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SUMMARY 

Isotopic Exchange reactions may be broadly c l a s s i f i e d 
i n t o two main types, homogeneous and heterogeneous ( l ) . 

I n the homogeneous-exchange reaction the reactants are 
uniformly d i s t r i b u t e d i n the same phase and the only change 
taking place i n the system, during the reaction, i s the 
d i s t r i b u t i o n of the d i f f e r e n t isotopes. I n heterogeneous 
exchange reactions, on the other hand, the reactants exist 
i n d i f f e r e n t phases. 

I n t h i s thesis, attention has been confined to an exchange 
reaction of the l a t t e r type, the exchanging atoms being the 
hydrogen atoms i n a hydrocarbon and those i n t r i t i a t e d water. 

I n the case of exchange between hydrogen isotopes (2) the 
reactions may be divided into four classes according to the 
state of the bonding of the hydrogen atoms. 
1. lonisable hydrogen atoms which exchange very rapidly. 
2. Labile hydrogen atoms which exchange rapidly at a 

measurable rate. These are fotmd i n molecules which 
can undergo tautomeric changes. 

3. I n c i p i e n t l y ionised hydrogen atoms which are liberated 
under the influence of electron a t t r a c t i n g groups and 
exchange slowly. 

4. Hydrogen atoms which are covalently bo\md and exchange 
at a much slower rate than the other types, e.g. those 
of the paraffins and aromatic hydrocarbons. 

8 E C T I 0 ? 
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The v/ork, which i s to be described,concerns a reaction 

i n which the type o'f bonding f a l l s i n t o the l a s t class. 

During the past twenty years many investigations have 
been carried out to determine the mechanisms fo r t h i s type 
of exchange reaction (3,4,5,6.), and t o i l l u s t r a t e these 
investigations tv/o examples w i l l be described b r i e f l y . I n 
these, the authors concerned,have described t h e i r attempts 
to determine the basic reaction which i s responsible f o r the 
exchange of the hydrogen atoms i n t h e i r respective examples. 

The f i r s t author, J. Turkevich (3),was investigating the 
exchange of hydrogen between butenes and j>ri t i a t e d water i n 
the presence of various catalysts,and he found that every' 
exchange of hydrogen was accompanied by an isomerisation of 
the carbon-carbon double bond. 

CHg = CH - CH2 - CHg + HTO CHg T-CH = CH - CH3 + HgO. 
This re s u l t suggested that the mechanism was the same for both 
exchange and isomerisation, and fra n his observations 
Turkevich developed his "hydrogen switch" mechanism. 
Dobeler and Taylor (4) confirmed the deductions made by 
Turkevich. 

The second example of an investigation into the 
mechanism of an exchange reaction of hydrogen isotopes i s 
taken from a paper by J. B e l l and his co-workers ( 5 ) . They 
were interested in"the deuteration of o p t i c a l l y active l a c t i c 
acid and they observed that the substitution of deuterium f o r 
hydrogen i n the oc p o s i t i o n of the acid was accompanied by 
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op t i c a l inversion. I t was therefore suggested by these 
authors that the mechanism f o r the exchange involved the 
formation of a t r a n s i t i o n state, produced when deuterium 
approaches the oc carbon atom. Expulsion of hydrogen from 
the other side of the oc carbon atom led simultaneously to 
inversion and to exchange with the hydrogens of HDO. 

I 3 |3 ,3 
D + C — H —4 D G H D —^ C 

^\ /\ / \ 
OD GOOD OD GOOD OD GOOD 

In t h i s thesis an investigation i n t o the mechanism of 
the exchange of hydrogen atoms between cyclohexene and 
t r i t i a t e d water w i l l be described. The exchange reaction 
between cyclohexene and deuterated water has been observed by 
B e l l and Thomson ( 7 ) but the mechanism of the process was not 
elucidated. I n order to obtain information about the 
mechanism of the exchange process i t was decided to determine 

(a) the d i s t r i b u t i o n of the t r i t i u m atoms i n the cyclohexsne 
molecule a f t e r the hydrocarbon has undergone an exchange 
reaction with t r i t i a t e d water , 

(b) the extent of double bond migration which has occurred 
i n the cyclohexene r i n g during the exchange reaction. 

Prom the results of these experiments i t may be possible 
t o postulate whether a type of "hydrogen switch" mechanism 
i s operating, i f migration does occur, or whether the exchange 
of hydrogens takes place by a mechanism which does not 
necessitate double bond migration. 
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INTRODUCTION. 

Exchange reactions involving o l e f i n i c compounds have, 
i n general, been found t o require the presence of a catalyst 
and the mechanism of the reaction has been explained i n most 
cases by a process which included an adsorption on the 
catalyst. A t y p i c a l example of such a reaction i s the case 
of the butene exchange which has been mentioned previously. 
During the investigations i n t o t h i s reaction the iSatalysts 
which were used were varied, and i t wa^bserved that some of 
them led to exchange of hydrogen, and at the same time, 
isoraerisation of the carbon-carbon double bond. The two 
reactions were interdependent. Under the same experimental 
conditions propylene exchanged very slov/ly and ethylene did 
not exchange at a l l . 

I t was therefore postulated, on the basis of the results 
of these experiments, that f o r a substance to act as a 
satisfactory catalyst i t had to possess a hydrogen donor and 
a hydrogen acceptor separated by a distance of 3.5A°. The 
mechanism of the process was explained by a "hydrogen switch" 
mechanism and i t can be demonstrated by the following example, 

(a) Double bond migration and exchange with t r i t i u m 

% Rg R. Rg ^ H 
\ ' / \ / CH = CH^ Cs CHT - CH = CH 

t I H — t 
T H -r-r-r 

7 7 ? ^ 7" 
CATALYST 
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I t can be seen that the "hydrogen switch" mechanism does not 
involve an adsorption of the carbon-carbon double bond on the 
catalyst. 

I t was thought that the o l e f i n i c hydrocarbon 
cyclohexene, might undergo double bond migration i n a manner 
similar to that pictured by the "hydrogen switch" mechanism, 
since i t had already been shown to exchange i t s hydrogens 
with deuterated water ( 7 ) i n the presence of a catalyst. 

This exchange reaction of cyclohexene might also be 
compared with the classic example of the ethylene-hydrogen 
exchange (6), a reaction which has been investigated and 
discussed by many workers. I n most cases, the explanations 
to account f o r the exchange reaction of ethylene have involved 
the adsorption of the C = C by a catalyst. One of the 
mechanisms, suggested o r i g i n a l l y by H o r i u t i and Polanyi, 
could also account f o r a possible double bond s h i f t i f the 
theory was applied to cyclohexene. I t was known as the 
"associative mechanism". 

(a) H H 
I I 

Ĝ H, +2M > H-G C — H 
* ^catalyst I | 

M M 
(b) H H H H 

I I i 
H —G — C—H + Dp~^ H—G-—C — H half hydrogenated 

I I I state 
M -M D 

M / 
/ (c) exchange taking place 

/°=\ 
H D 
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Double bond migration i n a cyclohexene molecule could occur 
at reaction (c) as follows 

^ CHg CHg^ ^^^2 *̂ 2̂ 
CHq nxi • > CH CHp 

H I C — C / H ^ W.^/ 
I I CH— 

^ o r i g i n a l position 
These b r i e f examples demonstrate the possible occurrence 

of double bond migration during an exchange reaction involving 
an o l e f i n i c hydrocarbon, and the important part played by the 
catalysts i n such reactions. 

I n the experiments to be described i n t h i s thesis the 
catalyst which was chosen f o r the exchange reaction between 
cyclohexene a n d t r i t i a t e d water, was platinum black supported 
on asbestos. This catalyst was similar to that employed 
i n the deuterium work, discussed by B e l l and Thomson ( 7 ) . The 
t r a n s i t i o n metal platin-um possesses vacant 'd' band or b i t a l s 
and the influence of t h i s electronic factor on adsorption 
mechanisms, p a r t i c u l a r l y i n the ethylene example outlined 
above, has been stressed by Beeck ( l l ) and other workers (34). 
I t i s l i k e l y that t h i s factor may play sane part i n the 
cyclohexene exchange reaction. Furthermore, platin\am 
possesses good geometrical properties (12) for the t¥/o point 
adsorption process suggested i n the Horiuti-Polanyi mechanism. 

Since cyclohexene was found to exchange i t s hydrogens 
f o r deuterixam i t i s highly probable that i t w i l l also 
exchange w i t h t r i t i u m ( 9 ) , the radioactive isotope of 
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hydrogen mass 3. I t i s l i k e l y that the exchange rate with 
t r i t i u m w i l l be slower than with deuterium xinder comparable 
conditions, because of the "isotope e f f e c t " . (10). 

I t would be expected that freshly d i s t i l l e d cyclohexene 
would be used i n t h i s work. I t has been found, however, 
•under the conditions employed i n the experiments to be 
discussed,that freshly d i s t i l l e d cyclohexene undergoes a 
disproportionation reaction to y i e l d cyclohexane and benzene 
according to the following equation:- (8) 

3C6H10 2G6H12 + Cg Hg 
This reaction was f i r s t discovered by Zelinsky and PawloE. (13) 
when cyclohexene was passed over a palladium catalyst at 
temperatures between 92°G and 230°G. I f , however, the 
cyclohexene was allowed to 'age', i n a stoppered reagent 
b o t t l e , f o r a number of days, then i t was discovered that 
t h i s type of reaction was i n h i b i t e d i n the presence of a 
platinum catalyst. 

Investigations liave therefore been made to t r y and 
discover the reason f o r the prevention of t h i s 
disproportionation reaction. 

The thesis has been divided accordingly into the 
following sections:-
Chapter 1 - Method of solution of the problem of exchange. 
Part (1) The introduction of t r i t i u m i n t o cyclohexene and 

i t s location w i t h i n the cyclohexene molecule. 
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Part ( 2 ) Investigation of double bond movement i n cyclohexene, 
Part ( 3 ) Investigation of the disproportionation reaction. 
Chapter I I . 

Isotope "Effects" 
Chapter I I I . 

Discussion of Results. 
Chapter IV. 

Experimental Details. 
Appendix. 

Calculations. 

J 
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CHAPTER I . 
METHOD OF SOLUTION OF THE PROBLEM OF EXCHANGE 

From the introduction i t can be seen that the main point 
of i n t e r e s t i s to determine whether any double bond movement 
occurs when eyelohexenQ^ndergoes a hydrogen exchange reaction 
w i t h t r i t l a t e d water i n the presence of a platinum catalyst. 
Before t h i s can be done, however, i t i s necessary f i r s t of 
a l l to show that the exchange reaction does occur, and 
secondly, i t may be possible from the results of the t r i t i u m 
exchange alone, t o obtain some evidence as to the method of 
introduction of t r i t i u m i n t o the molecule. 

Four possible mechanisms have been suggested which may 
explain the introduction of t r i t i u m i n t o a cyclohexene 
molecule and these w i l l be described b r i e f l y , (Two of these 
mechanisms have already been mentioned) 
1. Hydrogen "switch" mechanism. 

H H H H H H H H 
C C p \ 

)c c( > /C ,5 - H 

C = C 
H 1 H 
T 

H 1 H 

CATALYST 
This mechanism explains double bond migration and 
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exchange of hydrogen i n one movement. Further reaction of 
t h i s product can lead to t r i t i u m i n a l l positions i n the r i n g , 
but i f the number of subsequent reactions i s small then most 
of the -UJitiiom a c t i v i t y w i l l be i n the oC positions to the 
double bond. 

2. Associative mechanism. 
This was f i r s t applied to the ethylene-hydrogen exchange 

reaction but i f cyclohexene can be treated i n a similar 
manner then the reaction would take place as follows:-

H H H H 
\/ \/ 

H H H H 
\ / \ / 

e / 
H 

(1) 
\ /H + 2M > 
Cv catalyst 

/ H 
G 
\ 
H 

(2 

H/\ V 
/I H 

\ 
H 

M 

H H H H 
\ / \ / V 

/ H 
/ 

H 
_ 

\ h a l f hydrogenated state H 

(3) 
H H H H 
\/ \/ 

M 

H-C / 

\ 
/ H 

\ /H Ĥ  / 
/ \ H/\ 
G-H G 
I / 
T 

\ (4) 
H H H H 

(5) 
H H H H 
\/ \/ 

(a) (^) 

G G 
\Ĝ ^ V 

H 

(c) 

\ H 



- 11 -
After the formation of a half hydrogenated state of 

cyclohexene i n reaction (2) there are three possible products. 
(a) Reaction (3) has led to double bond migration and also to 
an exchange w i t h t r i t i x m i appearing i n the od position. 
(b) Reaction (4) has led to exchange, with t r i t i u m on the 
double bond carbon atoms but no double bond migration. 
(c) Reaction (5) yields no exchange and no migration. 

Further reaction of the products can y i e l d cyclohexene 
molecules v/ith t r i t i u m i n a l l positions. I f , as i n the f i r s t 
mechanism, the number of these i s small, then by t h i s mechanism 
there should be approximately twice as much t r i t i u m a c t i v i t y 
on the ot carbon atoms as on the double bond carbon atoms. 
The assumption i s made here that the isotope effect which may 
govern reactions (4) and (5) i s small. Furthermore, the 
d i s t r i b u t i o n of t r i t i i m i n the cyclohexene r i n g , as a result 
of t h i s mechanism serves to distinguish the mechanism from the 
"hydrogen switch" process. The "hydrogen sv/itch" mechanism 
would lead to nearly a l l of the t r i t i u m being i n the oC 
positions and no 2:1 r a t i o should be observed i n t h i s case. 
3, Dissociative mechanisms. 

This mechanism was f i r s t suggested by Farkas (15) f o r 
the ethylene exchange and i t involves the rupture of a carbon 
hydrogen bond as opposed t o the p a r t i a l disrupture of the 
carbon carbon double bond i n the associative mechanism. 
I f i t i s applied to cyclohexene as before, exchange can be 
explained but no double bond migration can occur. 
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^GH2 CHs /CHg—GHg 

^ G H = G H C ==GH 
/ M 

^GHg—CHo "-^l 

^ \ /°^2 

I t has been suggested that t h i s mechanism can be 
applied to saturated hydrocarbons (16) and i t may therefore 
be possible f o r dissociation to occur at the CHg positions, 
thus allowing t r i t i u m t o enter a l l positions i n the cyclo
hexene molecule. 
4. Garbonium Ion mechanism. 

This mechanism has been^plied f a i r l y s u c c e B s f u l l y to 
explain processes occurring i n c a t a l y t i c cracking reactions 
(17) and Whitmore (18)(19) has applied i t to account f o r a 
number of organic reactions. I f , as i n the other examples ̂  
the theory i s applied to cyclohexene, i t may be demonstrated 
diagrammatically as follows:-

,GH„ GHo CHo GH. 
GHo / CHo '''catalyst'^ \ / \ 
^GH = GH H^>^ © / 2 

r 
GH G" / T 

GH GHo + H+ 
^GH^cC 

I H 
T . 
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Theii mechanism can e x p l a i n "both double "bond m i g r a t i o n 

and exchange,and y i e l d s the same products w i t h the same 

t r i t i u m d i s t r i b u t i o n as i n the "hydrogen switch" mechanism. 

A medium i s r e q u i r e d which can "both stipply and remove protons, 

( o r t r i t o n s ) i . e . an a c i d c a t a l y s t . The a c i d i t y of a 

t y p i c a l cracking c a t a l y s t - s i l i c a - alumina, has "been 

demonstrated by C.L. Thomas (3 1 ) . 

I f one of these explanations f o r exchange applies t o the 

exchange r e a c t i o n o f cyclohexene and t r i t i a t e d water i n the 

presence of a c a t a l y s t , then on examination of the hydrocarbon 

a f t e r the r e a c t i o n , f o r t r i t i u m d i s t r i b u t i o n , and double bond 

m i g r a t i o n , i t may be possible t o come t o a decision about the 

mechanism of the process. 
The f±rst s e c t i o n which f o l l o w s deals w i t h the 

i n t r o d u c t i o n o f t r i t i u m i i i t b the molecule of cyclohexene, 
and the method f o r deteniiining the d i s t r i b u t i o n throughout 
the r i n g . P u l l experimental d e t a i l s appear i n Chapter TV". 
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PART 1. (a) Exchange r e a c t i o n and t r i t i u m determination. 

Cyclohexene was t r i t i a t e d i n a manner s i m i l a r t o t h a t 

used i n the d e u t e r a t i o n experiments of B e l l and Thomson ( 7 ) . 

The hydrocarhon was v/eighed i n t o a 'Pyrex' brand tuhe 

togeth e r w i t h the platinum hlack c a t a l y s t , t r i t i a t e d water, 

and g l a c i a l a c e t i c a c i d , the l a t t e r heing present t o maintain 

u n i f o r m i t y w i t h previous d e u t e r a t i o n experiments of t h i s 

type ( 2 0 ) . The f u n c t i o n of the a c i d i s not known. A f t e r 

these weighings the tube was frozen i n l i q u i d n i t r o g e n or 

s o l i d carbon d i o x i d e , evacuated by means of an o i l 'Hyvac' 

pump, sealed, and shaken i n a t h e r m o s t a t i c a l l y c o n t r o l l e d 

oven at 130°C f o r three days. The tube was then cooled, and 

opened, the cyclohexene l a y e r was i s o l a t e d , washed w i t h sodiiam 

carbonate s o l u t i o n , and then d i s t i l l e d water, d r i e d over 

calcium c h l o r i d e , and f i n a l l y d i s t i l l e d . 

Samples of the hydrocarbon were characterised, both 

b e f o r e , and a f t e r the exchange r e a c t i o n , by determining the 

f o l l o w i n g p r o p e r t i e s : -
1. B o i l i n g range; 
2. Double Bond Content, obtained by broraination; 

3. R e f r a c t i v e Index. 
A sample of the p u r i f i e d cyclohexene 003-OX^ g. was then 

examined f o r i t s t r i t i u m content a f t e r the exchange. This 

was done by weighing the sample i n t o a glass c a p i l l a r y tube 

and then burning the cyclohexene i n a stream of oxygen i n the 
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usual Pregl type combustion tube.(21). The water, which 
was trapped out i n a c o l d bath^was then converted i n t o 
hydrogen by passing i t over magnesium t u r n i n g s which were 
heated t o 500°C. A l i q u o t s of the hydrogen were then 
i n t r o d u c e d i n t o a Geiger counter f o r a c t i v i t y determinations, 
u s i n g e t h y l a l c o h o l vapour as a 'quenching agent'. 

This experiment v ; i l l y i e l d the t o t a l t r i t i u m content 
of the cyclohexene, and the d i s t r i b u t i o n of the t r i t i u m may 
be determined by the f o l l o w i n g methods. 

(b) D i s t r i b u t i o n of t r i t i u m i n cyclohexene. 

The f i r s t step employed i n these experiments was t o 
convert a sample of t r i t i a t e d cyclohexene i n t o adipic a c i d 
and t o c r y s t a l l i s e the a c i d from a large voliime of water , 

(p) CHg C — T ^ CHg COOH 

O') CHp C — T CHo COOH 

OHg OHg 
;(«•') 
A l l the t r i t i \ a m atoms on the p o s i t i o n s shown would thus 

be removed, andtisitium determinations before, and a f t e r the 

reaction^Y/ould y i e l d the number of t r i t i u m atoms i n these 

p o s i t i o n s . 

The second step was t o convert a sample of t r i t i a t e d 

a d i p i c a c i d t o the OLQL dibromo a l i p i c a c i d and compare the 

t r i t i \ i m contents of b o t h acids. I f i t i s assimied t h a t 
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bromine replaces t r i t i u m as e a s i l y as protium then 
c a l c u l a t i o n w i l l r e v e a l the number of t r i t i u m atoms i n theo«̂  

and ̂  p o s i t i o n s t o the double bond i n cyclohexene 

r OHT vCHBr 
/ \ / \ 

CHT COOH Brp CHT GOOH 

CHT COOH CHT COOH 

N CHT CTBr 

The c a l c u l a t i o n s f o r these experiments are described i n the 

Appendix. 

Oxidation of the cyclohexene was c a r r i e d out under very 

m i l d c o n d i t i o n s using osmium t e t r o x i d e and hydrogen peroxide 

i n t e r t i a r y b u t y l alcohol s o l u t i o n , so as t o reduce the 

p o s s i b i l i t y of rearrangements. Osmiiim t e t r o x i d e i s an 

a d d i t i v e reageiit and i s a s p e c i f i c reagent f o r the at t a c k o f 

double bonds i n o l e f i n i c substances ( 3 2 ) . By using t h i s 

reagent i t i s f a i r l y c e r t a i n t h a t o x i d a t i o n takes place at the 

C = C bond. 

The cyclohexane-diol^ thus produced, was f u r t h e r 

o x i d i s e d t o a d i p i c a c i d by potassium permanganate s o l u t i o n . 

The s o l u t i o n was a c i d i f i e d and the a d i p i c a c i d i s o l a t e d by 

e x t r a c t i n g w i t h ether. The ethereal s o l u t i o n was then 

evaporated t o dryness and the adipic a c i d r e c r y s t a l l i s e d 

from water. 

Treatment of the a d i p i c acid w i t h bromine was performed 

i n t h i o n y l (22) c h l o r i d e s o l u t i o n and the s o l i d ococ'dibromo 
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a d i p i c a c i d was r e c r y s t a l l i s e d from formic acid. Both acids 
were burnt i n the combustion tube i n the usual manner, the 
water being converted t o hydrogen and the t r i t i u m contents 
determined by the gas counting technique i n a Qeiger counter. 

( c ) Results o f t r i t i i m d i s t r i b u t i o n experiments. 

A p i l o t experiment was c a r r i e d out t o confirm t h a t 
cyclohexene v;ould exchange w i t h t r i t i a t e d water and produce 
t r i t i a t e d cyclohexene v;ith an a c t i v i t y which could be 
determined accurately. An exchange r e a c t i o n was then 
performed on a l a r g e r scale t o y i e l d s u f f i c i e n t cyclohexene 
t o allow the degradation experiments t o be performed i n 
d u p l i c a t e . The a c t i v i t y of the exchange s o l u t i o n was 
determined and the cyclohexene employed i n a l l experiments 
was 'aged' m a t e r i a l . Experiments v/ere also c a r r i e d out w i t h 
no c a t a l y s t present t o determine whether :the c a t a l y s t was 
necessary f o r the exchange r e a c t i o n t o take place. 

Tables of the r e s u l t s vAiich were obtained from these 

experiments are shown on the f o l l o w i n g pages. 
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RESULTS. 

TABLE 1. 
REACTION MIXTURES. 

Tube 
Number 

Wt. of 
Catalyst 

( g ) . 

Wt. of 
T r i t i u m 
S o l u t i o n 

( g ) . 

Acetic 
Acid 

( g ) . 

Cyclohexene 
(g) 

S p e c i f i c A c t i v i t y 
of Ho. (counts/min/ 
cm. Hg at 20^0.) 

1. 0.0812 0.6212 1.6832 2.9915 255.1 + 2.6 

2. 1.6247 12.4562 33.6291 59.8560 f l 0 2 . 3 +1.0 2. 1.6247 
[102.5 + 1.0 

(3, 0.0810 0.6486 1.6892 2.9942 50.67 + 0.63 

n i l 0.6487 1.6470 2.9976 1.96 + 0.019 

TABLE 2. 
PHYSICAL PROPERTIES OF CYCLOHBXENB. 

Property Before 
Exchange 

A f t e r 
Exchange. 

B o i l i n g 
Range 

R e f r a c t i v e 
Index 
200C. 

Double Bond 
Content/ 
Molecule. 

83 -83.5°C. 

1.4470 

1.00 

82.5-83.5°C. 

1.4474 

0.98 
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TABLE 5. 
DEGRADATION RESULTS. Prom Tube No. 2. 

S p e c i f i c A c t i v i t y expressed as Counts/min/cm.of H2 at 200C. 

Substance Hydrogen 
Y i e l d 

S p e c i f i c 
A c t i v i t y 

1 97.52% 
Cyclohexene 

2 90.4095 

102.5 +1.0 
102.3 ±1.0 

Adipic Acid 1 98.49% 
M.pt.148-151^ 

2(99.38% 
>98.53% 

77.67 + 0.68 

/77.32 + 0.71 
>77.20 + 0.90 

dibromo 1(100.00% 
a d i p i c acid (99.98% 

M.Pt. 192-1939: 2 98.04% 

(61.81 + 0.66 
(60.39 + 0.125 
61.32+~ 0.50 

Exchange 1 98.13% 
S o l u t i o n 

r r i t i a t e d HgO 2 97.10% 

(629.6 + 6.0) 
x25 

(637.8 + 6.0.) 

TABLE 4. 
TYPICAL TRITIUM DISTRIBUTION IN CYCLOHEXBNE. 
(Cal c u l a t e d from r e s i r H t s i n Table 3 ) . 

The r e s p l t s are expressed as the number o f t r i t i u m atoras/g. 
mol. cyclohexene. 

Cyclohexene CH = CH Tota l i n 4oc 
p o s i t i o n s 

Total i n 4^ 
p o s i t i o n s 

2.68 X 10^^ 0.65 X 10^^ 1.50 X 10^^ 0.53 X 10^'^ 

(d) Comments on Results. 
Cyclohexene, under the conditions of the experiments, 

has been fo^md t o exchange a l l of i t s hydrogens w i t h the 
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hydrogens of a t r i t i a t e d water sample i n the presence of a 

p l a t i n u m c a t a l y s t . 

The r e s u l t s o f experiments 3 and 4 i n Table 1 i n d i c a t e 

t h a t a small amount of exchange takes place i n the absence 

of the c a t a l y s t and t h a t i t i s approximately 4=% of the 

amount o c c u r r i n g i n the presence of a, c a t a l y s t under the 

same experimental c o n d i t i o n s . 

Table 3 i n d i c a t e s t h a t the major p a r t of the t r i t i i m i 

a c t i v i t y i n cyclohexene i s i n the oc p o s i t i o n s . I n t h i s 

c a l c u l a t i o n no c o r r e c t i o n has been applied f o r a possible 

isotope e f f e c t i n the bromine-adipic a c i d r e a c t i o n . 

The r e s p l t s of Table 4 show t h a t the r a t i o o f the 

t r i t i u m a c t i v i t i e s i n the oc p o s i t i o n s and on the double bond 

carbon atoms i s 1 . 5 0 x 10-^'^ i . e . approximately 2 : 1 . This 
0 . 6 5 X 10J-<t 

d i s t r i b u t i o n o f t r i t i u m appears t o be good evidence i n favour 
of the 'associative' type of mechanism f o r exchange which was 
discussed at the beginning of t h i s chapter. Further 
d i s c u s s i o n of these r e s u l t s w i l l appear i n Chapter IH. 
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PART I I . I n v e s t i g a t i o n of double bond movement i n 
cyclohexene - HTO exchange r e a c t i o n . 

I t can be seen from the b r i e f i n t r o d u c t i o n t o the 
possi b l e mechanisms f o r exchange t h a t i t i s impossible t o 
determine whether any double bond m i g r a t i o n has occurred 
durin g the exchange r e a c t i o n unless the p o s i t i o n of the double 
bond can be loc a t e d i n some way. 

To solve t h i s problem i t was decided t o l a b e l ths 
cyclohexene molecule, on the double bond p o s i t i o n , w i t h the 
r a d i o a c t i v e isotope of carbon ( 2 3 ) , {C^^ t± = 4500 years) and 
subject the hydrocarbon t o an exchange r e a c t i o n i n the usual 
way. The e f f e c t s of t h i s l a b e l l i n g can be seen i f tie 
ass o c i a t i v e mechanism i s considered. 

.CHo CHo .CHg CH2 
/ \ (1) / V 

CHg CHg + 2M ? CHg tJHg 
\ x x / \x x^ ^ C H = C H <.pH pH 

(2), / + [ T ] 
M 

(3 

CHp CHp 
/ \ 
CH2 CHg 
\x x / 
CH CH 

(4) 
^ C H 2 — CH2 ^ CHg— CH2 ^CH^—CH^ 

CH CHg CHg CHg CHg CS^ 

\ x x / \ x x / \x x/ 
—ZBT C H = C T C H = C H 

Reaction (3) has l e d t o a decrease of Ĉ ^ a c t i v i t y on the 
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double bond carbon atoms a f t e r m i g r a t i o n of the eth y l e n i c 

l i n k a g e . Double bond movement w i l l always lead t o a 

decrease i n carbon a c t i v i t y on the double bond p o s i t i o n i f 

the exchange w i t h t r i t i u m occurs by t h i s procedure. 

I n order t o detect t h i s change i n a c t i v i t y cyclohexene 

was degraded before and a f t e r the exchange r e a c t i o n i n such a 

manner t h a t any change i n carbon a c t i v i t y , on the double bond 

carbon atoms, could be detected. 

The synthesis of Ĉ "̂  l a b e l l e d cyclohexene i s b r i e f l y 

described f i r s t and t h i s i s followed by a d e s c r i p t i o n of the 

degradations r e a c t i o n s which were used t o i n v e s t i g a t e double 

bond m i g r a t i o n . 

(a) Synthesis o f C-̂'̂  l a b e l l e d cyclohexene. 

The synthesis of simple o l e f i n i c compounds l a b e l l e d at 

the double bond has been described by Calvi n (24). He found 

t h a t a l l of the methods t r i e d l e d t o products i n which the 

a c t i v i t y was not a l l present on the double bond. 

To come t o a deci s i o n concerning double bond m i g r a t i o n 

i t i s not necessary, however, f o r a l l the a c t i v i t y t o be 

concentrated on the double bond carbon atoms. Provided t h a t 

the a c t i v i t y i s not symmetrically d i s t r i b u t e d between the 

double bond p o s i t i o n s , and the oc p o s i t i o n s , i n the cyclohexene 

molecule, then the degradation procedures t o be described 

should s t i l l detect a change i n a c t i v i t y on the double bond 

carbon atoms. 

The method adopted f o r the synthesis of l a b e l l e d 
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cyclohexene in v o l v e d a s i x stage process s t a r t i n g w i t h 
pentamethylene dibroraide and a c t i v e potassium cyanide. The 
f i r s t p a r t of the synthesis was based on a procedure 
suggested by L o f t f i e l d (25) f o r the preparation of cyclohexanone. 
A f t e r t h i s the cyclohexanone was reduced t o cyclohexanol using 
alximinium isopropoxide j l i i s o p r o p y l a l c o h o l . Dehydration of 
cyclohexanol t o cyclohexene was then c a r r i e d out using 
concentrated sulphuric acid. 

The f u l l synthesis i s shovm. i n the f o l l o w i n g scheme of 

re a c t i o n s ; -
/ B r 

(CH2)5 
^ B r 

X 
KCN 
r e f l u x 
3 days 

X 
/ CN 

(CH2)5 X 
^ CN 

COOH 
6 0 ^ (CH2)5 
KOH COOH 

pent a 
methylene dibroraide 

X 
COOCa^ 

^^^^5 X pyrolyse 
CaClg ^ \ COOCaj^ ^ 

pimel i c 
a c i d 

calcium pimelate 

X 
C = 0 

cyclohexanone 

A l (OisPr)g 
isPrOH . 

y ^ ^ 

X 
CHOH dehydration 0 cyclohexanol 

A f t e r the a c t i v e cyclohexene was i s o l a t e d at the end 

of t h i s procedure i t was examined w i t h a view to determining 

1. The p u r i t y , and carbon a c t i v i t y , of the hydrocarbon. 

2. The d i s t r i b u t i o n o f the carbon^^ i n the cyclohexene. 

The methods used i n these i n v e s t i g a t i o n s w i l l be described i n 

the two sections which f o l l o w , and the f u l l d e s c r i p t i o n of 

the synthesis of a c t i v e cyclohexene w i l l be described i n 
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Chapter I V . 

(b) The'purity and carbon a c t i v i t y of the synthesised 
cyclohexene. 

The p u r i t y of the synthesised cyclohexene was estimated 
by measuring 

(a) B o i l i n g Range. 

(b) Double Bond Content. 
(c) R e f r a c t i v e Indei^. 

and comparing the r e s i i l t s w i t h the values obtained from pure, 
i n a c t i v e , f r e s h l y d i s t i l l e d cyclohexene. 

A f u r t h e r experiment was designed t o estimate the p u r i t y 
of the synthesised m a t e r i a l and at the same tirae t o determine 
the carbon^'^ content of the hydrocarbon. I t w i l l also 
e s t a b l i s h whether a l l o f the carbon a c t i v i t y i s present i n 
the cyclohexene. 

Cyclohexene was f i r s t o xidised t o cyclohexane 1-2 d i o l 
u s i n g the same procedure as t h a t described i n the t r i t i u m 
d i s t r i b u t i o n experiments i . e . employing osmium t e t r o x i d e and 
hydrogen peroxide i n t e r t i a r y b u t y l alcohol. This ensures 
t h a t o x i d a t i o n w i l l take place at the double bond carbon atoms 
because of the s p e c i f i c manner i n which the osmixara t e t r o x i d e 
a t t a c k s o l e f i n i c s t r u c t u r e s t o form an a d d i t i v e compound. 
The d i o l was then f u r t h e r oxidised t o adipic acid using 
aqueous potassium permanganate s o l u t i o n . 

X OSO4 ^ ^ X Q J J KMn04^ 

cyclohexane adip^c 
1-2 d i o l a c i d 

COOH 
X 
COOH 
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The carbon activitie§6f the cyclohexene and the adipic 

a c i d were then determined. A comparison of these tv/o 
a c t i v i t i e s should r e v e a l no change i f the o r i g i n a l cyclohexene 
was pure since no carbon atoms have been removed i n the 

degradation experiments. 
Ou t l i n e o f Experimental Procedures. 

Double bond contents of cyclohexene were obtained i n 
the usual v/ay. A measured volume of a s o l u t i o n of dry 
bromine i n carbon t e t r a c h l o r i d e was added t o a knov/n v/eight 
of cyclohexene. Excess bromine was then t i t r a t e d w i t h 
standard sodiTim t h i o s u l p h a t e s o l u t i o n . 

Oxidation of cyclohexene was c a r r i e d out w i t h osmium 
t e t r o x i d e and hydrogen peroxide,and then aqueous potassium 
permanganate. The a c i d i f i e d s o l u t i o n was extracted w i t h 
ether and the eth e r e a l s o l u t i o n evaporated t o dryness. The 
a d i p i c a c i d was then r e c r y s t a l l i s e d from water. 

Carbon a c t i v i t i e s of cyclohexene and adipic acid were 
obtained a f t e r burning the substances i n a combustiomitube 
and corcLensing out the carbon diodde and water i n l i q u i d 
oxygen. Carbon dioxide was removed from the condensate by 
d i s t i l l a t i o n at an acetone 'Dr i k o l d ' bath temperature. The 
a c t i v i t y of the carbon dioxide gas v/as then determined by 
i n t r o d u c i n g a known pressure of the gas i n t o a Geiger-Muller 
counter. Carbon di s u l p h i d e vapour was added t o the carbon 
dioxide as a quenching agent. 

The r e s u l t s of these experiments are shown i n the 
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f o l l o w i n g t a b l e s w h i l s t f u l l experimental d e t a i l s f o r the 

procedures may be found i n Chapter I V . 

TABLE 5. 
. PROPERTIES OF CYCLOHEXENE. 

B o i l i n g 
Range 

Refractive 
Index @ 20°C. 

Double Bonds 
per molecule. 

Synthesised 
Cyclohexene 

8 3 r 8 4 . 5°C . 1 . 4 4 6 7 1 . 0 1 

Pure 
Cyclohexene 

830c. 1 . 4 4 6 3 1 . 0 0 

TABLE 6 . 

CARBON ACTIVITY DETERMINATIONS ON CYCLOHBXEIJE AND 
ADIPIC ACID (M.PT. = 148 - 1510C.) 

Substance CArbon 
Dioxide Y i e l d 

S p e c i f i c 
A c t i v i t y 
(Counts/Min/ 
cmCQp. at 20^0: 

No.of C l ^ 
Atoms per g. 
mol.of substance 

Cyclohexene 

Adipic A c i d 

95.00% 

101.0% 

2 0 . 1 4 + 0 . 1 5 

1 9 . 1 0 + 0 . 1 6 

2 . 2 5 X 10-^^ 

2 . 1 3 X lO'''̂  

Comment^n the Results of Tables 5 and 6 . 

The r e s u l t s of Table 5 i n d i c a t e d t h a t the synthesised 

cyclohexene was reasonably pure 95 + 1.2%. The phys i c a l 

p r o p e r t i e s of the a c t i v e m a t e r i a l were i n good agreement w i t h 

the p r o p e r t i e s of pure f r e s h l y d i s t i l l e d m a t e r i a l . 

(c) The d i s t r i b u t i o n of carbon a c t i v i t y i n the synthesised 
cyclohexene. 

The work o f Ca l v i n ( 2 4 ) established t h a t Ĉ ^̂  active 
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o l e f i n i c compounds, synthesised i n a manner s i m i l a r t o the ° 

procedure which has been described, d i d not possess a l l of 
the a c t i v i t y on the double bond carbon atoms. I t was 
decided t h e r e f o r e , t o determine the carbon a c t i v i t y 
d i s t r i b u t i o n i n the synthesised cyclohexene. A series of 
degradation r e a c t i o n s were devised which would enable 
c a l c u l a t i o n s t o be made t o determine the amount of Carbon^^ 
a c t i v i t y on the double bond carbon atoms and the amount of 
a c t i v i t y i n the remainder of the r i n g . 

The f i r s t r e a c t i o n involved the oxidatioiv6f cyclohexene 
t o a d i p i c a c i d v i a the methods which have been described 
p r e v i o u s l y . I n order t o represent the scheme of reactions 
i t i s assumed t h a t a l l of the a c t i v i t y i s on the C = C carbon 
atoms. 

/^Xx OsO^ 1 ^ ^ - ™^°4 / \ 

V 2 2 OH 

X 
'COOH 

X 

No l o s s of a c t i v e carbon atoms should be sustained i n t h i s 
r e a c t i o n . 

The second r e a c t i o n was t o remove one of the carboxylC 
atoms from the ad i p i c acid. Prom the r e a c t i o n scheme, t h i s 
i s seen t o be equivalent t o removing one of the C = C carbon 
atoms. Half o f the carbon a c t i v i t y on the double bond atoms 
was t h e r e f o r e l o s t i n t h i s r e a c t i o n . The degradation 
r e a c t i o n involved the pre p a r a t i o n of the calcium s a l t of 
a d i p i c a c i d which was then pyrolysed t o produce cyclopentanone. 
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y^COOE CaClo y\ X ^ x x CaCl2 X \ ^ /X ^ 
, ^ f ^COO p y r o l y s i s / >|=0 CaCOr 

X' 
COOH 

\ c a 
X / 

The d i f f e r e n c e i n a c t i v i t y determinations of the adipic 

a c i d and the cyclopentanone t h e r e f o r e y i e l d e d the amount of 

carbon a c t i v i t y on one of the C = C carbon atoms. 

Ou t l i n e o f Experimental Procedures. 

Adipic a c i d was prepared from the a c t i v e cyclohexene 

using osmium t e t r o x i d e and hydrogen peroxide followed by 

aqueous potassium permangana;te s o l u t i o n . The acid was 

r e c r y s t a l l i s e d from water. A s l i g h t l y alkaline s o l u t i o n of 

sodium adipate was then t r e a t e d w i t h the r e q i i r e d amount of 

calcium c h l o r i d e and the calciimi adipate f i l t e r e d o f f from 

the hot s o l u t i o n . The d r i e d calcium s a l t was then pyrolysed 

at 350-400°C t o y i e l d the cyclopentanone, which was p u r i f i e d 

v i a the b i s u l p h i t e compound. 

A c t i v i t y determinations were c a r r i e d out i n the usual 
manner. The substances were burnt i n a stream of oxygen i n 
the combustion tube and the carbon dioxide produced v/as 
introduced i n t o the Geiger counter. Carbon disulphide 
vapour was used,as a quenching agent. 

The experimental r e s u l t s are shovm i n the f o l l o w i n g 
t a b l e s and the d e t a i l s of the degradation procedures appear 

i n Chapter IV.. 
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TABLE 7. 

ACTIVITY RESULTS. 

SulDstance S p e c i f i c A c t i v i t y 
(Coimt s/Min/ cm. CO2 
at 20^0. 

No. of Ĉ "̂  atoms 
per G.Mol.of 
substance. 

Cyclohexene 
Adipic A c i d 

Cyclopentanone 

20.14 + 0.15 
19.10 + 0.16 

11.46 d 0.16 

2.249 X lO^S 
2.133 X lOlS 
1.066 X IOI6 

cyclopentanone = 50.00% + 1.6% 
(Prom adipic acid"act;|.vity) 

oH C=C i n f l ] , = 100.C^. 
i n remainder of 

TABLE 8. 
DISTRIBUTION OF Ĝ'̂  ACTIVITY. 

% age of t o t a l a c t i v i t y i n cyclohexene = 100% 
" " adipic a c i d = 95.13% 

I I I I I I I I 

I I 11 I I I I 
... i ^ i ' 

H H «> TTT r>f^ma-i-nr\p.r> n f J ]| r i n g = 0%. " 
Comments on the r e s i i l t s of TalJles g and 8. 

The resiJte from TalDle 7 have demonstrated t h a t when the 
a c t i v e a d i p i c a c i d was degraded t o cyclopentanone 50% of the 
Ĉ '̂  atoms were removed. Hence a l l of the a c t i v i t y appears 
t o he on the douhle "bond carhon atoms i n cyclohexene as shov/n 
i n Table 8. The e r r o r on the cyclppentanone was approximately 
1.6% and hence the amount of a c t i v i t y on douhle "bond carbon 
atoms could vary "between 98.4 and 100%. The adipic a c i d 
a c t i v i t y f i g u r e was taken as the most r e l i a b l e estimate f o r 

the t o t a l a c t i v i t y i n the cyclohexene. The d i s t r i b u t i o n of 
Cl4 

a c t i v i t y w i t h i n the cyclohexene r i n g i s not symmetrical 
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and hence any movement of the double iDond during the exchange 
r e a c t i o n w i l l lead t o a f r e s h d i s t r i b u t i o n o f Ĉ '̂  i n the r i n g . 
This new d i s t r i l D u t i o n of C •^'^activity can "be detected, and 
d i f f e r e n t i a t e d frcan the o r i g i n a l d i s t r i b u t i o n , "by degrading 
the cyclohexene "before, and a f t e r the exchange r e a c t i o n t o 
cyclopentanone. Further exfilanation o f t h i s procedure w i l l 
he given i n the f o l l o w i n g section. 

(d) Exchange Experiments using C-̂ ^ a c t i v e cyclohexene* 
The r e s u l t s of the experiments which have j u s t heen 

described have e s t a b l i s h e d two main p o i n t s : -
(a) t h a t the Ĉ ^ synthesised cyclohexene was reasonably 

pure. 
(b) t h a t the Ĉ '̂  i n cyclohexene was not symmetrically 

d i s t r i b u t e d , between the 0 = 0 and the remainder of 
the cyclohexene r i n g , so allowing double bond movement 
i n cyclohexene, during exchange, t o be detected. 

I t was decided t h e r e f o r e t o subject the a c t i v e 
cyclohexene t o an exchange r e a c t i o n w i t h t r i t i a t e d water, i n 
the presence of a platin\am c a t a l y s t , t o determine whether 
any double bond m i g r a t i o n occurs. I f movement does occur 
then some of the cyclohexene a f t e r exchange would have a 0-̂ ^ 
d i s t r i b u t i o n as f o l l o w s : -

Before Exchange. A f t e r Exchange. 

be 
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This change could be detected i f a r e a c t i o n scheme was 
d e v i l e d which would remove the carbon atoms forming the 
double bond. Such a scheme would res-ult i n an increase of 
carbon a c t i v i t y i n the r e s i d u a l p a r t of the cyclohexene 
molecule a f t e r the exchange as shown above. 

The degradation reactions which were employed have 

already been described i n connection w i t h previous work. 

The f i r s t r e a c t i o n was t o oxidise the cyclohexene t o adipic 

a c i d i n the usual manner :-

OSO4 
H202 

•4 i- OH 
- OH 

KMn O4 r^'^ooH 

.COOH 
Calciiom adipate was then pyrolysed t o y i e l d cyclopentanone 

ĈOOH OaCl 
2_ 

COOH 

'0000ajL 
2 

,0000ai 
2 

p y r o l y s i s = 0 

I f double bond m i g r a t i o n has occurred during the exchange 
r e a c t i o n then an increase i n the a c t i v i t y of the cyclopentanone 
a f t e r the exchange should be revealed. The f o l l o w i n g 
r e a c t i o n s demonstrate how t h i s can occur:-
1. No m i g r a t i o n during exchange;-

nx X 
OOOH 
X 
OOOH 

X ^ 
OObOai; 

2". 
X. 
oq DCâ ; 

2. M i g r a t i o n occurring during excnange. 

+ y\x 

COOH 

§00H 

OQOOai. 
I 2 

,-x-
joqoca^ 

0 = 0 

^ ^ = 0 
' X 
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I f C-̂'̂  a c t i v i t y d e t e m i n a t i o n s on the cyclopentanone, 

before and a f t e r the exchange are performed, then an increase 

i n the a c t i v i t y o f the cyclopentanone a f t e r the exchange w i l l 

demonstrate t h a t m i g r a t i o n of the double bond has occurred. 

Outline of Experimental Procedures. 

Experiment 1. 

The f i r s t experiment performed was designed t o e s t a b l i s h 

t h a t the active cyclohexene would exchange i t s hydrogens v/ith 

those o f t r i t i a t e d water. Furthermore, i t i s possible, from 

the t r i t i u m a c t i v i t y o f the cyclohexene, t o perform a 

c a l c u l a t i o n t o p r e d i c t the amount of double bond movement 

occ\irring i n the exchange r e a c t i o n . This c a l c u l a t i o n 

appears i n the Appendix and i t i s based on the 'associative' 

theory f o r exchange. 
C-'-'̂  a c t i v e cyclohexene v/as subjected t o an exchange 

r e a c t i o n with- t r i t i a t e d water i n the presence of the 
platin-um. c a t a l y s t . This was c a r r i e d out i n the usual manner. 
C a t a l y s t , t r i t i a t e d v/ater, a c e t i c a c i d and platinxam c a t a l y s t 
were weighed i n t o a 'Py rex' tube. The tube and i t s 
contents were then f r o z e n i n l i q u i d n i t r o g e n , evacuated, 
sealed, and shaken at 130^0 f o r three days. A f t e r the 
exchange the cyclohexene l a y e r was i s o l a t e d , washed w i t h 
sodium carbonate and d i s t i l l e d water, d r i e d over calcium 
c h l o r i d e , and f i n a l l y d i s t i l l e d . 

Samples of the cyclohexene were characterised both 

b e f o r e , and a f t e r the exchange r e a c t i o n by determining 
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1. B o i l i n g Range. 
2. Double bond content, obtained by the bromination 

method. 
3. R e f r a c t i v e Index. 
The t r i t i u m content of the p u r i f i e d cyclohexene was then 

determined a f t e r the exchange reactaon, A sample of 

cyclohexene was burnt i n the combustion tube, and the water 

converted t o hydrogen by passing i t over magnesitom at 500°C. 

The a c t i v i t y of the hydrogen v/as then estimated i n a Geiger 

counter. Results from t h i s experiment are shown i n the 

f o l l o w i n g t a b l e s . 

Experiment 1 - Tube 5. 

TRITIUM DETERMINATION IN OYCLOHBXEHE. 

TABLE 0. - Tube F i l l i n g . 

Oatalyst T r i t i a t e d 
Water 

Acetic Acid Active 
Oyclohexene 

0.0545g 0.4196g. 1.1358g. 2.0044g. 

TABLE 10 - Oha r a c t e r i s a t i o n of Oyclohexene - Before and A f t e r 
Exchange. 

B o i l i n 
Before 

g Range. 
A f t e r 

R e f r a c t i \ 
at:2G0C. 

Before 

ê Index 
A f t e r 

Double Be 
Molec 

Before 

)nds per 
ule 

A f t e r 

83-8400 83-84.5^0 1.4465 1.4462 0.99 1.00 
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TABLE 11 - T r i t i u m Content and Calculated Amount of Double 
Bond Movement. 

Cyclohexene 
Wt. 

Hydrogen Y i e l d S p e c i f i c A c t i v i t y 
(c ount s/min. /cm. 
of Hp @ 200C.) 

Prbbable Double 
Bond Movement 

0.0419g. 95.01% 139.25 + 0.95 8.2% 

The value f o r the probable double bond movement shown i n 

Table 11 was c a l c u l a t e d from the t r i t i \ i m s p e c i f i c a c t i v i t y 

shown i n t h i s t a b l e . The d i s t r i b u t i o n of the t r i t i u m w i t h i n 

the cyclohexene r i n g was required i n t h i s c a l c u l a t i o n , and i t 

was obtained by assuming t h a t i t was d i s t r i b u t e d i n the same 

r a t i o s as shown i n Table 4. 

Experiment 2. 

I t has now been established t h a t the act i v e cyclohexene 

would exchange i t s hydrogens f o r those of t r i t i a t e d water. 

From the amount of t r i t i \ a m exchange o c c u r r i n g , i t has been 

c a l c u l a t e d , using c e r t a i n asstamptions, t h a t the probable 

amount of double bond movement was 8.2%. Experiment 2 v;as 

th e r e f o r e devised t o measure the amount of double bond 

movement which had a c t u a l l y occurred i n the active cyclohexene 

during exchange under the same conditions as Experiment 1. 

To o b t a i n t h i s r e s u l t i t was necessary t o degrade the active 

cyclohexene t o cyclopentanone before, and a f t e r the exchange 

r e a c t i o n . C-̂'̂  a c t i v i t y r e s u l t s from the cyclopentanone i n 

the two cases w i l l y i e l d the amount of double bond s h i f t 

which has occurred during the exchange r e a c t i o n . 
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0-̂ ^ a c t i v e cyclohexene,the same as i n Experiment 1, was 
subjected t o an exchange r e a c t i o n i n the same way as i n 
Experiment 1 except t h a t i n a c t i v e water was used. The 
prec a u t i o n of l e a v i n g out the t r i t i \ i n i was taken so as t o 
el i m i n a t e the p o s s i b i l i t y of t r i t i u m contamination of the 
carbon d i o x i d e , (30) since any contamination may mask any 
d i f f e r e n c e i n cyclopentanone a c t i v i t y values before, and a f t e r 
the exchange r e a c t i o n . 

A f t e r the exchange r e a c t i o n was performed as described 
i n Experiment l , t h e cyclohexene l a y e r was i s o l a t e d , p u r i f i e d , 
and the hydrocarbon characterised. 

Approximately 5g. of the cyclohexene v/as oxidised t o 
ad i p i c a c i d using osmium tetnoxide and hydrogen peroxide, and 
then aqueous permanganate, A s l i g h t l y a l k a l i n e s o l u t i o n of 
sodium adipate was then converted t o the calcium s a l t by 
a d d i t i o n of calcium c h l o r i d e . The calcium adipate was then 
pyrolysed at 350-400^0 t o y i e l d cyclopentanone which was 
p u r i f i e d v i a the b i s u l p h i t e compound. 

0̂ '̂  a c t i v i t y r e s u l t s on the cyclopentanone, obtained from 
the cl^cyclohexene before, and a f t e r the exchange r e a c t i o n , 
were obtained a f t e r burning the sample i n oxygen i n the 
combustion tube, and condensing the carbon dioxide i n a 
s p i r a l surrounded by a l i q u i d oxygen bath. The carbon 
dicH.de gas was introduced i n t o a Geiger counter together w i t h 
carbon d i s u l p h i d e vapour t o act as quenching agent. 
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The r e s u l t s of Experiment 2 are shown i n the f o l l o w i n g 

t a b l e s and the experimental d e t a i l s f o r the procedures which 

have been described can be found i n Chapter I V . 

Experiment 2 - Carbon A c t i v i t y Results - Tube 6. 

TABIE 12 - Tube F i l l i n g . 

Catalyst Water Acetic Acid Active 
Cyclohexene 

0.1904g. 1.4584g. 3.9362g. 7.0232g. 

TABLE 15 - C h a r a c t e r i s a t i o n of Cyclohexene - Before a i d A f t e r 
Exchange. 

B o i l i n g 

Before 

Range 

A f t e r 

Refract i \ 
at 20OC 

Before 

'•e Index 

A f t e r 

Double Bo 
Molec 

Before 

nds per 
ul e . 

A f t e r 

83-840C. 83-85OC. 1.4465 1.4463 0.99 1.00 

TABLE 14 - Cyclohexene and Adipic Acid - Cl4 A c t i v i t y Results. 

Cyclohexene 
S p e c i f i c 
A c t i v i t y 

Adipic Acid 
S p e c i f i c 
A c t i v i t y 

Before Exchange 

k£ter Exchange 

20.14 ± 0.15 

20.01 + 0.18 
19.10 + 0.16 coxints/min/cm, 

COp at 200C. 
19.07 + 0.14 
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TABLE 15(a) - Oyclopentanone Ol4 A c t i v i t y Results. 

Oyclopentanone 
Wt. 

Carbon Dioxide 
Y i e l d 

S p e c i f i c A c t i v i t y 
(0 omit s/Min/cm. 

OOp. at 20^0. 

Before 1. 
Exchange2. 

A f t e r I . 
Exchange2, 

0.0369g. 
0.0286g. 
0.0349g. 
0.0349g. 

100.0% 
100.3% 
100.2% 
99.68% 

11.48+0.17)nT Afi X n Tfi 
11.43i0.14P^-^^ i 
12.00±0.17)-,p OP + 0 17 
12.04±0.12)-^^-°^ i 

The e r r o r s expressed i n the l a s t column of t h i s t a b l e are the 
standard d e v i a t i o n s obtained from eight separate a c t i v i t y 
determinations on eac^ sample. 

This large number of s p e c i f i c a c t i v i t y determinations 
were performed on the cyclopentanone so t h a t the f i n a l r e s u l t 
could be expressed w i t h a good degree of accuracy. A f u l l 
l i s t of the r e s u l t s obtained i n these experiments i s shown i n 
Tables 15(b) and 15(c ) . 
TABLE 15(b) - S p e c i f i c A c t i v i t i e s o f Oyclopentanone - before 

exchange. A l l r e s u l t s are expressed as counts 
min/lOcm of COg i n the counter at 20oc7 

Oyclopentanone 1, Oyclopentanone 2. Background. 

1. 

2. 

3. 

4. 

(149.4 
(148.6 
(149.4 
(148.7 
(147.5 
(149.8 
(149.1 
(147.5 

+ 1.49 
2 1.49 
+ 1.49 
± 1.49 
+ 1.47 
+ 1.50 
+ 1.49 
+ 1.47 

5,(148.4 + 1.48 
(150.3 ± 1.50 

5 (151.6 + 1.52 
'(149.1 ± 1.49 

7.tl48.5 ±1.48 

g (147.5 + 1.47 
'(149.6 + 1.50 

1. 35.29 + 0.60 
2. 34.57 ± 0.59 
3. 33.10 ± 0.58 
4. 32.60 ± 0.64 
5. 35.67 + 0.55 
6. 35.22 + 0.60 
7. 35.39 + 0.60 
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TABLE 1 5 ( c l - S p e c i f i c A c t i v i t i e s of cyclopentanone - a f t e r 
exchange. A l l r e s u l t s are expressed as coimts/ 
min./lOcm. of CO2 i n the counter at 20°C. 

Cyclopentanone 1. Cyclypentanone 2. Backgro\ind. 

, (155.2 + 1.55 
' (155.0 + 1.54 

2 (153.8 ± 1.54 
' (152.8 ± 1.53 

3̂  (154.5 ± 1.54 
(154.0 + 1.54 

4 (155.9 + 1.56 
(157.1 ± 1.57 

g (155.1 + 1.55 
• 4l54.7 + 1.55 

5. (154.0 + 1.54 

7 (154.9 ± 1.55 
(156.9 + 1.57 

8 (154.5 + 1.54 
(156.3 ± 1.56 

1. 36.84 + 0.65 

2. 33.72 ± 0.58 
3. 33.35 + 0.58 
4. 34.11 ± 0.59 
5. 36.14 ± 0.55 
6. 34.82 + 0.59 

The standard d e v i a t i o n s shown i n Table 15(a) were calculated 

according t o the method ^own i n the Appendix. 

Comments on the Results of Experiments 1 and 2 
The r e s u l t s i n Table 15(a) have shov/n t h a t the Ĉ ^̂  

a c t i v i t y of the cyclopentanone has i n c r e a s e c ^ f t e r the 
exchange r e a c t i o n by approximately 5%. This i s i n agreement 
w i t h the p o s t u l a t e d double bond movement occurring i n 
cyclohexene d u r i n g the exchange r e a c t i o n w i t h t r i t i a t e d water. 

C a l c u l a t i o n of the amount of double bond mi g r a t i o n from 
the f i g u r e s i n Table 15(a) show t h a t the movement was 10.01% 
w h i l s t the amount of movement p r e d i c t e d from the t r i t i \ i m 
f i g u r e s i n Table 11 y i e l d e d a value o f 8.2%. The value of 
10.01% was c a l c u l a t e d , assuraing t h a t a l l of the carbon 
a c t i v i t y was present on the double bonds. These two values 
of 8.2% and 10.01% f o r the amount of double bond movement i n 
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cyclohexene are i n q u i t e good agreement. 

This r e s u l t , confirming t h a t double bond migr a t i o n has 
occurred i n cyclohexene during an exchange r e a c t i o n w i t h 
t r i t i a t e d water, together w i t h the r e s u l t s of t r i t i u m exchange 
i n Part 1, suggest t h a t the " a s s o c i a t i v e " mechanism could 
e x p l a i n the exchange procedure. Further discussion of these 

r e s u l t s w i l l appear i n Ohapter I I I . 
(e) Further exchange reactions using 0̂ *̂  a c t i v e cyclohexeiB 
A second p a i r of experiments were c a r r i e d out i n the same 

manner as Experiments 1 and 2 but v/ith a d i f f e r e n t sample of 
a c t i v e cyclohexene. The a c t i v e cyclohexene used i n t h i s 
work had been 'ageing' i n a f l a s k f o r a period of approximately 
tv/o months and gave a strong peroxide t e s t . I t was also 
observed t h a t on d i s t i l l i n g a sample o f the hydrocarbon,a 
vigorous effervescence occurred towards the end of the 
d i s t i l l a t i o n . This seemed t o i n d i c a t e the presence of a 
large amoiont of peroxide i n the cyclohexene. 

The p u r i t y of the cyclohexene and d i s t r i b u t i o n of the C^"^ 
i n the molecule were determined according t o the procedures 
which have been described i n previous sections. These 
procedures i n v o l v e d 

1. Measurement of p h y s i c a l p r o p e r t i e s i . e . b o i l i n g range, 

r e f r a c t i v e index and double bond content. 

2. 0-̂ '̂  a c t i v i t y determination i n cyclohexene and i n the 

degradation products, a d i p i c a c i d and cyclopentanone. 
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The r e s u l t s are t a b u l a t e d below 
TABLE 16. PR0FBRTIB3 OF CYCLOHEXENE. 

B o i l i n g Range. Refracti v e 
Index @ 20% 

Double Bond 
per molecule 

Synthesised 
Cyclohexene 
Pure 
Cyclohexene 

83-84.50c. 

83°C 

1.4467 

1.4463 

1.01. 

1.00 

TABLE 17. CARBON ACTIVITY DETERMINATIONS ON CYCLOHEXENE 
ADIPIC ACID AND CYCLOPENTANONE. 

Substance Carbon 
Dioxide 
Y i e l d . 

S p e c i f i c A c t i v i t y 
(Counts/rain/cm. 
CO,̂  at 20°C. 

14-
No. of C-̂  atoms 
per G.Mol. of 

substance. 
3yclohexene 

/i^dipic Acid 

Dyclopentanore 

99.13% 

101.6% 

102.0% 

68.04 + 0.70 

66.07 + 0.68 

42.83 ± 0.45 

7.60 X 10^^ 
16 

7.38 X 10 

3.98 X 10^^ 
-

TABLE 18. DISTRIBUTION OF C"̂^ ACTIVITY. 
% age of t o t a l a c t i v i t y i n cyclohexene = 100% 

" " " " " " adi p i c a c i d = 97. 

» " " " " cyclopentanone= 53.93% 

" " " " on C = C i n = 92.14% 

'» »• " " " i n remainder of 

Comments on the Results. 

The r e s u l t s o f these tables c o n f i m e d t h a t the 

cyclohexene was approximately 97% pure. 92.0% of the Ĉ ^ 

a c t i v i t y i n the cyclohexene was on the double bond carbon 

atoms and the remainder of the a c t i v i t y was d i s t r i b u t e d 

3 r i n g = 7. 
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throughout the remainder of the r i n g . With such a carbon 
a c t i v i t y d i s t r i b u t i o n i t i s possible t o detect any double 
bond m i g r a t i o n which may occur during the exchange r e a c t i o n 
of cyclohexene w i t h t r i t i a t e d water. 

With these r e s u l t s i n mind, two exchange experiments 
were conducted i n the same manner as Experiments 1 and 2 i.e., 
(a) A c t i v e cyclohexene and t r i t i a t e d water. 

(b) A c t i v e cyclohexene and pure d i s t i l l e d water. 

The experiments t o be described were performed i n the 

same order as Experiments 1 and 2, the f i r s t one t o determine 

the amount of t r i t i u m exchange and t o c a l c u l a t e the probable 

double bond movement. 

Experiment 3. 

Active cyclohexene was shaken v/ith t r i t i a t e d water, 
a c e t i c a c i d , and c a t a l y s t f o r three days at 130^0. The 
hydrocarbon l a y e r was then i s o l a t e d , and p u r i f i e d , and the 
t r i t i i o m content of the cyclohexene was measured i n the 
usual way. Samples of the cyclohexene werehiaiso characterised 
b e f o r e , and a f t e r the exchange r e a c t i o n by determining (a) 
b o i l i n g range (b) double bond content and (c) r e f r a c t i v e 
index. The r e s u l t s of t h i s experiment are shovm i n the 
f o l l o w i n g t a b l e s . 
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Experiment 5 - Tube 7. TRITIUM DETERMINATION IN CYCLOHEXENE. 

TABLE 19 Tube F i l l i n g . 

Catalyst T r i t i a t e d 
Water 

Acetic Acid. Active 
Cyclohexene. 

0.2162g. 1.6700g. 4.2802g. 8.0421g. 

TABLE 20 CHARACTERISATION OF CYCLOHEXENE - BEFORE AND AFTER 
EXCHANGE. 

Bo i l i n g 
Before 

I Range 
A f t e r 

Refract! 
Index at 
Before 

ve 
0200c 
A f t e r 

Double B 
Mol e 

Before 
onds per 
cule. 

A f t e r 

84-84.5°C 83-84.5° 1.446] 1.4468 e.98 1.00 

TABLE 21. TRITIUM CONTENT AND CALCULATED AMOUNT OF DOUBLE 
BOND MOVEMENT. 

Sp e c i f i c A c t i v i t y expressed as Count s/rain/cm. of Hg at 20°C. 

Cyclohexene 
Wt. 

Hydrogen 
Y i e l d . 

S p e c i f i c 
A c t i v i t y . 

Probable Double 
Bond Movement. 

0.0370g. 98.00% 33.40 + 0.3 i 1.10% 

Comments on the Results of Experment 3. 
The r e s u l t s of t h i s experiment showed t h a t the amnunt of 

tr i t i - u r a exchange occ u r r i n g was considerably lower than the 

amoiint of exchange occurring i n Experiment 1 ( S p e c i f i c 

A c t i v i t y = 139.25 counts/min/cm Hg at 200C.) 

As a r e s u l t of t h i s f i g u r e the probable amount of double 

bond movement expected from the c a l c u l a t i o n (Table 20) was 

also much l o w e r ( l . l O % ) . I t would also be expected therefore 
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t h a t the change i n O-̂*̂  a c t i v i t y of the cyclopentanone, before, 
and a f t e r the exchange r e a c t i o n , would be small. This was, 
i n f a c t , confirmed by the r e s u l t s of Experiment 4 which w i l l 
now be described. 
Experiment 4. 

I n t h i s experiment the amount of double bond mi g r a t i o n 
t a k i n g place during the exchange r e a c t i o n was determined 
according t o the procedures described i n Experiment 2. 

Ô "̂  a c t i v e cyclohexene, the same as t h a t used i n Experiment 
3 c o n t a i n i n g a l a r g e amount of peroxide, was shaken w i t h pure 
d i s t i l l e d water, a c e t i c acid, and c a t a l y s t , f o r three days at 
130°C. The cyclohexene l a y e r was then i s o l a t e d , p u r i f i e d , a n d 

characterised. 
Approximately 5g. of the cyclohexene was then oxidised 

t o a d i p i c acid and the calcium adipate pyrolysed to y i e l d 

cyclopentanone. The ketone was p u r i f i e d by preparing the 

b i s u l p h i t e compound, and the cyclopentanone was then 

regenerated and vacuum d i s t i l l e d . 
C-̂"̂  a c t i v i t y r e s \ i l t s on the cyclopentanone, before, and 

a f t e r the exchange r e a c t i o n were obtained a f t e r burning the 
samples t o carbon dioxide i n the combustion tube. The carbon 
d i o x i d e a c t i v i t y was measured i n the Geiger counter as before. 

The r e s u l t s obtained from t h i s experiment are shown i n 

the f o l l o w i n g t a b l e s . 
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Experiment 4 - CARBON ACTIVITY RESULTS - Tube 8. 

TABLE 22 - Tube F i l l i n g . 

C a t a l y s t . Water. Acetic 
Acid 

Active 
Cyclohexene 

0.2162g. 1.6608g. 4.2706g. 8.0427g. 

TABLE 23 - CHARACTERISATION OF CYCLOHEXENE - BEFORE AND 
AFTER EXCHANGE. 

B o i l i n g 
Before 

Range 
A f t e r 

R e f r a c t i v 
at 20 

Before 
e Index 
OC. 

A f t e r 
Double I 
per mole 
Before 

Bonds 
3 cule 

A f t e r 

84-84.5°C 83-84°C 1.4461 1.4470 0.98 1.01 

TABLE 24 - CYCLOHEXÊ TB AND ADIPIC ACID - Ĉ ^ ACTIVITY RESULT S 

Cyclohexene 
S p e c i f i c A c t i v i t y 

Adipic Acid 
S p e c i f i c A c t i v i t y . 

Before 
Exchange 

A f t e r 
Exchange 

68.04 + 0.70 

68.65 + 0.69 
66D7 +0.68 Counts/min/cm. 

of COp at 20°C. 
66.47 + 0.37 

TABLE - 25 - CYCLOPENTANONE Ĉ -̂  ACTIVITY RESULTS. 

Cyclppentanone 
Wt. 

Carbon Dioxide 
Y i e l d . 

S p e c i f i c A c t i v i t y 
(C ount s/min/cm. 
Co<̂  at 200C. 

Before 
Exchange 0.0274g. 101.6% 42.83 + 0.45 

A f t e r • 

42.83 + 0.45 
Exchange 0.0325g. 102.0% 42.56 + 0.45 
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Coiaraents on the Results of Experiment 4. 

The results of TalDle 23 appear to have "borne out the 
predictions made from the results of Experiment (3 i.e. that 
the amount of double "bond migration occurring would he small. 
I n f a c t the cyclopentanone a c t i v i t y r e s u l t s , before, and 
a f t e r the exchange reaction, are w i t h i n experimental error. 

I t i s also established,as a result of t h i s experiment, 
that i t i s possible to carry out the degradation reactions 
on cyclohexene, before and af t e r the exchange reaction, with 
no loss of carbon a c t i v i t y i n the processes. 

Discussion, i n greater d e t a i l , of the results of 
Experiments 1,2,3 and 4 w i l l be given i n Chapter I I I . 
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PART I I I - Disproportionation of Cyclohexene. 

Zelinsky and Pav/low (13) discovered i n 1924 that 
f r e s h l y d i s t i l l e d cyclohexene, i n the presence of a palladiura 
c a t a l y s t , disproportionated at a rapid rate to y i e l d 
cyclohexane and benzene according t o the following eiguation 

The reaction was followed "by the uptake of a dry solution of 
TDromine i n chloroform, "before, and a f t e r the reaction. The 
products i n the alDOve equation do not absorb bromine under 
the conditions of the bromination,and hence the double bond 
content f e l l to zero a f t e r reaction on the catalyst. 

Corson and I p a t i e f f (33) demonstrated that the reaction 
occurred on a nickel catalyst, and B e l l and Thomson, i n work 

• on the exchange reaction between cyclohexene and deuterium 
oxide, observed that i t also occurred i n the presence of a 
platinum catalyst at temperatures between 120-130°C. 

The last two workers also discovered that 'aged' 
cyclohexene, under the same conditions as i n t h e i r o r i g i n a l 
experiments, did not undergo t h i s disproportionation. Boiling 
p o i n t , r e f r a c t i v e index, and bromine value re s i i l t s both 
before, and a f t e r the exchange reaction on the platinum 
c a t a l y s t , indicated that cyclohexene, was s t i l l the major 
constituent of the hydrocarbon layer. 

I t v/as therefore decided to investigate the reasons 
f o r the prevention of the disproportionation reaction under 
similar conditions to those employed by B e l l and Thomson 
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i n the exchange investigations and the work to be described 
f a l l s i n t o two sections. 

1. This section describes experiments carried out with the 
addition to freshly d i s t i l l e d cyclohexene, of various 
substances which may develop i n fresh cyclohexene when 
the hydrocarbon i s allowed to "age". 

2. The second section describes experiments designed to 
investigate whether any cyclohexene "peroxide" developed 
when freshly d i s t i l l e d cyclohexene was allowed to 'age'. 
These were performed because of the known existence of 
the peroxide i n the hydrocarbon (26) after oxygen has 
been passed into i t . 

SECTION 1. 
ESperiments were carried out on a platinum on asbestos 

catalyst using freshly d i s t i l l e d cyclohexene to which had 
been added b% by mght of substances which may be present as 
impurities i n aged cyclohexene. The substances added were 

1. Cyclohexane 1-2 dione 
2. Cyclohexane 1-4 d i o l 
3. Cyclohexane 1-3 dione 
4. Cyclohexane 1-2 dione 

The reactions were performed i n the same manner as the 
exchange reactions i.e., catalyst, acetic acid, water,freshly 
d i s t i l l e d , cyclohexene ^ d added substance were shaken f o r 

3 days i n "I^rex" tubes at 130°C. The cyclohexene layer was 
then isolated and p u r i f i e d . 
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Two other experiments were also performed i n t h i s series. 

(a) An experiment w i t h the usual tube contents with the 
exception of the acetic acid. The resvilts of t h i s experiment 
may indicate whether the acetic acid i s concerned i n any 
prevention of the disproportionation. 
(b) An experiment with the usual tube contents with the 
exception of the platinum catalyst. I f the freshly d i s t i l l e d 
cyclohexene disproportionates when the catalyst i s present, 
but no reaction occurs when i t i s absent, then t h i s would 
suggest that the catalyst i s placing a major part i n the 
disproportionation. 

The disproportionation reaction was followed by a method 
similar to that used i n the orig]£nal work by Zelinsky and 
Pawlow. An excess of a standard solution of doz.j bromine i n 
carbon tetrachloride was added to a known weight of the 
cyclohexene i n a stoppered f l a s k . After allowing the flask 
to stand i n the dark f o r f i f t e e n minutes, excess 109S 
potassium iodide solution was added t o the mixture, and the 
solution t i t r a t e d w i th standard sodiiim thiosulphate s&lution. 
The res u l t s were expressed as ntmiber of double bonds per 
molecule of cyclohexene,and are shown i n the following 
tables. 
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TABLE 26 - TUBE CONTENTS. 

Tube 
Number 

Wt. of 
Catalyst 

(g). 

Wt. of 
Water 

(g). 

Wt. of 
Acetic 
Acid(g). 

Wt. of 
Cyclo
hexene . 
(g) 

Added 
Substance 

wt, of 
.Added 
Substance 
(R) 

9 0.0810 0.6300 1.6864 2.9300 N 0 M E 

10a 0.0807 0.6743 1.6812 2.9861 CCo 0.1600 

11 0.0812 0.6550 1.6824 2.9806 0.1500 

12. 0.0807 0.6881 1.6877 2.9606 0.1600 

lOlD 0.0810 0.6459 1.6488 2.9851 r r ° 0.1600 

13 - 0.6444 1.6499 2.9753 •°*°N 0 CT E 

14 0.0810 0.6415 - 2.9711 N 0 N B 

TABLE 27 - RESULTS OF DOUBLE BOND DETERfillN AT IONS ON TBI 
CYCLOHEXENE BEFORE? AND AFTER REACTION ON THE 
CATALYST. 

Tube 
Number 

9 
10a 
11 

12 

10b 

13 
14 

Added 
Substance 

Pure 1 

0 

a: 
No catalyst 
No acetic 

acid 

Double Bond Content/ 
Molecule 

Before I After 
1.01 
1.01 
1.01 

1.01 

1.02 

1.02 
1.02 

0.00 
0.14 
0.00 

0.00 

0.01 

0.-99 
0.01 

No.10a 
repeated. 
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Comments on the Results. 

None of the added substances had any effect on the 
disproportionation reaction as shown i n the results i n 
Table 27. Cyclohexane 1 - 2 dione, appeared to i n h i b i t the 
reaction s l i g h t l y (see Tube Number 10a) but a second 
experiment w i t h the same substance addedjShov/ed that the 
cyclohexene had disproportionated completely. The results 
from Tube 13 demonstrated that the catalyst was necessary 
f o r the disproportionation reaction to occur whereas the 
result s from Tube 14 indicated that the acetic acid was not 
playing a major part i n any prevention of the disproportion
ation reaction. 
SECTION 2. 

"Peroxide" Effect on the Disproportionation of Cycloke^Ene 
Cyclohexene i s known to absorb oxygen to form a peroxide 

but the structure of the peroxide was not determined x i n t i l a 
number of years a f t e r the o r i g i n a l investigations. Zelinsky 
and BorissoM (27) observed the uptake of oxygen by 
cyclohexene over a period of one hundred and f i f t y days and 
they suggested that a peroxide had been formed with the formula 
Ce H10O2. 

Stephens, (28) i n some l a t e r work, suggested that 
Zelinsky and Borissow had not isolated the pure material. 
He also put for\¥ard a suggestion that the formula f o r the 
peroxide was | ] 9 • 
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; Parmer and Stindralingham (26), a f t e r i s o l a t i n g and 

studying the reactions of the peroxide, f i n a l l y concluded 
that the structure was that of a hydroperoxide ^^"^'^^ 
In t h i s formula, unlike that suggested by Stephens, the 
double bond i s retained i n the structure of the cyclohexene 
molecule. No change therefore, i n the double bond content 
of cyclohexene should be detected when the hydroperoxide i s 
produced i n cyclohexene. 

Since the development of t h i s substance i n 'aged' 
cyclohexene might be responsible f o r the i n h i b i t i o n of the 
disproportionation reaction,experiments were conducted on a 
q u a l i t a t i v e basis to investigate t h i s p o s s i b i l i t y . 

The f i r s t step i n these experiments was to t r y and detect 
the presence of t h i s cyclohexene hydroperoxide. This was 
carried out by shaking a small sample of the 'aged' material 
w i t h an equal volume of 2fo potassium iodide solution and a 
few drops of d i l u t e hydrochloric acid. Liberation of iodine 
indicated the presence of peroxide. I n a l l cases, l i s t e d 
i n the results which follow, i n h i b i t i o n of the disproportion
ation reaction was accompanied by a positive peroxide result 
from the cyclohexene, before reaction on the catalyst. 
Freshly d i s t i l l e d cyclohexene gave no reaction i n t h i s test. 

The second step i n these investigations was to t r y and 
remove the peroxide, without d i s t i l l a t i o n , frcm aged cyclohexene 
and observe the effect on the disproportionation reaction. 
The removal of peroxides frcra organic substances can be 
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performed by shaking them with a freshly prepared solution 
of ferrous sulphate (29) . 

Aged cyclohexene was therefore shaken v/ith ferrous 
sulphate solution i n an attempt to remove the hydroperoxide. 
The hydrocarbon layer v/as separated, washed with water, and 
dried over CaCl2. Tubes were then made up v/ith catalyst, 
water, acetic acid, and cyclohexene, and shaken f o r three 
days at 130<̂ C. The cyclohexene layer was then isolated and 
p u r i f i e d . A standard bromine solution was used to follow 
the disproportionation reaction i n the same manner as i n 
Section 1, 

The results of these experiments are shown i n the 
follov/ing tables. 
TABLE 28 - TUBE CONTENTS. 

Tube 
Wumber' 

Catalyst 
(g) 

Water 
(g.) 

Acetic 
Acid(g.) 

Cyclohexene 
(g.) 

15 0.0812 0.6212 1.6832 2.9915 
16 0.0807 0.6567 1.6258 3.0027 
17 0.0805 0.6821 1.6442 2.9299 
18 0.0810 0.6798 1.6558 2.9894 
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TABLE 29. RESULTS OF DOUBLE BOND CONTENTS AND PEROXIDE 

TESTS. 
1 2 3 4 
Tube 

Number 
Cyclohexene 
(Aged)Treatment. 

Double Bone 
Before an( 
Reaction oi 

i Content, 
i After 
1 catalvst. 

Peroxide Test 
Before and After 
Treatment i n 
Column 2. 

Tube 
Number 

Cyclohexene 
(Aged)Treatment. 

Before After 

Peroxide Test 
Before and After 
Treatment i n 
Column 2. 

15 
16 
17 
18 

No treatment(aged 
Freshly d i s t i l l e d 
Shaken with PeS04 
Shaken with FeS04 

) 1.00 
1.00 
0.99 
0.99 

0.98 
0,00 
0.00 
0.00 

Positive 
N i l 
Positive 
Positive 

Positive 
N i l 
N i l . 
N i l . 

Comments on the Results. 
After removal of the peroxide frcra 'aged' cyclohexene 

wi t h ferrous sulphate solution, i t v/as observed that the 
disproportionation of the hydrocarbon occurred i n the same 
manner as wit h freshly d i s t i l l e d cyclohexene. 

The experiments have shown that cyclohexene hydroperoxide 
i s probably responsible f o r the prevention of the 
disproportionation reaction, although the.mechanism of the 
reaction has not been examined. 

P u l l discussion of the results i n t h i s section w i l l 
appear i n the following chapters. 



- 54 .-
CHAPTER!^ 

Isotope Effects . 
I n the exchange reaction which has been investigated 

there are a number of reactions v/hich have been carried out 
i n which an isotope effect may occur,:due to the differences 
i n zero point energy of the various isotopes concerned. 
These reactions may be divided i n t o two sections. 
(1) Isotope effects i n the exchange reaction. 
(2) Isotope effects i n the degradation reactions, and they 

w i l l be described i n turn. 

( l ) Isotope Effects i n the exchange reaction. 
During the exchange of the hydrogens of cyclohexene v/ith 

the hydrogen and t r i t i u m atoms i n a t r i t i a t e d water solution 
i t i s possible that isotopic discrimination may occur, i . e . , 
s t a t i s t i c a l replacement of the hydrogen i n cyclohexene v/ith 
hydrogen and t r i t i u m from the solvent may not take place. 
This effect may manifest i t s e l f i n one or more possible 
reactions. The f i r s t of these i s i n the actual exchange 
reaction. I f the associative mechanism i s considered, i t 
can be seen that the formation of a h a l f hydrogenated state 
may involve an isotope e f f e c t . 

+ _T ^ \ / or 

or H H M M M M 

A second p o s s i b i l i t y f o r an isotope effect occurs i n the 
following reaction 
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/ or 
T T 

M 
Other isotope effects may occ\ir i n the breaking of 0-H and 0-T 
bonds i n HTO. Acetic acid has.been found to exchange i t s 
hydrogens with those i n a deuterated water solution,under t|ie 
conditions used i n the exchange reactions of cyclohexene^and 
i t i s also possible f o r isotopic discrimination t o occur i n 
t h i s acetic acid exchange. 

To investigate the overall amount of isotopic 
discrimination occurring during a t y p i c a l cyclohexene 
exchange reaction, the exchange experiment v/as carried out 
using a water sample containing both deuterium and t r i t i u m . 
An estimate of the extent of the isotopic effect can be 
obtained by measuring the r a t i o i n the solvent before the 
exchange and ^/T r a t i o i n the cyclohexene after the exchange. 
Before eja isotope effect can be measured i n t h i s exchange 
reaction i t i s necessary to use a water sample containing the 
three isotopes H, D, and T. A simple experiment carried out 
i n the usual way but using tv/o isotopes i n the water,eg., H 
and T, would not show an isotope effect because the ̂ /T r a t i o 
i n cyclohexene i s continuously changing during exchange. 
This i s due to the large nxamber of hydrogen atoms present i n 
cyclohexene which do not exchange, and therefore t h e i r 
presence madcs any .isotope effect which may occur. The 
presence of the three isotopes H, D, and T i n the water 
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enables the isotope effect t o be measured (^/T) because the 
presence of the other hydrogens does not in t e r f e r e with the ''̂/T 
r a t i o . An isotope effect v / i l l immediately show i t s e l f i n a 
difference i n the r e l a t i v e rates of introduction of deuterium 
and t r i t i u m i n t o the cyclohexene. 

Furthermore, i t i s not possible t o measure the di f f e r e n t 
rates of introduction of deuterium and triti-um into 
cyclohexene i n separate experiments w i t h these isotopes. 
The results from such experiments would be most d i f f i c u l t t o 
in t e r p r e t because of a change i n solvent from say HTO + HgO to 
D2O and the solvent may have d i f f e r e n t properties i n each case: 
B. difference i n the amounts of exchange occurring with the tv/o 
isotopes might not be due to a simple isotope effect. I f the 
exchange i s performed w i t h H, D and T i n one solvent medium 
then t h i s d i f f i c u l t y does not arise. 
Experimental Details. 

A water sample v/as prepared frcra a mixture of DgO - 99.76fo 
by v/eight,and a t r i t i a t e d water sample. The amount of 
deuterium present i n the mixture was obtained by calculation 
and checked by the Gradient Tube method (81), and the t r i t i u m 
content determined by converting a sample of the v/ater to 
hydrogen with magnesium,and measuring the a c t i v i t y of the 
hydrogen i n a Geiger-Muller gas counter. Both deuteri\im and 
t r i t i u m contents of the above mixture were obtained af t e r a 
sample of the mixture had been d i l u t e d v/ith pure d i s t i l l e d 
water lOOx. P u r i f i c a t i o n of a l l water samples f o r deuterium 
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assays v/as carried out i n a p u r i f i c a t i o n t r a i n similar to 
that used i n the v/ork described i n reference ( 8 ) , except 
that the apparatus was converted to a high vacuum system. 

The exchange experiments with the doubljf labelled solvent, 
were performed i n a similar manner to those described i n 
Chapter 1. 

After the exchange reaction a sample of the p u r i f i e d 
cyclohexene ~ 0.15g. was then examined f o r i t s deuterium and 
t r i t i u m contents. These were obtained af t e r f i r s t oxidising 
the cyclohexene to carbon dioxide and water i n the combustion 
tube,and trapping the water sample. Part of the v/ater v/as 
converted to hydrogen by passing i t over magnesium,which v/as 
maintained at 500*̂ 0 »and part of the remaining f r a c t i o n of 
water was p u r i f i e d and the deuterivun content was measured 
by the gradient tube method. Care was taken to ensure that 
the degradation reactions v/hich were performed on the 
cyclohexene were q.uantitative,to eliminate the p o s s i b i l i t y 
of isotope effe c t s i n that part of the experiment. 

The chemicals used i n the deuteri-um p u r i f i c a t i o n t r a i n 
i.e., chromium t r i o x i d e , potassium permanganate, and sodi\am 
carbonate were a l l dry materials. Chromium t r i o x i d e was 
obtained by subliming a sample under vacuum. Bromobenzene 
and xylene ?/ere the organic l i q u i d s used i n the gradient tube 
and they T/ere previously v/ashed three times with d i s t i l l e d 
water, dried w i t h calcium chloride, and f i n a l l y d i s t i l l e d . 
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The gradient tube was calibrated during deuterium assays 
v/ith water solutions of known deuterium contents, and a graph 
of atom % deuterium against cathetometer reading v/as drav/n. 
This i s shov/n i n Graph 12, and the results of the remaining 
experiments described above are shov/n i n the follov/ing tables. 
TABLE 47. 
Reaction Mixture. 

rube No. Wt. of 
cata l y s t ( g ) . 

Wt. of DoO-HTO 
solvent (g)' 

Wt. of acetic 
acid ( g). 

Wt. of 
Cyclohexene 

19 0.3242 2.4998 6.4120 12.0670 

TABLE 48. 
Physical Properties of Cyclohexene, 

Property Before 
Exchange. 

After 
Exchange. 

Boil i n g Range 
Refractive Index 
at 20°C. 

Double Bond content 
per molecule. 

83-83.5°C. 
1.4471 

0.98 

83.5-84.5°C. 
1.4470 

0.99 



mm 
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TABLE 49. 
Trit i u m and Deuterim Contents of the solvent. 
(a) Total number of deuterivmi atoms i n 2.4998g. of solvent 

mixture = 1.42 x lO^'^ 
(b) Tritium determinations. 

Conversion of water t o hydrogen(Exchange mixture dil u t e d 30Qx) 

Wt. of water, 
(g) 

% age y l g M 
of hydrogen. 

Specific A c t i v i t y (counts/min, 
of hydrogen. cm.Ho at 

200cr) 
0.0492 
0.0456 

99.93% 
99.82% 

923.2 ±4.1 
945.4 +• 4.0 

Total number of tritixom atoms i n 2.4998g. of solvent mixture 
(calculated from average value of specific activity)=6.15 x 10-^ 

D /T i n solvent = 1.42 x 10 
6.15 X 10 

23 
15 

TABLE 50. 
Combustion and Reduction of Cyclohexene samples. 

Sample 
No. 

Wt. of 
cylohexene 

(g). 

% age y i e l d 
of water. 

Wt. of 
water(g). 

% age y i e l d 
of hydrogen. 

1. 0.1460 99.17% 0.0392 99.10% 
2. 0.1528 99.59 0.0498 99.95% 
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TABLE 51. 
Triti u m and Deuteri\mi Contents of cyclohexene. 
(a) Total niimber ofi deuterium atoms i n I g . mol. of cyclohexene 

= 3.12 X 10 22 

("b) T r i t i u m deteminations. 
Conversion of water to liydrogen. 

Nt, of Water 
(g) 

% age y i e l d 
of hydrogen. 

Specific A c t i v i t y (Coimts/min./cm. 
of hydrogen. of Hg at 200C. 

0.0392 
0.0498 

99.10% 
99.95% 

473.1 + 2.3 
481.6 + 2.3 

Total nimber of triti-um atomsy4g. mol. of cyclohexene = 
1.25 X 10^5 

.'. ^/T i n cyclohexene = 5.12 x 10^^ 
1.25 X lO-*-̂  

Discussion of the Results of these experiments. 
A measure of the isotope effect i n the exchange reaction 

may "be given t)y / . . 
I / ''oc = ̂ /T solvent ="'1,077 

^/T cyclohexene 
Since t h i s value f o r oc diverges frcm i i n i t y there must "be 

an isotope effect i n the exchange reaction. I t i s not possible, 
at t h i s stage, t o state the exgct reaction or reactions i n 
which there i s an cbsotope e f f e c t , and i t i s proposed to 
investigate l a t e r the ̂ /T r a t i o produced i n the acetic acid 
a f t e r exchange to obtain more information on t h i s point. 
Before the isotopic r a t i o can be of any use i n interpretations 
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f o r the triti- u i n hydrogen case i t i s necessary to make the hest 
estimate f o r the value of 06 f o r the r a t i o from the 
ohserved value of oC f o r the /̂T r a t i o . I t w i l l he seen 
l a t e r ; i n the discussion of the results i n Chapter I I I , that 
the magnitude of the isotope effect i n the /̂T case i s of 
great importance i n the elucidation of the mechanism of the 
exchange reaction. 

The calculation of the value of oc f o r ̂ /T from OC f o r /̂T 
w i l l now be described. 

The method f o r determining the magnitude of the hydrogen-
deuterium isotope effect has been described by Wiberg (83), 
and the expression r e l a t i n g the equilibrium constants of the 
respective reactions involving hydrogen and deuterium i s 

§ = [M£ , i^^E ' i^^D)/2RT 1 . e'̂ VT 

At temperatures up to 400-500°C the l a s t term i s unity and the 
f i r s t two terms cancel and hence the expression simplifies to 

where y = K and M, = reduced mass. 
I n the case of deuterium and t r i t i \ i m 

^ = ^^T)/2RT 

and substituting f o r \/ 

kjj ^ (h y - h K / )/2aT 
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^ _ K I a= - ) 
^ - e ^ 

_ 0.1299K^ 

Prom the results of the experiments ^ f o r the overall 
reaction was 1 .077 

0.1299K1 1 .077 = e 
, 1 . 0 7 7 1 loge = 0 . 1299K-^ 

= 0 . 0 7 4 4 = 0 . 5 7 2 7 
0.1299 

Substituting t h i s value i n the ̂  case 

% = ( 1 _ - ] ^ ) 

^ ^ rr r5 
% = _ K1 .4226 

. . loge ^ = 0 .4226 x 0 .5727 = 0 . 2 4 1 9 

^ = 1 .274 = = = 

I n t h i s calculation various assumptions have been made. I t 
has been assumed that the reduced masses i n the values of the 
frequency ^ = K are governed by the values of the hydrogen, 
deuterium, and t r i t i u m reduced masses, and that the 
contribution from the remainder of the isotopic complex i s 
% i a l l . I f i t i s a C - H bond which i s being broken then i n 
t h i s case >{= 0 .93 as compared wi t h the value of 1 which was 
used. The value of 0 . 9 3 i s probably a minimum value since i t 
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i s l i k e l y that a cyclohexene molecule should be involved i n 
t h i s calculation of the reduced mass and the value would be 
much closer t o 1. 
Isotope Effects i n the degradation reactions. 

I n the degradation reactions described i n Chapter 1 f o r 
determining t r i t i u m and carbon"''^ d i s t r i b u t i o n s i n cyclohexene, 
a f t e r the exchange reaction, there are two cases i n v/hich 
isotope effects may occur. I f large isotopic fractionation 
occurs i n either of these two reactions then the conclusions 
from the results of the experiments w i l l be invalidated. 

The f i r s t of the tv/o reactions to be discussed i s the 
step, i n the determination of the t r i t i u m d i s t r i b u t i o n i n 
cyclohexene, which involves the bromination of adipic acid. 

T H 
\ / 

CH2 COOH 

T Br 
\ / 
'Cŝ  

Brg 

CH2 COOH 
\ c - ^ 

/ \ T H 

CH2 

CHg 

COOH 

COOH 
^ C 
/ \ 

Br H 
From the results of the t r i t i u m contents of the adipic 

acid and the «toc'dibrcmoadipic acid i t i s possible to calculate 
the amount of t r i t i u m i n the 4 tx. and 4(5 positions of the 
o r i g i n a l cyclohexene which ha d been oxidised to adipic acid. 
I t i s assumed i n t h i s calculation that exactly 50% of the 
oc t r i t i u m atoms are remolsfed by bromine, i.e. there i s no 
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isotope e f f e c t . I f , however, the bromine replaces the 
hydrogen atoms i n the positions of the adipic acid at a 
faster rate than the t r i t i u m atoms, then less than 50% of 
the t r i t i u m atoms w i l l be removed i n t h i s reaction. 

No direct information about the mechanism of t h i s 
reaction was available but i t i s possible to obtain 
information about the extent of t h i s possible isotope effect 
by comparing the r e l a t i v e amounts of bromine replacement of 
deuterium i n deuterated adipic acid, and t r i t i u m i n t r i t i a t e d 
adipic acid. I f these values are i d e n t i c a l then there i s no 
isotope e f f e c t . A table i s shown below which contains 
comparable figures obtained i n deuteri\im and t r i t i u m 
degradation reactions. The deuteri-um figures are those 
obtained by Thomson ( 8 ) . 

TABLE 5 2 . 

Deuterium and Triti\3m D i s t r i b u t i o n Results. 
(a) T r i t i u m - Results expressed as t r i t i u m atoms/g.mol. of 

cyclohexene. 

Total i n 4oL + 43 Total i n 2oi + 4j3 2c«. + 4 6 
4ad+ 4/3 

2 . 0 3 X lol'^ 1 . 2 8 X 10^4 0 . 6 3 

(b) Deuterium - Results expressed as deuteriimi atoms i n 1 
molecule of cyclohexane. 

Dotal i n 4OL + 4|3 Total i n 2oi. + 4^ 2oi + 4/3 
4'X + 4/3 

0 . 0 5 9 0 . 0 4 4 0 . 7 4 

0 . 1 2 4 0 . 0 8 3 0 . 6 7 

0 . 1 5 1 0 . 1 0 9 0 . 7 2 
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I n t h i s table the figures shown represent the ajjiounts 
of t r i t i u m and deuterium i n adipic acid (4oc + 4^) and the 
amounts: ino<«!dibromoadipic acid {2'^+ 4^). Hence the r a t i o 
2oc_+__4̂  represents the f r a c t i o n of the amount of the isotopes 
4(v + 4^ 
which remains a f t e r the adipic has been brominated. I f 
there i s a difference i n the value of t h i s r a t i o between the 
deuterium and the t r i t i u m cases then there i s an isotope 
effe c t i n the bromination reaction. 

From the closeness of the values of these ratios,shown 
i n the t ^ b l e , i t i s therefore highly probable that any isotope 
ef f e c t i n the bromination reaction i s very small. 

I f the deuterium i n deuterated adipic acid i s replaced 
more easily by bromine than t r i t i u m i n t r i t i a t e d adipic acid, 
then the r a t i o 2oc + 4̂ 3 should be higher i n the t r i t i u m case 

' 4«c + 4^' 

than i n the deuterium example. I n f a c t , as the f i n a l column 
shows, the deuterium r a t i o i s s l i g h t l y higher than the t r i t i u m 
value. 

From the results of t h i s examination i t i s therefore 
concluded that the deductions which were made concerning the 
d i s t r i b u t i o n of deuterium and triti-um i n cyclohexene after 
exchange v/ere v a l i d . 

The second reaction i n the degradation scheme which may 

involve an isotope effect i s the pyrolysis of calcium adipate 

t o produce cyclopentanone, 
X COOCai Pyrolysis X 

(CHg) > 

COOCai. 

C = 0 



- 66 -
I n t h i s reaction i t i s possible that fractionation may 

occur between molecules of calcimi adipate containing Ĉ ^ i n 
the carboxyl carbons and calcium adipate with Ĉ'̂  i n these 
positions. There are two pieces of evidence v/hich seem to 
shov/, however, that no such effect takes place i n t h i s reaction. 

Bigeleisen (82) has investigated the formation of 
cyclopentanone by the pyrolysis at 350°C of barium adipate 
la b e l l e d with G-^'^ and he concluded that the fractionation 
f a c t o r was less than a few tenths of a per cent. I t i s 
therefore u n l i k e l y that the isotope effect w i l l be large when 
calcium adipate i s pyrolysed. 

The occurrence of an isotope effect i n t h i s p a rticular 
reaction would not lead to a serious error because tte 

Cl4 
a c t i v i t i e s of the cyclopentanone samples were measured before 
and a f t e r the exchange reaction. I f double bond migration 
had occurred i n cyclohexene during exchange and an isotope 
ef f e c t d i d take place during the pyrolysis of calcium adipate 
then the double bond migration would s t i l l be detectable i n a 
change i n C-̂'̂  a c t i v i t y of the cyclopentanone. 
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CHAPTER I I I 

DISCUSSION OF RESULTS. 

Summary of Results obtained. 
I n Chapter 1 the Investigations,which were made to 

detemine the mechanism of the exchange reaction between 
cyclohexene and t r i t i a t e d water i n the presence of a platinum 
catalyst,have been described. The results of these 
experiments have shown, that under the conditions employed 
i n the work, hydrogen atoms i n a l l positions of the 
cyclohexene molecule have exchanged v/ith the hydrogens i n a 
t r i t i a t e d water sample. 

Any theory which may be suggested f o r the mechanism 
of the exchange reaction has to be able to explain adequately 
the following facts which have been observed 
(a) the t r i t i u m introduced into the cyclohexene ring i s 

unevenly d i s t r i b u t e d throughout the rin g i n a l l positions; 
(b) the majority of the tri t i i o m a c t i v i t y i s i n the 4<x. positions, 
(c) double bond migration i n cyclohexene accompanies the 

exchange of the hydrogens i n the hydrocarbon with the 
hydrogens i n t r i t i a t e d water. 
Furthermore, the theory w i l l also have to take into 

account the results obtained by Thomson (8) during the 
investigations i n t o the exchange reaction cf cyclohexene and 
deuterated water; these l a t t e r investigations were carried out 
under similar conditions to those employed i n the t r i t i u m work. 
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The results obtained f o r the d i s t r i b u t i o n of deuterium and 
t r i t i u m produced i n cyclohexene after exchange i s shown below. 
I t can be seen, that i n both cases, the majority of the 
exchanged atoms are to be fo-ond i n the oc positions, but 
considerable exchange does occur i n the remaining positions. 
TABLE 53. 

(a) T r i t i u m D i s t r i b u t i o n i n Cyclohexene. 
Tritium atoms/g.mol. of cyclohexene. 
byclohexene CH= CH Total i n 4^ Total i n 4ft 

positions, positions. 
2.68 X lO-'-̂  0.65 X lO-"-̂  1.50 x 10"̂ ^ 0.53 x lO''-̂  

(b) Deuterium D i s t r i b u t i o n i n Cyclohexene. 

[Jyclohexene CH= CH Total i n 4at 
positions. 

Total i n 4 8 
positions. 

0.069 0.010 0.029 0.030 

0.142 0.018 0.082 0.042 

0.167 0.016 0.083 0.068 

I t can be seen, frcm t h i s table, that the deuterixmi r e s i i l t s 
are not consistent,whereas the t r i t i u m r e s u l t s , which were 
obtained from two series of degradation reactions on 
cyclohexene a f t e r exchange, have been shown to give 
reproducible values (Table 3, Chapter l ) . The t r i t i u m 
figures were therefore taken to represent a better estimate 
f o r the d i s t r i b u t i o n of the exchanged atoms i n cyclohexene. 
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For the exchange reaction to proceed under the 
conditions employed, i t has also been shovm that the platiniim 
catalyst was necessary. The part played by the catalyst i n 
the mechanism of the reaction roust therefore be very important. 

I n Chapter T T experiments have been described i n ?/hich 
attempts were made to determine the extent of the isotope 
eff e c t i n the exchange reaction. The results of t h i s work 
have shown that the value of the isotope effect was 1.077 
f o r the ^/T case,and calculation revealed that the best 
estimate which could be made f o r the /̂T value was 1.274. 
This result meant that cyclohexene exchanged i t s hydrogens fo r 
protium at a faster rate than i t did f o r t r i t i u m . 

A small number of experiments have also been carried out 
to determine the reasons which may explain the disproportionaticn 
reaction of f r e s h l y d i s t i l l e d cyclohexene, under the conditions 
used i n the exchange reactions. I t has been foTind that the 
presence of a "peroxide" i n aged cyclohexene was one of the 
factors which i n f l u e n c e d t h i s reaction. 

On the basis of these results the discussion which 
follows has been divided i n t o two main sections 
(ar) Discussion of the mechanism of the exchange reaction, 
(b) Discussion of the dispropartionation reaction of cyclohexene. 

(a) Discussion of the mechanism of the exchange reaction. 
Four possible mechanisms which could explain the exchange 

of hydrogens i n o l e f i n i c compounds with the hydrogens i n water 
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have been explained at the beginning of Chapter 1. These 
were 

( i ) Hydrogen Switch Mechanism, 
( i i ) Associative Mechanism. 

( i i i ) Dissociative Mechanism. 
( i v ) Carbdnium Ion Mechanism. 

I t i s proposed to examine the possible applications of these 
theories to the cyclohexene exchange,bearing i n mind the 
results which have just been outlined at the beginning of 
t h i s chapter. 
Carbonium Ion Mechanism. 

I n t h i s type of mechanism the catalysts which are 
operative are the acid-type catalysts. I t i s usually found 
that these substances are oxides, e.g., silica-alumina, which 
are associated v/ith water molecules and are capable of 
donating hydrogen ions. The chemical properties of these 
substances have been discussed by Oblad, M i l l i k e n and M i l l s 
(75), and they are foiind to be quite d i f f e r e n t i n character 
from the properties of the catalyst which has been used i n the 
investigations described i n t h i s thesis. 

The platinum catalyst, used i n t h i s work, i s generally 
grouped alongside other metal type catalysts. I n t h i s class, 
the property which appears to be the main factor influencing 
t h e i r a c t i v i t i e s i s the 'd' band factor. Platin\am, together 
v/ith other t r a n s i t i o n metals e.g., palladium, n i c k e l , rhodium etc 
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possess vacancies i n t h e i r 'd' band of electrons (76) which 
allow a sharing of electrons with another substance to form 
a type of covalent linkage. Eley (77) has suggested that 
the p a r t i c i p a t i o n of an ionic mechanism, such as the carbonium 
ion mechanism, i s therefore extremely u n l i k e l y v/ith the 
metal type catalyst which has been used i n t h i s exchange 
reaction. For these reasons i t was considered that the 
mechanism of the exchange reaction investigated could 
Jjrobably be explained more adequately on the basis of the 
remaining theories which did not involve ionic mechanisms. 
( 2 ) Dissociative Mechanism. 

I t i s proposed that t h i s mechanism i s responsible f o r 
the exchange which occurs i n the j3 positions of the cyclohexene 
molecule i n t h i s manner 
^^CH===CHs^ ^ C H = C H v ^ 

CHg CHg + M ̂  CHg . CHg • + H 

•CHg CH^ ^CHg CH''^^ '̂̂  

M 

^ C H = C H ^ 
CHg CHg 
\ / CHg CHT 

This method of exchange has already been successfully 
applied t o account f o r the exchange of hydrogens which occurs 
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i n saturated hydrocarbons (8) e.g. hexane and cycl6hexane, 
under similar conditions t o those employed i n the experiments 
described i n t h i s thesis. I n the case of cyclohexene, 
however, the dissociative mechanism can be appli ed only to 
the ^ positions,because i t v / i l l be shown l a t e r that the 
exchange taking place i n the oc and CH = CH positions can be 
explained f u l l y by another type of mechanism, namely, the 
associative mechanism. 

I t i s therefore suggested that the mechanism which 
operates during a p a r t i c u l a r exchange reaction depends upon 
the manner i n which the cyclohexene approaches the catalyst. 
I f the ̂  positions i n the cyclohexene molecule are nearest 
to the catalyst,then exchange w i l l take place by a 
dissociative mechanism. When the or CH = CH positions 
are nearer t o the catalyst then the exchange w i l l occur 
predominantly by an associative mechanism. This l a t t e r 
postulate w i l l be j u s t i f i e d l a t e r on the basis of the t r i t i u m 
which appears on the oc carbon atoms and on the CH = CH 
positions during exchange. 
(3) Associative Mechanism. 

This mechanism f o r exchange can be successfully applied 
to the cyclohexene exchange to account f o r a l l of the exchange 
occurring i n the oc and CH = CH positions, and also f o r the 
occurrence of double bond migration during exchange. When 
the cyclohexene approaches the catalyst so that the CH = CH 
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or oc positions are nearest to the catalyst then reaction w i l l 
take place as follows:-

/ \ (1) / — \ 
\ z * ^ " — ^ V / 

I 

^4 
M M 

+ [ T 

Q 
I I 
M T 

' ( 3 ) , . ( 5 ) 
] ( 4 ) N 

V 
T 

I n t h i s mechanism double bond migration during exchange 
i s explained by reaction (3) and the r a t i o of t r i t i \ i m 
a c t i v i t i e s i n the <X and CH = CH positions of ^/l i s also 
explained by the combination of reactions (3) (4) and (5). 

Further j u s t i f i c a t i o n f o r t h i s mechanism being 
predominant when the CH = CH or expositions i n cyclohexene 
approach closer to the catalyst than the 0 positions, can be 
obtained frcra the following calculation. 

From the observed value of 10.01% double bond movement 
(Table 15a) i t i s possible to calc\ilate the number of t r i t i i m 
atoms i n the oc positions of cyclohexene which have been 
introduced by the associative mechanism. I f i t i s assvimed 
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that the movement which has occurred i s due to exchanges 
of both hydrogens and t r i t i u m s , and knowing the isotope effect 
i n t h i s reaction^ the number of t r i t i t m i atoms which should 
appear i n the positions can 'then be determined. 

I f t h i s calculated value i s equal to the observed nximber 
of triti-um atoms i n the <><L positions, then i t can be said that 
the associative mechanism i s responsible f o r a l l of the 
exchange occurring i n these positions and also on the CH = CH. 
From Chapter 11 kfj _ 2.,274 

kj" 
i-e* ( I ) = 1 (H) 

(T)solv. 1.274 (T) cyclohexene 
i f the isotope effects f o r the dissociative and the double 
bond migration mechanisms are the same, 
From calculation 7 (Appendix) 

(Hj = 5.94 X 10^^ Tritium value i s taken as the 
(T) solv. 1.78 X 10-̂ * average t r i t i u m content of the 

solvent before and after exchange. 
For a 10.01% movement of the double bond 
. . I n I g . mol. of cyclohexene 

10.01 X 6 K lO^*^ Hydrogen atoms are involved i n exchange, 
100 

After exchange ^ j j + T = 10.01 x 6 x 10^^ i n QC positions . . cyclohexene cyclohexene — 
= 6 X 10^^ 

. . Substituting relationships above 

^cyclohexene + ( l . 274)xTcyclohexene^ T^iiT§^4 = ^ ^ ^^^^ 

Toyclohexene = ^ " f'\^'''',o22°'^ /g.mol.of cyclohexene (incCpositions) 1-274 x 3.94 x 10^2 
= 2.12 t r i t i u m atoms/g.mol. of cyclohexene 

01.3ervea value was 2.06 t r l t l , ^ atomsA.^oi. of oyclohexe.e. 
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The observed and calculated values d i f f e r by only 3% and hence 
i t i s postulated that tte associative mechanism i s responsible 
f o r a l l of the exchange i n the oC and CH = CH positions i n 
cyclohexene. 

( 4 ) Hydrogen Switch Mechanism. 
I n Chapter 1 i t was suggested that t h i s mechanism could 

explain t r i t i u m a c t i v i t y i n the oc positions and also double 
bond migration. I t can be seen from the follov/ing diagrams 
however,that i t would not explain the t r i t i u m i n the Cft=CH 
positions. 

H 
/ 
H \ // + H 

T 
, -7—7—7—r 

The. hydrogen switch mechanism i s therefore ruled out 
because t r i t i u m a c t i v i t y on the CH = CH positions was observed. 

^here i s a p o s s i b i l i t y , however, that a combination of 
the hydrogen switch mechanism, to explain double bond migration 
and t r i t i u m i n the oc positions, and the dissociative mechanism 
to explain the triti\am on the CH = CH and CHg posit ions,would 
give t r i t i u m , i n a l l positions i n the cyclohexene ring. Such 
a state of a f f a i r s can. be dismissed on the grounds of the 
following reasons 
(a) No ^ / l r a t i o of t r i t i u m i n the oppositions to t r i t i u m i n 
the CH = CH positions would be observed. 
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(ID) I f the dissociative mechanism i s operating together 
with the hydrogen sv/itch mechanism then a much higher t r i t i u m 
content i n the oC positions should "be ohserved, 
Note on the Amounts of Exchange occurring. 

I t can l)e seen from calculation 7 i n the Appendix^also 
from Table 15(a),that ahout 10% of the cyclohexene molecules 
present i n an exchange mixture, undergo exchange. I f any 
molecule \indergoes a seccrd exchange on the catalyst then 
t r i t i u m a c t i v i t y would "be produced i n the ̂  positions of the 
cyclohexene molecule hy an associative mechanism. The amoiint 
of exchange which has "been observed i n the 0 positions i s , 
however, too large t o he accounted f o r "by such secondary 
reactions, since i t v/ould he expected that only a further 
tenth of those molecules which have reacted once, would 
react a second time. 

The discussion i n t h i s section may therefore he 
summarised "by saying that the exchange of hydrogens i n 
cyclohexene w i t h the hydrogens i n t r i t i a t e d v/ater takes place 
"by two mechanisms 
1. A dissociative mechanism which operates at the ̂  positions 
i n the cyclohexene r i n g . 
2. An associative mechanism which can account f o r ^ 1 of 
the exchange occurring in.the <̂  and CH = CH positions of the 
cyclohexene r i n g . 
(b) Discussion of the Disproportionation Reaction. 

The disproportionation of cyclohexene to form 
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cyclohexane and "benzene i n the presence of palladiimi according 
to the equation 

has "been explained "by Balandin i n terms of his raultiplet 
theory. This theory explains the reaction hy assuming that 
the cyclohexene r i n g i s adsorhed at six points on the catalyst 
and i n t e r a c t i o n of three adjacent rings occurs, as shown i n 
the following diagram. 

When t h i s reaction takes place i n the presence of 
deuteri\im oxide and the deuteriiom contents of the cyclohexane 
and benzene are determined afterv/ards ( 7 ) , i t i s found that the 
deuteri-um values f o r the cyclohexane correspond to the 
cyclohexane havi^ig received i t s hydrogens from the solvent 
f i r s t , a n d not from cyclohexene as i n the diagram. The theory 
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outlined ahove would result i n the products of the reaction 
containing smaller amounts of deuterium than the values 
which were ohserved^because the cyclohexane has received 
i t s hydrogen atoms from the cyclohexene molecule and nbt 
from the hydrogens i n the deuteri-um mixture. I t i s on these 
grounds that the Balandin mechanism i s considered to he 
untenable f o r the disproportionation.reaction of cyclohexene, 
\mder the conditions which v/ere employed i n the exchange 
experiments. The mechanism i s acceptable i n the absence of 
a solvent. 

The results of Table 29 i n Chapter 1 have indicated 
• that the presence of the hydroperoxide i n cyclohexene, v/hich 
probably develops v;hen the hydrocarbon i s allowed to age, 
has a large effect on the disproportionation reaction. 
Oxygen i s a substance v/hich i s we l l known to have a poisoning 
eff e c t on various catalysts (79), and i n the case of a 
platinum black catalyst, d i f f e r i n g effects of the presence of 
oxygen on the hydrogenation of benzene have been observed (80), 
Sulphur i s also a renowned poison and the electronic structure 
of the two elements i s very similar. I t i s possible 
therefore that oxygen may be able to form oxygen-catalyst 
bonds i n a similar manner to the sulphur bonds with the 
cgtalyst^and consequently poison the catalyst f o r the reaction 
which has been investigated i n t h i s work. 

The presence of the peroxide i n cyclohexene also appears 
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to i n h i b i t the exchange reaction. I t was observed that the 
longer a p a r t i c u l a r sample of cyclohexene was allowed to age, 
the less v/as the amo-unt of exchange which occurred i n the 
presence of the platin-um catalyst. (This qualitative result 
could, however, be masked by a f a l l i n the a c t i v i t y of the 
sample of catalyst which was used.) CompaMson of the 
amount,of t r i t i u m exchange occurring i n Tubes 1 and 2 i n 
Table 1 demonstrated t h i s e f f e c t . In these examples the 
only change i n the contents were that i n Tube 2 the cyclohexene, 
which was used, had aged f o r a longer period of time, than 
the hydrocarbon used i n Tube 1. The f a l l i n t r i t i u m 
a c t i v i t y i n Tube 2 was not due to the ageing of the catalyst 
because i n l a t e r experiments^using d i f f e r e n t cyclohexene, 
higher a c t i v i t i e s were obtained with the same catalyst. 
F i n a l summary of result^.-

To summarise t h i s discussion, the conclusions v;hich 
have been drawn from t h i s work are therefore; 
1. The process of the platinum catalysed exchange of the 

hydrogens i n cyclohexene and those i n t r i t i a t e d water 
probably occurs by two mechanisms. 
(a) An associative mechanism which can account f o r 

double bond migration, and exchange i n the oC and CH=CH 
positions of the r i n g , 

(b) A dissociative mechanism which can explain the 
exchange of hydrogens which takes place on t h e ^ positions. 
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2. The disproportionation reaction of cyclohexene,in the 

presence of a platiniim catalyst, i s i n h i b i t e d to a large 
extent by the presence i n aged cyclohexene of a 
peroxid^c substance, probably cyclohexene hydroperoxide. 
Further insight i n t o the mechanism of t h i s l a t t e r 

reaction may be obtained by conducting similar experiments to 
those which have been performed using freshly d i s t i l l e d 
cyclohexene i n the presence of other peroxidic substances e.g. 
benzoyl peroxide. 

As f a r as the exchange reaction i s concerned,the picture 
i s complicated to some extent by the occurrence of the dis
proportionation reaction and i t may be possible to perform 
the experiments i n the presence of other similar catalysts 
which do not cause the hydrocarbon to disproportionate, but 
which allow the hydrogen exchange- to take place. 

The exchange mixture could also be simplified by removing 
the acetic acid from the mixture .because irnder the conditions 
of the experiment t h i s substance also exchanges i t s hydrogens 
w i t h those of the v/ater (8), I f the exchange experiments 
were performed i n the gas phase using the hydrocarbon and 
hydrogen gas i n the presence of a catalyst jthen the p o s s i b i l i t y 
of io n i c mechanisms i n the exchange reaction would be reduced. 
No complicating factors, such as the breaking of 0 - H and 0 - T 
bonds i n the water would then be involved i n the exchange 
mechanism. 
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l t v/ould also be inter e s t i n g t o f i n d out whether one 

cyclohexene molecule undergoes exchange i n a l l positions 
of the r i n g or whether the results v/hich have been obtained 
represent the s t a t i s t i c a l picture which arises when the 
cyclohexene molecules react i n one way only i.e., associative 
or dissociative. Some information about t h i s fact could be 
obtained from a mass spectrometric investigation of 
cyclohexene v/hich had undergone exchange with deuteriimi. 
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CHAPTER "m 
EXPERIMENTAL. 

The majority of the experimental work which i s to be 
described i n t h i s chapter i s concerned with the development 
of an apparatus which was designed to determine carbon-'-'̂  and 
t r i t i u m a c t i v i t i e s i n organic compo\inds on the semi-micro 
scale. Use was made of high vacuum techniques i n the design 
of the apparatus which may be divided in t o three sections, 
(a) A combustion section which v/as used f o r oxidising the 
organic materials t o carbon dioxide and water. To remove 
the possibilie occurrence of isotope effects i n the oxidation 
procedure when radioactive materials were used, i t ?/as 
necessary f o r the organic substances to be oxidised completely 
i n t h i s section. A number of experiments were therefore 
carried out to check that the oxidation procedure v/as 
quantitative;. 

(b) A conversion section f o r reducing v/ater to hydrogen gas 
qua n t i t a t i v e l y . This part of the apparatus was included so 
that the t r i t i u m a c t i v i t i e s of the organic substances could 
be estimated i n the form of hydrogen gas. Estimation of 
the t r i t i i m i i n hydrogen gas form was preferred i?ather than i n 
water vapour because i t has been suggested that water vapour 
possesses poor counting properties (66). The reduction of 
water to hydrogen had to be quantitative to eliminate the 
p o s s i b i l i t y of isotope effects and therefore experiments were 
carried out to develop a system v/hich would give quantitative 
reduction. 
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(c) A ccointing section f o r determining the a c t i v i t i e s of 
radioactive carbon dioxide and tr i t i i a m . 

Diagrams of the apparatus are shov/n i n Fig. 1,2 and 3. 
The experimental procedure during a canplete determina

t i o n was b r i e f l y as follows. The organic compounds were 
burnt i n a stream of p u r i f i e d oxygen i n the s i l i c a combustion 
tube at atmospheric pressure, the products -̂ 0̂02 and "̂ HsO 
being o®D3.ensed out i n the U tube and s p i r a l ( F i g . l ) , After 
evacuation of the combustion tube, the carbon dioxide was 
d i s t i l l e d i n t o , and stored i n the bulb (B4). The water 
vapour was collected i n the conversion section and reduced t o 
hydrogen by d i s t i l l a t i o n over magnesium at 500°C.(Fig.2). 
Yields of both products were then determined i n d i v i d u a l l y by 
toeplering the gases i n t o the calibrated counting section. 
(^•ig.3.) 

The specific a c t i v i t i e s of the gases could then be 
obtained by toeplering known voliimes at known pressures into 
the counting tube (C), w i t h the addition of suitable quenching 
agents, - carbon disulphide with carbon dioxide and ethyl 
alcohol with hydrogen. Inactive gases were introduced into 
the counter f o r background determinations. 
Preliminary Investigations. 

A number of investigations were carried out to determine 
the e f f i c i e n c y of the apparatus. Benzoic acid (micro 
a n a l y t i c a l reagent standard) and d i s t i l l e d water ( d i s t i l l e d 
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twice from alkaline potassium permanganate) were used as 
standard reference substances to determine the efficiency of 
combustion and reduction reactions. 

The f i r s t part of the descriptions which follow i s 
concerned with the method which was f i n a l l y adopted for the 
reduction of water to hydrogen. The second part describes 
the experiments which were carried out during the development 
of the combustion apparatus. 
H2O —> Hg reduction method. 

During the investigations described i n Chapter 1, the 
t r i t i u m a c t i v i t i e s of various organic substances were 
required. To determine these a c t i v i t i e s i t was decided to 
estimate the t r i t i u m i n the form of hydrogen gas produced 
from the substances after they had been oxidised to carbon 
dioxide and water, and the water reduced with magnesium 
turnings. The reasons f o r the choice of hydrogen gas as 
the counter f i l l i n g have been outlined at the beginning of 
t h i s chapter. 

Many methods f o r the reduction of water to hydrogen have 
been discussed i n the l i t e r a t u r e (35-37) and the method v/hich 
was f i n a l l y developed andtwhich v / i l l now be described, 
employed magnesium turnings at a temperature of 500^0. 

The apparatus which was used for the reduction reaction 
i s shown i n Pig. 2. Magnesiiim turnings (B.D.H, Grignard 
Reagent:) were packed i n t o a "Pyrex" tube-diameter 20 mm. , 
over a length of ~ 120 mm. The metal was f i r s t of a l l baked 
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out at 550°C under vacuum i n t h i s tube f o r a period of one 
hour and then allowed to cool. 

After the organic substances were burnt i n the combustion 
tube, the v/ater v/hich was produced, was condensed through the 
magnesium metal i n t o B, During the t r i a l investigations 
i n t o t h i s reduction procedure, weighed v/ater samples were 
introduced d i r e c t l y i n sealed glass bulbs, into t h i s section(A) 
The bulbs were broken w i t h a small steel b a l l before the 
water was condensed into B, surroiuided by a l i q u i d JT̂  .trap. 

Furnace F3, which was constructed from a s i l i c a core, on 
which Was wound "Nichrome'' resistance wire on asbestos, was 
then heated up to 500°C. During the heating of t h i s furnace 
the tap remained open to vacuum. When the magnesixmi 
metal had reached the required temperature of 500°C, T7 
was closed and the l i q u i d nitrogen trap was removed from B, 
The water v/as then allowed to d i s t i l over the h ot magnesivmi 
turnings and the hydrogen gas,which was produced,v/as pumped 
by the Toepler pump P̂  i n t o the calibrated bulbs Bl B2 or B3 
shown i n Fig.3. A small amount of magnesium hydroxide, 
produced near D by the reaction of the water vapour with a 
mirror of magnesium metal, was decomposed by heating with a 
biinsen flame. This mirror was produced when the magnesiiim 
was being heated to 500**C. 

The results of a number of experiments Carried out i n 
t h i s way, using water samples introduced into A, are shov/n 
i n the following table. 
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TABLE 30 - CONVERSION OF H20->H2 

Number of 
Experiment 

Wt. of HgO 
(g) 

CC. of H2(at 
N.T.P) obtained 

% age 
conversion. 

1 0.0354 43,63 99.08 
2 0.0345 42,85 99.82 
3 0.0362 44.83 99.54 
4. 0.0354 43,22 98.13 
5 0.0352 43.41 99.13 

Blank riins on t h i s procedure v/ere also carried out and the 
results of these deter^iiinations are shov/n i n Table 31. 
TABLE 51 - BLANK RUNS H20-»Hg PROCEDURE. 

Number of 
Experiment 

CC. of Hp at 
N.T.P obtained. 

6 0.04 
7 0.03 1 

The results of t h i s method for producing hydrogen from v/ater 
showed that the procedure gave quantitative conversion. 
Yields of hydrogen, i n most cases, lay between 99 and 100%. 
Blank runs on the method gave yields of hydrogen which were 
less than 0.5% of the hydrogen y i e l d from the usual quantities 
of v/ater which were reduced. 

Discussion of the methods available for the reduction of water 
t o hydrogen. 

The method which has been described was developed af t e r 
other attempts to quan t i t a t i v e l y convert water to hydrogen 
had been carried out. 
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1, Reduction of water v/ith granulated zinc at 400°C i n an 
apparatus similar to that used i n the magnesium method v/as 
t r i e d . Unsatisfactory results v/ere obtained with t h i s method 
and the hydrogen yields varied from 85 to 104%, Furthermore, 
very careful temperature control was required t o prevent the 
zinc from d i s t i l l i n g outside the region of the tube surrounded 
by the furnace (Zn - M,P. 419^0.) , When t h i s d i s t i l l a t i o n had 
occurred, condensation of water through the zinc was very slow, 
and the reduction reaction required from three to six hours 
before i t was complete. 

2. Using magnesi-um f o r the reduction of water, the procedure 
which has been described above required a period of just over 
one hour to cori:rplete the reaction. This period excludes the 
time which v/as required f o r the baking., of the magnesium at 
350°C. The baking procedure which has been described ( f o r 
the metal) was found to y i e l d the lowest results for the 
blank determinations. Modifications of t h i s baking procedure 
were t r i e d but gave unsatisfactory results as are shown belov/. 
(a) Baking the magnesiiam at 500^0 led to the production of a 
metal l i c mirror on the "Pyrex" tube at C amd D. The 
condensation of water vapour through the metal, which had been 
cooled to room toiperature, was very slow. Reaction of the 
v/ater occurred w i t h the magnesium mirror during t h i s procedure 
and reduced the f i n a l y i e l d of hydrogen. 

(b) The pretreatment of the magnesium at lower temperatures 

was t r i e d to prevent the production of t h i s very reactive form 
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of the metal. Baking the metal at 250^0 yielded blank 
values of 7cc. of gas at N.T.P. and t h i s was unsatisfactory, 
(c) Since Mg(0H)2 dissociates at 350OC according to the 
equation 

(38) 
Mg(0H)2 MgO + H2O 

i t was deiSided to de-gas the metal at 350°C. No mirror v/as 
produced but further baking at 500°C was required to 
completely de-gas the metal. The i n i t i a l baking was 
s u f f i c i e n t to remove any water which may be present but the 
treatment af 500^0 v/as necessary to remove seme permanent 
gas which was probably occluded i n the metal. This gas 
could not be condensed i n l i q u i d nitrogen. 

The procedure which was used f o r the reduction reaction 
was d i f f e r e n t from that suggested by Kennedy and Ruben (68). 
No baking of the magnesium metal before reaction with water 
vapour was perfomed by these workers. A similar method, 
employed by Norris, Ruben and Allen (69),employed magnesium 
turnings at a higher temperature 625°C. I n agreement v/ith 
some of the observations mentioned i n t h i s chapter, these 
authors have also found that the reaction of the water with 
magnesium was much quicker than v/ith hot zinc. M.Viallard 
and his co-v/orkers (40) who used magnesium at 480°C found 
that degassing of the metal v/as required but l i k e the other 
authors no mention was made of the production of the 
magnesium mirror at any stage during t h e i r procedures. 
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Detemination of Total Blanks f o r oxidation and reduction 
processes. 

Having standardised the reduction procedure the next 
step carried out was to investigate the combustion procedure. 
The experiments performed were designed to obtain a method 
f o r burning organic materials, which would y i e l d carbon 
dioxide and water qua n t i t a t i v e l y . The blanks i n t h i s 
technique would have to be consistently low to be certain 
that the oxidation was quantitative. 

Blanks f o r the t o t a l procedure employing both ccrabustion 
and reduction reactions were carried out at an arbitra r y 
oxygen flow rate of three bubbles per second as recorded by 
a concentrated sulphuric acid bubbler as shown i n P i g . l . 

I n the i n i t i a l experiments the p i i r i f i c a t i o n t r a i n was 
not present. The oxygen came frcm a cylinder, and the flow 
rate was regulated by means of a needle valve,and then t l E 
gas f i n a l l y passed through a bubbler;. The width of the 
central tube of the bubbler was ^ 5 mm. 

The blank runs were performed i n the same manner as i n 
t normal oxidation procedure when only hydrogen contents 
were being measured. An empty platinum boat was placed i n 
p o s i t i o n i n the combustion tube and any water which was 
produced was condensed i n the s p i r a l and U-tube, which were 
surrounded w i t h acetone - "Drikold" baths. The water v/as 
reduced to hydrogen by passing i t over magnesium which v/as 
maintained at 500°C. 
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TalDle 32 shows the r e s u l t s of the experiments which were 

performed and t h i s i s f o l l o w e d hy a h r i e f discussion of the 

r e s u l t s . 
TABIE 52. - BLMK DBTBRMINATIONS ON COMBUSTION MP REDUCTION 

METHODS. 

Experiment 
Number 

CC. of Ho c o l l e c t e d 
( a t N.T.P.) 

8 2.54 

9 7.17 

10 1.49 

1 1 0.26 

12 0.83 

13 0.20 

14 0.18 

I t was olDserved immediately a f t e r Experiment 8, t h a t a 
consideralDle amount of v/ater was condensing out i n the s p i r a l , 
and a p u r i f i c a t i o n t r a i n f o r the oxygen supply, s i m i l a r t o 
t h a t shown i n F i g . l . v/as introduced. This a l t e r a t i o n , 
however,did not reduce the amoiint of water "being produced,, 
as i s shown i n the r e s u l t s from Expei>iiiients 9 and 10. Two 
possih l e sources f o r the gas then e x i s t e d : -

(a) vapours from the oxygen c y l i n d e r . 

("b) vapours from the nibher t u h i n g used i n connecting 
together the various pieces of the apparatus. 

The former p o s s i l D i l i t y was not considered as g i v i n g r i s e 
t o such large q u a n t i t i e s of gases p a r t i c u l a r l y i n viev/ of 
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the f a c t t h a t the p u r i f i c a t i o n t r a i n would take up any 
water or carbon dioxide present i n the oxygen. Therefore 
the second p o s s i h i l i t y was i n v e s t i g a t e d more f i i l l y . 

The ruhher t u h i n g , as suggested hy Pregl ( 2 1 ) , was 
heated t o -^90^0 i n a stream of a i r , and then replaced on 
the apparatus, and a "blank run performed. The r e s u l t i s 
shown i n Experiment 11. Considerahle reduction i n the 
amount of water "being produced was ohserved and the blank 
y i e l d was diminished t o a reasonable l e v e l . A second 
determination. Experiment 12, d i d not confirm the r e s u l t s o f 
the f i r s t observation. I t was t h e r e f o r e decided t o construct 
an a l l - g l a s s p u r i f i c a t i o n t r a i n f o r the oxygen supply, using 
very small lengths of rubber connections only where i t was 
a b s o l u t e l y necessary. The r e s u l t s of the two f u r t h e r blank 
determinations using t h i s modified apparatus are given i n 
Experiments 13 and 14. 

Prom the r e s u l t s of these l a s t tv/o experiments i t may 
be seen t h a t the amount of ga^lbeing f i n a l l y obtained 
represented ^0,5% of the t o t a l y i e l d of hydrogen obtained 
when a sample of benzoic a c i d of the order of O.lg. was 
burned and the water converted to hydrogen. 
Determinations of Correct Oxygen Flow Rate. 

I n order t o determine the c o r r e c t oxygen flow r a t e a 
number of samples of benzoic acid ^ere b u r n t , and the water 
c o l l e c t e d and converted t o hydrogen using the apparatus as 
i n F i g . l . 
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A d i f f e r e n t oxygen flow r a t e was used f o r each sample. The 
r e s u l t s of these experiments are shown i n Tahle 33. Plow 
r a t e s are given i n terms of "buhhles/sec. as recorded "by the 
concentrated sulphuric a c i d huhhler. 
TABLE 33.. 

Experiment 
Numher 

Wt. of acid 
i n g. 

Plow r a t e . % Y i e l d 
of H,. 

15 0.0891 0.5 79.02% 

16 0.0934 1.0 86.28% 

17 0.D946 1.5 92.20% 

18 0.0813 2.0 94.25% 

19 0.0811 3.0 98.83% 

At the oxygen f l o w r a t e of approximately three hubhles 
per second the y i e l d of hydrogen determined lay "between 98 
and 100% f o r a npnber of experiments, i n c l u d i n g those r e s t i l t s 
shown i n Chapter 1. Further work on car"bon dioxide and 
hydrogen determinations on cyclohexene, adip i c acid,and 
cyclopentanone revealed very good r e s u l t s as has "been 
already shown i n Chapter 1. 

The oxygen f l o w r a t e mentioned above was used as a 
guide f o r the com"bustion procedure since i t was scmetimes 
o'bserved t h a t when the su"bstance burnt r a t h e r q u i c k l y i n the 
combustion tube, low y i e l d s of products were obtained. On 
such occasions the r a p i d burning was i n d i c a t e d i n the bubbler 
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as a back pressure and the low y i e l d s could be eliminated by 
inc r e a s i n g the oxygen f l o w r a t e s l i g h t l y u n t i l the burning 
was completed. I n the case of v o l a t i l e l i q u i d s , p a r t i c u l a r l y 
cyclohexene, t h i s r a p i d burning sometimes occurred but 

c a r e f u l observation of the oxygen fl o w r a t e and slow heating 
of furnace ( l ) gave good carbon dioxide and hydrogen y i e l d s . 

Combustion of substances w i t h simultaneous measurement of 
carbon dioxide and hydrogen. 

Taking a l l the precautions mentioned i n previous sections, 

s o l i d s and l i q u i d s have been burnt i n the combustion tube and 

given s a t i s f a c t o r y r e s u l t s . 

I n the case of s o l i d s these have been weighed d i r e c t l y 

i n t o a platinum boat but f o r l i q u i d s a s l i g h t m o d i f i c a t i o n 

was a|)3plied ( 6 7 ) . These were weighed i n t o a small "Pyrex" 

c a p i l l a r y tube sealed a t one end as shown i n the diagram 

F i g . 7 

Rod Li(^u(d 

P l a t i n u m 

Boqt 

and the tube was then placed i n the platin\amlb6at,\before 

going i n t o the combustion tube. Careful burning was 

necessary f o r l i q u i d s t o prevent incomplete conbustion. 

When the carbon dioxide was being collected,together 

w i t h water, l i q u i d oxygen t r a p s were placed round the s p i r a l 
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and U tube as shown i n P i g . l . but when only the water was 

r e q u i r e d an acetone - " D r i k o l d " bath was s u f f i c i e n t t o 

condense a l l the water. 

Y i e l d s o f carbon dioxide and hydrogen f o r a number of 

d i f f e r e n t organic compoiinds are shown i n the f o l l o w i n g t a b l e . 

TABLE 34. 

Substance Weight C02 Y i e l d H2 Y i e l d . 

Q C O O H 0.0574g. 101.7% 98.80% 

r j C O O H 0.0573g. 100.2% 99.22% 

r^cooH 
L^COOH 0 

0.0476g. 

0.0398g. 

101.0% 

99.13% 

99.98% 

101.0% 

These r e s i i l t s , on simultaneous determinations of carbon 

d i o x i d e and water, were almost q u a n t i t a t i v e , a n d the combustion 

and conversion methods were considered t o be s a t i s f a c t o r y . 

Purther c o n f i r m a t i o n of the techniques was provided when the 

substances, described i n Chapter 1, were oxidised. I n most 

of these examples only one product was required f o r f u r t h e r 

determinations i . e . , e i t h e r CO2 or HgO, but the y i e l d ^ n most 

cases l a y between 98% and 100%. 

T o t a l Blanks on the Combustion and reductinn procedures. 

I n order t o e s t a b l i s h t h a t the carbon dioxide and 

hydrogen r e s u l t s , frcm the experimental procedures which have 

been described, were c o r r e c t , blank r-uns were performed and 



- 95 -
the carbon dioxide and hydrogen produced were c o l l e c t e d . 

The experimental procedure used was ex a c t l y the same as th a t 

used i n a normal *run' w i t h the empty platinvmi boat i n 

p o s i t i o n . Results are shown i n the f o l l o w i n g t a b l e . 

TABLE 35. 

Experiment Ccs. of COg Ccs. of Hg 
Number. at N.T.P. at N.T.P. 

20 0.19 0.38 
21 0.10 0.20 
22 0.20 0.25 

These 'blank' r e s u l t s represent less than 0.5% of the t o t a l 
y i e l d s of carbon dioxide and hydrogen c o l l e c t e d i n a normal 
experimental determination ( i . e . , between 40-50 ccs. gas at 
N.T.P.). 

A blank run was performed when a new oxygen c y l i n d e r 
was attached t o the apparatus (Expt.22), and l i t t l e change 
i n the amounts of gases c o l l e c t e d was observed. 
F i n a l Conclusions on the Combustion and Reduction Procedures. 

Using the procedures which hsve been described, 
q u a n t i t a t i v e conversion of various organic substances t o 
carbon dioxide and water ha ve been performed. Further 
r e a c t i o n of the water w i t h magnesium turni n g s at 500^0 has 
l e d t o the q u a n t i t a t i v e production of hydrogen. 

The combustion r e a c t i o n was c a r r i e d out at atmospheric 

pressure and t h i s i s i n contrast w i t h the method recommended 
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by Glascock (70) i n which the procedure i s c a r r i e d out under 
reduced pressure. Glascock found t h a t w i t h h i s apparatus 
i t was not possible t o condense the carbon dioxide 
q u a n t i t a t i v e l y at atmospheric pressure,in traps surrounded 
by l i q u i d oxygen. I n the apparatus which has been described 
i n the previous sections the s p i r a l tube possessed l a r g e r 
dimensions than Glascock's (1.5 metres of 9 mm. tub i n g 
compared w i t h Glascock's 1 metre x 3 mm) and t h i s may increase 
the e f f i c i e n c y of condensation. Furthermore i t has been 
found t h a t many other conditions e.g., oxygen flow r a t e , 
r a p i d i t y of o x i d a t i o n etc. do a f f e c t the e f f i c i e n c y of the 
combustion r e a c t i o n and much a t t e n t i o n t o these f a c t o r s was 
needed t o ensure q u a n t i t a t i v e o x i d a t i o n . 
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DETERMINATION OP TRITIUM IN ORGAITIC COMPOUNDS. 
SUMMARY. 

Methods f o r the q u a n t i t a t i v e determination of r a d i o a c t i v e 
hydrogen ( t r i t i t m i ) have already been described f u l l y i n the 
l i t e r a t u r e (39-42) and the method which has been developed 
here makes use of many of the established f a c t s . 

Because of i t s l o w ^ ray energy Bmax = 0.014 Mev. 
t r i t i u m i s i n v a r i a b l y determined i n i t s gaseous form and i n 
the experiments which are t o be described i t was decided t o 
employ the Geiger-Muller tube method. 

The t r i t i u m sample, i n the form of water, was reduced t o 
hydrogen w i t h magnesi\3m tu r n i n g s and a sample of the active 
hydrogen gas was introduced i n t o a Geiger-Muller counting 
tube together w i t h alcohol vapour v/hich acts as a good 
quenching agent. An e x t e r n a l e l e c t r o n i c quenching c i r c u i t 
(Dead time = bOO/i sec) was also used. A p o t e n t i a l of 
X300 V,was applied t o the anode of the counter and the 

pulses were r e g i s t e r e d by a scale of 100 and a recorder. 
The a c t i v e hydrogen could also be d i l u t e d v/ith i n a c t i v e gas 
and another s p e c i f i c a c t i v i t y determined w i t h t h i s decreased 
con c e n t r a t i o n of t r i t i u m . 

APPARATUS. 

The apparatus i s i l l u s t r a t e d i n Pig.3. 

Hydrogen prepared i n the apparatus shown i n Pig.2 was 

stored i n the bulbs B j Bg and B3 and t h i s section could be 
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evacuated through Tgo • The volumes o f each section shown 
i n the diagram had been c a l i b r a t e d by means of the a i r 
p i p e t t e P. Pressures i n t h i s s e c t i o n were measured by the 
mercury manometer M3. M4 i s another manometer used f o r 
measuring the pressure of alco h o l introduced i n t o the counter 
C. The t o e p l e r pump P2 was used t o pump the gases, 
measured on manometer M3, i n t o the Coxinter C. 

The Geiger Muller tube C was constructed from a copper 
c y l i n d e r 10.3 cm l e n g t h 2.0 cm i n diameter, which acted as 
the cathode and t h i s was surrounded by a glass sheath. 
Through the centre of the tube ran a f i n e tungsten wire (lOO/f) 
which served as the anode and t h i s wire was connected t o a 
p r e a m p l i f i e r , s c a l e r , and a high voltage supply. This 
s e c t i o n of the apparatus containing t h i s counting tube could 
be evacuated through T25. 

PROCEDURE FOR TRITIUM COUNTING OF ACTIVE WATER SAÎ IPLES. 

A sairiple ,30-40 mg., o f a c t i v e water v/as converted t o 
hydrogen by magnesium t u r n i n g s at 500°C, and the gas p\imped 
i n t o B i . A sample of t h i s product corresponding t o 8 cm. 
i n the counting tube was then measured out on the manometer M3. 
2 cm. o f e t h y l a l c o h o l ( d i s t i l l e d f r a n quicklime and then 
vacuum d i s t i l l e d ) measured on M4 were introduced i n t o the 
counter v i a TggTgg and Tg4 and then Tgg was closed. The 
hydrogen was then mixed w i t h the alcohol i n the counting tube 
by means of the t o e p l e r pump Pg and the non r e t u r n valve. 
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The s i n j j e r S served t o prevent mercury from entering the 
counter and g i v i n g r i s e t o sparking and hence spurious counts. 

The voltage was then applied t o the anode and a plateau 
determined, from which the a c t i v i t y of the sample could be 
obtained by observing the value of the count on the f l a t t e s t 
p o r t i o n of the curve. 

Background r a t e v/as determined w i t h i n a c t i v e hydrogen 
before and a f t e r a series of active samples. I f the sample 
was too a c t i v e i t was d i l u t e d w i t h i n a c t i v e hydrogen t o 8 cm. 
A l l a c t i v e samples were counted t o w i t h i n 1 % accuracy. 

A f t e r the a c t i v i t y measurement the counting tube was 
evacuated f o r about 15 min. when i t was again ready f o r 
another determination. 
Performance of the Counter. 
1. C h a r a c t e r i s t i c Curves. 

To determine the counter plateau the counter was f i r s t 
f i l l e d according t o the above procedure, the high voltage 
supply was switched on at the s t a r t i n g v o l t a g e , and the 
voltage was allowed t o s e t t l e down f o r a period.of 
approximately 15 minutes. Readings of counts v/ere then 
observed over 20 or 40 v o l t i n t e r v a l s t o an accuracy o f 1 % 
u n t i l the plateau ended or the counter 'raced'. 

Some t y p i c a l c h a r a c t e r i s t i c curves using t h i s method 
are shown i n Graphs 1 - 3 . Background counts were taken 
w i t h i n a c t i v e hydrogen and alcohol on each occasion. 
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Prom these graphs i t was observed t h a t w i t h t h i s f i l l i n g 

m ixture a good plateau of about 80 - 100 v o l t s i n length 
w i t h a slope of 1 - 2% per 100 v o l t s was obtainable. 
Moreover the plateau was reproducible and the centre was about 
120 v o l t s above the s t a r t i n g voltage. The plateau had w e l l 
d e f i n e d l i m i t s w i t h a r a p i d r i s e t o the beginning and a 
s i m i l a r r i s e a f t e r the end. 

I n a l l cases the co\mter'raced'at approximately 40 v o l t s 
a f t e r the end of the plateau. 

The background was determined v/ith i n a c t i v e hydrogen and 
a l c o h o l t o the same pressures as w i t h a c t i v e m a t e r i a l . With 
an unshielded tube the count remained steady v/ith t h i s i n a c t i v e 
f i l l i n g a t , 1 0 0 counts/min/8cm. Hg at 20°C. 

With 8 cm. Hg plus 2 cm. alcohol the working voltage was 
thus 1340 v o l t s , the e x t e r n a l quenching c i r c u i t having a 
dead time of 500// sec. The scaler employed was a Type 200. 
2. D i f f e r e n t P i l l i n g Pressures. 

To e s t a b l i s h t h a t the Geiger-Muller tube y i e l d e d 
a c t i v i t i e s which v/ere p r o p o r t i o n a l t o the p a r t i a l pressure 
of the a c t i v e gas i n the counter a c t i v i t y measurements v/ere 
obtained f o r v a r y i n g pressures of a c t i v e hydrogen from three 
d i f f e r e n t sources 
0-) Water con t a i n i n g t r i t i u m (Exchange s o l u t i o n d i l u t e d x25 ) 

(2) T r i t i a t e d cyclohexene obtained i n the exchange rea c t i o n . 

(3) A d i p i c a c i d obtained on o x i d a t i o n of the above cyclohexene. 
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I n each case graphs were p l o t t e d of counts/min. against 

the p a r t i a l pressure of a c t i v e hydrogen introduced i n t o the 
counting tube (Graphs 4 - 6 ) . The t o t a l pressure of hydrogen 
i n the counter was always made up t o approximately 8 cm. w i t h 
i n a c t i v e hydrogen,and 2 cm. of a l c o h o l were added as quenching 
agent. E x t e r n a l quenching and scaler were as before. 

I n a l l the experiments performed i t was found t h a t the 
count s/min. v a r i e d i n a l i n e a r manner ?/ith the p a r t i a l 
pressure of a c t i v e hydrogen introduced i n t o the counter a f t e r 
background and dead time c o r r e c t i o n s had been applied t o the 
a c t i v i t y r e s u l t s . 

3. R e p r o d u c i b i l i t y o f S p e c i f i c A c t i v i t i e s . 

A number of s p e c i f i c a c t i v i t y determinations v/ere madCo 
on samples of the f o l l o w i n g substances w i t h a viev/ t o f i n d i n g 
out whether the r e s x i l t s obtained f o r each substance v/ere 
reproducible. 

(1) Active water used i n exchange r e a c t i o n ( D i l u t e d x 25) 
(2) Active cyclohexene produced a f t e r exchange v/ith ( l ) . 
( 3 ) Adipic a c i d obtained on o x i d a t i o n of the active 

cyclohexene i n ( 2 ) . 

( 4 ) oCoc'Dibromo a d i p i c a c i d obtained by bromination of 

a c t i v e a d i p i c acid. 

Tables of the s p e c i f i c a c t i v i t i e s calculated f o r the 

d i f f e r e n t samples are shown i n Tables 36, 37, 38 and 39. 

I n each case the s p e c i f i c a c t i v i t y was expressed as counts/min/ 
cm. of Ho at 20^0. /^^^^VS^ 
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Water saoples v/ere converted d i r e c t l y t o hydrogen "by 
r e d u c t i o n w i t h magnesium at 500°C, the other substances "being 
f i r s t o f a l l o x i d i s e d t o water and cartion dioxide i n the 
comlDustion tulDe, The water was then reduced, as sbove, 
w i t h magnesium. 

Backgro\ind and r e s o l v i n g time c o r r e c t i o n s were applied 
t o the o r i g i n a l count obtained, and the s p e c i f i c a c t i v i t y 
was then c a l c u l a t e d a f t e r allowing f o r temperature v a r i a t i o n 
from 20°C. 

TABLE 36. TABLE 57. 

S p e c i f i c A c t i v i t y of d i l u t e d S p e c i f i c A c t i v i t y of cyclohexene 
exchange s o l u t i o n . 

Counts/min/cm. of EQ at 20°C. 

640.4 ± 6.0 102.2 + 1.0 

629.6 ± 6.0 102.3 + 1.0 
651.0 ± 6.0 102.5 + 1.0 
637.8 ± 6.0 

TABLE 58. TABLE 59. 
S p e c i f i c A c t i v i t y of S p e c i f i c A c t i v i t y of ccpc* dibromo 

Adipic Acid. adip i c acid. 
Counts/min/cm. of H2 at 80^0. 

77.67 + 0.68 60.39 + 0.75 

77.52 ± 0.71 61.81 ± 0.66 

77.20 ± 0.90 61.52 ± 0.50 

The r e s u l t s from these experiments confirmed t h a t ths 
measured s p e c i f i c a c t i v i t i e s , from sample t o sample of each 
substance, were reproducible t o w i t h i n an e r r o r of 2%. 
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I n f a c t i n most cases the e r r o r was nearer 1%, When 
great e r accuracy of the r e s u l t s was r e q u i r e d , e.g. i n the C-*-'̂  
work on cyclopentanone, t h i s could be obtained by increasing 
the number of counter f i l l i n g s and determining t h e i r a c t i v i t i e s . 

Each i n d i v i d u a l sample shown i n the tables required two 
days before a count could be determined and i n the case o f 
the exchange s o l u t i o n i t required a p e r i o d of greater than 

one week before a l l the r e s u l t s were accumulated. The 
counter was, therefore,not only stable over the period of 
counting, which v a r i e d from 4 min. t o 2 hr. but also 
reproduced the r e s u l t s over much longer times, up t o two weeks. 
4. Retention of T r i t i u m i n the counter and the apparatus. 

An experiment was c a r r i e d out i n which a sample of water 
( i n a c t i v e ) was passed through the combustion t r a i n , according 
t o the normal procedure, reduced t o hydrogen w i t h magnesium 
and then counted, a f t e r a s i m i l a r experiment had been 
c a r r i e d out w i t h a sample of act i v e water having a count of 

1500 counts/min. 
I n t h i s way i t i s possible t o show whether there i s any 

r e t e n t i o n of t r i t i u m i n the combustion t r a i n or the magnesium 
furnace or i n both. A background count was also needed f o r 
both experiments as a check. 

ACTIVE SAMPLE INACTIVE SM1PLE 

A c t i v i t y - 1 5 0 0 counts/min/8cra.Ho A c t i v i t y - 1 0 3 counts/min/8cm.: 
"̂C • at 200C. at 20oC 

Background-106 " " " " Background-102 " " " " 

The r e s u l t s of t h i s experiment demonstrated thati:nitritium 
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had l3een retaned i n the apparatus a f t e r a sample of the 
a c t i v i t y shown had passed through i t . Since t h i s was ahout 
1.5 times as strong as most of the other samples v/hich v/ere 
"burnt, and the water reduced, i t was assumed t h a t no 
r e t e n t i o n o f t a c t i v i t y occurred i n the l a t t e r cases. 

I t was also found t h a t a f t e r determining a c t i v i t i e s i n 
the counter there was no r e t e n t i o n i f the coiinter tuhe was 
puniped down t o a ' s t i c k i n g ' vacuimi f o r 15 minutes-30minutes. 
5. Backgrounds. 

I n a l l a c t i v i t y measurements "background counts v/ere 
observed. The i n a c t i v e gas used f o r these determinations 
was c y l i n d e r hydrogen, admitted hy means of the s i n t e r S 
( i n F i g . 2 ) . The hydrogen was p u r i f i e d hy allowing i t t o 
f l o w through a t r a p c o n t a i n i n g a c t i v a t e d charcoal. This was 
maiintained at 195°C by surroTinding i t w i t h a trap of l i q u i d 
n i t r o g e n . 

With an \inshielded counter the background count was of 
the order of 100 counts/min. but since the a c t i v i t i e s of 
substances being determined were i n the region 1000 counts/min. 
no s h i e l d i n g was necessary at t h a t stage. 

I t was observed t h a t pumping on the counter tube f o r 
about 15 rain, was s u f f i c i e n t t o remove a l l the t r i t i u m a f t e r 
an a c t i v i t y determination, and reduce the counts t o background 
l e v e l . 

S l i g h t v a r i a t i o n s i n the background count over a period 
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of time are t o be expected and i n f a c t t h i s has been the case 
over a p e r i o d of about s i x months although the amount of 
v a r i a t i o n was no more than ± 5% on a background rate of 100 
counts/min, i n most observations. A t a b l e of r e s u l t s i s 
shown i n Table 40. 
TABLE 40 - H2 BACKGROÛ TD RESULTS. 

Number o f 
Shi l l i n g 

Counts/Min/8 cm. of 
Hg i n counter at 20^0. 

1 100 + 1.01 
2 95 + 1.80 

3 97 + 1.70 

4 98 + 2.01 

5 97 + 1.68 

6 100 + 1.67 

7 106 + 1.10 

These r e s u l t s are from seven d i f f e r e n t determinations of the 

hydrogen background over a pe r i o d of 2^ months. 

FINAL CONCLUSIONS ON TRITIUM C0U1\ITING PROCEDURES. 

With a counter f i l l i n g of 8 cm. Hg and 2 cm. of e t h y l 

a l c o h o l , good plateaux of about 100 v o l t s i n l e n g t h and a 

slope o f ̂ 2 % per 100 v o l t s have been obtained w i t h a Geiger-

M u l l e r counter. I t has been sho¥/n t h a t the measured 

s p e c i f i c a c t i v i t y i s p r o p o r t i o n a l t o the amount of t r i t i u m 

i n the counter tube. This i s i n agreement w i t h the 
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determinations c a r r i e d out by L. Melander (71). No 
contamination of the counter was observed i f the tube was 
evacuated f o r 30 min. a f t e r each determination. S p e c i f i c 
A c t i v i t y determinations were also found t o be reproducible 
over periods o f time which v a r i e d up t o t?/o weeks. I t i s 
p o s s i b l e t h a t the counter contamination by tritiiam-hydrogen, 
observed by A r r o l and Wilson (73)^could be due t o the 
d i f f e r e n c e s i n counter c o n s t r u c t i o n . These v/orkers used 
gra p h i t e cathode glass counters whereas i n the work wliich 
has been described i n t h i s t h e s i s the cathode was a copper 
c y l i n d e r . 
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DETERMINATION OF Ĉ ^ IN Ĉ '̂  ACTIVE ORGANIC COIffOUNDS. 
SUMMARY. 

As i n the casQ^f t r i t i i i m there are also many methods 
Y/hich have been described i n the l i t e r a t u r e f o r the counting 
of substances containing carbon - 14 (43-46). 

Carbonic i s a ^ e m i t t e r w i t h a h a l f l i f e of 4500 years 
and the ̂  ray energy E^ax = 0.15 M.e.v.(47). The^ p a r t i c l e s 
are more energetic than those from t r i t i u m and i t i s possible 
t o count C-̂'̂  i n the s o l i d form e.g. Ba cl^Og, I n s o l i d 
counting, however, numerous losses are encountered due t o 
s e l f absorption, back s c a t t e r i n g etc. and i n the case of low 
energy betas these losses are q u i t e l a r g e , and d i f f i c u l t t o 
estimate. 

I t v/as t h e r e f o r e decided t o count c l ^ i n the gaseous 
form as carbon dioxide,since t h i s was most conveniently 
prepared from the organic compoTinds by burning them i n the 
combustion tube. The carbon dioxide and water, produced on 
combustion at atmospheric pressure,were condensed i n the 
s p i r a l and U tube surrounded by l i q u i d oxygen traps. A f t e r 
evacuating the combustion tube section, and allowing the 
carbon dioxide t o d i s t i l over i n t o the storage bulbs by 
r e p l a c i n g the l i q u i d oxygen traps w i t h acetone-"Drikold" 
t r a p s , t h e carbon dioxide was Introduced i n t o a Qeiger-Muller 
tube,with seme carbon disulphide vapour t o act as a charge 
t r a n s f e r gas. An e x t e r n a l e l e c t r o n i c quenching c i r c u i t 

(Dead time ) looo M sec. was also employed and the pulses 
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were r e g i s t e r e d by a scale of 100 and a recorder. 
Active carbon dioxide could also be d i l u t e d ¥/ith the 

i n a c t i v e gas and f u r t h e r s p e c i f i c a c t i v i t i e s obtained frcm 
the d i l u t e d mixtures. 
AEPABATUS. 

The counting s e c t i o n f o r carbon dioxide i s i l l u s t r a t e d 
i n Pig.3. 

Carbon d i o x i d e , prepared i n the combustion section of 
Fig . 1 was d i s t i l l e d i n t o the c a l i b r a t e d s e ction and stored 
i n one of the bulbs B]_ or Bg. A l l volumes i n t h i s section 
had been c a l i b r a t e d by the a i r p i p e t t e P. This section o f 
the apparatus was the same as t h a t used i n t r i t i u m 
determinations w i t h the detachable Qeiger-Muller counter C 
being the same as i n the previous experiments. 
PROCBDURE FOR CO2 COUNTING FROM Ĉ ^ ACTIVE ORGANIC COMPOUKDS. 

A sanrole of the organic compound about ~0.04g - O.lOg. 

was burnt i n the combustion tube according t o the methods 

which have been f u l l y described i n a previous section of t h i s 

chapter. The carbon dioxide was stored i n the bulbs B^ Bg 

or B3 u n t i l r e q u i r e d f o r a c t i v i t y determinations. 

2 cm. pressure of carbon d i s u l p h i d e v ^ o u r were 

measured i n t o the counter v i a taps T22 and T24 and 

recorded on the manometer M4. A sanple of the carbon d i o x i d e , 

amounting t o 10 cm. pressure i n the counter, was measured 

out on manometer Mg and toepled i n t o the coimter by means of 

the pmnp Pg. I t could also be introduced i n t o the counter 
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by mr.ra\2nding F w i t h l i q u i d n i t r o g e n and opening T g i and Tggj 
a f t e r the carbon d i s u l p h i d e had been removed frcra the section 
between T21 '^22 pumping through Tgg* 

I n carbon dioxide counting the counter was removed frcm 

the apparatus and placed i n a lead c a s t l e . This was done 

"because the a c t i v i t i e s being determined were lower than i n 

t r i t i u m samples and a low background f i g u r e was required. 

Furthermore a new h i g h voltage system was required because 

the counting voltage f o r carbon dioxide v/as near t o 2,200v. 

The voltage was then applied t o the mode and a plateau 

determined, from which the value of the a c t i v i t y of the sample 

may be obtained by observing the count on the f l a t t e s t p o r t i o n 

of the curve. 

A f t e r evacuation o f the tube f o r 15 min. i t was again 

ready f o r a new determination. 

Backgro\ind count rates were observed using i n a c t i v e 

carbon d i o x i d e . This was obtained by allowing carbon dioxide 

t o d i s t i l i n vacuo from a piece of " D r i k o l d " maintained at 

i t s own temperature by a " D r i k o l d " bath. The carbon dioxide 

was s t o r e d i n the bulb shown i n Fi g . 2. A l l saiiiples were 

counted t o w i t h i n 1% accuracy. 

Note on e l e c t r o n i c s ; -

The counting region f o r the mixture of carbon dioxide 

and carbon d i s u l p h i d e used, was approximately 2200v. A 

poY/er-pack g i v i n g voltages up to 4 K.V. was therefore 

employed. 
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The dead time set f o r the e x t e r n a l quenching c i r c u i t 

(lOOO/fsec). was greater than f o r t r i t i u m counting. This 

was found t o be necessary t o allow the p o s i t i v e sheath t o 

d i f f u s e away ^ t e . r the discharge produced by the ^ p a r t i c l e s . 

Unfortunately^ even a f t e r a l l o w i n g such a long p e r i o d ^ i t was 

observed by Brown (48), t h a t a good plateau was not obtainable. 

This was overcome by reducing the voltage on the anode by a 

f u r t h e r 120 v. during the dead time,using a high tension 

b a t t e r y ( F i g . 4 ) . With t h i s apparatus good plateaiix up t o 

100 V. long w i t h a slope of 2?̂  were obtained. 

of H e od + Scqle^ 
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PERFORMANGB OF THE COUNTER. 
1. C h a r a c t e r i s t i c Curves. 

The counter plateau was determined as f o l l o w s . The 
counter was f i l l e d according t o the procedure described 
p r e v i o u s l y and the voltage switched on at the anode and 
allowed t o s e t t l e down f o r 15 mins. Readings of counts 
were then observed t o an accuracy of 1% over i n t e r v a l s of 
20 - 40 v o l t s , u n t i l the plateau ended. 

Background counts were observed, using the same procedure 
as above, w i t h i n a c t i v e carbon dioxide and carbon disulphide 
vapour. Graphs were then drawn of counts/min. against applied 
voltage and the r e s u l t s of some of these c h a r a c t e r i s t i c curves 
are shown i n Graphs 7 - 9 , 

I t was observed, t h a t w i t h the standard counter f i l l i n g , 
plateaux o f about 80 - 100 v o l t s i n l e n g t h w i t h a slope of 
approximately 2% per 100 v o l t s were obtainable. The 
plateaux were very s i m i l a r t o those obtaihed w i t h the t r i t i i j m 
f i l l i n g , w i t h w e l l defined l i m i t s , and r a p i d r i s e s at both 
the te gin n i n g and the end of the f l a t p o r t i o n . 

The counter 'raced' i n most determinations at about 40 
v o l t s a f t e r the end of the plateau, but on the occasions when 
i t , f a i l e d t o race the counting r a t e v;as increasing very 
steeply. 

Background coxinting r a t e s were between 32 and 35 counts/ 
min,for the same pressures of gases. These lower values 
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were obtained because the tube was suspended in s i d e a lead 
c a s t l e as opposed t o the unshielded tube i n the t r i t i \ a m 
experiments. 

With 10 cm. pressure of COg and 2 cm. pressure of CSg 
the working v o l t a g e was 2180v. 
2. D i f f e r e n t F i l l i n g Pressures. 

I n the same way as i n the t r i t i u m measurements, i t was 
decided t o examine the counter t o e s t a b l i s h t h a t i t possessed 
l i n e a r co-unting c h a r a c t e r i s t i c s f o r v a r y i n g pressures of 
a c t i v e carbon d i o x i d e . I n each case the act i v e gas was 
made up t o 10 cm. pressure i n the counter w i t h i n a c t i v e carbon 
dioxide from the r e s e r v o i r , and 2 cm. of carbon disulphide 
were added as quenching gas. A graph was then p l o t t e d of 
counts/min. against the p a r t i a l pressure of a c t i v e carbon 
d i o x i d e i n the counter. The e l e c t r o n i c equipment was the 
same as t h a t employed i n a l l other carbon dioxide counting 
measurements. 

At the same time as t h i s experiment was performed, an 
e x t r a experiment was c a r r i e d out w i t h an active t r i t i i a m 
sample so as t o ob t a i n more p o i n t s on the graph than those 
shown i n Graphs 4 - 6 . The r e s u l t s of these two experiments 
are shown i n Graphs 10 and IQi. 

I n both examples i t was fo\md t h a t the Ĉ ^ or t r i t i u m 

a c t i v i t y , expressed as counts/min,, v a r i e d i n a l i n e a r manner 

v/ith the p a r t i a l pressure of the act i v e gas introduced i n t o 

the counter. Background and dead time co r r e c t i o n s were 
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applied i n "both cases. 
3. Reproduci'bility of Specific A c t i v i t i e s . 

During the ccoirse of the investigations which have been 
descrihed i n previous sections, specific a c t i v i t y determina
tions were carried out on two samples of the Cl4 active 
organic compound, to ensure that the results were reproducible. 

The organic samples were burnt i n the combustion tube 
i n the normal manner, and the carbon dioxide collected v/as 
introduced i n t o the Geiger counter, together with carbon 
disulphide vapour to act as quenching agent. The results 
of these investigations are shovm i n the following tables. 
Background and resolving time corrections were applied i n a l l 
cases. 

The figures shown f o r each cyclopentanone sample 
represent the results which were obtained f o r four coiinter 
f i l l i n g s on each sample. I n the adipic acid,two counter 
f i l l i n g s were estimated f o r each sample which had been 
oxidised. The normal procedure i n counting work was to 
determine the a c t i v i t y of two counter f i l l i n g s from each 
sample of material which had been burnt. When greater 
accuracy of the results was required then the a c t i v i t i e s of 
a greater number of coiinter f i l l i n g s were determined. 
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TABLE 41. 

Substance Specific A c t i v i t y 
count s/min/cm. CO2 

at 200C. 

(a) Cyclopentanone 1. 11.48 + 0.17 
2. 11.43 + 0.14 

(b) Cyclopentanone 1. 12.00 + 0.17 

2. 12.02 + 0.12 
t4) Adipic Acid 1. 65.97 + 0.68 

2. 66.17 + 0.66 

The results from these experiments confirmed that the 
measured specific a c t i v i t i e s of the various substances shown, 
were reproducible, w i t h i n the experimental error incurred i n 
counting. Since the indivi d u a l samples were not always 
counted on the same day e.g. each cyclopentanone figure 
required eight days counting, i t may be said that the coxmter 
reproduced the results over periods up to two weeks. 
4. Retention of carbon-^"^ i n the apparatus. 

The cyclopentanone figures obtained i n the ^ ove table 
were obtained when, the two samples of each cyclopentanone 
batch were burnt on consecutive days. No change i n the 
a c t i v i t i e s of the two samples indicated that there had been 

14 
no retention of the carbon i n the combustion apparatus. 

I t was also found that a f t e r determining the a c t i v i t i e s 
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of the samples i n the counter there v;as no retention of the 
active carbon i n the counter tube i f the tube was pumped 
down to a 'sticking' vacu-um f o r t h i r t y minutes. This i s 
demonstrated i n the following table f o r four counting f i l l i n g s 
of carbon dioxide obtained from one sample of cyclopentanone 
which had been oxidised. 
TABLE 42. - CYCLOPBNTAITOME - SPECIFIC ACTIVITY RESULTS. 

Niimber of 
F i l l i n g 

Counts/min/cm. of COo 
at 20^0. 

1. 149.4 + 1.49 
148.6 + 1.49 

2. 148.7 + 1.49 
149.4 + 1.49 

3. 149.8 + 1.50 
147.5 + 1.47 

4. 149.1 + 1.49 
147.5 + 1.48. 

5. Backgrounds. 
Background counts were determined f o r eveyy specific 

a c t i v i t y determination. The carbon dioxide used f o r these 
observations was obtained by d i s t i l l a t i o n i n vacuo from a 
piece of "Drikold" which was maintaireiatisolid carbon dioxide 
temperature. 

I n the carbon dioxide specific a c t i v i t y determinations 
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the counter was surrounded by a lead castle which reduced 
the background count to approximately 34 counts/min. f o r 10 
cm. of CO2 at 20°C. Slight variations i n th i s value were 
observed over a period of time as shown by the results i n 
the following table. These figures are values of the 
background count observed over a period of three weeks, 
f o r the number of counter f i l l i n g s shown. 
TABLE 43. - COg BACKGROUND RESULTS. 

Niiraber of 
F i l l i n g 

Count s/min/lOcm. of 
CO9. at 20°C. 

1. 35.29 +0.60 
2. 34.57 + 0.59 
3. , 33.10 -t 0.58 
4. 32.60 + 0.64 
5. 35.67 + 0.55 
6. 35.22 + 0.60 
7. 35.39 + 0.60 
8. 36.84 + 0.65 
9. 33.72 + 0.58 

10. 33.35 + 0.58 
11. 34.11 + 0.59 
12. 36.14 +0.55 
13. 34.82 + 0.59 4 

These figures have indicated that the background count 
did :vary s l i g h t l y over a period of time although no major 
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increase has been observed, indicating that there i s no 
retention of carbon"^^ on the walls of the counter. 
FIBAL ODNCLUSIONS ON THE Ĉ ^ COUNTING PROCEDURES. 

Gas counting of carbon dioxide i n a Geiger-Muller counter 
has been fo\ind to be satisfactory w ith a counter f i l l i n g of 
10 cm. of COg and 2 cm. CSg- Plateaiix of about 80 volts i n 
length, with a slope of 2.3% per 100 v o l t s have been observed. 
These counter characteristics are not as good as i n the 
t r i t i u m results but the specific a c t i v i t i e s of the various 
organic substances which have been investigated, lave been 
found to be reproducible over periods up to tv/o weeks. No 
contamination of the coiinter has been observed i f the tube 
ijas evacuated f o r 30 min, between each determination. Higher 
counting voltages are necessary f o r carbon dioxide counting 
and t h i s i s i n agreement with the v/ork carried out by Brown 
and M i l l e r (44)v 

I n agreement wi t h the observations of Glascock (72) i t has 
been observed that no contamination of the combustion 
apparatus with Ĉ'̂  was ever detected. Furthermore no 
contamination w i t h t r i t i u m i n t h i s section of the apparatus 
was observed. The p o s s i b i l i t y of t h i s trouble occurring was 
reduced by flushing the combustion tube with oxygen between 
runs sjid also by passing oxygen through the tube f o r 45 min. 
before every determination. 
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THE TRITIATION OF CYCLOHEXENE AND C-*-̂  ACTIVE CYCLOHBXENE 
BY A PLATINUM CATAIYSED EXCHANGE REACTION. 
Method. 

The substances used i n these experim.ents were prepared 
by the methods to be described l a t e r . 

Platinum catalyst, water, acetic acid, and cyclohexene 
were weighed i n t o "Pyrex" brand reaction tubes. The tubes 
were then cooled i n a l i q u i d nitrogen bath and after the 
contents tad frozen the tubes were evacuated with a "Hyvac" 
o i l piimp and sealed. After being shaken f o r three days at 
130 + 2°C the tubes were allowed to cool, and then opened. 
The cyclohexene layer was pipetted i n t o a small separating 
funnel and washed with 2% sodium carbonate solution -until i t 
was free from acid. Washing with water was then continued 
u n t i l the cyclohexene was free fran a l k a l i . The hydrocarbon 
was then dried with calcium chloride overnight and f i n a l l y 
d i s t i l l e d . 

This procedure was used i n a l l the exchange experiments 
described i n Chapter 1 and also i n the disproportionation 
investigations i n Chapter 1, Part 3. The chief variations 
i n these experiments were i n the materials employed. Some 
experiments involved t r i t i a t e d water and Ĉ^̂  active 
cyclohexene as opposed to the materials used i n the above 
description. 
Preparation of the Components of the Reaction Tubes. 

(a) Platinum Black Catalyst. 
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This catalyst was prepared according t o the method 

descrilDed i n Vogel (49). The platinum was supported on 
p u r i f i e d Gooch aslDestos and the metal was obtained "by 
reducing an aqueous solution of a platinum salt with formalin. 
Thorough washing of the catalyst was carried out with hot 
water,and the material was dried and stored i n a desiccator, 
(h) Acetic Acid. 

;["Analar" acetic acid was refluxed f o r three hours with 
"Analar" chromi\ain t r i o x i d e ( i g . of s o l i d CrOg /lOOg. acid). 
A f u r t h e r O.Sg.of chromium t r i o x i d e per lOOg. of acetic acid 
were added and the mixture v;as refl\ixed f o r another three 
hours. The acid was d i s t i l l e d u n t i l CD lourless and the 
f r a c t i o n d i s t i l l i n g between 116-118°C was collected. The 
l i q u i d was cooled to 11- l^C and the supernatant l i q u i d 
decanted. After two c r y s t a l l i s ations the melting point 
was 16.7°C. 
(c) Water. 

1. T r i t i a t e d water m i l l i c u r i e s ) was obtained 
£rom Harwell and diluted t o the r e q i i r e d strength with pure 
d i s t i l l e d water. 

2. Pure d i s t i l l e d water. 
This was obtained from ordinary d i s t i l l e d water by 

fu r t h e r d i s t i l l a t i o n twice from "Analar" potassium 
permanganate i n an a l l glass apparatus. The product was 
then d i s t i l l e d twice alone i n the same glass apparatu^4nd 
f i n a l l y stored i n an 'aged' Winchester b o t t l e . 
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(d) 1. Cyclohexene. supplied by Messrs. Lights was used 
i n the I z i t i a t i o n experiments i n Chapter 1, Part 1, The 
hydrocarbon v/as d i s t i l l e d B.P. 83°C and allowed to "age" i n 
a stoppered reagent b o t t l e . 

2. C"̂"̂  Active Cyclohexene. was obtained by the synthetic 
procedure to be described l a t e r . 
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DEGRADATION EXPERIMENTS EMPLOYED IN THE DETERMINATION OF 
THE TRITIUM DISTRIBUTION IN CYCLOHEXENE. 

T r i t i a t e d cyclohexene was prepared by the exchange 
reaction of cyclohexene with t r i t i a t e d water according to 
the procedures which have been described. 
1. Oxidation of t r i t i a t e d cyclohexene to adipic acid. 
(a) 5g. of t r i t i a t e d cyclohexene v/ere placed i n a 250 ml. 
f l a s k and a solution of 16.8 ml. of hydrogen peroxide (30%) 
i n 74.6 ml. t e r t i a r y b u t y l alcohol was added and mixed. 
1.1 ml. of 2% osmium tetroxide (32) i n t e r t i a r y b u t y l alcohol 
was added to the mixture. A vigorous reaction occurred at 
room temperature and i t v/as sometimes necessary to cool the 
f l a s k w i t h cold water to prevent the contents frcm b o i l i n g . 
The colour of the solution varied from colourless to red, 
to pale yellow and then, a f t e r standing overnight at room 
temperature, back to colourless again. A b o i l i n g v/ater bath 
was then used to remove the solvent, and the residue v/as 
taken to be cyclohexane 1-2 d i o l (50,51). 

Water v/as added to the d i o l and a solution of 19g. 
"Analar" potassium permanganate i n 315 ml. water was then 
added t o the mixture. The contents of the flask became 
warm,and af t e r allowing the mixture to stand overnight,the 
manganese dioxide was f i l t e r e d o f f at the pump and the 
f i l t r a t e a c i d i f i e d w i t h hydrochloric acid. Ferrous sulphate 
solu t i o n was used to decolourise the f i l t r a t e a fter 
a c i d i f i c a t i o n before i t was extracted with ether. The 
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ethereal extracts were evaporated to dryness and the 2'iellov/ish 
s o l i d v/as r e c r y s t a l l i s e d twice from d i s t i l l e d water to y i e l d 
w&ite crystals of adipic acid. 

These were dried i n a vacuum dessicator over concentrated 
sulphuric acid before t r i t i i m assay. Yield = 2,60g. 
M.P. = 148.5 - 151^0 (151-1520C). 
(b) The method described above gave yields of approximately 
30% of adipic acid from cyclohexene and therefore i t was 
decided to investigate another possible process f o r the 
oxidation reaction. I t involved the application of the 
method f o r the oxidation of cyclohexane to adipic acid,as 
described by Hoot and Kobe. (52). 
Experiment(1) 

Addition of 50% by volume of l i q u i d NOg to cyclohexene 
i n a "Pyrex" tube at room temperature was accompanied by a 
vigorous reaction and l i b e r a t i o n of heat. The tube was 
sealed and allowed to stand at room tempergture f o r one hour, 
a f t e r which, the excess of l i q u i d NOg was decomposed by 
b o i l i n g w i th water. The residue separated into two layers, 
an aqueous layer, and a yellow o i l which could not be 
c r y s t a l l i s e d and possessed an aldehydic odour. Concentration 
of the aqueous layer yielded no crystals. 
Experiment (2) 

Further experiments on NOg oxidations were carried out 
using cyclohexane t o d i l u t e the cyclohexene to avoid the 
i n i t i a l vigorous reaction. A control experiment with 
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cyclohexane alone was performed at the same time. The 
sealed tubes, with 50% by volume of l i q u i d NOg, were allowed 
to stand overnight. Excess l i q u i d NOg was decomposed by 
b o i l i n g w i t h water and the aqueous layer was concent rated 
and the s o l i d f i l t e r e d o f f and re c r y s t a l l i s e d from water. 

Results - TABLE 44. 

Tube No. Contents. f i e l d of 
Product. 

M.P. of 
Product. 

1 0.4g() + 1.6gQ 0.0460g. 130-135OC. 
2 2.0gO n i l . -
3 0.4gQ + 3.6gQ '0.1049g. 136-14000. 
4 4.0g.Q Trace -

The yields of the c r y s t a l l i n e s o l i d were very poor and 
the substance appeared to be impure. I t was decided to 
use the o r i g i n a l method of oxidation of cyclohexene with 
ijydrogen peroxide, and potassium permanganate,in view of the 
unsatisfactory nature of the l a s t results. 
2. Bromination of T r i t i a t e d Adipic Acid. 

The Hell-Volhard method was used f o r the broraination 
of adipic acid, using a solution of dry bromine i n t h i o n y l 
chloride (53,54). 

0.5g. of adipic acid were weighed into a 50 ml. B.14 
comical f l a s k and 10 ml. t h i o n y l chloride were added. The 
mizture was refluxed on a water bath u n t i l a homogeneous 
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solution was obtained and then further refl\ixed f o r thii?ty 
minutes. To the cooled solution was added 0.43 ml. dry 
brcanine and the whole mixture refluxed f o r about four hours. 
Af t e r cooling the mixture i t was poured into 3 ml. formic acid 
and a f t e r an i n i t i a l vigorous reaction a yellowish brown o i l 
separated from the solution. The mixture was heated on a 
water bath f o r a few minutes, and then cooled. A yellowish 
brown s o l i d was precipitated. 

This s o l i d was r e c r y s t a l l i s e d from the minimum amount of 
formic acid on a water bath, and then decolourised by b o i l i n g 
w i t h "Norit" charcoal. Two r e c r y s t a l l i s a t i o n s v/ere s u f f i c i e n t 
to b r i n g the melting point up to 192-193°C. Further 
r e c r y s t a l l i s a t i o n s of the white s o l i d f a i l e d to raise the 
melting point. 

Y i e l d 0.30 g:.̂ . a f t e r two r e c r y s t a l l i s a t i o n s l|.P. = 

191-193°C (193^0). 
Determination of the Double Bond Content of Cyclohexene. 

A measured quantity of a standard bronine solution i n 
carbon tetrachloride was added to a weighed quantity of 
cyclohexene ( O.lg.) \ m t i l a red coloration was produced. 
The solution v/as allowed to stand i n a stoppered fla s k f o r 
f i f t e e n minutes, extra bromine being added i f the colour 
had disappeared. Aqueous potassium iodide solution v/as then 
added and the liberated iodine was t i t r a t e d with standard 
sodium thiosulphate solution. Standardisation of the 
bromine solution v/as performed by running a known volume 
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in t o potassiiam iodide solution and t i t r a t i n g the iodine 
w i t h thiosulphate as before. 

The results were expressed as number of double bonds 
per molecule of cyclohexene. 
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DEGRADATION EXPERIMENTS EMPLOYED IN THE DETERMINATION OF 
THE CARBON-L̂  DISTRIBUTION IN C-̂^ CYCLOHEXENE. 

I n these experiments cyclohexene was degraded to adipic 
acid and the acid was then converted to cyclopentanone. 
The preparation of the adipic acid has been described i n the 
previous section. A second method to determine the c l ^ 
d i s t r i b u t i o n was also t r i e d i n t h i s scheme,and i t i s 
described i n the second section. 
1. Preparation of cyclopentanone from adipic acid(25,55) 

2g. of adipic acid were dissolved i n water and t i t r a t e d 
w i t h sodi\3m hydroxide solution u n t i l the solution was s l i g h t l y 
alkaline t o phenophthalein. 3g. of "Analar" calcium chloride 
were added,and the voliame of the solution was reduced on a 
steam bath to approximately 15 ml. The calcium adipate 
was f i l t e r e d o f f under suction whilst i t was s t i l ^ / f i o t , and 
then dried i n a vacuum desiccator over phosphorus pent oxide. 
( Y i e l d of Ca salt = 2.90g. Theory f o r anhydrous salt = 2.51g.) 

The salt was packed into a clean dry Pyrex tube 8 x 100 ram. 
f i t t e d w i t h a 5 mm. delivery tube, and heated slov;ly i n an 
oven up to ̂  400°C. Cyclopentanone d i s t i l l e d into a test 
tube immersed i n ice and af t e r three hours the pyrolysis T/as 
stopped. A solution of 4g. of sodium bisulphite i n 6 ml. of 
water was added to the d i s t i l l a t e and the crystalline s o l i d , 
produced on shaking, was cooled i n ice overnight, and then 
f i l t e r e d , and dried. Yield of bisulphite compound = 
1.1734g. (62.5%). 
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To regenerate the ketone f o r C-̂^ a c t i v i t y determinations, 

the iDisulphite compound was shaken w i t h a s o l u t i o n of 2.5g. 

"Analar" potassiura carbonate i n 10 ml. v/ater and extracted 

w i t h 4 x 4 ml, ether. The ethe r e a l s o l u t i o n was d r i e d w i t h 

a small amount of magnesium su^-phate. The ether was 

removed "by d i s t i l l a t i o n and the cyclopentanone was vacuum 

d i s t i l l e d i n a m i c r o d i s t i l l a t i o n apparatus (56). A 

p o r t i o n of the cyclopentanone was characterised hy preparing 

the semi-carlDazone compound and also hy huming a sample i n 

the comhustion tuhe and determining t h e earhon content. 

M.P. of cyclopentanone serasrcarhazone = ^10^^-211%. C 2.10%,) 

COg y i e l d = 100.0?o of cyclopentanone. 

2. Preparation of Dibromobutane from Adipic Acid. 

A second method was t r i e d f o r the removal of the 

carhoxyl carhon atoms i n a d i p i c a c i d , "based on the procedure 

suggested by H. Schmid (57). 
y \ X ^^^2 Br 

COOAg - , OH2 X 
+ 2 Br2 + 2 AgBr + 2 COg 

X > QHr, 
COOAg ^ CH2 Br 

\ / s i l v e r adipate 1.4 dibromohutane 

I t has been explainedopreviously i n Chapter 1, Part 2 t h a t 

the removal of one or tv/o of the carboxyl carbon atoms of 

adi p i c a c i d , obtained from cl^cyclohexene, before, and a f t e r 

the exchange r e a c t i o n , would malce i t possible f o r any 

double bond m i g r a t i o n i n cyclohexene, during the exchange 

r e a c t i o n , t o be detected. This method, t o be explained, 
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i n v o l v e d the removal of iDoth carboxyl atoms of adipic acid, 

by the r e a c t i o n of dry "bromine on s i l v e r adipate, t o produce 

1.4 dibromolDutane v/hich was c o l l e c t e d and p u r i f i e d . The 

carbon dioxide l i b e r a t e d according t o the equation v/as 

also c o l l e c t e d . 
2g, of adip i c a c i d were converted t o the s i l v e r s a l t 

according t o the method of Hoot and Kobe (52). 

5g, o f dry s i l v e r adipate were then t r e a t e d w i t h dry 

bromine i n "Analar" carbon t e t r a c h l o r i d e under anhydrous 

c o n d i t i o n s according t o the method suggested by Schmid. 

The carbon dioxide produced i n t h i s r e a c t i o n was c a r r i e d i n t o 

a carbonate f r e e s o l u t i o n of barium hydroxide (58) by a 

stream o f p u r i f i e d n i t r o g e n i n the apparatus i l l u s t r a t e d below. 

The p r e c i p i t a t e d barium carbonate was c o l l e c t e d , and washed 

w i t h carbonate f r e e d i s t i l l e d water, and then f i n a l l y d r i e d 

at 140°C. 

Rjn Pied 
To saturated 

6 Q ( 0 H ^ Solohon 

flg salt + dfy Br'i 'h CCl^ 
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By c o l l e c t i n g the barium carbonate, and determining 
i t s s p e c i f i c a c t i v i t y , and by determining the s p e c i f i c a c t i v i t y 
of the dibromobutane, the sum of these two a c t i v i t i e s should 
be equal t o the a c t i v i t y of the o r i g i n a l adipic acid. 

The barium carbonate Ĉ ^ a c t i v i t y was determined by 
measuring the a c t i v i t y of the carbon dioxide produced when 
the barium carbonate was decomposed w i t h concentrated 
s u l p h u r i c acid. The apparatus used f o r t h i s purpose (59) 
was attached t o one end of the combustion t r a i n and the 
carbon dioxide c o l l e c t e d i n traps surrounded by l i q u i d oxygen. 

Dibromobutane was burnt i n the combustion apparatus i n 
the usual v;ay and the a c t i v i t y of the carbon dioxide 
c o l l e c t e d was estimated by the gas counting method. 

The r e s u l t s of these experiments are shovm i n the 

f o l l o w i n g t a b l e s . 
TABLE 45j^ Y i e l d s from 2g, adipi c a c i d . 

Substance Wt. of 
substance. 

% age of 
t h e o r e t i c a l 
y i e l d . 

Si^lver 
adipate. 

4.8002g. 99.6% 

1.4 Dibrono^ 
butane. 

0.2102g, V.Ofo 1.4 Dibrono^ 
butane. 

Barium 1.0071g. 18.5% 
carbonate. 

BTq content of 1.4 Dibromobutane - Stepanow Method (74) 

72.7% (74.0%). 
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TABLE 46. C-'-'̂  Analysis of Dibromobutane, Barium Carbonate 

and Adipic Acid. 

Substance COg Y i e l d . No. of C 14 atoms 
per g. Mol.of 

Rnbntanp.e. 

Adipic Acid 101.6% •2:38 X lO^S 
1.4 Dibromo 106.9% 1.02 X 10^^ 
Butane 

Barium 96.61fo 2.84 X lO""-̂  
Carbonate 

Since 1 molecule of a d i p i c a c i d y i e l d s 2 mols. of BaCOg, 
then from the r e s u l t s of Table 46 the adipic acid should have 
5.60 X lO^^ atoms per g. mol. This f i g u r e was not i n 
agreement w i t h the value determined of 7.38 x 10^^ Ĉ ^ /g.mol. 
of a d i p i c acid. 

The low y i e l d s of the substances, 1.4 dibromobutane and 
barium carbonate, together w i t h the inconsistency of the 
a c t i v i t y r e s u l t s , l e d t o t h i s method being abandoned i n 
favour o f the cyclopentanone method. 

I t i s also possible f o r the bromine t o react w i t h the 
s i l v e r adipate t o produce a f i v e membered r i n g lactone -
(S'vale r 0-1 act one ) ( 6 0 ) , S l i g h t contamination of the 1.4 
dibromobutane v/ith t h i s substance would s e r i o u s l y a f f e c t 
the r e s u l t s . 

Thermostatic C o n t r o l l e r f o r the oven used i n the exchange 
experiments, 

A temperature c o n t r o l l e r was r e q i i i r e d t o maintain the 
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temperature of the tubes used i n the exchange experiments 
at 1.30°C. The method which was chosen f o r t h i s task, 
i n v o l v e d the use of an energy r e g u l a t o r and a thermostat, so 
arranged w i t h i n a c i r c u i t so t h a t both the basic input,and 
the increment t o the load could be separately adjusted. 
The use of t h i s techniq.ue enabled the temperature t o be 
maintained w i t h i n + 1°C of 130°C. The system used was 
c i r c u i t P 102/3M t o be found i n "Sunvic" p u b l i c a t i o n R.12b. 
A diagram of the c i r c u i t i s shown below. 

^ Hot Wive Vacuum P(Q. (o 

L 
[Ulilr 

I 

Neon t 
Indicator' L 

- 5 0 0 ^ " I 
j " L ) ] j i _ 

NC 
TheKoio 

N 
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tat 

I n t h i s system the basic input t o the load i s c o n t r o l l e d 

by the s e t t i n g of the energy r e g u l a t o r and the v a r i a b l e 

r e s i s t a n c e c o n t r o l s the increase or decrease i n input when 
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the thermostat operates. The valies of the resistances used 
t o c o n t r o l the furnace winding of 125 -fl were 

A = 500 - i l 10-..Ta 

B = 2000 _rL ( v a r i a b l e ) . 

A neon i n d i c a t o r v/as placed i n p a r a l l e l across the load so 

t h a t adjustment of the combined r e g u l a t o r could be made by 

t i m i n g the on/off r a t i o of the power supply t o the load. 

The system was adjusted so t h a t when the thermostat c a l l e d 

f o r power the i n p u t increased by 20%. 



- 133 -
SYNTHESIS OF Ĉ ^ LABELLED CYCLOHEXBNE. 

The synthesis of 0^4 l a b e l l e d cyclohexene was based, 
i n the f i r s t p a r t , on a procedure suggested by L o f t f i e l d 
f o r the p r e p a r a t i o n of l~cyclohexanene-lCl4, The second 
p a r t o f the synthesis i n v o l v e d the r e d u c t i o n of cyclohexanone 
t o cyclohexanol which was then dehydrated t o y i e l d cyclohexene. 

Before the synthesis was attempted using C-̂^ active 
m a t e r i a l s , the y i e l d s and p u r i t y of the products, at each 
stage i n the procedure, were determined by using i n a c t i v e 
substances. A t t e n t i o n was also p a i d t o the d i l u t i o n of the 
a c t i v e substances at c e r t a i n stages d u r i n g , and at the end 
of the synthesis. I n the f i r s t p a r t , the y i e l d s were made 
up at each step:; where necessary, t o those observed by 
L o f t f i e l d . At the end of the synthesis the a c t i v e 
cyclohexene was d i l u t e d w i t h "aged" i n a c t i v e cyclohexene t o 
ensure t h a t the d i s p r o p o r t i o n a t i o n r e a c t i o n would not occur^ 
i n the presence of the platinum c a t a l y s t , d u r i n g the exchange 
r e a c t i o n i n v e s t i g a t i o n s . 

The d e s c r i p t i o n of the synthesis i s d i v i d e d i n t o three 

p a r t s . 
1. The pre p a r a t i o n of Pimelic Acid- 1 - Ĉ ,̂ 

2 
2. The pr e p a r a t i o n of 1-Cyclohexanone 1 -

3. The pr e p a r a t i o n of Cyclohexene - C-̂ ^̂  

1. The Breparation of Pimelic Acid - 1 - cl4(cHo')g^^^ ^ j^gj^ 
X ^ " ^ ^ ^ 

, <-CN ^ SOOH 
V (CH2)5 M(CH2)5 x 
7 ^ X ^ COOH 

CN 
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Penta methylene dibromide as supplied by Messrs. Light 

and Co.Ltd., was d i s t i l l e d and the f r a c t i o n b o i l i n g between 
220 and 222°C was c o l l e c t e d . O.lg of C"̂'̂  a c t i ve KCN was 
supp l i e d by Harwell and a s o l u t i o n of the active potassium 
cyanide a f t e r d i l u t i n g i t w i t h 2.50g. of i n a c t i v e "Analar" 
potassium cyanide, was made up i n Sml. of d i s t i l l e d water. 

4.60g. of pentamethylene dibromide were weighed i n t o a 
40 ml. f l a s k and the a c t i v e s o l u t i o n o f potassium cyanide 
(0.5 m i l l i c u r i e ) , as prepared above, was added, together w i t h 
2 ml. methyl a l c o h o l . The mixture was then r e f l i i x e d f o r 
two days w i t h s t i r r i n g t o prevent bumping. I t was observed 
t h a t the h a l i d e l a y e r disappeared and a brownish o i l 
separated out and f l o a t e d on the aqueous layer . A f t e r two 
days r e f l u x i n g a f u r t h e r 1.5g. of i n a c t i v e potassi-um cyanide 
v;as added t o the mixture and the r e a c t i o n was continued f o r 
one more day. (This second a d d i t i o n of potassium cyanide 
caused the mixture t o t u r n dark bro\TO. i n colour, a f t e r about 
t h i r t y minutes s t i r r i n g ) . The methyl iScohol was then 
removed by d i s t i l l a t i o n . A s i n the L o f t f i e l d procedure the 
p i m e l i c n i t r i l e was not i s o l a t e d at t h i s stage. A s o l u t i o n 
o f 3g. of potassium hydroxide i n 6 ml. water was added t o the 
mixture which was then reflujced f o r a f u r t h e r eight hours. 
The potassium s a l t s were then brought i n t o s o l u t i o n by the 
a d d i t i o n of 80 ml. of d i s t i l l e d water. The aqueous 
s o l u t i o n was e x t r a c t e d w i t h 3 x 30 ml. of ether and 
afterwards a c i d i f i e d w i t h h y d r o c h l o r i c a c i d , and f i n a l l y 
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continuously e x t r a c t e d w i t h ether f o r 12 hours. The 
eth e r e a l l a y e r was evaporated c a u t i o u s l y t o dryness and the 
residue was r e c r y s t a l l i s e d from water t o y i e l d a white s o l i d 
m.p. 98 - 102^0, (103^0) weight = 1.4640g. 

L o f t f i e l d q.uoted a y i e l d of 100% f o r the *ove r e a c t i o n 

but t h i s was never obtained. I t was found necessary t o add 

excess of hyd r o c h l o r i c a c i d before the continuous ether 

e x t r a c t i o n because h y d r o c h l o r i c acid i s s l i g h t l y soluble i n 

ether. 
2, The Preparation o f 1 - Cyclohexanone - 1 -

X X 
^^COOH ^ COOCa^ 

(CH2)5 ^(CH2)5 ' /N^= 0 

COOH COOCa^ 

1.74g. o f i n a c t i v e piraelic a c i d , prepared by the same 

procedure as above except t h a t i n a c t i v e KCN was used, v/ere 
added t o the a c t i v e a c i d from 1 and the mixture dissolved i n 
60 ml. water. The s o l u t i o n was made s l i g h t l y a l k a l i n e t o 
phenolphthalein by t i t r a t i n g w i t h sodium hydroxide s o l u t i o n . 
lOg. of "Analar" hydrated calcium c h l o r i d e were added t o the 
sodium pimelate s o l u t i o n and the mixture concentrated on a 

steam b a t h t o 30 ml. The white s o l i d p r e c i p i t a t e of 
calcium pimelate was f i l t e r e d o f f \inder suction w h i l s t i t 
v/as s t i l l hot and d r i e d over phosphorus pent oxide i n a 

vacuum dessicator. 

Wt. of Ca s a l t = 4.52g. (Theory f o r anhydrous s a l t 3.96g) 

The calcium pimelate was packed i n t o a "Pyrex" tube 
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10 X 200 mm. f i t t e d w i t h a 6 ram. d e l i v e r y tube. The tube 

was then heated gr a d u a l l y up t o a temperature of 500°C, 

over a p e r i o d of about three hours, and the d i s t i l l a t e was 

c o l l e c t e d i n a t e s t tube which was cooled i n i c e . A 

s o l u t i o n of 4.0g. of sodiimi b i s u l p h i t e i n 6 ml. of d i s t i l l e d 

water was added t o . t h e d i s t i l l a t e and the pale yellow 

c r y s t a l l i n e d e r i v a t i v e was cooled i n i c e overnight, f i l t e r e d , 

and washed w i t h ether. 

The c r y s t a l l i n e b i s u l p h i t e compoiind was then shaken w i t h 
a s o l u t i o n of 8g. of potassium carbonate, 30 ml. of water and 
5g. of ordinary cyclohexanone, and the upper layer extracted 
w i t h ether and d r i e d w i t h a l i t t l e magnesiiam sulphate. 
A f t e r the ether was evaporated o f f the r e s u l t a n t cyclohexanone 
was vacuum d i s t i l l e d and d i l u t e d w i t h i n a c t i v e cyclohexanone 
t o about lOg. 

B.P. (atmospheric pressure) = 156 - 158°C (156.7°C). 
3. The Preparation of C^^ l a b e l l e d cyclohexanol and cyclohexene 

^''= 0 Al(isOPr) r^HHOH HOSO. CY 
isPrOH ^ - -> X 

(a) Gyclohexanol. 

The r e d u c t i o n of the cyclohexanone t o cyclohexanol was 

c a r r i e d out by a method s i m i l a r t o the method suggested i n 

references 61,62,63 and known as the Meerwein-Ponndorf reduction. 

P u r i f i e d cyclohexanol was then del:iydrated t o cyclohexene using 

the procedure described i n "Organic Synthesis" (64). 
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9.62g. cyclohexanone were weighed i n t o a 250 ml. round 

bottomed f l a s k together w i t h 20g. aluminium isoprepoxide and 
100 mlL. of dry i s o p r o p y l alcohol. The i s o p r o p y l alcohol 
was d r i e d by r e f l u x i n g i t w i t h small pieces of lime f o r f o u r 
hours and then d i s t i l l i n g i t . B.P. 82-830C. (82.3^0). 

The f l a s k c o n t a i n i n g the mixture was f i t t e d w i t h a short 
v e r t i c a l a i r condenser (25 cm. i n length) and a water 
condenser was attached t o the top of the a i r condenser at an 
angle of 45°Jto the v e r t i c a l . Careful r e f l u x i n g of the 
mixture on a water b a t h was then c a r r i e d out f o r a short while 
w i t h water running i n the v e r t i c a l condenser,and then the 
d i s t i l l a t e was c o l l e c t e d at a r a t e of 5 - 10 drops per 
minute a f t e r removing the water from the v e r t i c a l condenser. 
D i s t i l l a t i o n was continued u n t i l the d i s t i l l a t e no longer gave 
a yel l o w p r e c i p i t a t e when, one drop v;as added t o about 5 ml. of 
a 0.1% s o l u t i o n of 2,4 dinitrophenylhydrazine i n 21 ml. 
concentrated h y d r o c h l o r i c a c i d and 104 ml. d i s t i l l e d water. 
R e f l u x i n g v/as again c a r r i e d out f o r about f i v e minutes a f t e r 
which the d i s t i l l a t e was t e s t e d once more as described above. 
When t h i s t e s t gave a negative r e s u l t the solvents were 
removed by vacuum d i s t i l l a t i o n . A white syrupy residue 
remained i n the f l a s k . 

To t h i s residue was added a mixture of 15 ml. 
concentrated h y d r o c h l o r i c a c i d i n lOOg. of cracked ice t o 
decompose the aluminium d e r i v a t i v e of cyclohexanol. The 
cyclohexanol, l i b e r a t e d by t h i s process was extracted from 
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the residue w i t h 4 x 40 ml. of ether. The ethereal s o l u t i o n 
was washed v/ith a s n ^ l volume of a saturated s o l u t i o n of 
sodium c h l o r i d e and d r i e d w i t h some magnesium sulphate. 
A f t e r d i s t i l l i n g o f f the ether, the product was vacuum 
d i s t i l l e d . 

Y i e l d of cyclohexanol = 5.35g. B.P.(atmospheric pressure) = 

160 - 162^0 (I6I.5OC). /(20 = 1.4650 (1.4656). 

(b) Cyclohexene. 
About 6g. of i n a c t i v e cyclohexanol were added to the 

a c t i v e m a t e r i a l prepared i n (a) and d i s t i l l e d . 
10.4g. of t h i s cyclohexanol were weighed i n t o a 50 ml. 

Claisen f l a s k together w i t h 0.30 ml. concentrated sulphuric 
a c i d . The mixture v/as d i s t i l l e d very slowly and the 
r e c e i v e r v/as surrounded by a bath of ice t o prevent loss of 
the cyclohexene. The temperature of the o i l bath was 
maintained at about 130 - 140°C. 

The d i s t i l l a t e was saturated w i t h s a l t and the cyclohexene 
l a y e r separated from the water l a y e r . Calciiam c h l o r i d e v/as 
used t o dry the cyclohexene which was then d i s t i l l e d c a r e f u l l y , 
and the f r a c t i & n b o i l i n g between 82-84.5*^0 (83°C) v/as c o l l e c t e d . 
/^'^= 1.4455 (A§§= 1.4451) Double bond content = 0.99. 
Y i e l d = 5.82g. 

lOg. of i n a c t i v e f r e s h l y d i s t i l l e d cyclohexene were 
added t o the product and the mixture d i s t i l l e d again. The 
f i n a l product v/as d i l u t e d t o about 30g. w i t h i n a c t i v e 'aged' 
cyelohexene. 
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To e s t a b l i s h t h a t the product was pure cyclohexene 

f u r t h e r experiments were c a r r i e d out on t h i s d i l u t e d a c t ive 
m a t e r i a l . A sample of the substance was burnt i n the 
combustion tube and the carbon content and the s p e c i f i c 
a c t i v i t y determined. About 5g. of the m a t e r i a l was oxidised 
t o a d i p i c a c i d by the methods described i n Chapter 1 and the 
C''"'̂  a c t i v i t y o f the carbon dioxide produced was determined. 
The r e s u l t s frcm these experiments (Table 17) established 
t h a t the cyclohexene could be oxidised t o adipic acid w i t h 
almost i d e n t i c a l C-̂ ^ content. 

- 99.13% CO2 y i e l d . S p e c i f i c A c t i v i t y = 68.04 + 0.70 
. J of CO2 co\ints7niin./cm. 
^ CO2 at 200c. 

COOH 
~ l01.6% CO2 y i e l d . S p e c i f i c a c t i v i t y = 66.07 ± 0.68 

CO0H of COo counts/min./cm 
\y COg at 200c. 

Second method f o r the pre p a r a t i o n of cyclohexanone. 
A seosrfl method was t r i e d f o r the preparation of 

cyclohexanone, based on a synthesis suggested by Grignard and 
Vignon ( 6 5 ) . The r e a c t i o n involved the preparation of the 
di-Qrignard compound of pentamethylene dibrcmide which was 
then reacted upon by carbon dioxide t o produce cyclohexanone. 
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Hi OH 

^ CH2CH2 Mg Br ^CHg-CHg^ ^ 0 |Mg Br 
CHo + COg CHg C 2̂ 

\ 
a ^ V I 

^ \ / V : , 
OH 

CHg CHgMg Br CHg-CHg O.Mg Br 

HgO/ 

CHg CHg ^ \ CHg CHg 
/ \ /:; / \ 

CHg G ; !—> CH„ C=0 

CHg-CHg CHg-CHg 

5g. of dry magnesium and 100 ml. dry ether were placed 
i n a d i y f l a s k f i t t e d w i t h a r e f l u x condenser, s t i r r e r , anS 
dropping f u n n e l . I n s i d e the dropping funnel were placed 20g. 
of pent ame thylene dibromide, which was then added slowly t o 
the mixture i n the f l a s k . The temperature of the f l a s k was 
r a i s e d t o 40-50°C and the mixture kept w e l l s t i r r e d . A 
c r y s t a l of iodine was added t o s t a r t the reactions and the 
a d d i t i o n of the a l k y l h a l i d e was spread over a period of 3 
hours. A f t e r t h i s t h e mixture was then b o i l e d f o r one hour 
and allov/ed t o co o l . 

An amount of barium carbonate equivalent t o about lOg. 
o f COg was decomposed w i t h concentrated sulphuric acid and 
the carbon dioxide produced was c a r r i e d i n t o the mixture i n 
the f l a s k i n a stream of n i t r o g e n . The f l a s k v/as surrounded 
by an i c e bath d u r i n g t h i s a d d i t i o n . 75g. of ice were then 
added t o the f l a s k t o hydrolyse the products. The mixture 
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v;as made s l i g h t l y a c i d w i t h hydrochloric a c i d and then 

s l i g h t l y a l k a l i n e w i t h sodiiam liydroxide s o l u t i o n before 

e x t r a c t i n g w i t h ether. Any cyclohexanone v/hich has been 

produced should be i n the e t h e r e a l l a y e r . 

Thel-cyclohexanone was extr a c t e d frcm the ether w i t h sodium 

b i s u l p h i t e s o l u t i o n . To t h i s s o l u t i o n was added potassiiam 

carbonate t o decompose the b i s u l p h i t e compound and i t was 

f i n a l l y e x t r a c t e d w i t h ether. The ether was d i s t i l l e d o f f 

and the product was taken t o be cycloliexanone. 

Y i e l d of product v/as 0,72g, 

The low y i e l d obtained i n t h i s r e a c t i o n was probably 

due t o the seandary re a c t i o n s which can occur v/hen the d i -

Grignard compound of pentaraethylene dibromide i s t r e a t e d v/ith 

carbon d i o x i d e , 
, CH2 CH2 Mg Br , CH2 CH2 COO Mg Br / / hydro l y s i s 

1) CH2 + 2 C02̂  CH2 ^ 
\ CH2 CH2 Mg Br CH2 CHg COO Mg Br 

CH2 CH2 COOH 
CHg 

/ 
3 
^CH2 CH2 COOH 
pim e l i c a c i d 
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Br - (CH2)5 ' -(CHg)3 - CHg Mg Br 
2) + 3 Mg Brg 

Br - (CH2)5 - Br ^ CHg -(CHg)3 - CHg Mg Br 

COg and hy d r o l y s i s 
V 

CHg - (CHg)^ - COOH 

CHg - (CHg)^ - COOH 
decamethylene d i c a r b o x y l i c 

agid. 

I t was decided, i n viev/ of these drawbacks t o t h i s 

method, t o use the method of L o f t f i e l d f o r the synthesis of 

cyclohexanone. 



- 143-
APPENDIX. 

Calculations 

1. Calculation, of the douTjle T3ond content of a sample of 
cyclohexene. 

Table 2 - Double Bond Content of cyclohexene after the 
exchange reaction. 

Weight of cyclohexene = 0.1907g. 
Vol-ume of •bromine added to the cyclohexene = 34.11 ml. 

5^olume of sodium thiosulphate required for the t i t r a t i o n of the 
excess "bromine remaining = 18.32 ml. 

Strength of sodium thiosulphate soln. = 0.02002N. 
Standardisation of the brgnine. 

5.03 ml. of Br2 soln. required 36.25 ml. of 0.02002N 
Nag Sg O3 soln. 

. . Strength of Brg solution = 56.25 x 0.02002 
5.03 

= 0.1442N. 

Amount of bromine solution remaining = 18.32 x 0.02002 
after reaction with cyclohexene 0.1442 

= 2.54 ml. 
. . Amount of bromine absorbed by the cyclohexene=(34.11-2.54)ml. 

= 31.57 ml. 
Ig.raol. of cyclohexene v;ould require Ig.mol. of bromine to 
saturate the double bond. 

i.e., 82g. would reqxiire 2 l i t r e s N. bromine solution. 

. . Number of double bonds per molecule of cyclohexene i n the 

above sample 
= 31.57 X 0.1442 x 82 

2000 0.1907 
= 0.98. 



^144 -
2. Calculation of the t o t a l number of tritium atoms 

transferred into Ig. mol. of cyclohexene during the 
exchange reaction. 

Table 5 - Tritium content of cyclohexene - sample 1. 
pressure of hydrogen i n the counter = 7.92 cm. at 21.5°C. 

Coxints ohserved = 13,413 counts i n 15 rain. 
E r r o r on the counts=J No. of counts = Jl3,413 

= 116 

. . True count = 13,413 ± 116 i n 15 min. 

i . e . = 894.2 ±7.7 counts/min. 

Dead Time = 500Asec. 
Corrected Rate of Counting = _ R ^ = ehserved Rate 

1 - R r Dead Time. 

T 894.2 
1-894.2 X 500 

l O ^ x 60 
= 894.2 = 901.0 iir 7.8 count s/min. 
0.9925 

Background Counting Rate. 
4620 counts i n 50 min. for 8.00 cm. at 2^°C i n counter. 
4620 + 58 counts i n 50 min. " " " " " " 
i . e . 92.4 + 1.4 counts/min " " " " » " 

= 92.4 X 7.92 X 297 
8,00 X 294.5 

= 92.3 ±1.4 co\mts/min for 7*92 cm. at 21.5°C i n the 
counter. 

True Rate of counting after correcting for TDackgro\ind and dead 
I p p- time. 

= 901.0 - 92.3 + / 7.8'' + 1.4"̂  
= 808.7 + 7.93 counts/min for 7.92 cm. at 21.5°C. 
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Counting rate for 1 cm. Hg at 20°C. 

= 808.7 X 1.00 X 294.5 
7.92 293.0 

= 102.5 ±1.0 caunts/min/cm. Hg at 20°C i n the counter. 

Total number of tritiTim atoms i n Ig.mol. of cyclohexene. 

Counter dimensions = 10.34 x 2.02 cm. 

Volume of counter = Tfr'^h =TT'X(1.01)2 X 10.34 = 33.13cc. 

Since Ig.mol. of Ho occupies 22,400 ccs. at 76 cm. pressure and 
273^0. 

.*. Number of g.mol. i n 33.13 cc. at 1 cm. and 293°C 
= 1 X 33.13 X 273 

7S" 22,400 293 

Furthermore I g . mol. of Ho contains 6 x 2 x 10^^ atoms of H 
at N.T.P. 

.*. No. of atoms of H i n 33.13 cc. at 1 cm. pressure and 293°C 

= x l x 2 7 3 x 6 x 2 x 10^^ 
22,400 7^ ^ 

= 2.18 X 10^^ 

- dN = u\ i . e . Sp.Activity = No.of active atoms x 
dt disintegration constant 

X = Q'693 t± = half l i f e of the isotope. 
H 

(For tritiTom t± = 12.5 years). 

.'. Number of active atoms i n the counter 

N = -d^ X t i . 
dt 0.693 

N = 12.5 X 365 X 24 X 60 x Activ i t y 
0.693 

For cyclohexene above 
N = 12.5 X 365 X 24 X 60 x 102.5 

(1 cm. at 0.693 
293^0) 

= 9.48 X 10^ X 102.5 
= 9.72 X 10^ 
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Fraction of H atoms which i s active i n counter (and 
hence i n cyclohexene) 

= 9.72 X 10^^ 
2.18 X 10-̂ ^ 

Since Ig. mol of cyclohexene yields 5g. raol. of H2 or 
5 X 2 X 6 X 10^3 atoms of H 

.*. the nurnber of active H atoms i n Ig. mol. of cyclohexene 

= 9.72 X loQ X 5 X 2 X 6 X 10^^ 
2.18 X 10-Ly 

= 2»68 X l o l ^ 

3. Calculation of the distribution of tritiimi atoms i n 
t r i t i a t e d cyclohexene produced during the exchange reaction 
(Tahle 4) 

T^a) Nuipber of tritium atoms i n Ig. mol. of cyclohexene=2.68 x 1( 

(b) Calculation of No.of tritium atoms i n Ig. mol. of adipic 

acid. 
(Table 3) Specific a c t i v i t y of adipic acid = 77.67 co\mts/min./ 

cm. of H2 at 20^0 i n the coiinter. 
No. of active H atoms i n the counter = 9.48 x 10^ x 77.67 
Total no. of H atoms i n the counter = 2.18 x 10^^ 
.*. Fraction of atoms(from adipic acid)which i s active 

1:8 X 10^ X 
ai8 X lO-Ly 

= 9.48 X 10^ X 77.67 

Ig. mol. of adipic acid y i e l d s 5g. mol. of H2 i . e . 
5 X 2 X 6 X 10^^ atoms of H 

« 

. . No. of active H atoms i n Ig. mol. of adipic acid 

= 9.48 X 10^ X 77.67 X 5 X 2 X 6 X 10^^ 
2.18 X lO-*-̂  

= 2.03 X 10^-^ 
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(c) Calculation of the no. of tritium atoms i n Ig. mol. of 

oto^ dibromo adipic acid. 

(Table 3) Specific A c t i v i t y of t h i s acid = 61.20 counts/min./ 
cm. of Hg at 20oc i n the counter. 

.*. No. of active H atoms i n the coiinter = 9.48 x 10^ x 61.20 
Total no. of H.atoms i n the counter = 2.18 x 10-̂ ^ 

.*. Fraction of atoms fran ococ'dibromo adipic acid which are 

active 

= 9.48 X 10^ X 61.20 
2.18 X IQJ-y 

1 g. mol. of <a<j5t*dibromo adipic acid yields 4g. mol .o of Hg 
Le., 4 X 2 X 6 X 10̂ *̂  atoms of H 
.*. No. of active H atoms i n Ig. mol. of otoc'dibromoadipic acid 

= 9.48 X 10° X 61.20 x 4 x 2 x 6 x 10 
2.18 X 10J-^ 

= 1.28 X 10l4 

23 

TKe s e r i e s of degradation reactions were 

COOH ^ '^C^'^^ 
COOH ^ \ / I COOH 

COOH 
0-^ 

/ \ 
Br H 

i . e . Ig. mol, of cyclohexene yields Ig. mol. of adipic acid 

v/hich i n turn would y i e l d Ig. mol. of oCoc'dibrcmoadipic acid. 

Number of Tritium atoms i n CH = CH positions i n cyclohexene. 

= (2.68 - 2.03) X 10^^ 
= 0.65 X 10^4 
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Number of Tritium atoms i n 4OL and 4j3 positions i n cyclohexene 
rin£^ 

Let the number of T atoms i n each ̂  position = b 
.'. t o t a l T atoms i n 4/3 positions = 4b. 

.*. the no of tritium atoms i n the 4cxpositions = 2.03 x 10-^'^~4b 

h a l f of these are removed i n the bromination of adipic acid 

4b + i (2.03 X 10^^ - 4b) = 1.28 x lO^^ 

4b + 1.015 X 10^^ - 2b = 1.28 X 10^^ 
.'. 4b = 0.53 X lO-'-̂  

Hence no. of Tritium atoms i n 4<xpositions =(2.03 - 0.53)x 10̂ "̂  
14 

= 1.50 X 10 
. Distribution of tritium i n cyclohexene ring for Ig.mol, i s 

CH = CH posns. Total i n 4oc posns. Total i n 46 posns. 
0.65 X lOl-atoms 1.50 X l O l ^ atoms. 0.53 X lO-L^toms of 

4. Calculation of the t o t a l niomber of C-̂"̂  atoms i n l.g.mol. 
of synthesised C-̂-'̂  cyclohexeneT 

Table 7. Ĉ ^̂  S p e cific A c t i v i t y of Cyclohexene = 20.14 + 0.15 
c 
e Y. C-̂ ^ s p e c i r i c A c t i v i t y or uyciohexene = 
ounts/min/cm. of CO2 at 20^0 i n the coimter. 

=NX 
dt 

.'. N =.d^X = t ^ for Cl4 = 4500 years 
dt A 0.693 = 4500 x 365 x 24 x 60 min. 

M = 20.14 
dt 

. •. Number of C-̂ "̂  atoms i n the counter 

= 4500 X 365 X 24 x 60 0.693 
= 3.414 X 10^ X 20.14 

= 6.87 X 10^° 

X 20.14 
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Volume of counter = 33.13cc. 
Ig.mol. COg occupied 22,400 cc. at N.T.P. 

.*. No. of g.mol. of COg i n 33.13cc. at 1 cm.pressure and 20°C. 

= 55-15 X X 273 
22,400 16 293 

Furthermore Ig.mol. of COg contains 6 x 10^5 atoms of C at N.T.P. 

.'. No. of atoms of C i n 33.13cc.at 1 cm. pressure aid 20°C. 
= 35.13 X X 273 X 6 x 10^5 

22,400 76 293 

= 1.10 X 10^^ 
.*. Fraction of C atoms which are active = 6.87 x 10-̂ *̂  

1.10 X 10l9 
Since Ig.mol. of cyclohexene yields 6 x 22,400cc. COg at N.T.P 
i . e . 6 X 6 X 10^5 atoms of carbon 
.*. the number of active carbon-'-'^ atoms i n Ig. mol. of cyclohexEiE 

= 6.87 X lolQ X 6 X 6 X 10^5 
1.10 X 10l9 

= 2.25 X 10^^ 

5. Calculation of the distribution of carbonic atoms i n 
synthesised C -^^cyclohexene. 

(a) Number of tri t i u m atoms i n Ig. mol. of cyclohexene = 
2.25 X 10 16 

(b) Calculation of the no. of c l ^ atoms i n Ig.raol. of adipic acid. 
(Table 6) Specific A c t i v i t y of Adipic Acid = 19.10 oounts/min./ 

cm.of COg at 20^0 in 
the counter. 

*dN = NA N = t i 
dt ^ 0.693 

Number of C-̂ '̂ atoras i n the counter 
= 19.10 X 4500 X 565 x 24 x 60 

0.693 

= 6.52 X 10 10 
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Total number of carbon atoms i n the co\inter containing 1cm. 

pressure of COq at 20°C = 1.10 x lO"'-̂  
.*. Fraction of atoms i n the counter which are active C^'^atoms 

= 6.53 X lO^Q 
1.10 X 10J-^ 

Since Ig.mol. of adipic acid yields 6 x 22,400 cc. CO2 at 

N.T.P. i . e . 6 X 6 X lO^'^ atoms of carbon 
the number of active carbon-^^ atoms i n Ig. mol. of 
adipic acid 

= 6.52 X 10^^ X 6 X 6x10^^ 
1.10 X lO^y 

= 2.13 X 10^^ 

(c) Calculation of the no. of C-'-̂  atoms i n Ig.mol. of 

cyclopentanone 

(Table 7) Specific A c t i v i t y of cyclopentanone = 11.46 counts/ 

min./cm. of CO2 at 20°C i n the counter. 

Number of C^^ atoms i n the counter 
= 11.46 X 4500 X 365 x 24 x 60 

0.693 
= 3.91 X lOlO 

Total number of carbon atoms i n the counter containing 1cm. 
pressure of CO2 at 20°C. = 1.10 x lO^^ 
.*. Fraction of atoms i n the counter which are active C^^ atoms 

= 5.91 X lO^Q 
1.10 X I 0 l 9 

Since Ig. mol. of cyclopentanone yields 5 x 22,400 cc. CO2 at 
23 

N.T.P. i . e . 5 X 6 X 10 atoms of carbon 
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14 .*. the number of active carbon atoms i n Ig. mol. of 

cyclopentanone 

= 5.91 X lO^Q X 5 X 6 X 10^5 
1.10 X lOJ-^ 

= 1.07 X 10 16 

.*. I n Ig.mol, of cyclohexene 2.25 x 10"̂ ^ C"̂ "̂  atoms J 
Ig.mol. Qdipic acid 2,15 x 10^^ Ĉ '̂  atoms J -Table 7. 

Ig.mol. cyclopentanone 1.07 x lO-̂ ® C-̂ '̂  atoms.) 

6. Calculation of the standard deviations on the 
cyclopentanone a c t i v i t y r e s u l t s . - Table 15 - Chapter 1. 
I n the determination of the s p e c i f i c a c t i v i t i e s of the 

cyclopentanone produced from C-̂ ^ cyclohexene before and after 
the exchange reaction, the probable change of specific 
a c t i v i t y of the cyclopentanone calculated frcra the results 
shown i n Table 11 was about 4fS. Because of t h i s low figure 
i t was decided to determine the s p e c i f i c a c t i v i t y of the 
cyclopentanone as many times as possible so as to reduce the 
error on the determination. 

The standard deviation, which i s a measure of the 
2 c —• 2 

r e l i a b i l i t y of a r e s u l t , i s given by = 2( ^ ~ ^i) 
h 

where <r = standard deviation 
X = arithmetic mean of a series of measurements 

of x^; 

}r\ = number of res u l t s taken into the mean. 

The following tables and calculations demonstrate the 

cal c u l a t i o n of one of these r e s u l t s . A l l of the other 

r e s u l t s shown i n the Table 15 were calculated i n a similar 

manner. 
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Calculation of the standard deviation on the cyclopentanone 
r e s u l t s before the exchange reaction sample 1 and sample 2. 

Sp e c i f i c A c t i v i t y of 
the Cyclopentanone 

Co\ints/min/10cm.of CO2 

Wuraber of 
co-unter f i l l i n g 

Counts/min. 
.observed 
(Corrected). 

(5L - x O ' 

1. 149.4 -0.4 0.16 
148.6 +0.4 0.16 

2. 149.4 -0.4 0.16 
148.7 +0.3 0.09 

3. 149.8 -0.8 0.64 
147.5 +1.5 2.25 

4. 149.1 -0.1 0.01 
147.5 +1.5 2.25 

5. 148.4 +0.6 0.36 
150.3 -1.3 1.69 

6. 151.6 -2.6 6.76 
149.1 -0.1 0.01 

7.̂  148.5 +0.5 0.25 

8. 147.5 +1.5 2.25 
149.6 -0.6 0.36 

66 
X = 2235.0 7 15 

= 149.0 
li X - x O 

n 
^ = 17.40 

15 
= 1.16 =(r 

J = 17.40 

2 

(T = 1.08 

Standard deviation on t h i s determination = 
1.08 res u l t is 149.0 ± 1.08. 
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Specific A c t i v i t y of 
Background Determinations 
(CoHnts/min/lOcm. of COg 
[ifumber of 
counter f i l l i n g . 

Co\ints/min. 
observed. 
(Corrected) 

1. 35.29 -0,74 0,55 

2. 34.57 -0,02 0.00 

3, 53.10 +1,45 2,10 

4. 32.60 +1.95 5,80 

5. 35.67 -1,12 1,25 

6. 35.22 -0,67 0,45 

7. 55,59 -0,84 0,71 

= 241,84 - 7 
= 54.55 
r — 2 
M ^ - ^ i - ) = 8.86 = 1.27 = Cr 

n 7 
. *, 6" •= 1,15 

.*, Correct r e s u l t i s 54,55 + 1,15 

\ = 8.86 

.". Resultant error on the cyclopentanone resiilt after 

subtraction of the background count 
= 149.0 - 54.55 + ^1,0Q^ + 1.15^ 
= 114.45 + ^2745 
= 114.45 + 1.56 

This r e s u l t i s for 10 cm. of COg at 20°C i n the counter 

Specific A c t i v i t y for 1 cm, 
= 11,45 + 0,16 counts/min/cm. of COg at 20°C i n the 

counter. 
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7. Calculation,from the trititun a c t i v i t y figures, of the 

probable amo\int of double bond movement occurring 
during the exchange reaction. 

I n Table 11. Specific A c t i v i t y of hydrogen from cyclohexene 

= 139.25 + 0.95. counts/rain./cm. of H2 at 20°C i n the 

Counter. 

Contents of the tube i n t h i s experiment were 

Catalyst 0.0545g. 

• T r i t i a t e d Water 0.4196g. 

Acetic Acid 1.1358g. 

Active Cyclohexene 2,0044g. 

(1) Calculation of the tritium distribution i n cyclohexene. 

- d ^ = N X N = dIT t i 
dt d i t 0.693 

Number of tr i t i u m atoms i n the counter 

= 139:^25 xi:'12v5GXJ.5651:xi.i24ix 60 
0.693 

= 1»52 X 10^ 
Total npmber of H atoms i n the counter (Calculation 2) 

= 2il8_xJL0i^ 
. . Fraction of -atoms i n the counter which i s active 

= 1.52 X 10^ 
2,18 X 10-Ly 

* 

. . Number of tritium atoms i n Ig.mol. of cyclohexene 

= 5.63 X 10^^ 
From calc-ulation 3 the fraction of these tritium atoms which 



- 155 -
w i l l be i n the 4 ô. positions (assuming the same distribution 

of the t r i t i u m i n the cyclohexene ring) i s 

1.50 X 10 
2,68 X 10 

14 
•14 = 0,5598 

(2) Calculation of the number of hydrogen atoms i n cyclohexene 
which have exchanged. (Isotope effect neglected i n this 
p a r t i c u l a r c a l c u l a t i o n ) . 

Before the exchange the 
mixture i s 

After the exchange the 
mixture i s 

a) I II with no tri t i i m i 

b) HTO, HgO, 
c) CH3 COOH, CH3 COOT 

a) with t r i t i i m 

b) depleted tritium i n HTO, HgO 

c) depleted tritium i n CH3 COOH, 
CH3 COOT 

d) tritium i n CHgT.COOH, CH3 COOH 

During the exchange reaction i t i s ass-umed that 1. a atoms ccme 

frcm cyclohexene and exchange. 

2. hydrogen atoms come from HTO. HgO mixture into the mixture 
5. hydrogen atoms come from H i n COOH of CH3 COOH 
4. 2a atoms come from the methyl group i n acetic acid. 
The l a s t postulate i s talcen from the deuterium work described 

i n reference 8. 

.*. the t o t a l number of hydrogen atoms i n the exchai^ng 

mixture i s 

a + f H2O + f EAc + 2a 

= 5a + f HgO + f HAC 
/"HgQ I n exchange mixture 0.4196g. of HTO, HgO were i n the 

tube 
n-umber of H atoms = 0.4196 x 12 x 1023 

18 
= 2.80 X 10^2 
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f HAc I n exchange mixture 1.1388g. of acetic acid were i n 

the tube 
.*. number of H atoms from COOH i n acetic acid = 1.1388 x 6 xlcP 

60 
= 1*14 X 10^^ 

.*. t o t a l number of hydrogen atoms i n the exchaig.ng mixture 

= 3a + 3.94 X 10^^ 

The tritium atoms which are present i n t h i s exchange mixture 

have come or i g i n a l l y frcm the t r i t i a t e d water solution which 

had an a c t i v i t y of 633.7 x 25 counts/min./cm. of i n the 

counter at 20°C (Table 3^ 
-dIT =N\ N = , dlToT 

dt dt, ̂  
Number of tritium atoms i n the cotmter from t h i s 

t r i t i a t e d water solution 
= 633.7 X 25 X 12.5 X 365 x 24 x 60 

0.693 

= 1.50 X lO-*--*-
Total number of hydrogen atoms i n the counter 

= 2.18 X 10^^ 
Fraction of atoms which i s active tritium 

= 1.50 X lÔ -*-
2.18 X 10^9 

t o t a l number of hydrogen atoms i n 0.4196g. water which 

are tritium 

= 1.50 X l O l l X 0.4196 X 12 X 10^^ 
(T̂  "1 ri — n — — I •• 2.18 X lo-^y —Jo" 

= 1.92 X 10^* 
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Hence the fraction of t r i t i u m atoms i n the exchaiging mixture 

= 1.92 X 10^^ _ 
5a + 5.94 X 10'^'^ 

The n-umber of tritium atoms which go into the cyclohexene 

= a X (1.92 X 10l4 
.94 X 10^2 

(1.92 X 
(5a + 5, 

I t was observed, as the re s u l t s i n Table 11 show, that Ig.mol, 

of cyclohexene contained 5.65 x 10-̂ '̂  atoms of tritium 

.". i n 2.0044g. there are 
2.0044 X 5,65 X lO^^^ atoms of tritium 
82 

= 8.89 X 10^^ atoms of tritium 
(1.92 X lOJ-^ ) 

= a X (5a + 5.94 X 10^^) 
1.92 X lO^^a = (8.87 x 10^2)(3a + 5.94 x 10^^) 
1.92 X l o l ^ a = 26.61 x lO^^a + 5.49 x 10^5 
1,65 X lO^^a = 5,49 x 10^5 

,', a = .̂,12 X 10^^ 
(5) Calculation of the amount of double bond movement. 
I n t h i s calculation i t i s assumed that the tritium atoms 
v/hich appear i n the 4oC positions of the cyclohexene molecule 
have been introduced by the double bond movement mechanism 
outlined i n the associative mechanism and described i n 
Chapter 1. Again,in t h i s p a r t i c u l a r calculation, the isotope 

effect i s neglected. 
e.g. i n the ha l f hydrogenated state. 

A ^ H ^ ^-H 

M 
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I t i s also assumed that 1 trititim atom i n theoC position 
appears there as a result of 1 molecule of cyclohexene 
exchai^ng. I n the f i r s t part of t h i s calculation i t has 
been shown that the fraction of the t o t a l number of tritium 
atoms i n cyclohexene i n the <x positions = 0.56. 
. . the ntimber of hydrogen atoms which have exchanged and 
given a c t i v i t y i n OC positions 

= 0.56 X 2.12 X 10^-^ 

= 1.19 X 10^1 

This figure also represents the n-umber of molecules which 
have exchanged and produced tritium i n the oL positions i . e . 
the number of molecules i n v/hich double bond movement tas 
occurred. 
Total number of molecules which are present i n the exchange 

solution 

= 2.0044 X 6 X 10^^ 
82 

= 1.47 X 10^^ 
. . Fraction of molecules i n which double bond movement occurs 

^21 
^2 = 1.19 X 10^^ = 0.0816. 

1.47 X lÔ '̂ -

. . percentage of molecules i n which double bond movement 

occurs 

= 8.2fo 



Calculation to determine the number of molecules of cyclohexene 
decomposed Tjy the p radiation from C-i-41:. ' ' " 

,14 ^ a x . ^ rays = 0.15 Mev. 
Average energy w i l l "be ^ 0.08 Mev»_ 
Average energy of a C - H "bond i s 80 K cal./mole, 

= 80 X 1000 X 4.18 X 10' 
6 X 10^3 

= 55'44 X 10-12 
6 

ergs/C - H "bond. 

= 5.57 X 10 -12 ergs/C - H hond. 

I f the a c t i v i t y of the sample i s 1 m i l l i c u r i e 
i.e., 3.7 X lo''' disintegrations/sec.are occurring 
Average energy of ̂  ray i s 0.08 Mev.' 
1 ev. = 1.6 X 10"^^ ergs, 
energy of ̂  rays = 0.08 x 10^ x 1.6 x lO'-'-̂  ergs. 

= 0.13 X 10"^ ergs. 

I n sample which i s 1 m i l l i c u r i e the number of "bonds 
which could "be ruptured/sec. 

= 3.7 X lo'^ X 0.13 X 10"^ 
5.6 X lO-J-'-̂ i 

= 8.6 X lO-̂ "*- "bonds/sec. 



I t i s highly l i k e l y that i n order to "break a C - H bond, 
soraething l i k e 1.5 times as imch energy as the iDond energy 
w i l l "be required. 

i . e . i n 1 mole. 120 K c a l . 
.*. the niimlDer of C -̂H "bonds "broken with an a c t i v i t y of 
1 m i l l i c u r i e w i l l "be 

8.6 X 10^1 X 8g ^ 5.7 X 10^^ /sec. 

I f there i s 1 mole of active cyclohexene 

i.e. , 6 X 10̂ "̂  mol. 

No. of seconds required to break a C - H bond i n every 
molecule w i l l be 

6 X 10^^ _ n ^ -.nlS 
5.7 X 10 11 1.05 X IQ-"" sec. 

Time required i n years 
1 o 

= 1.05 X 10 
365 X 24 X 60 X 60 

= 1-05 X 10^^ 3.15 5157^ 

= 3.3 X 10^ years. 
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