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ABSTRACT 

PART I 

The r educ t ion of pen t a f l uo ropy r id ine gave, as the major products , 
v 

o c t a f l u o r o - 4 , 4 ' - b i p y r i d y l i n a p r o t i o systems and 4 - H - t e t r a f l u o r o p y r i d i n e 

w i t h added proton donor. Garbanionic intermediates were not trapped by 

carbon d ioxide to give acids* Voltammetrie r e s u l t s f o r a se r ies of 

p o l y f l u o r o p y r i d i n e s suggest tha t the negative charge i n the r a d i c a l anion 

i s mainly i n the 4 - p o s i t i o n . 

Reduction of pentachloropyr id ine i n dimethylformamide gave 

4 - H - t e t r a c h l o r o p y r i d i n e , w i t h some 4 i 4 , - b i s t e t r a c h l o r o p y r i d y l m e r c u r y when 

us ing a mercury cathode. Intermediate carbanions were trapped by carbon 

d i o x i d e , g i v i n g an ac id m i x t u r e , which y i e l d e d 4 -H- t e t r ach lo ropy r id ine 

and h e p t a c h l o r o b i p y r i d y l on decarboxyla t ion . Hexachlorobenzene behaved 

s i m i l a r l y . 

Simple p e r f l u o r o - o l e f i n s e l imina ted f l u o r i d e i o n on r educ t ion and were 

subsequently oligomerised by i t . Intermediate carbanions were trapped by 

water . The e lect rochemical products were h i g h - b o i l i n g o i l s , r e s u l t i n g 

f rom r e a c t i o n w i t h the s o l v e n t . 

Oxida t ion of p o l y f l u o r o a n i s o l e s con ta in ing para hydrogen gave coupl ing 

to the corresponding 4«4'-dimethoxybiphenyl d e r i v a t i v e . No coupl ing 

occurred when t h i s p o s i t i o n was blocked by f l u o r i n e . Trapping of 

in termediate r a d i c a l cat ions w i t h ace t i c ac id was unproduct ive . 

PART I I 

The photochemical and thermal rearrangements of a number of 

p e r f l u o r o a l k y l p y r i d a z i n e s i n s t a t i c systems was i n v e s t i g a t e d . 

As had p rev ious ly been repor t ed , pho to lys i s of p e r f l u o r o - 4 i 5 - d i a l k y l -

pyr idazines gave mainly p e r f l u o r o - 2 , 5 - d i a l k y l p y r a z i n e s , a l though i n some 



cases p e r f l u o r o - 2 , 6 - d i a l k y l p y r a z i n e s were a lso formed. 

The p y r o l y s i s of p e r f l u o r o - 4 » 5 - d i a l k y l p y r i d a z i n e s gave mainly 

p e r f l u o r o - 4 , 5 - d i a l k y l p y r i m i d i n e s and i n some cases a small amount of the 

-2 ,5 -pyraz ine . P e r f l u o r o - 4 - a l k y l p y r i d a z i n e s gave mixtures of p e r f l u o r o -

4 - a l k y l - and - 5 - a l k y l p y r i m i d i n e s . These r e s u l t s can be explained by a 

mechanism i n v o l v i n g diazabenzvalene in te rmedia tes . 

The pho to lys i s and p y r o l y s i s o f mixtures gave no exchange of subs t i tuen t 

groups i n d i c a t i v e of a b imolecular process. I n the pyro lyses , the conversion 

of the less reac t ive pyr idaz ine was catalysed and tha t of the more r eac t ive 

pyr idazine i n h i b i t e d . The r e l a t i v e amounts rearranged r u l e d out a 1 t 1 

intermediate and a D i e l s - A l d e r mechanism, which would invo lve exchange of 
15 

n i t r o g e n , was f u r t h e r r u l e d out by ^ N - l a b e l l i n g . The c a t a l y t i c mechanism 

proposed involves a t r a n s f e r of v i b r a t i o n a l e x c i t a t i o n . 
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C HATTER I 

ELECTROCHEMICAL METHODS 

I . A INTRODUCTION 

An extensive l i t e r a t u r e i s a v a i l a b l e on the su b j e c t of organic 
1 2 3 

electrochemistry, ' % J and t h i s chapter provides only a b r i e f 

introduction to the methods a v a i l a b l e to the organic chemist. 

I.B A MODEL ELECTROCHEMICAL REACTION 

Let us f i r s t consider the electrochemical reduction of a sub s t r a t e 

S + to a desir e d product P,by the scheme: 

S + + e" ; " S* 

2S* • P 

S' + e" ; »• S" 

S" + H + > SH 

The e l e c t r o l y s i s i s c a r r i e d out i n a s u i t a b l e solvent, containing an 

excess of a s a l t M+X". This i s known as the supporting e l e c t r o l y t e . Two 

i n e r t electrodes are immersed i n the s o l u t i o n , to serve as the anode and 

cathode. The r e a c t i o n of i n t e r e s t takes place a t the cathode, which 

serves as a source of e l e c t r o n s ; and t h i s i s termed the working e l e c t r o d e . 

The other e l e c t r o d e , ( i n t h i s case the anode), i s c a l l e d the a u x i l i a r y or 

counter ele c t r o d e . 

1. The Curren t - P o t e n t i a l Curve 

The most common record of electrochemical behaviour i s the cur r e n t -

p o t e n t i a l curve, or voltammogram. This i s a record of how the current 

through the electrochemical c e l l v a r i e s , as the p o t e n t i a l of the working 

electrode i s v a r i e d , r e l a t i v e to some a r b i t r a r y r e f e r e n c e . ( F i g u r e l ) . 

By convention, c a t h o d i c , ( n e g a t i v e ) , p o t e n t i a l s are plotted to the r i g h t , 

and anodic to the l e f t . Cathodic currents are s i m i l a r l y considered 

p o s i t i v e , and plo t t e d upwards. 

I n the absence of S + the cathodic current i n c r e a s e s r a p i d l y a t -4.0V, 

( 13 DEC 1973 ) 
i i n -.«-»>/ ^ 
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Figure 1 Voltammogram of a model r e a c t i o n . 

Cathodic Current (mA.) 
M1 + e M 

50 

40 

30 

20 

•10 

P o t e n t i a l 
• ( V o l t s ) 1 

10 

20 
Solve n t / E l e c t r o l y te 

30 
X + e 

Added S <0 

50 

Anodic Current (mA) 

the p o t e n t i a l a t which M i s discharged. A s i m i l a r increase i n anodic 

current occurs a t +2.0V, when X i s discharged. These are r e f e r r e d to as 

the l i m i t i n g anodic and cathodic p o t e n t i a l s . Sometimes the l i m i t i n g 

f a c t o r i s the p o t e n t i a l a t which the so l v e n t i t s e l f i s e l e c t r o a c t i v e . 

I n the presence of added s u b s t r a t e , t h i s d i f f u s e s to the cathode, and 

two reduction waves of s i m i l a r s i z e can be seen. These correspond to the 

two one-electron t r a n s f e r processes i n the scheme: 

S + + e~ ^=±i S' 
and S* + e" ^ — S * 
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C l e a r l y , the second step i s u n d e s i r a b l e , i f the aim i s the production 

of P. 

2. C o n t r o l l e d - P o t e n t i a l E l e c t r o l y s i s 

I n t h i s technique, the p o t e n t i a l between the working electrode and a 

t h i r d electrode of constant p o t e n t i a l , ( r e f e r e n c e e l e c t r o d e ) , i s held a t 

a s e l e c t e d value by an instrument c a l l e d a p o t e n t i o s t a t . Thus, the p o t e n t i a l 

of the working electrode could be maintained a t -2.5V to di s c r i m i n a t e 

against the second e l e c t r o n t r a n s f e r . The p o t e n t i a l of the a u x i l i a r y 

electrode s h i f t s to whatever value i s necessary to support the same 

current as the working electrode. This current i s provided by the discharge 

of X . V/ith a highly r e s i s t i v e s o l u t i o n , the output voltage of the 

pot e n t i o s t a t must be very high, c r e a t i n g design problems. 

3. Constant Current E l e c t r o l y s i s 

Because of i t s greater experimental s i m p l i c i t y , many syntheses have 

been performed using a constant applied current. This poses d i f f i c u l t i e s , 

however. I f a constant current of 10mA. i s maintained, t h i s i n i t i a l l y 

r e s u l t s i n only the f i r s t stage of the r e a c t i o n taking place, as d e s i r e d . 

As the r e a c t i o n proceeds, and the concentration of S + decreases, there 

comes a time when the reduction to S* alone cannot support a current of 

10mA. The reduction of S* to S~ w i l l then commence. This can be 

counteracted by having a high i n i t i a l concentration of S + , and stopping 

the r e a c t i o n well before completion. 

Another problem i s that the cathode p o t e n t i a l a t t a i n e d i s normally 

near the foot of the curve. This does not matter i n t h i s example, but 

i n some cases two el e c t r o n s are t r a n s f e r r e d i n one reduction wave, and 

on the lower portion of the curve a one-electron intermediate i s produced. 

For example, the reduction of benzaldehyde to benzyl alcohol can a l s o 

give hydrobenzoin, by dimerisation of the intermediate r a d i c a l formed at 
4 

the foot of the curve. 
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Reduction of benzaldehyde: 

0 "0 OH OH 
* \ \ 1 
C-H *C-H *C-H C-H C-H 6 6 6 + H + e 

+ H 
Dimerisation 

OH 
H-C-H o H H Q 6 OH OH 

Hydrobenzoin 
Benzyl alcohol 

4. Constant Voltage E l e c t r o l y s i s 

Because of experimental s i m p l i c i t y , t h i s method has a l s o been widely 

used. I t i s possible to s e l e c t a voltage across the c e l l , such that the 

cathode i s a t approximately -2.5V, and the r e a c t i o n i s s e l e c t i v e . 

However, the voltage across the c e l l i s reduced by the iR drop, caused 

by the c e l l r e s i s t a n c e , iR i n , so that: * 1 c e l l ' 

E — V — iR e f f e c t i v e ~ applied " c e l l 

Thus, as the r e a c t i o n proceeds, and the current f a l l s , the e f f e c t i v e 

voltage across the c e l l w i l l i n c r e a s e , and the second reduction may 

commence. 

I.C SIGNIFICANT FACTORS IN ELECTROCHEMICAL SYNTHESIS 

1. Solvent-Supporting E l e c t r o l y t e System 

The influence of the solvent and supporting e l e c t r o l y t e on the course 

of the r e a c t i o n can be profound. Most processes proceed through r e a c t i v e 

intermediates, and i t i s , therefore, not s u r p r i s i n g that d i f f e r e n t 

products may be obtained using an i n e r t a p r o t i c s o l v e n t , than are 
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Table 1 L i m i t i n g p o t e n t i a l s on Pt e l e c t r o d e s (v. S.C.E.p 

Solvent E l e c t r o l y t e Anodic 
L i m i t 

Cathodic 
L i m i t 

A c e t i c a c i d NaOAc +2.0V -l.OV 
Acetone (n-BuJ.NClO,, 4 4 +1.6V -l.OV 
A c e t o n i t r i l e L i C l O . 4 +2.5V -3.0V 
A c e t o n i t r i l e Et.NBF 4 4 +3.2V -1.8V 
N fN-Limethylformamide (D.M.F.) (n-Bu).NBF. 4 4 +1.6V -2.8 V 
Dimethylsulphoxide (D.M.S.O.) LiC l O . 4 +1.3V -3.4V 
Hexamethylphosphoramide (H.M.P.) LiCl O , 4 +1.0V -3-3V 
Methanol Li C l O . 4 +1.3V -l.OV 

Methylene chlo r i d e (n-Bu).NClO. 4 4 +1.8V -1.7V 

Sulpholane E t NCIO, 4 4 +3.0V -2.2V 

Tetrahydrofuran (T.H.F.) LiClO, 4 +1.6V -3.2V 

obtained i n aqueous s o l u t i o n . I n addition, organic solvents often allow 

the use of a wider range of p o t e n t i a l s , and increase the s o l u b i l i t y of 

organic s u b s t r a t e s . 

Most organic solvents have low d i e l e c t r i c constants, normally l i m i t i n g 

the choice of supporting e l e c t r o l y t e to tetraalkylammonium s a l t s , and 

sodium or l i t h i u m perchlorate. 

The anodic and cathodic l i m i t i n g p o t e n t i a l s of some s o l v e n t - e l e c t r o l y t e 

systems are given i n Table 1. 

2. Electrode Material 

The most gene r a l l y used anode material i s platinum, because of i t s 

i n e r t n e s s i n most electrochemical environments, and i t s high oxygen 

overpotential i n aqueous media. Graphite and lead dioxide are a l s o often 

a p p l i c a b l e . 

A wider choice i s a v a i l a b l e f o r cathode m a t e r i a l , as most metals do not 

corrode under cathodic conditions. For preparative work, lead,mercury, t i n 

platinum, n i c k e l , cadmium, copper, or z i n c , are normally used. Mercury 
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has the advantage of being a l i q u i d , enabling i t to be s t i r r e d , so that 

a c l e a n electrode surface i s presented to the s o l u t i o n a t a l l times. 

I n some cases d i f f e r e n t r e a c t i o n s may occur on changing the electrode 

m a t e r i a l , and the cathode may be consumed by the formation of 

organometallic compounds. Adsorption of the substrate onto the metal 

surface may be an important f a c t o r i n some r e a c t i o n s . 

The saturated calomel e l e c t r o d e , ( S . C . E . ) , i s the most widely used 

reference electrode. I t c o n s i s t s of a mercury electrode i n contact with 

a s o l u t i o n saturated with both Hg^Clg and KC1. The h a l f - c e l l r e a c t i o n i s : 

H g 2 C l 2 + 2e" t 2Hg + 2C1~ 

The p o t e n t i a l i s +0.242V r e l a t i v e to the normal hydrogen electrode 

at 25°C 

3. C e l l Design 

Many varying s i z e s and shapes of electrochemical c e l l have been used. 

There are b a s i c a l l y two types: those c o n s i s t i n g of one v e s s e l ; and those 

divided into anode and cathode compartments by some kind of semi-permeable 

membrane. This membrane w i l l i d e a l l y allow only the e l e c t r o l y t e , and not 

the s u b s t r a t e , to d i f f u s e through i t , so that species generated at the 

working electrode cannot r e a c t at the a u x i l i a r y electrode to give 

undesired products. This i s obviously the preferable arrangement, 

e s p e c i a l l y when a pote n t i o s t a t i s being used, as the a u x i l i a r y electrode 

can then reach very high anodic or cathodic p o t e n t i a l s . 

The use of a c e l l d i v i d e r i n c r e a s e s the c e l l r e s i s t a n c e , as does the 

use of non-aqueous s o l v e n t s , so to maintain a high current flow, at 

reasonably low c e l l voltages, the electrodes must be cis close together 

as p o s s i b l e , and preferably p a r a l l e l . The r a t i o of t h e i r surface area 

to the c e l l volume should be as large as p o s s i b l e . 

Other requirements are: a s a l t bridge running from close to the working-

electrode surface to the reference electrode; and p r o v i s i o n f o r s t i r r i n g , 

cooling i f necessary, and deoxygenating the solvent by bubbling nitrogen. 
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4. The Potentioatat 

Figure 2 Block diagram of a p o t e n t i o a t a t i c c i r c u i t . 

Comparator 

Vol tage 
Follower 

Reference 
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A m p l i f i e r 

A u x i l i a r y 
Electrode 

Working 
Electrode 

Reference 
Electrode 

The p o t e n t i a l d i f f e r e n c e between the working electrode and the 

reference electrode i a continuously compared with the preset reference 

voltage. Any e r r o r i s detected .and amplified e l e c t r o n i c a l l y , and current 

i s passed through the c e l l i n such a way as to minimise the e r r o r . 

5. Current E f f i c i e n c y 

I n addition to the conventional chemical y i e l d , i n electrochemical 

r e a c t i o n s the current e f f i c i e n c y i s important. To c a l c u l a t e t h i s , the 

amount of charge consumed during the r e a c t i o n must be measured. This i s 

done by a current i n t e g r a t i n g device, or simply by p l o t t i n g a graph of 

current against time. The area under the graph gives the charge, i n 

amp-hours, which i s converted i n t o far^days by the r e l a t i o n s h i p : 
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1 faraday = 9^,500 coulombs = 26.806 amp-hours 

From Faraday's laws, i n a one-electron process, one mole of substrate 

requires one faraday of e l e c t r i c i t y . The current e f f i c i e n c y i s the number 

of faradays t h e o r e t i c a l l y required, divided by the number a c t u a l l y used, 

normally expressed as a percentage. 

i . e . Current E f f i c i e n c y = n x no. of moles of product x 100% 
no. of faradays used 

where n i s the number of e l e c t r o n s required per molecule of product 

The current e f f i c i e n c y i s normally l e s s than the chemical y i e l d , s i n c e 

there may be electrochemical side r e a c t i o n s , which do not involve the 

s t a r t i n g m a t e r i a l . 

I . L ELECTROANALYTICAL TECHNIQUES 

A v a r i e t y of e l e c t r o a n a l y t i c a l techniques can be used to i n v e s t i g a t e 

the electrode processes taking place during an electrochemical r e a c t i o n . 

Perhaps the most popular are polarography and c y c l i c voltammetry. These 

are normally performed on d i l u t e s o l u t i o n s , i n the region of l-10mM. 

1. Polarography 

Polarography i s the term applied to voltammetry performed a t a dropping 

mercury electrode,(D.M.E.). This c o n s i s t s of a c a p i l l a r y connected to a 

mercury r e s e r v o i r , so that the rate of mercury flow can be regulated by 

ad j u s t i n g the height of the r e s e r v o i r . A f r e s h electrode surface i s 

generated as each new mercury drop forms. As a consequence of t h i s increase 

i n s i z e and subsequent disappearance of the drops, the voltammogram 

obtained by varying the p o t e n t i a l l i n e a r l y with time, has o s c i l l a t i o n s 

superimposed. These can be e l e c t r o n i c a l l y smoothed out to give the S-shaped 

polarographic wave shown i n Figure 3. 

Two q u a n t i t i e s , the half-wave p o t e n t i a l ( E ^ ) t and the l i m i t i n g 

current ( i x ) ; are of t h e o r e t i c a l importance. The half-wave p o t e n t i a l i s 

the p o t e n t i a l a t which the current i s h a l f of the l i m i t i n g value. 
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Figure 3 Polarogram of the r e v e r s i b l e r e a c t i o n : 0 + n a " . — i H« 

Current (jiA) 

E ^ P o t e n t i a l ( V o l t s ) 

(a) Reversible Reaction 

A r e a c t i o n shows electrochemical r e v e r s i b i l i t y when both the oxidised 

and reduced forms are s t a b l e , so that the r e a c t i o n can be c a r r i e d out i n 

e i t h e r d i r e c t i o n ; and the e l e c t r o n t r a n s f e r process i s f a s t , so that the 

Nernst equation i s v a l i d a t a l l times. 

Nernst equation: E = E° - RTln [R/l 
nP [01 

[R'J and [0] are the a c t i v i t i e s of the reduced and oxidised 
forms, r e s p e c t i v e l y . 

Under these conditions E ^ can be r e l a t e d to E°, the standard electrode 

p o t e n t i a l of the r e a c t i o n , and hence to the Gibb's f r e e energy. Thus, the 

E i of a r e v e r s i b l e process has thermodynamic s i g n i f i c a n c e . 
IS 

L i n e a r r e l a t i o n s h i p s can be found f o r r e l a t e d s e r i e s of compounds, 

between anodic and cathodic Ej^'s a n (* "the i o n i s a t i o n p o t e n t i a l s or e l e c t r o n 

a f f i n i t i e s determined i n the gas phase.^ S i m i l a r r e l a t i o n s h i p s e x i s t with 

the t h e o r e t i c a l l y c a l c u l a t e d energies of the highest occupied o r b i t a l , 

( f o r anodic p r o c e s s e s ) , or lowest unoccupied o r b i t a l , ( f o r cathodic 

processes;. * 

The l i m i t i n g current can be used to derive a value of n,(the number 
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e l e c t r o n s per molecule involved i n the wave). 

(b) I r r e v e r s i b l e Reaction 

A process i s e l e c t r o c h e m i c a l l y i r r e v e r s i b l e i f e i t h e r 0 or R1 are 

unstable, or the rate of charge t r a n s f e r i s slow. The s i g n i f i c a n c e of 

E ^ i s d i f f i c u l t to a s s e s s , as i t s value depends on both the thermodynamics 

and the k i n e t i c s of the r e a c t i o n . A common assumption made,is that f o r 

a homologous s e r i e s of compounds, the E j / s r e f l e c t changes i n the k i n e t i c s . 
2 

Thus, the compound which reduces at the more negative p o t e n t i a l has been 

considered to have a higher energy t r a n s i t i o n s t a t e . 

2. C y c l i c Yoltammetry 

I n c y c l i c voltammetry the p o t e n t i a l of the electrode , i n an u n s t i r r e d 

s o l u t i o n , i s v a r i e d l i n e a r l y with time, as i n polarography. This gives 

r i s e to a peaked voltammogram, as the substrate becomes depleted i n the 

region of the electrode. The d i r e c t i o n of the sweep i s then reversed at a 

point past the peak, and the p o t e n t i a l returned to i t s i n i t i a l value, 

normally at the same sweep r a t e . 

( a ) Reversible Reaction 

The shape of the c y c l i c voltammograin of a r e v e r s i b l e reduction i s 

shown overleaf (Figure 4 ) . On the forward sweep, reduction of 0 to R' 

i s seen, and t h i s i s r e o x i d i s e d on r e v e r s i n g the sweep. For a r e v e r s i b l e 
Q 

process, i t has been shown that: 

E p a - E p C = 0.056 Volts 
n 

The peak p o t e n t i a l i s r e l a t e d to the polarographic E ^ by : 

E p c = E i - 1.1RT 
s nF 

o 

I t has a l s o been shown' that the peak p o t e n t i a l s are independant of 

scan r a t e , and the r a t i o of the peak c u r r e n t s , ip / i p , i s u n i t y . 
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Figure 4 C y c l i c voltammogram of a r e v e r s i b l e reduction: 0 + n°~^ 1 R' 

Current 

IP 

IP 
Ep 

Ep P o t e n t i a l 

(b) I r r e v e r s i b l e Reaction 

I f the product of the reduction process i s not s t a b l e on the time-scale 

of the experiment, there w i l l be l e s s of i t present on the reverse sweep, 

and so the reverse peak i s smaller, i . e . i p / i p ^ 1 . The separation 

between the forward and reverse peaks i s seen to i n c r e a s e . 

The timescale of the experiment can be changed by varying the p o t e n t i a l 

scan r a t e . I f the scan rate i s increased, the chemical r e a c t i o n 

following the e l e c t r o n t r a n s f e r w i l l have proceeded to a l e s s e r extent, 

and so ip / i p i n c r e a s e s u n t i l , i n the l i m i t , at very f a s t scan r a t e s , 

the r e a c t i o n may appear completely r e v e r s i b l e . I f the scan rate i s 

decreased, more of the chemical r e a c t i o n can take place, and, i n the l i m i t , 

the reverse peak disappears altogether, and the r e a c t i o n appears 

completely i r r e v e r s i b l e . 

The expected v a r i a t i o n s of a number of parameters with scan-rate have 
9 10 

been c a l c u l a t e d f o r a large number of r e a c t i o n mechanisms, so that 
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information about the r e a c t i o n sequence, and a l s o rate constants , can be 

obtained by c y c l i c voltammetry. 

New peaks may be observed on r e p e t i t i v e c y c l i n g , due to products of the 

chemical r e a c t i o n , and these can be t e n t a t i v e l y i d e n t i f i e d by matching 

t h e i r p o s i t i o n s with those of l i k e l y products, run independently. 
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CHAPTER I I 

ELECTROCHEMICAL REACTIONS OF ORGANIC HALIDES 

I I . A INTRODUCTION 

The electrochemistry of organo-halogen compounds has been e x t e n s i v e l y 

reviewed. (See, f o r example, the r e l e v a n t s e c t i o n s i n references 1 -3 . ) 

T h i s chapter provides a d i s c u s s i o n of the main points, and a more 

extensive review of the po l y h a l i d e s . 

I I . B REDUCTION 

1. Monohalides 

( a ) A l k v l Halides 

The reduction of a l k y l h a l i d e s i s gene r a l l y an i r r e v e r s i b l e , 2-electron 

process, independent of pH; r e s u l t i n g i n the replacement of the halogen 
12 13 by hydrogen. Coupled products have been observed i n some cases, and 

a l s o the formation of organometallic compounds, i n v o l v i n g the cathode 

Lat 
15 

m a t e r i a l . 1 ^ I n the presence of carbon dioxide, anionic intermediates can 

sometimes be trapped, to give the corresponding c a r b o x y l i c acid.' 

The ease of reduction i s i n the order R I > R B r > R C l >RF. This has l e d 

to an analogy with the SN,, displacement r e a c t i o n , " ^ ( o r SN^, depending 

on s t e r i c f a c t o r s ) } i n which the e l e c t r o n s are considered to a c t as 

nucleophiles, a t t a c k i n g the back side of the carbon. I t has been pointed 

out that t h i s would be very d i f f i c u l t i n crowded cas e s , such as ( l j 

and ( 2 ) . 

(1) f.^l (2) 

E^ (v. Ag/Ag +) -2.17V -1.79V 

The r e a c t i o n sequence shown i n Scheme I I . 1 , has been proposed f o r the 
17 

reduction of a l k y l h a l i d e s . 1 The i n i t i a l step i s the t r a n s f e r of an 
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Scheme I I . 1 

RX + e" • s l o w — » RX" > R* + X" 

R* 

R*-

(3) 

-* RR 

( i ) 

-±-£ » R" -±-iU RH 
(5) 

e l e c t r o n to the unoccupied molecular o r b i t a l of lowest energy,(L.U.M.O.), 

to give the r a d i c a l anion (3.). I t has been argued that i f t h i s i s the 

po t e n t i a l determining step, as i s suggested by i t s independence of pH; then 

there should be a r e l a t i o n s h i p between the reduction p o t e n t i a l and the 

energy of t h i s o r b i t a l . Folarographic E|/s f o r chloro-, bromo- and iodo-

methanes have been s u c c e s s f u l l y c o r r e l a t e d with the energies of the lowest 
18 

unoccupied er* o r b i t a l s , c a l c u l a t e d by the L.C.A.O.M.O. method. This 

o r b i t a l i s l o c a l i s e d on the carbon-halogen bond. 

The carbon-halogen bond then cleaves to give the r a d i c a l (4_), and f u r t h e r 

reduction gives the carbanion ( j j ) . The mechanism has been the s u b j e c t of 
19 

much d i s c u s s i o n i n the l i t e r a t u r e , which has by no means been resolved. 
The observation of coupled products has been taken as evidence f o r 

13 

r e l a t i v e l y l o n g - l i v e d r a d i c a l intermediates, but these could be derived 

from attack by the carbanion on unreacted s t a r t i n g m a t e r i a l : 
R + RX -* RR + X 

Another v a r i a t i o n i s that protonation of the r a d i c a l anion (3.) may occur 

p r i o r to l o s s of h a l i d e . The r e s u l t a n t r a d i c a l , RHX*, i s more r e a d i l y 

reduced than RX, and r a p i d l y picks up another e l e c t r o n and l o s e s X", to 

give RH. This i s known as s o l v e n t - a s s i s t e d reduction. 
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(b) V i n y l Halides 

The. reduction of v i n y l h a l i d e s g e n e r a l l y occurs a t more negative 

p o t e n t i a l s than the corresponding a l k y l h a l i d e s . The products are 

normally s i m i l a r , with replacement of the halogen by hydrogen but, when 

the double bond i s conjugated with an aromatic system, i t may be reduced 

i t s e l f . 2 0 

C i s - t r a n s i s o m e r i s a t i o n may take place, as i n the reduction of 

monobromomaleic a c i d (6_), which a l s o gives the dimeric product (7). 

Br H. H H. .COOH 
C = C ' g > C = C + C = C 

HOOC' V C 0 0 H E t h a n o 1 HOOC^ X C 0 0 H HOOC"' X H 

(6) 
H00C C00H 

\ / 
HC —GH 

+ / \ 
H00CCH2 CH2C00H 

(7) 

The mechanism shown i n Scheme 11.2 has been suggested to ex p l a i n the 

c i s - t r a n s i s o m e r i s a t i o n . 2 0 

Scheme I I . 2 

C = C ^ + e" * / ^ C ^ >, ^ C = C ^ + e > ^ 0 = 0 ^ 

(I) (£) (10) 

^c=c 

Addition of an e l e c t r o n to the lowest unoccupied T I * molecular 

o r b i t a l gives the r a d i c a l anion ( 8 ) . This has free r o t a t i o n around the 

carbon-carbon bond, and so can lead to c i s or trans products. E l i m i n a t i o n 

of X~ gives the v i n y l r a d i c a l (9)» which i s f u r t h e r reduced to the v i n y l 

carbanion ( 1 0 ) , and subsequently protonated. Observation of the dimeric 



product from (16) was taken as evidence f o r the v i n y l r a d i c a l (9). 

However, as with a l k y l h a l i d e s , a route i n v o l v i n g a t t a c k by the anion 

(lO) on s t a r t i n g material could be envisaged, with subsequent reduction 

of the product g i v i n g (7_). 
18 

C a l c u l a t i o n s on chloroethylenes, however, show that the s u b s t i t u t i o n 

of hydrogen by chl o r i n e i n ethylene hardly e f f e c t s the energy of the 

lowest unoccupied Tl* o r b i t a l , while considerably lowering C energies. 

The r e s u l t i s that, according to the method used, the L.U.M.O. i s i n f a c t 

a or* o r b i t a l . I t may be that whether the L.U.M.O. i s a n* or Cf* o r b i t a l 

depends g r e a t l y on the sub s t i t u e n t s present. 

( c ) A r y l Halides 

The reduction of a r y l h a l i d e s i s a l s o more d i f f i c u l t than a l k y l h a l i d e s 

and s i m i l a r to v i n y l h a l i d e s . I t ge n e r a l l y gives benzene as the product, 

i n a 2-electron process. Thus, bromobenzene gives benzene i n q u a n t i t a t i v e 

y i e l d , but i n the presence of carbon dioxide the intermediate anion can 
2 

be trapped to give some benzoic a c i d . 
C a l c u l a t i o n s on chlorobenzene show that the f i r s t e l e c t r o n should 

18 22 
again go in t o a C * o r b i t a l . ' This i s i n con t r a s t with the approach 

of another group. They have r e l a t e d the r a t e s of decomposition of 

the r a d i c a l anions of 4 - s t y r y l pyridine d e r i v a t i v e s to the f r e e e l e c t r o n 

density i n the lowest unoccupied TV* o r b i t a l of the parent compound (11). 
P o s i t i o n Free e l e c t r o n density 

1 0.031 
2 0.070 
3 0.004 
4 0.085 
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They found that Br and CI are r a p i d l y l o s t from the 4-position on 
23 reduction, whereas the 3-chloro compound gives a r e v e r s i b l e wave. 

The same workers have a l s o used the f r e e e l e c t r o n density of the TT* 
25 

o r b i t a l to p r e d i c t which halogen i s l o s t on reduction of ( 1 2 ) . 

CH=CH r 
N 

o CI or Br 

(12 

They f i n d that Xg i s l o s t , as predicted. 

The polarographic half-wave p o t e n t i a l s of a number of s u b s t i t u t e d 

a r y l h a l i d e s have been found to give reasonably l i n e a r c o r r e l a t i o n s 
26 

with the Hammett su b s t i t u e n t constants. The l i n e s have p o s i t i v e slopes, 

which i s evidence that the p o t e n t i a l i s determined by formation of a 

negatively charged t r a n s i t i o n s t a t e i . e . the i n i t i a l r a d i c a l anion. 

A mechanism has appeared f o r the formation of coupled products, other 

than by r a d i c a l coupling or anionic a t t a c k on the s t a r t i n g m a t e r i a l . 

Strong evidence e x i s t s that the 4i4 1-dicyanobiphenyl produced during 

reduction of p - f l u o r o b e n z o n i t r i l e , i s formed v i a coupling of r a d i c a l 
27 

anions, followed by l o s s of two F ions. This may prove to be a general 

mechanism, as i t has received l i t t l e c o nsideration i n the past. 
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2. D i h a l i d e s 

( a ) V i c i n a l D i h a l i d e s 

( i ) A l i p h a t i c 

The electrochemical reduction of a l i p h a t i c v i c i n a l d i h a l i d e s 

g e n e r a l l y resembles the reduction with z i n c or sodium, g i v i n g the 

corresponding alkene. 

The f a c t that 1,2-dibromoethane can be reduced to ethylene using 
28 

75% aqueous dioxane as s o l v e n t , means that anionic intermediates are 

u n l i k e l y , as these would be trapped. A concerted mechanism i s u s u a l l y 

invoked, (Scheme I I . 3 ) • i n which the t r a n s i t i o n s t a t e has a new bond 
29 

being developed,(13). Scheme I I . 5 

\ / — C — C — + 2e / \ X k 

(11) 

/ N 
+ 2X 

The f a c t that they are reduced a t l e s s negative p o t e n t i a l s than the 

corresponding monohalides a l s o suggests that a lower energy, concerted 

route i s a v a i l a b l e to them. 

( i i ) V i n y l i c 

1,2-Mhaloalkenes undergo a s i m i l a r 2-electron reduction to a c e t y l e n e s , 

which are reduced at more negative p o t e n t i a l s . I n general, trans d i h a l i d e s 
30 

reduce a t more p o s i t i v e p o t e n t i a l s than the c i s isomers. 

( i i i ) Aromatic 

o-Dibroraobenzene (14) eliminates both bromines i n a s i n g l e polarographic 

step , to give benzene.^ I n the presence of furan,the benzyne (15.), which 
i s believed to be an intermediate, can be trapped to give oC-naphthol (16) 

i n small y i e l d . 
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2e D.M.F.' 

(14) (11) 

(16) 

(b) oc.o-Dihalidea 

( i ) A l i p h a t i c 

I n many cases, halogens separated by more than two carbon atoms are 

reduced independently, to give the corresponding hydrocarbon. Thus, 
32 

reduction of 1,5-dibromopentane i n D.M.F. y i e l d s pentane. 
There are a l s o a number of examples where s m a l l , s t r a i n e d rings are 

32 formed. 

e.g. H C 

Br 

Br 

CH, 
+ 2 e ~ - 2Br" Hg_ 

D.M.F. 
(n-Bu).NClO,. 4 4 

HO- CH, 

Although these were o r i g i n a l l y explained as proceeding v i a anionic 

intermediates, which undergo c y c l i s a t i o n more r a p i d l y than protonation; 

i t now seems l i k e l y that they proceed i n a concerted manner, l i k e v i c i n a l 
2 

d i h a l i d e s . 
The formation of polymers has a l s o been reported. 33 
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e.g. BrH2C- CH 2Br D.M.F. 
Hg » --

90% 

5-10% 

T h i s i s believed to proceed v i a x y l y l e n e s , which dimerise or polymerise, 

( i i ) Aromatic 

I n general, m- and p- dihalobenzenes show two polarographic waves, with 

stepwise replacement of halogen, to give benzene.^ 

p-Fluoroiodobenzene i s unusual, i n that i t shows two polarographic 

waves a t -0.72V and -1.66V (v. S.C.E.), whereas fluorobenzene could not be 

re d u c e d . ^ This can only mean that the f l u o r i n e i s l o s t f i r s t , g i v i n g 

iodobenzene, which i s the reverse of that expected. 

3. Polyhalides 

( a ) Geminal 

An increase i n the number of halogens attached to the same carbon atom 

makes the reduction e a s i e r . The reduction proceeds i n a s e r i e s of 

2-electron steps, with replacement of succe s s i v e halogen atoms by hydrogen. 

Control of the p o t e n t i a l can lead to the i s o l a t i o n of the product from 

an i n d i v i d u a l step, as i n the reduction of t r i c h l o r o a c e t i c a c i d (17). 

CC1..C00H + 2e 5 

( i l ) 

Hg ^ 
aq.NH4

+/NH3' CHClgCOOH 

100% 
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Polarographic experiments i n D.M.F. show that, i n the absence of proton 

donors, only one e l e c t r o n i s t r a n s f e r r e d , with subsequent l o s s of chlor i d e 

but products have not been i s o l a t e d . ^ T r i f l u o r o a c e t i c a c i d shows only 
37 

reduction of the proton. 

E s t e r s of the type: R^COOEt a l s o show a one-electron reduction i n 

L.M.F. I t i s suggested that the e l e c t r o n t r a n s f e r i s to the carbonyl 

function, but r e s u l t s i n l o s s of F . Reduction becomes e a s i e r on 

in c r e a s i n g the s i z e of the R^ group. The authors commented that t h i s 

follows the order of s t a b i l i t y of the R̂,"" carbanion, and explained i t 

s i m i l a r l y , by the inductive influence of f l u o r i n e s t a b i l i s i n g a negative 

charge. 

The side chains of perchloro- 2-methyl,(18), and 4-methyl-pyridine 
39 

can be reduced i n p r o t i c media. 

CC1. 
MeOH/Me0CH2CH20Me CI 

30% H 2S0 4 N' CHC1, 
CI 

•CH2C1 

(18) 

S i m i l a r reductions have been performed on the CF^ group, but p a r t i a l 

d e f l u o r i n a t i o n could not be achieved: 40 

.£b_ 
Me OH 

COOMe COOMe 

I t i s d i f f i c u l t to say from polarography whether the reduction of gem 

* The symbol CI a t the centre of the r i n g i s used to mean that a l l 

p o s i t i o n s c a r r y c h l o r i n e , unless otherwise i n d i c a t e d . 
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polyhalides proceeds v i a r a d i c a l or anionic intermediates, but the r e s u l t s 

of preparative e l e c t r o l y s e s g e n e r a l l y agree b e t t e r with the l a t t e r . 

The reduction of perfluoro-n-hexyl iodide (19) i n ]).M.F. y i e l d s the 

organomercuric compound ( 2 0 ) . ^ From polarography and c y c l i c voltammetry, 

the authors concluded that i t i s formed v i a a r e a c t i o n between (1^) and 

po l a r i s e d mercury, to give CgF^Hgl, which i s then reduced to ( 2 0 ) . 

C 6 F 1 3 I D J L F . » < C 6 F 1 3 ) 2 H g 

(19) (20) 

Reductions i n a p r o t i c solvents can lead to products derived from 

carbene intermediates as, f o r example, from carbon t e t r a c h l o r i d e : 4 2 

CC1 . + 2e" Hg,CH CN - Q + c l - ^ ; C + ^ 
4 l i o ^ 3 2 

C l C l 

: c c i 2 + ^ 0 = 0 ^ => 

Tetrafluoroethylene (22) has been obtained i n the reduction of 

1,l-dichloro-2,2-difluoroethylene ( 2 l ) , v i a difl u o r o c a r b e n e , 4 ^ 

Cu,LiC10. 
C F 2 = C C 1 2 _ 7 Q U C

 4 > C F 2 = C F 2 + CF 2H—CC1 2H 

(21) (22) 
Major products 

(b) Formation of Multiple Bonds 

The e l i m i n a t i o n of two halogen atoms from adjacent carbon atoms to 

produce unsaturation can be applied to polyhalogenated systems. Reduction 

of 1,1,2,2-tetrabromofluoroethane (2^) gives a l l three expected products 

(24), (25) and ( 2 6 ) . 4 4 
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F H F H 
I I \ / 

B r — C — G — B r > G=C > FG=GH > HC=GH 
I I / \ Br Br Br Br 

(22) (24) (25) (26) 

F l u o r o - o l e f i n s have been prepared by electrochemical dehalogenation 

of Freons i n aqueous organic s o l v e n t s a t a l e a d cathode, i n the presence 
45 

of lead compounds. 

e.g. CF ?C1CF ?C1 + 2e" aq.KOH/iso-PrOH C F ^ C F , + 2 C l " 
2 2 Pb, P b ( N 0 5 ) 2 -8°C ^ 2 

The reduction of 1,2,3,4,5,6-hexabromocyclohexane (27_) gives benzene. 

CgHgBrg + 6e" > CgHg + 6Br" 

(2J) 
S i m i l a r l y , aromatic fluorocarbons can be prepared by the reduction of 

47.48 

f l u o r i n a t e d cyclohexenes and cyclohexadienes. For example, reduction 

of (22) or (30) gives hexafluorobenzene ( 2 8 ) . 

46 

0 aq.EtOH/Me.NCl 
OR + 2e +2F Hg 

(30) (28) (29 

A stepwise mechanism was proposed f o r t h i s r e a c t i o n , with a slow 

one-electron t r a n s f e r , followed by slow l o s s of F to give a r a d i c a l , 

which would be the same f o r e i t h e r (29) or (3_0)« This i s then r a p i d l y 

reduced f u r t h e r and l o s e s F to give ( 2 8 ) . 
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( c ) Aromatic Compounds 

The reduction of a number of polyfluoro- and polychlorobenzenes 

has been studied p o l a r o g r a p h i c a l l y . ^ T h e r e s u l t s f o r f l u o r i n a t e d 
49 

compounds i n aqueous dioxane l e d to the conclusion that protonation 

immediately followed the i n i t i a l one-electron t r a n s f e r i . e . s o l v e n t -

a s s i s t e d reduction.(See p.14.) 

Preparative experiments on pentafluorobenzene (3l)»^ a t c o n t r o l l e d 

p o t e n t i a l , show i t to be reduced to 1,2,4,5-tetrafluorobenzene (32) 

e x c l u s i v e l y . The p o s i t i o n of reduction i s thus the same as that of 
"52 53 

nu c l e o p h i l i c a t t a c k . ' I n t h i s r e a c t i o n , tributylamine was detected 

i n the product, demonstrating that the e l e c t r o l y t e a c t s as a source of 

protons, by the well-known Hofmann e l i m i n a t i o n r e a c t i o n , whereby a proton 

i s a bstracted from a beta- carbon atom i n a tetra-alkylammonium s a l t . 

Hg 
D.M.P./(n-Bu)4NI 

H 

(31) (32) 
A large number of polychlorinated benzenes and biphenyls have been 

shown to give s u c c e s s i v e replacement of the c h l o r i n e atoms, when reduced 

i n D.M.S.O./Et^NBr.^^'^ To tr y and throw some l i g h t on the controversy 

over which o r b i t a l the f i r s t e l e c t r o n i s t r a n s f e r r e d i n t o , molecular 

o r b i t a l c a l c u l a t i o n s were performed on a l l of the c h l o r i n a t e d benzenes, 
22 

using the C.N.D.0./2 method. I t was found that the energies of the 

tf* L.U.M.O. and U* L.U.M.O. were roughly equal. However, when c a l c u l a t i o n s 

were performed on the r a d i c a l anions, they showed that the e x t r a e l e c t r o n 

should have entered a CT* o r b i t a l . T h i s o r b i t a l i s found to have e l e c t r o n 

density l o c a l i s e d i n the C-Cl bond which undergoes cleavage to give the 

i s o l a t e d product. Furthermore, when s e v e r a l products were formed, the or* 
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o r b i t a l had e l e c t r o n density i n a l l of the C-Cl bonds involved, and the 

product r a t i o s could be c o r r e l a t e d with the e l e c t r o n density. These 

c a l c u l a t i o n s appear to provide very strong evidence that the f i r s t 

e l e c t r o n i s t r a n s f e r r e d to a cr* o r b i t a l when chlorobenzenzenes are reduced. 

While t h i s may be a c o r r e c t p i c t u r e , Dr. D.T.Clark, i n these l a b o r a t o r i e s , 

f e e l s that the programme used may give misleading r e s u l t s . C e r t a i n l y , 

h i s c a l c u l a t i o n s on f l u o r i n a t e d benzenes show that the ext r a e l e c t r o n i n 

t h e i r r a d i c a l anions i s i n a TV* o r b i t a l . 

The reduction of some halogenated aromatic a c i d s has been i n v e s t i g a t e d . 

Pentafluorobenzoic a c i d ( n ) i s reduced to the three products (34) ,(55) 

and (16) i n various y i e l d s , depending on the p o t e n t i a l , s o l v e n t , e l e c t r o l y t e 
57 

and electrode m a t e r i a l . The reduction of pentafluorobenzaldehyde a l s o 

gives (35) and (l<5), a t l e s s negative p o t e n t i a l s , explaining why none i s 

i s o l a t e d as an intermediate. Tetrafluorobenzoic acids with d i f f e r e n t para 

su b s t i t u e n t s a l s o show e l i m i n a t i o n of the para s u b s t i t u e n t , and the ease 

of t h i s reduction p a r a l l e l s the ease of n u c l e o p h i l i c displacement. 

COOH COOH CH20H CUgOH 

( n ) 

H 

( i l ) 

H 

(la) 

I n c o n t r a s t to these r e s u l t s , t e t r a c h l o r o p h t h a l i c a c i d (3jJ has been 

reduced to (18), with p a r t i a l s a t u r a t i o n of the r i n g . 58 

COOH 

COOH 
Pb 

D i oxane/H 2 0/H 2S0 4 

HCOOH 
HCOOH 

( i l ) (18) 
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The reduction of perfluoro-l,4-dicyanobenzene (39) proceeds with e i t h e r 

f i s s i o n of a C-CN bond to give (4J))» or reduction of a n i t r i l e group to 

give (4l)» depending on the c o n d i t i o n s . ^ 

CH2NH2 

(39) (40) (42) 

F i n a l l y , perfluoro-biphenylmercury (42) has been shown to be reduced to 

pentafluorobenzene ( 3 l ) . ^ 

Hg 

( C g F ^ H g MeOH/NaOAc^ 

(42) 

C 6F 5H 

(51) 

I I . C OXIDATION 

Much l e s s work has been done on the oxidation of organic h a l i d e s , 

owing to the f a c t t h at, i n co n t r a s t to reduction, the presence of 

electronegative groups makes oxidation more d i f f i c u l t . 

1. A l i p h a t i c Halides 

(a) Monohalides 

The oxidation of a l k y l iodides i n a c e t o n i t r i l e leads to N- a l k y l -

acetamides (43) and i o d i n e . ^ The r e a c t i o n mechanism (Scheme I I . 4 ) , i s 

thought to involve carbocations. 

Scheme I I . 4 
RI - e" » R l t v R + + I * 

+ + H 2 ° 
R + CH,CN > RN=CCH - > CH..C0NHR 

3 3 3 
(4J) 
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The carbocation e x i s t s long enough to rearrange, so that oxidation of 

neopentyl halide leads to N-tert-pentyl acetamide. Also, the oxidation 
62 

of propyl bromide i n methanol leads to a 78% y i e l d of cyclopropane: 

CH 3CH 2CH 2Br - e" MeOH/NaClO^* [cHjC^CHgBrjt > CHjCHgO^ + Br" 

-H + 

H 2C-CH 2 

C 
H 2 

More r e c e n t l y , a concerted mechanism f o r the oxidation of a l k y l iodides 

has been suggested, with solvent and neighbouring group participation.^»^ 4 

(b) P o l y h a l i d e s 

The oxidation of pol y f l u o r o c a r b o x y l i c a c i d s has been used to generate 

p o l y f l u o r o a l k y l r a d i c a l s , which were then added to o l e f i n i c double bonds.^ 

The oxidation does not involve the 0—F bonds, however, but i s an extension 

of the well-known Kolbe e l e c t r o l y s i s of carboxylate anions: 

RGOO" - e" * RCOO* » R* + COg 

R* + R' • RR 

The oxidation of hexafluoropropene (44) to i t s epoxide (45) has been 
+ , 66 reported. 

C F 5 C F = C F 2 + H 20 a^c^cOOH/HNO^ ™ ? * - ™ 2 * 2 H + + 2 e " 

(44) (45) 
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2. Aromatic Halides 

(a) Mpnohalides 

A r y l iodides do not undergo carbon-iodine bond s c i s s i o n on oxidation, 

but the major r e a c t i o n i s coupling to iodonium s a l t s (48),(Scheme I I . 5 ) . 

Scheme I I . 5 
+ 

C.H_I [w]+ 
C.H_I e 

H 
(46 

(47) 
H e 

6"5" 

(48) 

The iodonium s a l t (48) might have been formed by coupling of the r a d i c a l 

c a t i o n (46), but i n the presence of benzene i t i s found that the r a d i c a l 

c a t i o n i s trapped to give the diphenyliodonium ion (49)» by an analogous 

route to that above. 

O-
(42) 

I f the perchlorate s a l t of (49) i s i s o l a t e d , i t s h y d r o l y s i s i n aqueous 
68 

s o l u t i o n s provides a route to phenol, 

(b) F o l y h a l i d e s 

I n general, polyfluoroaromatic compounds are too d i f f i c u l t to oxidise 

i n conventional solvent systems, but voltammetric data has been reported 

f o r a s e r i e s of fluoroaromatic compounds i n fluorosulphonic a c i d / a c e t i c 
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a c i d mixtures. At low temperatures, the r a d i c a l cations are s t a b l e 

i n d e f i n i t e l y , but a t room temperature fluorosulphonate e s t e r s can be 

prepared. 

I n c o n t r a s t , fluoroaromatic compounds containing the -NHg group have 
70 71 

been s u c c e s s f u l l y oxidised. ' For example, pentafluoroaniline (50) 

gives octafluorophenazine ( 5 l ) and decafluoroazobenzene (52).^° 

Pt F aq.acetone/KOAc 
N 

(51) (50) 

N—N 15 F 

(52) 
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CHAPTER I I I 

ELECTROCHEMICAL REDUCTION OF SOME POLYHALOGENATED PYRIDINE DERIVATIVES 

I I I . A INTRODUCTION 

The electrochemical reduction of monohalogenopyridines r e s u l t s i n the 
72 

replacement of the halogen by hydrogen, i n a pH dependent r e a c t i o n . 
Polychloropyridines can be reduced i n p r o t i c media, wi t h replacement of 

73 
the 4-chlorine. No work has been reported on p o l y f l u o r o p y r i d i n e s , 
however, although some other f l u o r i n a t e d aza-aromatics have been studied 

74 
by c y c l i c voltammetry. 

The aim of the work described here was to in v e s t i g a t e the reduction of 

pentafluoropyridine (52.) and pentachloropyridine (54) i n a p r o t i c media, 

w i t h a view to generating r a d i c a l anion intermediates and i n v e s t i g a t i n g 

t h e i r reactions. 

F 
^ N 

(51) (54) 
The solvent generally used was dimethylformamide (D.M.F.), which i s 

widely used f o r reductions because of i t s high cathodic l i m i t (see p.5). 

Tetraethy1ammonium fluoroborate was used as the e l e c t r o l y t e , and mercury 

as the cathode m a t e r i a l . A l l p o t e n t i a l s quoted are r e l a t i v e to the 

saturated calomel electrode (S.C.E.). 

The experimental techniques and apparatus are described f u l l y i n 

Chapter V I . 

I I I . B PENTAFLUOROPYRIDINE AND SOME RELATED COMPOUNDS 

1. Reduction i n Aprotic Media 

The reduction of pentafluoropyridine (53) i n D.M.F. at -1.8V gave the 

dimer o c t a f l u o r o - 4 , 4 ' - b i p y r i d y l (,5_6) as the only i s o l a t e d product. This 
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was i d e n t i f i e d by comparison w i t h an authentic sample. 

The reaction was performed on a number of occasions, varying the amount 

of (53) used, the number of electrons/molecule supplied (faradays/mole), 

and the work-up method. There was some d i f f i c u l t y i n i s o l a t i n g a l l of the 

dimer (56) produced, because of i t s tendency to t r a n s f e r w i t h the solvent 

under reduced pressure. The highest y i e l d obtained was a current e f f i c i e n c y 

(C.E.) of 52%, a f t e r passage of only 0.18 electrons/molecule, but t h i s 

might possibly be improved. (For an explanation of C.E. see p.7 ) . 

I n general the e f f i c i e n c y appears to decrease as the number of electrons/ 

molecule passed i s increased, i . e . a t higher conversions. This i s 

accompanied by an increase i n t a r formation and t h i s was shown by t h i n 

l a y e r chromatography to be a multicomponent mixture. This can be explained 

by the f a c t t h a t , as was shown l a t e r , (£6) i s i t s e l f reducible a t the 

p o t e n t i a l used and polymeric material may r e s u l t . 

The b i p y r i d y l (56) was also produced by reduction of pentafluoropyridine 

i n sulpholane, when separation from the very i n v o l a t i l e solvent was 

possible by f l a s h vacuum d i s t i l l a t i o n . A 48% C.E. was obtained a f t e r 

passage of 0.71 electrons per molecule of (53). No s a t i s f a c t o r y r e s u l t 

was obtained using a c e t o n i t r i l e as solvent; the current was variable 

during the e l e c t r o l y s i s and a l o t of t a r r i n g occurred. 

The reductions i n D.M.F. and sulpholane proceed w i t h the production of 

a turquoise colour , which was l a t e r i d e n t i f i e d as being due to the 

r a d i c a l anion of the b i p y r i d y l (£6). (See p.39 )• 

2. Mechanism of the Reduction i n Aprotic Media 

Possible routes f o r the formation of (56) are shown i n Scheme I I I . l 

o verleaf. I n a l l cases one ele c t r o n i s required f o r each molecule of (53) 

reduced, i . e . two electrons f o r each molecule of (56) formed. The current 

e f f i c i e n c y was calculated on t h i s basis. 

Routes 1 and 3 involve dimerisation of the r a d i c a l anion (5_5_) or r a d i c a l 
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Scheme I I I . l 

F N~ -N F •* 2F F N N F 

Route 1 / + (£5.) (5£) 

Route 2 F + N F N' F + (^6) 

F + Route 3 
+ (52) 

(5£) 

Route 4 
+ (55) (56) 

(52.) r e s p e c t i v e l y . Routes 2 and 4 involve n u c l e o p h i l i c displacement of F~ 

from unreduced (£3_) by (55) or the carbanion (_5J}) r e s p e c t i v e l y . I t i s 

known t h a t pentafluoropyridine undergoes nu c l e o p h i l i c s u b s t i t u t i o n i n the 
76 

4- p o s i t i o n . None of these routes can be eliminated f o r 

pentafluoropyridine. 

4-Bromotetrafluoropyridine (̂ 2.), however, undergoes nu c l e o p h i l i c 
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Br H Br 2) N N 

(52) (60) (61) 

s u b s t i t u t i o n i n the 2- p o s i t i o n , ' so tha t routes 2 and 4 would lead t o 

the b i p y r i d y l ( 6 0 ) . When (59) was reduced only a small amount.of dimeric 

product was obtained but t h i s was shown conclusively to be (56) and not 

(60). Thus routes 2 and 4 can be rul e d out f o r (52.)» and the reduction of 

(53) probably occurs the same way, v i a route 1 or 3» The reduction of (59) 

also gave a small y i e l d of the 4-H compound ( 6 l ) . which was obtained from 

the reduction of (53) i n the presence of a proton donor. (See below). 

3» Reduction i n the Presence of a Proton Donor 

Hydroquinone i s said to be a good proton donor f o r use i n D.M.F. 

s o l u t i o n s . ^ When pentafluoropyridine (53) was reduced a t -2.4V i n D.M.F. 

containing hydroquinone, the course of the r e a c t i o n was a l t e r e d . The 

turquoise c o l o u r a t i o n observed previously was not seen and the product 

obtained was 4 - H - t e t r a f l u o r o p y r i d i n e ( 6 l ) . i d e n t i f i e d by comparison w i t h 
77 

an authentic sample. A f t e r passage of 0.40 electrons/molecule, ( 6 l ) was 

obtained w i t h a current e f f i c i e n c y of 46%, assuming a two-electron process. 

Possible routes f o r the production of (61) are shown i n Scheme 111.2, 

s t a r t i n g from the r a d i c a l anion (55). 
Scheme I I I . 2 

0 13 + e 
N N \ X + H (51) (58) 

+ H H 
F 

+ e 
F N 

(61) 
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Abstraction of H* by the r a d i c a l (£2.) i s an u n l i k e l y route as t h i s could 

happen i n the absence of a proton donor, besides which reductive 

dehalogenation i s normally a two-electron process. The carbanion (£8) i s 

the f i n a l l i n k i n the chain and protonation of t h i s would not prevent 

the dimerisation of the intermediates (5_5j and ($2.). No dimer i s produced, 

which leaves protonation of the r a d i c a l anion (55) as the most l i k e l y route 

to (61.). This protonation must occur more r a p i d l y than dimerisation of (55) 

or loss of F~. This i s the so-called 'solvent assisted' reduction 

mechanism, (see p.14). 

4* Reduction i n the Presence of Carbon Dioxide 

Carbon dioxide has been used extensively as a trap f o r carbanions, 

to produce carboxylic acids. I t s use to trap carbanions generated 

electrochemically was mentioned i n Chapter I I (pages 13 and 16). I t has also 

been used to trap r a d i c a l anions, as f o r example during the 
7S 

reduction of ac t i v a t e d o l e f i n s : 

.jcH 2=CHxJi 
G0 2 " . 

CH^CHX + e »|CH2=CHX \'- > OgCCH^HX > OgCCHgCHX 

CO 

X = CH3C02, C0CH3, CH -02CCH2CHXC02-

I t was f e l t , t h e r e f o r e , t h a t carbon dioxide might react w i t h any 

negatively charged species formed during the reduction of pentafluoro­

p y r i d i n e (52). When the r e a c t i o n was performed, by using D.M.F. saturated 

w i t h carbon dioxide as the solvent, a d i r t y green c o l o u r a t i o n was formed 

instead of the normal turquoise colour. This showed t h a t the carbon dioxide 

had a l t e r e d the course of the r e a c t i o n , but was i n contrast to the 

successful trapping experiments performed l a t e r on pentachloropyridine (54). 

i n which the s o l u t i o n remained clean and colourless throughout. A f t e r 

passage of 0.77 electrons/molecule, removal of the solvent, and a c i d i f i c a t i o n 
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of the water-soluble p a r t of the residue, no a c i d i c product could be 

extracted. Only a small y i e l d of the b i p y r i d y l (_5_6) was obtained, (7% C.E.), 

and a large amount of i n t r a c t i b l e residue. I t i s not understood how the 

carbon dioxide a f f e c t s t h i s r e a c t i o n . 

I n another experiment o c t a f l u o r o - 4 » 4 ' - b i p y r i d y l ( 5 6 ) was reduced under 

i d e n t i c a l conditions a t -1.2V. The carbon dioxide d i d not appear to a f f e c t 

the r e a c t i o n , as the turquoise colour of the r a d i c a l anion of ( 56 ) was 

produced. This colour persisted u n t i l the r e a c t i o n was worked up, when the 

s o l u t i o n turned brown. I t appears that the r a d i c a l anion i s unstable i n the 

atmosphere. Again no a c i d i c product was obtained. 

Thus,neither the stable r a d i c a l anion of (,5_6), nor the rather more unstable 

one of (£2) can be trapped w i t h carbon dioxide to give acids. 

5. Voltammetry 

An explanation of the basic p r i n c i p l e s of voltammetry appears i n Chapter I . 

Polarographic E^s could not be measured f o r the pyridines studied as they 
2 

caused f o u l i n g of a dropping mercury electrode. For t h i s reason 

voltammograms were recorded on 4mM solutions using platinum wire electrodes 

i n u n s t i r r e d s o l u t i o n s . These were recorded using a Beckmann Electroscan 30 

e l e c t r o a n a l y t i c a l instrument, employing sweep rates between 4 &nd lOOmV/sec. 

The half-peak p o t e n t i a l s , E P ^ t were taken as a guide to the polarographic 

E^'s. Crude c y c l i c voltammetry could also be performed using t h i s 

instrument by manually reversing the sweep d i r e c t i o n a f t e r the peak. 

Cyclic voltammetry at sweep rates of up to 10 V/sec was performed using 

more sophisticated apparatus at the E l e c t r i c i t y Council Research Centre, 

Capenhurst. The solutions used were lOmM and the electrodes were again 

platinum. 

(a) Single Sweep Voltammetry 

The aim of t h i s work was to measure the Ep^'s of a number of f l u o r i n a t e d 

p y r i d i n e s , to see i f any trends could be observed which would provide 
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Tabl.e I I I . l Epi i n Volts measured a t 20mV/sec sweep rate 

is. 
N 

P 

CI 

Br 

I 

H 

CF, 

C 2F 5 

°3 F7 
C ^ N 

5 4 

° 6 F 5 

NH, 

-1.65V 

-0.81V 

-0.72V 

-1.96V 

-1.38V 

-1.38V 

-1.18V 

-1.45V 

c 

-1.90V 

c 
-1.69V 

-1.71V 

-1.80V 

-1.85V 

c 
-1.59V 

-1.79V 

-1.25V 

-1.94V 

-1.16V 

a 0 c t a f l u o r o - 4 , 4 1 - b i p y r i d y l (56). 
b 0ctafluoro-3»3'-bipyridyl (62). 
c Peak a t a more negative p o t e n t i a l than the cathodic l i m i t of ca. -2.0V. 

evidence f o r the st r u c t u r e of t h e i r r a d i c a l anions. These Ep^'s were found 

to vary with sweep rate by varying amounts, which i s to be expected from 

i r r e v e r s i b l e reductions. The v a r i a t i o n s were not large enough to a l t e r the 

trends observed, however. The values obtained at a sweep rate of 20mV/sec 

are shown i n Table I I I . l . The D.M.F. used must have been s l i g h t l y wet, as 

the cathodic l i m i t was only -2.0V. 

0c t a f l u o r o - 4 , 4 ' - b i p y r i d y l ( £ 6 ) was the only compound to have Ep^ i n v a r i e n t 

w i t h sweep r a t e . This was l a t e r shown to be a reve r s i b l e one-electron 

t r a n s f e r . (See next s e c t i o n ) . As the other compounds gave peak heights 
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roughly twice as high, these must have been due to two-electron reductions. 

Thus, the traces of water present appear to have been enough to cause 

reduction to the hydro- compounds i n these very d i l u t e s o l u t i o n s . 

C e r t a i n l y the pyridines gave no colour formation, unlike the large-scale 

reduction of pentafluoropyridine ( 5 3 ) . 

I t has been argued that f o r i r r e v e r s i b l e reductions, as long as the 

elec t r o n t r a n s f e r i s the p o t e n t i a l determining step, the E^'s f o r a series 

of r e l a t e d compounds can be r e l a t e d to the energies of t h e i r lowest 

unoccupied molecular o r b i t a l s , (L.U.M.O.'s).(See p . 1 4 ) . These must be 

re l a t e d t o the r a d i c a l anions formed by p u t t i n g an e l e c t r o n i n t o them. 

Thus the easier the reduction i s , the lower the energy of the r a d i c a l anion. 

For the above co n d i t i o n to apply there must be no carbon-halogen bond 

breaking i n the p o t e n t i a l determining step, or the strength of the C—X 

bond involved becomes important, i . e . The. t r a n s i t i o n state must not be of 

the type: 
X 
s 

F 

Bearing these e f f e c t s i n mind, l e t us examine the series of py r i d i n e 

d e r i v a t i v e s i n Table I I I . l . I f the Epi's are compared w i t h pentaflucre­s' 
pyridine ( 5 3). i t i s evident that a l t e r i n g the substituent i n the 4 -

p o s i t i o n has a much greater e f f e c t than i n the 2 - or 3 - p o s i t i o n s . Whether 

t h i s r e f l e c t s a change i n energy of the r a d i c a l anion or the ease of C—X 

bond breaking, i t can only mean t h a t i n the intermediate the greatest 

amount of charge i s located i n the 4 - p o s i t i o n . This agrees w i t h the 

preparative experiments on (5_3_) » where reduction occurs e x c l u s i v e l y 

i n the 4 - p o s i t i o n . 

The order of increasing ease of reduction f o r 4 - substituents i s the 

same as th a t normally observed f o r a l k y l and a r y l h a l i d e s , (see Chapter I I ) . 
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i . e . H < F < C l < C B r < I . This may r e f l e c t the a b i l i t y of the substituent 

to s t a b i l i z e a negative charge on the 4- carbon atom and lower the energy 

of the r a d i c a l anion. The order of carbanion s t a b i l i z i n g a b i l i t y of these 

substituents normally observed i s R < F < C1<C Br==" I .' This explanation 

would also explain how other electron-withdrawing groups i n t h i s p o s i t i o n 

f a c i l i t a t e reduction when they are u n l i k e l y t o be eliminated themselves, 

and also why the electron-donating NH^ group makes reduction harder. 

However, the order observed f o r the halogens i s q u i t e consistent w i t h t h e i r 

C—X bond strengths. 

S u b s t i t u t i o n of more r e a d i l y reduced chlorine i n the 3- p o s i t i o n does 

not make reduction easier, suggesting t h a t l i t t l e charge goes i n t o t h i s 

p o s i t i o n . There i s a p a r t i c u l a r l y s t r i k i n g d i f f erence between 

oc t a f l u o r o - 4 , 4 * - b i p y r i d y l (jjjjS) and the 3 , 3 1 - b i p y r i d y l (62), which i s de a l t 

w i t h more f u l l y i n the next section. This i s best explained by 

s t a b i l i s a t i o n of a negative charge i n the 4- p o s i t i o n over two py r i d i n e 

ri n g s i n (^6) but not i n (62). 

S u b s t i t u t i o n of chlorine i n the 2- p o s i t i o n again does not make reduction 

easier. The electron-withdrawing c j F ^ group does have some e f f e c t , but not 

as much as i n the 4- p o s i t i o n , suggesting t h a t there i s much less charge 

here. A bromine i n t h i s p o s i t i o n has much less e f f e c t than i n the 4-

p o s i t i o n , but makes the reduction markedly easier than t h a t of pentafluoro-

p y r i d i n e . Perhaps the bromine d i r e c t s the po i n t of reduction to the 

2- p o s i t i o n i n t h i s case. 

Conclusion 

Although i t i s not intended to imply t h a t the Ep^'s observed have any 

q u a n t i t a t i v e thermodynamic s i g n i f i c a n c e , the trends c l e a r l y show th a t i n 

most cases the charge i n the intermediate i s located on the 4- carbon atom 

rather than the 2- or 3- p o s i t i o n s . I t i s not possible to say how much 
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charge i s located on the r i n g nitrogen. 

I n the l i g h t of these f i n d i n g s , i t i s i n t e r e s t i n g to compare the r e s u l t s 
56 

w i t h a c a l c u l a t i o n on the pentaf l u o r o p y r i d i n e r a d i c a l anion (55) • This 

shows i t to be a H r a d i c a l anion, w i t h the charge density shown below. 

Thus i t has charge confined mainly t o the 4- carbon and the r i n g nitrogen. 
0.42 

F +0.04 
0.11 N 

0.40 
(55) 

The c a l c u l a t i o n also agrees clos e l y w i t h the valence bond p i c t u r e of the 

r a d i c a l anion: 

0 | F l 

(b) Cyclic Yoltammetry 

( i ) 0ctafluoro-4.4'-biT)vridyl (56) 

The b i p y r i d y l (56) was invest i g a t e d using the Blectroscan instrument. I t 

gave a r e v e r s i b l e reduction wave at sweep rates as low as lmV/sec. A c y c l i c 

voltammogram recorded a t lOmV/sec i s shown i n Figure I I I . l overleaf. 

The cathodic and anodic peak currents are v i r t u a l l y i d e n t i c a l , showing 
£L C 

the chemical r e v e r s i b i l i t y of the process. The peak separation, Ep - Ep , 

i s too l a r g e , however, and when the value of 0.075V i s inser t e d i n t o the 

equation f o r a r e v e r s i b l e reduction (p.10) a value of n of 0.75 i s 

obtained. This i s obviously a one-electron reduction and the increased 

peak separation from i d e a l behaviour i s due to a slow e l e c t r o n t r a n s f e r . 

During the reduction a turquoise colour i s formed a t the cathode, which 

i s discharged during the reverse sweep. This must, therefore be the colour 

of the very stable r a d i c a l anion of (5i2.)» The great s t a b i l i t y of the 

r a d i c a l anion can be explained by the extra e l e c t r o n being 
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Fjgure I I I . 1 Cyclic Voltaramogram of O c t a f l u o r o - 4 , 4 ' - b i p y r i d y l ( 5 6 ) 

a t lOmV/sec. 
Ep c = -1.255V 

40uA 

136uA IP 

132uA i P 

iT4V 1.3V 1.1V 

Ep a = -1.180V 

delocalised over both r i n g s . I n terras of valence bond theory a much greater 

number of resonance canonicals i s then a v a i l a b l e , (see o v e r l e a f ) . This i s 

i n t e r e s t i n g , as the b i p y r i d y l ( 5 6 ) i s thought to be nonplanar due to 

unfavourable i n t e r a c t i o n s between the ortho f l u o r i n e atoms, and f o r two 

aromatic rin g s to be i n conjugation coplanarity i s necessary. The angle 

between the two r i n g s i n the un f l u o r i n a t e d compound, 4 f 4 ' - b i p y r i d y l , has 
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N N: N 9 
F 

N N N a 

Resonance canonicals of the r a d i c a l anion of (56). 

been calculated from n.ra.r. measurements to be 30°.^ I t would be 

expected t h a t the presence of f l u o r i n e i n the ortho positions would increase 

t h i s angle. I t appears t h a t the s t a b i l i z a t i o n gained by d e l o c a l i s a t i o n 

of the negative charge over two rings i s s u f f i c i e n t to overcome these 

i n t e r a c t i o n s and make the r a d i c a l anion of (,5_6) planar. 

The conjugation between the rings of unreduced (^6) was i n v e s t i g a t e d 

by u l t r a - v i o l e t spectroscopy, which has been used successfully i n 
80 

biphenyls. Benzene shows absorptions a t 204nm ('E-band't £ 7.900) and 

256nm (*B-band', £ 2 0 0 ) . The presence of a chromophore i n the molecule 

d i r e c t l y conjugated w i t h the r i n g causes a strong bathochromic s h i f t of the 

B-band ( t o longer wavelength), and the appearance of an intense K-band 

i n the 200 - 250nm region. Thus the presence of an intense band at 252nm 

(e 19,000) i n biphenyl i s taken to show th a t the two rings are conjugated. 

2 , 2'-Dimethylbiphenyl shows only a B-band a t 270nm (& 800), showing the 

conjugation to be g r e a t l y decreased by the i n t e r a c t i o n s between the two 

methyl groups f o r c i n g the r i n g s out of c o p l a n a r i t y . 

Pentafluoropyridine (.5J.) shows a B-band at 256nm (£ 2,800). I n (_5j6) t h i s 

i s s h i f t e d to 281nm and increased i n i n t e n s i t y to £ 8,200. This shows th a t 

there i s some conjugation between the r i n g s , but no new intense absorption 

was observed. 

( i i ) 0 c t a f l u o r o - 5 . 5 ' - b i p y r i d y l (62) 

The 3,3'-bipyridyl (62) was investigated on the Electroscan instrument 

and gave an i r r e v e r s i b l e two-electron wave a t scan rates up to lOOmV/sec. 
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I f the extra e l e c t r o n i n the r a d i c a l anion of (62) i a confined mainly to 

the 1 and 4 p o s i t i o n s i t cannot be s t a b i l i z e d by conjugation w i t h the 

second pyridine r i n g i n the 3- p o s i t i o n . Thus, (62) has an unstable r a d i c a l 

anion and an i r r e v e r s i b l e reduction i s observed. Also (62) has f l u o r i n e 

i n the reactive 4- p o s i t i o n and so behaves s i m i l a r l y to pentafluoro-

p y r i d i n e . 

The u l t r a - v i o l e t spectrum of (62) shows very l i t t l e evidence of 

conjugation, the absorption a t 262nm being hardly s h i f t e d from t h a t of 

pentafluoropyridine a t 256nm. There i s an increase i n i n t e n s i t y to 

£ 11,100, however. 

( i i i ) Fluorinated Pyridines 

Pentafluoropyridine and 2-bromopentafluoropyridine were i n v e s t i g a t e d 

using the Electroscan instrument and both showed no r e v e r s i b i l i t y a t scan 

rates up to lOOmV/sec. 

A series of 4-X-tetrafluoropyridines (X = F, CI, Br, I , CgF^, and H), 

3- 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 and 3 , 5 - 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 were also 

i n v e s t i g a t e d a t scan rates up to lOV/sec at E.C.R.C., Capenhurst. These a l l 

showed no r e o x i d a t i o n wave, and coloured layers formed around the cathode -

turquoise i n the case of pentafluoropyridine (53). 

On continuous high-speed c y c l i n g new peaks appeared f o r the pentafluoro- t 

4- chloro- and 4-bromo- compounds, due t o products accumulating on the 

cathode. A l l three gave a p a i r of reduction/oxidation peaks w i t h EpC2c -1.29V 

and Ep a 2£ -1.13V. This i s about the correct p o s i t i o n f o r the dimer (56), 

the peak separation increasing to 0.16V a t these f a s t sweep rates because 

of the slowness of the e l e c t r o n t r a n s f e r process. Other smaller peaks 

appeared i n d i f f e r e n t places f o r the three compounds, which could not be 

i d e n t i f i e d . When water was added to the s o l u t i o n , these new peaks were no 

longer formed on continuous c y c l i n g , i n agreement w i t h the experimental 

observation t h a t (,5jS) was not formed from (_5J2.) i n the presence of a proton 

donor. 
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The 4-iodo- , hydro- , and p e r f l u o r o e t h y l - compounds gave no new peaks 

on continuous c y c l i n g . Thus, the iodo compound behaves d i f f e r e n t l y to the 

other 4-halo- compounds. The hydro and p e r f l u o r o e t h y l compounds have no 

halogen to eliminate from the 4 - p o s i t i o n t o give the dimer ( £ 6 ) and would, 

therefore, be expected t o behave d i f f e r e n t l y . 

3-Chlorotetrafluoropyridine gave a small p a i r of peaks on continuous 

c y c l i n g a t Ep cc* -O.89V and Epa:ss: -O.65V, possibly due to a dimer w i t h 

the 3-chlorines s t i l l i n t a c t . The 3 , 5 - d i c h l o r o - compound gave no such peaks. 

Possibly coupling i n the 4 - p o s i t i o n i s i n h i b i t e d by the two adjacent 

chlorines f o r s t e r i c reasons, as i s suggested i n the next section f o r 

pentachloropyridine ( 5 4 ) . 

I I I . C PENTACHLOROPYRIDINE AND SOME RELATED COMPOUNDS 

1. Reduction of Pentachloropyridine i n D.M.F. 

The reduction of pentachloropyridine (54,) i n D.M.P. takes a d i f f e r e n t 

course to t h a t of pentafluoropyridine (^,3.). On a mercury cathode the 

products are 4-H-tetrachloropyridine ( 6 3 ) and the organo-mercury compound 

Hg -1.4V 
O.49 electrons 
per molecule 

Nv CI Hg CI N 

(54) (£3_) 

Current E f f i c i e n c y 57% 17% 

The hydro- compound (6^,) was obtained as a mixture w i t h (^4_) and 

i d e n t i f i e d by g.l.c. w i t h mass spectroscopy. I t was obtained pure from the 

trapping experiments w i t h carbon dioxide described l a t e r . The 

replacement of the 4-chlorine i s i n agreement w i t h r e s u l t s obtained i n 

p r o t i c m e d i a . T h e organo-mercury compound ( 6 4 ) was i d e n t i f i e d from i t s 

mass spectrum and elemental analysis and assigned the 4 » 4 ' s t r u c t u r e s o l e l y 
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by analogy w i t h the formation of the 4-hydro compound. I t has been 

prepared previously by re a c t i o n between t e t r a c h l o r o - 4 - p y r i d y l l i t h i u m 
81 

and mercuric c h l o r i d e . 

Unlike pentafluoropyridine, only a trace of a b i p y r i d y l was formed and 

was only detected by mass spectroscopy. I t may be t h a t the dimerisation 

r e a c t i o n i s i n h i b i t e d by the presence of bulky chlorine atoms. Another 

di f f e r e n c e was the formation of large amounts of hydro compound i n the 

absence of any added proton donor. This must be derived from an 

intermediate which i s a strong enough base to abstract a proton from the 

e l e c t r o l y t e . I n view of the f a c t t h a t the r a d i c a l anion of pentafluoro­

p y r i d i n e was not able to do t h i s , i t seems l i k e l y t h a t (63_) i s formed from 

the corresponding carbanion. 

Organo-mercury compounds are normally considered t o derive from r a d i c a l 

intermediates. Routes such as Scheme I I I . 3 have been proposed to explain 
the production of both hydro and organo-mercury compounds i n the same 

82 
r e a c t i o n . 

Scheme I I I . 3 
RX + e" > RX* > X" + R*—-—»E" 

RHg* 
R* + Hg° » RHg^ n » RHgR + Hg° 

Hg° 
RHgR + e > R + RHg* » RHg^ 

R" + H + >RH 

A l t e r n a t i v e l y , i n some cases the formation of RHgX by re a c t i o n between 

polarised mercury and RX has been postulated, followed by subsequent 
« .. 14,41 reduction. 

An attempt to reduce pentachloropyridine (54) on a lead cathode was 

made d i f f i c u l t by the formation of a f i l m on the electrode surface, 

stopping the current. A f t e r passage of 0.87 electrons/molecule (6_3_) was 

obtained w i t h only a 15% current e f f i c i e n c y . A small y i e l d of 
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o c t a c h l o r o - 4 f 4 ' - b i p y r i d y l (65_) was also obtained (9% C.E.). This was 

i d e n t i c a l w i t h an authentic sample derived from the c h l o r i n a t i o n 

of 4 » 4 ' - h i p y r i d y l w i t h phosphorus pentachloride. No organo-lead compounds 

were i s o l a t e d and the cathode decreased only s l i g h t l y i n weight. A large 

amount of i n t r a c t i b l e m a t e r i a l was obtained. 

The. reduction of (.5^) on a platinum cathode gave s i m i l a r problems to 

lead but a current e f f i c i e n c y of 37% was obtained f o r the production 

of ( 6 ^ ) a f t e r passage of 0.99 electrons/molecule. 

Using a l l three cathode materials the reductions produced a purple 

c o l o u r a t i o n . This could not have been due to a stable r a d i c a l anion from 

( 6 5 ) as very l i t t l e was produced and i t s reduction was l a t e r found to be 

completely i r r e v e r s i b l e . 

2 . Trapping Experiments w i t h Carbon Dioxide 

(a) Pentachloropyridine (5 4 ) 

H 

H g - 1 . 3 V , co 2 ^ n c ^ 

1 electron/molecule ^ N - ^ 

(63J 

12% C.E. 

'Acid Mixture' 

150°C 
Reduced 

Pressure 

+ CCNC1, -CCNC1 H 5 4 5 3 

(61) 
( 6 6 ) 

11% C.E. 50% C.E. 

The reduction of i n D.M.F. saturated w i t h carbon dioxide proceeded 

without any colour formation. There was competition between trapping 

w i t h carbon dioxide and formation of (.63.). The trapping l e d , a f t e r 

a c i d i f i c a t i o n and e x t r a c t i o n of i n v o l a t i l e , water soluble m a t e r i a l , to an 

a c i d i c mixture from which no pure component could be separated. This 
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decarboxylated i n the mass spectrometer and showed parent peaks due to 

(63) and (66). I t was r e a d i l y decarboxylated by heating to 150°C under 

reduced pressure,and f r a c t i o n a l sublimation then gave pure samples of 

(6£) and (66). 
Compound (62.) analysed c o r r e c t l y f o r a te t r a c h l o r o p y r i d i n e and i t s 

melting point agreed with the l i t e r a t u r e value f o r the 4-H i s o m e r . ^ I t s 

"*"H n.m.r. spectrum showed a s i n g l e t a t S 7*86, compared to published 

values of 7.90, 7.41 and 8.35 f o r the 4-H, 3-H and 2-H isomers 

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

Compound (66) had the c o r r e c t elemental a n a l y s i s f o r a heptachloro-

b i p y r i d y l . I t s ̂"H n.m.r. spectrum showed a s i n g l e t a t 7*08 ppm, compared 

to a published value of 7*10 ppm f o r 3-H-heptachloro-4,4'-bypyridyl (66a), 
and i t s melting point was a l s o c o n s i s t e n t with t h i s compound.^ 

\ 
N.C1 CI .N N.C1 CI 

H H COOE 

(66a) (66b) 0! 

(61) 

3> K3 N.Cl Cl.N N. CI CI 

C00H COOE 

(68a) (68b) 

The products of the decarboxylation, (62) and (66), must have been derived 

from the corresponding a c i d s (67) and (68). I n view of the i n a b i l i t y to 

produce a c i d s by trapping the r a d i c a l anions of the f l u o r i n a t e d compounds 

described e a r l i e r , and a l s o the r e s u l t s obtained from (Jj4j i n the absence 

of carbon dioxide, i t seems reasonable to suppose that these a c i d s are 

formed from the corresponding carbanions. Thus (67) would be formed v i a 



-47-

the routet 

(54) 

coo 

- CI 
CO, i f 

COOH 

Additional evidence was provided when the catholyte from one r e a c t i o n 

was heated and decarboxylation occurred. The same purple colour was 

produced as was observed during reduction i n the absence of carbon dioxide, 

and i t i s known that decarboxylation of ca r b o x y l i c a c i d s produces 

carbanionic intermediates. Such a colouration i s more commonly a s s o c i a t e d 

with paramagnetic s p e c i e s , and carbanions such as (62.) would not 

normally be expected to be very s t a b l e . I t may be that the presence of the 

tetraethylammonium counter-ion serves to s t a b i l i z e i t to a s i g n i f i c a n t 

extent, and t h i s e f f e c t may be worthy of f u r t h e r i n v e s t i g a t i o n . 

The production of (68) i s unexpected. The evidence a v a i l a b l e suggests 

that i t s decarboxylation product has the s t r u c t u r e ( 6 6 a ) . and thus the a c i d 

i s ( 6 8 a ) . This would be formed v i a coupling of (54) to ( 6 5 ) . followed by 

f u r t h e r reduction and trapping with carbon dioxide: 

+ 2e 
-2C1 •* N CI + 2e 

-CI • — * N CI 

(6i) 
( i ) C0 2 

( i i ) H + 

(68a) 

Only a trace of (65) was produced, however, i n the absence of carbon 

dioxide, whereas (68) i s the major product i n i t s presence. This, i s c l e a r l y 

a c o n t r a d i c t i o n . An a l t e r n a t i v e route to (68) would be n u c l e o p h i l i c a t t a c k 

by the carbanion (6^,) on the carboxylate anion (JO) but t h i s would give an 
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a c i d of a d i f f e r e n t s t r u c t u r e . This would probably be (68b), as i t i s known 

that the a c i d (67) undergoes n u c l e o p h i l i c a t t a c k at the 2 - p o s i t i o n . 8 ^ 

Both routes require 4 e l e c t r o n s per molecule of (68) produced and the 

current e f f i c i e n c y was c a l c u l a t e d accordingly. 

When 1.90 electrons/molecule were passed, the y i e l d of (6j_) increased to 

an 18% C.E., and that of (68) dropped to 35%. This i s c o n s i s t e n t with the 

f a c t that formation of (68) requires two molecules of (54), and w i l l 

therefore slow down as (54) i s consumed and i t s concentration decreases. 

The two r e a c t i o n s described were the only ones performed i n a l a r g e r c e l l 

than normal. When the normal smaller c e l l was used the amount of (63) 

formed d i r e c t l y , without trapping by carbon dioxide, f e l l d r a s t i c a l l y to 

a y i e l d of only 2% C.E. a f t e r passage of 1.12 electrons/molecule. This 

probably means that the c i r c u l a t i o n of the carbon dioxide i n the l a r g e c e l l 

was i n e f f i c i e n t , and i n f a c t trapping with carbon dioxide i s a much more 

favourable r e a c t i o n than protonation to give (63). 

(b) 0ctachloro-4.4'-bipyridyl (65) 

To t r y and determine d e f i n i t e l y the route to the heptachlorobipyridyl 

c a r b o x y l i c a c i d (68) obtained above, octachloro-4»4'-bipyridyl was reduced 

under i d e n t i c a l conditions, to see i f the product was the same. The r e s u l t , 

however, was not c o n c l u s i v e . 

The problem i s the b a s i c i n s o l u b i l i t y of (6jj.) i n B.M.F., which meant that 

only a small part of the substrate added to the catholyte was i n s o l u t i o n . 

The reduction p o t e n t i a l used was the same as f o r pentachloropyridine (54)1 

i . e . -1.3V, i n order to get a reasonable current, although i t was l a t e r 

found by voltammetry that i t reduces more r e a d i l y . A f t e r passage of 1.51 

electrons/molecule only a very small amount of a c i d mixture was obtained. 

This could not be decarboxylated by heating to 160°C under reduced 

pressure but sublimed a t t h i s temperature under vacuum. I t decarboxylated 

i n the mass spectrometer, however, and showed peaks a t m / e 360 and 394 
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due to hexa- and heptachlorobipyridyls. The former was by f a r the l a r g e r , 

showing that the major product was the doubly reduced compound. I t seems 

u n l i k e l y , therefore, that t h i s reduction can be the source of the high 

y i e l d of heptachloroblpyridyl c a r b o x y l i c a c i d (68) obtained from 

pentachloropyridine (54). The f a c t t h a t the melting-point and n.m.r. 

spectrum of the heptachlorobipyridyl (66) agrees with that of (66a) may 

be c o i n c i d e n t a l , as the production of (66a) could not be explained on the 

b a s i s of the above observations. 

( c ) Hexachlorobenzene ( 7 l ) 

I n order to determine whether trapping with carbon dioxide was 

gen e r a l l y a p p l i c a b l e to aromatic chlorocarbons, i t was next applied to 

hexachlorobenzene ( 7 l ) . 

Hexachlorobenzene poses the same problem of i n s o l u b i l i t y as the b i p y r i d y l 

(65.). Consequently, i t was found that the reduction p o t e n t i a l 

of -1.6V necessary to achieve a reasonable current caused more than a 

s i n g l e reduction step to take place. 

(21) 

Hg -1.6V, C0 2 

1.61 electrons/molecule 

Current E f f i c i e n c y 
LH n.m.r. s h i f t v. i n t e r n a l T.M.S. 

86 
L i t e r a t u r e value 

a : predicted value 

•Acid Mixture 1 

180°C 
Reduced 

pressure 

7.46ppm 

7.53ppm 

(21) 
21% 

7.32ppm 

7.38ppms 

7.47ppm 

7.54ppm 
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Th® a c i d i c mixture obtained a f t e r a c i d i f i c a t i o n of water soluble products 

required a higher temperature f o r decarboxylation than that obtained 

from pentachloropyridine. G.l.c. with mass spectroscopy showed the product 

to be a mixture of pentachlorobenzene (JJ2) and tetrachlorobenzene. The 

*H n.m.r. spectrum of the mixture showed the presence of two 

tetrachlorobenzenes, inseparable by g . l . c . , i n the r a t i o of approximately 

l t l . These were i d e n t i f i e d as (23_) and (74) by comparison with l i t e r a t u r e 
86 

values. The value f o r (23j was a predicted s h i f t as no experimental 

value appears i n the l i t e r a t u r e . The e r r o r between the observed and 

l i t e r a t u r e values i s 0.06 to 0.07ppm f o r a l l three products. 

Thus, reduction of the anion of pentachlorobenzoic a c i d r e s u l t s i n 

replacement of the meta or para chlorine atoms. No evidence of ortho 

reduction was seen. I n the reduction of pentachlorobenzene ( 7 1 ) . ortho, 

meta and para dihydro-compounds are produced i n the r a t i o 14:65:21. ^ 

i . e . meta reduction i s much pr e f e r r e d . 

3. Trapping Experiments with A l k y l Halidea 

A s u i t a b l e method of trapping carbanions i s by n u c l e o p h i l i c a t t a c k on 

a s u s c e p t i b l e s p e c i e s , such as an a l k y l h a l i d e . Iodide i s r e a d i l y 

displaced from iodomethane by nucleophiles. When pentachloropyridine (54) 

was reduced a t -1.2V i n the presence of iodomethane, which i s not i t s e l f 

reducible a t t h i s p o t e n t i a l , no purple colouration was observed but, 

in s t e a d , an orange colour was produced. A larg e amount of iodide was 

displaced and p r e c i p i t a t e d as tetraethy1ammonium iodide. Some mercuric 

iodide was a l s o obtained. A l o t of m a t e r i a l was l o s t i n t h i s r e a c t i o n , but 

there was evidence f o r the presence of some of the trapped product (75) 

from g . l . c . with mass spectroscopy on the r e a c t i o n mixture. There appeared 

CH 

(75) ^0H2^O 
/ 

(76) Nv Gl 
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to be l e s s of (25j t however, than of the t e t r a c h l o r o p y r i d i n e ( 6 3 ) . but 

i t might be po s s i b l e to improve t h i s r e a c t i o n and obtain a b e t t e r y i e l d of 

Benzyl chl o r i d e did not appear to have any e f f e c t on the reduction of 

(54-). the normal purple colour being formed i n i t s presence. Passage of 

1.06 electrons/molecule gave ( 6 ^ ) , with a current e f f i c i e n c y of 34%. 

The p o s s i b l e product of trapping (76) would be r a t h e r i n v o l a t i l e and some 

may have been present i n the i n v o l a t i l e r e s idue, which showed aromatic 

C-H s t r e t c h i n g v i b r a t i o n s i n i t s i n f r a - r e d spectrum. I t was not possible 

to get anything out of t h i s , however. 

4. Yoltammetry 

(a ) Pentachloropyridine (54) 

Pentachloropyridine (54) was i n v e s t i g a t e d j o i n t l y with Dr.O.R.Brown's 

group a t Newcastle U n i v e r s i t y . The s o l u t i o n used was 4raM i n (_5jJ.) and 0.1M 

i n tetraethy1ammonium fluoroborate i n D.M.F. As observed with the 

f l u o r i n a t e d p y r i d i n e s , the Ep^ varied with sweep r a t e , being -1.25V a t 

lOmV/sec and -1 .32V a t I V / s e c . No r e v e r s i b i l i t y of the reduction wave 

could be seen and t h i s wave corresponded to a two-electron reduction. A 

complex t h e o r e t i c a l a n a l y s i s of the wave shape showed that a r a p i d 
87 

i r r e v e r s i b l e process occurs a f t e r the f i r s t e l e c t r o n t r a n s f e r . This 

i s most probably l o s s of C l ~ , so t h a t the electrode r e a c t i o n i s : 

8 CI CI Rapid 0! CI CI 
CI CI y. CI \ N N N 

(69.) (M) 

T h i s supports the view that products derived from protonation and 

trapping with carbon dioxide are most probably formed from the carbanion 

(62). 
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On the reverse sweep a small oxidation wave was observed at Ep a a s -0.60V, 

with a corresponding reduction wave v i s i b l e on the second sweep a t 

E p c rsc -0.70V. This only appeared on a mercury cathode and not on gold or 

platinum. T h i s was explained by the r e v e r s i b l e oxidation of a r a d i c a l 

adsorbed on the mercury s u r f a c e : 

r 2s „ me-(^a)^=^ .- + Mg* 

On sweeping past the f i r s t reduction peak, a s e r i e s of waves at more 

negative p o t e n t i a l s could be seen, probably due to step-wise replacement 

of chlorine by hydrogen. 

The voltammogram of (54) was a l s o run on the E l e c t r o s c a n instrument 

used previously. The Ep^ recorded a t a 20mV/sec sweep r a t e was -1.42V, 

demonstrating the need to record voltammograms under i d e n t i c a l conditions 

when comparing the Ep^'s of d i f f e r e n t compounds. 

(b) 0ctachloro-4.4 l-biT)yridyl (65) 

0ctachloro-4,4'-bipyridyl (65J was i n v e s t i g a t e d on the E l e c t r o s c a n 

instrument. Unlike the corresponding f l u o r i n a t e d compound (5J>) i t showed 

no sign of r e v e r s i b i l i t y or colour formation a t sweep r a t e s up to lOOmV/sec. 

The Ep^ measured a t 20m¥/sec was -1.18V, but i t v a r i e d between -1.17V a t 

lOraV/sec and -1.21V a t lOOmV/sec. A s e r i e s of subsequent reduction waves 

could again be seen a t more negative p o t e n t i a l s , the f i r s t with an Ep^ of 

-1.40V at 20mV/sec sweep r a t e . Thus, both of the f i r s t two reduction 

processes can. take place when (65) i s reduced a t the same p o t e n t i a l as 

required f o r (5j[) t which agrees with the r e s u l t of the trapping 

experiment on (65.) with carbon dioxide, (see p.48). 

The d i f f e r e n c e between the behaviour of (65.) and that of octafluoro-

4,4'-bipyridyl ( 5 6 ) . which has a s t a b l e r a d i c a l anion, i s i n t e r e s t i n g . 

I t may well be that the negative charge i n the r a d i c a l anion of (65) 

cannot be s t a b i l i s e d by conjugation between the two r i n g s because the 



bulky chlorine s u b s t i t u e n t s prevent them from becoming coplanar. 

To obtain some evidence on the conjugation between the r i n g s , the 

u l t r a - v i o l e t spectrum of (65) was compared w i t h that of 4-H-tetrachloro­

pyridine (6_3_), which shows absorptions i n cyclohexane s o l u t i o n a t 233nm 

( 6 12,600) and 292nm («. 6,700). The b i p y r i d y l (65) has absorptions a t 

236nm (e. 23,400) and 300nm (e. 11,800). The conclusion i s that there i s no 

evidence f o r any conjugation, as there i s a negligable s h i f t i n the 

wavelengths, and the i n t e n s i t y i s only doubled due to the presence of two 

pyridine r i n g s i n the molecule. The heptachlorobipyridyl (66) gave a 

s i m i l a r spectrum with, absorptions a t 232nm (e 22,600) and 294nra (e. 10,200). 
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CMAPTER IV 

ELECTROCHEMICAL REDUCTION OF PERFLUORO-OLEFINS 

IV.A INTRODUCTION 

As was described i n Chapter I I , the reduction of compounds containing 

two halogen atoms on adjacent carbon atoms ge n e r a l l y leads to displacement 

of both, probably i n a concerted process, r e s u l t i n g i n an increase i n the 

unsaturation of the molecule. Thus 1,2-dihaloalkanes give o l e f i n s and 

1,2-dihaloalkenes give acet y l e n e s , (p.18). This type of reduction has 

been applied to p e r f l u o r i n a t e d systems i n the conversion of f l u o r i n a t e d 

cyclohexadienes to aromatic compounds, (p.23). 

I n the work described here a b r i e f survey was performed on the simple 

f l u o r o - o l e f i n s : hexafluoropropene (44J; octafluorobut-2-ene (77); and 

tetrafluoroethylene (2J2). I t was hoped that generation of t h e i r r a d i c a l 

anions might lead to some i n t e r e s t i n g r e a c t i o n s . 

As might be expected, the reductions r e s u l t e d i n l o s s of f l u o r i d e ion 

from these o l e f i n s , and t h i s i s known to induce oligomerisation of 
76 

f l u o r o - o l e f i n s . ' Products from t h i s type of r e a c t i o n were found, so f o r 

greater c l a r i t y i n the l a t e r d i s c u s s i o n , fluoride-ion-induced 

oligomerisation i s outlined b r i e f l y here. 

1. Fluoride-Ion-Induced Oligomerisation of F l u o r o - o l e f i n s 

F l u o r o - o l e f i n s are very s u s c e p t i b l e to n u c l e o p h i l i c a t t a c k and 

consequently a t t a c k by f l u o r i d e ion generates a carbanion (JJ3), which 

can l e a d to dimers and other oligomers by a t t a c k on an o l e f i n molecule. 

p + c=C » F-C-C- » F-C-C-C-C-
/ \ I I I I I I 

(18) 
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E l i m i n a t i o n of f l u o r i d e ion or a b s t r a c t i o n of a proton by the 

intermediates normally prevents the formation of polymers. 

( a ) Hexafluoropropene 

The oligomerisation of hexaf luoropropene (44.) i s shown i n Scheme IV. 1, 

Scheme IV.1 

CFjCF=CF 2 =f ^ ( C F 3 ) 2 C F 

(22) 

+(M) -F' ( C F 3 ) 2 C F F H 
F CF S 

(80a) 

OP, 
C=C 

CF 5 ) ! F ( C F 3 ) 2 

(81a) 
A 

F 
SN2 1 

i 
( C F 3 ) 2 C F CF 3 

G=C 
( C F 3 ) 2 C F F 

(81b) 

+(22) -F" 
V i n y l i c subst, 

F 
SN2' 

^ 3 &5 
G=C 

/ \ 
CFj F 

(80b) 

CF^C-CFgCFgGFj 

V i n y l i c 
subst. 

/CP5 
(CF 5) 2GF-CF=C^ 

CFgCFgCF^ 

(81c] 
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Reactions i n polar, a p r o t i c solvents a t room temperature give two 

dimers (80a) and (80b), and two trimers (81a) and (81b). Dimer (80a) 

and trimers (81a) and (81b) are the products of k i n e t i c c o n t r o l . Dimer 

(80b) i s a product of thermodynamic control and the other dimer can be 

converted i n t o i t under more vigorous conditions by an SN2* r e a c t i o n with 

f l u o r i d e i o n . At higher temperatures a t h i r d trimer (81c) i s produced, 

which i s a product of thermodynamic c o n t r o l . This i s thought to be 

formed by at t a c k of the heptafluoroisopropyl anion (22) on the terminally 

unsaturated dimer ( 8 0 c ) . although none of t h i s has been i s o l a t e d . The two 

k i n e t i c trimers (81a) and (81b) can be converted i n t o (81c) under more 

vigorous conditions. Thus, the a c t u a l y i e l d s of the various dimers and 

trimers i s o l a t e d depends g r e a t l y on the r e a c t i o n conditions. 

(b) 0ctafluorobut-2-ene 

The oligomerisation of octafluorobut-2-ene (77) occurs l e s s r e a d i l y 

than hexafluoropropene. A f t e r heating i n a sealed n i c k e l tube with 

caesium f l u o r i d e and sulpholane f o r 24 hours a t 130°C, the conversion i s 
89 

only 44%* The major product i s a mixture of c i s and trans isomers of 

the dimer CgF^g (82) (69% y i e l d ) . I n addition, various defluorinated 

°<5 / 0 r3 \ fi «h / 0 P3 
^C=iC + trans / = \ /° F3 

CF, F CP, F F 
(82) 3 5 

(8Ja) (8Jb) 

C 2 F 5 ( C F 3 ) C = C ^ 
/ F 3 

/ C = C ( C F 3 ) C 2 F 5 ( a 4 ) 
CF 5 

products are obtained. Two isomers of C g F ^ , (83a) and (83b) .are produced 

i n a t o t a l y i e l d of 11.5%, with a 15.5% y i e l d of C 1 2 F 2 2 (84.). These were 
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o r i g i n a l l y thought to be formed by r e a c t i o n with the n i c k e l w a l l s of the 

r e a c t i o n v e s s e l , but d e f l u o r i n a t i o n a l s o occurs when the r e a c t i o n i s 

performed i n g l a s s apparatus a t atmospheric pressure, using tetraglyme 

as the s o l v e n t . ^ 0 At 92°C a 49% y i e l d of the dimers (82) i s obtained, 

together with the defluorinated compounds (8^) and C ^ ^ O ( 6 5 ) * 

The d e f l u o r i n a t i o n mechanism favoured by the authors was v i a formation 

of complex s a l t s l i k e C s + F j ~ . A mechanism in v o l v i n g n u c l e o p h i l i c a t t a c k 

on a f l u o r i n e atom of (2l) by an intermediate carbanion was considered 

l e s s l i k e l y . Another a l t e r n a t i v e mechanism that has been suggested"* 1 i s 

an e l e c t r o n t r a n s f e r process of the type: 

V + Cn P 2 n " Y + C»V ^ ' I > Cn F 2 n - 2 

( c ) Tetrafluoroethylene 

The oligomerisation of tetrafluoroethylene (22) a l s o r e q u i r e s more 

vigorous conditions than hexafluoropropene. The products formed are 

h i g h l y branched, i n t e r n a l l y unsaturated compounds, with a general 

formula ( C 2 F 4 ) n » w n e r e n = 4 t 5 » 6 or 7 . ^ ' ^ With a v a r i e t y of solvents 

and f l u o r i d e ion sources a t 100°C and a pressure of (22) of 10 to 20 p . s . i . 

the major product i s the pentamer, ^(^20' I n c r e a s i n S the pressure r e s u l t s 

i n an increase i n the amount of hep tamer, ^^28* a * t h e e x p e n s e °^ the 

pentamer. The y i e l d of oligomers i n these r e a c t i o n s i s normally l e s s than 

70%, due to side r e a c t i o n s between the highly r e a c t i v e pentafluoroethyl 

anion and the solvent. 

IV.B ELECTROCHEMICAL REDUCTION OF HEXAFLUQRQPROPENE 

In the present work the reductions were performed by bubbling the 

gaseous hexaf luoropropene (44,) continuously through the cathode 

compartment of the c e l l during the e l e c t r o l y s i s , so as to maintain a 

saturated s o l u t i o n throughout. The gas was r e c y c l e d around a closed 
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system by means of a p e r i s t a l t i c pump, and two i c e / s a l t traps on the 

ou t l e t from the c e l l prevented v o l a t i l e l i q u i d products from c i r c u l a t i n g 

with i t . The experimental techniques are described f u l l y i n Chapter V I I . 

I n view of the f a c t that t h i s was only a preliminary survey, the 

c i r c u l a t i n g system was only a temporary arrangement and did not allow 

f o r q u a n t i t a t i v e recovery of unreacted (44). The amount of r e a c t i o n 

expected was, therefore, c a l c u l a t e d from the amount of charge passed, 

which was known a c c u r a t e l y . 

1. Reduction i n Anhydrous D.M.F. 

V o l a t i l e l i q u i d (1.26g) 
« t . Hg -1.9V, 0.0155 Faradays ^ u . . . ... . - D. v 
C,Fg 2 <—L ±L 1 ^ High-boiling o i l (0.81g) 2 electrons/molecule to l . l 6 g T , .... . „ v ' B I n t r a c t i b l e residue (0.89g) 

Total 2.96g 

When hexafluoropropene (44) was reduced a t -1.9V on a mercury cathode 

i n anhydrous D.M.F., the catholyte s t a r t e d to turn yellow and cloudy 

immediately. The colour darkened during the e l e c t r o l y s i s , and was 

f i n a l l y brown. Enough charge was passed to perform a two-electron 

reduction on only l . l 6 g of (44) and yet the recovered products amounted to 

2.96g. 

A v o l a t i l e l i q u i d was recovered from the i c e / s a l t traps and more was 

obtained a f t e r the v o l a t i l e s from the catholyte had been t r a n s f e r r e d under 

vacuum into a cold trap, when i t separated as a D.M.F.-insoluble lower 

l a y e r . 

E x t r a c t i o n of the i n v o l a t i l e p art of the r e a c t i o n mixture, followed 

by molecular d i s t i l l a t i o n under reduced pressure gave a high b o i l i n g point 

o i l and an i n t r a c t i b l e residue. 

(a ) V o l a t i l e Products 

The v o l a t i l e l i q u i d was shown by g.l.c./mass spectroscopy to contain 
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mainly dimers (30%) and trimers (69%) of hexafluoropropene ( 4 4 ) » The dimers 

showed only one peak on g . l . c . , but t h i s was separated by preparative 
19 

g . l . c * and i t s F n.m.r. spectrum showed i t to be a mixture of the dimers 

(80a) and (80b), which are produced by fluoride-ion-induced 

oligomerisation of ( 4 4 ).(see p.55) . Three trimers were v i s i b l e by g . l . c . , 

i n the r a t i o 9 * 32 : 59» and the two l a r g e s t peaks had i d e n t i c a l 

r e t e n t i o n times with the trimers (81a) and (81b) obtained by f l u o r i d e ion 

r e a c t i o n a t room temperature. I n view of the f a c t that no check had been 

made on the temperature during the e l e c t r o l y s i s , i t was assumed that the 

t h i r d trimer was ( 8 1 c ) , obtained by f l u o r i d e ion r e a c t i o n a t elevated 

temperatures. 

The mixture contained two minor components, both under 1%. The f i r s t 

was i d e n t i f i e d as CgF^H ( 8 6 ) , probably formed by protonation of an 

intermediate carbanion i n a f l u o r i d e ion r e a c t i o n ; the second appeared to 

he C 1 2 F 2 0 (82a). 
G.l.c./mass spectroscopy on the D.M.F. showed that i t a l s o contained 

a small amount of (86) and a l s o some c j F y H (§l)* formed by protonation 

of the carbanion (29_) derived from hexafluoropropene. 

With the exception of the defluorinated compound (85a), a l l of these 

products can be e a s i l y explained by fluoride-ion-induced oligomerisation 

of ( 4 4 ). the f l u o r i d e ion being l i b e r a t e d during the electrochemical step. 

Compound (85a) has had two e x t r a degrees of unsaturation introduced, 

which could have occurred e l e c t r o c h e m i c a l l y . D e f l u o r i n a t i o n has been 

observed i n the fluoride-ion-induced oligomerisation of octafluorobut - 2-ene, 

however, which a l s o gives a compound of the same molecular formula, 

(see p.56) , Therefore, the same type of process cannot be ruled out here. 

I t appears that the d e f l u o r i n a t i o n steps must occur a t an e a r l y stage on 

the route to ( 8 5 a ) . as no or C. _ F ? . compounds are observed. 
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(b) I n v o l a t i l e Products 

The high b o i l i n g yellow o i l was shown by g . l . c . a t high temperature 

to be a multicomponent mixture. I t s i n f r a - r e d spectrum showed C-H 

s t r e t c h i n g v i b r a t i o n s , and i t s elemental a n a l y s i s showed i t to contain 

only 48.8% f l u o r i n e , ( c f . C^Fg oligomers: 75»9%). Therefore, the solvent 
or e l e c t r o l y t e must somehow have been involved i n i t s formation. Carbanions 

formed during fluoride-ion-induced r e a c t i o n s do not normally r e a c t with 

the s o l v e n t , except f o r the highly r e a c t i v e pentafluoroethyl anion. I t 

seems reasonable to assume, therefore, that the o i l i s formed by r e a c t i o n 

of e l e c t r o c h e m i c a l l y generated s p e c i e s . The i n t r a c t i b l e residue may be 

derived s i m i l a r l y . I t would be a r a t h e r f r u i t l e s s e x e r c i s e to speculate 

on the mechanism of these r e a c t i o n s without any knowledge of the s t r u c t u r e 

of the products. 

( c ) Use of Current as an I n i t i a t o r 

To demonstrate that the current was only an i n i t i a t o r i n the formation 

of the oligomers by l i b e r a t i n g f l u o r i d e ion, a r e a c t i o n was performed 

i n which only enough charge was passed to perform a two-electron 

reduction on 0.30g of hexaf luoropropene (44,). The gas was then c i r c u l a t e d 

f o r a f u r t h e r 8 hours with no current flowing. This gave an increased 

y i e l d of oligomers from l e s s charge. A t o t a l of 3»15g of the mixture 

was obtained containing: 

C 6 F 1 2 C 6 F 1 3 H °9F18 G 1 2 F 2 0 
(80) (86) (81) (S^a) 

40% 5% 47% 8% 

Only two trimers (81a) and (81b) were formed and not the t h i r d 

'thermodynamic' triraer ( 8 1 c ) . This can be explained by the f a c t that only 

a small amount of charge was passed and not enough to r a i s e the 

temperature g r e a t l y to favour production of ( 8 1 c ) . 
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I t i s i n t e r e s t i n g that the y i e l d of the defluorinated compound (85a) 

was increased. This cannot, therefore, be produced e l e c t r o c h e m i c a l l y . 

The d e f l u o r i n a t i o n occurring during the oligomerisation of 

octafluorobut-2-ene was suggested to occur v i a the formation of complex 
+ - 90 

s a l t s such as Cs F^ . This would be u n l i k e l y i n t h i s case, where the 

f l u o r i d e ion i s generated i n s i t u and the counter ion present i s Et^N +. 

One of the other suggested mechanisms may, therefore, be operating, 

(see p.57). 
I n t h i s r e a c t i o n the amount of the i n v o l a t i l e products was g r e a t l y 

decreased, demonstrating that these are formed by the electrochemical 

process. 

A rather u n l i k e l y p o s s i b i l i t y , that the f l u o r i d e ion was not produced 

e l e c t r o c h e m i c a l l y , but by d i s s o c i a t i o n of the tetrafluoroborate anion ( 8 8 ) . 

was eliminated when a control experiment with no current passed produced 

no oligomers. 

B F 4 " , BFj + F" 

(88) (82) 
(d) Reduction i n the Presence of Boron T r i f l u o r i d e 

An attempt to eliminate fluoride-ion-induced r e a c t i o n s by performing 

the reduction i n the presence of boron t r i f l u o r i d e (89) to 'mop up' any 

f l u o r i d e ion produced,by the equilibrium above,proved un s u c c e s s f u l , as 

the boron t r i f l u o r i d e d i e t h y l etherate used was i t s e l f reducible a t -1.9V. 

This r e a c t i o n f i n a l l y y i e l d e d a v o l a t i l e fluorocarbon m i x t u r e , s i m i l a r to 

that obtained previously, and a l a r g e amount of t a r . 

(e) Reduction on a Carbon Cathode 

Hexafluoropropene (44J was a l s o reduced i n an undivided c e l l , with a 

porous carbon cathode, through which the gas could be bubbled i n t o the c e l l . 

Only enough charge was passed to produce a two-electron reduction of 0.68g 
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of ( 4 ^ ) and 1 .98g of oligomers was obtained. I n a d d i t i o n , the D.M.F. 

yielde d 1 .5g of the gaseous product Ĉ F̂ H (87). observed only i n traces 

previously. This was i d e n t i f i e d as 2-H-heptafluoropropane by i t s and 
19 94 'F n.m.r. spectra. This i s the expected product a r i s i n g from 

protonation of the intermediate heptafluoroisopropyl anion (j_9_)» This was 

thought t o be formed because the c e l l was undivided and a c i d i c species 

formed a t the anode could then protonate (22)»which was confirmed by 

d i v i d i n g the c e l l i n t o two compartments and using the same carbon cathode, 

when the products were the same as obtained on mercury. 

I t i s i n t e r e s t i n g t o compare the amount of the protonated products 

( 8 6 ) and (BJ.) formed i n the undivided c e l l w i t h the amount of charge 

passed. I f the electrochemical step produces one f l u o r i d e i o n f o r each 

e l e c t r o n , then i n t h i s reduction 0.0099 moles of f l u o r i d e i o n were 

produced. A t o t a l of approximately 0 . 0 1 moles of ( 8 6 ) and ( 8 7 ) was 

produced, which i s ex c e l l e n t agreement. I t appears t h a t a l l of the f l u o r i d e 

ion produced had been used i n formation of ( 8 6 ) and (87). 

2. Reduction i n Aqueous D.M.F. 

When hexafluoropropene (44J was reduced i n D.M.F. containing 23f/0 water 

by volume, no oligomers of (4 j j J were produced but the anion ( 7 9) was 

protonated t o give Ĉ F̂ H (82). Again there was close agreement between 

the 0.0119 moles of f l u o r i d e ion t h e o r e t i c a l l y l i b e r a t e d electrochemically 

and the 0.0116 moles of (82) i s o l a t e d . 

I t i s i n t e r e s t i n g t h a t (87) i s formed a t a l l i n the presence of water, 

as t h i s g r e a t l y deactivates f l u o r i d e i o n by s o l v a t i o n and i n h i b i t s i t s 

a d d i t i o n t o f l u o r o - o l e f i n s . A possible explanation i s tha t the F , which 

i s formed a t the cathode i n the so-called 'double l a y e r ' , adds 

immediately to a molecule of (44J which i s also i n the l a y e r , before 

coming i n t o contact w i t h the bulk s o l u t i o n and being solvated. 
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IV. C ELECTROCHEMICAL REDUCTION OF 0CTAFLU0R0BUT-2-ENE 

The reduction of octafluorobut - 2-ene (2l) was s i m i l a r to tha t of 

hexafluoropropene ( 4 4 ), g i v i n g products derived from fluoride-ion-induced 

oligomerisation. I t i s less susceptible to t h i s type of r e a c t i o n than 

(44) and gave a correspondingly lower y i e l d of oligomers. Passage of 

enough charge to perform a two-electron reduction on 2 . 26g of (21) gave 

only 0 . 96g of a v o l a t i l e mixture containing: 

C 8 F 1 4 C8 F 1 6 G 1 2 F 2 2 

(83J (82) (M) 
12% 80% 8% 

The dimer (82) had an i d e n t i c a l g . l . c . r e t e n t i o n time and mass spectrum 

to the mixture of c i s and trans isomers obtained by f l u o r i d e i o n r e a c t i o n , 

(see p.56) . The de f l u o r i n a t e d products (,83_) and (84) are probably also 

products of the fluoride-ion-induced r e a c t i o n . 

The products of the electrochemical process were again a high b o i l i n g 

p o i n t multicomponent o i l , i n c o r p o r a t i n g the solvent, and an i n t r a c t i b l e 

residue. 

IV.D ELECTROCHEMICAL REDUCTION OF TETRAFLUOROETHYLENE 

The reduction of te t r a f l u o r o e t h y l e n e ( 22 ) gave no oligomers, as might 

be expected from the f a c t t h a t the fluoride-ion-induced oligomerisation 

of ( 2 2 ) requires elevated temperatures and pressures. Passage of enough 

charge t o perform a two-electron reduction on 0 . 67g of (.22) gave 0 . 53g of 

i n t r a c t i b l e , i n v o l a t i l e residue. A trace of a more v o l a t i l e component 

was obtained but t h i s could not be i d e n t i f i e d . I t s mass spectral parent 

peak was a t 4591 which could not e a s i l y be explained by j u s t carbon, 

f l u o r i n e and hydrogen. Possibly t h i s had been formed by re a c t i o n w i t h 

the solvent. 

When ( 22 ) was reduced i n aqueous D.M.F. the major product was 

pentafluoroethane, CgF^H (2,fi), showing t h a t the pentafluoroethyl anion i s 
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produced and hence th a t f l u o r i d e ion must be eliminated during the 

reduction of (22). Compound (^0) was i d e n t i f i e d from i t s mass spectrum 

and by comparison of i t s i n f r a - r e d spectrum w i t h t h a t i n the l i t e r a t u r e * ^ 

A small amount of another, u n i d e n t i f i e d component was also present. 

IV.E CONCLUSION 

Electrochemical reduction of the f l u o r o - o l e f i n s studied l i b e r a t e s 

f l u o r i d e i o n , which then causes oligomerisation of hexafluoropropene (44) 

and octafluorobut-2-ene (2l)« The amount of the intermediate carbanions 

from (44) trapped by protonation suggests t h a t each e l e c t r o n generates 

one f l u o r i d e i o n . This i s i n agreement w i t h a concerted two-electron 

e l i m i n a t i o n of two halide ions, which i s normally observed w i t h 1,2-dihalo 

compounds. This would r e s u l t i n the formation of the acetylene (9.1) or 

the allene (92) from (44J, but there i s no d i r e c t evidence f o r t h e i r 

production. I n f a c t the electrochemical process leads to high b o i l i n g 

o i l s and t a r s , and does not appear to be u s e f u l . 

CP^CsCF GF2=C=CF2 

The generation of f l u o r i d e ion i n s o l u t i o n by t h i s method might be 

us e f u l . Active f l u o r i d e i o n i s generally obtained i n s o l u t i o n i n a p r o t i c 

solvents from an a l k a l i metal s a l t but t h i s i s l i m i t e d by t h e i r s o l u b i l i t y . 

A l o t of work has gone i n t o obtaining free f l u o r i d e i on by using crown 
96 

ethers, which complex w i t h the counter ion and increase the s o l u b i l i t y . ' 

The oligomerisation of (44J induced by f l u o r i d e i o n generated f r e e i n 

s o l u t i o n electrochemically occurred q u i t e e f f i c i e n t l y , considering the 

crudeness of the apparatus. Any wider a p p l i c a t i o n of t h i s was not 

inv e s t i g a t e d , however, as the aim of the p r o j e c t was to inv e s t i g a t e the 

electrochemical r e a c t i o n s , which were unproductive. 
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CHAPTER V 

ELECTROCHEMICAL OXIDATION OF POLYFLUOROANISOLES 

VJL INTRODUCTION 

The electrochemical oxidation of aromatic compounds i s a subject which 

has received extensive coverage. (See, f o r example, the relevant chapters 

i n references 1,2 and 3.) Topics of p a r t i c u l a r relevance t o the work on 

f l u o r i n a t e d anisoles described l a t e r are discussed here. 

1. Anodic Oxidation of A r v l Methyl Ethers 

The electrochemical o x i d a t i o n of anisole (21) and simple d e r i v a t i v e s 

gives coupling t o the corresponding d e r i v a t i v e of 4»4'-dimethoxybiphenyl 

(24). Yields are generally low using conventional solvents such as 

a c e t o n i t r i l e , because the rea c t i o n i s complicated by the f a c t that the 

product i s i n v a r i a b l y more e a s i l y oxidised than the anisole. Thus, 

2e 
(24) MeO MeO OMe 2H 

(21) 

(21) MeO OMe 

H„0 
MeO OMe 
HO OH 

H„0 
(21) 

(2k) MeO OMe 
2MeOH 

(28) 
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oxidation to the r a d i c a l cation (£5.) and d i c a t i o n (£6) can occur. These 

are h i g h l y reactive species, r e a c t i n g w i t h any nucleophiles present. I n 

nominally non-aqueous solvents traces of water are normally present, even 
98 

a f t e r the most rigorous p u r i f i c a t i o n . Reaction w i t h v/ater v / i l l give ( 9 7 ) . 

which may lose methanol to give the quinone (9Ji). This type of r e a c t i o n 

has "been observed i n the oxidation of (99) i n a c e t o n i t r i l e , g i v i n g the 

quinone (lOO) i n q u a n t i t a t i v e y i e l d . 9 ^ A l t e r n a t i v e l y , at high r a d i c a l 

c a t i o n concentrations, polymerisation may occur. 

I t i s possible t o get reasonable y i e l d s of the coupled products by 

performing the oxidations i n a solvent c o n s i s t i n g of a mixture of 

methylene chloride and t r i f l u o r o a c e t i c a c i d . I n t h i s h i g h l y a c i d i c medium, 

i n which the acid i s an extremely weak nucleophile, the r a d i c a l c a t i o n 

(95) of the dimer has a very long l i f e t i m e . I t can be reduced back to 

(94) a f t e r the e l e c t r o l y s i s , e i t h e r electrochemically or w i t h zinc dust. 

Good y i e l d s are only obtained, however, when d i l u t e solutions are used 

and the r e a c t i o n i s only taken t o low conversion. 

The mechanism favoured by the workers concerned involves d i m e r i s a t i o n 

of the r a d i c a l c a t i o n formed by one-electron o x i d a t i o n of the anisole ( 9 3 ) , 

followed by d e p r o t o n a t i o n . ^ ^ An a l t e r n a t i v e mechanism which has much 

support i s e l e c t r o p h i l i c a t t a ck by a r a d i c a l cation on the substrate."'"^»-^2 

I t i s i n t e r e s t i n g t h a t , i n simple anisole d e r i v a t i v e s , coupling always 

occurs through the p o s i t i o n para to the methoxy-group, whereas i n 

e l e c t r o p h i l i c reactions i t has an ortho/para d i r e c t i n g i n f l u e n c e . I n f a c t 

no coupling i s observed at a l l when the para p o s i t i o n i s blocked by a 

substituent other than hydrogen. I t i s possible t h a t s t e r i c f a c t o r s 
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i n h i b i t coupling ortho t o the methoxy group but t h i s i s not observed i n 

the acetoxylation reactions described l a t e r . 

A s i m i l a r o r i e n t a t i o n was observed i n the o x i d a t i o n , i n sulphuric acid, 

of phenol t o hydroquinone i n over 90% y i e l d , 

mechanism was proposedt^®^ 

103 f o r which the f o l l o w i n g 

H 2 S 0 4 
- 2e" 

adsorbed 

H 2 0 

- HH 

H ÔH 
adsorbed 

s o l u t i o n 

I t was suggested that the high y i e l d of the hydroquinone was due 

t o the f i e l d e f f e c t of the anode, which tends to keep the p o s i t i v e 

charges as f a r apart as possible due to coulombic repulsion: 

+ 
+ 

Anode + 
+ 
+ 
+ 
o Versus 

A s i m i l a r e f f e c t might be operating f o r the anisoles, w i t h the reactive 

intermediate again orientated w i t h oxygen towards the anode and thus 

i n h i b i t i n g r e a c t i o n at the ortho p o s i t i o n . 

Oxidative coupling reactions can also be used f o r i n t r a - or i n t e r -

molecular coupling of molecules containing two methoxy-substituted 
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aroraatic r i n g s i n the same molecule. ' I n these reactions there i s 

evidence f o r both the r a d i c a l c a t i o n coupling mechanism and e l e c t r o p h i l i c 

attack on an unoxidised aromatic r i n g . 

Demethylation has also been observed during oxidative c o u p l i n g i * 0 ^ 

H.SO CH,0 CH,0 OH 
PbO 

H_C H 

2. Anodic S u b s t i t u t i o n Reactions of Aromatic Compounds 

A much studied anodic process i s the s u b s t i t u t i o n r e a c t i o n . The general 

expression f o r t h i s i s : 

R-E + Nu" » R-Nu + E* + 2e" 

E i s often hydrogen, i n which case the o v e r a l l r e a c t i o n i s 

replacement of H + by a nucleophile, but i t can be another atom or group 

e.g. t - b u t y l , OCĤ  or C00~. A wide range of nucleophiles can be used, 

i n c l u d i n g HgO, ROH, OH", RO", RCOO-, NOj", SCN", SeCN", CĤ CN, N02", N j " , 

0CN~, p y r i d i n e , halide i o n , and CN~. The s u b s t i t u t i o n can occur e i t h e r 

i n an aromatic r i n g or i n an a l k y l side-chain. 

Anodic s u b s t i t u t i o n can be divided i n t o two types, i n d i r e c t and d i r e c t 

processes. I n an i n d i r e c t process the anode merely serves as a source of 

a reactive species e.g. chlorine from chloride i o n , or methoxy-radical 

from methoxide i o n . This then attacks the organic substrate i n the same way 

as i f i t had been generated chemically. I n a d i r e c t process the organic 

substrate i s oxidised to a r a d i c a l c a t i o n or d i c a t i o n , which then reacts 

w i t h the added nucleophile. I n many cases not enough information i s 

available to decide whether a d i r e c t or an i n d i r e c t process i s operating. 

Two types of re a c t i o n of relevance t o the work described l a t e r are 

those w i t h a c e t o n i t r i l e (acetamidation) and carboxylic acids or t h e i r 

anions ( a c y l o x y l a t i o n ) . I t i s also d i f f i c u l t to prevent the hydroxylation 
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re a c t i o n w i t h water. 

(a) Acetamidation 

The acetamidation r e a c t i o n generally gives N-alkylacetamides (102) 

by s u b s t i t u t i o n i n the side-chain (Scheme V . l ) . Only methyl s u b s t i t u t e d 
107 

aromatics are good substrates f o r t h i s r e a c t i o n ; ' ethylbenzene and 
isopropylbenzene give other products predominantly. 108 

Scheme V.l 

ArCH, 
- 2e 
- H T—* ArGH2 

(101) 

H 20 
-9- ArGHgOH 

(103J 

CHjGN 

ArGH2N=CCH5 

H 20 
ArCHgNHCOCHj 

(102) 

I n order t o avoid the hydroxylation r e a c t i o n , g i v i n g (103). a carbon 
107 

anode i s preferable. I t has been found t h a t by car e f u l choice of the 
conditions, up to 95% of the N-alkylacetamide (102) can be obtained, 

109 
even a t water concentrations as high as 10%. Thus the ca t i o n (101) i s 

re a c t i n g w i t h the weakest nucleophile i n the system, a c e t o n i t r i l e . 

Nuclear acetamidation i s not common, but has been observed:^^ 

Q±0 
Pt anode, CĤ CN 
HgO i n work-up 

R = Me, n-Pr, OEt, OH 

C=0 

NHCMe 3 

v C=0 

NHCMe 

Only the ortho- and para-substituted products were obtained i n t h i s 

r e a c t i o n . 
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(b) A c y l o x y l a t i o n 

S u b s t i t u t i o n by an acyloxy group can be achieved by e l e c t r o l y s i s i n the 

presence of a carboxylate i n a s u i t a b l e solvent. The most common process 

i s acetoxylation using a c e t i c acid as solvent, w i t h sodium acetate 

normally as the e l e c t r o l y t e . These are d i r e c t processes, occurring at the 

half-wave p o t e n t i a l of the aromatic, w e l l below the 2.0V necessary to 

oxidise acetate i o n . Anisole, f o r example, can be acetoxylated at 1.5V. 

I t i s found t h a t nuclear acetoxylation requires the presence of acetate 

i o n , whereas side-chain acetoxylation w i l l occur using other e l e c t r o l y e s . 

This has been i n t e r p r e t e d as a concerted acetate-ion-assisted two 

e l e c t r o n t r a n s f e r from the aromatic to the anode i n the former case, w i t h 

simultaneous formation of a C-0 bonds 

111 

111 

H OAc 

- 2e 

OAc 

- i f 

+ ( 'OAc 

+ 
+ 
+ 
+ 
+ 

I t i s possible that nuclear a c e t o x y l a t i o n may involve attack of acetate 

ion on the r a d i c a l c a t i o n (105). and t h a t a c e t i c acid i s not a strong 
112 enough nucleophile to do t h i s : ' 

- e AcO - e 
- Hn 

(105J 
AcO H 

R 

V 
OAc 

The intermediate (104) i s the normal Wheland-type intermediate of 

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 reactions and, i f the former mechanism i s 

c o r r e c t , the isomer d i s t r i b u t i o n of the acetoxylated products should be 

s i m i l a r to t h a t obtained i n e l e c t r o p h i l i c reactions. A s i m i l a r i t y has 
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been observed f o r a number of mono-substituted b e n z e n e s . A n i s o l e , f o r 

example, gives the ortho, meta and para isomers i n the r a t i o 67 i 4 : 29. 

There i s also a reasonable c o r r e l a t i o n , however, between the isomer 

d i s t r i b u t i o n and the calculated e l e c t r o n density i n the r a d i c a l c a t i o n . ^ ^ 

Anodic side-chain ace t o x y l a t i o n , occurring i n the absence of acetate 

i o n , was explained by a mechanism i n v o l v i n g the c a t i o n (l rQl) J 111 

ArCH, - e £ ArCHjJt - I f * ArCHg* — * ArCH 2
+ 

(101) 

HOAc 
- H + 

ArCHgOAc 

An unusual r e a c t i o n has been observed i n the acetoxylation of 2- and 

4-fluoroanisole i n a c e t i c acid/potassium acetate.^^"^ These give 

s u b s t i t u t i o n of the f l u o r i n e atom to produce 2- and 4-acetoxyanisole 

res p e c t i v e l y and only traces of the expected products formed by 

s u b s t i t u t i o n of r i n g hydrogen. The 3 - f l u o r o compound and also 4-bromo-

and 4-chloroanisole give only the expected products. I f 2- and 4 - f l u o r o ­

anisole were r e a c t i n g by the conventional route, t h i s would involve loss 

of F + at some stage, which i s extremely u n l i k e l y . Loss of F* was also 

r u l e d out f o r various reasons, leaving the authors w i t h the conclusion 

that F~ i s l o s t at some stage: 

ArF " e > [krY^t A c 0 » ̂ FArOAcJ * - e 
(106) 

[FArOAcj* 

- F - F 

|ArOAc] t 

(101) 

jArOAcJ 

(108) 

2+ 
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The intermediates (10?) or (108) would have t o he reduced to the product 

by o x i d a t i o n of the s t a r t i n g material (106). 

V.B OXIDATION OF POLYFLUOROANISOLKS IN ACETONITAILE 

The oxidations described here were performed i n the two-compartment 

H-cell used previously, using a c e t o n i t r i l e as the solvent and t e t r a e t h y l -

ammonium fluoroborate as the e l e c t r o l y t e . This s o l v e n t / e l e c t r o l y t e system 

had an anodic l i m i t of + 3.0V on the platinum anode used, r e l a t i v e to the 

s.c.S. 
As was previously mentioned i n Chapter I I , the presence of e l e c t r o n -

withdrawing halogen atoms makes oxi d a t i o n more d i f f i c u l t and other workers 

have found that perfluoroaromatic compounds cannot be oxidised i n 

conventional solvent systems. I n agreement w i t h these f i n d i n g s 

hexafluorobenzene could not be oxidised i n the solvent used. S u b s t i t u t i o n 

of a f l u o r i n e atom by the electron-donating methoxy-group considerably 

decreased the oxi d a t i o n p o t e n t i a l , however, so that pentafluoroanisole 

(109). 2 , 3 , 5 , 6 - t e t r a f l u o r o a n i s o l e (110). 2 , 4 , 5 - t r i f l u o r o a n i s o l e ( i l l ) . 

and 2 , 3 , 6 - t r i f l u o r o a n i s o l e (112) could a l l be oxidised e a s i l y . 

OMe OMe OMe OMe 6 6 H F ^ F 
H 

H F H 

(103.) (110) (111) (112) 

The o x i d a t i o n of these species provides a possible route to some h i g h l y 

f l u o r i n a t e d r a d i c a l cations, which have not previously been studied. Also, 

the presence of f l u o r i n e as a 'blocking 1 substituent g r e a t l y l i m i t s the 

possible follow-up reactions and so i s also of relevance to the study of 

anisole d e r i v a t i v e s i n general. 
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1. Anisoles Containing fling Hydrogen 

The compounds (110). ( i l l ) and (112) a l l contain r i n g hydrogen, making 

possible the kind of oxidative coupling r e a c t i o n described on p. 6 5 . 

Oxidation of 2 , 3 , 5 , 6 - t e t r a f l u o r o a n i s o l e (110) and 2 , 3 , 6 - t r i f l u o r o a n i s o l e 

(112) gave the corresponding dimers (113) and (114)» 

OMe 

+ 2.4V ¥ 

0 .50 electrons/molecule MeO-(\ F / ) - — ( \ F />—OMe 

(Ui) 
65% Current E f f i c i e n c y 

OMe 

+ 2.1V 
0 .50 electrons/molecule * W"V /H\ P yV-Ola 

H H 

(111) 
26% Current E f f i c i e n c y 

Dimerisation of (110) can only occur through the 4-position and the 

st r u c t u r e of the product (113) was e a s i l y confirmed by the presence of 
19 

only two, equally-sized F signals i n i t s n.m.r. spectrum. Coupling of 

compound (112) might lead t o several d i f f e r e n t dimers but the product 

was confirmed as ex c l u s i v e l y (114) by comparison of i t s n.m.r. and i . r . 
115 

spectra w i t h those of an authentic sample. This r e s u l t , t h e r e f o r e , 

agrees w i t h the coupling e x c l u s i v e l y para to the methoxy-group, observed 

i n hydrocarbon systems, (see p.66) . 

Oxidation of 2 , 4 , 5 - t r i f l u o r o a n i s o l e ( i l l ) . which has no para-hydrogen, 

gave no dimer, again i n agreement w i t h r e s u l t s from simple anisole 

d e r i v a t i v e s . 

A high y i e l d of (113) was obtained using a c e t o n i t r i l e as the solvent, 

without the necessity of using a methylene c h l o r i d e / t r i f l u o r o a c e t i c acid 
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mixture. I t was thought t h a t the ortho f l u o r i n e s i n (113) might prevent 

coplan a r i t y of the two rings and raise the o x i d a t i o n p o t e n t i a l above th a t 

of the anisole d e r i v a t i v e ( l l O ) . I t i s known that i f conjugation between 

the r i n g s of biphenyl d e r i v a t i v e s of t h i s type i s i n h i b i t e d by bulky 

s u b s t i t u e n t s , the o x i d a t i o n p o t e n t i a l i s r a i s e d 1 1 ^ and the angle between 

the rings of decafluorobiphenyl has been calculated as 5 0 ° from n.m.r. 

measurements. The u l t r a - v i o l e t spectrum of (113) was compared w i t h that 

of ( 1 1 0 ). which shows absorptions i n cyclohexane s o l u t i o n at 264nm (& 630) 

and 219 (& 5 , 3 0 0 ) . The dimer has an intense new absorption at 244nm 

(g. 18 , 3 0 0 ) , c l e a r l y demonstrating that there i s a large amount of 

conjugation between the r i n g s , (see p . 4 l ) . I t seems, therefore, t h a t (113) 

should i t s e l f be oxidisable at the p o t e n t i a l used. The large y i e l d of (113) 

obtained may mean that i t s r a d i c a l c a t i o n i s stable i n a c e t o n i t r i l e and 

does not undergo any of the processes a t t r i b u t e d to the r a d i c a l cations 

of the dimers of simple anisole d e r i v a t i v e s on p.65. Another p o s s i b i l i t y 

i s t h a t (113) i s not adsorbed onto the anode as r e a d i l y as ( 1 1 0 ). making 

i t s o x i d ation more d i f f i c u l t . 

The y i e l d of hexafluoro - 2 , 2'-dihydro - 4 , 4 ,-dimethoxybiphenyl (114.) was 

much less and t h i s i s probably due to a decrease i n s t a b i l i t y of i t s 

r a d i c a l c a t i o n . This i s most l i k e l y a t t r i b u t a b l e to the presence of two 

hydrogen atoms, allo w i n g anodic s u b s t i t u t i o n reactions such as 

hydroxylation and acetamidation to take place. I t i s u n l i k e l y t h a t f u r t h e r 

coupling takes place, as the hydrogen atoms are not para to methoxy groups. 

2 . Pentafluoroanisole (109) 

I n pentafluoroanisole (109) the p o s i t i o n para to the methoxy group i s 

blocked by a f l u o r i n e atom. As might be expected, therefore, when i t was 

oxidised at + 2.4V no coupled product was formed. The i d e n t i t y of the 

products, however, was undetermined. These consisted of a h i g h - b o i l i n g red 

l i q u i d , containing more than one component, which behaved rather strangely 
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on g . l . c . at high temperature, w i t h peaks appearing and disappearing as 

the conditions were changed. When the components were 'separated' by 

preparative g . l . c . a mixture was obtained. I t seems l i k e l y , t h e r e f o r e , 

t h a t unstable species were present, decomposing on the column. G.l.c, 

w i t h mass spectroscopy gave evidence f o r the presence of two components 

w i t h parent peaks at 184, which could be explained by species such as 

pentafluorophenol (115) and ( 1 1 6 ) , but these may have re s u l t e d from 

decomposition i n the mass spectrometer. There was no obvious explanation 

f o r a component w i t h a parent peak at 217, which must e i t h e r have 

res u l t e d from decomposition or contain n i t r o g e n but no simple 

acetamidation product has t h i s mass. 

V.C ATTEMPTED ACETOXYLATIONS 

As was explained on p.70, nuclear acetoxylation requires the presence 

of acetate i o n and the d e r i v a t i v e s i n v e s t i g a t e d here had no a l k y l side-

chains. An acetic acid/sodium acetate solvent system could not be used, 

however, as the c e l l resistance became so high that the p o t e n t i o s t a t could 

not reach the necessary oxidation p o t e n t i a l s . When an a c e t o n i t r i l e / a c e t i c 

acid mixture containing sodium acetate was used, i t was found t o be 

oxidised i t s e l f a t the p o t e n t i a l s necessary. For t h i s reason, most of the 

reactions were performed i n an a c e t o n i t r i l e / a c e t i c acid mixture, 

containing tetraethylammonium fluoroborate as the e l e c t r o l y t e . 

1. Pentafluoroanisole (109) 

Pentafluoroanisole (109) was oxidised at + 2.4V i n a s o l u t i o n of 

tetraethylammonium fluoroborate i n a 3 » 1 mixture of a c e t o n i t r i l e and 

acetic a c i d . When 1.6 electrons/molecule were supplied the product was a 

OH 0 

(115) F 1 U6 
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viscous brown l i q u i d , which decomposed during molecular d i s t i l l a t i o n under 

reduced pressure, g i v i n g a v o l a t i l e product, which was pumped o f f , and an 

orange sublimate. The sublimate gave a yellow s o l i d on r e c r y s t a l l i s a t i o n , 

which decomposed i n the atmosphere and gave no s a t i s f a c t o r y elemental 

a n a l y s i s but had an n.m.r. spectrum c o n s i s t e n t with methoxytrifluoro-p-

benzoquinone ( 1 1 7 ) . 1 1 8 

CH, 

( i l l ) 

Assignment Chemical S h i f t v. CFC1. 

I43.5ppm 

152.7ppm 

Chemical S h i f t v. T.M.S. 

Doublet(J = 5Hz) 4.36ppm 

In t e g r a t i o n 

2 

118 L i t e r a t u r e 

144.9, 145.4ppm 

1 151.3ppm 

Literature" 1"^" 8 

Doublet ( J = 3«611z) 4.l6ppm 

A possible route to (117) would be v i a formation of the diacetoxy-

compound (119) and subsequent l o s s of a c e t y l f l u o r i d e : 

(102) 

(111) 
+ 2CH3COP 

OMe 

- e 
CH^COOH 

T+ - H 

Vacuum 
100°C 

OMe 

CHjCOO^. 
P 

(112) 

OMe 

CH..C00H -V 

OC0CH5 

- e 

OCOCH, 

I n i t i a l a t t a c k on the r a d i c a l c a t i o n (118) probably occurs i n the ortho 

p o s i t i o n , as i n the ace t o x y l a t i o n of a n i s o l e , but i n t h i s case there i s no 
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H to be displaced i n a s u b s t i t u t i o n r e a c t i o n so f u r t h e r oxidation occurs. 

This i s a two-electron process and the current e f f i c i e n c y f o r production 

of (117) was only 17%, calculated on t h i s basis. 

When (109) was oxidised under the same conditions and the r e a c t i o n 

mixture treated w i t h sodium carbonate to remove any trace of acetic a c i d , 

(117) was not obtained and the product was a yellow o i l . G.l.c. showed 

t h i s to contain a large number of components. I t d i d not decompose on 

heating under vacuum but molecularly d i s t i l l e d . I t s mass spectrum showed 

peaks at high masses, which could not be i d e n t i f i e d , and a large peak at 

43» suggesting the presence of acetate groups. I t appears t h a t any (118) 

present must be attacked by the basic sodium carbonate s o l u t i o n but i t i s 

not known what the products are. 

2. 2.3.5.6-Tetrafluoroanisole (110) 

Compound (110) was also oxidised i n the medium used above at + 2.4V 

and the r e a c t i o n mixture n e u t r a l i s e d . The product was a multi-component 

yellow o i l s i m i l a r to that above, except that i t decomposed during 

molecular d i s t i l l a t i o n under reduced pressure, l e a v i n g only a t a r on the 

cold f i n g e r . 

This compound was also oxidised i n a solvent system s i m i l a r to that 

above but, i n a d d i t i o n , saturated w i t h sodium acetate. This was i t s e l f 

discharged at + 2.4V, however, and there was no increase i n current on 

adding ( l l O ) . The product was an o i l s i m i l a r to t h a t above, the only 

apparent difference being i t s orange colour. 
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INSTRUMENTATION 

I n f r a - r e d s p e c t r a were recorded on Perkin-Elmer Model 457 or 577 

'Grating I n f r a - r e d Spectrophotometers'. S o l i d samples were pressed into 

homogeneous thin, d i s c s with potassium bromide. L i q u i d s and low melting 

point s o l i d s were recorded as contact f i l m s between potassium bromide 

p l a t e s . Gaseous samples were recorded i n gas c e l l s with potassium bromide 

windows. 

U l t r a - v i o l e t s p e c t r a were recorded on a Unlearn S.P.8000 or a Beckmann 

Model 25 spectrophotometer. 

Mass s p e c t r a were recorded on A.E.I. M.S.9 spectrometer or a V.G. 

Micromass 12B; l i n k e d with a Pye 104 gas chromatograph. 

Hydrogen (*H) nuclear magnetic resonance spectra were recorded on a 

Varian A56/60D spectrometer, operating a t 60.0 MHz, with an ambient 

probe temperature of 40°C. Chemical s h i f t s are quoted i n ppm r e l a t i v e to 

T.M.S., downfield s h i f t s being p o s i t i v e . 

F l u o r i n e ( ^ F ) n.m.r. sp e c t r a were recorded on the Varian A56/60D, 

operating a t 5^.4 MHz, or a Bruker HX90E operating a t 84.67 MHz, with an 

ambient probe temperature of 22°C. Chemical s h i f t s are quoted r e l a t i v e to 

CF&2* u p f i e l d s h i f t s being p o s i t i v e . A v a r i a b l e temperature f a c i l i t y 

was a v a i l a b l e on the Varian instrument. 

Carbon ( ^ C ) n.m.r. spe c t r a were recorded on the Bruker HX90E with a 

F o u r i e r Transform f a c i l i t y . S h i f t s are quoted r e l a t i v e to n a t u r a l 

abundance T.M.S., downfield s h i f t s being p o s i t i v e . 

Quantitative gas l i q u i d chromatographic a n a l y s i s ( g . l . c . ) was c a r r i e d 

out on a G r i f f i n and George D6 Gas Density Balance (G.fl.B.) or a Varian 

Aerograph 920 G.D.B. For these instruments, when c o r r e c t l y standardised, 

the number of moles of any compound i n a mixture i s proportional to i t s 
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peak area. Columns used were packed with 30% s i l i c o n e gum rubber SE-30 

(column 0); 20% d i - i s o d e c y l p h t h a i a t e (column A); 17% 2-cyanoethylmethyl-

s i l i c o n e (column Z ) ; or 30% trixylenylphosphate (column T ) ; a l l on a 

support of Chromosorb F. Preparative s c a l e g . l . c . was performed on 

V a r i a n Aerograph 920 or 'Autoprep* instruments* or a Perkin-Elmer F21, 

usin g the above columns. 

Carbon, nitrogen and hydrogen analyses were obtained using a Perkin-Elmer 

240 Elemental Analyser. A n a l y s i s f o r halogens was c a r r i e d out as described 
119 

i n the l i t e r a t u r e . 

Melting points and b o i l i n g points were determined a t atmospheric 

pressure and are uncorrected. B o i l i n g points were recorded by the 

Siwoloboff method or during f r a c t i o n a l d i s t i l l a t i o n . 
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CHAPTER VI 

EXPERIMENTAL FOR CHAPTER I I I 

VI.A REAGENTS 

Pentachloropyridine was obtained from I . C . I , and pentafluoropyridine 
1 2 0 

was prepared from i t by t e c h n i c a l s t a f f , by published routes. w Other 

pyridine d e r i v a t i v e s were prepared by published routes, or donated by 

other members of t h i s laboratory. 

Limethylformamide (D.M.F.) was p u r i f i e d by f r a c t i o n a l vacuum d i s t i l l a t i o n 

(66mm, ca. 79°C) from f i r s t l y anhydrous sodium carbonate and secondly 

dry molecular s i e v e (type 4A). Sulpholane was f r a c t i o n a l l y d i s t i l l e d 

twice under vacuum. A c e t o n i t r i l e was repeatedly d i s t i l l e d from phosphorus 

pentoxide. A l l three were stored over dry molecular s i e v e (type 4A) a t 

room temperature, under an atmosphere of dry nitrogen. 

Tetraethylammonium fluoroborate was prepared simply by mixing hot, 

saturated, aqueous s o l u t i o n s of tetraethylammonium bromide and sodium 

fluoroborate and allowing to cool. The s o l i d was f i l t e r e d o ff and 

re c r y s t a l U s e d from aqueous methanol, u n t i l no r e s i d u a l bromide could be 

detected using s i l v e r n i t r a t e s o l u t i o n . I t was dried by a l t e r n a t e l y 

heating to 150°C under vacuum and crushing to a f i n e powder, and stored 

under nitrogen. 

Mercury was doubly d i s t i l l e d . 

VI.B PREPARATIVE REDUCTIONS 

1. General 

( a ) Electrochemical C e l l s 

Unless otherwise s t a t e d , preparative s c a l e reductions were performed 

i n an ' H - c e l l ' of the design shown i n Figure VI.1. This had a mercury pool 

cathode of approximately 3*5cm diameter, and a f l a t platinum sheet anode 
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Fjgure VI.1 The H-Cell. 
Platinum Nitrogen Platinum. 0: Connection 

S • C *E. Out Connection I n Outlet . ,1 t y Nitrogen Nylon I n l e t L i d s 

KB 

Mercury Magnetic Glass S i n t e r Platinum 
Cathode Follower Anode 

approximately 3cra square. The reference electrode was a Pye-Unicam 303NS 

saturated calomel electrode, protected from the s o l u t i o n by a b u i l t - i n 

s i n t e r , which was immersed d i r e c t l y i n the c e l l with the t i p c l o s e to the 

cathode. When f i l l e d to the l e v e l normally used, the c e l l held 170 mis of 

s o l u t i o n , with approximately 80 mis i n the cathode compartment. 

A l a r g e r two-compartment c e l l was a l s o a v a i l a b l e , with the anode 

compartment above the cathode compartment, so that the 11cm diameter 

mercury cathode and 7cm square platinum anode were p a r a l l e l . T h i s held 

approximately 400 mis of s o l u t i o n , most being i n the cathode compartment. 

(b) P o t e n t i o s t a t 

The p o t e n t i o s t a t used was a custom b u i l t model loaned by the E l e c t r i c i t y 

C ouncil, incorporating a D.C.300 watt a m p l i f i e r . This had two channels, 

which could be used independently. Figure VI.2 shows a diagramatic 

r e p r e s e n t a t i o n of the con t r o l s and wi r i n g involved i n using channel 1. 
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Figure VI.2 Wiring f o r reductions using Channel 1. 

CHANNEL 1 CHANNEL 2 0 0 OFF | | | ON 

ON REF W.E. 

/ON \ V K»A \^ \^ mA ON 
AMP FA S.E. 100V 

R 10V 

SET REF V 

A O 
A 

CATHODE 
SaC «E. 

An i d e n t i c a l s e t of con t r o l s i s present f o r channel 2. 

To operate the po t e n t i o s t a t i t i s f i r s t switched on at the main on/off 

switch a t the top of the instrument and the switch marked 'ON AMP*. The 

fan i s switched on and the d i a l s marked * CHANNEL 1« and 'CHANNEL 2' 

turned f u l l y clockwise. The p o t e n t i o s t a t i s then allowed to warm up f o r 
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15 minutes. 

The working electrode ( i n t h i s case the cathode) i s connected to the 

terminal marked 'W.E.1 and the reference to 'REP'. A voltmeter i s 

connected between the two fo r measuring the p o t e n t i a l between them. A 

Fluke 8000A d i g i t a l multimeter was used f o r t h i s purpose. The a u x i l i a r y 

electrode i s connected, v i a an ammeter, to 'S.E.'. The ammeter measures 

the current through the c e l l . To perform reductions the switch marked 

with *+* and *-' must be s e t to the •+• p o s i t i o n . 

With a s o l u t i o n i n the c e l l , the f i n a l 'ON' switch to the l e f t of the 

•REF' and 'W.E.* terminals can be turned on. This must never be on with 

the c i r c u i t broken or the p o t e n t i o s t a t may be damaged. The p o t e n t i a l of 

the working electrode r e l a t i v e to the reference can now be s e t using the 

d i a l marked 'SET. REF. V.' 

The voltmeter on the f r o n t of the instrument measures the t o t a l voltage 

across the c e l l , and i t s f u l l s c a l e d e f l e c t i o n i s e i t h e r 10 or 100V, 

depending on the p o s i t i o n of the switch below i t . At a voltage of about 

50V the p o t e n t i o s t a t s t a r t s to l o s e control of the working electrode 

p o t e n t i a l . The ammeter on the p o t e n t i o s t a t measures some i n t e r n a l current 

reading and i s unimportant. 

( c ) Experimental Procedure 

The H - c e l l was f i l l e d with 170ml of solvent containing t e t r a e t h y l -

ammonium fluoroborate (T.E.A.F.) e l e c t r o l y t e . Various weights of 

e l e c t r o l y t e were used between 6g (0.16M) and 12g (0.32M). The amount did 

not appear to a f f e c t the r e a c t i o n s , so gener a l l y 6g was used. The s o l u t i o n 

was deoxygenated by bubbling dry nitrogen through the c e l l . A p o t e n t i a l 

sweep was then performed by noting the current a t 0.1V i n t e r v a l s down to 

the l i m i t i n g cathode p o t e n t i a l . 

The substrate (2-6g) was then added to the cathode compartment 
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Fjgure VI.5 Current/potential Curves. 
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and the sweep repeated. Representative c u r r e n t / p o t e n t i a l curves obtained 

with and without added substrate are shown i n Figure VI.3 f o r 

pentachloropyridine. From these a p o t e n t i a l was chosen with negligable 

background current and a current due to the substrate of 100 to 400mA. 

The e l e c t r o l y s i s was performed with the cathode p o t e n t i a l c o n t r o l l e d a t 

t h i s value. When necessary the c e l l was cooled i n a water bath a t room 

temperature. The amount of charge passed was followed g r a p h i c a l l y and the 

re a c t i o n stopped a f t e r a s u i t a b l e amount had passed. 

2. Reduction of Pentafluoropyridine and Related Compounds 

(a) Pentafluoropyridine (53) 

( i ) I n D.M.F. 

The d e t a i l s of a number of reductions, performed a t -1.80V (v. S.C.E.) 

on a mercury cathode, are summarised i n Table VI.1, o v e r l e a f . The 

experimental method was as described above. Three d i f f e r e n t work-up 

methods were employed: 

Method 1 A l l v o l a t i l e s , i n c l u d i n g D.M.F., were removed by transference 

under vacuum int o a cold trap. A white sublimate A c o l l e c t e d i n the 

t r a n s f e r arm. The i n v o l a t i l e residue was extracted with methylene c h l o r i d e , 

washed w e l l , dried (MgSO^), and the solvent d i s t i l l e d o f f . Sublimation 

of the residue under reduced pressure (0.05mm, 50°C) gave more A and l e f t 

a t a r r y r e sidue, which gave no f u r t h e r sublimate a t up to l60°C. The 

residue was shown by t h i n l a y e r chromatography, using toluene as eluent, 

to be a multicomponent mixture. 

The o r i g i n a l v o l a t i l e s were i n v e s t i g a t e d by g . l . c . ( c o l . 0, 150°C) to 

determine the amount of unreduced pentafluoropyridine ( 5 3 ) . 

The sublimate A was i d e n t i f i e d as oc t a f l u o r o - 4 f 4 ' - b i p y r i d y l ( 5 6 ) , by 
19 

comparison of i t s F n.m.r. and i n f r a - r e d spectra with those of an 

authentic sample. 7 5 \ (cyclohexane) 222nm (fe 8,500), 281nm (e 8,200); 

n.m.r. spectrum No.l; i . r . spectrum No.l. 
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Table VI. 1 R e s u l t s of reductions of pentafluoropyridine (jjj£) i n D.M.F. 

I n i t i a l Charge Passed Work-up Ma t e r i a l Recovered Current 

"ST P a r a d a y s e/ m o l e<^ e M e t h ° d (51) T a r B i p y r i d y l ff^^™* 

2.52g 0.0131 0.88 1 0.75g 0.98g 0.24g 12% 

6.19g 0.0066 0.18 1 4.69g 0.41g 0.52g 52% 

2.50g 0.0070 0.47 2 0.31g 0.17g 0.29g 28% 

11.08g O.OO93 0.14 2 9.57g 0.55g 0.50g 36% 

2.65g O.OI35 0.86 3 0 . 4 I g 0.85g 0.80g 49% 

N.B. The current e f f i c i e n c y f o r the production of ( £ 6 ) was c a l c u l a t e d on 
the b a s i s of two el e c t r o n s being required f o r the production of one 
molecule of ( 5 6 ). (see Chapter 1, p.8). 

Using t h i s method, some of the b i p y r i d y l (^6) t r a n s f e r r e d with the 

v o l a t i l e s and was not recovered. 

Method 2 The amount of (53) remaining was determined by g . l . c . and the 

r e a c t i o n mixture then added to a large excess of water. This was then 

extracted thoroughly with methylene chlo r i d e and the organic phase 

washed w e l l , d r i e d and the solvent d i s t i l l e d o f f . F i n a l l y sublimation 

under reduced pressure y i e l d e d the b i p y r i d y l ( 5 6 ) . 

This method was plagued by the tendancy of the r e a c t i o n mixture to 

form emulsions on d i l u t i o n with water, and a l s o the large volumes of water 

necessary to achieve separation. 

Method 3 The r e a c t i o n mixture was d i s t i l l e d under reduced pressure 

(42mm, 68°C) and the d i s t i l l a t e i n v e s t i g a t e d by g . l . c . to determine the 

amount of unreduced (,5J£). The residue was added to methylene c h l o r i d e , 

washed w e l l , d r i e d and the solvent d i s t i l l e d o f f . Sublimation of the 

residue y i e l d e d the b i p y r i d y l ( 5 6 ) . 
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This method was only used on one occasion but the y i e l d obtained 

a f t e r passage of a l o t of charge suggests i t might be the most e f f i c i e n t . 

( i i ) I n Sulpholane 

Pentafluoropyridine ( ^ ) (2.56g, 15«1 m.moles) was reduced a t -1.80V 

on a mercury cathode, i n a s o l u t i o n of T.E.A.F. (6g) i n sulpholane (170ml). 

0.0108 Faradays of charge were passed (0.71 electrons/molecule). The 

re a c t i o n mixture was f l a s h d i s t i l l e d twice a t 90°C under vacuum, to 

remove v o l a t i l e components from the sulpholane. These were then pumped 

gently to remove unreacted (_5_3_) and sublimation of the residue (0.05mm, 

50°C) yi e l d e d the b i p y r i d y l (£6) (0.78g, 48% C.E.), 

( i i i ) I n A c e t o n i t r i l e 

Pentafluoropyridine (£3_) (2.27g, 13.4 m.moles) was reduced a t -1.80V 

i n a s o l u t i o n of T.E.A.F. (6g) i n a c e t o n i t r i l e (170ml). The current was 

very e r r a t i c , and a t times the p o t e n t i o s t a t l o s t control of the cathode 

p o t e n t i a l . A f t e r passage of an unknown quantity of e l e c t r i c i t y , the 

a c e t o n i t r i l e was d i s t i l l e d off and the residue washed w e l l with water 

and f i l t e r e d , g i v i n g a black s o l i d (l.70g). On sublimation under reduced 

pressure (0.05mm) a t up to 200°C, t h i s y i e l d e d no m a t e r i a l . T . l . c . i n 

toluene showed i t to be a multicomponent mixture. 

( i v ) I n D.M.F. Containing Hydroquinone 

Pentafluoropyridine (.5J.) (7.52g, 44.5 m.moles) was reduced a t -2.40V 

i n a s o l u t i o n of T.E.A.F. (6g) i n D.M.F. (170ml), with hydroquinone 

(2.66g, 24.2 m.moles) d i s s o l v e d i n the cathode compartment. 0.0180 

Faradays of e l e c t r i c i t y were passed (0.40 electrons/molecule of (53 ) ) . 

The r e a c t i o n mixture was f r a c t i o n a t e d under reduced pressure and the 

f i r s t f r a c t i o n shown by g.I.e./mass spectroscopy ( c o l . 0 , 90°C) to contain 

a compound l a t e r i d e n t i f i e d as 4-H-tetrafluoropyridine ( 6 l ) (o.63g, 

46% C.E., assuming 2 e l e c t r o n s required/molecule of ( 6 l ) ) . This was 
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separated by preparative g . l . c . and i d e n t i f i e d by comparison of i t s y F 

n.m.r. and i n f r a - r e d s p e c t r a those of an authentic sample,^ (n.m.r. 

spectrum No.2; i . r . spectrum No.2). 

The residue from the f r a c t i o n a t i o n was added to methylene c h l o r i d e , 

washed, dried and the solv e n t d i s t i l l e d o f f . Sublimation of the residue 

under reduced pressure (0.05mm, 50°C) y i e l d e d no b i p y r i d y l ( 5 6 ) . 

(v ) I n D.M.F. Saturated with Carbon Dioxide 

The c e l l was f i l l e d with a s o l u t i o n of T.E.A.F. ( I 2 g ) i n D.M.F. (170ml), 

which was then deoxygenated by bubbling dry nitrogen. This was then 

replaced with a stream of dry carbon dioxide f o r h a l f an hour before 

commencing the reduction. Pentafluoropyridine (53) (3«54gf 20.9 m.moles) 

was added and reduced a t -1.80V, maintaining the flow of carbon dioxide 

a t a l l times. 0.0160 Faradays of charge were passed (0.77 e l e c t r o n s / 

molecule). The v o l a t i l e s were removed by transference under vacuum i n t o 

a cold trap, and the residue washed with water, f i l t e r e d and dr i e d i n a 

de s s i c a t o r to give a brown s o l i d A (l.25g) and an aqueous s o l u t i o n B. 

The s o l i d A was sublimed under reduced pressure (0.05mm, 80°C) to give 

the b i p y r i d y l (_5jS) (0.09g). Sublimation a t l60°C y i e l d e d no more 

m a t e r i a l . 

The aqueous s o l u t i o n B was a c i d i f i e d with n i t r i c a c i d and solv e n t 

e x t r a c t i o n with ether y i e l d e d only a small amount of a high boilng l i q u i d , 

i d e n t i f i e d as D.M.F. from i t s i.r.spectrum. 

The o r i g i n a l v o l a t i l e s from the catholyte were f r a c t i o n a t e d under 

reduced pressure (24mm, 57°C) and the e a r l y f r a c t i o n s were shown by g . l . c 

to contain (53) ( c a . 1.5g)« The residue was added to methylene c h l o r i d e , 

washed, dried (MgSO^) and the solvent d i s t i l l e d o f f . Sublimation under 

reduced pressure y i e l d e d more of the b i p y r i d y l (%6) (0.08g; Total 0.17gf 

7% C.E.). 
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(b) 4-Bromotetrafluoropyridine (59) i n D.M.F. 

4-Bromotetrafluoropyridine {^2.) (2.53gi 11.0 m.moles) was reduced a t 

-1.80V i n a s o l u t i o n of T.E.A.F. (6g) i n D.M.F. (170ml). 0.0118 Faradays 

were passed (1.07 electrons/molecule). The v o l a t i l e s were removed by 

d i s t i l l a t i o n under reduced pressure (42mm, 69°C). The e a r l y f r a c t i o n s 

were shown by g . l . c . with mass spectroscopy ( c o l . Z, 140°C) to contain 

t e t r a f l u o r o p y r i d i n e ( 6 l ) ( c a . 0,l6g, 18% C.E.). The residue was added to 

methylene c h l o r i d e , washed, dr i e d and the solvent d i s t i l l e d o f f . 

Sublimation under reduced pressure y i e l d e d a moist s o l i d sublimate, shown 

by n.m.r. to be mainly the b i p y r i d y l (_5_6) (0.10g, 6% C.E.), but 

contaminated with the s t a r t i n g m a t e r i a l ( 5 9 ) . 

( c ) 0ctafluoro-4.4'-bipyridyl (56) i n D.M.F. Saturated with Carbon Dioxide 

Octafluoro-4,4'-bipyridyl (^6) (2.81g, 9»36 m.moles) was reduced a t 

-1.20V i n a s o l u t i o n of T.E.A.F.(6g) i n D.M.F. (170ml) saturated with 

carbon dioxide, with carbon dioxide being continuously bubbled through 

the s o l u t i o n . 0.00732 Faradays of charge were passed (0*78 e l e c t r o n s / 

molecule). The deep turquoise-blue catholyte turned brown on exposure to 

the a i r . The v o l a t i l e s were removed by transference under vacuum i n t o a 

cold t rap, added to ether, washed thoroughly with water, d r i e d and the 

ether removed by d i s t i l l a t i o n . Sublimation under reduced pressure 

y i e l d e d (^6) (0.27g). 

The o r i g i n a l i n v o l a t i l e residue from the catholyte was added to water 

and extracted with methylene c h l o r i d e . Treatment of the organic phase as 

above y i e l d e d a f u r t h e r 0.49g of ( 5 6 ) . showing i m p u r i t i e s i n i t s i . r . 

spectrum which were not f u r t h e r i n v e s t i g a t e d ; and a t a r r y brown residue 

(0.52g). The aqueous phase was a c i d i f i e d and solvent e x t r a c t i o n y i e l d e d 

no a c i d i c products. 
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3. Reduction of Pentachloropvridine and Related Compounds 

(a) Pentachloropyridine (54) i n D.M.F* 

( i ) On a Mercury Cathode 

Pentachloropyridine (5«49g. 21.8 m.moles) was reduced a t -1.40V 

i n a s o l u t i o n of T.E.A.F. (6g) i n D.M.F. (l70ml).A purple colour was 

formed during the e l e c t r o l y s i s . 0.0107 Faradays of charge passed (0.49 

electrons/molecule). The solvent was removed from the catholye by 

transference under vacuum int o a cold trap. The residue was washed with 

water, and the i n s o l u b l e s o l i d washed with methylene c h l o r i d e to leave 

an i n s o l u b l e white s o l i d (0.59g ) t i d e n t i f i e d a f t e r r e c r y s t a l l i s a t i o n 

from D.M.F. as b i s - t e t r a c h l o r o p y r i d y l mercury (64J (17% C.E. assuming 

requirement of 2 electrons/molecule of (64)).m.p. ca.250°C with 

decomposition. (Founds C, 18.7; N, 4.3; C I , 45.2%; M + ( 2 0 2Hg, 3 5 C l ) , 63O; 

C 1 0 C l 8 H g K 2 r e q u i r e s C, 19.0; N, 4.4; C I , 44.9%; M, 630), i.r.spectrum 

No.3. 

The aqueous phase was extracted w e l l with methylene chlo r i d e and a l l 

of the methylene chlo r i d e e x t r a c t s combined, washed, dried,and the solvent 

removed by d i s t i l l a t i o n . Sublimation under reduced pressure (0.05mm) a t 

up to 140°C yi e l d e d s e v e r a l f r a c t i o n s of white s o l i d ( t o t a l s 3.50g), 

shown by g.l.c./mass spectroscopy ( c o l 0, 220°C), n.m.r. and i . r . 

spectroscopy to be mixtures of 4-H-tetrachloropyridine (63) ( t o t a l wt.s 

0.66g, 57% C.E. assuming 2 electrons/molecule) and unreduced (54) 

( t o t a l wt. s 2.84g). A sample of (£>3j from a d i f f e r e n t experiment was 

ch a r a c t e r i s e d as described l a t e r . Sublimation of the remaining residue 

a t 200°C y i e l d e d a s t i c k y orange s o l i d (0.22g), which could not be 

r e c r y s t a l l i s e d . I t s mass spectrum showed c l u s t e r s a t m / e 630, ( ( 6 4 ) ) ; 

428, ( C 1 0 N 2 C 1 8 ) ; 394, (C 1 0N 2C1 7H); and higher u n i d e n t i f i e d masses. 
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( i i ) On a Lead Cathode 

A piece of lead p l a t e , to be used as the cathode, was preconditioned 

by making i t a l t e r n a t e l y the cathode and the anode i n a s o l u t i o n of 

s u l p h u r i c a c i d . This was then washed and d r i e d , and used to reduce a 

s o l u t i o n of pentachloropyridine ( ^ ) (4g, 15.9 m.moles) i n T.B.A.F./D.M.F. 

a t -1.50V. There was some d i f f i c u l t y i n maintaining the current, due to 

the formation of an i n s o l u b l e f i l m on the l e a d . This was p e r i o d i c a l l y 

removed by b r i e f l y r e v e r s i n g the p o l a r i t y . The purple colour observed 

pre v i o u s l y again formed. 0.0138 Faradays of charge were passed (0.87 

electrons/molecule). The l e a d was covered i n a black f i l m and, a f t e r 

cleaning, was found to have decreased i n weight by 0.15g (0.7 m.moles). 

The solvent was removed from the catholyte by transference under 

vacuum i n t o a cold trap and the residue washed w e l l with water and dried 

i n a d e s s i c a t o r (p
2°5^ t o S i v e a brown s o l i d (3.11g), almost e n t i r e l y 

soluble i n methylene c h l o r i d e . Sublimation under reduced pressure (0.05mm, 

80°C) gave a white s o l i d (2.29g), shown by g . l . c . ( c o l . 0, 220°C) to be 

a mixture of unchanged (54.) and t e t r a c h l o r o p y r i d i n e (6^) ( c a . 0.23g, 

15% C.E.). Sublimation a t 175°C over s e v e r a l days y i e l d e d a yellow s o l i d , 

i d e n t i f i e d as octachloro-4,4'-bipyridyl (65J (0.26g, 9% C.E.), m.p. (from 

CC1 4) 218-220°C ( l i t . 1 2 1 221-222°C). (Found: C, 27.6; N, 6.1; C I , 65.2%; 

M + ( 3 5 C l ) , 428; C 1 0 C 1 8 N 2 r e q u i r e s C, 27.8; N, 6.5; C I , 65.7%; M, 428). 

X (cyclohexane) 236nm (e 23,400), 300nm (e 11,800); i.r.spectrum No.4; 
ITl£L3C 

1 3 C n.m.r. spectrum No.3. 

An i n t r a c t i b l e brown t a r (l.30g) remained as the sublimation r e s i d u e . 

N.B. Preparation of Octachloro-4.4'-bipyridyl (65) 

An uncharacterised mixture of polychlorinated 4 , 4 * - b i p y r i d y l s supplied 

by I . C . I . Mond D i v i s i o n (6.79g) was mixed with phosphorus pentachloride 

(80g) and sealed i n a n i c k e l - l i n e d autoclave (500ml). S i l v e r washers were 
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used i n an attempt to avoid leakages previously experienced using copper. 

This was heated to 300°C and kept a t that temperature f o r 7 hours. I t was 

then allowed to cool and vented i n a fume cupboard, when i t became 

evident that the autoclave had leaked. Nevertheless, e x t r a c t i o n with 

methylene chloride and i c e d water, followed by separation of the organic 

phase, drying, and d i s t i l l a t i o n of the solvent, y i e l d e d a pale brown 

s o l i d with i d e n t i c a l i . r . and mass s p e c t r a to the octachloro-4,4'-bipyridyl 

(65) obtained previously (l.57g). 

( i i i ) On a Platinum Cathode 

A piece of t h i n platinum sheet i d e n t i c a l with the anode was used as 

the cathode. Pentachloropyridine (54) (4.06g, 16.2m.moles) was reduced 

a t -2.0V i n a s o l u t i o n of T.E.A.F. (l2g) i n D.M.F. (170ml). The p o t e n t i a l 

used was more negative than previously due to an i n a b i l i t y to obtain a 

reasonable current at lower p o t e n t i a l s . I t was probably i n e r r o r due to 

the l a r g e gap between the S.C.E. and the cathode s u r f a c e . The normal 

purple colour formed during the e l e c t r o l y s i s . 0.0160 Faradays of charge 

was passed (0.99 electrons/molecule). The catholyte was added to a l a r g e 

excess of water and extracted with methylene c h l o r i d e . The e x t r a c t s were 

washed, d r i e d , and the s o l v e n t d i s t i l l e d o f f . Sublimation of the residue 

under reduced pressure (0.05mm, 80°C) y i e l d e d a white sublimate (1.72g), 

shown by g.l.c./mass spectroscopy to contain mainly unreacted (54) and 

the t e t r a c h l o r o p y r i d i n e (63J ( c a . 0.64g, 37% C E . ) with a trace of a 

t r i c h l o r o p y r i d i n e (M +, 181) a t lower r e t e n t i o n time. A t a r r y residue 

remained (0.4&g). 

(b) Reductions i n the Presence of Carbon Dioxide 

( i ) Pentachloropyridine (54) 

This r e a c t i o n was performed on s e v e r a l occasions, and some r e s u l t s 
j 

are summarised i n Table VI.2. The experimental procedure was the same i n 
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Table VI.2 
Products Decarboxylation Products 3 , 

Weight (51) C 5NC1 4H C 5NC1 4H C ^ - C ^ l l 
I n i t i a l F i n a l e/mol. Wt. C.E. Wt. Wt. C.E. Wt. C.E. 

2.11g 0.79g 1.12 0.02g 2% 0.95g 0.06g 6% 0.40g 43% 

10.Og 5.01g 1.00 0.51g 12% 3.90g 0.50g 11% 1.97g 50% 

10.Og 0.98g 1.90 1.02g 12% 6.52g 1.49g 18% 2.6lg 35% 

a t The weights of the decarboxylation products are extrapolated from those 
obtained from a small sample of the a c i d mixture. The current 
e f f i c i e n c i e s assume 2 electrons/molecule of C^NCl^H and 4 e l e c t r o n s / 
molecule of CCNC1-CCNC1..H. 

every case, so only one run i s described i n d e t a i l . Reductions on lOg of 

(54) were performed i n the la r g e 400ml c e l l , a n d on 2.11g i n the normal 

H - c e l l . 

Pentachloropyridine (lO.Og, 39«8 m.moles) was reduced a t -1.30V i n a 

s o l u t i o n of T.E.A.F. (20g) i n D.M.F. (400ml) saturated with carbon dioxide. 

Carbon dioxide was bubbled continuously through the c e l l during the 

e l e c t r o l y s i s . No colour formed during the r e a c t i o n . 0.0398 Faradays of 

e l e c t r i c i t y was passed ( l . O electrons/molecule). The v o l a t i l e s were 

removed from the catholyte by transference under vacuum i n t o a cold trap, 

l e a v i n g an i n v o l a t i l e s o l i d A. The v o l a t i l e s were then f r a c t i o n a l l y 

d i s t i l l e d under reduced pressure and the residue from t h i s d i s t i l l a t i o n 

was added to water and extracted with methylene c h l o r i d e . A f t e r washing, 

drying, and d i s t i l l i n g off the sol v e n t , the r e s i d u a l s o l i d was sublimed 

under reduced pressure (0.05mm, 80°C) to give a white sublimate (0.27g)i 

shown by g . l . c . to contain and 4-H-tetrachloropyridine ( 6 3 ) . 

The i n v o l a t i l e s o l i d A was added to water and f i l t e r e d to give a white 

s o l i d (5»76g) which gave another mixture of (54) and (63_) on sublimation 
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under reduced pressure. Sublimation a t up to 180°C y i e l d e d no f u r t h e r 

m a t e r i a l . The combined sublimate was shown by g . l . c . to contain 

approximately 5.01g of and 0.52g of (6^) (12% C.E.). 

The aqueous phase from A was a c i d i f i e d with hydrochloric a c i d and a 

white s o l i d B (3»57g) f i l t e r e d o f f . Concentration of the aqueous phase 

y i e l d e d more B (0.33g). B showed a strong i . r . absorption a t I690 cm"̂ " 

(C=0), but no large 0-H absorption. I t s mass spectrum showed l a r g e peaks 

at m / e 394 (C^NgCl^H), and 215 (CjNCl^H) due to decarboxylation of the 

corresponding a c i d s i n the mass spectrometer, with a very l a r g e peak at 

44 (COg). B was only s l i g h t l y soluble i n water, g i v i n g an a c i d i c s o l u t i o n . 

R e c r y s t a l l i s a t i o n from water gave various f r a c t i o n s , a l l with s l i g h t l y 

d i f f e r i n g i . r . s p e c t r a . I t d i s s o l v e d r e a d i l y i n sodium hydroxide s o l u t i o n 

and was p r e c i p i t a t e d on r e a c i d i f i c a t i o n , with a s l i g h t l y changed i . r . 

spectrum. A sample of B (l.03g) was heated to 150°C under reduced pressure 

and a l a r g e amount of gas was evolved (presumably CQ^)• The remaining 

s o l i d was then f r a c t i o n a l l y sublimed under reduced pressure (0.05mm) to 

give J 

( i ) At 80°C } a white sublimate, i d e n t i f i e d as 4-H=tetrachloropyridine 

(63J (0.13g), m.p. 90-91°C (from pet. ether, 60-80°fraction), ( l i t . 8 5 

90.5-91.5°C; 3-fl-tetrachloropyridine, 37.5-38°C; 2-H-tetrachloropyridine, 

21-22°C). (Pound: C, 28.0; H, 0.2; N, 6.5; G l , 65.1%; M + ( 5 5 C l ) , 215; 

CKHC1.N req u i r e s C, 26.?; H, 0.5; N, 6.5; C I , 65.4%; M, 215). X m n v 

(cyclohexane) 233nm (e.12,600), 292nm (fe 6,700); i.r.spectrum No.5; n.m.r. 

spectrum No.4. 

( i i ) At 140°C ; a white sublimate, i d e n t i f i e d as a heptachlorobipyridyl 

(66) (0.52g), m.p. 171.5-173°C (from CC1 4), ( l i t . 8 4 3-H-heptachloro-

4,4'-'bipyridyl, 171-172°C). (Found: C, 30.5; H, 0.2; N, 7.4; C I , 62.8%; 

M + ( 3 5 C l ) , 394; C 1 ( )HC1 7N 2 r e q u i r e s C, 30.2; H, 0.3; N, 7.1, C I , 62.5%; 

M, 394). X (cyclohexane) 232nm (e 22,600), 294nm (e 10,200); i . r . 
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spectrum No.6; n.m.r. spectrum No. 5* 

( i i i ) A brown s o l i d residue (0.27g), with an i . r . spectrum very s i m i l a r 

to tetraethy1ammonium c h l o r i d e . On washing w e l l with water, only 0.04g 

of i n s o l u b l e residue remained. 

The current e f f i c i e n c i e s f o r the production of (63) and (66) v i a the 

corresponding a c i d s , were c a l c u l a t e d assuming the consumption of 2 and 4 

electrons/molecule r e s p e c t i v e l y to be 11% and 50%. 

( i i ) Octachlgro-A.A'-bipyridyl (65) 

Octachloro-4,4'-bipyridyl (6jj>) (l.98g, 4*59 m.moles) was reduced a t 

-1.3V i n a s o l u t i o n of T.E.A.F. (6g) i n D.M.F. (170ml) saturated with 

carbon dioxide. The b i p y r i d y l (65J was not a l l i n s o l u t i o n i n i t i a l l y . 

The catholyte turned yellow/brown during the r e a c t i o n and most of the 

b i p y r i d y l d i s s o l v e d , O.OO694 Paradays of charge were passed (1.51 

electrons/molecule). The solve n t was removed by transference under 

vacuum i n t o a cold trap, and the residue shaken with water, f i l t e r e d , 

and d r i e d i n a d e s s i c a t o r (PgO,.), to give an off-white s o l i d (l.27g). 

Sublimation under reduced pressure (0.02mm) a t up to 185°C gave various 

yellow s o l i d s (0.84g), shown by t h e i r i . r , s p e c t r a to be (65) containing 

i m p u r i t i e s , which were not f u r t h e r i n v e s t i g a t e d . 

The aqueous phase was extracted with ether to remove r e s i d u a l D.M.F,, 

a c i d i f i e d with d i l . HNO^, and re - e x t r a c t e d . These e x t r a c t s were dr i e d 

(MgSO^) and the ether removed under vacuum to give an o i l y yellow s o l i d 

(0.43g). This was heated to 160°C under reduced pressure and no 

decarboxylation was observed. On sublimation under reduced pressure 

(0.05mm, 160°C) a c o l o u r l e s s l i q u i d was observed on the cold f i n g e r . 

The s o l i d residue was washed with a small amount of water and dr i e d 

(P 20g d e s s i c a t o r ) to give a brown residue (0.31g). This was then 

reheated to 160°C and f i n a l l y sublimed a t t h i s temperature under reduced 
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pressure to give a s t i c k y c o l o u r l e s s s o l i d (0.10g). This had an i . r . 

spectrum s i m i l a r to the a c i d mixture obtained from I t s mass 

spectrum showed peaks a t m/e 394 (C^QNgCl^H, small) and 360 (C^NgClgHg, 

l a r g e ) , r e s u l t i n g from decarboxylation i n the mass spectrometer; and 

very small peaks a t higher masses, probably due to the a c i d s . No 

decarboxylation was observed on b o i l i n g a s o l u t i o n of the mixture i n 

d i l u t e sodium hydroxide s o l u t i o n , and the s o l i d was r e p r e c i p i t a t e d on 

a c i d i f i c a t i o n . 

( i i i ) Hexachlorobenzene ( 7 l ) 

Hexachlorobenzene ( j l ) (2.60g, 9>13 m.moles) was reduced a t -1.60V 

i n a s o l u t i o n of T.E.A.F. (6g) i n D.M.F. (170ml) saturated with carbon 

dioxide. The substrate was only p a r t i a l l y d i s s o l v e d i n i t i a l l y and did 

not d i s s o l v e completely during the r e a c t i o n . 0.0147 Faradays were passed 

( l . 6 l electrons/molecule), with very l i t t l e , colour formation. The D.M.F. 

was removed from the catholyte by transference under vacuum int o a cold 

tra p . The residue was shaken with water to give a white s o l i d (0.63g)» 

i d e n t i f i e d as unchanged ( 7 l ) by i t s i.r.spectrum. A c i d i f i c a t i o n of the 

aqueous phase with HNÔ  gave a white s o l i d , which was dried i n a vacuum 

d e s s i c a t o r (p
2°5^ (°»77g)» This had a strong i . r . absorption a t 1732 cm""1, 

(C=0) and a broad 0-H absorption, c h a r a c t e r i s t i c of a c a r b o x y l i c a c i d . 

I t s mass spectrum showed l a r g e peaks a t m / e 248 (CgHCl^) and 214 (CgHgCl^), 

due to decarboxylation i n the mass spectrometer, with small peaks 

v i s i b l e due to the corresponding a c i d s a t 292 (CgCl^COOH) and 258 

(C^Cl.HC00H). A sample (0.44g) was decarboxylated by heating to 190°C b 4 
under reduced pressure and sublimation of the product a t t h i s 

temperature and 0.05mm pressure gave a white sublimate (0.32g) and a 

brown residue (0.06g). The sublimate was resublimed a t 55°C and gave 

0.31g of m a t e r i a l . 

The sublimate above was i n v e s t i g a t e d by g . l . c . ( c o l s . 0 and Z, 250°C), 
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which showed two components, i d e n t i f i e d by g.I.e./mass spectroscopy as 

pentachlorobenzene (22) (M +, 248) (69%; 20% C.E.) and tetrachlorobenzene 

(M +, 214) (31%; 21% C.E.). 1H n.m.r. i n CC1 4 showed three s i g n a l s a t 

7.46, 7*47 and 7*32 ppm r e l a t i v e to i n t e r n a l T.M.S. These were assigned 

to pentachlorobenzene (22)» 1,2,4,5-tetrachlorobenzene (2&) aLn^L 

1,2,3,5-tetrachlorobenzene (23.) r e s p e c t i v e l y , by comparison with 
86 

l i t e r a t u r e values. Accurate i n t e g r a t i o n was impossible due to the 

closeness of the f i r s t two peaks, but the r a t i o of the l a t t e r two smaller 

peaks was approximately 1 t 1 from t h e i r peak heights. 
( c ) Reduction of Pentaohloropyridine (54) i n the Presence of A l k y l Halides 

( i ) With Iodomethane 

Pentachloropyridine (4«0g» 15«9 m.moles) was reduced a t -1.20V 

on a mercury cathode, i n a s o l u t i o n of T.E.A.F. (6g) i n D.M.F. (170ml), 

with iodomethane (4*0g, 28.2 m.moles) d i s s o l v e d i n the cathode 

compartment. An orange colour was produced i n the catholyte during 

the reduction, and a white p r e c i p i t a t e . 0.0303 Faradays of charge were 

passed (1.90 electrons/molecule). The white s o l i d (2.10g) was f i l t e r e d 

from the catholyte and i d e n t i f i e d as tetraethylammonium iodide, by 

comparison of i t s i . r . spectrum with an authentic sample. The catholyte 

was concentrated by transference of the solvent i n t o a cold trap under 

vacuum, and a f u r t h e r 1.18g of the iodide f i l t e r e d o f f . The remainder of 

the solvent was removed as above and the residue extracted with water 

and methylene c h l o r i d e , l e a v i n g an inso l u b l e yellow s o l i d (0.42g), 
+ 202 

i d e n t i f i e d from i t s mass spectrum as mercuric iodide (M ( Hg), 456). 

The organic phase was washed w e l l , dried and the solv e n t d i s t i l l e d o f f , 

to leave a moist s o l i d ( l . 8 2 g ) . This was t r a n s f e r r e d under vacuum a t 60°C, 

to give 1 

( i ) A t r a n s f e r r e d l i q u i d (0.54g)t shown by g.I.e./mass spectroscopy 

( c o l . 0, 200°C) to contain mainly chloroform and 4-H-tetrachloropyridine 
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(_6ji), with a small amount of a t r i c h l o r o p y r i d i n e . 

( i i ) A s o l i d condensed i n the t r a n s f e r arm (0 . 4 7 g)i showing two components 

on g . l . c . ( c o l . 0, 200°C), i n the r a t i o 55 s 45* G.I.e./mass spectroscopy 

showed the f i r s t to be (6^) and the second to be a mixture, with parent 

peaks a t 249 ((54.)) and 229 (C^NC^CH^) of roughly equal s i z e . 

( i i i ) An i n v o l a t i l e brown residue (0»81g). Sublimation under reduced 

pressure (0.05mm) a t up to 160°C yi e l d e d only a trace of viscous l i q u i d . 

( i i ) With Benzyl Chloride 

Pentachloropyridine (4.12g, 16.4 m.moles) was reduced a t -1.20V on a 

mercury cathode, i n a s o l u t i o n of T.E.A.F. (6g) i n D.M.F. (170ml), with 

benzyl chloride (6.10g, 48.2 m.moles) d i s s o l v e d i n the cath o l y t e . 0.0173 

Faradays of charge were passed (1.06 electrons/molecule), and a purple 

colour formed i n the c a t h o l y t e . The D.M.F. was removed by transference 

under vacuum i n t o a cold trap, and the residue extracted with methylene 

c h l o r i d e , washed, dried,and the solvent d i s t i l l e d o f f , to give a brown 

l i q u i d (3.80g). This was shown by g . l . c . ( c o l . 0, 250°C) to contain 

methylene c h l o r i d e , benzyl c h l o r i d e , 4-H-tetrachloropyridine (63) and 

pentachloropyridine . This was transfered i n t o a cold trap under 

vacuum a t 60°G past a cold f i n g e r , to give: 

( i ) A transfered l i q u i d (2.0g), shown by g . l . c . to be mainly benzyl 

c h l o r i d e . 

( i i ) A white sublimate on the cold f i n g e r , shown by g . l . c . to be mainly 

(63) and ( ^ ) i n an approximate r a t i o of 56 % 44 ( l . l 2 g ; C.E. f o r 

production of (6j.) s 3496). 

( i i i ) A brown residue (0.68g), showing a la r g e number of i . r . s t r e t c h i n g 

frequencies, i n c l u d i n g aromatic s t r e t c h between 3004 and 3010 cm - 1. 

Sublimation a t up to 160°C under reduced pressure (0.05mm) yi e l d e d no 

m a t e r i a l . 
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VI.C VOLTAMMETRY 

1. Single-Sweep Voltammetry 

The single-sweep voltammetry and c y c l i c voltammetry at sweep r a t e s up 

to 100 mV/sec was performed on a Beckmann E l e c t r o s c a n 30 e l e c t r o a n a l y t i c a l 

instrument. The c e l l used was a m i c r o c e l l of approximately 2.5ml capacity 

(Figure VI.4 ) . The cathode and anode were p a r a l l e l c y l i n d r i c a l platinum 

wires of 0.5mm diameter, sealed i n g l a s s to maintain a constant c e l l 

geometry, with a separation of 2.5mm and exposed length of 20mm. The 

reference electrode was an S.C.E. with a side arm containing an agar/KCl 

s a l t bridge, which was immersed i n the c e l l with the t i p close to the 

cathode. The cathode p o t e n t i a l s r e l a t i v e to t h i s were checked using a 

Fluke 8000A D i g i t a l Multimeter. 

Figure VI.4 M i c r o - c e l l f o r Single-Sweep Voltammetry. 

Anode Cathode S.C.E. 

Nitrogen I n l e t 

Glass 
Sleeve 

I n l e t 

Agar/KCl 
Bridge 

Copper Copper 
Connection 

Saturated KC1 sol n . 

Mercurous and 
Potassium 
C I o r i d e s 

Mercury 

The s o l u t i o n s were 0.35M tetraethy1ammonium fluoroborate i n D.M.F., 

containing the substrate a t 4mM concentration. They were deoxygenated by 
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bubaling dry nitrogen through the c e l l f o r 10 to 15 minutes p r i o r to 

running the voltammograms, and t h i s was a l s o used to s t i r the s o l u t i o n s 

between sweeps. Voltammograms were recorded a t sweep r a t e s of 4, 10, 20, 

40, and 100mV/sec. 

Values obtained f o r the E P ^ ' S under i d e n t i c a l conditions were 

reproducible to - 0.02V. 

2. C y c l i c Voltammetry 

C y c l i c voltammetry a t higher sweep r a t e s was performed a t the E.C.R.C., 

Capenhurst. The c e l l used i s shown i n Figure VI.5 . 

Figure VI.5 C e l l f o r C y c l i c Voltammetry. 
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The c e l l had cathode and anode compartments separated by a g l a s s s i n t e r . 

The cathode was a platinum plate and anode a c o i l e d platinum wire. The 

reference electrode was a 3.8M KC1 calomel electrode ( p o t e n t i a l +244mV 

r e l a t i v e to the normal hydrogen electrode, c . f . +242mV f o r the S.C.E.). 

The anode compartment, bubblers, and left-hand arm of the s a l t bridge 

were f i l l e d with 0.35M T.E.A.F. i n D.M.F. The cathode compartment 

contained t h i s s o l u t i o n with an added lOmM concentration of s u b s t r a t e . 

The catholyte was deoxygenated with nitrogen, which was a l s o used to 

e f f e c t s t i r r i n g between runs. Voltammograms were run a t 1, 10, 50, 100, & 

200 mV/sec and 1 and 10 V/sec, by means of a fu n c t i o n generator coupled 

to a p o t e n t i o s t a t . They were recorded on a chart recorder, except f o r 

those a t over lOOmV/sec, when a cathode ray o s c i l l o s c o p e was used and the 

trac e s photographed. 

13 DEC 1978 
S f i l l O U 
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CHAPTER V I I 

EXPERIMENTAL FOR CHAPTER IV 

V I L A GENERAL 

1. Reagents 

Hexafluoropropene and octafluorobut-2-ene were obtained from B r i s t o l 

Organics L t d . Tetrafluoroethylene was prepared by vacuum p y r o l y s i s of 
122 

polytetrafluoroethylene at 580-600 C. The solvents and e l e c t r o l y t e were 

described on p.80. 

2. Apparatus 

The H - c e l l and instrumentation were described on p.80. I n addition, an 

undivided c e l l was a v a i l a b l e with a porous carbon cathode, through which 

the gas was bubbled in t o the c e l l . The anode was a piece of n i c k e l p l a t e . 

Connection between the cathode and the S.C.E. was made v i a a s a l t bridge 

with i t s t i p close to the cathode s u r f a c e . 

The gas to be reduced was frozen down into a trap cooled i n l i q u i d a i r , 

which was attached to a f o o t b a l l bladder s e r v i n g as a v a r i a b l e volume 

r e s e r v o i r . This was connected by a tap to a closed c i r c u i t , i ncorporating 

the cathode compartment of the c e l l used. On warming to room temperature, 

the gas was c i r c u l a t e d around t h i s by a p e r i s t a l t i c pump. The c i r c u i t 

included two traps on the ou t l e t from the c e l l , cooled i n an i c e / s a l t bath 

to prevent v o l a t i l e l i q u i d products from c i r c u l a t i n g with the gas. 

3. Experimental Procedure 

The general procedure was as described on p.83. The gas was c i r c u l a t e d 

through the c e l l f o r 30 minutes before performing a p o t e n t i a l sweep, i n 

order to produce a saturated s o l u t i o n , and a l s o c i r c u l a t e d continuously 

during the e l e c t r o l y s i s . The apparatus ased was only temporary and no 
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attempt was made to recover unreacted gas. The possible conversion was 

ca l c u l a t e d from the charge passed. 

A f t e r the r e a c t i o n any v o l a t i l e products were removed from the t r a p s . 

The v o l a t i l e s were removed from the catholyte by transference under 

vacuum into a cold trap and any D.M.F.-insoluble lower l a y e r separated. 

V I I . B REDUCTION OF HEXAFLUOROPROPENE 

1. I n D.M.F. 

(a) I n H - c e l l 

The reductions i n t h i s s e c t i o n were performed i n the H - c e l l on a 

mercury cathode. The solvent used was D.M.F. (170ml) containing T.E.A.F. 

(6 g ) . 

( i ) With 0.0155 Faradays 

Hexafluoropropene (9.1g, 60.6 m.moles) was reduced at -1.90V, with an 

i n i t i a l current of 270mA. The catholyte s t a r t e d turning cloudy and yellow 

immediately and became warm as no cooling bath was used. 0.0155 Faradays 

of charge were passed over a period of 2j$ hours, a f t e r which the 

catholyte was brown. This was enough charge to perform a 2-electrons/ 

molecule reduction on l . l 6 g of hexafluoropropene (44). 

The i c e / s a l t traps contained a mixture of v o l a t i l e fluorocarbons (0.92g). 

The t r a n s f e r r e d v o l a t i l e s from the catholyte y i e l d e d a f u r t h e r 0.34g as an 

insol u b l e lower l a y e r . G . l.c. with mass spectroscopy ( c o l . 0, 35°C) 

showed t h i s to be a mixture of C ^ F ^ (80) (M +, 300; 30% by wt.); CgF^H 

(86) (no M+ observed; M + - f l u o r i n e ( l 9 ) , 301; l e s s than 1% by wt.); 
G

9
F

1 8 (three peaks with M+ = 450, i n the r a t i o 9 s 32 : 59; t o t a l 

69% by wt.); C 1 2 F 2 0 (85a) (M +, 524; l e s s than 1% by wt.). Compounds (80) 

and ( 8 l ) were separated by preparative g . l . c . ( c o l . 0, room temp.). 

Compound (80) was shown by ^ F n.m.r. to be a mixture of the two dimers 

(80a) and (80b) obtained by fluoride-ion-induced oligomerisation of (44). 

(A sample f o r comparison was donated by Dr.P.L.Russell.) The two l a r g e s t 
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components of C^F^ Q ( 8 l ) had i d e n t i c a l g . l . c . r e t e n t i o n times with t r i m e r s 

(81a) and (81b) obtained by f l u o r i d e ion r e a c t i o n a t room temperature. 

The D.M.F. from the catholyte was shown by g.l.c./mass spectroscopy 

to contain t r a c e s of CgF^H (86) ( c a . 0.2g) and C^F^H (8_7j (M + - F, 151). 

E x t r a c t i o n of the i n v o l a t i l e residue from the catholyte with methylene 

c h l o r i d e , washing, drying, and removal of the solvent by d i s t i l l a t i o n , 

y i e l d e d a brown t a r ( l . 7 0 g ) . This was molecularly d i s t i l l e d under reduced 

pressure (0.05mm) at up to 170°C, to give a yellow o i l (0.81g), shown by 

g . l . c . ( c o l . 0, 170°C) to be a multicomponent mixture. I t s i . r . spectrum 

showed C-H s t r e t c h a t 2860 and 2970 cm"1 and broad C-F s t r e t c h i n g 

v i b r a t i o n s between 1370 and 1000 cm"1. Three bands appeared i n the double 

bond region a t 1760, 1700 and 1660 cm"1. Elemental a n a l y s i s gave C, 30.5; 

H, 2 . 5 ; N, 0 . 9 ; and F, 48.8%. 

( i i ) With 0.0040 Faradavs 

I n a s i m i l a r r e a c t i o n to the above, only 0.0040 faradays of charge were 

passed (2 electrons/molecule f o r 0.30g of ( 4 4 ) ) . over a period of 20 mins. 

The gas was then c i r c u l a t e d f o r a f u r t h e r 8 hours with no current and 

3.15g of v o l a t i l e l i q u i d was obtained. This was shown by g . l . c . to 

contain C g F ^ ( 4 0 % ) ; CgF^H (5%); (47%); and C 1 2 F 2 Q ( 8 % ) . The trimers 

^9^18 c o n ' t a i n e d mainly (81a) and (81b), with only a trace of ( 8 1 c ) . The 

D.M.F. contained t r a c e s of C^F^H and C^F^H. Only a trace of i n v o l a t i l e 

product was obtained. 

( i i i ) Control Experiment with no Current 

Hexafluoropropene (44) (4.0g, 26 .6 m.moles) was c i r c u l a t e d through a 

f l a s k containing D.M.F. (30ml), T.E.A.F. (2 .3g) and mercury (33g) f f o r 

10 hours a t room temperature. 3*8g of (44) was recovered and no oligomers 

were produced. 

( i v ) I n the Presence of Boron T r i f l u o r i d e D i e t h y l e t h e r a t e 

Boron t r i f l u o r i d e d i e t h y l e t h e r a t e (2 . 70g , 19.0m.moles) was added to the 
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catholyte and gave a current of 156mA at -1.90V. A f t e r bubbling 

hexafluoropropene (44) t h i s only increased to 210mA. 0.0232 Faradays were 

passed (2 electrons/molecule f o r 1.74g of (54)) to give a brown s o l u t i o n . 

During the e l e c t r o l y s i s no oligomers s t a r t e d to c o l l e c t i n the traps f o r 

some time but, f i n a l l y , 1.6lg were obtained. G.l.c. showed t h i s mixture to 

contain C 6 F 1 2 (7%); CgF^H ( l % ) ; (90%); and G 1 2 F 2 Q ( 2 % ) . E x t r a c t i o n 

of the i n v o l a t i l e residue y i e l d e d a brown t a r ( l . 7 0 g ) i which gave only a 

trace of mater i a l on molecular d i s t i l l a t i o n under reduced pressure. 

(b) On Porous Carbon Cathode 

The reductions described i n t h i s s e c t i o n were performed using the 

porous carbon cathode, through which the gas was bubbled i n t o the c e l l , 

( i ) Undivided C e l l 

Hexafluoropropene (4J[) was reduced a t -2.0V i n the one-compartment c e l l , 

with an i n i t i a l current of 190mA. 0.00990 Faradays were passed (2 

electrons/molecule f o r 0.74g of (4^4j) and the gas bubbled f o r s e v e r a l hours 

afterwards, g i v i n g a brown s o l u t i o n . A t o t a l of 1.98g of v o l a t i l e oligomers 

was obtained, shown by g . l . c . to contain C g F ^ (24%); CgF^H ( 1 2 % ) ; C ^ F 1 8 

( 6 0 % ) ; and C 1 2 F 2 0 ( 2 % ) . The D.M.F. was refluxed up a f r a c t i o n a t i n g 

column under reduced pressure to l i b e r a t e a gaseous product ( c a . 1 . 5g ) , 

which was trapped i n l i q u i d a i r . G.l.c./mass spectroscopy showed t h i s to 

be the compound (87) observed previously. I t was i d e n t i f i e d from 

i t s n.m.r. sp e c t r a , run i n CDCl^ s o l n . i n a sealed n.m.r. tube; as 
94 19 1 

2-H-heptafluoropropane. 7 H ( 7 F and H n.m.r. s p e c t r a No.6; i . r . spectrum 

No .7 ) . 

The i n v o l a t i l e residue from the r e a c t i o n mixture was ext r a c t e d with 

ether, washed, dried (MgSO^), and the solvent d i s t i l l e d o f f , to give a 

brown t a r (0.83g), which y i e l d e d only a trace of ma t e r i a l on molecular 

d i s t i l l a t i o n under reduced pressure. 
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( i i ) Divided C e l l 

The n i c k e l anode of the undivided c e l l was enclosed i n a g l a s s sleeve 

with a s i n t e r to allow contact with the cathode compartment. This made i t 

i n t o a divided c e l l with a very u n s a t i s f a c t o r y c e l l geometry* 

Hexafluoropropene (4A) was reduced a t -2.QV, with an i n i t i a l current of 

96mA, 0.00894 Faradays were passed (2 electrons/molecule f o r 0.67g of (44) ) . 

A t o t a l of 3.53g of v o l a t i l e fluorocarbons was obtained, containing 

C 6 P12 ( 1 9 % ) ; C 6 P 1 3 H ( 1 , 5 ^ i °9 F18 ( 7 7 9 ^ ! a n d C12 F20 ( 2 ' 5 # ) ' 0 n l y a s m a 1 1 

amount of C^F^H w a s present i n the D.M.F. The i n v o l a t i l e residue y i e l d e d 

1.49g of t a r on solvent e x t r a c t i o n . 

2. I n Aqueous D.M.F. 

Hexafluoropropene (44J (6 .9g» 45.9 m.moles) was reduced a t -2.10V i n 

the H - c e l l , using an e l e c t r o l y t e s o l u t i o n containing 2^% water by volume. 

0.0119 Faradays were passed (2 electrons/molecule f o r 0.89g of ( 4 4 ) ) . 

turning the catholyte orange. No v o l a t i l e fluorocarbon l i q u i d was obtained. 

R e f l u x i n g the D.M.F. under reduced pressure, trapping gaseous products i n 

l i q u i d a i r , gave 2-H-heptafluoropropane (82) (l . 9 7 g t 11.57"™.moles). 

The i n v o l a t i l e residue was extracted with methylene c h l o r i d e , washed, 

d r i e d , and the solvent d i s t i l l e d o f f , to give a brown residue (0.58g). On 

attempted molecular d i s t i l l a t i o n under reduced pressure, t h i s appeared to 

s t a r t to decompose a t 140°C, I t was heated to 175°C, while pumping the 

v o l a t i l e s i n t o a trap i n l i q u i d a i r , g i v i n g a l i q u i d i n two l a y e r s ( c a . 0.3g) 

and a black residue (0.28g). Both l a y e r s of the l i q u i d were shown by g . l . c . 

to be multicomponent mixtures. 

V I I . C REDUCTION OF 0CTAFLU0R0BUT-2-ENE 

0ctafluorobut-2-ene (22) (l2 . 5 g i 62.5 m.moles) was reduced i n the 

H - c e l l a t -1.90V, with an i n i t i a l current of 210mA. 0.0226 Faradays of 

e l e c t r i c i t y was passed (2 electrons/molecule f o r 2.26g of (2l))» turning 
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the catholyte brown. The i c e / s a l t traps contained a l i q u i d (0.13g) f and a 

fu r t h e r 0.83g was obtained from the v o l a t i l e s from the catholyte,as an 

inso l u b l e lower l a y e r . This was shown by g.l.c./mass spectroscopy ( c o l . 0, 

70°C) to be a mixture of C g F ^ (83j (M +, 362; 12% by wt.); C 8 F l 6 (82) 

(M + - F, 381; 80% by wt.); and C 1 2 F 2 2 (84J (M + - F, 543; 8% by wt.). 

Compound (82) had an i d e n t i c a l mass spectrum and g . l . c . r e t e n t i o n time 

with that of a mixture of c i s and trans isomers produced by f l u o r i d e - i o n -

induced dimerisation of (2l) (from I . C . I . ) . 

E x t r a c t i o n of the i n v o l a t i l e residue with methylene c h l o r i d e , washing, 

drying (MgSO^), and d i s t i l l a t i o n of the solvent, gave a brown t a r ( l . 8 3 g ) . 

Molecular d i s t i l l a t i o n under reduced pressure (0.05mm) at 150°C, y i e l d e d 

an orange o i l ( 0 .37g)» shown by g . l . c . ( c o l . 0, 150°C) to contain 

s e v e r a l components. I t s i . r . spectrum contained both C-*H and C-F 

s t r e t c h i n g v i b r a t i o n s . 

VII.D REDUCTION OF TETRAFLUOROETHYLENE 

1. I n Anhydrous D.M.F. 

Tetrafluoroethylene (22) (5 .7gi 57.0 m.moles) was reduced at -2.20V 

i n the H - c e l l . 0.0133 Faradays were passed (2 electrons/molecule f o r 

0.67g of (22)), g i v i n g a brown s o l u t i o n . The traps were empty, and only 

0.09g of inso l u b l e lower l a y e r was obtained from the v o l a t i l e s from the 

cath o l y t e . This was shown by g.l.c./mass spectroscopy to contain one 

major component (highest m / e : 459)» which could not be i d e n t i f i e d . The 

i n v o l a t i l e residue was extracted with methylene c h l o r i d e , washed, dr i e d , 

and the solvent d i s t i l l e d o f f , to give a brown residue (0 .53g) f which 

could not be sublimed under reduced pressure or decolourised with charcoal. 

2. I n Aqueous D.M.F. 

Tetrafluoroethylene (22) (5«3gi 53.0 m.moles) was reduced at -2.40V i n 

the H - c e l l , using D.M.F. containing 2̂ % water as the solvent. 0.0132 

Faradays were passed (2 electrons/molecule f o r 0.66g of (2_2)), g i v i n g a 
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yellow s o l u t i o n . No v o l a t i l e oligomers c o l l e c t e d i n the traps and no 

i n s o l u b l e lower l a y e r was obtained from the c a t h o l y t e . The v o l a t i l e s were 

reflu x e d under reduced pressure and a gaseous product trapped i n l i q u i d 

a i r (0.83g). This was shown by g.l.c./mass spectroscopy to be a mixture of 

pentafluoroethane (90) 120; ca. 85%); and an u n i d e n t i f i e d component 

(highest m / e I 9 8 ) . The i . r . spectrum (No.8) showed only absorptions due 

to ( S J ) ) . 7 ^ When t h i s gas was sealed i n an n.m.r. tube i t was l o s t when 

the tube b u r s t . E x t r a c t i o n of the i n v o l a t i l e residue from the catholyte 

y i e l d e d only a trace of t a r . 



-109-

CHAPTER V I I I 

EXPERIMENTAL FOR CHAPTER V 

VIII.A GENERAL 

1. Reagents 

The methoxy-derivatives were prepared by nu c l e o p h i l i c s u b s t i t u t i o n 

reactions w i t h methoxide ion on the corresponding polyfluorobenzenes by 

published r o u t e s . ^ 2 ^ 

The a c e t o n i t r i l e and tetraethylammonium fluoroborate (T.E.A.F.) were as 

described i n Chapter V I . Acetic acid was Analar and used untreated. 

Sodium acetate was dr i e d by a l t e r n a t e l y heating t o 150°C under vacuum 

and crushing t o a f i n e powder, and stored under dry nitrogen. 

2. Apparatus and Experimental Procedure 

The apparatus and experimental procedure were as described i n Chapter V I , 

w i t h the exception t h a t the H-cell was used w i t h a platinum cathode and 

connection between the anode and the S.C.E. was made v i a a s a l t bridge, 

adapted from a dropping funnelt 

Solvent/Electrolyte 
Solution 

Platinum Anode •—• 

S . C .E 

Aqueous 

Closed 

• 

Aqueous Potassium 
Chloride 

Closed Tap 
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The p o t e n t l o s t a t was used i n I t s o x i d a t i o n mode, w i t h the switch marked 

w i t h *+' and •-• set to the •-' p o s i t i o n , (see F i g . VI.2, p.82). 

V I I I . B OXIDATIONS IN ACETONITKILE 

1. 2.3.5.6-Tetrafluoroanisole (110) 

2,3»5»6-Tetrafluoroanisole (110) (4.68g, 26.0 m.moles) was oxidised a t 

+ 2 .40V i n a s o l u t i o n of T.E.A.F. ( I 2 g ) i n a c e t o n i t r i l e ( 1 7 0 m l ) . 0 . 0131 

Faradays of charge were passed (0.30 electrons/molecule), t u r n i n g the 

anolyte orange. The anolyte was added to ether and washed many times w i t h 

water to remove a c e t o n i t r i l e . The ethereal e x t r a c t s were d r i e d (JdgSO^) and 

the ether removed by d i s t i l l a t i o n . The f i n a l f r a c t i o n was removed by 

transference under vacuum i n t o a cold t r a p , g i v i n g a colourless l i q u i d 

(5e71g)i shown by g . l . c . ( c o l . 0 , 130°C) to contain ether and (110) 

(ca. 2 . 3 0 g ) . The cream-coloured s o l i d residue (1 . 8 4 g ) was sublimed under 

reduced pressure (0.03mm, 100°C), to give a white sublimate i d e n t i f i e d 

as octafluoro - 4 » 4*-dimethoxybiphenyl (113) ( l . 5 3 g » 65%C.E.), m.p. 82.5-

84.5°C ( l i t . 1 2 6 83 -84 .5°C). (Found: C, 4 7 . 2 ; H, 1 . 4 ; F, 42.0%; M+, 358 . 

Gale, f o r C^HgFgOg i C, 47.0; H, 1 . 7 ; F, 42.4%; M, 3 5 8 ) . X r a a x(cyclohexane) 

244nm (£ 18 , 3 0 0 ) ; ^ F and ''"H n.m.r. spectra No.7; i.r.spectrum No.9. 

2. 2.3.6-Trifluoroanisole (112) 

2 , 3 , 6 - T r i f l u o r o a n i s o l e (112) (3«74g» 23.1 m.moles) was oxidised at 

+ 2 . 10V, w i t h passage of 0 .0115 faradays of charge (0 . 5 0 e l e c t r o n s / 

molecule). The orange anolyte was treated as above to give a brown s o l i d 

residue (0.85g) and g . l . c . showed the presence of ca. 2 . 13g of (112) i n 

the v o l a t i l e s . The s o l i d was sublimed under reduced pressure (0 .05mm, 

100°C) to give a cream-coloured sublimate, i d e n t i f i e d as hexafluoro-2,2'-

dihydro-4i4'-dimethoxybiphenyl (114) (0.48g, 26% C.E.), m.p. 124-125°C 

(from petroleum ether, 60-80° f r a c t i o n ) ( l i t . 1 1 5 125-126°C). (Found* 

C, 52.0; H, 2 . 9 ; F, 34.9%; M+, 322 . Calc. f o r C^HgFgOg 1 C, 52.2; H, 2 . 5 ; 

F, 35.4%; M, 3 2 2 ) . X (cyclohexane) 248nm (fc 18,000), 273nm (s) 
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(fe ca. 8 , 3 0 0 ) ; n.m.r. spectrum No.8; i . r . spectrum No.10. 

3 . 2 . 4 . 5 - T r i f l u o r o a n i s o l e ( i l l ) 

2 , 4 , 5 - T r i f l u o r o a n i s o l e ( i l l ) ( 3 . 2 4 g , 20 .0 m.moles) was oxidised at 

+ 2 .20V, w i t h passage of 0.0098 faradays ( 0 . 4 9 electrons/molecule). The 

brown anolyte was treated as previously to give a brown s o l i d residue 

( 0 » 3 4 g ) » which yielded no material on sublimation at up to 170°C under 

reduced pressure. The aqueous phase was also brown. G.l.c. showed the 

v o l a t i l e s t o contain ca. 2 . 1 1 g of ( i l l ) . 

4 . Pentafluoroanisole (109) 

(a) 0.70 Electrons/Molecule 

Pentafluoroanisole ( 109 ) ( 2 . 0 g , 1 0 . 1 m.moles) was oxidised a t + 2 .40V 

i n a s o l u t i o n of T.E.A.F. ( 6 g ) i n a c e t o n i t r i l e ( 1 7 0 m l ) . 0 .0070 Faradays 

were passed ( 0 . 7 0 electrons/molecule), g i v i n g an orange s o l u t i o n . The 

v o l a t i l e s were removed from the anolyte by transference under vacuum i n t o a 

cold trap and g . l . c . estimation ( c o l . 0 , 110°C) showed them to contain 

(109) (ca. 1 . 2 g ) . The i n v o l a t i l e residue was added to water and extracted 

w e l l w i t h ether. The e x t r a c t s were washed, d r i e d (MgSO^), and the solvent 

d i s t i l l e d o f f to leave an orange/brown residue, which on molecular 

d i s t i l l a t i o n under reduced pressure (0.05mm, 100°C) gave a yellow l i q u i d 

( 0 . 2 1 g ) . This was shown by g . l . c . t o be very s i m i l a r to the red l i q u i d 

obtained i n the next s e c t i o n . The aqueous phase from the e x t r a c t i o n above 

was brown and h i g h l y a c i d i c . I t was neu t r a l i s e d w i t h sodium hydroxide 

s o l u t i o n and re-extracted but yielded no f u r t h e r m a t e r i a l . 

(b) 1.22 Electrons/Molecule 

Pentafluoroanisole (109) ( 2 . 9 6 g , 14 .9 m.moles) was oxidised as above, 

w i t h passage of 0.0182 faradays of charge ( 1 . 2 2 electrons/molecule), g i v i n g 

a dark orange s o l u t i o n . The v o l a t i l e s were removed by transference under 

vacuum i n t o a cold t r a p and the residue extracted w i t h methylene chloride 
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and water. The aqueous layer was again brown and hi g h l y a c i d i c . The 

methylene chloride e x t r a c t s were washed w e l l , d r i e d , and the solvent 

d i s t i l l e d o f f . Molecular d i s t i l l a t i o n of the residue (0.05mm, 100°C) gave 

a viscous red l i q u i d (0.83g) and an i n t r a c t i b l e brown residue (0.37g)» 

G.l.c. analysis of the red l i q u i d ( c o l . 0, 170°C) showed i t t o be a 

mixture of two components A and B. On d i l u t i n g i t i n ether before 

performing a preparative-scale g . l . c . separation, the trace changed, w i t h 

a new, more v o l a t i l e component C appearing and A and B merging t o give one 

peak D. These were separated by preparative g . l . c . t o give a white s o l i d 

C (0.13g) and a yellow l i q u i d D (0.30g). 

The s o l i d C had a mass spec t r a l M + at 184 (CgF^OH) and a breakdown 

pa t t e r n consistent w i t h pentafluorophenol (115). 

The l i q u i d D was shown by g.l.c. t o contain C, A and B and g . l . c . w i t h 

mass spectroscopy showed t h e i r parent peaks to be a t I84, I84 and 217 

res p e c t i v e l y . There were minor differences i n the breakdown patterns of 

C and A. 

VIII.C ATTEMPTED ACETOXYLATIONS 

1. Pentafluoroanisole (109) i n A c e t o n i t r i l e / A c e t i c Acid/T.E.A.F. 

(a) Without N e u t r a l i s a t i o n of Reaction Mixture 

Pentafluoroanisole (109) (3.07g, 15.5 ra.moles) was oxidised a t + 2.40V 

i n a s o l u t i o n of T.E.A.P. (I2g) i n a 3 * 1 mixture by volume of 

a c e t o n i t r i l e and acet i c acid ( l 7 0 m l ) . 0.0248 Faradays were passed (1.60 

electrons/molecule). The yellow anolyte was added to a large excess of 

water and extracted w e l l w i t h ether. The ext r a c t s were d r i e d and the ether 

d i s t i l l e d o f f . The f i n a l v o l a t i l e f r a c t i o n was removed by 

transference under vacuum i n t o a cold tr a p and shown by g . l . c . to be a 

mixture of a c e t o n i t r i l e , acetic acid and (109) (ca. l.Og). The residue was 

a viscous brown l i q u i d . On attempting t o molecularly d i s t i l t h i s under 

reduced pressure (0.05mm, 100°C), i t decomposed and the pressure rose. 
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On pumping at 100°C an orange sublimate was obtained (0.40g), i d e n t i f i e d 

a f t e r r e c r y s t a l l i s a t i o n from CCl^ had given a yellow s o l i d as an impure 

sample of methoxytrifluoro-p-benzoquinone (117) (17% G.E., assuming 2 

electrons/molecule). I t s mass spectrum showed the correct M + at 192 and 

an impurity at 194* I t s n.m.r. spectrum agreed c l o s e l y w i t h that of (117), 

showing m u l t i p l e t s a t 143.5 and 152.7ppm i n the r a t i o of 2 t 1 i n i t s "^F 

spectrum.(Run on the Bruker spectrometer i n CDCl^ s o l u t i o n , w i t h s h i f t s 

measured r e l a t i v e to i n t e r n a l CFCl^). I t s n.m.r. spectrum showed a 

doublet a t 4.36ppm ( J = 5Hz) r e l a t i v e to e x t e r n a l T.M.S. The sample 

det e r i o r a t e d r a p i d l y i n the atmosphere, g i v i n g o f f a pungent gas,(probably 

HF). NO s a t i s f a c t o r y elemental analysis was obtained. 

(b) Treating the Reaction Mixture w i t h Sodium Carbonate 

( i ) 1.59 Electrons/MoleculQ 

Pentafluoroanisole (109) (3«33g» 16.8 m.moles) was oxidised as above, 

w i t h passage of 0.0233 faradays of charge (1.39 electrons/molecule). The 

yellow anolyte was added to sodium carbonate s o l u t i o n and extracted 

w i t h ether. The e x t r a c t s were washed, dried,and the solvent removed by 

transference under vacuum i n t o a cold t r a p . G.l.c. estimation showed them 

to contain (109) (ca. 1.38g)« The residue was a yellow o i l ( l . 8 0 g ) , which 
1 19 

showed a large number of H and F signals i n i t s n.m.r. spectrum. 

Elemental analysis gave C, 39*8; H, 3.4; F, 24.5%. G.l.c. ( c o l . 0, 160°C) 

showed i t to contain a large number of components. I t appeared to be 

unstable i n the a i r , g i v i n g o f f pungent fumes. Molecular d i s t i l l a t i o n of 

a sample (0.71g) under reduced pressure (0.05mm, 100°C) gave an orange 

l i q u i d (0.34g), shown by g . l . c . to be a multicomponent mixture. I t s mass 

spectrum showed a number of small peaks at up t o m/e 432. Large peaks were 

present at 85, 74, 62, and 47 and the base peak was 43 (CH^CO). 

R e - a c i d i f i c a t i o n of the aqueous phase and ether e x t r a c t i o n gave only 

0.08g of brown t a r . 
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( i i ) 0.57 Electrons/Molecule 

Fentafluoroanisole (109) (2.60g, 13*1 m.moles) was oxidised as before, 

w i t h passage of 0.0075 faradays (0.58 electrons/molecule). The rea c t i o n 

mixture was treated as before to give a yellow o i l (0.28g) s i m i l a r t o th a t 

obtained previously. G.l.c. estimation of the v o l a t i l e s i ndicated the 

presence of (109) (ca. 1.8g). 

2. 2.5.5.6-Tetrafluoroanisole (110) 

(a) I n A c e t o n i t r i l e / A c e t i c Acid/T.E.A.F. 

2 , 3 , 5 , 6 - T e t r a f l u o r o a n i s o l e (110) ( 3 » 0 9 g i 17«2 m.moles) was oxidised at 

+ 2.40V i n the e l e c t r o l y t e s o l u t i o n used above. 0.0209 Faradays were 

passed (1.21 electrons/molecule). The r e a c t i o n mixture was treated as 

above to give a yellow o i l ( l . 2 l g ) and g . l . c . on the v o l a t i l e s showed the 

presence of (110) (ca. 1.42g). The o i l showed a large number of ̂"H and ^ F 

signals i n i t s n.m.r., the l a r g e s t ̂ F peaks being due to the dimer ( 1 1 3 ) . 

G.l.c. ( c o l . 0, 130°C) showed a large number of components. On attempted 

molecular d i s t i l l a t i o n under reduced pressure (0.05mm, 100°C) i t 

decomposed and the pressure rose but a l l t h a t c o l l e c t e d on the cold f i n g e r 

was a s t i c k y t a r (0 . 5 3 g ) « 

(b) I n A c e t o n i t r i l e / A c e t i c acid/T.E.A.F./Sodium Acetate 

The e l e c t r o l y t e s o l u t i o n used above was shaken w i t h sodium acetate to 

give a saturated s o l u t i o n and t h i s gave a current of 272mA at + 2.40V. On 

a d d i t i o n of 2 , 3 , 5 , 6 - t e t r a f l u o r o a n i s o l e (110) (8 . 4 9 g , 4 7 . 1 m.moles) there 

was no increase i n current. 0.0190 Faradays were passed (0.40 e l e c t r o n s / 

molecule of (HQ))« The yellow anolyte was treated as before to give a deep 

orange o i l ( l . 4 4 g ) . The v o l a t i l e s contained 6 . 47g of (110) by g . l . c . 

G.l.c. showed the o i l to contain a large number of components. I t 

decomposed during molecular d i s t i l l a t i o n and some of the gas produced was 

trapped but could not be i d e n t i f i e d . I t s mass spectrum showed M + at 96 

and i t s "^F n.m.r. spectrum showed a m u l t i p l e t a t 131.9ppm» 
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CHAPTER IX 

NOVEL REARRANGEMENTS OF PYRIDAZINE DERIVATIVES 

IX.A INTRODUCTION 

I n recent years a large number of valence bond Isomers of aromatic 

systems have been i s o l a t e d , such as Dewar benzenes (120). benzvalenes 

(121), and prismanes (122), which had previously been thought of as very 

u n l i k e l y s t r u c t u r e s . These have mainly been prepared by photolysis of 
127 

aromatic systems and t h i s subject has rece n t l y been reviewed. The 

intermediacy of valence bond isomers has also been postulated i n many 

cases to exp l a i n rearrangements of aromatic r i n g s . 

6 (120) 
(122) 

121 

As might be a n t i c i p a t e d , these valence isomers are normally very 

unstable w i t h respect t o rearomatisation but i t has been found t h a t 

various p e r f l u o r o a l k y l d e r i v a t i v e s are both more e a s i l y formed and of 

higher thermal s t a b i l i t y than t h e i r hydrocarbon analogues. The most stable 

valence isomers i s o l a t e d have been obtained by i r r a d i a t i o n of hexakis-

t r i f l u o r o m e t h y l benzene (123) and hexakispentafluoroethyl benzene (124) 
128—130 

i n the gas phase or s o l u t i o n . " The Dewar benzene derived from (124) 

can also be obtained by pyr o l y s i s of (124) and t h i s was the f i r s t example 

of a thermal rearrangement g i v i n g a valence isomer. 
CF C F 

CF CF 
(123) CF CF C„F 

CF C„F 
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Scheme IX.1 
CF 

X2 GF 3 V ^ 
(125) (126) 

F ^ N CF CF 
F CF 

CF CF •A CF 
F/~* 

CF CF CF CF CF 

Perfluoro-1,3»5- and -1,2,4-trimethylbenzenes (125) and (126) can be 

interconverted photochemically, v i a the route shown i n Scheme IX.1. This 

provides an example of a s k e l e t a l rearrangement where the intermediacy of 

valence isomers has been demonstrated by the i s o l a t i o n of the Dewar and 
132 

prismane isomers as moderately stable species. 

I n these l a b o r a t o r i e s there has been a considerable programme of 

i n v e s t i g a t i o n of the s k e l e t a l rearrangements of p e r f l u o r i n a t e d aza-aromatics. 

For example, the photolysis of the pyridine d e r i v a t i v e (127) gives the 

para-bonded species (128) and the two azaprismanes (129) and (130). which 

give the pyridines (131), (132) and (133) on thermal r e a r o m a t i s a t i o n . 1 ^ 

(See Scheme IX.2 o v e r l e a f ) . The unsymmetrical azaprismane (129) i s thought 

to be formed v i a the formation of the para-bonded species (134). which 

rearranges t o (135) p r i o r to c y c l i s a t i o n , although neither of these species 

have been i s o l a t e d . 

hV 
(121) » (129) N 

(115.) (124) 
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Scheme IX.2 

c a 

^ \ c a c o 
hv 

c \ „ 
heat (129) (130) (128) (127) 

or hv 

CF_CF Heat Heat Heat 
CF Cleavage Cleavage 
CF(CF2) 

^ c N N N 

(m) ( i i 2 ) (121) 

Previous Work on the Rearrange me nt of Pyrldazlne Derivatives 

1. Photolysis 

The photolysis of the p e r f l u o r o a l k y l p y r i d a z i n e d e r i v a t i v e s (136) - (144) 

i n the vapour phase produces a 1 , 3 - s h i f t i n the r e l a t i v e p o s i t i o n of the 

nitrogen atoms, to give the pyrazine d e r i v a t i v e s (145) - (153)« (Scheme 

IX.3 o v e r l e a f ) P r i o r to t h i s work, 1,3 transpositions i n aromatic r i n g s 

were believed to occur v i a prismane-type intermediates or successive 1,2-

s h i f t s ^ ^ j j U - t these mechanisms could not explain the h i g h l y s p e c i f i c 

p o s i t i o n s of the substituent groups i n the pyrazines. However, i t has now 

been shown that a para-bonded species (154) i s formed, followed by 

rearrangement to (155) p r i o r to rearomatisation. By i r r a d i a t i n g the 

3 
N 2 N 

hv_> 4 N U \ 

6 
Nl Nl 

(ISA) (15S) 
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Scheme IX.5 

h«a 
Medium Pressure Mercury Lamp 

R l f f 

( I 2 i ) R i = R2 = F (145.) 

( i l l ) R i = GF(CF 3) 2 , fl2 = F (Mi) 
(128) R i = R2 = CF(CF 3) 2 (i£L) 
(122) R i = CFgCF^ , R2 = F (141) 

(149.) R i = R2 = CF2CF3 (142) 

(Ml) H i = CF(GF5)CF2GF5 , R 2 = F (120) 

(142) R i = R2 = CF(CF5)CF2CF5 (121) 

(142) 

(144) 

hv 
Medium Pressure Mercury Lamp 

R = CF(GF 3) 2 

A = CF(CF,)CF9CF. 
(122) 

(122) 

pyridazines (156) - (142) at 254 or 300nra i n an apparatus where the 

products are removed from the i r r a d i a t i o n zone by transference through the 

zone,under vacuum, i n t o a cold t r a p , one or both of the intermediates 

corresponding to (154) and (155) can be i s o l a t e d . (See Scheme IX.4 

o v e r l e a f ) . 

Recently, another group has prepared perfluoro-3,6-trimethylpyridazine 

(156) and successfully rearranged i t to the pyrazine (157) by photolysis i n 

the vapour phase. This i s the f i r s t 3,6-bisperfluoroalkyl d e r i v a t i v e t o 

be rearranged i n t h i s way and the product i s i n agreement w i t h the above 

meonanism. 



Scheme IX.4 

R c * 1 si ml N ~2 \ N F N h» 
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H2 
R 
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(i28a) (158b) (147) 
(1^2) (I£2a) (142b) (151) 

(12£)* * ( I 3 i b ) (142) 
( i l l ) * (iUJb) (Mi) 
(152) * (i21b) (148) 
(140) * (140b) (149) 
(141) * (141b.) (1^0) 

* Not i s o l a t e d . 
f I r r a d i a t e d i n a s t a t i c system 

hv p 

Medium Pressure Hg Lamp CF^ 

(121) 

These rearrangements do not a l l occur equally e a s i l y . Under i d e n t i c a l 

conditions i t i s s i g n i f i c a n t l y easier t o rearrange per f l u o r o - 4 , 5 - d i -

isopropylpyridazine (158) than the 3,5-isomer (143)."^^ Furthermore i t has 

not been possible t o rearrange perfluoro-3,4»6-tri-isopropylpyridazine, 

perfluorotetraphenylpyridazine, various perfluoroalkylphenyl d e r i v a t i v e s 

w i t h substituents i n e i t h e r the 4»5- or ortho p o s i t i o n s , or p e r f l u o r o -

te t rae t h y l pyr idaz ine • 
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The reactions do not appear to involve t r i p l e t states or be mercury 

s e n s i t i s e d , as neither a d d i t i o n of oxygen nor rigorous exclusion of 

mercury has any e f f e c t . 

2. Pyrolysis 

The p y r o l y s i s of perfluorotetraphenylpyridazine (158) and the p e r f l u o r o -

d i a l k y l d i a r y l p y r i d a z i n e s (159) - ( l 6 l ) r e s u l t s i n the e l i m i n a t i o n of 

nit r o g e n , to give the acetylenes (162) - (165).^"^ 

Y 

Y f XC=CY 

Temperature Y 

XC=CY 

Yi e l d 

725°C (158) X = Y = C 6 F 5 (162) 90% 
720°C (±52) X = CF2CF3 , Y = C 6F 5 (161) 88% 

680°C (160) X = CF(CF 3) 2 , Y = C 6F 5 (161) 84% 
700°C (161) X = GF(CF 3) 2 , Y = 4-G5F4N (165) 82% 

The temperatures quoted are those required f o r p y r o l y s i s under vacuum 

but the same products are obtained a t lower temperatures using flow 

conditions at atmospheric pressure. Tetrachloropyridazine (166) also loses 

n i t r o g e n , g i v i n g mainly hexachlorobutadiene and c h l o r i n e , w i t h a large 

number of minor products. 4»5-l>ichlorodifluoropyridazine (167) gives a 

complex mixture, from which no i d e n t i f i a b l e products have been i s o l a t e d . 

I n contrast to these r e s u l t s , however, the flow p y r o l y s i s of 

te t r a f l u o r o p y r i d a z i n e ( 1 3 6 ) ^ ^ and a number of perfluoro-mono- and 

d i - a l k y l p y r i d a z i n e s 1 ^ 1 produces a 1, 2 - s h i f t i n the r e l a t i v e p o s i t i o n of 

the nitrogen atoms, g i v i n g pyrimidine d e r i v a t i v e s as the major products. 

(See Scheme IX.5). 

The p o s i t i o n s of the substituents i n the pyrimidine products i s best 

explained by the intermediacy of the diazabenzvalene (168). Thus, a 

perfluoro-4-alkyl-pyridazine can give a benzvalene w i t h the a l k y l group 



Scheme IX.5 

6 V R N c R o R N 2 < 7 NN N 
N R I N . 

N R 

(i2i) (168) ( i l l ) A 
(118) (112) R 
(140) ( i l l ) H R 

( i l l ) a 
- f (137) 

(115 ) H R 
(126) H, = P, R 

(122) 
(171) » R 

*1 

6 N 

N 

(162) Nv.R N R S T 1 

N N 
R 

(1J8) (141) A R *1 -*2 P 
N N w 
R 2 P 

at e i t h e r of the positions occupied by R̂  and Rg i n (168). Rearomatisation 

would give a mixture of 4- and 5-substituted pyrimidines and t h i s i s 

observed i n the rearrangement of perfluoro-4-ethylpyridazine (139) and 

-4-isopropylpyridazine (137). 

Perfluoro-4»5-diethylpyridazine (140) gives a small y i e l d of the 

pyrazine (178), which can be explained by rearrangement of the 

diazabenzvalene (168) to (169) p r i o r to rearomatisation. The p e r f l u o r o -
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4.5- d i - i s o p r o p y l compound (158). however, gives the 2,5-pyrazine 

d e r i v a t i v e (147), f o r which the rearrangement of (169) to (170) must be 

postulated. The diazabenzvalene (170) could also rearomatise to give a 

2.6- pyrazine analogous to (178). however. This difference between the 

two d i s u b s t i t u t e d compounds has been a t t r i b u t e d to an increased d r i v i n g 

force to separate the p e r f l u o r o a l k y l groups i n (169) as they are increased 

i n s i z e . 

The rearrangements of the diazabenzvalene intermediates (l68)-» (l69)-» 

(170) are, i n e f f e c t , 1,3 group migrations: 

A 

fa 

N N N 
A A A F N N 

I N 1 A F 
(168) ( ± 6 2 ) 

According to o r b i t a l symmetry rules these are thermally disallowed 

suprafacial processes but the rules do not s t r i c t l y apply to unsymmetrical 

species such as these. When nitrogen i s present there i s no necessity even 

f o r the same e l e c t r o n p a i r to be used i n the formation of the new bond, as 

the nitrogen lone p a i r may be involved. 

An a l t e r n a t i v e mechanism i n v o l v i n g the formation of diazabicyclopropenyls 

and subsequent Cope rearrangements was ruled out, as there would be no 

apparent reason f o r the s p e c i f i c substituent l a b e l l i n g observed i n the 

products. 

Bimolecular processes are u n l i k e l y because pyrimidines and pyrazines are 

s t i l l formed during pyrolyses under vacuum conditions. These conditions 

require higher temperatures, however, and fragmentation products 

c o n s t i t u t e a major proportion of the mixture. 

Like the photochemical rearrangements, the thermal rearrangements do not 
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a l l occur equally r e a d i l y . I n the atmospheric pressure, flow pyrolyses the 

d i - i s o p r o p y l compound (138) requires a temperature of 550°C, compared to 

650°C f o r the d i - e t h y l compound (140) and 815°C f o r t e t r a f l u o r o p y r i d a z i n e 

(136). Compound (138) can be successfully rearranged at the much lower 

temperature of 300°C, however, by prolonged heating i n a sealed n i c k e l tube, 

when the pyrimidine (172) i s the sole product. Perfluoro-3,5-di-isopropyl-

pyridazine (145). perfluoro-3»4,6-tri-isopropylpyridazine, and 

perfluorotetraphenylpyridazine (158) are unchanged under these conditions 

at up to 380°C. 

3. A Possible Bimolecular Mechanism 

Recently, the r e s u l t s of the p y r o l y s i s of tetrachloropyridazine (166) 

at 350°G i n a sealed tube has suggested a possible bimolecular mechanism.^ 

The same products were observed as were previously observed i n these 
139 

l a b o r a t o r i e s i n a flow system, w i t h , i n a d d i t i o n , a 6% y i e l d of 

tetrachloropyrimidine (179). The r e a c t i o n was found to be pressure 

dependent, w i t h (166) having a h a l f - l i f e of 4 days at 1 atmosphere and 

20 days at 0.1 atmospheres. The formation of Diels-Alder dimers of (166) 

was proposed to account f o r rearranged and disproportionated products and 

nitrogen extrusion from the dimer to give some of the more complex 

products. (Scheme IX.6). 

The above r e s u l t s cast doubts on the molecularity of thermal 

rearrangements of p e r f l u o r o a l k y l p y r i d a z i n e s i n s t a t i c systems. The 

rearrangements occurring i n flow and vacuum systems are much less l i k e l y 

to involve bimolecular processes. The authors also cast doubts 

u n j u s t i f i a b l y on the photochemical rearrangements, f o r which the 

unimolecularity has been established by the i s o l a t i o n of the intermediate 

para-bonded species. 

The aim of the work described i n the f o l l o w i n g sections was to prove 
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Scheme I X . 6 A l l unmarked p o s i t i o n s c a r r y c h l o r i n e . 
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K 3 N 

N Gl N 
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the u n i m o l e c u l a r n a t u r e o f b o t h the pho tochemica l and t h e r m a l rear rangements 

o f p e r f l u o r o a l k y l p y r i d a z i n e s , by d e m o n s t r a t i n g the absence o f any c r o s s ­

over p r o d u c t s when d i f f e r e n t p y r i d a z i n e s are r e a r r a n g e d i n a m i x t u r e , 

i . e . 
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I X . B PHOTOLYSIS OF PjaAFLUORQALKYLPYRIDAZINfiS 

The i r r a d i a t i o n s were p e r f o r m e d i n sea led s i l i c a t u b e s , u s i n g medium 

p res su re mercury l amps . Under these c o n d i t i o n s the para-bonded 

i n t e r m e d i a t e s have n o t been i s o l a t e d . B e f o r e p e r f o r m i n g the p h o t o l y s i s o f 

m i x t u r e s the p h o t o l y i s o f the i n d i v i d u a l p y r i d a z i n e d e r i v a t i v e s was 

r e p e a t e d . 

The p y r i d a z i n e d e r i v a t i v e s used were p repa red as d e s c r i b e d i n S e c t i o n D. 

1 . I n d i v i d u a l P y r i d a z i n e D e r i v a t i v e s 

The p h o t o l y s i s 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 ( 1 3 8 ) , - 4 - i s o -

p r o p y l p y r i d a z i n e ( 1 3 7 ) , and - 4 - s - b u t y l p y r i d a z i n e (141) i n the vapour 

phase , gave the c o r r e s p o n d i n g p y r a z i n e d e r i v a t i v e s ( 1 4 7 ) . (146) and ( 1 5 0 ) . 

as r e p o r t e d p r e v i o u s l y . T h e r e was no evidence o f any exchange o f 

s u b s t i t u e n t g r o u p s . For e x a m p l e , c r o s s - o v e r o f C^F^ d u r i n g the 

rear rangement o f the 4 - i s o p r o p y l p y r i d a z i n e (137) wou ld g i v e t e t r a f l u o r o -

p y r a z i n e and d i - i s o p r o p y l p y r a z i n e ( 1 4 7 ) . 

I n c o n t r a s t t o the e a r l i e r r e p o r t , p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i d a z i n e 

(142) gave a p r o d u c t m i x t u r e c o n t a i n i n g some p e r f l u o r o - 2 , 6 - d i - s - b u t y l -

p y r a z i n e ( 1 5 3 ) . The new p y r i d a z i n e d e r i v a t i v e , p e r f l u o r o - 4 - i s o p r o p y l - 5 -

s - b u t y l p y r i d a z i n e (180) a l s o gave a m i x t u r e o f the 2 , 5 - and 2 , 6 - p y r a z i n e s 

( l 8 l ) and ( 1 8 2 ) . w h i c h were sepa ra t ed by p r e p a r a t i v e g . l . c . and t h e i r 

19 

s t r u c t u r e s a s s igned by compar ison o f the F n . m . r . s h i f t s o f the r i n g 

f l u o r i n e s w i t h those i n the d i - s - b u t y l compounds (151) and ( 1 5 3 ) » 

N Medium Pressure Hg 
159 hours 

hv 
N 0 4 9 r V 
F 

N 

+ 

N 

(Mi) 

68% 14% 
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C3*7 
F | 

N 

(180) 

Medium Pressure Hg 

N 
3 7r>-

/ C . F N 

(181) 

+ 
N \ c . F C , F 0 3 7 r / 
F 

N 

(182) 

75% 9% 

There was no evidence o f any exchange o f s u b s t i t u e n t groups i n t h i s 

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

These rear rangements t o the 2 , 6 - d i p e r f l u o r o a l k y l p y r a z i n e s were w o r t h y 

o f f u r t h e r i n v e s t i g a t i o n , as t hey i n t r o d u c e a f u r t h e r f a c t o r w h i c h 

cannot be accomodated by the mechanism i n v o l v i n g para-bonded i n t e r m e d i a t e s . 

When the i r r a d i a t i o n o f p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i d a z i n e (142) a t 300nm 

under t r a n s f e r e n c e was r e p e a t e d , however , the para-bonded spec i e s (142a) 

and (142b) were o b t a i n e d and these b o t h gave o n l y the 2 , 5 - p y r a z i n e (151) 

on t h e r m a l r e a r o m a t i s a t i o n . Thus , the r o u t e t o (151) i s c o n f i r m e d b u t the 

o r i g i n o f the 2 , 6 - i somer ( 1 5 ? ) . f o r m e d by p h o t o l y s i s i n a s e a l e d s i l i c a 

tube on i r r a d i a t i o n w i t h medium pressu re mercury l amps , i s unknown. 

When (142) was i r r a d i a t e d i n a s ea l ed t u b e , w i t h the l i q u i d phase 

s h i e l d e d , (153) was s t i l l f o r m e d , d e m o n s t r a t i n g t h a t t h i s rea r rangement i s 

no t o c c u r r i n g i n the l i q u i d phase. I t was a l s o p o s s i b l e t h a t (153) was 

f o r m e d by rear rangement o f the 2 , 5 - p y r a z i n e ( l 5 l ) b u t (151) was r ecove red 

unchanged a f t e r p h o t o l y s i s f o r 93 h o u r s , under the same c o n d i t i o n s . T h i s 

d i d n o t r u l e o u t the p o s s i b i l i t y t h a t the c o n v e r s i o n o f (151) t o (153) 

m i g h t r e q u i r e s e n s i t i s a t i o n by the presence o f a p y r i d a z i n e d e r i v a t i v e . 

N 

C . F _ F 

74 ? 

' i i r N F 

3 

(142a) 
(MS*) 



A m i x t u r e o f (151) 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 (138) was, 

t h e r e f o r e , i r r a d i a t e d f o r 72 hours and (151) was unchanged, t h u s , r u l i n g 

o u t t h i s p o s s i b i l i t y , u n l e s s i t i s s p e c i f i c a l l y p e r f l u o r o - 4 , 5 - d i - s - b u t y l -

p y r i d a z i n e w h i c h s e n s i t i s e s the r e a c t i o n . 

I t appears t h a t (153) i s fo rmed f r o m the o r i g i n a l p y r i d a z i n e ( 1 4 2 ) . A 

p o s s i b l e e x p l a n a t i o n f o r the f o r m a t i o n o f (153) i s a r o u t e i n v o l v i n g 

d iazabenzva lene i n t e r m e d i a t e s , l i k e t h a t proposed f o r t h e r m a l 

r ea r r angemen t s . (Scheme I X . 5 , p . 1 2 1 ; = H 2 = C^F^) . The t h e r m a l 

processes g i v e m a i n l y p y r i m i d i n e s as p r o d u c t s , however , whereas no 

p y r i m i d i n e d e r i v a t i v e was d e t e c t e d f r o m the p h o t o l y s i s e x p e r i m e n t s . 

N e v e r t h e l e s s , t h e r e i s no obvious a l t e r n a t i v e e x p l a n a t i o n a t the moment o f 

w r i t i n g . 

Compound (142) was a l s o i r r a d i a t e d f o r an ex tended p e r i o d (212 h o u r s ) 

under i d e n t i c a l c o n d i t i o n s . Th i s gave a h i g h - b o i l i n g orange o i l , the 

m a j o r components o f w h i c h were shown by g . l . c . w i t h mass spec t ro scopy t o 

r e s u l t f r o m l o s s o f CF„ o r CJP. f r a g m e n t s . I n v iew o f the decreased 
2 2 4 

v o l a t i l i t y compared t o ( 1 4 2 ) , these p r o b a b l y have c y c l i c s t r u c t u r e s . A 

s i m i l a r m i x t u r e was o b t a i n e d by p r o l o n g e d p h o t o l y s i s o f the p y r a z i n e ( 1 5 1 ) . 

2 . P y r i d a z i n e M i x t u r e s 

M i x t u r e s 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 (138) and p e r f l u o r o -

4 , 5 - d i - s - b u t y l p y r i d a z i n e ( 1 4 2 ) ; and p e r f l u o r o - 4 - i s o p r o p y l p y r i d a z i n e (137) 

and p e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e ( l 4 l ) ; were i r r a d i a t e d under the above 

c o n d i t i o n s . I n b o t h cases the p r o d u c t s were the same as when the i n d i v i d u a l 

p y r i d a z i n e d e r i v a t i v e s were i r r a d i a t e d s e p a r a t e l y and t h e r e was no c r o s s ­

over o f s u b s t i t u e n t g r o u p s . 

3 . C o n c l u s i o n 

The r e s u l t s s u p p o r t the u n i m o l e c u l a r mechanism f o r the rea r rangement 

o f p e r f l u o r o - 4 , 5 - d i - a l k y l p y r i d a z i n e s t o - 2 , 5 - d i - a l k y l p y r a z i n e s , v i a 



i n t e r m e d i a t e para-bonded s p e c i e s , as i n no case was t he re any exchange o f 

s u b s t i t u e n t g r o u p s , i n d i c a t i v e o f a b i m o l e c u l a r p r o c e s s . The r o u t e t o the 

2 , 6 - d i a l k y l p y r a z i n e s (153) and (182) i s u n d e t e r m i n e d . 

An a t t e m p t t o t r i p l e t s e n s i t i z e the rear rangement 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 (138) by i r r a d i a t i o n a t 253.7nm, i n s o l u t i o n w i t h 

benzophenone ( E ^ - 69 k c a l / m o l e ) was u n s u c c e s s f u l . T h i s means t h a t e i t h e r 

t r i p l e t s t a t e s are n o t i n v o l v e d i n the rear rangement o r a s e n s i t i z e r o f 

h i g h e r t r i p l e t energy i s r e q u i r e d . 

I X . C PYROLYSIS OF PERFLUOROALKYLPYRIDAZINES 

The g r e a t e s t p o s s i b i l i t y o f the i n v o l v e m e n t o f b i m o l e c u l a r processes 

i n the t h e r m a l rear rangement o f p y r i d a z i n e d e r i v a t i v e s i s d u r i n g p y r o l y s i s 

i n s t a t i c sys tems . P r e v i o u s l y , o n l y 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 

(138) had been e f f i c i e n t l y i s o m e r i s e d under s t a t i c c o n d i t i o n s ; p y r o l y s i s 

i n a s ea l ed n i c k e l tube a t 370°C g i v i n g a lmos t 100% c o n v e r s i o n t o 

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 m i d i n e ( 1 7 2 ) a f t e r 16 h o u r s . 

The p y r o l y s e s d e s c r i b e d i n t h i s s e c t i o n were p e r f o r m e d i n s e a l e d n i c k e l 

t u b e s , p r e v i o u s l y f l u s h e d w i t h d r y n i t r o g e n . The r e a c t i o n t ime was 16 hours 

i n a l l cases , t o enable d i r e c t compar i son o f the c o n v e r s i o n s o b t a i n e d . 

The v o l a t i l e p r o d u c t s were removed f r o m the tubes by t r a n s f e r e n c e under 

vacuum i n t o a c o l d t r a p . The amount o f r e c o v e r e d m a t e r i a l depended, no t 

o n l y on the e f f i c i e n c y o f the r e a c t i o n , b u t a l s o on how w e l l the tube was 

sea led i n each case , f o r w h i c h t h e r e was no t e s t o t h e r t h a n p e r f o r m i n g the 

r e a c t i o n . 

1 . I n d i v i d u a l P y r i d a z i n e D e r i v a t i v e s 

( a ) 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 (138) 

( i ) E f f e c t o f Temperature 

The e f f e c t o f v a r y i n g the t empera tu re on the rear rangement 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 (138) i s shown i n Table I X . 1 . 
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Table I X . 1 E f f e c t o f t empera tu re 

on the rear rangement 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 ( 1 3 8 ) . 

I n i t i a l Recovered 

P r o d u c t M i x t u r e 

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

Wt. (138) Temp, M a t e r i a l (122) 
Compounds 

1.05g 380°C 75% t r a c e 77% 23% 

1.35g 350°C 88% 46% 49% 5% 

1.25g 300°C 90% 92% 8% 

The g r e a t e s t c o n v e r s i o n was o b t a i n e d a t 380°C b u t a t t h i s t empera tu re 

the r e c o v e r y was r e l a t i v e l y l o w and a l a r g e amount o f two d e f l u o r i n a t e d 

compounds was f o r m e d . These were n o t ment ioned i n the p r e v i o u s r e p o r t * ^ * 

and t h e i r f o r m a t i o n w i l l depend on the s t a t e o f the n i c k e l tube used . The 

l o w e r e f f i c i e n c y o f these r e a c t i o n s may be due t o the s m a l l amounts o f 

(138) u sed . I n the p r e v i o u s work a l O g sample was used i n a tube the same 

s i z e ( c a . 100ml) and consequen t ly the r a t i o o f the s u r f a c e a rea o f the 

w a l l s o f the n i c k e l tube t o the amount o f (138) was much s m a l l e r . 

No a t t e m p t was made t o i d e n t i f y the d e f l u o r i n a t e d compounds b u 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 m i d i n e (172) was separa ted by p r e p a r a t i v e 

g . l . c . and i d e n t i f i e d by compar ison w i t h an a u t h e n t i c sample . 

( i i ) E f f e c t o f Pressure 

I t was n o t p o s s i b l e t o a l t e r the p ressu re i n s i d e the n i c k e l t u b e s , 

o t h e r t h a n by chang ing the q u a n t i t y o f m a t e r i a l i n them. I n Table I X . 2 

the p re s su re due t o (138) i s c a l c u l a t e d assuming i t t o behave as an i d e a l 

gas , w h i c h i t o b v i o u s l y w i l l n o t . I t i s reasonable t o assume t h a t a l l o f 

the (138) p r e s e n t i s i n the vapour phase, however , as compounds such as 

a n i l i n e , iodobenzene , and p h e n o l , w h i c h have s i m i l a r b o i l i n g - p o i n t s t o 

(138) a t a tmospher i c p r e s s u r e , have s a t u r a t e d vapour p res su res o f 10-20 



Table I X . 2 E f f e c t o f p ressure on the rear rangement o f (138) a t 3 5 0 ° C . 

P r o d u c t M i x t u r e 
E s t i m a t e d E s t i m a t e d 

I n i t i a l Pressure T o t a l D e f l u o r i n a t e d 

Wt. (138) Due t o (138) Pressure (13J3) (172) Compounds 

l . l l g 1.3 a tmos . 3.6 a tmos . 24% 64% 12% 

4. l6g 4.7 a tmos . 7.0 a tmos . 35% 53% 12% 

atmospheres a t the t empera tu re o f 350°G used f o r the p y r o l y s e s . ^ A t t h i s 

t empera tu re the p ressu re due t o n i t r o g e n i n the tube s h o u l d be 2 .3 

a tmospheres . The p y r o l y s e s were p e r f o r m e d i n the same n i c k e l tube 

i m m e d i a t e l y a f t e r each o t h e r , t o m i n i m i s e any v a r i a t i o n s i n the s t a t e o f 

the tube and the oven t e m p e r a t u r e . The r e c o v e r y o f m a t e r i a l was a lmos t 

i d e n t i c a l i n the two r u n s , b e i n g 88% i n the f i r s t and 92% i n the second. 

I t can be seen f r o m Table I X . 1 t h a t a p p r o x i m a t e l y d o u b l i n g the p ressu re 

i n the tube has decreased the p r o p o r t i o n o f (172) i n the p r o d u c t m i x t u r e , 

i . e . The h a l f - l i f e o f (138) has s l i g h t l y i n c r e a s e d . T h i s i s the o p p o s i t e 

e f f e c t t o t h a t expec ted f o r a b i m o l e c u l a r process and appears t o r u l e ou t 

any b i m o l e c u l a r mechanism f o r the rear rangement o f ( 1 3 8 ) . 

( b ) P e r f l u o r o - 4 . 5 - d i - B - b u t y l p y r i d a z i n e (142) 

The p y r o l y s i s o f p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i d a z i n e (142) has n o t 

p r e v i o u s l y been r e p o r t e d . The r e s u l t s o b t a i n e d i n s t a t i c systems a t a 

v a r i e t y o f t empera tu res are summarised i n Table I X . 3 . The m a j o r p r o d u c t 

was p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i m i d i n e (183.) , w h i c h i s a new compound, b u t , 

i n a d d i t i o n , t h e r e was a s i g n i f i c a n t y i e l d o f p e r f l u o r o - 2 , 5 - d i - s - b u t y l -

p y r a z i n e ( l 5 l ) . Compounds (183) and ( l 5 l ) were p u r i f i e d by p r e p a r a t i v e 

g . l . c . and the p y r a z i n e (151) was i d e n t i f i e d by compar ison w i t h the sample 

p r e v i o u s l y o b t a i n e d by p h o t o l y s i s o f ( 1 4 2 ) . 

The p y r i m i d i n e (183) was i d e n t i f i e d as the 4 ,5 - i somer by the s i m i l a r i t y 
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Table I X . 3 

Rearrangement o f p e r f l u o r o -

4 , 5 - d i - s - b u t y l p y r i d a z i n e ( 1 4 2 ) . 

I n i t i a l Recovered 

Wt. (142) T e m p * M a t e r i a l 

1.73g 380°C 63% mm 18% 67% 15% 

1.55g 350°G 75% - 14% 80% 6% 

1.40g 320°C 63% - 10% 84% 6% 

1.12g 300°C 84% 1% 8% 85% 6% 

1.40g 260°C 93% 38% 6% 52% 4% 

Produc t M i x t u r e 

C 
C 4 P 9 

N ' 

(142) (152) (183) Unknowns 

19 

o f the F n . m . r . s h i f t s o f the r i n g f l u o r i n e s t o those i n the p e r f l u o r o -

d i - i s o p r o p y l compound ( 1 7 2 ) . I n s t r u c t u r e s such as (185) i t i s known t h a t 

the p e r f l u o r o a l k y l groups a d j a c e n t t o r i n g n i t r o g e n adopt the average 

c o n f o r m a t i o n shown b e l o w , w i t h a l k y l groups f l a n k i n g the n i t r o g e n and g i v i n g 

sharp n . m . r . s i g n a l s . 1 4 4 » 1 4 5 » 1 3 3 I n t h e p e r f l u o r o - 4 , 5 - d i - i s o p r o p y l 

^ C 2 F 5 

1 C I S (183) ' t r a n s ' 

p y r i m i d i n e (172) the c o n f o r m a t i o n i s e f f e c t i v e l y f i x e d and a l a r g e t h r o u g h -

space c o u p l i n g o f 180 Hz i s observed between the a d j a c e n t t e r t i a r y f l u o r i n e 

atoms o f the p e r f l u o r o i s o p r o p y l g r o u p s . N o such c o u p l i n g i s observed 

i n the spec t rum o f ( 1 8 3 ) , due t o the a c c i d e n t a l e q u i v a l e n c e o f the t e r t i a r y 

f l u o r i n e atoms 4a and 5a . The presence o f two n o n - e q u i v a l e n t s t r u c t u r e s 

i s shown by the 5b CF^ group g i v i n g two s i g n a l s a t 73 .8 and 75.3ppm, 

i n t e g r a t i n g as l £ f l u o r i n e s each . T h i s i s n o t due t o c o u p l i n g , as the 

s e p a r a t i o n i n Hz a l t e r s on chang ing t o an n . m . r . s p e c t r o m e t e r o p e r a t i n g 
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a t a d i f f e r e n t f i e l d s t r e n g t h . I t can be e x p l a i n e d by the presence o f two 

i s o m e r s , w h i c h are e f f e c t i v e l y c i s - and t r a n s - i somers because o f the 

l o c k e d c o n f o r m a t i o n . On h e a t i n g t o 140°C, i n c r e a s e d r o t a t i o n must decrease 

the d i f f e r e n c e between them as the two s i g n a l s due t o 5b merge t o g i v e a 

b road resonance a t 74 .3ppm. (Fo r the complete spec t rum see Appendix l ) . 

I t i s e v i d e n t f r o m the d a t a i n Table I X . 3 t h a t the rear rangement o f 

(142) occurs much more r e a d i l y t h a n t h a t o f the d i - i s o p r o p y l compound ( 1 3 8 ) , 

v i r t u a l l y 100% c o n v e r s i o n b e i n g o b t a i n e d a t 3 0 0 ° C . A l a r g e amount o f 

rear rangement was even observed a t a t empera tu re as l o w as 2 6 0 ° G . 

The f o r m a t i o n o f the 2 , 5 - p y r a z i n e (151) r a t h e r t h a n the 2 , 6 - i s o m e r 

agrees w i t h the proposed d iazabenzva lene mechanism. (Scheme I X . 5 , p . 1 2 1 ) . 

I t was suggested t h a t the f o r m a t i o n o f a 2 , 5 - p y r a z i n e (147) f r o m 

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 (138) and a 2 , 6 - p y r a z i n e (178) f r o m 

the d i - e t h y l compound (140) was due t o a g r e a t e r d r i v i n g f o r c e t o 

separa te the p e r f l u o r o a l k y l groups i n the d iazabenzva lene i n t e r m e d i a t e s as 

the s i z e o f the groups was i n c r e a s e d . I n (142) the s i z e o f the groups i s 

even g r e a t e r a n d , n o t o n l y i s the 2 , 5 - p y r a z i n e (151) f o r m e d , b u t i t i s 

f o r m e d under c o n d i t i o n s where the d i - i s o p r o p y l compound (138) g i v e s no 

p y r a z i n e d e r i v a t i v e . 

( c ) P e r f l u o r o - 4-i3Q " P r o ' P y l - 5 - s - b u t y l p y r i d a z i n e (180) 

F I 
N 

N i tube 

300°C 

CzF 

0 N 0 N N N 

(180 ) (181) (lM) ( 1 8 £ ) 

3% 44% 43% 

+ Unknowns 6% 

+ (180) 4% 

Recovered M a t e r i a l : 83% 
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The p y r i d a z i n e (180) was o n l y p y r o l y s e d on one o c c a s s i o n , a t 300°C and 

the r e c o v e r e d m a t e r i a l c o n t a i n e d o n l y 4% o f un reac t ed ( 1 8 0 ) . There was o n l y 

a s m a l l y i e l d o f a p y r a z i n e , i d e n t i f i e d by g . l . c . w i t h mass s p e c t r o s c o p y , 

and t h i s had a g . l . c . r e t e n t i o n t ime i d e n t i c a l w i t h the 2 , 5 - i s o m e r ( 1 8 1 ) . 

As wou ld be expec ted f r o m the d iazabenzva lene mechanism, two p y r i m i d i n e 

d e r i v a t i v e s (18J.) and (185) were p roduced , i n a p p r o x i m a t e l y equa l y i e l d 

and these were p u r i f i e d by p r e p a r a t i v e g . l . c . A t f i r s t s i g h t , the 

ass ignment o f s t r u c t u r e s t o these compounds m i g h t seem t o be a d i f f i c u l t 

t a s k . I t was made easy , however , by the f a c t t h a t the p e r f l u o r o a l k y l group 

19 

a d j a c e n t t o the r i n g n i t r o g e n g i v e s sharp ' F n . m . r . s i g n a l s , as d e s c r i b e d 

on p . 1 3 1 . Thus , the p e r f l u o r o i s o p r o p y l group i n (185) g i v e s a sharp s i n g l e t 

whereas i n (184) the two CF^ groups are n o n - e q u i v a l e n t . S i m i l a r l y the 

s - b u t y l group o f (185) shows complex c o u p l i n g b u t the o n l y c o u p l i n g i n the 

s - b u t y l g roup o f (184) i s gemina l c o u p l i n g o f the —CF^- ( J = 300 H z ) . 

I n (184) th rough-space c o u p l i n g can be seen between the a d j a c e n t t e r t i a r y 

f l u o r i n e atoms ( J = 200 Hz) as i n the d i - i s o p r o p y l compound ( 1 7 2 ) . I n 

( 1 8 5 ) . however , these f l u o r i n e atoms are a c c i d e n t a l l y e q u i v a l e n t , as i n 

the d i - s - b u t y l compound ( 1 8 3 ) . 

( d ) P e r f l u o r o - 4 - i s o T ? r o p y l p y r i d a z i n e (137 ) 

The p y r o l y s i s 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 a z i n e (137) had p r e v i o u s l y 

been p e r f o r m e d o n l y i n a f l o w system' '"^ and gave 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 - 4 - i s o p r o p y l p y r i m i d i n e (175) and p e r f l u o r o - 5 - i s o p r o p y l -

p y r i m i d i n e ( 1 7 4 ) . as expec ted on the b a s i s o f the d iazabenzva lene mechanism 

The 4 - i s o p r o p y l compound (175) i s known b u t (174) was o n l y i d e n t i f i e d f r o m 

the n . m . r . spec t rum o f the m i x t u r e . 

When (137) was p y r o l y s e d i n a n i c k e l tube a t 400°G f o r 16 h o u r s , the 

r e c o v e r e d m a t e r i a l (81%) c o n t a i n e d o n l y 16% o f the p y r i m i d i n e s , t o g e t h e r 

w i t h (137) and some minor d e f l u o r i n a t e d compounds. The p y r i m i d i n e s were 

s epa ra t ed f r o m o t h e r m a t e r i a l by p r e p a r a t i v e g . l . c . and shown by n . m . r . t o 
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be a m i x t u r e o f (174 ) and (175) i n the r a t i o o f a p p r o x i m a t e l y 4 : 3 , 

( e ) P e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e ( l 4 l ) 

The p y r o l y s i s o f p e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e (141) has n o t 

p r e v i o u s l y been r e p o r t e d . On p y r o l y s i s i n a n i c k e l tube a t 350°C f o r 16 

h o u r s , t h e r e was a r e c o v e r y o f 77% and t h i s m a t e r i a l c o n t a i n e d o n l y 32% o f 

a m i x t u r e o f p y r i m i d i n e d e r i v a t i v e s . A t 400°C the r e c o v e r y decreased t o 

72% b u t t h i s c o n s i s t e d o f 94% p y r i m i d i n e s and a d e f l u o r i n a t e d i m p u r i t y , 

w i t h no un reac t ed ( l 4 l ) . I n c r e a s i n g the s i z e o f the p e r f l u o r o a l k y l g roup 

h a s , t h e r e f o r e , i n c r e a s e d the ease o f rear rangement compared t o the 4-

i s o p r o p y l compound ( 1 3 7 ) . 

The p y r i m i d i n e s were separa ted f r o m o t h e r m a t e r i a l by p r e p a r a t i v e g . l . c . 

and shown by n . m . r . t o be an a p p r o x i m a t e l y 1 : 1 m i x t u r e o f p e r f l u o r o -

5 - s - b u t y l p y r i m i d i n e (186) and the known compound p e r f l u o r o - 4 - s - b u t y l -

p y r i m i d i n e (lBl).^^ The ^ F n . m . r . spec t rum o f (186) i s i n t e r e s t i n g i n 

t h a t the 4- and 6 - f l u o r i n e atoms are n o n - e q u i v a l e n t , d e m o n s t r a t i n g t h a t 

t h e r e i s r e s t r i c t e d r o t a t i o n o f the p e r f l u o r o - s - b u t y l group a t room 

t e m p e r a t u r e , a phenomenon t h a t has been observed i n o t h e r sys tems . 

r7 " ^ N 

F^C ». 

(186) | F (187_) 

( f ) C o n c l u s i o n 

The r e s u l t s are a l l i n agreement w i t h the proposed d iazabenzva lene 

mechanism and the e f f e c t o f p ressure on the rear rangement 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 (138) appears t o r u l e o u t the p o s s i b i l i t y o f 

a b i m o l e c u l a r mechanism. 

An i nc rea se i n s i z e o f the p e r f l u o r o a l k y l s u b s t i t u e n t s f r o m C^F^ t o C^F^ 

i s f o u n d t o make the rear rangement r emarkab ly e a s i e r . I t i s u n l i k e l y t h a t 

t h i s can be a t t r i b u t e d t o an i nc rea se i n s t e r i c c r o w d i n g r a i s i n g the energy 



o f the i n i t i a l s t a t e , as the p r o d u c t s are e q u a l l y crowded and i t may be 

due t o i n c r e a s e d s t a b i l i s a t i o n o f the i n t e r m e d i a t e s . 

2 . M i x t u r e s 

M i x t u r e s were p y r o l y s e d i n n i c k e l tubes f o r 16 hours and the p r o d u c t s 

ana lysed by g . l . c . w i t h mass s p e c t r o s c o p y . I n no case was any c r o s s - o v e r 

o f s u b s t i t u e n t groups observed b u t , i n s t e a d , an unusua l c a t a l y s i s o f the 

rear rangement o f the l e s s r e a d i l y r e a r r a n g e d p y r i d a z i n e by the more e a s i l y 

r e a r r a n g e d d e r i v a t i v e . 

( a ) 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 (138) and P e r f l u o r o - 4 t 5 - d i - s - b u t y l -

p y r i d a z i n e (142) 

A 1 : 1 m i x t u r e o f p y r i d a z i n e s (138) and (142) was f i r s t p y r o l y s e d a t 

350°C, a t empera tu re a t w h i c h b o t h r ea r range t o a s i g n i f i c a n t e x t e n t , as i t 

was f e l t t h a t an exchange process would be more l i k e l y under these 

c o n d i t i o n s . The r ecove red d i - i s o p r o p y l - compound was c o m p l e t e l y 

r e a r r a n g e d t o the p y r i m i d i n e f o r m , compared t o c o n v e r s i o n s o f 49 - 64% 

when i t was p y r o l y s e d a lone a t t h i s t e m p e r a t u r e . (See pp.129,130). 

T h i s expe r imen t was r epea t ed a t 3 0 0 ° C , a t w h i c h t empera tu re (138) was 

o n l y 8% r e a r r a n g e d on i t s own. I n the m i x t u r e 91% o f the r e c o v e r e d 

d i - i s o p r o p y l compounds were i n the p y r i m i d i n e f o r m . I t i s c l e a r t h a t 

some th ing i n the m i x t u r e has a remarkable c a t a l y t i c e f f e c t on the 

rea r rangement o f ( 1 3 8 ) . 

( b ) C a t a l y s i s o f Other P y r i d a z i n e s by P e r f l u o r o-4.5 - d i - s - b u t y l p y r i d a z i n e 

To see i f o t h e r rear rangements c o u l d be c a t a l y s e d by the presence o f 

p e r f l u o r o - 4,5 - d i - s - b u t y l p y r i d a z i n e ( 1 4 2 ) . m i x t u r e s w i t h t e t r a f l u o r o -

p y r i d a z i n e (136) and 4,5 - d i c h l o r o d i f l u o r o p y r i d a z i n e (167) were p y r o l y s e d 

a t 300°C. B o t h o f these compounds were unchanged when p y r o l y s e d 

s e p a r a t e l y a t t h i s t e m p e r a t u r e . 
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( i ) T e t r a f l u o r o p y r i d a z i n e (136) 

The rear rangement o f t e t r a f l u o r o p y r i d a z i n e (136) a t 300°G was a l s o 

c a t a l y s e d by p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i d a z i n e ( 1 4 2 ) . A f t e r p y r o l y s i s 

o f a 1 : 1 m i x t u r e o f (13JS) and ( 1 4 2 ) . 33% o f the r ecove red t e t r a f l u o r o -

compounds were p r e s e n t as t e t r a f l u o r o p y r i m i d i n e ( 1 7 1 ) . A number o f 

d i f f e r e n t mo la r r a t i o s o f (136) and (142) were p y r o l y s e d t o see i f t h e r e 

was a c o n s t a n t r e l a t i o n s h i p between the number o f moles o f each 

r e a r r a n g e d . The r e s u l t s are summarized i n Table I X . 4 . 

Table I X . 4 

M o l a r R a t i o 

No. moles (136) 
i s o m e r i s e d 

No. moles (142) 
i s o m e r i s e d 

No. moles (136) 
i s o m e r i s e d 

No. moles (142) 
I n i t i a l l y p r e s e n t 

1 : 1 0 . 3 1 0.26 

4 » 1 1.29 1.06 

10 t 1 2 .73 1.44 

The r e s u l t s show t h a t t h e r e i s c l e a r l y no c o n s t a n t r e l a t i o n s h i p 

between the number o f moles o f (136) and (142) r e a r r a n g e d . A l s o , when 

(136) i s i n excess , each molecu le o f (142) can c a t a l y s e the rear rangement 

o f more t h a n one molecu le o f ( 1 3 6 ) . T h i s r u l e s ou t the f o r m a t i o n o f an 

i n t e r m e d i a t e 1 : 1 complex o r D i e l s - A l d e r adduc t between (136) and (142) 

as an e x p l a n a t i o n f o r the c a t a l y t i c e f f e c t . T h i s i s d i s c u s s e d more f u l l y 

i n s u b - s e c t i o n ( e ) . 

I t was i n t e r e s t i n g t h a t i n the 10 : 1 m i x t u r e 13% o f the r e c o v e r e d 

d i - b u t y l compounds were s t i l l p r e sen t as the p y r i d a z i n e ( 1 4 2 ) . Thus , we 

are a l s o s e e i n g the r eve r se o f the c a t a l y t i c e f f e c t , i . e . i n h i b i t i o n o f 

the rear rangement o f the more e a s i l y r e a r r a n g e d m o l e c u l e . 
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A 1 : 1 m i x t u r e o f ( l j 5 6 ) and (142) was a l s o p y r o l y s e d a t 300 C i n a 

py rex t u b e , s ea l ed a t a tmospher i c p r e s s u r e . A g a i n rear rangement o f (136) 

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

a n i c k e l t u b e . I t wou ld be d i f f i c u l t t o f i n d ou t i f i t w i l l occur under 

f l o w o r vacuum c o n d i t i o n s , however , because o f the l a r g e d i f f e r e n c e 

i n v o l a t i l i t y between the two compounds. 

The combined p r o d u c t m i x t u r e s were s epa ra t ed by p r e p a r a t i v e g . l . c . 

and the i d e n t i t y o f the rear rangement p r o d u c t f r o m (136) c o n f i r m e d as 

t e t r a f l u o r o p y r i m i d i n e ( 1 7 1 ) . 

( i i ) 4 . 5 - D i c h l o r o d l f l u o r o p y r i d a z i n e (167) 

A 2 J 1 m i x t u r e o f (167) and p e r f l u o r o-4,5 - d i - s - b u t y l p y r i d a z i n e (142) 

was p y r o l y s e d a t 300°C. I n the p r o d u c t , 68% o f the d i - s - b u t y l compounds 

were s t i l l i n the p y r i d a z i n e f o r m , i . e . t h e r e had been a l a r g e i n h i b i t i n g 

e f f e c t by the d i c h l o r o - c o m p o u n d ( 1 6 7 ) . The d i c h l o r o compound was 14% 

r e a r r a n g e d t o a compound o f the same mass b u t a d i f f e r e n t mass s p e c t r a l 

break-down p a t t e r n , w h i c h was c o n s i s t e n t w i t h a p y r i m i d i n e . T h i s was 

assumed t o be 4 , 5 - d i c h l o r o d i f l u o r o p y r i m i d i n e b u t i t was n o t i s o l a t e d . 

Thus (142) appears t o have c a t a l y s e d the rear rangement o f ( I 6 7 ) , w h i l e i t s 

own rearrangement has been i n h i b i t e d . 

( c ) F u r t h e r I n v e s t i g a t i o n o f the C a t a l y s i s o f the Rearrangement o f 

T e t r a f l u o r o p y r i d a z i n e (136) 

To c l a r i f y the n a t u r e o f the c a t a l y s i s o f the rear rangement o f 

t e t r a f l u o r o p y r i d a z i n e (136) by p e r f l u o r o-4t5 - d i - s - b u t y l p y r i d a z i n e ( 1 4 2 ) . 

c e r t a i n p o s s i b i l i t i e s had t o be r u l e d o u t . F i r s t l y , the rear rangement may 

have been t a k i n g p l ace i n the l i q u i d phase, w i t h the l e s s v o l a t i l e (142) 

a c t i n g as a s o l v e n t . When (136) was p y r o l y s e d a t 300°C w i t h the i n e r t 

f l u o r o c a r b o n p e r f l u o r o - l - m e t h y l d e c a l i n as the s o l v e n t , however , no 

rear rangement was obse rved . 
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S e c o n d l y , the c a t a l y s i s had been observed a t a t empera ture a t w h i c h 

(142) i t s e l f r e a r r a n g e s and so one o f the p r o d u c t s f r o m (142) may have 

been the c a t a l y s t . M i x t u r e s o f (136) w i t h the m a j o r p r o d u c t s f r o m ( 1 4 2 ) . 

p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i m i d i n e (183) and p e r f l u o r o - 2 , 5 - d i - s - b u t y l -

p y r a z i n e ( l 5 l ) . were unchanged a f t e r p y r o l y s i s a t 300°C, however , wh ich 

r u l e s ou t t h i s p o s s i b i l i t y , u n l e s s one o f the minor p r o d u c t s i s i n v o l v e d . 

A m i x t u r e w i t h 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 (147) was a l s o 

unchanged under these c o n d i t i o n s . 

The evidence p o i n t s towards the c a t a l y s t b e i n g e i t h e r the p y r i d a z i n e 

d e r i v a t i v e (142) i t s e l f , o r an i n t e r m e d i a t e i n i t s r ea r rangement . The n e x t 

q u e s t i o n was whether o t h e r p y r i d a z i n e d e r i v a t i v e s c o u l d a l s o behave as 

c a t a l y s t s . A 7 : 1 m i x t u r e o f (136) w i t h p e r f l u o r o - 4 - i s o p r o p y l - 5 - s - b u t y l -

p y r i d a z i n e (180) was p y r o l y s e d a t 300°C and the r ecove red t e t r a f l u o r o -

compounds c o n t a i n e d 18% t e t r a f l u o r o p y r i m i d i n e ( l 7 l ) . As w e l l as the 

rear rangement o f (136) b e i n g c a t a l y s e d , t h a t o f (180) was s i g n i f i c a n t l y 

i n h i b i t e d , 24% b e i n g unchanged. The r e s u l t s a g a i n showed no 1 : 1 

r e l a t i o n s h i p between the amounts o f the two p y r i d a z i n e s r ea r r anged . (See 

Table I X . 5 ) . 

Table I X . 5 

M o l a r R a t i o 

/ \ C F 
3 7i 

F I : 
N 

(131) 

C„F 4 * 9 ^ N 

(180) 

No. moles (136) 
i s o m e r i s e d 

No. moles (180) 
i s o m e r i s e d 

No. moles (136) 
i s o m e r i s e d 

No. moles (180) 
I n i t i a l l y p r e s e n t 

1.45 1.15 

A 4 : 1 m i x t u r e o f (136) w i t h 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 

(138) was p y r o l y s e d a t 300°G, a t w h i c h t empera tu re t h e r e i s o n l y a s m a l l 
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c o n v e r s i o n o f (138) on i t s own, and no rear rangement o f (136) was obse rved . 

I n f a c t , o n l y a t r a c e o f (138) r e a r r a n g e d t o p e r f l u o r o - 4 f 5 - d i - i s o p r o p y l -

p y r i m i d i n e ( 1 7 2 ) . T h i s sugges ts t h a t the c a t a l y t i c e f f e c t i s o n l y observed 

a t a t empera tu re a t w h i c h the c a t a l y s i n g p y r i d a z i n e d e r i v a t i v e i s i t s e l f 

r e a d i l y r e a r r a n g e d . Even a t 350°C, no c a t a l y s i s was observed on p y r o l y s i n g 

a 10 t 1 m i x t u r e o f (136) and (138) b u t the rear rangement o f (138) was 

g r e a t l y i n h i b i t e d . 

I t was t h o u g h t t h a t the i n h i b i t i o n o f the rear rangement o f the more 

r e a c t i v e p y r i d a z i n e d e r i v a t i v e m i g h t s i m p l y be a d i l u t i o n e f f e c t . That 

t h i s was n o t so was demons t ra ted when a 1 : 10 m i x t u r e o f 

p e r f l u o r o - 4 t 5 - d i - i s o p r o p y l p y r i d a z i n e (138) and the i n e r t f l u o r o c a r b o n 

p e r f l u o r o - l - m e t h y l d e c a l i n was p y r o l y s e d a t 350°C and no i n h i b i t i o n was 

obse rved . I n f a c t , t h e r e was a s l i g h t i n c r e a s e i n the c o n v e r s i o n o f ( 1 3 8 ) . 

When (138) was p y r o l y s e d i n a 1 : 10 m i x t u r e w i t h h e x a f l u o r o b e n z e n e , 

however , an i n h i b i t i n g e f f e c t was observed o f s i m i l a r magnitude t o t h a t 

o f t e t r a f l u o r o p y r i d a z i n e ( 1 3 6 ) . I t would appear t h a t t o i n h i b i t t he 

rear rangement o f (138) r e q u i r e s the presence o f an a r o m a t i c system o f some 

k i n d . 

( d ) C a t a l y s i s by P e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e (141) 

P e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e (141) i s c o m p l e t e l y r ea r r anged on 

p y r o l y s i s a t 400°C, compared t o a c o n v e r s i o n o f o n l y 16% f o r p e r f l u o r o -

4 - i s o p r o p y l p y r i d a z i n e (137) a t the same t e m p e r a t u r e . On p y r o l y s i s o f a 

4 s 1 m i x t u r e o f (137) and (141) under i d e n t i c a l c o n d i t i o n s , however , the 

c o n v e r s i o n o f b o t h was a p p r o x i m a t e l y 35%. Thus , the rear rangement o f 

(137 ) was c a t a l y s e d and t h a t o f (141) i n h i b i t e d . The r a t i o o f the number 

o f moles o f (137) r e a r r a n g e d t o the number o f moles o f (141) 

r e a r r a n g e d was 2.70, a g a i n r u l i n g ou t any 1 : 1 r e l a t i o n s h i p . 
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(e) Mechanism of the Catalysis 
Three possible mechanisms were o r i g i n a l l y considered. These were : 

( i ) Formation of a Diels-Alder intermediate, as i n Scheme IX.6, p.124. 

By this mechanism, only one molecule of the less readily rearranged 
pyridazine derivative could be rearranged per molecule of catalyst and so 
i t i s clearly ruled out by the experimental results. Nevertheless, one 
more experiment was performed to further demonstrate i t s non-applicability. 
As can be seen from Scheme IX.7, this mechanism would not involve exchange 
of substituent groups but i t would involve exchange of ring nitrogen. 

Scheme IX.7 

(128) 

+ 
N 1 F 

(Mi) 

N 
N 14 9 v9 C,F 

C-F 

N a* N N 

!4 F9 C4F9 

N ^ N N 
I 

(112) (183) 

A l l unmarked positions carry fluorine 
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A small amount of doubly N-labelled perfluoro-4 t 5-di-isopropylpyridazine 
(138) was prepared, i n a 50/50 mixture with the unlabelled compound. This 
showed two mass spectral parent peaks at 452 and 454* of approximately 
equal size. I t was pyrolysed at 300°C with a large excess (5 : l ) of 
unlabelled perfluoro-4 , 5-di-s-butylpyridazine (142). By the bimolecular 
process i n Scheme IX.7, v i r t u a l l y a l l of the dilute doubly labelled (138) 
should react with unlabelled (142) to give a singly labelled product. 
Thus, i n the perfluoro-4 , 5-di-isopropylpyrimidine (172) produced, the 
parent peak at 454 should have disappeared and been replaced by a large peak 
at 453* On analysis of the mixture by g.l.c. with mass spectroscopy, 
(172) was found to have parent peaks at 452 and 4541 of approximately 
equal size. Although the Micromass instrument did not allow accurate 
calibration of the peak sizes, i t i s clear that the Diels-Alder mechanism 
cannot occur to any significant extent. 

This result not only rules out the Diels-Alder mechanism as an 
explanation for the catalytic process but also for the thermal 
rearrangement of the individual perfluoroalkylpyridazines. This leaves the 
diazabenzvalene mechanism (Scheme IX. 5» p.121) as the only mechanism that 
has been suggested that can adequately account for the products observed. 

( i i ) Formation of a loose complex [A—-B], where A i s the catalysing 
molecule and B i s the pyridazine derivative being catalysed. In thi s 
complex the activation energy for rearrangement of B must be decreased 
and also that of A must be increased to account f o r the i n h i b i t i o n 
observed. This mechanism also requires a 1 t 1 relationship between the 
number of molecules of A and B rearranged, unless the complex breaks down 
to give unchanged A and rearranged B. Although there i s no obvious reason 
why the l a t t e r p o s s i b i l i t y should occur, i f i t i s postulated the dividing 
l i n e between this mechanism and route 1 i n the t h i r d mechanism overleaf 
becomes very f i n e . 
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Scheme IX.8 

A * A' B * A + B* route 1 rearranged 

B 
route 2 

A + B1 B + B» rearranged rearranged 

( i i i ) The t h i r d and favoured mechanism i s shown i n Scheme IX.8. By this 
mechanism, A becomes activated by c o l l i s i o n i n the normal way, to give the 
intermediate A'. A' may just be a highly vibrationally excited state, or 
alternatively i t may be the postulated diazabenzvalene intermediate. In 
either case i t must be able to transfer more energy on c o l l i s i o n than any 
molecule of B normally does at this temperature. On c o l l i s i o n with B, i t 
gives up th i s excess energy to produce B', which ultimately leads to 
rearranged B. During this transfer of energy, A* may f a l l back to i t s 
original state, i n which case i t can become activated again and repeat the 
process (route l ) . I t i s probably more l i k e l y , however, that A1 goes on 
to give rearranged A on losing i t s excess energy (route 2 ) , i n which case 
a molecule of A i s l o s t from the reaction mixture. However, B' can behave 
similarly and carry on the catalytic process. Thus, more than one molecule 
of B can be rearranged for each molecule of A. 

This type of process can also explain the i n h i b i t i o n of the rearrangement 
of the more readily rearranged molecule A. I f A* can normally activate 
another molecule of A i n the process of producing rearranged A, by a route 
analogous to route 2 above, then we have i n effect a chain process. This 
can be interrupted i f the energy i s transferred instead to a less reactive 
molecule B, which does not obtain enough energy to rearrange i t s e l f . 
I t i s interesting that hexafluorobenzene has an i n h i b i t i n g effect but 
perfluoro-l-methyldecalin does not. This suggests that the transferred 
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energy i s associated sp e c i f i c a l l y with an aromatic ring. Possibly i t goes 
into vibrational modes associated with the out of plane distortions of 
the ring which are necessary to produce thi s type of rearrangement. 

A variation on this mechanism was also considered, where A1 i s an 
excited t r i p l e t state produced thermally. In this case the energy transfer 
process i s the well-known t r i p l e t sensitization reaction. However, thi s 
seems unlikely, as i t has not been possible to produce a t r i p l e t 
sensitized rearrangement of a perfluoroalkylpyridazlne by i r r a d i a t i o n i n 
the presence of benzophenone as a sensitizer. 

IX.D PREPARATION OF PYRIDAZINE DERIVATIVES 
1. Tetrafluoropvridazine (156) 

Tetrafluorpyridazine (136) was prepared by technical s t a f f , by the 
route below. This d i f f e r s s l i g h t l y from the published m e t h o d , i n that 
dichloromaleic anhydride i s used instead of maleic anhydride, eliminating 
an autogenous reaction with phosphorus pentachloride. 

0 0 0 c i 
0 + H.N.Cl 6 2 2 CI 2) 100°C, 2 hrs 

1) R.T., 4 hrs c CI NH 
NH CI 

0 
45% 

P0C1Z 3 
Reflux, 6hrs 

^ N 

/J* 

Excess KF 
360"C, 2* hrs 

(131) (166) 
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2. Perf1uoroalkylpyridazinea 
The perfluoroalkylpyridazines were prepared by the well known 

76 
polyfluoroalkylation reaction. This involves addition of fluoride ion 
to a perfluoro-olefin i n an aprotic solvent, to form the corresponding 
carbanion, which then attacks the tetrafluoropyridazine, resulting i n 
nucleophilic displacement of fluoride ion. These reactions occur 
e f f i c i e n t l y at atmospheric pressure, the temperature necessary depending 
on the r e a c t i v i t y of the carbanion. 

Perfluoro-4»5-d.i-isopropylpyridazine (138) and perfluoro - 4 » 5-di-s-butyl-
pyridazine were prepared by published routes f^48»146 a s s n o w n t e i o w . 

I P I j . 9OT? rv-cv CsF. rioom Temp. ^ + 2 C F3C*-CF 2 Sulpholane * 

(l2£) (M) (128) 
81% 

N „ „ _o„ ... G 4 F 9 r l ^ N W 
F _ N 

° 4 V 

F I + 2CF CF=CFCP CsF, 60 C. 40hrs I p , 
+ Sulpholane * 

(21) (Mi) (Mi) 
20% 58% 

The l a t t e r gave a complex product mixture, requiring separation by 
preparative g.l.c. Other components, which were not obtained pure, were 
perfluoro-3,5-di-s-butylpyridazine and some defluorinated compounds, which 
were not mentioned i n the previous report. This i s another example of 
defluorination induced by fluoride ion, (for other examples see Chapter IV), 

Perfluoro-4-isopropylpyridazine (137) cannot be prepared e f f i c i e n t l y by 
reaction between equimolar amounts of (136) and (4jl) at room temperature, 
as the rate of substitution by heptafluoroisopropyl anion i s greater f or 
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attack on (137) than on (136). This reaction i s reversible, however, and 
at higher temperatures fluoride ion w i l l displace O^F^- from the di-iso-
propyl compound (138). enabling (137) to be prepared by the method below. 

SF7 F I 

(1^8) 

CsF_,_ 120°G 
Sulpholane 

(ill) 
71% 

:N 
• N 

C 5F 7 

6% 

Perfluoro-4-s-butylpyridazine (141) was prepared by a similar method, 
from the di-s-butyl compound (142) : 

GsF, 80°C C 4 F 9 
Sulpholane 

(M2) (I2i) (Mi) 
59% 

G 4 F 9 
• F I 

The preferable route to perfluoro -4-isopropyl -5-s-butylpyridazine (180) 
would be by fluoride-ion-induced reaction between perfluoro-4-isopropyl-
pyridazine (137) and octafluorobut-2-ene (jj), as the preparation of (137) 
i s r e l a t i v e l y straightforward, involving no d i f f i c u l t separations. 
Unfortunately, the temperature required to introduce the s-butyl group 
into (137) was also s u f f i c i e n t to cause some displacement of the isopropyl 
group. The result was that the (180) produced contained inseparable traces of 
the di-isopropyl- and di-s-butyl compounds, (138) and (142). Compound 
(180) was prepared from perfluoro -4-s-butylpyridazine (141) very easily, 
however, by fluoride-ion-induced reaction with hexafluoropropene (44) at 
room temperature but the preparation of ( l 4 l ) i s i t s e l f a long and tedious 
process. 
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C F 
4 9 

F I ^ N + CF5CF=CF2 
CsF, Room temp. 
Sulpholane 

° 4 F 9 •N I N 

(I4i) 

C 3 F 7 ^ 

(180) 

97% 

The "^F n.m.r. spectrum of (180) is interesting as i t shows a large 
through-space coupling of 230 Hz between the two t e r t i a r y fluorine atoms 
of the adjacent perfluoroalkyl groups. This i s invariant at up to 160°C, 
which means that there must be a very high energy barrier to free rotation 
of the groups. This coupling can not be seen i n the perfluoro-di-isopropyl-
or -di-s-butyl compounds because the t e r t i a r y fluorines are equivalent. 

3. 4..5-Dichlorodifluoropyridazine (l67) 
4 ,5-Dichlorodifluoropyridazine (167) was prepared i n good y i e l d by 

reacting tetrafluoropyridazine (136) with l i t h i u m chloride i n D.M.F. at 
100°G for about 45 minutes. 1^ 0 

+ excess LiCl 

F 
100 C, 45 mins 

D.M.F. 
CI 
CI 

(131) 
F 

(161) 

15 
4. ^N-Labelled Perfluoro -4.5-di-isopropylpyridazine 

The route to the labelled derivative i s shown overleaf. The star t i n g 
15 

point was an aqueous solution of 95.4% N hydrazine, which was acidified 
with sulphuric acid before the f i r s t stage. The product from the f i r s t 
stage was diluted with an equivalent amount of unlabelled compound before 
performing the chlorination. I t had been discovered using unlabelled 
compound that the yield from the chlorination was greatly increased by 
performing the reaction i n a sealed nickel tube, at an elevated 
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0 0 
CI 

CI 
15 

N2 H4 , H2° + H 2 S 0 4 
1) ii.T., 2 hrs H—N' 
2) 100°C, 2 hrs' H—N 0 CI CI 

0 

82% 

POCI 5 

Nickel tube 
140°C 
4 hrs 

3 F 
N C,F 

1) KF, 360°C, 2 j hrs 
2) CsF, C,F/-, Sulpholane 3 15 N^ 

2% 85% 

temperature, rather than the normal method of refluxing at atmospheric 
pressure (p.143). The flu o r i n a t i o n stage with potassium fluoride was also 
performed i n a nickel tube and this must have leaked, as very l i t t l e 
labelled tetrafluoropyridazine was obtained. This was polyfluoroalkylated 
immediately to give a low overall y i e l d of an approximately 50/50 mixture 

15 
of doubly N-labelled and unlabelled perfluoro -4 t5-di-isopropyl-
pyridazine. 
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CHAPTER X 

EXPERIMENTAL FOR CHAPTER IX 

X.A PHOTOLYSIS EXPERIMENTS 
1. Reagents 

The pyridazine derivatives were prepared as described i n Section C. 

2. Experimental Procedure 
Most experiments were performed i n s i l i c a tubes, sealed under high 

vacuum. Unless otherwise stated, no degassing was performed and the l i q u i d 
phase was unshielded. 

The transference experiment was performed using a large s i l i c a vessel 
connected by a transfer arm to a trap. The pyridazine derivative was 
placed i n the s i l i c a vessel, frozen down i n l i q u i d a i r , and the system 
evacuated to the required pressure. The s i l i c a vessel was placed i n the 
ir r a d i a t i o n zone, with the trap outside i t , frozen i n l i q u i d a i r so 
that v o l a t i l e material transferred into i t . 

3. Ultra-violet Sources 
Unless otherwise stated, the irradiations were performed i n a Hanovia 

•Reading* reactor, employing two Hanovia U.V.S. 500 medium pressure mercury 
lamps, which emit over a wide range of wavelengths. The temperature i n the 
ir r a d i a t i o n zone was ca. 80°C. A Rayonet R.P.R. 208 reactor was also used, 
employing 8 low pressure mercury lamps, providing 120 watts of 253.7nm 
l i g h t , or 8 'Sunlight phosphor' conversion lamps, providing ca. 85 watts of 
ul t r a - v i o l e t l i g h t with maximum output at 300nra. 

4. Irradiations Using Medium Pressure Mercury Lamps 
(a) Perfluoro-4.5-di-isopropvlpyridazine (138) 

Perfluoro-4,5-di-isopropylpyridazine (138) (l . 5 0 g , 3.32 m.moles) was 
sealed i n a s i l i c a tube (34 x 3.7nm) under high vacuum and irradiated f or 
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96 hours. The v o l a t i l e product (l . 3 2 g ) was removed from the tube by 
transference under vacuum into a cold trap and shown by g.l.c. (col.A, 

85°C) to be one component, i d e n t i f i e d as perfluoro-2 ,5-di-isopropylpyrazine 
(147) (88% y i e l d ) , by comparison of i t s ̂ F n.m.r. and i . r . spectra with 

1 5 1 1 9 

those of an authentic sample. F n.m.r. spectrum No.9; i . r . spectrum No.11. 

(b) Perfluoro-4-isopropylpyridazine (157) 

Perfluoro-4-isopropylpyridazine (137) (0 .51g» I . 6 9 m.moles) was sealed 
i n a s i l i c a tube (31 x 2.9cm) under high vacuum and irradiated f o r 66 hours. 
The v o l a t i l e product (0.45g) was removed from the tube by transference 
under vacuum into a cold trap and shown by g.l.c. (col. A, 80°C) to be one 
component, id e n t i f i e d as perfluoro-2-isopropylpyrazine (146) (88% yield) 

19 
by comparison of i t s F n.m.r. and i . r . spectra with those of an authentic 
s a m p l e . ^ F n.m.r. spectrum No.10; i . r . spectrum No.12. 
(c) Perfluoro-4-s-butylpyridazine (141) 

Perfluoro -4-s-butylpyridazine ( l 4 l ) (0 .48g, 1.36 m.moles) was sealed i n 
a s i l i c a tube (34 x 3.7cm) under high vacuum and irradiated f o r 66 hours. 
The v o l a t i l e product (0.41g) was shown by g.l.c. (col. A, 80°C) to be one 
component, i d e n t i f i e d as perfluoro-2-s-butylpyrazine (150) (85% yield) by 

19 
comparison of i t s F n.m.r. and i . r . spectra with those of the authentic 
compound."^F n.m.r. spectrum No.11; i . r . spectrum No.13* 
(d) Perfluoro-4.5-di-s-butylpyridazine (142) 

Perfluoro-4 , 5-di-s-butylpyridazine (142) (l . 54gt 2.79 m.moles) was 
sealed i n a s i l i c a tube (34 x 3.7cm) under high vacuum and irradiated f or 
159 hours. The v o l a t i l e product (l . 2 9 g ) was shown by g.l.c. ( c o l . A, 90°C) 
to contain 3 components i n the r a t i o 74 s 15 » H« These were separated by 
preparative g.l.c. and i d e n t i f i e d as perfluoro-2 ,5-di-s-butylpyrazine (151) 
(68% y i e l d ; "^F n.m.r. spectrum No.12; i . r . spectrum N0 . I 4 ) ; perfluoro-
2,6-di-s-butylpyrazine (153) (14% y i e l d ; "^F n.m.r. spectrum No.13; i . r . 
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spectrum No.15); and (142); by comparison of their " F n.m.r. and i . r . 
spectra with those of authentic samples. 

(e) Perfluoro-4-isopropyl-5-s-butylpyridazine (180) 
Perfluoro -4-isopropyl -5-s-butylpyridazine (180) (2.38g, 4.74 m.moles) 

was sealed i n a s i l i c a tube (36 x 3.9cm) under high vacuum and irradiated 
for an unknown period between 100 and 170 hours. (A fuse blew during a 
weekend). The v o l a t i l e product (2.11g) was shown by g.l.c. (col. A, 90°C) 
to contain three components, i n the r a t i o 59 * 7 '• 34. These were 
separated by preparative g.l.c. and i d e n t i f i e d ( i n order of retention time) 
as: 
( i ) Perfluoro-2-isopropyl-5-s-butylpyrazine (181) (75% y i e l d ) , b.p. 155°C 
(Found: C, 26.6; N, 5.6; F,68.2%; M+, 502. C-̂ F-̂ Ng requires C, 26 .3; N, 5.6 
P, 68.1%; M, 502). \ (cyclohexane) 280nm (e 8,600); n.m.r. spectrum No.14; 

i . r . spectrum No.16. 
( i i ) Perfluoro-2-isopropyl-6-s-butylpyrazine (182) (9% y i e l d ) , b.p. 158°C. 
(Found: C, 26.0; N, 5.9; F, 67.7%; M+, 502). X (cyclohexane) 273nm 

in cue 
(e. 6,600); n.m.r. spectrum No.15; i . r . spectrum No.17* 

( i i i ) Unchanged (180). 

( f ) Perfluoro-4.5-di-s-butylpyridazine (142) with the Liquid Shielded 
Perfluoro-4 , 5-di-s-butylpyridazine (142) (0 .70g, 1.26 m.moles) was 

sealed i n a s i l i c a tube (31 x 3.3cm) under high vacuum and irradiated f o r 
71 hours, with the small l i q u i d phase shielded with metal f o i l . The 
v o l a t i l e product (0.60g) was shown by g.l.c. (col. A, 90°C) to contain 
perfluoro-2 ,5-di-s-butylpyrazine (151) (55% by wt.; 61% y i e l d ) ; perfluoro-
2,6-di-s-butylpyrazine (153) (18% by wt.; 20% y i e l d ) ; and (142) (27% by wt.). 

(g) Perfluoro-2.5-di-s-butylpyrazine (151) 
Perfluoro-2 ,5-di-s-butylpyrazine (151) (l.31g, 2.73 m.moles) was sealed 
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i n a s i l i c a tube (36 x 3.9cm) under high vacuum and irradiated f o r 93 hours. 
The v o l a t i l e product (l . 0 3 g ) was shown by g.l.c. (col. A, 90°C) to be one 
component, i d e n t i f i e d from i t s i . r . spectrum as (151). 

(h) Mixture of Perfluoro-4.5-di-isopropvlpyridazine (138) and 
Perfluoro-2.5-di-s-butylpyrazine (151) 

The t i t l e compounds (138) (l.21g, 2.68 m.moles) and (151) ( l . 6 l g , 2.92 

m.moles) were sealed i n a s i l i c a tube (33 x 3.9cm) under high vacuum and 
irradiated for 72 hours. The v o l a t i l e product (2.53g) was shown by g.l.c. 
( c o l . A, 80°C) to contain perfluoro-2,5-di-isopropylpyrazine (147) (33% by 
wt.; 76% y i e l d ) ; perfluoro-2 f5-di-s-butylpyrazine ( l 5 l ) (63% by wt.; 99% 

recovery); and perfluoro -4 ,5-d-i-isopropylpyridazine (138) (4% by wt.). 

( i ) Prolonged Photolysis of Perfluoro-4.5-di-s-butvlpyridazine (142) 
Perfluoro -4»5-di-s-butylpyridazine (142) (2.12g, 3.84 m.moles) was 

irradiated for 212 hours i n a sealed s i l i c a tube. The v o l a t i l e product 
(0.21g) was shown by g.l.c. and g.l.c. with mass spectroscopy ( c o l . A, 
100°C) to contain several components, with masses greater than 800. The 
tube was washed out with ether and the ether evaporated, to give a brown 
residue ( l . 5 1 g ) , which gave an orange o i l (l . 4 0 g ) on molecular 
d i s t i l l a t i o n under reduced pressure. G.l.c. with mass spectroscopy ( c o l . A, 
150°C) showed this to contain two major components, only p a r t i a l l y 
resolved, which were tentatively i d e n t i f i e d as C^F^gNg (M + - F, 483) and 
^10^16^2 ^ + ~ ̂ ' 433). An analytical injection on a preparative scale 
instrument showed these to be unsatisfactorally resolved and the f i r s t 
peak to be made up of 4 smaller peaks. The mixture was not investigated 
further. 

( j ) Prolonged Photolysis of Perfluoro-2.5-di-s-butylpyrazine (151) 
Perfluoro-2,5-di-s-butylpyrazine ( l 5 l ) (0 .50g, 0.91 m.moles) was 
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irradlated for 133 hours i n a sealed s i l i c a tube. Only 0.05g of v o l a t i l e 
product was obtained. Extraction of the tube with ether yielded a brown 
residue (0 .37g) . This was dissolved i n pet. ether (60-80°C fraction) and 
insoluble material f i l t e r e d o f f . On evaporating the solvent, a red o i l 
remained (0 .30g) , with an i . r . spectrum similar to the o i l obtained i n 
the previous section. I t s mass spectrum showed large peaks at 383 and 433. 

(k) Mixture of Perfluoro-4-isopropylpyridazine (137) and 
Perfluoro-4-s-butylpyridazine (141) 

The t i t l e compounds (157) (0.57g, 1.89 m.moles) and (141) (0 .33g f 0.94 

m.moles) were sealed i n a s i l i c a tube (36 x 3.9cm) under high vacuum and 
irradiated f or 96 hours. The v o l a t i l e product (0.79g) was shown by g.l.c. 
and g.l.c. with mass spectroscopy to contain two components, i d e n t i f i e d 
by the i r mass spectra and g.l.c, retention times as perfluoro-2-isopropyl-
pyrazine (146) (65% by wt.; 90% y i e l d ) and perfluoro-2-s-butylpyrazine 
(150) (35% by wt.; 84% y i e l d ) . 

( l ) Mixture of Perfluoro-4.5-di-isopropylpyridaz3ne (138) and 
Perfluoro-4.5-di-s-butylpyridazine (142) 

The t i t l e compounds (138) (0.43g» 0.95 m.moles) and (142) (0.26g, 0.47 

m.moles) were sealed i n a s i l i c a tube (32 x 2.9cm) under high vacuum 
and irradiated f or 30 hours. The v o l a t i l e product (0.66g) was shown by 
g.l.c. and g.l.c. with mass spectroscopy (col. A, 90°C) to contain 4 major 
components, ide n t i f i e d by their mass spectra and g.l.c. retention times as 
perfluoro-2 ,5-di-isopropylpyrazine (147) ( 5 6%bywt.; 99% y i e l d ) ; 
perfluoro-2,5-di-s-butylpyrazine (151) (8% by wt.; 56% y i e l d ) ; (138) 
(9% by wt.) and (142) (17% by wt.). Also visi b l e were traces of perfluoro-
2,6-di-s-butylpyrazine (153) and a defluorinated impurity (M +,514)t 

which was i n i t i a l l y present i n (142) but no cross-over products (M +, 502) 

could be seen. 
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5. Photolysis of Perfluoro-4-.5-di-s-butylpyridazine (142) at 300nm 
Under Transference 

Perfluoro -4 ,5-di-s-butylpyridazine (142) (5.10g, 9.24 m.moles) was 
irradiated at 300nm i n the Hayonet reactor, whilst under transference at 
0.4mm pressure from a large s i l i c a vessel (39 x 10.5mm). The transference 
took 143 hours. The v o l a t i l e product (4.85g) was shown by g.l.c. (col. A, 
78°C) to contain perfluoro -4 ,5-di-s-butyl-l,2-diazabicyclo[2.2.0] -hexa-
2,5-diene (142a) (34%); perfluoro-2,5-di-s-butylpyrazine (151) (7%); 

unknowns (8%); and s t a r t i n g material (142) (51%). The para-bonded species 

(142a) was obtained pure by fr a c t i o n a l d i s t i l l a t i o n under reduced 
pressure (4mm, b.p. 39-42°C), and i d e n t i f i e d by comparison of i t s "^F n.m.r. 

137 
spectrum with that of the authentic compound. 

A sample of (142a) was rearranged by passage through g.l.c. ( c o l . A,50°C) 
to give a mixture, shown by n.m.r. to contain the 2,5-pyrazine (151) 
(ca. 20%) and perfluoro-1 ,4-di-s-butyl-2,5diazabicyclo [2.2.o]hexa-2,5-diene 
(142b) (ca. 8 0 % ) . 1 5 7 

Both (142a) and (142b) were rearomatised by passing analytical samples 
through g.l.c. (col. A, 80°C), with an injector temperature of 300°C and 
gave only one peak, with a retention time corresponding to the 2,5-pyrazine 
(15i). 
6. Attempted Trip l e t Sensitization of Perfluoro-4 . 5-di-isopropyl-

pyridazine (138) 
Perfluoro -4 ,5-di-isopropylpyridazine (138) (l.38g, 3.05 m.moles) and 

benzophenone (0 .59g, 3.24 m.moles) were dissolved i n 20ml of Freon 113 
and introduced into a s i l i c a tube (8 x 2.4cm). The solution was frozen i n 
l i q u i d a i r and the system evacuated, allowed to warm up to room 
temperature, and l e t down to atmospheric pressure with dry nitrogen. This 
was repeated twice and f i n a l l y the tube was sealed under vacuum. The 
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solution was then irradiated at 253»7nm i n the dayonet reactor f o r 48 hours, 
with the vapour phase shielded with metal f o i l . The solution was poured 
from the tube and the solvent evaporated, leaving an off-white solid 
( l » 7 7 g ) . Transference into a cold trap under vacuum gave a white s o l i d , 
i d e n t i f i e d by g.l.c. and n.m.r. as unchanged (138) (73% recovery). The 
i n v o l a t i l e o i l y residue (0.62g) had an i . r . spectrum showing only 
absorptions due to benzophenone. 

X.B PYROLYSIS EXPERIMENTS 

1. Experimental Procedure 
A nickel tube was cleaned, dried i n an oven and allowed to cool while 

being purged with dry nitrogen. The substrate was placed i n the tube and 
the tube sealed, using copper washers, which had previously been annealed 
by heating to red heat i n a flame and immersing immediately i n ethanol. 
The tube was then placed i n a furnace preheated to the required 
temperature and l e f t there for 16 hours, after which time i t was removed 
and allowed to cool. I t was then frozen i n l i q u i d a i r and the top removed 
and replaced by a nozzle, through which the v o l a t i l e products were pumped 
out into a trap i n l i q u i d a i r . 

2. Pyrolysis of Individual Pyridazine Derivatives 
(a) Perfluoro-4.5-di-isopropylpyridazine (138) 

The results of a number of pyrolyses were summarised i n Tables IX.1 and 
IX.2. One experiment i s described f u l l y below. 

Perfluoro -4»5-di-isopropylpyridazine (138) (l.05g, 2.32 m.moles) was 
pyrolysed at 380°C. The v o l a t i l e product (0.79gj 75% recovery) was shown 
by g.l.c. and g.l.c./mass spectroscopy (c o l . 0, 95°C) to contain one 
major component (77%), which was separated by preparative g.l.c. and 
shown to be perfluoro-4 , 5-di-isopropylpyrimidine (172) by comparison of 
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i t s F n.m.r. and i . r . s p e c t r a w i t h those o f an a u t h e n t i c sample. H 

(^F n.m.r. spectrum No.16; i . r , s p e c t r u m No.18). The o r i g i n a l i m p u r i t i e s 

were m a i n l y two d e f l u o r i n a t e d compounds (M +, 414)» which were not i s o l a t e d . 

I n the o t h e r experiments (158) was not i s o l a t e d b u t the p r o d u c t 

m i x t u r e s were analysed by g . l . c . and g . l . c . w i t h mass spectroscopy. 

( b ) P e r f l u o r o - 4 . 5 - d i - s - b u t y l p y r i d a z i n e (142) 

The r e s u l t s o f a number o f p y r o l y s e s were summarised i n Table IX.3. 

The r e a c t i o n m i x t u r e s were analysed by g . l . c . and g.l.c,/mass spectroscopy 

( c o l . T, 83°C), They were separated by p r e p a r a t i v e g . l . c . t o g i v e pure 

samples o f the two major p r o d u c t s , which were: 

( i ) P e r f l u o r o - 2 , 5 - d i - s - b u t y l p y r a z i n e ( l 5 l ) ( M + , 552), i d e n t i f i e d by 

comparison w i t h the sample o b t a i n e d by p h o t o l y s i s o f ( 1 4 2 ) . 

( i i ) P e r f l u o r o - 4 . 5 - d i - s - b u t y l p y r i m i d i n e ( 1 8 3 ) . b.p. 174°C. (Found: C, 26.1; 

F, 68.3; N,5.5%J M +, 552. C 1 2F 2 ( )N 2 r e q u i r e s C, 26.1; F, 68.8; N, 5.1%; 
M»552). ^ m a x ( c y c l o h e x a n e ) 250nm (e 4,000); 1^F n.m.r. spectrum No.17; 

i . r . spectrum No.19. 

There were a l a r g e number o f minor components, which i n c l u d e d two 

d e f l u o r i n a t e d compounds (M , 514)% two unknowns w i t h M = 364, and two 

w i t h M + = 602. Others had uncountable mass s p e c t r a , 

( c ) P e r f l u o r o - 4 - i s o p r o p y l - 5 - s - b u t y l p y r i d a z i n e (180) 

The p y r i d a z i n e (180) ( I . 1 2 g , 2.2 3 m.moles) was p y r o l y s e d a t 300°G. The 

v o l a t i l e p r o d u c t (0.93g) was shown by g . l . c . and g.l.c./mass spectroscopy 

( c o l . T, 90°C) t o c o n t a i n f o u r major components A, B, C, and D i n the 

r a t i o 3 * 44 s 43 : 4 i a l l h a v i n g M + = 502; and a l a r g e number o f minor 

components ( 6 % ) . 

Compound A had a g . l . c . r e t e n t i o n time and mass spectrum i d e n t i c a l t o 

p e r f l u o r o - 2 - i s o p r o p y l - 5 - s - b u t y l p y r a z i n e ( 1 8 1 ) , o b t a i n e d by p h o t o l y s i s o f 

( 1 8 0 ) . 
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Compound D was s t a r t i n g m a t e r i a l (180) 

Compounds B and C were o b t a i n e d pure by p r e p a r a t i v e g . l . c . ( c o l . T, 65°C 

50ul i n j e c t i o n s ) . Compound B was i d e n t i f i e d as p e r f l u o r o - 5 - i s o p r o p y l -

4 - s - b u t v l P v r i m i d i n e ( 1 8 4 ) . b.p. 163°C. (Pound: C, 26.4; F, 68.1; N, 5.4%; 

i f l + , 502. C n F 1 8 N 2 r e q u i r e s C, 26.3; P.68.1; N, 5.6%; M, 5 0 2 ) . X m a x 

(cyclohexane) 250nm (g. 3»900); n.mr. spectrum No.18; i . r . spectrum 

No.20. 

Compound C 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 - 5 - s - b u t y l p y r i m i d i n e 

( 1 8 5 ) . b.p. 163°C. (Pound: C, 26.0; F, 68.0; N, 5.9%; M +, 502). \ 

(cyclohexane) 250nm (e.3,700); "^F n.m.r. spectrum Ho#19; i . r . spectrum 

No. 2 1 . 

( d ) P e r f l u o r o - 4 - i s o p r o p y l p y r i d a z i n e (137) 

P e r f l u o r o - 4 - i s o p r o p y l p y r i d a z i n e (137) ( l . 3 4 g i 4.44 m.moles) was 

p y r o l y s e d a t 400°C. The v o l a t i l e p r o d u c t ( l . 0 8 g f 8 1 % r e c o v e r y ) was shown by 

g . l . c . and g.I.e./mass spectroscopy ( c o l . 0, 105°C) t o c o n t a i n two major 

components i n the r a t i o 16 : 83, b o t h w i t h M + = 302. The second was ( 1 3 7 ) . 
19 

The major p r o d u c t was separated by p r e p a r a t i v e g . l . c . and shown by P n.m. 

t o be an a p p r o x i m a t e l y 3 * 4 m i x t u r e 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 

(175) (n.m.r. spectrum No.20) and p e r f l u o r o - 5 - i s o p r o p y l p y r i m i d i n e (174) 

(n.m.r. spectrum No.21).' 1"^ 

(e) P e r f l u o r o - 4 - 3 - b u t y l p y r i d a z i n e (141) 

( i ) A t 350°C 

P e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e ( l 4 l ) (l.44g» 4.09 m.moles) was p y r o l y s e d 

a t 350°C. The v o l a t i l e p r o d u c t ( l . l l g , 77% r e c o v e r y ) was shown by g . l . c . 

and g.l.c./mass spectroscopy ( c o l . 0, 100°C) t o c o n t a i n two major 

components, l a t e r i d e n t i f i e d as p e r f l u o r o - s - b u t y l p y r i m i d i n e (32%) and 

s t a r t i n g m a t e r i a l ( l 4 l ) ( 6 8 % ) . 
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( i i ) A t 400°C 

The p y r i d a z i n e ( l 4 l ) ( l . 3 0 g , 3.69 ra.moles) was p y r o l y s e d a t 400°C and 

the v o l a t i l e p r o d u c t (0.94gi 72% r e c o v e r y ) shown by g . l . c . and g . l . c . / 

mass spectroscopy t o c o n t a i n a d e f l u o r i n a t e d compound (M +, 314; 6% by wt.) 

and p e r f l u o r o - s - b u t y l p y r i m i d i n e (M +, 352; 94% by w t . ) . 

The combined prod u c t from b o t h p y r o l y s e s was separated by p r e p a r a t i v e 

g . l . c . ( c o l . 0, 105°C) t o o b t a i n the p e r f l u o r o - s - b u t y l p y r i m i d i n e . ( f o u n d t 

C, 27.5; F, 64.4; N, 8.3%; M +, 352. C Q i ' 1 2 N 2 r e q u i r e s C, 27.3; F, 64.8; 

N, 8.0%; M, 352). ̂ F n.m.r. showed t h i s t o be an a p p r o x i m a t e l y 1 : 1 

m i x t u r e o f p e r f l u o r o - 4 - s - b u t y l p y r i m i d i n e (187 )"*"^ (n.m.r. spectrum No.22) 

and the new compound p e r f l u o r o - 5 - s - b u t y l p y r i m i d i n e (186) (n.m.r. spectrum 

No.23) b u t they c o u l d n o t be separated, 

( f ) T e t r a f l u o r o p y r i d a z i n e (136) 

When t e t r a f l u o r o p y r i d a z i n e (136) ( l . 3 2 g , 8.68 m.moles) was p y r o l y s e d 

a t 300°C, l . O l g (77%) was recovered unchanged. S i m i l a r l y , p y r o l y s i s o f 

(136) (2.15g, 14.1 m.moles) a t 350°G gave 1.85g ( 8 6 % r e c o v e r y ) o f ( 1 3 6 ) . 

over 99% pure by g . l . c . 

(g) 4 . 5 - D i c h l o r o d i f l u o r o p y r i d a z i n e (167) 

P y r o l y s i s o f 4 , 5 - d i c h l o r o d i f l u o r o p y r i d a z i n e (167) (l.47g» 7.95 m.moles) 

a t 300°C y i e l d e d 1.36g ( 9 3 % r e c o v e r y ) o f unchanged ( 1 6 7 ) . P y r o l y s i s o f 

(167) ( l . 4 0 g , 7.57 m.moles) a t 350°G y i e l d e d l . O l g ( 7 2 % r e c o v e r y ) of 

unchanged {l&D. 

3. P y r o l y s i s o f M i x t u r e s 

( a ) P e r f l u o r o - 4 . 5 - d i - i 3 o p r o p y l p y r i d a z i n e (138) and P e r f l u o r o - 4 . 5 - d i -

s - b u t y l p y r i d a z i n e (142) 
( i ) A t 350°C 

The t i t l e compounds (138) ( l . 2 0 g , 2.65 m.moles) and (142) (1.51g, 2.73 
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m.moles) were p y r o l y s e d t o g e t h e r a t 350°C. The v o l a t i l e p r o d u c t (2.42g, 

89% r e c o v e r y ) was shown by g . l . c . and g.I.e./mass spectroscopy ( c o l . T, 

80°C and c o l . 0, 100°C) t o c o n t a i n p e r f l u o r o - 2 , 5 - d i - s - b u t y l p y r a z i n e (151) 

( M + , 552; 7.5% by w 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 m i d i n e (172) (M +, 

452; 46% by w t . ) ; p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i m i d i n e (183) (M*, 552; 40% 

by w t . ) ; and s e v e r a l unknowns. No cross-over p r o d u c t s w i t h M + = 502 were 

observed. 

( i i ) A t 300°C 

The t i t l e compounds (138) ( l . 0 3 g , 2.28m.moles) and (142) ( l . 2 5 g , 2.26 

m.moles) were p y r o l y s e d t o g e t h e r a t 300°C. The v o l a t i l e p r o d u c t ( l . 9 4 g , 

85% r e c o v e r y ) was shown as above t o c o n t a i n ( l 5 l ) ( 2 . 5 % by w t . ) ; (172) 

( 4 4 % ) ; (183.) ( 4 5 % ) ; (118) ( 4 % ) ; (142) ( 2 % ) ; and s e v e r a l unknowns. 

( b ) P e r f l u o r o - 4 . 5 - d i - s - b u t v l p . y r i d a z i n e (142) and T e t r a f l u o r o p y r i d a z i n e 

(136) a t 300°C 

( i ) 1 ; 1 M i x t u r e 

The t i t l e compounds (142) ( l . 9 6 g , 3.55 m.moles) and (136) (0.53g, 3.49 

m.moles) were p y r o l y s e d t o g e t h e r a t 300°G. The v o l a t i l e p r o d u c t (2.09g» 

84% r e c o v e r y ) was shown by g . l . c . and g.l.c./mass spectroscopy ( c o l . T t 

90 and 150°C) t o c o n t a i n p e r f l u o r o - 2 f 5 - d i - s - b u t y l p y r a z i n e (151) (M +, 552; 

6.5% by w t . ) ; p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i m i d i n e (183.) ( M +
f 552; 7 0 % ) ; 

(142) ( M + , 552; 1.5%); t e t r a f l u o r o p y r i m i d i n e (171) (M + , 152; 6.5%); (136) 

( M + , 152; 13.5%); and some u n i d e n t i f i e d i m p u r i t i e s . 

( i i ) 1 : A M i x t u r e 

The t i t l e compounds (142) ( l . l 9 g , 2.16 m.moles) and (136) ( l . 3 2 g , 8.68 

m.moles) were p y r o l y s e d a t 300°C. The v o l a t i l e p r o d u c t (2.20g, 80% 

r e c o v e r y ) was shown as above t o c o n t a i n (151) ( 4 % hy w t . ) ; (183) ( 4 0 % ) ; 

(142) ( 2 % ) ; (171) ( 1 5 % ) ; (136) ( 3 8 % ) ; and some minor, u n i d e n t i f i e d 

i m p u r i t i e s . 
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( i i i ) 1 : 10 M i x t u r e 

The t i t l e compounds (14J2) (0.67g, 1.21 m.moles) and (13.6) ( l . 8 6 g , 

12.24 m.moles) were p y r o l y s e d a t 300°C. The v o l a t i l e p r o d u c t (l.69g» 67% 

r e c o v e r y ) was shown as b e f o r e t o c o n t a i n (151) ( 2 % by w t . ) ; (183) ( 1 9 . 5 % ) ; 

(142) ( 3 % ) ; (171) ( 1 6 % ) ; (136) ( 5 9 % ) ; and minor i m p u r i t i e s . 

( i v ) 1 1 1 M i x t u r e i n a Pyrex Tube 

The t i t l e compounds (142) (l.l5g» 2.08m.moles) and (136) (0.31g, 2.04 

m.moles) were sealed a t atmospheric pressure i n a pyrex tube f i l l e d w i t h 

d r y n i t r o g e n and p y r o l y s e d a t 300°G. The v o l a t i l e p r o d u c t ( l . l 7 g , 80% 

r e c o v e r y ) was shown as b e f o r e t o c o n t a i n (151) ( 5 % by w t . ) ; (183) ( 6 9 % ) ; 

(142) ( 6 % ) ; (171) ( 4 % ) ; (136) ( 8 % ) ; and s e v e r a l unknowns. 

The p r o d u c t m i x t u r e s from the f o u r experiments above were separated by 

p r e p a r a t i v e g . l . c . ( c o l . 0, 130°C) and the i d e n t i t y o f the t e t r a f l u o r o -

p y r i m i d i n e (171) confirmed by i t s i . r . spectrum. 

( c ) P e r f l u o r o - 4 . 5 - d i - s - b u t y l p y r i d a z i n e (142) and 4 . 5 - D i c h l o r o d i f l u o r o -

p y r i d a z i n e ( I 6 7 ) a t 300°0 

The t i t l e compounds (142) ( l . l 8 g , 2.I4 m.moles) and (167) (0.73g, 3.95 

m.moles) were p y r o l y s e d a t 300°C. The v o l a t i l e p r o d u c t ( l . 7 4 g i 9 1 % 

r e c o v e r y ) was shown by g . l . c . and g.l.c/mass spectroscopy ( c o l . 0, 140°C) 

t o c o n t a i n a peak due t o unr e s o l v e d p e r f l u o r o - 2 , 5 - d i - s - b u t y l p y r a z i n e (151) 

and p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i m i d i n e (183) (M +, 552; 2 1 % by w t . ) ; (142) 

( 4 5 % ) ; a compound t e n t a t i v e l y i d e n t i f i e d as 4 , 5 - d i c h l o r o d i f l u o r o -

p y r i m i d i n e (M +, 184; 5 % ) ; and (167) ( 2 9 % ) . 

( d ) Other M i x t u r e s C o n t a i n i n g T e t r a f l u o r o p y r i d a z i n e (136) 

( i ) W i th P e r f l u o r o - l - m e t h y l d e c a l i n a t 300°C 

T e t r a f l u o r o p y r i d a z i n e (136) (1.59 g i 10.56 m.moles) and p e r f l u o r o - 1 -

m e t h y l d e c a l i n (6.79g, 13.26 m.moles) were p y r o l y s e d a t 300°C and the 



v o l a t i l e p r o d u c t (8.02g, 96% r e c o v e r y ) was shown by g . l . c . ( c o l s . T and 0, 

v a r i o u s temperatures) t o c o n t a i n o n l y unchanged s t a r t i n g m a t e r i a l s . 

( i i ) W i t h P e r f l u o r o - 4 . 5 - d i - 3 - b u t y l p y r i m i d i n e (185) a t 300°C 

T e t r a f l u o r o p y r i d a z i n e (136) ( l . 5 1 g , 9*93 m.moles) and the p y r i m i d i n e 

(183) (0.46g, 0.83 m.moles) were p y r o l y s e d a t 300°G. The v o l a t i l e p r o d u c t 

( l . 6 9 g , 86% r e c o v e r y ) was shown by g . l . c . ( c o l . 0, 100°C) t o c o n t a i n o n l y 

unchanged s t a r t i n g m a t e r i a l s . 

( i i i ) W i t h P e r f l u o r o - 2 . 5 - d i - s - b u t y l p y r a z i n e (151) a t 300°C 

T e t r a f l u o r o p y r i d a z i n e (136) ( l . 5 5 g t 10.2 m.moles) and the p y r a z i n e 

(151) (0.75g, 1.36 m.moles) were p y r o l y s e d a t 300°C. The v o l a t i l e p r o d u c t 

( 2 . l 6 g , 94% r e c o v e r y ) was shown by g . l . c . ( c o l . 0, 100°C) t o c o n t a i n o n l y 

unchanged s t a r t i n g m a t e r i a l s . 

( i v ) With 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 (147) a t 300°C 

T e t r a f l u o r o p y r i d a z i n e (136) ( l . 4 2 g , 9.34 m.moles) and the py r a z i n e 

(147) ( 0 . 5 7 g i 1.26 m.moles) were p y r o l y s e d a t 300°G and the v o l a t i l e 

p r o d u c t ( l . 8 0 g , 90% r e c o v e r y ) shown by g . l . c . ( c o l . T, 140°C) t o c o n t a i n 

o n l y unchanged s t a r t i n g m a t e r i a l s . 

( v ) With P e r f l u o r o - 4 - i 3 o p r o p y l - 5 - 3 - b u t y l p y r i d a z i n e (180) a t 300°C 

T e t r a f l u o r o p y r i d a z i n e (136) (l.44g» 9.47 m.moles) and the p y r i d a z i n e 

(180) (0.69g, 1.37 m.moles) were p y r o l y s e d a t 300°C. The v o l a t i l e p r o d u c t 

(2.04g, 96% r e c o v e r y ) was shown by g . l . c . and g.l.c./mass spectroscopy 

( c o l . T, 140°C) t o c o n t a i n p e r f l u o r o - 2 - i s o p r o p y l - 5 - s - b u t y l p y r a z i n e 

( M + , 502; 1 % by w t . ) ; p e r f l u o r o - 4 - i s o p r o p y l - 5 - s - b u t y l p y r i m i d i n e (185) and 

p e r f l u o r o - 5 - i s o p r o p y l - 4 - s - b u t y l p y r i m i d i n e (184) (M*, 502; t o t a l : 2 5 % ) ; 

(180) ( 8 % ) ; t e t r a f l u o r o p y r i m i d i n e ( l 7 l ) ( M + , 152; 1 2 % ) ; and (136) ( 5 4 % ) . 

( v i ) W i t h 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 (138) a t 300°0 

T e t r a f l u o r o p y r i d a z i n e (136) ( l . 4 3 g . 9.41 m.moles) and (1^8) ( l . 0 6 g , 
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2.34 m.moles) were p y r o l y s e d a t 300°C. The v o l a t i l e p r o d u c t (2.22g, 89% 

r e c o v e r y ) was shown by g . l . c . ( c o l . 0, 100°C) t o c o n t a i n m a i n l y 

(138) ( 4 8 % by wt.) and (136) ( 5 2 % ) , w i t h o n l y a t r a c e o f perfluoro-4»5-di-

i s o p r o p y l p y r i m i d i n e ( 1 7 2 ) . 

( v i i ) With 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 (138) a t 350°C 

T e t r a f l u o r o p y r i d a z i n e (136) ( l . 5 5 g t 10.2 m.moles) and (138) (0.47g» 

1.04 m.moles) were p y r o l y s e d a t 350°C. The v o l a t i l e p r o d u c t ( l . 7 8 g , 88% 

r e c o v e r y ) was shown by g . l . c . ( c o l . 0, 100°C ; c o l . T, 150°C) t o c o n t a i n 

no t e t r a f l u o r o p y r i m i d i n e ( l 7 l ) . and the r a t i o 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 m i d i n e (172) t o (138) was 7 » 93. 

(e ) 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 (138) W i t h I n e r t S o l v e n t s 

( i ) W i th P e r f l u o r o - l - m e t h v l d e c a l i n a t 350°C 

The p y r i d a z i n e (138) (0.51 g i 1.13 m.moles) and p e r f l u o r o - l - m e t h y l d e c a l i n 

(5«73g» 11.19 m.moles) were p y r o l y s e d a t 350°C The v o l a t i l e p r o d u c t 

(6.14g* 98% r e c o v e r y ) was shown by g.l.c./mass spectroscopy ( c o l . T, 90°u) 

t o c o n t a i n m a i n l y p e r f l u o r o - l - m e t h y l d e c a l i n , w i t h p e r f l u o r o - 4 t 5 - d i -

i s o p r o p y l p y r i m i d i n e (172) and (138) i n the r a t i o 86 t 14. 

( i i ) W i t h Hexafluorobenzene ( 2 8 ) a t 350°C 

The p y r i d a z i n e (138) (0.51gi 1.13 m.moles) and hexafluorobenzene (28) 

(2.05g, 11.0 m.moles) were p y r o l y s e d a t 350°C. The v o l a t i l e p r o d u c t 

(2.47g, 96% r e c o v e r y ) was shown by g . l . c . and g.l.c./mass spectroscopy 

( c o l . Z, 100°C) t o c o n t a i n m a i n l y ( 2 8 ) , w i t h 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 m i d i n e (3J2) and (158) i n the r a t i o 5 « 95. 

N.B. Both p e r f l u o r o - l - m e t h y l d e c a l i n and hexafluorobenzene were recovered 

unchanged on p y r o l y s i s s e p a r a t e l y a t 350°G. 
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( f ) P e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e ( l 4 l ) and P e r f l u o r o - 4 - i s o p r o p y l -

p y r i d a z i n e (137) a t 400°C 

The t i t l e compounds (141) (0.38g, 1.08 m.moles) and (157) ( l . 2 6 g , 4.17 

m.moles) were p y r o l y s e d a t 400°G. The v o l a t i l e p r o d u c t ( l . 0 8 g , 66% r e c o v e r y ) 

was shown by g . l . c . and g.l.c./mass spectroscopy ( c o l . 0, 100°C) t o c o n t a i n 

p e r f l u o r o - i s o p r o p y l p y r i m i d i n e s (M +, 352; 24% by w t . ) ; p e r f l u o r o - s - b u t y l -

p y r i m i d i n e s (M +, 352; 10. 5 % ) ; ( i l l ) ( 4 6 % ) ; and (141) ( 1 9 . 5 % ) . 

( g ) ^ N - L a b e l l e d Perfluoro-4»5-di-i3opropylpyridazlne (138) and U n l a b e l l e d 

P e r f l u o r o - 4 . 5 - d i - s - b u t v l p y r i d a z i n e (142) a t 500°C 

A 50/50 m i x t u r e o f doubly 1 5 N - l a b e l l e d (138) and u n l a b e l l e d (138) 

(0.09g, 0.20 m.moles) was d i s s o l v e d i n u n l a b e l l e d (142) (0.54g» 0.98 m.moles) 

and the m i x t u r e examined by g.l.c./mass spectroscopy ( c o l . 0, 125°C). 

Compound (138) showed p a r e n t peaks a t 452 and 454» o f r o u g h l y equal s i z e . 

Some o f the m i x t u r e (0.58g) was p y r o l y s e d a t 300°C and the v o l a t i l e p r o d u c t 

(0.31g, 53% r e c o v e r y ) was examined by g.l.c./mass spectroscopy ( c o l . A , 90°C). 

The 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 m i d i n e (172) pres e n t showed p a r e n t peaks 

a t 452 and 454, o f r o u g h l y equal s i z e , and no s i g n i f i c a n t peak a t 453. The 

p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i m i d i n e (185) showed no i n c r e a s e d P + 1 ( 5 5 3 ) . 

X.C PREPARATION OF PYRIDAZINii DjjjitlVATIVaS 

1 . General 

( a ) Reagents 

T e t r a f l u o r o p y r i d a z i n e was prepared by t e c h n i c a l s t a f f , by the r o u t e 

g i v e n i n Chapter IX. 

Caesium f l u o r i d e , potassium f l u o r i d e and l i t h i u m c h l o r i d e were d r i e d by 

a l t e r n a t e l y h e a t i n g t o 150°C under h i g h vacuum f o r s e v e r a l hours and 

c r u s h i n g t o a f i n e powder. They were s t o r e d under d r y n i t r o g e n . 

The s o l v e n t s were d e s c r i b e d i n Chapter V I . 

The p e r f l u o r o - o l e f i n s were s u p p l i e d by B r i s t o l Organics L t d . 
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N - l a b e l l e d h y d r a z i n e was o b t a i n e d from Prochem L t d . 

( b ) Procedure f o r P o l v f l u o r o a l k v l a t i o n i t e a c t i o n a 

Caesium f l u o r i d e and sulpholane were i n t r o d u c e d i n t o the r e a c t i o n 

v e s s e l , which had been baked and purged w i t h d r y n i t r o g e n , a g a i n s t a stream 

o f d r y n i t r o g e n . The r e a c t i o n v e s s e l was f i t t e d w i t h a f o o t b a l l b l a d d e r , 

which act e d as a v a r i a b l e volume gas r e s e r v o i r . The apparatus was evacuated 

and the r e q u i r e d amount o f gaseous p e r f l u o r o - o l e f i n i n t r o d u c e d i n t o i t . 

T e t r a f l u o r o p y r i d a z i n e (136) was r a p i d l y i n t r o d u c e d i n t o the r e a c t i o n 

m i x t u r e , which was s t i r r e d v i g o r o u s l y d u r i n g the r e a c t i o n . Collapse o f the 

b l a d d e r and c o l o u r a t i o n of the r e a c t i o n m i x t u r e o c c u r r e d d u r i n g the r e a c t i o n . 

On c o m p l e t i o n , the p r o d u c t s were removed by t r a n s f e r e n c e under vacuum a t 

90°C i n t o a t r a p cooled i n l i q u i d a i r . 

2. P r e p a r a t i o n of P e r f l u o r o a l k y l p y r i d a z i n e s 

Most of these r e a c t i o n s were performed on s e v e r a l occasions and o n l y 

one example o f each i s d e s c r i b e d . 

( a ) 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 (138) 

A m i x t u r e of caesium f l u o r i d e (6.5g» 42.8 m.moles),sulpholane ( 4 0 m l ) , 

hexafluoropropene (44) ( l 6 . 6 g , 110.5 m.moles), and t e t r a f l u o r o p y r i d a z i n e 

(136) (8.0g, 52.6 m.moles) was s t i r r e d a t room temperature f o r 5 ho u r s , 

a f t e r which time a p a r t i a l vacuum had formed i n the apparatus. The v o l a t i l e 

p r o d u c t (23.18g) was r e c r y s t a l l i s e d from hexane and i d e n t i f i e d as 

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 (138) ( l 9 . 2 9 g , 8 1 % y i e l d ) by comparison 

o f i t s i . r . and ^ F n.m.r. s p e c t r a w i t h those o f an a u t h e n t i c sample. 

( b ) P e r f l u o r o - 4 . 5 - d i - s - b u t y l p y r i d a z i n e (142) 

A m i x t u r e of caesium f l u o r i d e (4.2g, 27.6 m.moles), sulpholane ( 5 0 m l ) , 

o c t a f l u o r o - b u t - 2 - e n e (27.) (26.2g, 131.0 m.moles), and t e t r a f l u o r o ­

p y r i d a z i n e (136) (9.68, 63.7 m.moles) was s t i r r e d a t 60°C f o r 40 hours. 

Not a l l of the o c t a f l u o r o b u t - 2 - e n e was absorbed. The v o l a t i l e p r o d u c t 
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(28.10g) was shown by g . l . c . and g.l.c./mass spectroscopy ( c o l . T, 90°C) 

t o c o n t a i n butene oligomers ( 6 % by w t . ) ; p e r f l u o r o - 3 , 5 - d i - s - b u t y l -

p y r i d a z i n e (M +, 552), contaminated w i t h d e f l u o r i n a t e d compounds (M +, 514) 

( t o t a l : 6 % ) ; p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i d a z i n e (142) ( 7 2 % , 58% y i e l d ) ; 

and p e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e (141) ( 1 6 % , 20% y i e l d ) . The l a t t e r two 

compounds were o b t a i n e d pure by p r e p a r a t i v e g . l . c . ( c o l . T, 100°C) and 
19 

i d e n t i f i e d by comparison of t h e i r i . r . and P n.m.r. s p e c t r a w i t h those 

o f a u t h e n t i c samples. 

( c ) P e r f l u o r o - 4 - i s o p r o p y l p y r i d a z i n e (137) 

A m i x t u r e o f caesium f l u o r i d e ( 3.2g, 21.1 m.moles), sulpholane ( 6 5 m l ) , 

perfluoro-4»5-cLi-isopropylpyridazine ( l O g , 22.1 m.moles) and 

t e t r a f l u o r o p y r i d a z i n e (136) (4»0g, 26.3 m.moles) was s t i r r e d a t 120°C f o r 

17 hours. The v o l a t i l e p roduct ( l 0 . 7 1 g ) was shown by g . l . c . and g . l . c . / 

mass spectroscopy ( c o l . A, 100°C) t o c o n t a i n 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 ( l l % by wt. , 696 y i e l d ) and p e r f l u o r o - 4 - i s o p r o p y l p y r i d a z i n e 

(137) ( 8 9 % , 7 1 % y i e l d ) . Compound (137) was p u r i f i e d by f r a c t i o n a l 

d i s t i l l a t i o n on a s m a l l c o n c e n t r i c tube F i s c h e r S p o l t r o h r System M.M.S. 200, 

(b.p . 143-145°C), and i d e n t i f i e d by comparison of i t s i . r . and n.m.r. 
148 

s p e c t r a w i t h those of an a u t h e n t i c sample. 

( d ) P e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e ( l 4 l ) 

A m i x t u r e of caesium f l u o r i d e ( 5*0g, 32.9 m.moles), sulpholane ( 1 0 m l ) , 

p e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i d a z i n e (142) ( l 2 . 1 7 g , 22.05 m.moles) and 

t e t r a f l u o r o p y r i d a z i n e (136) (4»78g, 31.44 m.moles) was s t i r r e d a t 80°C f o r 

4 days. The v o l a t i l e p roduct ( l 0 . 7 7 g ) was shown by g . l . c . and g . l . c . / 

mass spectroscopy ( c o l . T, 90°C) t o c o n t a i n p e r f l u o r o - 3 , 5 - d - i - s - b u t y l -

p y r i d a z i n e (M +, 552; 9% by w t . , 5% y i e l d ) ; p e r f l u o r o - 4 , 5 - d i - s - b u t y l -

p y r i d a z i n e (142) ( 2 6 % ) ; and p e r f l u o r o - 4 - s - b u t y l p y r i d a z i n e (141) ( 6 5 % , 

59% y i e l d ) . Compound (141) was o b t a i n e d 99% pure by f r a c t i o n a t i o n on the 
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s m a l l c o n c e n t r i c tube (b.p. 154-155°C) and i d e n t i f i e d by comparison of i t s 

i . r . and n.m.r. s p e c t r a w i t h those of an a u t h e n t i c sample. 

(e) P e r f l u o r o - 4 - i s o p r o p y l - 5 - s - b u t y l p y r i d a z i n e (180) 

A m i x t u r e of caesium f l u o r i d e (3.3g» 21.7 m.moles), sulpholane ( 1 0 m l ) , 

hexafluoropropene (44) (5»7g» 37.9 m.moles), and p e r f l u o r o - 4 - s - b u t y l -

p y r i d a z i n e (141) (9«34g» 26.5 m.moles) was s t i r r e d a t room temperature 

f o r 2 hours. The v o l a t i l e product ( l 3 . 8 4 g ) was shown by g . l . c . ( c o l . T, 

100°C) t o be one major component ( 9 3 % ) , which was separated by p r e p a r a t i v e 

g . l . c . ( c o l . T, 115°C) and 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 - 5 - s - b u t y l -

p y r i d a z i n e (180) (9 7 % y i e l d ) , b.p. 177°C (Found: C, 26.1; F, 67.8; N, 6. 

M +, 502. C^^gHg r e q u i r e s C, 26.3; F, 68.1; N, 6.6%; M,502). X m a x 

(cyclohexane) 279nm (e. 4,700), 340nm (e. 370); 1^F n.m.r. spectrum No.24; 

i . r . spectrum No.22. 

3. P r e p a r a t i o n o f 4 . 5 - D i c h l o r o d i f l u o r o p y r i d a z i n e ( I 6 7 ) 

A m i x t u r e o f t e t r a f l u o r o p y r i d a z i n e (136) (8.30g, 54*6 m.moles), l i t h i u m 

c h l o r i d e (8.90g, 209.9 m.moles) and D.M.F. (40ml) was s t i r r e d a t 100°G f o r 

ca. 45 minu t e s , g i v i n g a y e l l o w s o l u t i o n . This was quenched w i t h i c e d wate 

and e t h e r e x t r a c t e d s e v e r a l t i m e s . The e x t r a c t s were washed t h o r o u g h l y , 

d r i e d (MgSO^), and the s o l v e n t d i s t i l l e d o f f . The r e s i d u e was sublimed 

under reduced pressure (0.5mm, 44°C) t o g i v e a wh i t e s o l i d ( 8 . 1 0 g ) , 

i d e n t i f i e d as 4 , 5 - d i c h l o r o d i f l u o r o p y r i d a z i n e (136) ( 8 0 % y i e l d ) by 
149 

comparison w i t h an a u t h e n t i c sample. 

4. P r e p a r a t i o n of ̂ N - L a b e l l e d 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 (138) 

(a) L a b e l l e d 4 . 5 - P i c h l o r o d i h y d r o x y p y r i d a z i n e 

An aqueous s o l u t i o n c o n t a i n i n g 95.4% " ^ N - l a b e l l e d h y d r a z i n e (0.23g, 

6.76 m.moles) was d i l u t e d t o about 15ml w i t h d i s t i l l e d water and a c i d i f i e d 

w i t h a few drops o f cone. HgSO^. To t h i s was added d i c h l o r o m a l e i c 
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anhydride ( l . 2 0 g , 7.19 m.moles) and the m i x t u r e was s t i r r e d f o r 2 hours a t 

room temperature and 2 hours a t 100°C. The p r o d u c t was a l l o w e d t o c o o l 

o v e r n i g h t and the s o l i d f i l t e r e d o f f , washed w i t h a l i t t l e c o l d water and 

d r i e d i n an oven. This was i d e n t i f i e d as 4 i 5 - d i c h l o r o d i h y d r o x y p y r i d a z i n e 

( l . O l g , 82% y i e l d ) by comparison o f i t s i . r . spectrum w i t h t h a t o f the 

a u t h e n t i c u n l a b e l l e d compound. 

(b ) C h l o r i n a t i o n o f 4 . 5 - D i c h l o r o d i h y d r o x y p y r i d a z i n e 

The sample o b t a i n e d above ( l . O l g ) was added t o some o f the u n l a b e l l e d 

compound (0.99g) and p l a c e d i n a n i c k e l tube w i t h 20ml o f phosphoryl 

c h l o r i d e ( f r e s h l y d i s t i l l e d ) . The tube was sealed and p l a c e d i n a f u r n a c e , 

preheated t o 140°C, f o r 4 hours. A f t e r c o o l i n g , the c o n t e n t s were poured 

from the tube and excess phosphoryl c h l o r i d e pumped o f f . The tube was 

washed out w i t h i c e d w a t e r , which was t h e n n e u t r a l i s e d w i t h sodium 

carbonate and added t o the i n v o l a t i l e r e s i d u e from above. The tube was then 

washed out w i t h methylene c h l o r i d e and the washings used t o e x t r a c t the 

m i x t u r e above. This was e x t r a c t e d t h o r o u g h l y w i t h more methylene c h l o r i d e 

and the e x t r a c t s combined, washed, d r i e d (MgSO^), and the s o l v e n t removed 

under vacuum t o leave an o f f - w h i t e s o l i d (2.31g) The s o l i d was sublimed 

under reduced pressure (0.05mm, 80°C) t o g i v e a w h i t e s u b l i m a t e , i d e n t i f i e d 

as t e t r a c h l o r o p y r i d a z i n e (166) (2.01g, 84% y i e l d ) from i t s i . r . spectrum. 

( c ) F l u o r i n a t i o n and Subsequent P o l y f l u o r o a l k y l a t i o n o f T e t r a c h l o r o -

p y r i d a z i n e (166) 

The t e t r a c h l o r o p y r i d a z i n e (16,6) from above (2.01g, 9.18 m.moles) was 

mixed w i t h d r y potassium f l u o r i d e ( l 2 . 0 2 g , 206.9 m.moles) and sealed i n a 

n i c k e l tube. This was placed i n a f u r n a c e , preheated t o 360°C, f o r 2j* 

hours. The tube was cooled and the v o l a t i l e s pumped i n t o a t r a p , when very 

l i t t l e t e t r a f l u o r o p y r i d a z i n e (136) c o u l d be seen. The c o n t e n t s were 

pumped i n t o a r e a c t i o n v e s s e l prepared f o r the p o l y f l u o r o a l k y l a t i o n 
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r e a c t i o n , c o n t a i n i n g caesium f l u o r i d e (l.7g» 11*2 m.moles), sulpholane 

( 5 m l ) , and hexafluoropropene (44J (3.06g, 20.4 m.moles). The m i x t u r e was 

s t i r r e d o v e r n i g h t , a f t e r which time the b l a d d e r was d e f l a t e d . The v o l a t i l e 

p r o d u c t (3.92g) was shown by g . l . c . t o c o n t a i n m a i n l y oligomers of ( 4 4 ) . 

These were removed by warming i n the a i r , t o leave a damp s o l i d ( 1 . 0 5 g ) f 

s m e l l i n g s t r o n g l y of s u l p h o l a n e . This was r e c r y s t a l l i s e d f r o m hexane t o 

g i v e perfluoro-4»5-di-isopropylpyridazine (136) (0.09g, 2% y i e l d ) , which 

was immediately added t o some u n l a b e l l e d p e r f l u o r o - 4 , 5 - d i - s - b u t y l -

p y r i d a z i n e (142) (0.54g) and i n v e s t i g a t e d by g.l.c./mass spectroscopy 

( c o l . 0, 125°C). The l a b e l l e d (138) showed p a r e n t peaks a t 452 and 454 of 

a p p r o x i m a t e l y equal s i z e , as expected, showing i t t o be a 50/50 m i x t u r e 
15 

o f u n l a b e l l e d and doubly N - l a b e l l e d compound. 
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APPENDIX I 

N.M.R. SPECTRA 

Index 

1 . O c t a f l u o r o - 4 , 4 ' - ' b i p y r i d y l ( j j 6 ) . 

2. 4 - H - t e t r a f l u o r o p y r i d i n e ( 6 l ) . 

3. O c t a c h l o r o - 4 » 4 ' - b i p y r i d y l ( 6 5 ) . 

4. 4 - H - t e t r a c h l o r o p y r i d i n e ( 6 3 ) . 

5. H e p t a c h l o r o b i p y r i d y l ( 6 6 ) . 

6. 2-H-heptafluoropropane ( 8 7 ) . 

7. 0 c t a f l u o r o - 4 i 4 ' - d i m e t h o x y b i p h e n y l ( 1 1 3 ) . 

8. H e x a f l u o r o ^ ^ ' - d i h y d r o ^ ^ ' - d i m e t h o x y b i p h e n y l (114.). 

9. 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 (147)» 

10. P e r f l u o r o - 2 - i s o p r o p y l p y r a z i n e ( 1 4 6 ) . 

1 1 . P e r f l u o r o - 2 - s - b u t y l p y r a z i n e ( l 5 0 ) . 

12. P e r f l u o r o - 2 , 5 - d i - s - b u t y l p y r a z i n e ( 1 5 1 ) . 

13. P e r f l u o r o - 2 , 6 - d i - s - b u t y l p y r a z i n e (153)> 

14* P e r f l u o r o - 2 - i 3 o p r o p y l - 5 - s - b u t y l p y r a z i n e ( l 8 l ) . 

15. P e r f l u o r o - 2 - i s o p r o p y l - 6 - s - b u t y l p y r a z i n e ( 1 8 2 ) . 

16. 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 m i d i n e ( 1 7 2 ) . 

17. P e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i m i d i n e ( 1 8 3 ) . 

18. P e r f l u o r o - 5 - i s o p r o p y l - 4 - s - b u t y l p y r i m i d i n e ( 1 8 4 ) . 

19. P e r f l u o r o - 4 - i s o p r o p y l - 5 - s - b u t y l p y r i r a i d i n e ( l 8 5 _ ) . 

20. 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 ( 1 7 5 ) . 

2 1 . P e r f l u o r o - 5 - i s o p r o p y l p y r i m i d i n e (174)« 

22. P e r f l u o r o - 4 - s - b u t y l p y r i m i d i n e (l87)« 
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23• P e r f l u o r o - 5 - s - b u t y l p y r i m i d i n e ( 1 8 6 ) . 

24. P e r f l u o r o - 4 - i s o p r o p y l - 5 - s - b u t y l p y r i d a z i n e (180)« 

A b b r e v i a t i o n s 

The f o l l o w i n g a b b r e v i a t i o n s have been used i n the t a b u l a t i o n : 

S = s i n g l e t 

D = d o u b l e t 

T = t r i p l e t 

Q, = q u a r t e t 

Sext = s e x t e t 

Sept = s e p t e t 

M = m u l t i p l e t 



- 1 7 0 -

S h i f t 
p.p.m. 

Fine Structure 
Coupling Constants i n Uz. 

R e l a t i v e 
Intensity- Assignment 

1 . O c t a f l u o r o ^ ^ ' - b i p y r i d y l (56) 

88 . 4 M 

139.7 M 

1 

1 

2,2',6,6« 

3 , 3 , , 5 , 5 ' 

The spectrum was recorded i n CCl^ s o l u t i o n on the Varian spectrometer, 
with an e x t e r n a l CFC1, reference* 

3 

2. 4-H-tetrafluoropyridine (61) 

19, F 

95 .7 

143 .9 

7.47 

Broad 

M 

M 

1 

1 

2,6 

3,5 

The s p e c t r a were recorded neat on the Varian spectrometer, with e x t e r n a l 
CFCl^ and T.M.S. as re f e r e n c e s . 

3. 0ctachloro-4.4'-bipyridyl (65) 

128 . 1 

144 .7 

146 .8 

M 

M 

M 

2 

1 

2 

4 , 4 ' 

The spectrum was recorded i n CDCl^ s o l n . on the Bruker spectrometer, 
with e x t e r n a l T.M.S. reference. 

N . F F /N 

H 

(61) 
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S h i f t Fine Structure Helative 
p.p.m. Coupling Constants i n Hz. I n t e n s i t y Assignment 

4 . 4-H-tetrachloropyridine (63) 

7.86 S 

The spectrum was recorded i n CCl^ s o l n . on the Varian spectrometer, 
with an i n t e r n a l T.M.S. reference. 

5 . Heptachlorobipyridyl ( 6 6 ) 

7 .08 S 

The spectrum was recoreded i n CCl^ s o l n . on the Varian spectrometer, 
with an i n t e r n a l T.M.S. reference. 

2 

6 . 2-H-heptafluoropropane (87) 1 2 1 
CFjCFHCF, 

19 3 3 

77 .5 D ( J 1 , 2 = 1 1 , 3 ) o f D ( J 1 , H " 5 * 6 ^ 6 1 

2 1 5 . 1 D ( J 2 , H = 4 5 ) o f S e P t ( J
2 , l " U ' 3 ) 1 

hi 

5.14 D ( J H , 2 = 4 5 ^ ° f S e p t ^ J H , l = 5 # 6 ^ 

The s p e c t r a were recorded i n a sealed n.m.r. tube with CDCl^ on the 
Varian spectrometer, with e x t e r n a l CFCl^ and T.M.S. as re f e r e n c e s . 

7 . Octafluoro - 4 . 4'-dime thoxybiphenyl ( 1 1 3 ) 

1 4 0 . 1 

157 .6 

Broad S 

1 2 , 2 ' , 6 , 6 ' 

1 3 , 3 , , 5 , 5 ' 

0CH 5 
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S h i f t 
p.p.m. 

Pine Structure 
Coupling Constants i n Hz. 

Re l a t i v e . . 
I n t e n s i t y Assignment 

8 , Hexafluoro - 2 . 2 1-dihydro - 4 . 4'-dimethoxybiphenyl (114) 

5 6 6 ' 5 ' 

C H , 0 - \ \ 

19p 

133 .6 

141 .7 

150 .7 

i a 
4 .56 

7 .38 

(111) 

M 

T ( J 4 . 5 " J 4 , 3 " U i ) 

Broad M 

1 

1 

1 

3 

1 

3 , 3 ' 

6 , 6 ' 

5 , 5 ' 

4 , 4 ' 

2 , 2 ' 

Spectra 7 and 8 were recorded i n CDCl^ s o l n . on the Varian spectrometer, 
v/ith e x t e r n a l CFCl^ and T.M.S. as references. 

9 . 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 ( 147 ) 

73 .8 Broad D 

76.3 M 

186 .6 Broad 

1 

6 

1 

3 ,6 

2 b , 5b 

2a ,5a 

2 a p 

2b 

X 
5a 

k ( C F 3 ) 2 5b The spectrum was recorded neat on the 
Varian spectrometer, with an e x t e r n a l 
CFCl^ reference. 

( i l l ) 
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S h i f t 
p.p.m. 

Fine Structure 
Coupling Constants i n Hz. 

R e l a t i v e » . 
I n t e n s i t y Assignment 

10. Perfluoro-2-isopropylpyrazine (14-6) 

77.1 

85.9 

93.7 

186.8 

M 

Broad li(J.. , = 19) 
5*° 

D ( J 6 > 3 = 45) of D ( J 6 f 5 = 19) 

Broad D ( J 2 a > 3 = 45) 

7 

1 

1 

1 

2b,3 

5 

6 

2a 

(146 ) ^ 2a 
N C F 3 ) 2 

2b 

The spectrum was recorded neat on the 
Varian spectrometer, with an e x t e r n a l 
CFCl^ reference. 

11. Perfluoro-2-s-butylpyrazine (150) 

73.1 

75 .9 

80 . 7 

82.1 

91 .6 

120.4 

185 . 7 

S 

M 

Broad 

D ( J 5 ^ = 20) of D ( J 5 f 3 = 5 ) 

D ( J 6 j J = 4 5 ) of D ( J 6 > 5 = 20) 

Complex M 

Broad D ( J 2 a ^ = 54) 

3 

I 

3 

1 

1 

2 

1 

2b 

3 

2d 

5 

6 

2c 

2a 

(ISO) ,F 2a 

N ^ " C F 2 C F 3 2 4 

2b 2 0 

The spectrum was recorded i n CDC1: 

s o l n . on the Bruker spectrometer, 
with an i n t e r n a l C F C l j reference. 
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S h i f t 
p.p.m. 

Pine Structure 
Coupling Constants i n Hz. 

Helative 
Intensity- Assignment 

12. Perfluoro-2,5-di-s-butylpyrazine (151) 

73.2 

75 .3 

80.9 

120.8 

186.6 

S 

D 

M 

AB S y s t e m ( J 2 c l j 2 c , , = 282) 

Broad 

2d 2c 
CF 3CF 2. 

2b 
CF 3 

*.C-

3 

1 

3 

2 

1 

2 b , 5b 

3,6 

2 d , 5 d 

2 c , 5 c 

2a ,5a 

/ 
2a F 3 

C ^ - C F 2 C F 5 5 d 

5b 5 0 

The spectrum was recorded neat i n 
a seal e d c a p i l l a r y , on the Bruker 
spectrometer, with an e x t e r n a l CFC1 : 

reference. 

1 3 . P e r f l u o r o - 2 . 6 - d i - s - b u t y l p y r a z i n e (15 3 ) 

67 .0 D ( J 3 , 2 a = 5 2 ) 

75.3 S 

83 .2 M 

122.8 AB S y s t e m ( J 2 c , t 2 o l l = 290) 

188 .7 Broad D ( J 2 a ^ 5 = 52) 

1 

3 

3 

2 

1 

3,5 

2 b , 6b 

2 d , 6 d 

2 c , 6 c 

2a ,6a 

6d C F 3 C F 2 

6c 
CF 

3 
6b 

F 2a 

C F A c F 2 C F 3 2d 

2b 2 0 

The spectrum was recorded neat i n 
a sealed c a p i l l a r y on the Bruker 
spectrometer, with e x t e r n a l 
CFC1 3 as reference. 
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S h i f t 
p.p.m. 

Fine Structure 
Coupling Constants i n Hz. 

Re l a t i v e 
I n t e n s i t y Assignment 

14. Perfluoro-2-isopropyl-5-s-butylpyrazine (181) 

74 .2 

76.0 

76 .4 

76.8 

82.3 

121 . 4 

187.0 

Broad S 

Broad 

M 

Broad 

Complex M 

Complex M 

Broad 

3 

1 

6 

1 

3 

2 

2 

5b 

3 or 6 

2b. 

3 or 6 

5d 

5c 

2a ,5a 

2b ( C F 5 ) 2 

2a F ,F 5a 

•CF 2CF 5 5d 

5c 

The spectrum was recorded neat 
on the Varian spectrometer, 
with an exte r n a l CFCl^ 
reference. 

(181) 

1 5 . Perfluoro-2-isopropyl - 6-s-butylpyrazine (182) 

65.1 

65.9 

73.9 

76.1 

81.6 

121.2 

186.3 

187.3 

D ( J = ca. 60)-i 
I- Overlapping 

D(J = ca. 6 0 ) J 

S 

S 

S 

AB S y s t e m ( J 6 o l ^ c , t = 296) 

D(J = ca. 6o)-i 
[•Overlapping 

B ( J = ca. 6 0 ) J 

3 

6 

3 

2 

3,5 

6b 

2b 

6d 

6c 

2a,6a 

2a F 
CF„CF, 6d 

(182) 

The spectrum was recorded 
neat i n a sealed c a p i l l a r y on 
the Bruker spectrometer, with 
an e x t e r n a l CFCl^ reference. 
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S h i f t 
p.p.m. 

Fine Structure 
Coupling Constants i n Hz. 

Rel a t i v e 
I n t e n s i t y Assignment 

1 6 . Perfluoro - 4 , 5-di-lsopropylpyrimidine (172) 

36.7 M 1 

38 .2 S 1 

72 .2 D 6 

7 4 . 0 D 6 

172.3 AB System(J /_ c_ = 198) 2 

5b (CF 

5a F 

3 ; 2 

4a 
F . 

4a ,5a 

4b 
C ^ ( C F 5 ) 2 

6 

2 

4b 

5b 

4a ,5a 

(122) 

The spectrum was recorded neat i n a 
sealed c a p i l l a r y on the Bruker 
spectrometer, with an e x t e r n a l 
CFCl^ reference. 

17• Perfluoro - 4 . 5-di-s-butylpyrimidine (183) 

36.8 M 1 6 

4 0 . 1 S 1 2 

71 .6 S 3 4b 

73 .9 

75 .3 

Broad 

Broad 
3 5b 

81.8 Broad 6 4 d , 5 d 

116.9 Complex M 4 4 c , 5 c 

175 .4 Broad 2 4a ,5a 

On heating to 140°C 
resonance a t 74 .3 P» 

the two s i g n a l s due 
p.m. 

4c 

to 5b merge to give a broad 

4a 
5a_ F. 

/ C F 2 C F 3 4d 

5c 
5d CF,CF_— c 

5 * I 
CF, 4b The spectrum was recorded neat on the 

Varian spectrometer, with an e x t e r n a l 
CFCl^ reference. 
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S h i f t Fine Structure R e l a t i v e . . 
p.p.m. Coupling Constants i n Hz. I n t e n s i t y Assignment 

18. Perfluoro-5-iBOpropyl-4-s-butylpyrimidine (184.) 

35.8 S e p t ( J 6 ^ 5 1 ) = 3 0 ) 1 6 

37.3 S 1 2 

69.0 S 3 4b 

72.3 D ( J 5 b , 6 " 3 0 ) 5 5 b ' 
73.7 Broad 3 5 b " 

78.8 S 3 4d 

114.3 AB S y s t e m ( J 4 c , 4 c , , = 295) 2 4c 

171.5 AB System(j = 202) 2 4a,5a 
4 a , pa 

A 4 ° 
4* c.v m? AA 4a '» .CF o0F, 4d 4 ™ / n 

F ^ c ' 2 5 * K o , F ^ n ^ ( C F x ) Q 4b 5 a F f - C F ^ b 5a F — ( J ^ « 3 ; 2 

3 '2 

(1M) (i§2) 

1 9 . Perfluoro - 4-i3Qpropyl-5-s-butylpyrimidine (185) 

34.3 S e x t ( J 6 , 5 b = J 6 , 5 c = 3 4 ) 1 6 

36 .9 S 1 2 

71.1 S 6 4b 

72.1 Broad V ( J ^ ^ = 28) 3 5b 

7 9 . 4 S 3 5d 

113.2 D ( J
5 c ' , 5 c " = 5 0 0 ) o f D ( J 5 C , 6 B 38) 1 5 < j i 

of M 

116.3 D ( J 5 c , , i 5 e , = 300) of D ( J 5 c , l > 6 = 38) 5c 1 • 
o f Q ( J 5 c " , 5 b = 1 4 > 

172.7 S 2 4a,5a 

Spectra 18 and 19 were recorded neat i n sealed c a p i l l a r i e s on the 
Bruker spectrometer, with an ext e r n a l CFCl^ reference. 
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S h i f t 
p.p.m. 

Pine Structure 
Coupling Constants i n Hz. 

R e l a t i v e 
I n t e n s i t y Assignment 

20. Perfluoro-4-isopropylpyrimidine (175) 

46 .2 D 

70.3 D 

76.2 S 

152.6 Broad 

186.9 D 

1 

1 

6 

1 

1 

2 

6 

4b 

5 

4a 

4 a F \ f ; ^ ( C F 3 ) 2 4 b 5a 

5b ( c P 3 ) ^ G > r ^ « 

21. Perfluoro-5-isopropylpyrimidine (174) 

38.2 S 

45.1 Broad S 

77.6 M 

180.6 T 

(i2i) 

l 

2 

6 

1 

2 

4,6 

5b 

5a 

Spectra 20 and 21 were run on an approximately 3 t 4 mixture of (175) 
and (174) i n a sealed c a p i l l a r y on the Bruker spectrometer, with an e x t e r n a l 
CPClj reference. 
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S h i f t Fine S t r u c t u r e R e l a t i v e 
p.p.m. Coupling Constants i n Hz. I n t e n s i t y Assignment 

22. Perfluoro-4-s-butylpyrimidine (187) 

46*2 D 1 2 

70 .6 D 1 6 

74 . 1 S 3 4b 

82.2 Complex M 3 4d 

121 . 6 Complex M 2 4o 

153 .0 Broad 1 5 

187.7 L 1 4a 

4 a F _ / G V F 3 4 d 

C ^ C F 3 5 C J 5d CFjCPg—C 
CF 

5a 
F 

N 

23. Perfluoro-5-s-butylpyrimidine (186) 

38.4 S 

43.7 Broad 

45.4 Broad 

75.3 S 

82.2 Complex M 

121.6 Complex M 

182.7 L 

1 

1 

1 

3 

3 

2 

1 

2 

4 or 6 

4 or 6 

5b 

5d 

5c 

5a 

Spectra 22 and 23 were run on an approximately 1 : 1 mixture of (187) 
and (186) i n a sealed c a p i l l a r y on the Bruker spectrometer, with an 

ex t e r n a l CFCl^ reference. 
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Complex M 9 4b ,5b 

S h i f t Fine Structure R e l a t i v e 
p.p.m. Coupling Constants i n Hz. I n t e n s i t y Assignment 

24 . Perfluoro - 4-isoproT)yl - 5-3-butylT)yridazine (180) 

6 9 . 9 M 2 3 ,6 

7 3 . 1 

7 3 . 8 

82 . 0 M 3 5d 

115 .2 Complex M 2 5c 

170.3 AB S y s t e m ( J 4 a ^ a = 227) 2 4a ,5a 

The coupling between 4a and 5a i s i n v a r i a n t at up to 160°C. 
4b 

( X ^ 2 3 
4a p ^ - v f ^ N 

5 a F ^ c ( — } 

5d C F ^ C F ^ I 6 3 2 C P 

5c 3 
5b 

The spectrum was recorded neat on the Varian spectrometer, with an 
exter n a l CFCl^ reference. 
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APPENDIX I I 

INFRA-RED SPECTRA 

Index 

1. 0 c t a f l u o r o - 4 , 4 ' - b i p y r i d y l (5 jS) . KBr d i s c . 

2. 4-H-tetrafluoropyridine ( 6 1 ) . Contact f i l m . 

3 . B i s t e t r a c h l o r o p y r i d y l mercury ( 6 4 ) . KBr d i s c . 

4 . O c t a c h l o r o - 4 , 4 ' - b i p y r i d y l (65 . ) . KBr d i s c . 

5. 4-H-tetrachloropyridine (6,2,), KBr d i s c . 

6 . Heptachlorobipyridyl ( 6 6 ) . KBr d i s c . 

7 . 2-H-heptafluoropropane ( 8 7 ) . Gas. 

8. Pentafluoroethane (^0). Gas. 

9 . Octafluoro - 4 , 4'-dimethoxybiphenyl (113). KBr d i s c . 

10. Hexafluoro-2,2'-dihydro -4 ,4 ,-<iimethoxybiphenyl ( I I 4 ) . KBr d i s c . 

11. Perfluoro-2 , 5-di-isopropylpyrazine (147). Contact f i l m . 

12. Perfluoro-2-isopropylpyrazine ( 1 4 6 ) . Contact f i l m . 

1 3 . Perfluoro - 4-s-butylpyrazine (150). Contact f i l m . 

1 4 . Perfluoro-2,5-di-s-butylpyrazine ( l 5 _ l ) . Contact f i l m . 

15. Perfluoro-2,6-di-s-butylpyrazine (153). Contact f i l m . 

16. Perfluoro-2-isopropyl - 5-s-butylpyrazine (181). Contact f i l m . 

1 7 . Perfluoro-2-isopropyl-6-s-butylpyrazine (182). Contact f i l m . 

18. Perfluoro - 4 , 5-di-isopropylpyrimidine (172). Contact f i l m . 

1 9 . P e r f l u o r o - 4 , 5 - d i - s - b u t y l p y r i m i d i n e (183). Contact f i l m . 

20. Perfluoro - 5-isopropyl - 4-s-butylpyrimidine (184). Contact f i l m . 

21. Perfluoro - 4-isopropyl - 5-3-butylpyrimidine (185). Contact f i l m . 

22. P e r f l u o r o - 4 - i s o p r o p y l - 5 - s - b u t y l p y r i d a z i n e (180). Contact f i l m . 
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No. 

35*00 3 0 0 0 2500 2 0 0 0 1800 1600 ^ U O O 1200 1000 800 

3 5 0 0 3 0 0 0 2500 2000 1800 1600 UjOO 1200 1000 800 

No. 3 

3500 3000 2 5 0 0 2000 1800 1600 1400 " 

1 r-

400 

1200 1000 n 
3 5 0 0 3000 25*00 2000 1800 1600 ttOO 1200 1000 800 600 400 

3500 3 0 0 0 2500 2000 1800 1600 UOO 1200 1000 600 600 400 
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1 

CNCI.-C^NCLH No.6 

2000 1800 1800 ttOO 1200 1000 800 2500 3000 3500 

A 

CF_CFHCF No. 7 

I I 
3500 3000 2500 2000 1300 1500 1400 1000 600 1200 

No.8 C-F.H 

3500 i i 3000 2500 2000 1800 1600 1400 1200 WOO 800 a 
No.9 CH 

i • i 2000 1800 1800 1400 1200 1000 800 3500 3000 2500 

f H H 

No.10 CH_0 OCH 

3500 3000 2500 2000 1800 1600 UOO 1200 1000 80*0 
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I 600 400 V 

N0.11 

1200 1000 800 600 400 • 1 

uoo 2000 1800 1600 3500 2500 3000 

n 
n 

(i 

Na12 

1 • • 1 
BOO 3500 3000 2500 2000 1600 1600 1400 1200 1000 600 400 

i'on 1400 1200 1000 800 6^0 400 V. 

0 * 9 
No. 13 

20*00 1600 1600 1400 1200 1000 800 660 400 2500 I 
3000 3500 

\ A 

No.14 
4 9 

1 1 
1000 800 600 4A0 3000 2500 2000 3500 1800 COO 1400 

4 9 
No.15 

3000 2500 2000 1800 1600 1400 1200 1000 800 660 460 
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No.16 

i i i i i . i i 
3500 3000 2500 2000 1800 1600 H00 1200 1000 600 &6o 

No.17 

3500 3000 2500 2000 1800 1600 14*00 1200 1000 s6o 500 4<k> 

A 

No.18 

C 3 F 7 

3500 30*00 25*00 2000 1800 1600 14*00 1200 1000 800 600 400 

1 

No, 
C 4 F 9 f A N 

3500 3000 2500 2000 1800 1600 1400 600 400 

No. 20 

3500 3000 2500 2000 18*00 1600 UOO 1200 10*00 800 600 t6o 
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f It r C No. 21 

V 
600 400 1 I I 1000 800 1200 U00 1600 1600 2000 2500 3000 3500 

t 

6 U No.22 

2000 1800 1600 UOO 1200 10*00 86o 600 400 3500 3000 2500 
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APPENDIX H I 

The Board o f Studies i n Chemistry requires t h a t each postgraduate research 
thesis contain an appendix l i s t i n g 

(a) a l l research colloquia, research seminars and lectures (by external ." 

speakers) arranged by the Department of Chemistry since 1 October 1976 

and (b) a l l research conferences attended and papers read out by the w r i t e r 

o f the thesis, during the period when the research f o r the thesis Wi.s 

carried out. 

Research Colloci'iia, Soir.inr.rs and Lectures 

1 1976-77 

a) University o f Durham Chemistry Colloquia 
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* Professor J.B. Hyne (University of Calgary), "Kew Research on an 

Old Element - Sulphur". 
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* Dr. J.S. Ogden (Southampton U n i v e r s i t y ) , "The Characterization of 

High Temperature Species by .Matrix I s o l a t i o n " . 
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« Dr. B.E.F. Fender (University of Oxford), "Familiar but Remarkable 

Inorganic Sclids". 
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Dr. M.I. Page (Huddersfield Polytechnic), "Large and Snail Rate 

Enhancements of Intramolecular Catalysed Reactions". 
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* Professor A.J, Leadbettcr (University of Exeter), "Liquid 

Crystals". 

http://Soir.inr.rs


Wednesday, 26th January 

* Dr. A. Davis (ERDR), "The Weathering of Polymeric Materials". 
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Dr. M. Falk, (NRC Canada), "Structural Deductions from the 

V i b r a t i o n a l Spectrum of Water i n Condensed Phases". 
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* Mr. R. Ficken (Rohm & Haas), "The Graduate i n Industry". 
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Chemists' Contribution t o the Problem". 
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Tuesday, 1st March 
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Tuesday, 27th September 

* Dr. T.J. Broxton (La Trobe Univ. A u s t r a l i a ) , " I n t e r a c t i o n o f 
Aryldiazoniura Salts and Arylazoalkyl Ethers i n Basic Alcoholic Solvents". 
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* Dr. B. Heyn (Univ. of Jena, D.D.R.), "c-Organo-Molybdenura Complexes 
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Free Energy Relationships". 
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Dr. P.A. Madden (Univ. of Cambridge), "Raman Studies o f Molecular 

Motions i n Liquids". 
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* Dr A. Williams (University of Kent), "Acyl Group Transfer 

Reactions". 
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Professor G. Scott (University of Aston), "Fashioning P l a s t i c s 
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Dr M. Barber (UKIST), "Secondary Ion Mass Spectra of Surfaces 

and Absorbed Species". 
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"A Concerted Spectroscopy Approach t o the Characterization of 

Ions and Ion Pairs : Facts, Plans, and Dreams". 

(b) Durham University Chemical Society 

Thursday 13th October 

* Dr J. C. Young, Mr A.J.S. Williams (University of Aberystwyth), 

"Experiments and Considerations Touching Colour". 

Thursday 20th October 

* Dr R.L. Williams (Metropolitan Police Forensic Science Dept.), 
• 

"Science and Crime". 



Thursday 3rd November 

* Dr G.W. Gray (University of H u l l ) , "Liquid Crystals - Their 

Origins and Applications". 

Thursday 24th November 

Mr G. Russell (Alcan), "Designing f o r Social A c c e p t a b i l i t y " . 

Thursday 1st December 

Dr B.F.G. Johnson (University of Cambridge), "Chemistry of 

Binary Metal Carbonyls". 

Thursday 2nd February 

* Professor R.A. Raphael (University of Cambridge), "Bizarre 

Reactions of Acetylenic Compounds". 

Thursday 16th February 

* Professor G.W.A. Fowles (University of Reading), "Home Winemak 

Thursday 2nd March 

« Professor M.W. Roberts (University of Bradford), "The Discover 

of Molecular Events at Solid Surfaces". 

Thursday 9th Karch 

* Professor H. Suschitzky (University of S a l f o r d ) , " F r u i t f u l 

Fissions of Benzofuroxans". 

• Thursday 4th May 

* Professor J. Chatt (University of Sussex), "Reactions of Co­

ordinated Dinitrcgen". 

Tuesday 9th Hay 

* Professor G.A. Olah (Case Western Reserve U n i v e r s i t y , Clevelar 

Ohio), " E l e c t r o p h i l i c Reactions of Hydrocarbons", 



3 1978-7? 

a) University of Durham Chemistry Colloquia 

Friday. 8th September 
* Sr. A. Diaz (I.B.M., San Jose, C a l i f o r n i a ) , 

"Chemical Behaviour of Electrode Surface Bonded Moleoules". 

Friday. 15th September 

Professor W. Siebert (Marburg, West Germany), 

"Boron Heterocycles as Ligands i n Transition Metal Chemistry"• 

Friday. 22nd September 

Professor T. Fehlner (Notre Dame, U.S.A.), 

"Ferraboranest Syntheses and Photochemistry". 

b) Durham University Chemical Society 

Tuesday. 10th October 

* Professor H. C. Brown (Purdue University), 

"The Tool of Increasing Electron Demand i n the Study of 

Cationic Processes". 

Thursday. 19th October 

Mr. F.C. Shenton (Public Analyst, Co. Durham) 

"There i s Death i n the Pot". 

An asterisk indicates events attended 


