 
72.23 Broad 3 3a 
93.16 ^^6ax„ 6eq = 242) 1 6 ax. 
101.10 ^^6eq„ 6ax = 242) 1 6 eq, 
127.63 D ^ 4 a x . 4eq or ^5ax.5eq 1 4 ax. or 

= 313) 5 ax. 
132.59 D^ J4ax.4eq or ^5ax.5eq 1 4 ax. or 

= 293) 5 ax. 
137.51 D^ J4eq„4ax or 'T5eq. 5ax 1 4 eq. or 

= 293) 5 eq. 
148.64 D ( J4eq.4ax or ^5eq o5ax 1 4 eq. or 

= 313) 5 eq. 
177.43 P a r t i a l l y resolved 1 3 

doublet ( J 3.2 - 24) 

Run neat at 40°C w i t h 
e x t e r n a l CFCl^ reference 
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5. Perfluoro-4-methyl-l-azacyclohexa-l,3-diene (140) 

S h i f t 
p.p.m. 

Fine Structure Coupling 
Constants i n Hz 

Relative 
I n t e n s i t y Assignment 

52 . 26 0 ( J 2 o 3 = 1 8 ° 5 ) 1 2 
61.93 D ( J4a.3 = 2 2 > ° f 3 4a 

T ( J 4 a > 5 = 6.5) 
103.95 Broad 2 6 
114.83 Q ( J 3 o 4 a = 22) of 1 3 

D ( J 3 2 = 18.5) of 
T ( J 3 o 5 = 16) 

117.83 D(J„ 3 = 16) of 2 5 
Q ( J 5 > 4 a = 6.5) 

Run neat at 40°C w i t h 
e x t e r n a l CFClg reference 

CF3-

(140) 

•4 

•3 
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Perfluoro-4,6-di-isopropyl-l,3-diazacyclohexa-3,6-diene (153) 

S h i f t Fine Structure Coupling Relative 
p.p„m. Constants i n Hz I n t e n s i t y Assignment 

74. 33 Si n g l e t 2 2 
77. 92 D ( J 4 b . 4 a = 6> o f 12 4b and 6b 

T< J4b.5 = 3> 
114.32 T ( J 5 > 4 a = 31) of 2 5 

m u l t i p l e t s 
184.72 T ( J 4 a j 5 = 31) of 2 4a and 6a 

SP ( J4a.4b = 6 ) 

Run neat at 40°C w i t h 
e x t e r n a l CFClg reference 

6b 

(CF 3)CF 

6a N ^ N 

F2 

^ ^CF(CF Q) 

4a 

2 
(153) 
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7. Perfluoro-2,3-dimethylpentane (170) 

S h i f t Fine Structure Coupling 
p.p.m. Constants i n Hz 

Rela t i v e 
I n t e n s i t y Assignment 

72.62 Broad, assymetrical 

83.19 
115.44 
177.93 
181.99 

M u l t i p l e t 
M u l t i p l e t 
Broad 
M u l t i p l e t 

3 
2 
1 
1 

l a overlapping 
3a 
5 
4 
2 or 3 
2 or 3 

3a 

1 a — C F 3 ^F3 

1a CR 

4 

Run neat at 40°C w i t h 
e x t e r n a l CFClg 
reference 

(170) 
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8. A Mixture of Cis- and Trans-perfluoro-2,3,4,5-tetramethylhex-
3-ene (168) and (169) (Cis:trans = 36:64) 

S h i f t Fine S t r u c t u r e Coupling Relative 
p.p.m. Constants i n Hz I n t e n s i t y Assignment 

57.0 
57.64 
72.25 

159.34 
161.45 

D ( J 3 ' . 5 ' ~ J4'.2' 
Broad 
Broad, assymetric 

Broad 

Q ( J2',4» S J5*.3' 

= 50) 
12 combined' 

24 

= 50) 4 combined* 

3' and 4' 
3 and 4 
1 and 6 over­
lapping 1' and 6' 
'2 and 5 
2' and 5' 

* I n t e n s i t y r a t i o (2 + 5 ) :(2'+5') = 36:64 

1' 2 

(CP^CP / C F 3 — 3 

C 
l[ (169) A 

U — C F 3 CF(CF^)2 

1 2 
5 6 

( C R ^ C F / C F 3 
3 

(170) 
C 

/ \ 
(CF^)2CF CF 3 — Z> 

Run neat at 40°C 
w i t h e x t e r n a l 
CFClg reference 
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9 . Perfluoro-2,3,4,5-tetramethylhexane (171) 

S h i f t 
p. p . m. 

Fine St r u c t u r e Coupling 
Constants i n Hz 

Relative 
I n t e n s i t y Assignment 

69.52 Broad 12 1 and 1' 
72.62 Broad 6 4 and 4' 

166.5 Broad 2 2 and 2' or 
3 and 3' 

170.32 Broad 2 2 and 2' or 
3 and 3' 

Run neat at 40 C w i t h 
e x t e r n a l CFCl^ reference 

4 

f F 3 f 3 
(C F 3 ) 2 C F- C F- C F - C F(C F ^ 

1 2 3 3' 2' 1' 
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10. Cis - or Trans-perfluoro-2,3,6-•trimethylhept-3- ene (175) 
or (176) 

S h i f t 
p.p.m. 

Fine Structure Coupling 
Constants i n Hz 

Rela t i v e 
I n t e n s i t y Assignment 

62.41 M u l t i p l e t 3 4 
75.82 M u l t i p l e t 6 8 
77. 32 D ( J 1 . 5 = 2 9 ) . 6 1 
89.11 Broad 1 5 

107.18 Broad 2 6 

180.83 Q ( J 2 i 4 = 30) 1 2 
184.73 Broad 1 7 

Run neat at 40°C w i t h 

7 8 
e x t e r n a l CFClg reference 

CF(CF 3 ) 2 

5 — F \ yZh 
C 

(or c i s ) 

A 
(CF 3^CF CF3 

1 2 A 

(176) 
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11 Cis or Trans-perf luoro-2 , 5 , 6-trimethylhept-3-ene (177) or 
(178) 

S h i f t 
P.p.m. 

Fine S t r u c t u r e Coupling 
Constants i n Hz 

Rela t i v e 
I n t e n s i t y Assignment 

70.9 Broad, assymetric 9 6 overlapped by 
1 or 8 

73.9 Broad 6 1 or 8 
126.5 Broad 1 3 or 4 
128.7 Broad 1 3 or 4 
194.5 Broad 1 2 or 5 or 7 
201. 2 Broad 1 2 or 5 or 7 
207.6 M u l t i p l e t 1 2 or 5 or 7 

2 1 
Run neat at 40°C w i t h 
e x t e r n a l CFClg reference 

CF(CF3). 

U — F — C 

C — F - 3 (or c i s ) 

CF — 5 
/ \ 

! C F 3 l 2 C F CF3—6 

8 7 
(170) 
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12 Perfluoro-2,5-di-isopropyl-l,4-diazacyclohexa-l,4-diene 
(185) 

S h i f t 
p . p. m. 

Fine Structure Coupling 
Constants i n Hz 

Rela t i v e 
I n t e n s i t y Assignment 

74.02 D ( J 2 b . 2 a = J5b.5a = 6 ) o f 12 2b and 5b 
T ( J 2 b . 3 ~ J5b.6 = 3 ) 

85.70 D< J3.2a 5 J6.5a = 2 9 > o f 4 3 and 6 

S p ( J 3 . 2 b S J6.5b = 3 ) 

189.09 T ( J 2 a . 3 = J5a.6 = 2 9 > o f 2 2a and 5a 

S p ( J 2 a . 2 b 5 J5a.5b = 6 ) 

( C f ^ C F 

Recorded as a s o l u t i o n 
i n hexadeuteroacetone at 
40°C w i t h e x t e r n a l CFC13 

reference 

2a 2b 

F 2 r ^ N ^ C F ( C F 3 ) 2 

5b 5a 3 

(185) 
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13. P e r f l u o r o - 2 , 2 ' - b i - 1 , 3 - d i a z a c y c l o h e x a - 3 , 6 - d i e n y l (195) 

S h i f t Fine S t r u c t u r e C o u p l i n g R e l a t i v e 
p.p.m. Constants i n Hz I n t e n s i t y Assignment 

60. 39 D ( J 4 . 5 b = J4'„ 5b' = 24) of 4 4 and 4' 

°< J4.5a J4'„ 5a' = 24) of 

T < J 4 . 2 S J4-„ 2« = 3) 

118. 33 Broad 2 2 and 2' 

120. 93 T ( J 5 b . 4 = 
J 5 b ' .4' = 24) of 2 5b and 5b 1 

D ( J 5 b . 2 J 5 b ' .2' = 4) 

121. 22 T ( J 5 a . 4 J 5 a ' .4' = 24) 2 5a and 5a' 

Recorded as 

a s o l u t i o n 

i n hexadeut-

eroacetone 

at 40°C w i t h 

e x t e r n a l 

CFC1 as 
r e f e r e n c e 

F F 5b' N 
N 5a 

=4 5 a N 
N 5b F 

2 

(195) 
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14. P e r f l u o r o - 2 , 3 , 4 - t r i - i s o p r o p y 1 - 1 - a z a c y c l o h e x a - l , 3 - d i e n e (201) 

S h i f t 
p.p.m. 

Fine S t r u c t u r e 
Constants 

C o u p l i n g 
i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

66.93 M u l t i p l e t 3 

68.92 M u l t i p l e t 3 [ 2b, 2c, 3b, 3c 

72.55 M u l t i p l e t 3 [ 4b and 4c 

76.54 Broad, a s s y m e t r i c 9 

107.88 D ^ 6 a x . 6eq. 220) 1 6 ax. 

117.42 ^ ^ 6 e q . 6ax. 220) 1 6 eq„ 

121.73 ^ ^ 5 a x . 5eq. 316) 1 5 ax. 

131.38 ^ ^ 5 e q . 5ax. 316) 1 5 eq„ 

154.52 M u l t i p l e t 1 

170.99 M u l t i p l e t 1 1 2a, 3a and 

182.62 M u l t i p l e t 1 1 4a 

5 

6 

4a 4b 

CF(CF 3) 2 

2 

2 \ 

CF(CF 3) 2 

|vr X F ( C F 3 ) 2 

Recorded neat a t 40°C 

w i t h e x t e r n a l CFClg 

as r e f e r e n c e 

3a 

3b 

2a 2b 
(201) 
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15 . P e r f l u o r o - 2 , 3 , 4 - t r i - i s o p r o p y l p y r i d i n e (203) 

S h i f t 
p. p. m. 

Fin e S t r u c t u r e C o u p l i n g 
Constants i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

69.33 M u l t i p l e t 6 3b o r 2b 

71.03 M u l t i p l e t 6 3b or 2b 

72 65 D ( J 4 b > 5 - 25) 6 4b 

76.71 D ( J 6 > 5 = 25) 1 6 

125.64 D ( J 5 > 6 = 25) o f 1 5 

S p ( J 5 > 4 b = 25) 

143.14 M u l t i p l e t 1 \ 
J 2a, 3a and 

170.32 M u l t i p l e t 1 ( 
2a, 3a and 

4a 
172.42 M u l t i p l e t 1 ( 

5 

6 

Recorded as a s o l u t i o n 

i n CFC1 3 at 40 C 

4a Ab 

CF(CF 3) 2 

F r ^ > ^ v / C F ( C F 3 ) 2 

-3 a 

CF(CF 3) 2 

•3b 

2a 2b 
(203) 
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16. 1 , 1 ' - b i - 2 - m e t h o x y h e x a f l u o r o - 1 , 3 - d i a z a c y c l o h e x - 2 - e n y l (212) 

S h i f t Fine S t r u c t u r e C o u p l i n g 
p„p.m. Constants i n Hz 

Re l a t i v e 
I n t e n s i t y Assignment 

92. 4 ^ ^4ax.4eq. or n 

6ax.6eq. 
= 570) 1 4 ax. or 6 ax. 

95. 3 ^ ^ 4 e q . 4 a x . or J„ r 

6eq.6ax„ 
= 570) 1 4 eq. or 6 eq. 

97. 9 ^ ^ 4 a x . 4eq. o r ^6ax.6eq. = 196) 1 4 ax. or 6 ax„ 

111. 2 D ^ J 4 e q . 4 a x . or J n r 

6eq.6ax. 
= 196) 1 4 eq„ or 6 eq. 

135. 7 D ^ J 5 a x . 5 e q . = 254) o f 1 5 ax. 

m u l t i p l e t s 

138. 1 ^ ^5eq „ 5ax. = 254) o f 1 5 eq„ 

m u l t i p l e t s 

"H = S i n g l e t at 3.12 p.p.m. Recorded as a 

s o l u t i o n i n dg-ace-

tone a t 40°C w i t h 

e x t e r n a l CFClg and 

T.M.S. r e f e r e n c e s 

5 6 6 5 
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1 7 • 2-methoxy-4-( h e p t a f l u o r o i s o p r o p y l ) i 3 e n t a f l u o r o - l - a z a c y c l o -
hexa-1,3-diene (213) 

S h i f t 
p . p. m. 

Fine S t r u c t u r e C o u p l i n g 
Constants i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

79.2 D ( J 4 b > 3 = 18.5) o f 6 4b 

D ( J 4 b . 4 a = 7 ) ° f 

T < J 4 b . 5 = 5> 
99.5 T ( J 6 > 5 = 6) 2 6 

105.9 EK J3.4a = 1 4 > o f 1 3 

S P ( J 3 > 4 b = 18.5) 

115.3 D ( J 5 . 4 a = 2 7 > o f 2 5 

S P ( J 5 > 4 b = 5) o f 

T ( J 5 > 6 = 6) 
177.2 T ( J 4 a < 5 = 27) o f 1 4a 

S P ( J 4 a . 4 b = 7 > 

Recorded neat a t 40 C 

w i t h e x t e r n a l CFC1 3 

and T.M.S. r e f e r e n c e s . 

"H = s i n g l e t a t 3.13 p.p.m. 

4a 4b 

CRCFU i o < 

5 — F 2 [ - ^ > , F 3 

F 2 ^ 'OCH. 

(213) 
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18. 2 - p h e n o x y - 4 - ( h e p t a f l u o r o i s o p r o p y l ) p e n t a f l u o r o - l -

azacyclohexa-1 , 3-diene (217) 

S h i f t 
p. p . m. 

Fine S t r u c t u r e C o u p l i n g 
Constants i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

77.6 D ( J 4 b „ 3 = 1 6 > o f 6 4b 

D < J 4 b . 4 a = 6 ) ° f 

T ( J 4 b > 5 - 5) 

100.1 T < J 6 . 5 = 7 > 2 6 

105.1 S p ( J 3 . 4 b = 1 6 ) ° f 1 3 

D ( J 3 t 4 a = 14) 

115.4 M u l t i p l e t 2 5 

177 . 0 M u l t i p l e t 1 4a 

H = broad 7.11 p.p.m. 

Recorded as a s o l u t i o n 

i n d i e t h y l e t h e r a t 40°C 

w i t h e x t e r n a l CFClg and 

T 0M 0S. r e f e r e n c e 

4a 4b 

CFICFo 

F 2 

N 0 

(217) 
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19. 1 , 1 1 - b i - 3 H - 2 , 4 - d i k e t o t e t r a f l u o r o - 1 , 3 - d i a z a c y c l o h e x y l (218) 

S h i f t 
p. p „ m. 

Fine S t r u c t u r e 
Constants 

C o u p l i n g 
i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

98.72 ^ ^ 6 a x . 6eq. 187) 1 6 ax. 
105.41 ^ ^ 6 e q . 6ax. 187) 1 6 eq. 
120.71 ^ ^ 5 a x . 5eq. 285) 1 5 ax. 
130.07 D ^ 5 e q . 5 a x . 285) 1 5 eq. 

Recorded as a s o l u t i o n 

i n t e t r a g l y m e a t 40°C 

w i t h e x t e r n a l CFClg 

r e f e r e n c e 

5 6 6 5 

F F 
0> K F 

N N N N H H 
11 i 
0 0 
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20. l - H - 2 , 6 - d i k e t o - 4 - ( h e p t a f l u o r o i s o p r o p y l ) t r i f l u o r o - 1 - a z a c y c l o -

hex-3-ene (219) 

S h i f t Fine S t r u c t u r e C o u p l i n g R e l a t i v e 
p.p.m. Constants i n Hz I n t e n s i t y Assignment 

4b 75.49 D ( J
4 b 3

 = 2 3 ) o f 6 

°( J4b.4a = 7 > ° f 

T < J 4 b . 5 = 3> 

93.69 D ( J 5 4 a = 34) o f 2 5 

M u l t i p l e t s 
c.a.100.4 Broad c 0 a . 1 3 

185.51 T ( J
4 a 5 = 3 4 ) o f 1 4 a 

M u l t i p l e t s 

4a 4b 

Recorded as a s o l u t i o n 

i n t e t r a g l y m e a t 40°C 

w i t h e x t e r n a l CFClg 

r e f e r e n c e 

0' 

CF(CF^) 

•N i 
H 

F 

0 

(219) 



-251-

2 1 . P e r f l u o r o - 4 - m e t h y l - l , , , 7 - t e t r a a z a t r i c y c l o [ 5 . 3 . 1 . 0 ' ] -

undec-4-ene (222) 

S h i f t 
p.p.m. 

Fine S t r u c t u r e C o u p l i n g 
Constants i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

58.6 S i n g l e t 3 4a 

88.3 D ( J l l a x . l l e q . = 2 3 4 ) 1 11 ax. 

98.6 D ( J l l e q . l l a x . = 2 3 4 ) 1 l l e q . 

93. 8 D(J = 139) 1 

115.1 D(J = 139) 1 > 3,8,10 or 11 

105. 3 D(J = 90) 1 -

106.3 D(J = 90) over 

a S i n g l e t 

2 6 o v e r l a i n by 
3,8,10 or 11 

125.1 S i n g l e t 2 3,8,10 or 11 

130.0 D ( J9ax.9eq„ = 2 6 0 > 1 9ax.,. 

137.0 D ( J 9 e q . 9 a x . = 2 6 0 > 1 9eq. 

F 

N N X N F / N 
F2 ; F 2 - t O 

E 11 
(222 

8 
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22. 1 , 1 ' - b i - 2 - c h l o r o h e x a f l u o r o - 1 , 3 - d i a z a c y c I o h e x - 2 - e n y l (229) 

S h i f t Fine S t r u c t u r e C o u p l i n g R e l a t i v e 
p.p.m. Constants i n Hz I n t e n s i t y Assignment 

T 1 4 ax. or 6 ax. 91.05 D ( J 4 a x . 4 e q . ° r J6ax.6eq. 
= 198) 

T 1 4 ax. or 6 ax. 93.02 D(J 4ax.4eq. ° r J6ax.6eq. 
= 237) 

T i 4 eq. or 6 eq. 102.76 D ( J 4 e q < 4 a x < o r J 6 e q . 6 a x . 
= 237) 

T 1 4 eq. o r 6 eq. 129.98 D ( J 4 e q . 4 a x . . o r J6eq.6ax. 
= 198) 

131.76 D(J 5ax.5eq. = 2 6 6 ) 1 

141.43 D ( J 5 e q ^ 5 a x < = 266) 

5 6 6 5 

F2 F2 F2 

Recorded as neat l i q u i d a t 

40°C w i t h e x t e r n a l CFC1 Q 

r e f e r e n c e 

F2 

CI CI 
(2 29) 
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23. 2 - c h l o r o t r i f l u o r o p y r i m i d i n e (228) 

S h i f t F i n e S t r u c t u r e C o u p l i n g R e l a t i v e 
p.p.m. Constants i n Hz I n t e n s i t y Assignment 

74.52 D(J 4.5 20) 

172.61 T ( J 5 4 - 20) 

Recorded neat a t 40 C 

w i t h e x t e r n a l CFClg 

r e f e r e n c e 

4 — F i < > N F — 4 

N \ 'N 

CI 
(228) 
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24 . Per f l u o r o - 6 - m e t h y l - 5 - r n e t h y l e n e - 2 - a z a h e p t a - l , 3-diene (234 ) 

S h i f t 
p.p.m. 

Fin e S t r u c t u r e C o u p l i n g 
Constants i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

32.9 Broad 1 1 o r 1 ' 

51.2 Broad 1 1 o r 1 1 

78.19 M u l t i p l e t 6 6b 
96.12 Broad 1 5a or 5a' 

113.8 Broad D ( J 4 3 = 18) 1 4 

114.3 Broad 1 5a or 5a' 

136.7 D ( J 3 4 = 18) o f 1 3 

T ( J 3 j l = 7.5) 

186.4 Broa d 1 6a 

Recorded a t 40°C w i t h 

F \ 

F 

6b 6a 

(CF 3)£F X 

C = N C 

> = < V y N F 

e x t e r n a l CFCl^ r e f e r e n c e 

5a 

5a 
(234) 
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25. P e r f l u o r o - 4 - m e t h y l - 3 - m e t h y l e n e - 2 - a z a - p e n t - l - e n e (241) 

S h i f t 
p.p.m. 

Fine S t r u c t u r e C o u p l i n g 
Constants i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

42.6 Broad 1 1 o r 1' 

55.9 Broad 1 1 or 1' 

78.88 S i n g l e t 6 3b 

83.05 D ( J 4 . 4 ' = 2 9 ) o f 1 4 

T ( J 4 < 1 o r J 4 > 1 , = 15) 

92.99 D ( J 4 , o 3 a = 59) o f 1 4' 

D ( J 4 , A = 29) 

187.0 Broad D ( J 3 a 4 , = 59) 1 3a 

Recorded neat a t 40°C 

w i t h e x t e r n a l CFClg 

r e f e r e n c e 

F 

F 
. C = N k 

I V F -
CF(CF 3 ) 2 

3a 3b 

(241) 
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26. P e r f l u o r o - 2 , 8 - d i m e t h y l - 7 - m e t h y l e n e - 4 , 6 - d i a z a n o n a - 3 , 5 -

diene (243) 

S h i f t Fine S t r u c t u r e C o u p l i n g 
p.p.m. Constants i n Hz 

R e l a t i v e 
I n t e n s i t y Assignment 

41.78 S i n g l e t 2 2 and 4 

76.62 M u l t i p l e t 6 l b o r 6b 

77.67 D < J 7 a . 7 a ' = 26) 1 7a 

77.93 M u l t i p l e t 6 l b o r 6b 

91.32 D ( J 7 a ' . 6 a = 62) o f 1 7a' 

D < J 7 a ' . 7 a = 26) 

182.2 S p ( J l a . l b = 7) 1 l a 

185.9 D ( J 6 a . 7 a ' = 62) o f 1 6a 

S P ( J 6 a . 6 b = 6) 

1b 1a 

CF \ 
F 

6b 6a 

( C F ^ F 

C=N-CF=:N 

7a 

F 7a 

Recorded neat a t 

40°C w i t h e x t e r ­

n a l CFC1 3 

r e f e r e n c e 

(245) 
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2 7. P e r f l u o r o - 2 , 3 , 4 , 5 - t e t r a m e t h y l h e x a - 2 , 4 - d i e n e (245) 

S h i f t Fine S t r u c t u r e C o u p l i n g R e l a t i v e 
p.p.m. Constants i n Hz I n t e n s i t y Assignment 

78.33 Broad 

79.89 Broad, a s s y m e t r i c 1 and 2 

CF3 

. c = c 

CF3 CF3 

2 

Recorded neat a t 40°C 

w i t h e x t e r n a l CFClg 

r e f e r e n c e 

(245) 
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APPENDIX 2 

I n f r a Red S p e c t r a 
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APPENDIX FOUR 

C o m p a r i s o n s o f I n f r a Red and U l t r a V i o l e t S p e c t r a . 

a) I n f r a Red S p e c t r a 

Upon c o m p a r i n g t h e i n f r a r e d s p e c t r a o f a s e r i e s o f p o l y f l u o r o - 1 - a z a c y c l o h e x a 
- 1 , 3 - and - 1,4 - d i e n e s ( t a b l e A4-1 below) i t becomes a p p a r e n t t h a t b o t h t y p e s o f 
d i e n e g i v e r i s e t o e i t h e r one o r two s t r o n g a b s o r p t i o n s between 1600 and 1800cm~^. 
However, i t may be s i g n i f i c a n t t h a t i n t h e c a s e s 1,2 and 3 where a - 1,3 - d i e n e 
may be compared w i t h t h e a n a l o g o u s - 1,4 - d i e n e b e a r i n g t h e same s u b s t i t u e n t s , 
t h e - 1 , 3 - d i e n e h a s an a b s o r p t i o n a t l o w e r f r e q u e n c y t h a n e i t h e r o f t h e a b s o r p t i o n s 
o f t h e - 1,4 - d i e n e , p r e s u m a b l y a r i s i n g from a v i b r a t i o n mode a f f e c t e d by t h e l o w e r i n g 
o f bond o r d e r s on c o n j u g a t i n g the two TT bonds. A s i m i l a r e f f e c t i s n o t e d f o r 
p e r f l u o r o c y c l o h e x a - 1,3 - and - 1,4 - d i e n e s a s i n c a s e 6 and i t a p p e a r s t h e r e f o r e t h a t 
i n f r a r e d d a t a may be u s e d t o d i s t i n g u i s h p o l y f l u o r o - 1 - a z a c y c l o h e x a - 1,3 - a n d 
- 1 , 4 - d i e n e s p r o v i d e d t h e y b e a r i d e n t i c a l s u b s t i t u e n t s . 

I t would be o f i n t e r e s t t o s e e i f t h i s d i a g n o s t i c c r i t e r i o n i s a p p l i c a b l e t o 
c a s e 4, t h e - 4 - m e t h y l - d i e n e , w h i c h , a l t h o u g h u n a m b i g u o u s l y i n d e n t i f i e d a s a 
- 1 , 3 - d i e n e by o t h e r means, h a s i t ' s l o w e s t e n e r g y a b s o r p t i o n a t 1745cm~l. I t i s 
t h e r e f o r e r e q u i r e d t h a t t h e e q u i v a l e n t , a s y e t unknown, - 1 , 4 - d i e n e w o u l d h a v e two 
a b s o r p t i o n s a t e v e n h i g h e r f r e q u e n c y . 

TABLE A4-1 

Die n e I n f r a Red A b s o r p t i o n F r e q u e n c i e s ( c m ~ l ) 

C a s e - 1 , 3 - d i e n e s - 1 , 4 - d i e n e s 

1 
1700,1750; 
R e f : 192 F 1750,1750; 

R e f : 192 F 

2 

1660,1705; 
R e f : 163 

C I 

F 1715,1754; 
R e f : 163 

C I 

F 

3 1687,1775; 
t h i s t h e s i s 

CF 

^ F 

( C F 3 ) 2 1742,1767; 
t h i s t h e s i s 

CF ( 

F 

C F 3 ) 2 

4 
1745,1756; 
t h i s t h e s i s 

C F 3 

F Not known 

5 CE (C 

1657, - ; r ^ ^ , 
t h i s t h e s i s p 

:F3 ) 2 

- C F ( C F 3 ) a 

- C F ( C F 3 ) 2 

Not known 

6 

K 

1713,1753; R e f : D.E.f 
and J . C. T a t l o w ; J.( 
3779 

F 

A. E v a 
2.S. , ' 

ns 
54, 

0 
1739,1739; R e f : D.E.M. E v a n s 
and J . C . T a t l o w ; J . C . S . ' 5 4 , 
3779 



b) U l t r a V i o l e t S p e c t r a 

The l i m i t e d d a t a i n t a b l e A4-2 below i n d i c a t e t h a t p o l y f l u o r o - 1 -
a z a c y c l o h e x a -1,3 - and -1,4 - d i e n e s may be r e a d i l y d i s t i n g u i s h e d by t h e i r 
u l t r a v i o l e t s p e c t r a . T h u s , i n e v e r y c a s e , t h e - 1 , 3 - d i e n e s g i v e r e a s o n a b l y 
s t r o n g a b s o r p t i o n s ( 6 > 1800) a t w a v e l e n g t h s between 228 and 248nm whereas,, 
a t l e a s t where t h e d a t a i s r e p o r t e d , t h e c o r r e s p o n d i n g - 1 , 4 - d i e n e s do n o t 
a p p e a r t o a b s o r b s i g n i f i c a n t l y above 228nm. 

TABLE A4-2 

U l t r a - V i o l e t S p e c t r a o f D i e n e s 

C a s e - 1 , 3 - d i e n e s 
( A b s o r p t i o n s i n nm's) 

- 1 , 4 - d i e n e s 
( A b s o r p t i o n s i n nm's) 

N \ max = 2 3 3 nm ^ 
6 = 1 8 0 0 > C y c l o h e x a n e 
R e f : D.E.M. E v a n s and J . C . T a t l o w ; 
J . C . S . , '54, 3779 

F 

S p e c t r u m n o t r e p o r t e d 

X max 248nm 
£ = 9380 
C y c l o h e x a n e 
R e f : 163 

\ max 217nm 
(end a b s o r p t i o n ? ) 
C y c l o h e x a n e 
£ = n o t r e p o r t e d 
R e f : 163 

C I 

F 

C F ( C F . , ) 2 

C F ( C F , ) 

)\max = 228nm 
t = 5770 
C y c l o h e x a n e 
R e f : T h i s t h e s i s 

No maximum a t 
l o n g e r wave­
l e n g t h t h a n 
222nn C y c l o ­
hexane R e f : 
t h i s t h e s i s 

3 ' 2 

C F ( C F 3 ) 2 

Xmax = 231 run 
€ = 3890 
C y c l o h e x a n e 
R e f : T h i s t h e s i s 

Not known 
C F ( C F 3 ) 2 

C F ( C F 3 ) 

Xmax = 256nm 
C = 3160 
D i e t h y l e t h e r 
R e f : D.E.M. E v a n s and J . C . T a t l o w ; 
J . C . S . , '54, 3779 

No a b s o r b t i o n i n t h e 
250nm r e g i o n . 
D i e t h y l e t h e r 
R e f : D.E.M. E v a n s a nd 
J. C . T a t l o w ; J . C . S . , 
'54,3779 
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