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T h e  o x id a t io n  o f o lefin s g e n e ra lly  le a d s  t o  a  c o m p le x  m ix tu r e  o f 
p ro d u c ts ,  in  w h ic h  th e  o x y g e n  m a y  b e  c o m b in e d  in  a  n u m b e r  o f  d iffe re n t 
w ays.*  E v id e n c e  h a s  b e en  a c c u m u la te d  in  re c e n t  y e a r s  • t h a t  in  so m e  
cases  a t  le a s t  th e  m a jo r  p r im a r y  p ro d u c t  is  a n  u n s a tu r a te d  h y d ro p e ro x id e  
R C H  : C H  . C H (0 ,H )  . R '.  I n d e e d  c o n d it io n s  c a n  b e  fo u n d  in  w h ic h  
c e r ta in  o lefin s g iv e  a  q u a n t i t a t iv e  y ie ld  o f th is  m a te r ia l .  U n d e r  th e s e  
c irc u m s ta n c e s  w e  h a v e  fo u n d  i t  p o ss ib le  t o  s tu d y  th is  p a r t ic u la r  re a c tio n  
b y  k in e t ic  m e th o d s , a n d  in  th is  p a p e r  a r e  su m m a ris e d  th e  r e s u l ts  so  fa r  
o b ta in e d  ; fu ll e x p e r im e n ta l  d e ta i ls  a r e  in  c o u rse  o f p u b lic a tio n  e lse ­
w here .*

M o st o f  t h e  w o rk  h a s  b e e n  c a r r ie d  o u t  o n  e th y l  l in o le a te  I ,  th e  o th e r  
o lefin s s tu d ie d  b e in g  e th y l  l in o le n a te  I I ,  m e th y l  o le a te  I I I ,  a n d  sq u a le n e  IV .

I. CH,(CH,),CH=CH-CHj—CH =  CH—(CH,),COO CjH,
II. C H ,. C H ,. CH=CH—CH.—CH=CH—CH.—CH=CH—(CH,),COO C,H.

III. CH,(CH,),CH=CH(CHj),COO CH,
IV. (CH,),C=CH . CH,(CH,. C(CH,) =CH  . CH*),(CH,. CH=C(CH,)CH,),

'  C H ,. CH=C(CH,),.
I t  w ill b e  seen  t h a t  I  is  a  1 : 4  d io le fin  ; I I  m a y  b e  c o n s id e re d  a s  a p ­
p r o x im a te ly  e q u iv a le n t  t o  tw o  i  : 4  d io lefin s, I I I  is  a  m o n o -o le fin , w h ile  
IV  c o n ta in s  a  re p e a tin g  i  : 5 d ie n e  u n i t  a n a lo g o u s  to  t h a t  p re s e n t  in  
n a tu r a l  ru b b e r .  R ig o ro u s  p u r if ic a tio n  w as  fo u n d  n e c e ssa ry  b e fo re

'H i l to n ,  I.R.I. Trans., 1942, 17, 319; N aylor, ibid., 1944, 20, 45.
• Crieger, Pilz and  F lygare, Ber., 1939, 73, 1799; F a rm er and  Sundralingam , 

J. Chem. Soc„ 1942, 121.
• BoU^nd, Proc. Roy. Soc., in press.



re p ro d u c ib le  o x id a tio n  r a te s  w e re  o b ta in e d  ; th is  w a s  g e n e ra lly  a c c o m ­
p lis h e d  b y  a  c o m b in a tio n  o f m o le c u la r  d is t i l la t io n  a n d  c h ro m a to g ra p h ic  
m e th o d s .

T h e  p e ro x id e  c o n te n ts  o f re a c t io n  p ro d u c ts  w e re  d e te rm in e d  b y  tw o  
m e th o d s  : [a] b y  re a c tio n  w ith  fe rro u s  th io c y a n a te .  u s in g  a  c o lo r im e tr ic  
e s t im a tio n  o f th e  fe rr ic  th io c y a n a te  p ro d u c e d  ; * (&) b y  th e  m o d ified  
io d in e  m e th o d  o f  D a s tu r  a n d  L ea.*  I n  g e n e ra l,  th e  r e s u l ts  o f  th e s e  
m e th o d s  w e re  in  good  a g re e m e n t, b u t  in  t h e  c ase  o f  o x id is e d  e th y l  l in o le a te  
t h e  fo rm e r  m e th o d  g a v e  a b s u rd ly  h ig h  v a lu e s , e q u iv a le n t  to  p e ro x id e  
c o n te n ts  b e tw e e n  i  a n d  2 t im e s  h ig h e r  t h a n  t h e  t o t a l  o x y g e n  c o n te n t .  
T h e  o r ig in  o f  th is  d is c re p a n c y  is  u n k n o w n , a n d  t h e  io d in e  m e th o d  h a s  
b e e n  a s su m e d  to  g iv e  t h e  c o rre c t  re s u l t .  S t ro n g  c o n f irm a tio n  of th is  
a s s u m p tio n  is  fo u n d  in  t h e  c lose  a g re e m e n t o f th is  v a lu e  w i th  (a) t h e  t o ta l  
o x y g e n  c o n te n t ,  a n d  (6) th e  a c t iv e  h y d ro g e n  v a lu e  d e te rm in e d  b y  a  
m o d if ie d  Z e re w itin o ff  m ethod.®  U n d e r  t h e  e x p e r im e n ta l  c o n d itio n s  
e m p lo y e d  in  t h e  k in e t ic  w o rk , th e  f ir s t  th r e e  o lefin s g a v e  q u a n t i t a t iv e  
y ie ld s  o f  h y d ro p e ro x id e . T h e  lo w e r y ie ld  fo u n d  in  th e  c a se  o f  sq u a le n e  
(see be low ) m a k e s  c o n c lu s io n s  d ra w n  f ro m  w o rk  o n  th is  o lefin  less  c e r ta in .

E x a m in a t io n  o f th e  a b s o rp t io n  s p e c tr a  in  t h e  q u a r tz  U .V . re g io n  h a s  
sh o w n  ’ t h a t  o x id a t io n  o f  th e  l in o le a te  a n d  l in o le n a te  is  a c c o m p a n ie d  b y  
d o u b l l  b o n d  d isp la c e m e n t a n d  th e  fo rm a t io n  o f c o n ju g a te d  m a te r ia ls .  
T h is  d isp la c e m e n t is  c o n fin e d  to  o x id ised  m o lecu les , a n d  i t  a p p e a r s  t h a t  
th e  p r in c ip a l  o x id a t io n  p ro d u c t  o f e th y l  l in o le a te  is  a  c o n ju g a te d  h y d r o ­
p e ro x id e  [e.g. V ).

V. . CH(OOH) . C H = C H  . C H = C H  . (CHa)^. COO CjH^.

K in e tic  m e a su re m e n ts  w e re  c a r r ie d  o u t  o n  c a . 0*2 g . s a m p le s  in  sm a ll 
b u lb s  w h ic h  w ere  s h a k e n  su ff ic ie n tly  v ig o ro u s ly  fo r  t h e  r a te  o f o x id a tio n  
to  b e  in d e p e n d e n t  o f  t h e  r a te  o f sh a k in g . O x y g e n  u p ta k e  w a s  m e a su re d  
b y  m e a n s  o f a  t h e r m o s ta t t e d  c o n s ta n t  p re s s u re  g a s  b u r e t t e ,  a  p re s su re  
r a n g e  o f  5 to  750 m m . b e in g  e m p lo y e d . T h e  re a c t io n  v esse l w as sc ree n e d  
f ro m  l ig h t  a n d  s e p a ra te ly  th e rm o .s ta t te d  a t  25^-75® C. C a re fu lly  p u rif ied  
e th y l  s t e a r a te  w a s  e m p lo y e d  a s  d i lu e n t  w h e n  i t  w a s  d e s ire d  t o  e x a m in e  
t h e  e ffec t o f o lefin  c o n c e n tra t io n .

( 1) T h e  A u to x id a tio n  of E th y l L in oleate.
W h e n  p u r e  e th y l  l in o le a te  w a s  o x id is e d , t h e  r a te  o f  re a c t io n  w as 

fo u n d  to  b e  sm a ll  in i t ia l ly  a n d  to  in c re a s e  l in e a r ly  w i th  t h e  e x te n t  o f 
o x id a t io n  a s  sh o w n  in  th e  ty p ic a l  c u rv e s  o f  F ig . i .  N e i th e r  t h e  in i t ia l  
r a te  n o r  i t s  d e p e n d e n c e  o n  e x te n t  o f  o x id a t io n  w a s  s ig n if ic a n tly  a f fe c te d  
b y  (a) p a c k in g  th e  p y re x  re a c t io n  v esse l w i th  b ro k e n  g lass , (6) c o a tin g  
i t  c o m p le te ly  w i th  “  p o ly th e n e ,"  o r  (c) re p la c in g  i t  b y  a  s il ic a  vessel. 
I t  a p p e a r s  th e re fo re  t h a t  t h e  o v e ra l l  o x id a t io n  is  m a d e  u p  o f  tw o  h o m o ­
g e n eo u s  re a c tio n s , o f  w h ic h  th e  f ir s t  d e p e n d s  o n ly  o n  o lefin  a n d  o x y g en , 
a n d  th e  se c o n d  in v o lv e s  c a ta ly s is  b y  a n  o x id a tio n  p ro d u c t ,  w h ic h  m u s t  
a lm o s t  c e r ta in ly  b e  t h e  h y d ro p e ro x id e . E x c e p t  in  t h e  v e r y  e a r ly  s ta g es , 
o n ly  t h e  c a t a l ^ i c  o x id a tio n  is  o f im p o r ta n c e ,  a n d  w e  c o n s id e r  th is  f irs t.

S y s te m a t ic  v a r ia t io n  o f t h e  r e a c ta n t  c o n c e n tr a t io n s  sh o w ed  t h a t  o v e r  
a  v e r y  w id e  r a n g e  th e  r a te  o f o x id a t io n  w a s  re p re s e n te d  b y  a n  e q u a tio n  
o f  th e  fo rm  :

= ■ ■ ■ (I)

w h e re  R H  is  w r i t te n  fo r  t h e  u n o x id is e d  o lefin  a n d  R O *H  fo r  t h e  h y d r o ­
p e ro x id e . T h e  fo rm  o f  th e  p re s su re  v a r ia t io n  <f>{p) w a s  less c e r ta in ly

* BoUand, Sundralingam , S u tto n  a n d  T ris tram . I.R.I. Trans., 1941, 1 7 , 29.
* D a s tu r  and  Lea, Analyst, 1941, 66, 90.
•B o llan d , I.R.I. Trans., 1941, 16, 267.
’ B olland and Koch, J. Chem. Soc., 1945, 4 4 5 ; Farm er, Koch and  Su tton , 

]. Chem. Soc., 1943, 541. »
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e s ta b lish e d , o w in g  to  th e  fa c t  t h a t  o x y g e n  p re ssu re  h a d  sc a rc e ly  a n y  effec t 
on  th e  r a te  u n t i l  p re ssu re s  o f less t h a n  50 m m . w ere  e m p lo y e d . T h e  
m e a su re d  r a te s  w ere  c o n s is te n t  w ith  th e  re la tio n s h ip  ;

=  I +  A • (2)

The M echanism of the Peroxide Catalysed Oxidation.
B y  a n a lo g y  w ith  o th e r  a u to x id a tio n s  '  i t  w as  a n t ic ip a te d  t h a t  th is  

r e a c tio n  w o u ld  p ro v e  to  b e  o f c h a in  c h a ra c te r ,  a n d  th is  h a s  b e e n  sh o w n  
to  b e  th e  c ase  b y  e x a m in a t io n  o f  th e  e ffec ts  o f  in h ib ito rs .*  I t  is  k n o w n  
t h a t  d ib e n z o y l p e ro x id e  r e a d i ly  d eco m p o ses  th e rm a lly ,  p ro d u c in g  free  
r a d ic a l  f ra g m e n ts  w h ic h  a re  a b le  to  in i t i a te  c h a in  reactions.*®  A  s im ila r  
m e c h a n ism  seem ed  l ik e ly  to  b e  re sp o n s ib le  fo r  th e  c a ta ly t ic  a c t i v i t y  o f  
th e  l in o le a te  h y d ro p e ro x id e , a n d  c o n f irm a tio n  of th is  v iew  h a s  b een  
o b ta in e d  in  tw o  w a y s  : (a) b y  c a r ry in g  o u t  a  p a ra l le l  se rie s  o f o x id a tio n s

F ig .  I .— A u tox idation  o f E th y l L inoleate  a.tp„ =  100 m m .
W  5 5 ° C . ;  (6) 4 5 » C . :  (c) 3 5 ° C . ‘

w ith  b e n zo y l p e ro x id e  a s  c a ta ly s t  (see below ), a n d  (b) b y  f in d in g  e x p e r i­
m e n ta l ly  a  c o r re la t io n  b e tw e e n  th e  r a te  o f a u to x id a tio n  a n d  th e  r a te  of 
d e c o m p o s itio n  o f  th e  h y d ro p e ro x id e . T h e  th e r m a l  d e c o m p o s itio n  of 
e th y l  l in o le a te  h y d ro p e ro x id e  h a s  n o t  y e t  b e en  fu l ly  e x a m in e d , b u t  i t  
h a s  b e en  sh o w n  t h a t  th e  re a c tio n  is  o f  se c o n d  o rd e r , i.e.

d [R O ,H ]
di A ,[R O ,H ]« • (3)

T h e  e n e rg y  o f a c t iv a t io n  c a lc u la te d  fro m  th e  t e m p e ra tu r e  d e p e n d e n c e  
o f A, is  26 k .c a l. .

S tro n g  e v id e n c e  a s  t o  th e  n a tu r e  o f  t h e  re a c tio n  c h a in  is  fo u n d  in  th e  
o b s e rv a t io n  a lr e a d y  n o te d  t h a t  o x id a t io n  o f e th y l  l in o le a te  is  a c c o m p a n ie d

• E.g. Semenoflf, Chemical Kinetics of Chain Reactions, Oxford, 1935.
• B o lla n d  a n d  ten  H a v e , u n p u b h sh e d  work.
“ H ey  an d  W aters, Chem. Rev., 1937, ^ ' t



b y  d o u b le  b o n d  d isp la c e m e n t.  T h is  is  r e a d i ly  u n d e rs to o d  if  o n e  o f th e
c h a in  c a r r ie r s  is  th e  free  ra d ic a l

R  . C H » C H  . CH  . C H = C H  . R ',
I

s in c e  th is  r a d ic a l  w ill p o ssess  tw o  o th e r  re so n a n c e  h y b r id  c o n fig u ra tio n s ,

R C H  . C H  =  C H  . C H  =  C H R ' a n d  R  . C H  =  C H  . C H  =  C H  . C H R '
I I

T h e  e x is te n c e  o f  th e s e  th r e e  a l t e r n a t iv e  fo rm s  g iv es  r ise  t o  a  largle re so n a n c e  
s ta b i l i s a t io n  o f t h i s  r a d ic a l  a n d  a lso  p e rm its  t h e  fo rm a t io n  o f iso m eric  
p e ro x id e  ra d ic a ls  b y  a t t a c k  o f  o x y g e n , e.g,

R C H  . C H ^ C H  . CH  =  C H R ' +  O , R C H  . CH = C H  . C H ^ C H R '

I*
R e a c tio n  o f t h is  p r o d u c t  w i th  a  m o le c u le  o f  u n o x id is e d  e s te r  c o u ld  n o w  
g iv e  th e  o b se rv e d  h y d ro p e ro x id e , w ith  fo rm a t io n  o f a  n e w  free  r a d i c a l :
R C H  . C H = C H  . C H = C H R ' +  R C H = C H  . C H , . C H = C H  . R '

O , R C H (0 ,H )C H = C H  . C H = C H R ^ +  R C H = C H  . CH  . C H = C H R '

T h is  re a c t io n  se q u e n ce , w h ic h  is  sh o w n  in  t h e  a d jo in in g  p a p e r  t o  be  
e n e rg e tic a l ly  re a so n a b le , m a y  b e  w r i t te n  fo rm a lly  :

• As
+  o ,  —  ̂R O ,—

R O ,—  +  R H  R O ,H  +  R —

T h e  in i t i a t io n  p ro cess , o n  t h is  v iew , m u s t  b e  t h e  p ro d u c tio n  d ir e c t ly  o r  
in d ir e c t ly  o f R —  o r  R O ,—  ra d ic a ls  b y  th e  d e c o m p o s itio n  o f h y d ro p e ro x id e . 
T o  c o n fo rm  w i th  th e  r e s u l ts  of- th e  d e c o m p o s itio n  e x p e r im e n ts  th is  r e ­
a c t io n  m u s t  b e  o f  se c o n d  o rd e r , w ith  a  v e lo c ity  c o n s ta n t  :

2R 0 ,H  R —  +  ?

In  o rd e r  t o  c o m p le te  t h e  re a c tio n  m e c h a n ism , w e re q u ire  t o  k n o w  
h o w  th e  c h a in  c a r r ie r s  a r e  d e s tro y e d . S in ce  th e  o v e ra l l  r a te  is  p r o p o r ­
t io n a l  t o  [R 0 ,H ]  w h ile  t h e  r a t e  o f in i t i a t io n  d e p e n d s  o n  [ROgH ]*, i t  is  
e a s ily  se e n  t h a t  t h e  te r m in a t io n  m u s t  e i th e r  in v o lv e  (a) a  h y d ro p e ro x id e  
m o le c u le  a n d  a  f ree  r a d ic a l  o r  {b) tw o  free  ra d ic a ls .  O f th e s e  a l te rn a t iv e s  
t h e  se c o n d  is  t h e  o n e  to  b e  a n t i c ip a te d  o n  c h e m ic a l g ro u n d s , a n d  is  in  
f a c t  t h e  o n ly  o n e  w h ic h  is  c o n s is te n t  w i th  th e  r e s u l ts  o f  b e n z o y l p e ro x id e  
c a ta ly s e d  o x id a t io n .  T h e re  a re  th r e e  p o ss ib le  re a c tio n s  o f  th is  ty p e  : *

K
2 R ---------  R — R

r _  +  R O ,--------- ► R _ o — O— R

K
2 R O ,---------  R — O — O — R  +  O ,

A  c o m p le te  k in e t ic  a n a ly s is , a llo w in g  fo r  a ll  th r e e  t e r m in a t io n  re a c tio n s , 
g iv es  n o  s im p le  e x p lic it  r a te  e q u a tio n . I f  (5) a n d  (6) m a y  b e  n e g le c te d , 
i t  is  r e a d i ly  sh o w n  t h a t

-  =  A .(A ./A .)*[R O ,H ] [O .] . . . (4)

** H tickel, Z. Elektrochem., 1937, 4 3 > 841. ^
•  The n a tu re  of th e  end p roducts is o f course n o t determ inab le  b y  these  ex ­

perim en ts and  m ay  differ from  th a t  suggested here. T h eir co ncen tra tion  will 
in  a n y  case b e  v e ry  sm all if th e  chain  len g th  o f th e  o x id atio n  is long.
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w h ile  if (4) a n d  {5) a r e  n e g le c te d , t h e  r a te  e q u a t io n  Is :

-  =  A3(A./A.)J[R0 .H] [RH] . . . (5)

C o m p a r in g  th e  e x p e r im e n ta l  e q u a t io n  (1) w i th  (4) a n d  {5) i t  w ill be  
o b se rv e d  t h a t  ( i )  re d u c e s  t o  (4) if p is  sm a ll  so  t h a t  ^{p) ->-/»/A[RH] a n d  
to  (5) i f  p is  la rg e  {>f>{p) i ) .  T h e  p h y s ic a l s ig n ifican ce  o f t h is  is  t h a t  th e
c o n c e n tr a t io n  o f  t h e  ra d ic a ls  R —  re la tiv e  t o  t h a t  o f R O ,—  w ill d e c re a se  
a s  th e  p re s su re  in c re a se s , so  t h a t  a t  h ig h  p re ssu re s  th e .  o n ly  te rm in a t io n  
re a c t io n  o f  a n y  im p o r ta n c e  is t h a t  b e tw e e n  tw o  R O *—  ra d ic a ls .

A n  a p p r o x im a te  c o m p le te  t r e a tm e n t  is p o ss ib le  b y  a s su m in g  
w h e n  i t  m a y  b e  sh o w n  t h a t  a n  e q u a t io n  o f th e  s a m e  fo rm  a s  ( i)  is  fo u n d , 
w i th  = k^{kjk^)\ a n d

.  . k, Ik, [R H ] . Vk,k, [R O ,H ]
m "  ^ k , ' \ l k ,  [o,] ^  k, [o,] •

F o r  lo n g  c h a in s , i t  is e a s ily  se e n  t h a t  th e  la s t  t e r m  is  n e g lig ib le , so  t h a t  
(6) is e q u iv a le n t  t o  (2). I n  o th e r  w o rd s , th is  re a c t io n  sc h e m e  le a d s  t o  a  
c o m p le te ly  s a t is f a c to r y  in te r p r e ta t io n  o f  t h e  k in e tic  d a ta .  T h e  c h a in  
le n g th  o f t h e  o x id a t io n  c h a in  is  g iv e n  b y

ft a [R H ]
" ~  V l^ .  [R O .H ] • • ■ ■

W ith  [R H ]/[R O a H ] =  10. f{p) =  i . - t h i s  g iv es  v r -  lo o  a t  45° C .' V a lu e s  
c a lc u la te d  f ro m  th is  e q u a t io n  a g re e  r e a s o n a b ly  w e ll w i th  th o s e  o b ta in e d  
f ro m  th e  s tu d y  o f th e  e f ie c t o f  inh ib ito rs.®  N o  o fh e r  se q u e n ce  o f re a c tio n s  
h a s  b e en  fo u n d  w h ic h  a c c o u n ts  s a t is f a c to r i ly  fo r  a ll  th e  k in e tic  a n d  c h em ica l 
o b se rv a tio n s ,  a n d  w e  th e re fo re  fee l c o n s id e ra b le  co n fid en ce  in  em p lo y in g  
th is  a n a ly s is  t o  d isc u ss  th e  r a te s  a n d  en erg ies  o f  th e  e le m e n ta ry  re a c tio n s .

E n e rg ie s  o f A c tiv a tio n .
F ro m  th e  te m p e ra tu r e  d e p e n d e n c e  o f t h e  o v e ra l l  v e lo c ity  c o n s ta n t  

A* {atp ^  00) w e fin d  a n  e n e rg y  o f  a c t iv a t io n  Ea. = 17*2 k x a l .  w h ich , 
a c c o rd in g  to  (5) is  e q u a l  to  ^ (£1  — E^). W e  h a v e  a lr e a d y  n o te d
t h a t  El, m e a su re d  d ire c tly ,  is  26  k .ca l., so  t h a t

E, -  ^E, = 4-2 k -c a l............................................(8)

S im ila r ly , f ro m  th e  t e m p e ra tu r e  d e p e n d e n c e  o f  A, a s su m in g  a  n e g lig ib le  
h e a t  o f so lu t io n  o f  o x y g e n , w e  find

E;, = E , - E ,  + -  £ , )  ^  8-7 k .c a l.  . . {9)
C o m b in in g  (8) a n d  (9) :

^  4*5 k .c a l ..................................... ( lo ),
S ince  re a c tio n  (4) in v o lv e s  tw o  free  ra d ic a ls , E, m u s t  b e  sm a ll (sa y  <  10),
so  t h a t ,  e v e n  a llo w in g  fo r  a  r a th e r  la rg e  e x p e r im e n ta l  e r ro r  in  Ex, i t  is
c le a r  t h a t  ~  O. T h e  c h e m is try  o f re a c tio n  (6) is  less c le a r , so  t h a t  w e 
c a n  o n ly  c o n c lu d e  fro m  (8) t h a t  £ 3  >  4 k .ca l.

(2) T h e  A u to x id a tio n  o f E th y l L in olen ate.
M uch  less c o m p le te  d a ta  a re  a v a ila b le  fo r  e th y l  lin o le n a te , b u t  th e y  

suffice to  sh o w  t h a t  th e  g e n e ra l c o u rse  o f  th e  re a c tio n  is  id e n t ic a l  w ith  
t h a t  fo u n d  fo r  e th y l  l in o le a te . T h e  o v e ra ll  e n e rg y  o f  a c t iv a t io n  fo r  th e  
a u to c a ta ly s e d  re a c tio n  is  a lm o s t id e n tic a l  (17-5 k .ca l.)  a n d  i t  a p p e a rs  
u n lik e ly  t h a t  a n y  se rio u s  d iffe ren ces b e tw ee n  t h e  tw o  sy s te m s  w o u ld  be 
r e v e a le d  b y  a  m o re  d e ta ile d  a n a ly s is .

%
(3) B en zo y l P ero x id e  C a ta lysed  O xid atio n s.

T h e  r a te  o f  o x id a tio n  o f a ll th e  o lefm s s tu d ie d  w as  fo u n d  to  b e  m a rk e d ly  
in c re a sed  in  th e  p re sen c e  o f  b en zo y l p e ro x id e . I n  o rd e r  to  s tu d y  th e
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k in e t ic s  o f  th is  re a c tio n  s e p a ra te ly ,  i t  w as n e c e ssa ry  t o  d e d u c t ,  t h e  c o n ­
t r ib u t io n s  o f t h e  u n c a ta ly se d  a n d  a u to c a ta ly s e d  r e a c tio n s .  T h e  l a t t e r  
w a s  readily e lim in a te d  b y  m e a su r in g  t h e  r a te  in  p re sen c e  o f p en o x id e  a s  
a  fu n c tio n  of e x te n t  o f  o x id a t io n , a n d  e x tr a p o la t in g  b a c k  to  zero . In  th e  
c a se  o f m d th y l  o le a te , th is  g a v e  a t  o n c e  th e  r a te  o f th e  c a ta ly se d  re a c tio n , 
s in c e  t h e  u n c a ta ly s e d  o x id a t io n  w a s  n e g lig ib ly  s lo w  u n d e r  th e  c o n d itio n s  
e m p lo y e d . T h e  r a te  o f th e  c a ta ly s e d  r e a c t io n  w as  t h e n  fo u n d  to  b e  
p ro p o r t io n a l  to  th e  sq u a re  r o o t  o f  th e  b e n z o y l p e ro x id e  c o n c e n tra t io n , 
a n d  a lm o s t  in d e p e n d e n t  o f o x y g e n  p re s su re  d o w n  to  10 m m . D e te rm in a ­
t io n  o f  t h e  d e p e n d e n c e  o n  o lefin  c o n c e n tr a t io n  p re s e n te d  a  s l ig h t  d iff ic u lty , 
s in c e  t h e  r a te  o f  o x id a t io n  of t h e  so lv e n t  (e th y l s t e a r a te ) 'w a s  fo u n d  to  b e  
n o t  q u i te  n e g lig ib le  in  d i lu te  s o lu tio n  ; th e  r a te  w as, h o w e v e r , v e ry  n e a r ly

Fig. 2 .— Benzoyl Peroxide C atalysed O xidation  of (a) e th y l linoleate a t  4 5 ° C .; 
(t) squaJene a t  45° C .; (c) m ethy l oleate a t  65° C. =  100 m m.

(II)

p ro p o r t io n a l  to  o lefin  c o n c e n tra t io n , so  t h a t  w e  h a v e

-  ®  =  *c[RH] [B z,o .]i m  ■ ■

w h e re  <l>(p) i  fo r  m e th y l  o le a te .
I n  th e  o th e r  o lefins, th e  u n c a ta ly s e d  r a te  w a s  in  g e n e ra l n o t  n e g lig ib le , 

a n d  i t  w a s  n e c e ssa ry  t o  a llo w  fo r  i t  b y  m e a n s  o f a  l in e a r  p lo t  o f (ra te )*  
a g a in s t  [B z jO ,] , e.g. in  F ig . 2. T h e  s q u a re  ro o t  o f th e  s lo p e  o f th is  lin e  
g a v e  th e  r a te  o f t h e  c a ta ly s e d  re a c tio n , w h ic h  w as  fo u n d  to  c o n fo rm  
c lo se ly  to  e q u a t io n  ( i i ) .*  F o r  e th y l  l in o le a te , <j>{p) h a d  th e  sa m e  fo rm  as 
in  t h e  a u to c a ta ly s e d  re a c tio n .

I t  is  e v id e n t  f ro m  a  c o m p a r is o n  of e q u a t io n s  ( i )  a n d  (11) t h a t  th e  
r a te  e q u a t io n s  o f th e  a u to c a ta ly s e d  a n d  b e n z o y l p e ro x id e  c a ta ly s e d

•  I t  is of in te res t to  n o te  th a t  th e  benzoyl peroxide catalysed  ox idation  of 
cyclohexene has been stud ied  b y  M edvedev (Acta Physico Chimica V.R.S.S., 
1938,1>, 395). H is resu lts show th e  ra te  of ox idation  to  be very  sim ilar to  th a t  
of m ethy l o leate  un d er eq u iva len t conditions. I t  ap p ears p robab le  from  th e  
frag m en ta ry  .d a ta  available th a t  th e  reaction  is also k inetically  sim ilar to  those 
we have  stud ied , a lthough  M edvedev advances a  different in te rp re ta tio n .



r e a c tio n s  d iffe r  o n ly  in  t h e  d e p e n d e n c e  o n  p e ro x id e  c o n te n t .  T h is  d iffe r­
en ce  fin d s a  r e a d y  in te r p r e ta t io n  in  t h e  o b s e rv a t io n  t h a t  t h e  th e r m a l  
d e c o m p o s itio n  o f b e n zo y l p e ro x id e  is  u n im o le c u la r , w ith  a n  e n e rg y  o f 
a c t iv a t io n  o f  30 k .c a l .“  S tro n g  e v id e n ce  o f  th e  i d e n t i ty  o f t h e  c h a in  se ­
q u e n c e s  in  th e  a u to c a ta ly s e d  a n d  b e n zo y l p e ro x id e  c a ta ly s e d  o x id a tio n s  
is  fo u n d  in  t h e  c lose  a g re e m e n t b e tw e e n  th e  r a te s  o f o x id a t io n  o f tw o
sa m p le s  o f e th y l  l in o le a te  (a) a u to c a ta ly s e d , a n d  (fc) b e n z o y l p e ro x id e
c a ta ly s e d , w h e n  .th e  c o n c e n tr a t io n  o f th e  tw o  p e ro x id e s  w e re  su c h  a s  t o  
m a k e  th e i r  d e c o m p o s itio n  r a te s  e q u a l  (a t  th e  s a m e  te m p e ra tu re ) .

T h e  o v e ra l l  e n e rg ie s  o f  a c t iv a t io n  fo u n d  fo r  th e  b e n z o y l p e ro x id e  
c a ta ly s e d  o x id a t io n  (a t  ^  ^  00) w ere  :

e th y l  l in o le a te .  . . . .  ig*o k .ca l. 
m e th y l  o le a te  . . . . .  23-0 k .ca l.
s q u a l e n e . .................................................. 21-8 k .ca l.

T h e  d iffe ren ce  b e tw e e n  th is  v a lu e  fo r  e th y l  l in o le a te  a n d  t h a t  fo u n d  fo r 
t h e  a u to c a ta ly s e d  re a c t io n  sh o u ld  b e  h a lf  t h e  d iffe ren ce  b e tw e e n  th e  
e n e rg ie s  o f a c t iv a t io n  fo r  d e c o m p o s itio n  o f  t h e  tw o  p e ro x id e s  ; th is  is 
seen  to  b e  t r u e  w ith in  e x p e r im e n ta l  e r ro r .

I n  o rd e r  t o  c o m p a re  v a lu e?  fo r  t h e  th r e e  o lefin s, w e  r e q u ir e  a n  e x ­
p re ss io n  fo r  t h e  o v e ra l l  r a te  c o n s ta n t .  I f  k-, is  t h e  u n im o le c u la r  d eco m ­
p o s it io n  c o n s ta n t  o f  b e n z o y l p e ro x id e , i t  re a d ily  fo llow s t h a t  t h e  o v e ra ll 
r a te  c o n s ta n t  a t  h ig h  p re ssu re s  is  g iv e n  b y

Ac =  * « '\ / ^ ......................................... (̂ 2)

T h e  e x p e r im e n ta l ly  o b se rv e d  e n e rg y  Ec is  t h u s  +  J ( £ ,  — £ , ) .  P u t t in g  
£ 7  =  30 in  a l l  cases, w e  o b ta in  fo r  — \E^ t h e  fo llo w in g  v a lu e s  : e th y l  
l in o le a te  4  k .c a l. ,  m e th y l  o le a te  8 k .c a l. ,  sq u a le n e  6-8 k .c a l.  T h ese  a re , 
o f  co u rse , minimum v a lu e s  fo r  w h ile  th e  d iffe re n ce s  b e tw e e n  th e m  sh o u ld  
r e p re s e n t  c lo se ly  t h e  d iffe ren ces b e tw e e n  th e  a b s o lu te  E^ v a lu e s  fo r  th e  
th r e e  o lefin s, s in c e  th e r e  i s  n o  o b v io u s  rea^*on to  a n t ic ip a te  v a r ia t io n s  
in  £e-

A n  a l t e r n a t iv e  e s t im a te  o f th e  d iffe ren ces  in  E^ is o b ta in a b le  f ro m
th e  r e la t iv e  re a c tio n  r a te s .  I f  w e  su p p o s e  t o  b e  in d e p e n d e n t  o f th e
n a tu r e  o f  t h e  o lefin , i t  fo llow s t h a t  kcock,. T h e  o n ly  d iff ic u lty  in  a p p ly in g  
th is  m e th o d  lie s  in  d e fin in g  [R H ] fo r  t h e  th r e e  o lefins, s in c e  t h is  q u a n t i t y  
is  a c tu a l ly  t h e  c o n c e n tr a t io n  o f re a d i ly  re m o v a b le  h y d ro g e n  a to m s . 
A ssu m in g  t h a t  th e  n u m b e r  o f r e a c t iv e  m e th y le n e  g ro u p s  p e r  m o le c u le  
is  I in  e th y l  l in o le a te , f  2 in  m e th y l  o le a te  a n d  12  in  sq u a le n e , w e  fin d  
fo r  t h e  r e la t iv e  v a lu e s  o f  A, a t  55® C. : m e th y l  o le a te  1, s q u a le n e  2 -i, 
e th y l  l in o le a te  24 . I f  th e s e  d iffe ren ces  a r is e  so le ly  fro m  d iffe ren ces  in 
w e fin d

(o lea te ) — £ ,  (sq u a len e) =  0*4
El (o lea te ) — E^ ( lin o lea te )  =  2*2.

T h e  s ig n ific a n ce  o f  th e s e  e n e rg y  d iffe re n ce s  w ill b e  d isc u sse d  in  t h e  
n e x t  p a p e r .

(4) Nature of the Oxidation Product of Squalene.
T h e  a b o v e  d isc u ss io n  is  b a se d  o n  th e  a s s u m p tio n  o f  a  q u a n t i t a t iv e  

y ie ld  o f  h y d ro p e ro x id e , w h ic h  d oes n o t  a p p e a r  t o  h o ld  in  t h e  c ase  o f 
sq u a le n e . T h e  p e ro x id e  y ie ld  fo u n d  e x p e r im e n ta l ly  w a s  o f  t h e  o rd e r  o f 
40  %  a n d  s u b s ta n t ia l ly  in d e p e n d e n t  o f t h e  e x te n t  o f o x id a t io n  in  th e

** McClure, R obertson  and  C uthbertson , Can. J. Res., B, 1942, 30 , 103-
t  O nly th e  m ost reactive  are of course counted ; th e  effect of th e  Jess reactive  

groups fianking th e  d iene system  will be negligible.



ra n g e  0 7  %  to  3 %  o x y g e n  b y  w e ig h t. T h is  fig u re  w a s  c o n firm e d  b y  
b o th  m e th o d s  o f  p e ro x id e  d e te rm in a tio n , b u t  p re lim in a ry  a c t iv e  h y d ro g e n  
e s t im a tio n s  su g g e s t a  v a lu e  o f th e  o rd e r  o f  o n e  a c t iv e  h y d ro g e n  p e r  o x y g e n  
m o le c u le  in tro d u c e d . T h is  d is c re p a n c y  m ig h t  a r is e  f ro m  a  d e c o m p o s itio n  
o f  h y d ro p e ro x id e  d u r in g  th e  re a c tio n , b u t  tw o  c o n s id e ra tio n s  m a k e  th is  
r a th e r  u n lik e ly  : ( i )  t h e  fa ilu re  t o  f in d  s u b s ta n t ia l ly  h ig h e r  p e ro x id e
y ie ld s  a t  sm a ll  e x te n t s  o f  o x id a tio n , a n d  (2) th e  Q b se rv a tio n  t h a t  th e  
s t a b i l i ty  o f t h e  p e ro x id e  o n  h e a t in g  in  v a c u u m  is  o f  t h e  s a m e  o r d e r  a s  
t h a t  o f  e th y l  l in o le a te  h y d ro p e ro x id e .  T h is  d if f ic u lty  re m a in s  t o  b e  r e ­
so lv e d  in  t h e  l ig h t  o f f u r th e r  e x p e r im e n t.  T h e  c lose  p a ra l le l is m  b e tw e e n  
th e  k in e tic s  o f  b e n z o y l p e ro x id e  c a ta ly s e d  o x id a t io n  o f  a ll  t h e  o lefin s 
s tu d ie d , m a k e s  i t  a p p e a r  e x tr e m e ly  p ro b a b le  t h a t  th e  e s se n tia l  c h a in  
m e c h a n ism  is  fo rm a lly  t h e  sa m e  fo r  s q u a le n e  a s  fo r  th e  o th e r  o lefin s.

(5) The Uncatalysed Oxidation of Ethyl Linoleate.
G re a t  d if f ic u lty  w a s  a t  f i r s t  exp>erience^ in  o b ta in in g  re p ro d u c ib le  v a lu e s  

fo r  t h e  in i t ia l  r a te  o f o x id a tio n , b u t  e v e n tu a l ly  i t  w a s  fo u n d  p o ss ib le  to  
p u r i f y  a  sp e c im e n  o f th e  e s te r  b y  f ra c t io n a l  c h r o m a to ^ a p h y  u n t i l  f u r th e r  
f r a c t io n a t io n  fa ile d  t o  c h a n g e  th e  in i t ia l  r a te  o f  o x id a t io n . T h e  m a in  
c a u se  o f t h e  d if f ic u lty  is  b e lie v ed  to - h a v e  b e en  t r a c e s  o f  f re e  a c id , s in c e  
sm a ll  a d d it io n s  o f s te a r ic  a c id  w e re  fo u n d  to  h a v e  a  m a rk e d  c a ta ly t ic  e ffec t, 
a p p a r e n t ly  b y  a c c e le ra t in g  th e  r a te  o f p e ro x id e  d e c o m p o s itio n .’ W ith in  
t h e  a c c u ra c y  w i th  w h ic h  th e  r a th e r  sm a ll  u n c a ta ly s e d  r a te s  c o u ld  b e  
m e a su re d , t h e  e m p ir ic a l  r a te  e q u a t io n  w a s  o f  t h e  fo rm

- - ^  =  . . . (13)

w h e re  ^ (p ) w a s  t h e  s a m e  fu n c tio n  o f o x y g e n  p re s su re  a s  in  th e  a u to -  
c a ta ly t ic  r e a c tio n . I t  is  h a r d  t o  r e s is t  th e  c o n c lu s io n  t h a t  w e a re  c o n ­
c e rn e d  o n c e  n jo re  w i th  t h e  sa m e  c h a in  se q u e n ce , b u t  i n i t i a te d  in  th is  c ase  
b y

8̂
R H  -h O ,  — ► fre e  ra d ic a ls

( th e  n a tu r e  o f t h is  re a c t io n  is  d isc u sse d  in  t h e  fo llo w in g  p a p e r) . T h e  
o v e ra l l  e n e rg y  o f  a c t iv a t io n  fo r t h e  u n c a ta ly s e d  re a c t io n  is  e q u a l  t o  t h a t  
of t h e  a u to c a ta ly ^ e d  re a c tio n , w i th in  e x p e r im e n ta l  e r ro r .  I t  fo llow s t h a t

^  £ 1  =  26 k .ca l.

Sum m ary.
A  b r ie f  re v ie w  is  g iv e n ^ o f  k in e t ic  w o rk  o n  th e  o x id a t io n  o f  r e p re ­

s e n ta t iv e  m o n o , I  : 4 a n d  i  : 5 o lefin s. T h e  e sse n tia l  p ro cess  in  e a c h  c ase  
is  id e n tif ie d  a s  a  c h a in  re a c tio n  in  w h ic h  h y d ro c a rb o n  r a d ic a ls  a re  fo rm ed , 
a b s o rb  o x y g e n , a n d  th e n  r e a c t  w i th  a n o th e r  m o le c u le  o f o le fin  t o ^ v e  a  
h y d ro p e ro x id e  a n d  a  new  free  ra d ic a l .  T h re e  m e th o d s  o f c h a in  in i t ia t io n  
a re  c o n s id e re d  : {a) d i r e c t  a t t a c k  o f o x y g e n  o n  th e  o lefin , {b) th e r m a l  
d e c o m p o s itio n  o f t h e  h y d ro p e ro x id e , (c) th e r m a l  d e c o m p o s itio n  o f a d d e d  
b e n z o y l p e ro x id e . C h i n  te r m in a t io n  r e s u l ts  f ro m  in te r a c t io n  o f  tw o  
fre e  r a d ic a ls  ; e x c e p t  a t  lo w  o x y g e n  p re ssu re s , th e s e  a re  b o th  p e ro x id ic .
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I n  t h e  p re c e d in g  p a p e r  w e  h a v e  c o n s id e re d  th e  k in e t ic s  o f  o x id a t io n  
o f o lefin s  u n d e r  c o n d it io n s  su c h  t h a t  a  s u b s ta n t ia l ly  q u a n t i t a t iv e  y ie ld  
o f  h y d ro p e ro x id e  is  o b ta in e d , a n d  h a v e  a d v a n c e d  a  m e c h a n ism  w h ic h  
a c c o rd s  s a t is f a c to r i ly  w i th  t h e  e x p e r im e n ta l  d a ta .  P a r t  o f o u r  p u rp o se  
in  t h is  p a p e r  is  t o  sh o w  t h a t  a t l  th e  e le m e n ta ry  re a c tio n s  in v o lv e d  in  
t h is  sc h e m e  a re  y ie rm o c h e m ic a lly  re a so n a b le . A ris in g  o u t  o f  th is  d is ­
c u ss io n , a n  a t t e m p t  is  m a d e  to  d e fin e  t h e  c o n d it io n s  u n d e r  w h ic h  su c h  a  
re a c t io n  se q u e n c e  w ill b e  a b a n d o n e d  in  f a v o u r  o f a l te rn a t iv e s  le a d in g  to  
c y c lic  o r  p o ly m e r ic  p e ro x id e s , o r  to  h y d ro c a rb o n  p o ly m e rs . T h e  c h em ica l 
e v id e n c e  * su g g e s ts  s t r o n g ly  t h a t  su c h  a l t e rn a t iv e  p r o d u c ts  a re  in d e e d  
fo rm e d  in  t h e  o x id a t io n  o f  c e r ta in  o lefins, a n d  t h a t  t h e y  a p p e a r  t o  b e  
p r im a r y  p ro d u c ts ,  a n d  n o t  m e re ly  th e  r e s u l t  o f s e c o n d a ry  c h a n g e s  of 
h y d ro p e ro x id e s . T h a t  s e c o n d a ry  r e a c tio n s  d o  o c cu r , a n d  a re  o f g r e a t  
im p o r ta n c e  a s  o x id a t io n  a d v a n c e s , is b e y o n d  q u e s t io n , b u t  a  c o n s id e ra tio n  
o f t h e  w a y  in  w h ic h  th e s e  t a k e  p lac e  is  o u ts id e  th e  sco p e  o f th e  p re s e n t  
p a p e r .

T h e  g e n e ra l m e th o d  o f a r g u m e n t  fo llo w ed  in  th is  p a p e r  is  a s  fo llow s. 
S u p p o se  w e  h a v e  a  se rie s  o f  s t r u c tu r a l ly  d if fe re n t  o lefin s, A, B , . . . a n d  
t h a t  a l t e r n a t iv e  re a c tio n s , a, . . . a r e  p o ss ib le . F o r  e ao h  a l te rn a t iv e  
r e a c t io n  o f e a c h  o lefin , t h e  h e a t  o f  re a c tio n  m a y  b e  e s t im a te d  : su p p o se  
th e s e  to  b e  • T h ese  h e a ts  of re a c tio n  m a y
b e  u sed  in  tw o  w a y s  : (i) I f  t h e  e n e rg y  o f  a c t iv a t io n  E is  k n o w n  fro m  
k in e t ic  d a ta ,  i t  is  c le a r  t h a t  w e  c a n  e x c lu d e  a n y  m e c h a n ism  fo r  w h ic h  
A H  >  E. (ii) I n  t h e  a b se n ce  o f a n y  k in e t ic  e v id e n ce , i t  is  n o t  p o ss ib le  
t o  a rg u e  t h a t  b e c a u se  A H ^ >  AHp, re a c tio n  ^  w ill n e c e ssa r ily  b e  p re fe rred *  
to  a . I f ,  h o w e v e r, w e  c o m p a re  t h e  v a lu e s  o f  A i/^  fo r  a  se rie s  o f  o lefins, 
th e r e  is  good  re a so n  to  e x p e c t  t h a t  th e  e n e rg ie s  o f a c t iv a t io n  fo r  p a th  a  
w ill lie  in  t h e  s a m e  o rd e r  a s  t h e  h e a ts  o f re a c tio n , so  t h a t  t h e  a b s b lu te  r a te s  
o f re a c t io n  sh o u ld  b e  in  th e  re v e rs e  o rd e r. S im ila r ly  th e  re a c t iv i t ie s  b y  
p a th  ^  c a n  b e  a r ra n g e d  in  o rd e r . I f  th e  a c tu a l  o rd e r  o f re a c t iv i t ie s  o f  th e  
se rie s  is  k n o w n  e x p e r im e n ta l ly ,  c o m p a r iso n  w ith  t h e  th e o r y  p ro v id e s  
e v id e n c e  a s  t o  t h e  a c tu a l  re a c tio n  m ec h an ism s .

T h e  e s t im a tio n  o f  h e a ts  o f  re a c tio n  in v o lv e s  t h e  a lg e b ra ic  s u m m a tio n  
o f  t h e  fo rm a l s t r e n g th s  o f  t h e  b o n d s  b ro k e n  a n d  fo rm e d , w i th  c o rre c tio n s  
fo r  t h e  .e s t im a te d  re so n a n c e  e n e rg ie s  o f r e a c ta n t s  a n d  p ro d u c ts .  E x c e p t  
in  t h e  f in a l se c tio n , w e h a v e  m a d e  no a t t e m p t  to  in tro d u c e  th e  eflfects 
o f  h y p e rc o n ju g a t io n  a n d  w e  c o n s id e r  in  t h e  m a in  o n ly  th r e e  ty p e s  o f 
o le fin  ; m o n o -, i  : 3 d i-, a n d  i  : 4 d i-o le fin s. T o  th is  a p p ro x im a t io n , 
d o u b le  b o n d s  s e p a ra te d  b y  m o re  t h a n  o n e  s a tu r a te d  c a rb o n  a re  re g a rd e d  
a s  is o la te d .  T h e  e ffe c ts  o f s u b s t i tu e n ts  a r e  o n ly  re fe r re d  to  in  t h e  la s t  
se c tio n . T h e  fo llo w in g  b o n d  s t r e n g th s  h a v e  b e en  e m p lo y e d  ; C— C 
81 k .c a l.  : » C = C ,  145 k .c a l.  ; « C— O. 87 k .c a l.  ; » C =  0 , 174 k .c a l.  ; «

 ̂Farm er, I.R.I. Trans., in press ; p aper co n trib u ted  to  th is  m eeting.
* Values from  Pauling , Nature of the Chemical Bond, recalcu lated  on th e  basis 

of K y nch  and  P en n ey 's  va lue  of i68*6 k.cal. fo r th e  sub lim ation  energy  of carbon  
{Proc. Roy. Soc., A. 1941, 179, 214).

* B aughan, E v an s and  Polanyi,, Traws. Faraday Soc., 1941, 37, 377.
244



C— H , 99  k x a J . ; * 0 = 0  (o x y g en  m o lecu le ), i i 8  k . c a l . ; O — O  (p e ro x id e ), 
6 6  k . c a l . ; O — H , n o  k .ca l. T h e  o n ly  o n e  o f  th e s e  c a llin g  fo r  c o m m e n t 
is  t h e  O — O  b o n d  s t r e n g th  in  p e ro x id e s , fo r  w h ic h  d a ta  in  t h e  l i te r a tu r e  
a re  e x tr e m e ly  in c o n s is te n t , r a n g in g  f ro m  32 k .c a l.  (fro m  th e  a c t iv a t io n  
e n e rg y  o f  d ie th y l  p e ro x id e  d e c o m p o s itio n  *)*to ca . 57 k .c a l.  (fro m  th e  h e a ts  
o f  c o m b u s tio n  o f  e th y l  a n d  p ro p y l  h y d ro p e ro x id e  a n d  d ie th y l  p e ro x id e  •). 
I n  o rd e r  t o  o b ta in  a  m o re  d ir e c t  e s t im a te  o f  t h e  O — 0  b o n d  s t r e n g th  in  
h y d ro p e ro x id e s , t h e  h e a ts  o f o x id a t io n  o f  e th y l  l in o le a te  a n d  l in o le n a te  
h a v e  b e e n  m e a su re d  c a lo r im e tr ic a l ly . T h e  e x p e r im e n ta l  d a ta  s e t  o u t  
in  t h e  n e x t  .section  le a d  to  t h e  f ig u re  
(66 k .c a l.)  u sed  in  th is  p a p e r .

The H eats of Oxidation of Ethyl 
Linoleate and Linolenate.
T h e  a d ia b a t ic  c a lo r im e te r  c o n ­

s t r u c te d  o f  p y re x  to  t h e  d es ig n  in ­
d ic a te d  in  F ig  I  c o n s is te d  o f a  13 c .c . 
v a c u u m - ja c k e te d  b u lb  c o n n e c te d  
th r o u g h  a  le n g th  o f T h io k o l tu b in g  
to  a  p u m p in g  sy s te m  a n d .a  c o n s ta n t  
p re s s u re  g as b u r e t t e .  S in g le  c o p p e r-  
c o n s ta n ta n  (32 SW G ) th e rm o c o u p le s  in  
se r ie s  w i th  a  T in s le y  t a u t  su sp en s io n  
g a lv a n o m e te r  ( re s is ta n c e  10 o h m s, 
s e n s i t iv i ty  180 m m . p e r  m ic ro a m p .)  
s e rv e d  t o  in d ic a te  a n y  d iffe ren ce  in  
t e m p e r a tu r e  b e tw e e n  th e  c o n te n ts  of 
t h e  c a lo r im e te r  a n d  th e  s u r ro u n d in g  
w a te r  b a th .  H e a t  lo sses  a lo n g  th e  lea d s  
o f th e  re s is ta n c e  h e a te r  (ca. 30 o h m s),
H, w e re  p re v e n te d  b y  m e a n s  o f  th e  
m e rc u ry  c o n ta c t  c u p s , C.

A b o u t 7 c .c . e s te r  w a s  u se d  fo r 
e a c h  d e te rm in a tio n .  A  s u i ta b le  r a te  
o f o x y g e n  u p ta k e  (here , o*i t o  i  x  i o “ * 
m o le . O j/m in .)  w a s  a r ra n g e d  fo r  b y  
p re l im in a ry  a u to x id a tio n  o r  a d d it io n  
o f  b e n z o y l p e ro x id e . A f te r  th e rm a l  
e q u il ib r iu m  (as in d ic a te d  b y  th e  
g a lv a n o m e te r )  h a d  b e e n  e s ta b lish e d  
b e tw e e n  th e  in s id e  a n d  o u ts id e  o f  t h e  
c a lo r im e te r  a t  a b o u t  4 0 ° C. o x y g e n  
a t  a b o u t  a tm o s p h e r ic  p re s su re  w a s  
a d m i t te d  ; r a p id  m e c h a n ic a l s h a k in g  
o f  t h e  c a lo r im e te r  e n s u re d  m ix in g  of 
e s te r  a n d  o x y g e n  ; i so th e rm a l c o n ­
d i tio n s  in s id e  a n d  o u ts id e  t h e  c a lo r i­
m e te r  w e re  m a in ta in e d  ( to  w ith in  oi*02° C .) b y  m e a n s  o f m a n u a lly -  
c o n tro l le d  re s is ta n c e  h e a te r s  im m e rse d  in  t h e  o u te r  b a th .  C o n c u r re n t  
m e a s u re m e n ts  w e re  m a d e  o f th e  te m p e ra tu r e  o f  t h e  o u te r  b a th  (u sin g  
a  B e c k m a n n  th e rm o m e te r )  a n d  th e  o ^ g e n  u p ta k e .  S a tis fa c to r i ly  l in e a r  
p lo ts  o f th e s e  tw o  m e a su re d  q u a n t i t ie s  w e re  in  e v e ry  c a se  o b ta in e d  
th r o u g h o u t  a  t e m p e r a tu r e  r ise  o f a t  le a s t  5® C. T h e  a p p a r e n t  h e a t  
c a p a c i ty  o f th e  c a lo r im e te r  in  t h is  t e m p e ra tu r e  ra n g e  w a s  d e te rm in e d  
f ro m  th e  e n e rg y  w h ic h  h a d  to  b e  p a sse d  th r o u g h  H t o  ^ v e  a  v e ry  
s im ila r  r a te  o f  te m p e ra tu r e  r ise  in  t h e  c a lo r im e te r . W h ile  th is  p ro c e d u re

* Baughan, Nature. 1 9 4 1 , 147 .  54*-
5 Harris and Egerton, Proc. Ray. Soc., A , 1 9 3 8 , 1 6 8 , i.
« Stathis and Egerton. Trans. Faraday Soc., 1 9 4 0 . 35» 6 0 6 .

F ig. I .—Calorimeter.



s h o u ld  e lim in a te  e r ro rs  d u e  t o  c o n d u c tio n  h e a t  lo sses, i t  m a y  b e  n o te d  
t h a t  e v e n  fo r  t h i s  u n re fin e d  d es ig n  o f c a lo r im e te r  d i r e c t  e x p e r im e n ta l  
d e te r m in a tio n  o f  t h e  t o ta l  h e a t  losses sh o w ed  t h a t  t h e y  w ere  in  a n y  c ase  
le s s  t h a n  i  %  o f t h e  h e a t  ev o lv e d  b y  th e  o x id a tio n .

T h e  fin a l r e s u l ts  o b ta in e d  fo r  th e  h e a t  o f  o x id a t io n  o f  e th y l  l in o le a te  
a n ^  l in o le n a te  a r e  su m m a ris e d  b e low .

No. of Deter­
minations.

Mean
k.cal. Do- 0  k.cal.

(a) Ethyl linoleate 5 53*a 6 6

(6) do. +  0 *4  % benzoyl peroxide 2 52*6 6 5
{c) Ethyl linolenate 3 52-0 6 8

T h e  m e a n  d e v ia t io n  in  e a c h  se rie s  w a s  o f t h e  o rd e r  o f i  k .c a l.  T h e  
s t r e n g th  o f t h e  O — O  b o n d  (Do-©) is  c a lc u la te d  * o n  th e  a s su m p tio h  t h a t  
e th y l  l in o le a te  c o n ta in s  lo o  %  c o n ju g a te d  iso m ers  ’ a n d  e th y l  l in o le n a te  
50 %.»

«
Resonance Energies.t

A c c o rd in g  t o  t h e  p o in t  o f  v ie w  d e v e lo p ed  in  t h is  p a p e r ,  th e  e ffec t 
o f  s t r u c tu r e  in  m o d ify in g  th e  re a c t iv i t ie s  o f a  se r ie s  o f r e la te d  c o m p o u n d s  
is  t o  b e  in te r p r e te d  in  t e r m s  o f i t s  e ffec t o n  th e  re so n a n c e  p o ss ib il it ie s  
o f t h e  m o le c u le  a n d  t h e  r a d ic a l  d e r iv e d  fro m  i t .  T h u s  in  a  m o n o -o le fin , 
h y d ro g e n  a to m s  s i tu a te d  o n  th e  a -c a rb o n  a to m  a re  p a r t ic u la r ly  lab ile , 
o w in g  to  t h e  s ta b il is in g  e ffe c t o f t h e  re so n a n c e  e n e rg y  in  t h e  a lly l  r a d ic a l

R . CH =CH  . CH . R ' ^  R . C H ~ C H = C H  . R '
1 1

T h e  s ta b il is a t io n  is  g r e a t ly  in c re a se d  in  a  i  : 3 o r  i  : 4  d ien e , e i th e r  o f w h ich  
g iv es  t h e  r a d i c a l :

R . C H = C H  . C H = C H  , CH . R'.

Y h e  q u a n t i t a t i v e  v a lu e s  e m p lo y e d  h e re  h a v e  b e e n  r e -c a lc u la te d  b y  O rr , 
fo llo w in g  C o u lso n ’s m e th o d ,*  a n d  a r e  a s  fo llow s :—

C=C—C =C  6 - 9  k.cal., C=C—C 1 8 7  k.cal., C = C - 0 - C = C  3 0 -4  k.cal.

T h e  o th e r  im p o r t a n t  re so n a n c e  p o s s ib i l ity  is  t h a t  in  a  p e ro x id e  r a d ic a l  
R ,C H — O — O — . B y  a n a lo g y  w i th  P a u l in g 's  t r e a tm e n t  o f t h e  p e ro x id e  
io n  th is  r a d ic a l  c a n  b e  re p re s e n te d  w ith  a  th r e e  e le c tro n  b o n d , a s  
R ,C H — O — O —  w ith ,  h o w e v e r, a  c h a rg e  d isp la c e m e n t. I n  v ie w  o f  th is  
d isp la c e m e n t, i t  se e m s u n lik e ly  t h a t  t h e  b o n d  c a n  b e  n e a r ly  so  s t r o n g  in  
t h is  c a se  a s  in  th o s e  c o n s id e re d  b y  P a u lin g , in  w h ic h  th e  th r e e  e le c tro n

’ Bolland and Koch, J. Chem. Soc., 1 9  4 4 5 .
* Farmer, Koch and Sutton, ibid,, 1 9 4 3 , 5 4 1 .
•Coulson, Proc. Roy. Soc., A , 1 9 3 8 , 1 6 4 , 3 3 3 .

Pauling, Nature of the Chemical Bond, ^ m e ll, 1 9 4 0 .
* If Da-0 is the strength of the bond a —/?, the heat of oxidation is given by

~  J^o~B -^Oi molecule -)- — ^ 0-0 — -^0 - 0  — ^o~b  — -^rei.
where is the heat of solution of oxygen and Etta, is the increased resonance 
energy of the hydrocarbon resulting from any double bond displacement, e.g. for 
ethyl linoleate we have :

— 53 =  99 -f 1 1 8  -f o — 8 7  -  Do-o — n o  — 7  

whence Z>o-o =  6 6  k.cal.
t  We are indebted to Dr. W. J. C. Orr for helpful suggestions concerning 

this section, and for permijjsion to employ his revised figures.



b o n d  is  t a k e n  to  m a k e  a  c o n tr ib u t io n  e q u a l  t o  o n e -h a lf  t h e  s in g le  b o n d  
s t r e n g th .  T h u s , in s te a d  o f a s su m in g  a  re so n a n c e  s ta b il is a t io n  o f  th e  
r a d ic a l  o f so m e  30 k .c a l. ,  w e  h a v e  q u i te  a r b i t r a r i l y  t a k e n  15 k .c a l.  a s  a  
m o re  p ro b a b le  e s t im a te .  I n  p o in t  o f fa c t ,  n o n e  o f t h e  co n c lu s io n s  d ra w n  
b e lo w  a re  se r io u s ly  in flu e n ce d  b y  th e  v a lu e  ch o sen .

T h e  P o in t o f O xid ative  A tta c k  in  O lefin s.
T h e re  a re  tw o  p o ss ib le  s i te s  fo r  o x id a t iv e  a t t a c k  ; t h e  d o u b le  b o n d , 

a n d  a n  a c t iv e  m e th y le n e  g ro u p . I n  c a se s  w h e re  a  v e ry  h ig h  y ie ld  o f a -  
m e th y le n ic  h y d ro p e ro x id e  is  o b ta in e d , i t  a p p e a r s  a t  f ir s t  s ig h t  t h a t  th e  
p r im a r y  a t t a c k  o f  o x y g e n  m u s t  b e  a t  t h i s  p o in t.  T h is  a r g u m e n t  is 
c e r ta in ly  in v a lid  u n les s  th e  c h a in  le n g th  o f  th e  o x id a t io n  is  e x tre m e ly  
s h o r t .  W h e re  a  c h a in  le n g th  o f t h e  o rd e r  o f  100 is  fo u n d  (as e.g. in  e th y l  
l in o le a te )  99  %  o f th e  p e ro x id e  a rise s  f ro m  th e  c h a in , a n d  th e re fo re  g iv es 
n o  in d ic a t io n  w h a tso e v e r  a s  t o  th e  n a tu r e  o f  th e  p r im a r y  p ro d u c t.  T h e  
m o s t  l ik e ly  fo rm u la t io n ?  o f th e  tw o  m o d es  o f a t t a c k  a p p e a r  to  b e

A,

(fl) R . i n —C H .C H j.R '

R  . CH=CH . C H j. R ' +

R . CH=CH . i n  . R ' +  HO,—

T h e  e s t im a te d  h e a ts  o f  th e s e  tw o  r e a c tio n s  a re ,  fo r  a  m o n o-o lefin  :

A H a =  145 +  r i 8  — 81 — 87 — 66 — 15 =  14 k .ca l.
A i/b  =  99 +  118 — 19 — 110 — 66  — 15 =  7 k .ca l.

F o r  a  I : 3 d i-o le fin , a t t a c k  a t  o n e  e n d  o f  t h e  c o n ju g a te d  sy s te m  is  a s s is te d  
b y  th e  d e v e lo p m e n t o f a lly l  re so n a n c e  — C H — C H  . C H = C H — so t h a t

A /fa  =  14 — 19 +  7 =  2 k .c a l.  7 ’
T h e  a l t e r n a t iv e  p a th  is  a ls o  s o m e w h a t a s s is te d  b y  a  g r e a te r  g a in  o f 

re so n a n c e  e n e rg y  : A ifb  =  7 +  19 +  7 — 30 =  3 k .c a l.  D o u b le  b o n d
a t t a c k  in  a  I ; 4  d i-o lefin  w ill b e  e q u iv a le n t  t o  t h a t  in  a  m o n o -o le fin , b u t  
a -m e th y le n ic  a t t a c k  w ill b e  e a s ie r  b y  v i r tu e  o f 11 k .c a l.  g r e a te r  re so n a n c e  
e n e rg y  in  th e  ra d ic a l  {Aifb =  — 4 k .ca l.) .

A ll o f th e s e  re a c tio n s  h a v e  h e a ts  ly in g  b e low  th e  e n e rg ie s  o f  a c t iv a t io n  
fo u n d  e x p e r im e n ta l ly ,  so  n o n e  c a n  b e  ru le d  o u t .  C o m p a rin g  th e  v a lu e s  
fo u n d  fo r  t h e  v a r io u s  o lefin s w e n o te  t h a t  t h e  o rd e r  o f  r e a c t iv i ty  b y  d o u b le  
b o n d  a t t a c k  is  i  : 3 >  m o n o - o r  1 : 4 ;  w h ile  fo r  a -m e th y le n ic  a t t a c k ,  
I  : 4 >  I : 3 >  m o n o . T h ese  tw o  re a c tio n  p a th s  a r e  n o t  m u tu a l ly  e x ­
c lu s iv e  a n d  in  p r in c ip le  w e  sh o u ld  e x p e c t  b o th  to  p ro c ee d  s id e  b y  s id e , 
w i th  o n e  m o re  o r  less  p re d o m in a n t .  A n  e x p e r im e n ta l  d e te rm in a tio n  o f 
th e  a b s o lu te  r a te s  o f th e  p r im a r y  s te p s  fo r  t h e  th r e e  ty p e s  o f  o lefin  sh o u ld  
th r o w  l ig h t  o n  th e  r e la t iv e  im p o r ta n c e  o f  th e  tw o  re a c tio n  p a th s .  E x ­
p e r im e n ta l  w o rk  o n  th is  p ro b le m  is  now  in  p ro g re ss , b u t  is  r e n d e re d  v e ry  
d iff ic u lt b y  t h e  sm a lln e ss  o f  t h e  r a te s  t o  b e  o b se rv e d , a n d  th e  re la t iv e ly  
la rg e  d is tu rb in g  in flu e n ce  o f e v en  sm a ll  a m o u n ts  o f  im p u r i ty .

Tlie Nature of the Peroxides.
I n  a d d it io n  to  tx -m ethy len ic  h y d ro p e ro x id e s , o x id a t io n  f re q u e n t ly  

le a d s  t o  p e ro x id e s  o f p o ljo n e ric  c h a ra c te r ,^  w h o se  s t r u c tu r e  is  less c e r ta in ,  
b u t  w h ic h  a p p e a r  t o  b e  re la t iv e ly  s ta b le .  C yclic  p e ro x id e s  a r e  a lso  k n o w n , 
e.g. a sc a r id o l, a n d  a re  a p p a r e n t ly  fo rm ed  d ir e c t ly  in  th e  o x id a t io n  o f 
a n t h r a c e n e s . W e  h a v e  th e re fo re  t o  c o n s id e r  h o w  th e  v a r io u s  fo rm s  o f 
p e ro x id e  c a n  a r is e  d u r in g  th e  c o u rse  o f  t h e  o x id a t iv e  c h a in  r e a c tio n .

Dufraisse, Bxtll. Soc. Chim. France, 1939, [5]. 6, 422.



T h e  k in e t ic  e v id e n c e  o f th e  p re v io u s  p a p e r  le d  t o  th e  v iew  t h a t  h y d r o ­
p e ro x id e s  a r is e  f ro m  th e  fo llo w in g  c h a in  c y c le  :

(c) R  . C H = C H  . CH . R ' +  O*-*- R  . CH =  CH . CH . R '

' f 
(<f) R  . CH =  CH . CH . R ' +  R  . C H = C H  . C H j. R '->  R  . C H =C H  . CH . R '

I + R . C H = C H . C H . . R '

E s t im a t io n  o f  t h e  h e a ts  o f th e s e  r e a c tio n s  fo r  t h e  th r e e  ty p e s  o f o lefins 
g iv es  :

m ono- 1 : 3  1 : 4
JH e -  3 1  -  2 7 * -  2 7 *
J H d  -  15 — 19 ”  .

T h e s e  s te p s  a r e  c le a r ly  a ll  so  s t r o n g ly  e x o th e rm ic  a s  t o  b e  h ig h ly  p ro b a b le  
s te p s  in  a  c h a in  r e a c tio n . R e a c tio n  {d) is  t h e  o n e  fo r  w h ic h  a p p ro x im a te  
e n e rg ie s  o f  a c t iv a t io n  w ere  d e d u c e d  k in e t ic a l ly  fo r  e th y l  l in o le a te  a n d  
m e th y l  o le a te , t h e  r e s u l ts  b e in g  Eun >  4-2. a n d  £oieate — Ena ^  4* w h ic h  
a p p e a r  q u i te  c o n s is te n t  w i th  t h e  p re s e n t  e s t im a te s  o f  AH.

T h e re  is  n o  d if f ic u lty  in  se e in g  h o w  th e  c h a in  (c) +  ( i)  c o u ld  b e  
i n i t i a te d  b y  a  p r im a ry  d o u b le  b o n d  a t t a c k ,  s in c e  t h e  re a c t io n

(e) R  . CH —CH  . C H a . R ' +  R  . C H = C H  . C H ^R ' -> R . CH—^ H  ..C H ,R

i ,  ' 0 ,H
I +  R . CH=CH . CH . R^

w o u ld  h a v e  th e  s a m e  h e a t  o f  re a c t io n  a s  (rf). T h u s  t h e  re a c t io n  sc h e m e  
p u t  fo rw a rd  in  t h e  p re v io u s  p a p e r  is  c o m p le te ly  s a t is f a c to r y  th e rm o -  
ch en a ica lly . T a k e n  in  c o n ju n c tio n  w i th  i t s  c o m p le te  a g re e m e n t w i th  th e  
c h e m ic a l, sp e c tro s c o p ic  a n d  k in e t ic  e v id e n ce , t h is  a ffo rd s  v a lu a b le  c o n ­
f irm a tio n  o f  i t s  p ro b a b le  c o rre c tn e ss .

W e  n o w  w ish  to  sh o w  h o w  a l t e r n a t iv e  re a c tio n s  o f t h e  ra d ic a ls  w h ic h  
p a r t i c ip a te  in  th is  sc h e m e  c a n  le a d  to  d if fe re n t  f in a l p ro d u c ts .  E x c e p t  
a t  lo w  p re ssu re s , t h e  c h a in  le n g th  o f  a ll  t h e  o x id a t io n  c h a in s  d iscu ssed  in  
t h e  p re v io u s  p a p e r  is  d e te rm in e d  b y  th e  r e la t iv e  r a te s  a t  w h ic h  R O *—  
ra d ic a ls  r e a c t  [a) w i th  a  m o le c u le  o f o lefin  a n d  (6) w i th  o th e r  R O a— ra d ic a ls . 
J u s t  a s  o x y g e n  m ig h t  a t t a c k  e i th e r  a  d o u b le  b o n d  o r  a n  a c t iv e  m e th y le n e  
g ro u p , so  i t  is  t o  b e  a n t ic ip a te d  t h a t  a  f u r th e r  p o ss ib le  re a c t io n  o f a  
p e ro x id e  r a d ic a l  w o u ld  b e  w i th  a  d o u b le  b o n d  :

(/) RCH—CH . CH,R' -I- RCH='CH . CH^. R '->  R . C H -~iH  . CH,R'

I ■ '  f
R  . CH—CH . CHgR'

T h e  free  ra d ic a l  e n d s  w o u ld  th e n  r e a c t  w i th  o x y g e n  (as in  (c)) p ro d u c in g  
f u r th e r  p e ro x id e  ra d ic a ls  w h ic h  c o u ld  a g a in  a d d  olefin , t h u s  b u ild in g  u p  
a  p o ly m e ric  c h a in  in  w h ich  th e  r e p e a tin g  u n i t  is

—CH(CH,R') . CHR . O,—
I n  t h e  c a se  o f  a  c o n ju g a te d  o lefin , a d d it io n  c o u ld  a lso  t a k e  p la c e  a c ro ss  
t h e  te rm in a l  c a rb o n s  o f th e  S3rstem, g iv in g

—[CHR . C H = C H  . C H R '. 0 J „ —
E s t im a t io n  o f  t h e  h e a t  o f  re a c t io n  A i/f  fo r  v a r io u s  o le fin s  g iv es  : 

m o n o -, —8 ; 1 : 3 ,  —20  ; 1 : 4 ,  —8. T h is  s te p  is  a l te rn a t iv e  to  {e) a n d

•  Assum ing the peroxide rad ical to  be conjugated .



i t  is  c le a r  t h a t  t h e  p r o b a b i l i ty  o f a  p o ly m e r ic  c h a in  w ill be  h ig h e s t fo r 
c o n ji jg a te d  o lefin s a n d  le a s t  fo r  1 : 4  d ie n e s  : i t  is in  v e ry  s a t is f a c to ry  
a g re e m e n t w i th  t h is  c o n c lu s io n  t h a t  i t  is  in  f a c t  c o n ju g a te d  o lefin s  w h ich  
d is p la y  a  h ig h  te n d e n c y  to  y ie ld  p o ly m e r ic  p e ro x id e s , w h ile  e th y l  l in o le a te  
a n d  m e th y l  o le a te  h a v e  b e e n  fo u n d  to  g iv e  q u a n t i t a t i v e ly  h y d ro p e ro x id e .

R e a c tio n  ( / )  re p re s e n ts  th e  fo rm a tio n  o f  p o ly m e r  fro m  a  p e ro x id e  
r a d ic a l  d e r iv e d  b y  d o u b le  b o n d  a t t a c k ,  b u t  i t  is  c le a r  t h a t  a  s im ila r  re a c tio n  
c o u ld  o c cu r, w i th  t h e  s a m e  A H , w i th  a n  a -m e th y le n ic  p e ro x id e  ra d ic a l .  
H e n c e , e v en  in  a  re a c t io n  c h a in  le a d in g  n o rm a l ly  t o  h y d ro p e ro x id e , 
o c c a s io n a l U n k in g  o f  tw o  o r  m o re  m o le c u le s  c a n  o c c u r  b y  th is  m e c h a n ism . 
C o n v e rse ly , a t  a n y  s ta g e  o f t h e  p o ly m e r is a tio n , g ro w th  o f  t h e  p o ly m e r  
c a n  b e  te r m in a te d  b y  th e  in te r v e n t io n  o f re a c tio n  {e). I t  is  im p o r ta n t  
to  n o te  t h a t  t h is  w o u ld  n o t  c o n s t i tu te  a  te r m in a t io n  re a c tio n  in  t h e  k in e tic  
sen se , s in c e  t h e  n u m b e r  o f  f re e  ra d ic a ls  re m a in s  u n c h a n g e d . R e a c tio n  (e) 
in  t h is  w a y  w o u ld  fu n c tio n  a s  a  “  t r a n s f e r  "  r e a c t io n ,1* a n d  t h e  k in e t ic  
c h a in  le n g th  c o u ld  b e  c o n s id e ra b ly  g r e a te r  t h a n  th e  a v e ra g e  d e g re e  o f  
p o ly m e r is a tio n . A lth o u g h  w e  h a v e  a t  p re s e n t  n o  k in e t ic  d a t a  fo r  c o n ­
ju g a te d  sy s te m s , t h e  re la t iv e ly  lo w  m o le c u la r  n a tu r e  o f  t h e  po l3oners 
r e p o r te d  » su g g e s ts  t h a t  t h is  m a y  w ell b e  th e  case .

I t  is  in te r e s t in g  t o  c o m p a re  t h e  k in e t ic s  o f a  c h a in  le a d in g  t o  h y d r o ­
p e ro x id e  w ith  th o s e  o f a  p o ly m e r ic  c h a in  o f  t h e  ty p e  su g g e s te d  h e re . T h is  
k in e t ic  p ro b le m  c a n  b e  t r e a te d  v e ry  s im p ly  on  th e  a s s u m p tio n  t h a t  th e  
r e a c t iv i t ie s  o f ra d ic a ls  a r e  in d e p e n d e n t  o f  t h e  size  o f  p o ly m e r  t o  w h ic h  
t h e y  a r e  a t t a c h e d .  F o rm a lly  t h e  re a c t io n  se q u e n c e  m a y  th e n  b e  w r i t te n  
(w ith  R H  fo r  t h e  o lefin , R —  fo r  a n y  h y d ro c a rb o n  r a d ic a l  a n d  R O j—  fo r  
a n y  p e ro x id e  ra d ic a l)  :

*8
R H  +  O ,  — > R —  +  R O ,—  (t.e . — R H O ,— ) 

k,
R _  +  O ,  — R O .—

R O ,—  -T- R H  R —

2R O a -► stable p ro d u c ts

R O ,—  +  R H  R O ,H  +  R — .

R e a c tio n s  (8), (2), (9) a n d  (6) fo rm  th e  p o ly m e r is a tio n  c h a in  ; (3) a  re a c tio n , 
a l t e rn a t iv e  a t  a n y  s ta g e  t o  {9), w h ic h  y ie ld s  h y d ro p e ro x id e .  B y  w ri t in g  
d o w n  s t a t i o n a r y  s t a te  e q u a t io n s  fo r  t h e  t o t a l  c o n c e n tr a t io n  o f  t h e  tw o  
ty p e s  of f re e  ra d ic a ls , i t  is  r e a d i ly  sh o w n  th a t ,

- I g j l  =  (A. +  A.)(2A,/A.)V.[RH]V.[0 ,]‘/.

T h e  c o n c lu s io n  is  t h a t  re a c tio n s  le a d in g  to  h y d ro p e ro x id e  a n d  t o  p o ly m e r  
w o u ld  b e  k in e tic a lly  in d is tin g u ish a b le .

O n e  o th e r  ty p e  o f p e r o x id e  w h ic h  s h o u ld  b e  c o n s id e re d  is  a  cy c lic  
s t r u c tu r e ,  fo rm in g  a  r in g  o f e i th e r  4  o r  6  m e m b e rs . T h e  fo rm e r , w h ic h  
h a s  b een  w id e ly  su g g e s te d  c o u ld  r e a d i ly  a r is e  f ro m  c y c lis a tio n  o f  th e  
p r im a r y  p e ro x id e  r a d i c a l :

( )̂ R  . CH . CH . R ' R  . CH—CH . R '

o, * i i
I t

** Flory, J.A.C.S., 1937, s9, 241 ; Mayo, ibid., 1943. 65. 2 3 2 4 .
«  Engler, Ber., 1 8 9 7 , 3 0 , 1 6 6 9 , and many later workers.



A lth o u g h  th is  re a c t io n  w o u ld  b e  s t r o n g ly  e x o th e rm ic  (AHg - -  70) 
a t  le a s t  tw o  f a c to r s  m il i ta te  a g a in s t  i t s  im p o r ta n c e  (i) th e  g e o m e tric a l 
im p r o b a b i l i ty  o f  4 m e m b e re d  r in g s  a n d  (ii) th e  g re a t  e a se  w ith  V h ic h  
th e  h y d ro c a rb o n  r a d ic a l  re a c ts  w i th  o x y g e n . I t  is  d o u b tfu l  w h e th e r  
p e ro x id e s  o f t h is  s t r u c tu r e  w o u ld  b e  iso lab le , e v e n  if  fo rm e d , s in c e  i t  is 
e a s ily  sh o w n  t h a t  t h e  s im u lta n e o u s  r u p tu r e  o f C— C  a n d  O — O  b o n d s  to  
g iv e  R C H O  +  R 'C H O  w o u ld  b e  e x o th e rm ic  b y  so m e  27 k .c a l.  Scission  
r e a c tio n s  b a s e d  o n  th e  b re a k d o w n  o f  s u c h  r in g s  h a v e  b e e n  s u g g e s te d .“  
S ta b le  s ix  m e m b e re d  r in g s  m ig h t  w e ll b e  fo rm e d  b y  th is  p ro c ess  f ro m  
c o n ju g a te d  d i-o le fin s , p a r t ic u la r ly  a t  lo w  o x y g e n  p re s su re s  a n d  in  d i lu te  
s o lu t io n , so  t h a t  c o m p e tin g  re a c tio n s  a r e  r e ta r d e d  :

X H « C H v
(A) R .C H .C H = C H .C H .R ^  R .C H /  =  -  53)

f
L ess  fa c ile  r in g  c lo su re  re a c tio n s  a r e  a lso  t o  b e  e x p e c te d  fro m  a n  i n t r a ­
m o le c u la r  e q u iv a le n t  o f re a c tio n  ( /) ,  e.g.

(i) R . i n — CH , CH, . CH =CH  , R  ^  R  . CH—

or, in  I : 5 dienes,

O') R C H = C H .C H .C H .C H = C H R  R . C H = C H . C H ^

I*
T h e  r e la t iv e  im p o r ta n c e  o f th e s e  v a r io u s  p ro c esse s  is  a t  p re s e n t  c o m ­
p le te ly  u n k n o w n .

Hydrocarbon Polym ers.
A n o th e r  p o ss ib ility  t o  b e  b o rn e  in  m in d  in  c o n s id e r in g  th e  o x id a tio n  

o f  o le fin s  is  t h a t  o f  t h e  p ro d u c tio n  o f  h y d ro c a rb o n  p o ly m e rs , fo r  w h ich  
o-xygen is  k n o w n  to  b e  a  c a ta ly s t .  H i th e r to ,  w e  h a v e  in  Effect a s su m e d  
t h a t  e v e ry  h y d ro c a rb o n  fre e  ra d ic a l  p ro d u c e d  re a c ts  w i th  o x y g e n . C lea rly  
a n  a l t e rn a t iv e  t o  t h is  is  a n  a d d it io n  o f  th e  r a d ic a l  a t  a  d o u b le  b o n d , th e  
ty p ic a l  c h a in  p r o p a g a t io n  s te p  in  o lefin  p o ly m e r isa tio n , e.g.

{k) R  . CH  . C H R '—  +  R C H = C H R  R C H  . C H R ^ . C H R  . C H R '~

I ’ f
T h e  c a lc u la te d  h e a t  o f th is  re a c tio n  fo r  v a r io u s  o lefin s is  — 17 k .c a l.  (m o n o - 
o r  1 : 4 ) ,  — 10 k .c a l.  ( i  : 3), I t s  e x o th e rm ic  c h a r a c te r  m e a n s  t h a t  i t  w ill 
a lw a y s  b e  a  p o s s ib i l i ty  t o  b e  se r io u s ly  c o n s id e re d , p a r t i c u la r ly  a t  low  
o x y g e n  p re ssu re s .

I t  is  t o  b e  n o te d  t h a t  a n  a -m e th y le n ic  free  r a d ic a l  is  m u c h  less l ik e ly  
to  p ro m o te  p o ly m e r isa tio n , th e  e s t im a te d  h e a t s ,o f  re a c t io n  fo r  a d d it io n  
to  a  d o u b le  b o n d  b e in g  2 k .ca l. (m ono-), i  k .c a l.  f i  : 3) a n d  6 k .c a l.  ( i  : 4).

T h e  in te r - r e la t io n  b e tw e e n  th e  c h a in  p ro cesses  le a d in g  re s p e c tiv e ly  to  
p o ly m e r ic  p e ro x id e  a n d  to  h y d ro c a rb o n  p o ly m e r  su g g e s ts  so m e  in te re s t in g  
p o ss ib ilitie s . I n  th e  f ir s t  p la c e  i t  is  c le a r  t h a t  in c o rp o ra tio n  o f  o x y g e n  
fo llo w ed  b y  a d d it io n  o f  o le fin  (rea c tio n  ( /))  re p re s e n ts  a  d o u b le  s te p  w h ich

Salam on, Trans. Faraday Soc., 1936, 33, 160 ; T reolar, Proc. Physic. 
Soc., 1943, 55, 345.

Farm er, Bloomfield. Suadralingain  and  S u tton , Trans. Faradav Soc
1942, 38, 348. Cf. also refs, i  and  16. • '



is s u b s ta n t ia l ly  e q u iv a le n t  t o  re a c tio n  (A) ^ n d  g iv es  a  s im ila r  free  ra d ic a l.  
I t  fo llow s t h a t  th e  tw o  a l te rn a t iv e  p ro cesses  c a n  p ro c ee d  c o n se c u tiv e ly , 
g iv in g  r is e  to  a  r a n g e  o f  p o ly m e rs  w h o se  o x y g e n  c o n te n t  w ill b e  d e te r ­
m in e d  b y  th e  o x y g e n  p re ssu re . T h is  d u a l  p o ly m e r is a tio n  w ill b e  i n te r ­
r u p t e d  if  a t  a n y  s ta g e  th e  p e ro x id e  r a d ic a l  r e a c ts  b y  p a th  {e), t h u s  t e r ­
m in a t in g  th e  p o ly m e r  g ro w th  b y  th e  fo rm a tio n  o f  a  h y d ro p e ro x id e  e n d . 
T h e  p o ss ib il it ie s  t h u s  e n v is a g e d  d o  n o t  a p p e a r  to  h a v e  b een  se r io u s ly  
in v e s t ig a te d .  A lth o u g h  M e d v e d e v  a n d  Z e i t l i n h a v e  showTi th e  p ro ­
d u c tio n  o f  a  c o n s id e ra b le  a m o u n t  o f h ig h  p o ly m e r  to  a c c o m p a n y  th e  th e rm a l  
o x id a t io n  o f s ty re n e ,  th e y  u n f o r tu n a te ly  d o  n o t  r e p o r t  t h e  ^ e c t  o f o x y g e n  
p re s su re  o n  e i th e r  t h e  5deld o r  o x y g e n  c o n te n t  o f  th e  p o ly m e r.

The Oxidation of Polyisoprenes.
T o  th e  a p p ro x im a t io n  e m p lo y e d  a b o v e , p o ly iso p re n e s  a r e  t r e a te d  as 

a s se m b lie s  o f  is o la te d  d o u b le  b o n d s . S in ce  t h e  u l t im a te  o b je c t iv e  o f o u r  
w o rk  is  t h e  u n d e r s ta n d in g  o f  p o ly iso p re n e  o x id a tio n , i t  is  d e s ira b le  to  
d isc u ss  th is  s y s te m  in  a  l i t t le  m o re  d e ta i l .  T h e  e sse n tia l  r e a c t iv e  sy s te m  
is  a  m e th y l  s u b s t i tu te d  i  ; 5 d ie n e  u n i t  :

R C H ,. C(CH,) : CH . (CH^), C(CH,) : CH . CH,R.

T h e  r e a c t iv i ty  t o  o x y g e n  o r  p e ro x id e  ra d ic a ls  o f  th e  d o u b le  b o n d s  in  a n y  
o lefin  w ill b e  e n h a n c e d  b y  m e th y l  s u b s t i tu t io n  o n  th e  d o u b le  b o n d , ow in g  
to  s ta b il is a t io n  o f t h e  r e s u l tin g  r a d ic a ls  b y  th e  c o n tr ib u t io n  of su c h  fo rm s  
a s  :

HCHj

R . i . CHR . Oa—

T w o  co n se q u en c es  m a y  b e  e x p e c te d  to  fo llow  : (i) a n  in c re a s e d  r a te  o f 
o x id a t io n , a n d  (ii) a  g re a te r  te n d e n c y  to  p o ly m e r  fo rm a tio n , a s  c o m p a re d  
w ith  t h e  u n s u b s t i tu te d  o lefin . W e  h a v e  a t  p re s e n t  n o  e x p e r im e n ta l  
d a t a  b e a r in g  d ir e c t ly  o n  th is  p o in t.

S tro n g  e v id e n c e  h a s  a lso  b e en  a d v a n c e d  in  s u p p o r t  o f  t h e  v iew  t h a t  
t h e  c e n tr a l  K dnd in  i  : 5 d ien e  sy s te m s  is  c o n s id e ra b ly  s t r e n g th e n e d  b y  a  
h y p e rc o n ju g a t io n  in v o lv in g  th e  tw o  m e th y le n e  g ro u p s . T h is  w o u ld  
t e n d  to  re d u c e  th e  a -m e th y le n ic  r e a c t iv i ty  o f t h e  m o lecu le , b u t  sin ce  
s im ila r  p o ss ib il it ie s  e x is t  in  th e  a -m e th y le n ic  ra d ic a ls , i t  is  d iff ic u lt to  
p re d ic t  t h e  r e s u l ta n t  effec ts .

C o m p a rin g  sq u a le n e  w ith  a  ty p ic a l  m o n o -o le fin , m e th y l  o le a te , th e re  
is  so m e  in d ic a tio n  b o th  o f  in c re a s e d  o x id is a b i l i ty  a n d  o f  g r e a te r  e a se  of 
p o ly m e r is a tio n .

Sum m ary.
A  n ew  e s t im a te  o f t h e  O — O  b o n d  s t r e n g th  in  h y d ro p e ro x id e s  is  

r e p o r te d ,  b a se d  o n  a  d e te rm in a tio n  o f t h e  h e a ts  o f o x id a t io n  o f  e th y l  
l in o le a te  a n d  lin o le n a te .

T h is  v a lu e  is  e m p lo y e d , to g e th e r  w i th  o th e r  k n o w n  b o n d  s t r e n g th s  
a n d  re so n a n c e  e n erg ies , t o  e s t im a te  t h e  h e a ts  o f  a  n u m b e r  -of a l te rn a t iv e  
o x id a tio n  re a c tio n s  o f  o lefins. B y  c o n s id e r in g  th e  e ffec ts  o f t h e  o lefin  
s t r u c tu r e  o n  th e s e  h e a ts  o f re a c tio n , i t  is p o ss ib le  t o  see  h o w  s t r u c tu r a l  
d iffe re n ce s  c a n  le a d  to  t h e  fo rm a t io n  of d if fe re n t  o x id a t io n  p ro d u c ts .  
T h e  d isc u ss io n  is  co n fin ed  to  p r im a ry  p ro d u c ts  o f  t h e  o x id a tio n  c h a in , 
b u t  e v en  so  a  c o n s id e ra b le  d iv e rs ity  o f b e h a v io u r  is  sh o w n  to  b e  p o ss ib le . 
T h e  fin a l m a te r ia l  m a y  in c lu d e  s im p le  m o n o m e ric  h y d ro p e ro x id e s , p o ly m e rs

Medvedev and Zeitlin, Acta Physicochimico U.R.S.S., 1945. 3-
Bateman, Trans. Faraday Soc., 1 9 4 2 , 3 8 , 3 6 7 ; Bateman and Jeffrey, 

Nature. 1 9 4 3 , 1 5 2 , 4 4 6  ; Bateman and Jeffrey. J. Chem. Soc., 1 9 4 5 . 2 1 1  ; Jeffrey, 
Proc. Roy. Soc., A , 1 9 4 5 , 1 8 3 , 3 8 8 . Jeffrey, Nature. 1 9 4 5 , 1 5 6 , 8 2 .



w ith  v a ry in g  a m o u n ts  o f o x y g e n  in c o rp o ra te d  in  th e  c h a in , c y c lic  p e ro x id e s , 
a n d  sc issio n  p ro d u c ts .  T h e  v e ry  l im ite d  e x p e r im e n ta l  e v id e n ce  a v a i l ­
a b le  fa lls  g e n e ra lly  in to  l in e  w ith  e x p e c ta t io n .

T h e  w o rk  d e sc rib e d  in  th is  a n d  th e  p re c e d in g  p a p e r  fo rm s  p a r t  o f th e  
p ro g ra m m e  o f f u n d a m e n ta l  re se a rc h  on r u b b e r  u n d e r ta k e n  b y  th e  B o a rd  
o f  t h e  B r i t is h  R u b b e r  P ro d u c e rs ’ R e se a rc h  A sso c ia tio n .
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