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The most important reactions of ole&ns and olefinic systems have 
usually been considered to' be additive ones. Recent work, however, 
hps shown that substitutive reactions are likely to prove of equal im­
portance, and attention is here drawn to a variety of substitutions which 
occur a t the a-methylene groups of olefinic systems. Doubtless the 
reaction mechanisms of these processes diflfer from example to example, 
and it is of very considerable importance in respect to the utilisation of 
olefins, rubber, and drying oils that the exact nature of these mechan­
isms should be determined. Of particular interest is the influence on 
a-methylenic substitution of (l) reaction»conditions and (2) alkyl- 
substitution a t the ethylenic carbon atoms. When chlorine reacts



with an olefin in a  polar solvent the halogen acts as an electrophilic 
reagent and the olefin' as electron-donor, so th a t an ionic process of 
addition takps place ; when, however, the reaction occurs in the gas 
phase, or in solvents of low polarity, it takes a  more complicated course, 
involving chain processes and radical intermediates.^ Also, in additions 
of ionic character, the presence of alkyl substituents on the ethylenic 
carbon atoms is well known to facilitate additive reaction, and to 
influence the direction of addition of reagents : it appears to do the 
same in a-methylenic substitutions, including (so far as present evidence 
gives an indication) even reactions which are fairly certainly radical 
reactions. Certain of the substitutions described below are liquid- 
phase reactions, which proceed apparently quite independently of photo­
chemical activation, and in these especially, the relationship of sub­
stitution to addition in terms of the intrinsic reactivity of the system 
*—CHj— C H =C H — needs to be defined.

T h e  M a le lc  A n h y d r id e  R e a c tio n .— M aleic  a n h y d r id e  co m b in e s  r e a d i ly  
w i th  c o n ju g a te d  d ie n e s  (D ie ls-A ld er re a c tio n )  in  h y d ro c a rb o n  m edia:, in  
s p i te  o f t h e  le s se n ed  u n s a tu r a t io n  a n d  g re a te r  a c t iv a t io n  e n e rg y  o f th e  
e th y le n ic  b o n d s  d u e  t o  re so n a n c e  in  th e  d ie n e  s y s te m  ; y e t  i t  w ill n o t  
s im ila r ly  u n i te  w ith  m o n o -o le fin s  o r  u n c o n ju g a te d  p o ly o le fin s. T h is , 
to g e th e r  w i th  t h e  c o n c lu s io n  o f  W a s se rm a n n  t h a t  fo r  d ie n e  sy n th e s is  to  
b e  su c c ess fu l tw o -p o in t  c o n ta c ts  a t  t h e  c o r re c t  p o s it io n s  m u s t  b e  m a d e  
b y  t h e  c o llid in g  r e a c ta n t  m o lecu les, su g g e s ts  t h a t  re a c t io n  in v o lv e s  th e  
r a d ic a l  fo rm . • C H — C H = C H — C H  •. o f t h e  d ien e . R e a c tio n s  b e tw e e n  
o le fin s o r  u n c o n ju g a te d  p o ly o le fin s  a n d  m ale ic  a n h y d r id e  (o r m a le ic  este rs) 
c a n , h o w ev er, b e  p ro m o te d ,*  p ro v id e d  a n  e le v a te d  te m p e ra tu r e  is  u sed . 
T h u s  cyc/ohexene , i-m e th y lc ;y c /o h ex en e, d ih y d ro m y rc e n e  a n d  r u b b e r  
u n i te  a b o v e  2 2 0 ° w i th  m e th y l  o r  b u t y l  m a le a te .  T h e  re a c t io n  i s  a  s u b ­
s t i tu t i o n  a t  t h e  a -m e th y le n e  g ro u p s  o f t h e  o le f in /  g iv in g  in  t h e  ca se  of 
c^c /ohexene  f ir s t  (I) a n d  th e n  a  d is u b s t i tu t io n  p ro d u c t  w h ic h  is  p ro b a b ly

^ (H )— C H — C O ,R

(I) C H ,— C O ,R

m a in ly  cyeZohexene-3  : 6 -d isu cc in ic  e s te r . T h e  re a c t io n  p ro c e e d s  w ith  
p a r t ic u la r  e a se  in  t h e  s y s te m  — C H = C H — C H ,— C H = C H — C H ,—  of 
d ry in g  o ils , a n d  t h e  s y s te m  — C H ,— C M e = C H — C H ,—  o f ru b b e r ,  a n d  
su c c ee d s  a lso  if  a n a lo g u e s  o f t h e  m ale ic  c o m p o u n d s  {e.g. e th y l  c in n a m a te )  
a r e  u se d . W h a t  a p p e a r s  t o  b e  a n  a n a lo g o u s  re a c t io n  o c cu rs  a t  m o d e ra te  
t e m p e ra tu r e s  (a ro u n d  1 0 0 °) b e tw e e n  t h e  s a m e  r e a c ta n t s  if  a  l i t t l e  p e ro x id e  
is a d d e d  a s  r e a c t io n - s ta r te r .

P e r o x id a t io n  R e a c tio n s .— W ith  l i t t le  d o u b t  p e ro x id a tio n  c o n s t i ^ t e s  
t h e  f ir s t  s te p  in  a ll  a u to x id a tio n a  of olefins, a l th o u g h  m a n y  o r  a ll  o f  th e  
p e ro x id e  g ro u p s  fo rm e d  m a y  u n d e rg o  d e c o m p o s itio n  b e fo re  t h e  e n d  of 
re a c tio n . T h e  a b so rb e d  o x y g e n  fo rm s  h y d ro p e ro x id e  g ro u p s  w h ic h  a re  
a t t a c h e d  s u b s t i tu t io n a lly  a t  t h e  m e th y le n e  g ro u p s  a d ja c e n t  t o  t h e  o lefin ic  
d o u b le  b o n d s ; t h e  p o in t  o f  e n t r y  a t  o n e  a -m e th y le n e  g ro u p  o r  a n o th e r  
se e m s to  b e  g r e a t ly  in flu e n ce d  b y  a lk y l s u b s t i tu e n ts  in  t h e  c a rb o n  c h a in  
(c/. t h i s  v o l., p .  3 5 0 ). I t  h a s  b e e n  fo u n d  t h a t  cyc/ohexene,*> * i -m e th y l-  
cyc/ohexene, i ; 2 -d im eth y lcy c^o h ex en e  * a n d  t e t r a l in  * g iv e  r e la t iv e ly

1 S tew art el al., J . Amer. Chem. Soc., 1 9 3 0 , 5 3 , 2 8 6 9  et seq.
* F a rm er an d  F arm er, unpublithed work.
* Stephens, J. Amer. Chem. Soc., 19 2 8 , 50,  5 6 8 .
* F a rm er a n d  Sundralingam , J. Chem. Soc., 1 9 4 2 . 1 2 1 .
•C riegee et al., Ber., 1 9 3 9 . 7a ,  1 7 9 9 .
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s ta b le  p e ro x id e s  o f t y p e  I  b y  a b s o rp t io n  o f o x y g e n  (w ith o u t  so lv e n t)  
in  U .V . K g h t, w h e re a s  m- a n d  ^ -x y le n e *  a n d  c y m e n e ’ g iv e  h y d r o ­
p e ro x id e s  b y  s u b s t i tu t io n  in  t h e  s id e  c h a in  ( ty p e  I I ) .  D ih y d ro m y rc e n e *  
g iv es  r e la t iv e ly  u n s ta b le  m o n o - a n d  d i-h y d ro p e ro x id e s  b y  s u b s t i tu t io n  
a t  o n e  o r  o th e r  o f t h e  a -m e th y le n e  g ro u p s  i n  t h e  c h a in  ( ty p e  I I I ) ,  w h ile  
ru b b e r  • a n d  o th e r  p o ly iso p re n e s  * b e h a v e  q u i te  s im ila r ly , g iv in g  l ig h tly  
o r  h e a v i ly  p e ro x id ise d  m a te r ia ls  (m u lti-h y d ro p e ro x id ic ) . O le ic  a c id  «  g iv es 
a  m ix tu r e  o f  r e la t iv e ly  s ta b le  m o n o - a n d  d i-p e ro x id e s  in  w h ic h  t h e  h y d ro ­
p e ro x id e  g ro u p s  a re  fo u n d  a t  Cg o r  C „  ( ty p e s  I V  a n d  V ) o r  a t  b o th .

H (O O H ) C H , C H ,(O O H )— C M e = :C H ~ C H ,— C H (C X )H )— C M e = C H — C H , 
/ \  T y p e  I I I

C H j— ( C H a ) C H ( O O H ) — C H = C H — ( C H j ) C O j M e
Type IV

T y p e  T y p e  C H ,— ( C H , ) C H = C H — C H (O O H )— ( C H . ) C O , M e
I  I I  T y p e  V

I n  a ll th e s e  h y d ro p e ro x id ic  a u to x id a t io n  p r o d u c ts  th e  o r ig in a l d o u b le  
b o n d s  r e m a in  in ta c t ,  e x c e p t  in  so  f a r  a s  t h e  p e ro x id ic  g ro u p s  h a v e  im d e r-  
g o n e  s e c o n d a ry  d e c o m p o s itio n  in v o lv in g  u t i l i s a t io n  o f t h e i r  a c t iv e  o x y g e n  
fo r  a t t a c k  a t  t h e  u n s a tu r a te d  c e n tre s .  S u c h  s e c o n d a ry  d e c o m p o s itio n  
p ro c e e d s  s id e  b y  s id e  w i th  p e ro x id a t io n  a n d  is o f te n  w e ll-n ig h  im p o ss ib le  
t o  a r r e s t ; w h e re  th is  o cc iirs  t h e  iso la t io n  o f p u r e  p o ly -h y d ro p e ro x id e s  
is  im p o ssib le .

T h e  fo reg o in g  r e m a r k s  a p p ly  t o  m o n o - a n d  u n c o n ju g a te d  po ly -o le fin s .
I n  t h e  c a se  o f cy c lic  c o n ju g a te d  d ie n e s  su c h  a s  te rp in e n e , 2  : 4 -c h o le s tad ie n e , 
e rg o s te ro l, d e h y d ro e rg o s te ro l,  a n th ra c e n e , ru b re n e , etc,.^^ te r m in a l  a d d it io n  
o f  m o le c u la r  o x y g e n  se e m s to  b e  p o ss ib le , a n d  th i.s is  p r o b a b ly  d e p e n d e n t  
(as in  t h e  D ie ls -A ld e r re a c tio n )  o n  t h e  a s s u m p tio n  o f t h e  d i- ra d ic a l  fo rm  
o f t h e  d ie n e  (• C H — C H = C H — C H  • - j - O , ~ C H — C H = C H — C H — ).

O ---------------- O
S o m e  c o n ju g a te d  d ien es, h o w e v e r , a re  r e p o r te d  t o  g iv e  p o ly m o le c u la r  
p e ro x id e s  — C H —C H = C H — C H — O O — C H — C H  == C H — C H — O O —

I • I I I
Free R adical A ttack  on O le fln s: Vulcanisation by D lbenzoyl P e r­

oxide.— ^D ibenzoyl p e ro x id e  r e a d i ly  r e a c ts  w i th  s a tu r a t e d  a n d  a ro m a tic  
h y d ro c a rb o n s , w i th  a lco h o ls , o rg a n ic  ac id s , e tc .,  a t  te m p e ra tu r e s  a b o v e  
100®. T h e  p e ro x id e  d eco m p o se s  th e r m a l ly  to  g iv e  P h  • a n d  P h — C O — O  • 
ra d ic a ls ,”  a n d  t h ^ e  a re  a b le  t o  a t t a c k  a n  o rg a n ic  s u b s ta n c e  R H  w ith  
fo rm a t io n  o f n e w 'c o m p o u n d s  a n d  n e w  fre e  ra d ic a ls  :

(1) P h *  +  R H  -► P h R  -1-  H *
(2 ) P h *  +  R H  -» -P h H  4 - R -
(3 ) P h — CO— O * +  R H  P h — C O — O R  H *
(4 ) P h — CO— O* -I- R H  P h — C O ,H  -I- R *
(5 ) R *  -t- R H  ^  R — R  - f  H » , e tc .,  e tc .

T h e  n e w  f re e  ra d ic a ls  a r e  a v a ila b le  fo r  f u r th e r  a t t a c k  o n  th e  m o lecu le s
p re s e n t ,  o r , if  t h e i r  c o n c e n tr a t io n  p e rm its , fo r  in te rc o m b in a tio n . T h e  
f a te  o f t h e  v a r io u s  ra d ic a ls  fo rm e d  m u s t  d e p e n d  la rg e ly  o n  t h e  re a c t io n  
c o n d itio n s , s in ce  if  t h e  r e a c ta n t  R H  is p r e s e n t  in  v e r y  la rg e  excess, th e

* F a n n e r  an d  N arrac o tt, J. Chetn. Soc., 1 9 4 2 . 185.
’’ H eilbei|(er et al., Ber., 1 9 3 9 , 7 2 , r 6 4 3 .
® F a rm er an d  S u ^ n ,  J , Chetn. Soc., 1 9 4 2 , 1 3 9 .
• F a rm er an d  Sundralingam , wtpublished work. *
'■* F a rm er an d  S a tto n , i«  the press.

B ergm ann a n d  M c L e ^ ,  Ch*m. Rev., 1 9 4 1 , a 8 , 3 6 7 .
Bodendorff, Arch. Pharm., 1 9 3 3 , 2 7 1 * i .
H ey  a n d  W aters , Chetn. Rev., 1 9 3 7 , a i ,  1 6 9 .
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intCTcoznbi]2atioQ of free radicals must maiiUy give place to tbeir attack 
on RH : therefore potentially, a t any rate, the action of the decomposing 
dibenzoyl peroxide is twofold, comprising a sul^tituting agency (reactions
I and 3) and a molecule-linking or “ polymerising'' agency (reaction 5).

T h is  a c t io n  is  se e n  w h e n  R H  is  cycldh^xsn^, t a k e n  in  la rg e  ex cess , so  
t h a t  t h e  c h a n c e  o f e n c o u n te r  o f p h e n y l  o r  b e n z o a te  ra d ic a ls  f ro m  th e  
p e ro x id e  w ith  cyc/ohexene m o le c u le s  w ill b e  g re a t ,  a n d  t h a t  o f  th e i r  e n ­
c o u n te r  w i th  o th e r  f re e  ra d ic a ls  w ill b e  sm a ll. S in ce  cycldhextne  h a s  
tw o  lik e ly  p o in ts  o f  a t t a c k ,  viz. t h e  a -m e th y le n e  g ro u p s  a n d  t h e  d o u b le  
b o n d s , i t  m a y  b e  e x p e c te d , i f  P  r e p re s e n ts  e i th e r  a  p h e n y l  o r  a  b e n z o a te  
r a d ic a l  d e r iv e d  fro m  t h e  p e ro x id e , t h a t  t h e  fo llo w in g  ty p e s  o f re a c t io n  w ill 
o c c u r :

(а) C ,H ,e  +  p .  ^  P H  +  C .H .-  o r  C . H . - P  +  H -
(б ) C ,H ,o  +  C .H .*  ^  C , H , - C . H ,  +  H * .

a n d  also , b y  a t t a c k  o f th e  ra d ic a ls  a t  t h e  o lefin ic  d o u b le  b o n d s  :

(c) C .H „ +  P .^ P - C .H io -
(d) C .H ,p  +  P - C . H „ - ^ C . H , - C , H „ ^ P  +  H - ,  o r  P - C .H „ - f - C ,H ,*
(e) C ,H ,g  +  P — C ,H io ’ -*■ P — C, Hi o* ,  e tc .,  e tc .

T h e  p r o d u c ts  a c tu a l ly  fo u n d  a r e  n u m e ro u s , “  b u t  a ll a g re e  w ith  e x p e c ta t io n  
a c c o rd in g  t o  t h e  a b o v e  sch em e. A t ta c k  b y  th e  ra d ic a ls  a t  t h e  a -m e th y le n e  
g ro u p s  g r e a t ly  e x ce ed s  t h e i r  a t t a c k  a t  t h e  d o u b le  b o n d , a n d  m o lecu le - 
l in k in g  is  a lm o s t  e n ti r e ly  c o n fin e d  to  tw o -m o le c u le  lin k in g s .

T h e  v u lc a n is a t io n  o f ru b b e r  b y  d ib e n z o y l p e ro x id e  a t  1 4 0 ® w a s  th o u g h t  
b y  i t s  d isc o v e re r  “  t o  b e  s u b s ta n t ia l ly  r e p re se n te d  b y  t h e  e q u a tio n

( C jH , ) ,  +  n  P h — C O — 0 0 — C O — P h
n P h — C O ,H  -1- (C ,H t— O — C O — P h )„ .

C o n fo rm a b ly  w i th  th is  v iew  t h e  u n s a tu r a t io n  o f t h e  p r o d u c t  is  s t a te d  to  
b e  b u t  U ttle  d im in ish e d ,”  b u t  o n  t h e  a n a lo g y  o f t h e  cycldhexene re a c tio n s , 
a n d  b e a r in g  in  m in d  t h e  lab ilis in g  a c t io n  o f t h e  m e th y l  g ro u p s  i n  th e  
r u b b e r  c h a in  o n  t h e  h y d ro g e n  a to m s  o f  a d ja c e n t  m e th y le n e  g ro u p s , th e  
tw o  p ro c esses  o f m o le c u le - lin k in g  a n d  s u b s t i tu t io n  m a y  b e  e x p e c te d  to  
g iv e  v a lc a n is a te s  in  w h ich  t h e  r u b b e r  c h a in s  a r e  e x te n s iv e ly  s u b s t i tu te d  
a t  t h e  a -m e th y le n e  g ro u p s  b y  b e n z o a te  a n d  ( to  a  le s se r  e x te n t)  b y  p h e n y l  
g ro u p s , a n d  a t  t h e  sa m e  t im e  a r e  in  so m e  d e g ree  c ro ss - lin k e d  b y  b o n d s  
( in te rm o le c u la r  o r  in tra m o le c u la r )  jo in in g  t h e  m e th y le n e  g ro u p s  o f d iS e re n t  
r u b b e r  u n i ts  (e.g. a s  sh o w n  in  a a n d  6), o r  b o n d s  jo in in g  a -m e th y le n e  
g ro u p s  t o  d o u b le  b o n d s  (as ex em p lif ied  in  c) :

— CH—C M e = C H -C H ,---------OH—C M ^=C H — C H ,-----------CH—CMe— CH—C H ,—

—C H —C M e= C H —C H ,---------CH—C H = C M e—C H ,------- C H ^ M e —CHO Bz—O H ,
{«) (6) , ic)

V u lc a n is a tio n  b y  d ib e n z o y l p e ro x id e  i s  th e re fo re  lik e ly  t o  b e  m a in ly  a  
c o m b in a tio n  o f  c ro ss - lin k in g  a n d  s u b s t i tu t io n  o f t h e  r u b b e r  c h a in s , a s  
d is t in c t  f ro m  c ro ss - lin k in g  a n d  d o u b le -b o n d  a d d it io n  a s  in  s u lp h u r  v u l­
c a n is a tio n .

Reaction of Quinones.— I n  t h e  m a le ic  a n h y d r id e  r e a c t io n  d e sc rib e d  
a b o v e  th e r e  is  n o  te n d e n c y  fo r  th re e -c a rb o n  r e s id u e s  (— C H — C H = C H — )

a n d  h y d ro g e n  aioms fo rm e d  b y  d is so c ia tio n  o f t h e  o lefin  t o  u n i te  a t  t h e  
o x y g e n - te rm in a ls  o f  t h e  s y s te m  0 = C — C H = C H — C = 0  p re s e n t  in  th e

“  F a rm er an d  M ichael, in  the press.
“  Ostromislensfcy, / .  Russ. Phys. Chetn. Soc., 1 9 1 5 , 47, 1 8 8 5 ; Rubber Chem­

istry and Technology, 1 9 3 7 , 2 7 9 .
F ish e r an d  G ray, Ind. Eng. Chem., 1928, ao, 2 9 4 .
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anhydride—^possiblyfor lack of the resonanceform* O—C=CH—CH=C—O*

Successful reaction in this case depends on activation of the ethylenic 
bond of the anhydride. In the case of quinones the situation is difierent, 
and where the quinone is suitably substituted, e.g. in the chloro-diquinone 
(A), reaction a t the terminals of the system OC—CH=CH—CO can be

I
O O

re a lis e d  b y  h e a t in g  t h e  q u in o n e  w ith  a n  o lefin  su c h  a s  c;ycZohexene o r  t e t r a -  
l in .”  I n  th is  w a y  t h e  h y d ro q u in o n e  (B ) f ro m  c^ycZohexene, o r  a n  a n a lo g o u s  
c o m p o u n d  f ro m  te t r a l in ,  is  fo rm e d . A t  a  h ig h e r  te m p e ra tu r e  th e s e  h y d ro *  
q u in o n e s  o f  t y p e  (B ) b r e a k  d o w n  g iv in g  c y c io h ex ad ien e  (o r i  : 2 -d ih y d ro -  
n a p h th a le n e )  a n d  t h e  h y d ro q u in o n e  (C), so  t h a t  t h e  n e t  r e s u l t  o f  t h e  
r e a c t io n  c a r r ie d  o u t  a t  h ig h  t e m p e ra tu r e  is  d e h y d ro g e n a tio n  o f t h e  o lefin  
a n d  r e d u c t io n  o f t h e  q u in o n e .

V a rio u s  h a lo g e n a te d  q u in o n e s  r e a c t  w i th  r u b b e r  c a u s in g  a  sp e c ie s  of 
v u lc a n is a t io n  ( in fe r io r  f o r  p r a c t ic a l  p u rp o se s  t o  s u lp h u r  v u lc a n is a t io n ) . 
T e tra c h lo ro q u in o n e  (ch lo ran il)  is  p a r t ic u la r ly  su ccessfu l, a  p a r t  o f i t  ( s ta te d  
t o  b e  b e c o m in g  r ^ u c e d  t o  t h e  c o r re sp o n d in g  h y d ro q u in o n e  a s  a  re s u lt .  
S in ce  t h e  l a t t e r  c a n  b e  re -o x id is e d  t o  t h e  q u in o n e  b y  in c lu d in g  a m o n g s t  
t h e  r e a c ta n t s  a  p r o p o r t io n  o f a  s u i ta b le  o x id is in g  a g e n t  {e.g. P b O  o r  H gO ) 
t h e  v u lc a n is in g  a g e n t  c a n  a p p a r e n t ly  fu n c tio n  r e p e a t ^ y .  A lth o u g h  
O s tro m is le n s k y  h a s  su g g e s te d  a  c o m p lic a te d  re a c t io n  a s  o c c u rr in g  b e tw e e n  
t h e  c h lo ro q u in o n e  a n d  t h e  C j H ,  r u b b e r  u n i ts ,  t h u s  :

2 Q Q i +  3 H.QC1* +  C ,H ^ Q a ,-C ,H , +  C.H.C1, (^>-C ,O J,

t h e  t r u e  c o u rse  o f re a c t io n  p r o b a b ly  in v o lv e s  t h e  p ro c e ss  :

g  Cl Cl Cl
C M e=C H —C H ^ + 0 = < ( ^  y )—OH—C M e= C H —C H ,-

c T a  ( ! r * a  I

S in c e  c h lo ra n il  is  n o w  k n o w n  t o  b e  a  p a r t ic u la r ly  e ffe c tiv e  d e h y d ro g e n a tin g  “  
a g e n t  fo r  h y d ro a ro m a tic  c o m p o u n d s , so m e  d e g re e  o f d ^ y d r o g e n a t io n  
s im ila r  t o  t h a t  b r o u g h t  a b o u t  b y  t h e  a b o v e -m e n tio n e d  d iq u in o n e  m a y  
w e ll e n te r  in to  t h e  ru b b e r-c h lo ra n il  r e a c tio n . T h e  p ro d u c tio n  o f c o n ­
ju g a te d  d ie n e  u n i ts  i n  t h i s  w a y  p i a y  w e ll f a c i l i ta te  so m e  c y c lis a t io n  o r  
s o m e  t r u e  p o ly m e r is a tio n  o f t h e  r u b b e r  m o lecu les , a n d  so  c o n tr ib u te  t o  
t h e  v u lc a n is e d  c h a r a c te r .  T h e re  is . h o w e v e r , t h e  p o s s ib i l i ty  t h a t  t h e  
q u in o n e  m a y  se rv e  t o  g r e a te r  o r  le s se r  e x te n t  a s  a n  o x id a t io n - re d u c tio n  
sy s te m , a n d  so  le a d  t o  a  m o re  d ir e c t  ra d ic a l- l in k in g  o f t h e  r u b b e r  c h a in s  :

+  QCl. ^  2)>C,H, • +  H,QC1<

V e s te rb u r g  R e a c tio n .— ^The e a r l ie s t  d e h y d ro g e n a tio n s  o f h y d ro a ro m a tic  
s u b s ta n c e s  w e re  c a r r ie d  o u t  b y  h e a t in g  th e m  w i th  s u lp h u r ,  w h e re u p o n

Criegee, Ber., B, 1 9 3 6 , 6 9 , 2 7 5 8 . F isher, U .S .P . 1 ,9 1 8 ,3 2 8 .
** A rnold an d  |Ck>llins, J . Amev. Chem. Soc., 1 9 3 9 , 6 1 , 1 4 0 7 .
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h y d ro g e n  w a s  re m o v e d  a s  h y d ro g e n  su lp h id e . I n  t h e  d e b y d ro g e n a tio n  
0 1  £ j/c/ohexene, h o w ev er, n o  cyclohexenyl m e rc a p ta n  (c o m p a rab le  w ith  
cy c /o h ex en y l h y d ro p e ro x id e )  is  t o  b e  fo u n d  in  th e  r e a c tio n  m ix tu re  : in ­
s te a d , t h e  h y d ro g e n  su lp h id e  g e n e ra te d  a d d s , a s  w o u ld  b e  e x p e c te d ,*  to  
u n u s ^  c;yciohexene to  g iv e  c;y«/ohexyl m e rc a p ta n  a n d  to  so m e  e x te n t  
dic> 'c/ohexyl sulphide.*® I t  a p p e a rs ,  th e re fo re , t h a t  t h e  fo rm a t io n  of 
a n  u n s a tu r a te d  m e rc a p ta n  b y  a  re a c tio n  e x a c tly  a n a lo g o u s  t o  t h a t  c ite d  
a b o v e  b e tw e e n  C rieg ee’s d iq u in o n e  a n d  cyclohexene re p re s e n ts  n o  e sse n tia l  
s ta g e  in  d e h y d ro g e n a tio n  b y  s u l p h u r ; in s te a d , s u lp h u r  c a n  p ro b a b ly  
fu n c tio n  a s  h y d ro g e n -a c c e p to r  b y  a  d i r e c t  m e c h a n ism .

S u lp h u r  V u lc a n is a tio i i .— ^When th e  V e s te rb u rg  r e a c tio n  is  a p p lie d  to  
r u b b e r  a t  a b o u t  1 4 0 “ o rd in a ry  s u lp h u r -v u lc a n is a t io n  e n su es . T h is  p ro cess  
h a s  tw o  m a in  fe a tu re s , ( i )  t h e  re m a rk a b le  c h a n g e  in  t h e  p h y s ic a l  p ro p e rt ie s  
(e sp ec ia lly  th e  so lu b ility )  o f th e  ru b b e r ,  a n d  (2 ) th e  in c o rp o ra tio n  o f s u lp h u r  
in  th e  ru b b e r .  M ost a u th o r s  h a v e  re g a rd e d  th e  fo rm e r  a s  d u e  to  in c re a se  
in  t h e  size  o f t h e  ru b b e r  m o lecu le s  a r is in g  fro m  so m e  k in d  o f p o ly m e r isa ­
t io n  p ro m o te d  b y  su lp h u r , a n d  th e  l a t t e r  a s  d u e  to  a d d it io n  o f s u lp h u r  
a t  t h e  d o u b le  b o n d s . I t  h a s  m o s t  o f te n  b e e n  c o n c lu d e d  t h a t  th e  ch ie f 
fu n c tio n  o f su lp h u r  in  t h e  v u lc a n is a t io n  p ro c ess  is  t o  p ro m o te  th e  fo rm a ­
t io n  o f in te rm o le c u la r  l in k s , u su a lly  c o n s id e re d  to  b e  su lp h u r  b r id g e s  o f 
o n e  k in d  o r  a n o th e r  (su lp h id e , d isu lp h id e ) , b u t  p o ss ib ly  t o  so m e  e x te n t  
d i r e c t  C— C  b o n d s . O n  th e  c ro ss - lin k ed  s t r u c tu r e  t h e  d e s ira b le  p h y s ic a l 
p ro p e r t ie s  o f  th e  s u lp h u r  v u lc a n is a te s  a re  d e em ed  to  d e p e n d .

T w o  p>oints h a v e  n o w  b eco m e  fa ir ly  c le a r , e x p e r im e n ta lly , vix. ( i )  t h a t  
t h e  d e s ira b le  p h y s ic a l p ro p e r t ie s  o f th e  v u lc a n is a te s  a r e  c o n fe rre d  b e fo re  
a n y  se rio u s  d im in u tio n  in  th e  u n s a tu r a t io n  o f  th e  r u b b e r  h a s  o c c u rre d , 
o r  a n y  la rg e  p ro p o r t io n  o f s u lp h u r  h a s  b e co m e  c h e m ic a lly  co m b in e d , 
a n d  (2 ) t h a t  a f te r  th is  s ta g e  (w h ich  is  p re s u m a b ly  th e  e s se n tia l  v u lc a n is in g  
o r  c ro ss - lin k in g  s tag e) h a s  b e e n  re a c h e d , c h em ica l in c o rp o ra tio n  o f s u lp h u r  
s e ts  in  se r io u s ly  a n d  is  a t t e n d e d  b y  p ro g re ss iv e  d e c re a se  in  th e  u n s a tu r a ­
t io n .”  I n  v iew  o f t h e  f a c t  t h a t  s u lp h u r  is  n o t  o rd in a r i ly  a n  a d d it iv e  
r e a g e n t  fo r  o lefin ic  d o u b le  b o n d s  i t  is  p ro b a b ly  le g i t im a te  to  d e d u c e  fro m  
( i )  t h a t  th e  c ro ss -lin k in g  e s se n tia l  t o  v u lc a n isa tio n , w h e th e r  th is  is  b y  
d ir e c t  C— C lin k s  o r  b y  su lp h u r  b rid g es , p ro b a b ly  a ffe c ts  p r im a r i ly  a n d  
m a in ly  t h e  a -m e th y le n e  g ro u p s , a n d  fro m  (2 ) t h a t  t h e  e x te n s iv e  in ­
c o rp o ra t io n  o f su lp h u r  a t  t h e  l a te r  s ta g e s  o f s u lp h u r -v u lc a n is a t io n  is a  
s e c o n d a ry  p ro c ess  d e p e n d e n t  on  th e  a t t a c k  a t  t h e  m e th y le n e  g ro u p s .

P h o to g e ll ln g  o f R u b b e r .— T h e  p h o to g e llin g  o f r u b b e r  d isso lv e d  in  
a  m ix tu r e  o f  c a rb o n  te t r a c h lo r id e  a n d  a ce to n e , o r  in  v a r io u s  o th e r  h a lo -  
g e n a te d  so lv e n ts  (w ith  o r  w i th o u t  a d d e d  k e to n e s , a n d  w ith  o r  w i th o u t  
a d d e d  p e ro x id e  o r  o x y g e n  a s  se n s it is in g  a g e n ts )  h a s  b e e n  d e sc rib e d  b y  
S tevens.**  T h e  g e llin g  p ro c e e d s  f a ir ly  r a p id ly  in  s u n l ig h t  a n d  th e  in ­
t e n s i t y  a n d  d u r a t io n  o f  i l lu m in a tio n  a ffe c t v e ry  g r e a t ly  t h e  p h y s ic a l  c h a r ­
a c te r  o f t h e  gels. T h e  p ro cess  is  fo u n d  to  in v o lv e  t h e  e x te n s iv e  ch em ica l 
in c o rp o ra tio n  o f f ra g m e n ts  o f t h e  so lv e n ts  in  th e  ru b b e r ,  a n d  d o u b tle s s  i t  
a lso  in v o lv e s  c ro ss-h n Jd n g  of t h e  ru b b e r  m o lecu le s o r  u n i t s ; i t  a p p e a rs  
t o  re se m b le  c lo se ly  th e  a c t io n  of d ib e n z o y l p e ro x id e  o n  ru b b e r ,  s a v e  t h a t  
t h e  f re e -ra d ic a ls  re sp o n s ib le  fo r  t h e  in te r l in k in g  of m o lecu le s  a n d  th e  
a t t a c h m e n t  o f o rg a n ic  f ra g m e n ts  t o  th e  ru b b e r  c h a in s  a r e  d e r iv e d  fro m  
th e  so lv e n ts  b y  p h o to c h e m ic a l d eco m p o s itio n .

H a lo g e n a tio i i  R e a c tio n s .— ^The im p o r ta n c e  o f  a -m e th y le o ic  r e a c t iv i ty  
is  v e ry  e v id e n t  in  h a lo g e n a tio n  re a c tio n s .  T h e  r e s u l ts  o f GroU, H e a m e

•  The add ition  of H ,S  to  olefins is, unlike t h a t  of su lphur, a  norm al re a c tiv i ty ; 
m oreover, i t  is know n to  be catalysed b y  sulphur.

•“ M eyer an d  Hohenem ser, Helv. Chim. Acta, 1 9 3 5 , 1 8 , 1 0 6 1 .
”  H auser. Ind. Eng. Chem., 1 9 3 8 , 3 0 , 1 2 9 1  ; 1 9 3 9 , 3 1 , 1 3 9 1 .
**C/. Spence an d  Sa>tt. KoUoid-Z., 1 9 1 1 , 8 , 3 0 4 .
** Stevens, Trans. Inst. Rubber Ind., 19 4 0 , 1 6 , 2 1 1 .
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et al.,** followir^ earlier results of Stewart et al.,** and Deanesly,** in respect 
of olefins, and of McGavack** in respect of rubber, have shown th a t in 
certain circumstances a-methylenic substitution partly  or wholly replaces 
double bond addition. There is often a  second-order substitution a t 
the ethylenic carbons.

Both substitution and addition occur when an olefin in gaseous form is 
mixefl with chlorine a t  low or non-elevated temperatures. For sub­
stitution to  become easy, however, and to  compete successfully with 
addition, the lability of the a-methylenic hydrogen atoms requires en­
hancing either by structural modification of the normal olefinic chain 
or by  using high temperatures. If an alkyl group is present a t  one of 
the ethylenic carbons of the  normal chain as in —CHj—CMe=CH—CH,—

a b e d  
the substitutive capacity a t  a (or a t a and d) is greatly increased, and some 
small degree of substitution occurs also a t  c. If a higher alkyl group than 
methyl is employed, the ease of substitution seems to  be increased, and 
the evidence ind icaf^  th a t in the sj^tem  R iR jC =C R jR , the well-known 
rules regarding the  inductive efficiency of alkyl groups in promoting and 
directing the  course of ionic addition reactions are valid here also.* The 
substitutive reaction is found to  be a  liquid-phase reaction, occurring in 
liquid films on the walls of the  vessel, and proceeds a t  about the ordinary 
pressure (low or moderate temperature) in the  absence of light and without 
other catalyst than the walls of the  vessel. A t a suitable ra te  of gas-fiow 
tsobutylene (i mol.) gives with chlorine (i mol.) :

(a) (6) (f) (<i)
CH,Cl—C M e= C H , -|- C H ,—CMe =  CHCl -f- CM cjClf -!- C H ,—C M eC l~C H ,C I -f- 

0 -87  m ol. 0*03 moL o*oi m ol. 0 '0 6  mol.
Sa td . D ichlorides +  T richlorides

0-02 mol. O'Ot mol.
and the ratio  of the yield (%) of (a) to th a t of (&) changes little with varying 
conditions from ca.  97/3. Tertiary amylene (CMe,—CHMe -f CH,=CM eEt) 
gives comparable results.

For the  promotion of a good d e^ee  of substitutive halogenation in 
normal-chained olefins i t  is necessary to  rely on the  provision of suitable 
experimental conditions. High temperatures (30o°-6oo®, according to  the 
olefin and halogen concerned) are effective, and propylene gives a t  600®—650® 
a t  least 85*5 % of chloropropenes which comprise CH,C1—̂ H a= C H , (96 %), 
CH,—CC1= C H , (3 %) and CHg—CH=CHC1 (1 %). When bromine is 
used to  react with propylene, the  substitutive tendency is even more 
marked, for although a t  200® addition predominates, a t  300® the product 
consists of substitutively-formed mono-bromides; moreover a t  either 
tem perature the substitutive tendency is more pronounced for bromine 
th an  it  is for chlorine. The tem perature which must be reached before 
addition gives place to  substitution is higher for ethylene than  for un­
branched alkyl ethylenes, and very much higher for ethylene than  for 
branched olefins.

The chlorinations which occur a t  elevated temperatures, whether 
substitutive or additive, appear to be mainly (not exclusively) of radical 
character, and the incidence of the specific reaction-chains is very dependent 
on the  experimental conditions.•• The role of oxygen during chlorination

^J n d . Eng. Chem., 1 9 3 9 . 3 lf  1239. 1 4 1 3 . i53o-
** / .  Amer. Chem. Soc., 1 9 3 0 . 5 ^ , 2 8 6 9 ; 1 9 3 1 , 5 3 , 1 1 2 1  ; 1 9 3 5 , 5 7 , 2 0 3 6  ;

1936.5 8 , 98: 1937.59. 1765- 
»• Ibid., 1934. 250-

Ind. Eng. Chem., 1 9 2 3 , 1 5 , 9 6 1 ; cf. Bloomfield a n d ‘F a rm er, J . Soc. Cksm. 
Ind., 1934. 5 3 . 43T. ;

•  T h is seems to  ap p ly  also to  th e  re la tiv e  capacities fo r su b s titu tio n  of th e  
e tiiylenic hydrogen a tom s in  R — C H » C H ,.

f  H ydrogen  chloride ad d ition  p roduct.
»• R u st an d  V aughan. J . Org. Qiem., 1 9 4 0 , 5 , 4 7 2 .
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is  u n e x p e c te d , in  t h a t  w h e rea s  sm a ll  c o n c e n tra t io n s  o f  o x y g e n  c a ta ly s e  
s t r o n g ly  t h e  s u b s t i tu t iv e  re a c tio n , e sp e c ia lly  a t  t h e  h ig h e r  te m p e ra tu re s ,  
c o n s id e ra b le  c o n c e n tr a t io n s  o f  o x y g e n  s u p p re s s  b o th  re a c tio h s  b e lo w  
3 0 0 ° ; a b o v e  3 0 0 ® th e  a d d it io n  w h ic h  o c cu rs  in; p re se n c e  o f  o x y g e n  is 
p r o b a b ly  o f  g a s-p h ase , b lm o le c u la r  ty p e .  R a d ic a ls  c o n ta in in g  a n  e th y le n ic  
l in k a g e  se e m  to  b e  m o re  s ta b le  t o  o x y g e n  th a n  th o s e  w h ic h  h a v e  o n ly  s ing le  
C— C  b o n d s .

L e a d  T e t r a c e ta te  R eac tio n B .— C rieg ee  fo u n d  t h a t  le a d  t e t r a c e ta te  
r e a c ts  d i r e c t ly  w i th  cjyc^ohexene to  g iv e  n o t  o n ly  i  : 2 -d iace to x y lcy c to - 
h e x a n e  b u t  m o n o - a n d  d iacetoxy l-c> 'c lohexenes. T h is  m e a n s  t h a t  a c e to x y l  
g ro u p s  a d d  a t  t h e  d o u b le  b o n d  o f t h e  o lefin , a n d  a lso  s u b s t i tu te  o n e  o r 
b o th  o f  t h e  a -m e th y le n e  g ro u p s  t o  g iv e  3 -, 3  : 6 - a n d  3  : 3 -d e riv a tiv e s . 
S in ce  b o th  t h e  s u b s t i tu t iv e  a n d  a d d it iv e  re a c tio n s  c o n s is t  i n  t r a n s f e r  of 
a c e to x y l  g ro u p s  f ro m  re a g e n t  t o  o lefin , i t  a p p e a rs  t h a t  re a c t io n  is  of 
f re e - ra d ic a l  r a th e r  t h a n  io n ic  ty p e  in  s p i te  0 1  t h e  f a c t  t h a t  re a c tio n  is 
so m e tim e s  c o n v e n ie n tly  c o n d u c t ^  i n  p re sen c e  o f g la c ia l a c e tic  a c id  (to  
a r r e s t  h y d ro ly s is  o f t h e  re a g e n t) .  T h e  e sse n tia l  r e a c t io n  is  th e n  th e  
th e r m a l  d e c o m p o s itio n  : Pb(O A c)*  -*■ P b (O A c ) , -j- 2  A cO *, t h e  a c e to x y l  
r a d ic a ls  th u s  fo rm e d  a t ta c k in g  t h e  d o u b le  b o n d  o r  a n  a -m e th y le n e  g ro u p  
o f t h e  o lefin  a s  in  t h e  d ib e n z o y l p e ro x id e  re a c tio n  a b o v e . I t  i s  o f in te r e s t  
t h a t  f u r th e r  a c e to x y l- ra d ic a l  a t t a c k  c a n  o c cu r, a s  p e rh a p s  m ig h t  b e  
a n t ic ip a te d ,  a t  t h e  C H s-g ro u p s  o f  in g o in g  a c e to x y l  g ro u p s  ( to  g iv e
• O — CO— C H j— O A c). L e a d  te t r a b e n z o a te .  t e t r a p r o p io n a te ,  e tc ., w ill 
s e rv e  in  p lac e  o f t h e  a c e ta te ,  t h e  in g o in g  b e n z o y lo x y -g ro u p s  f ro m  t h e  
fo rm e r  n o t  b e in g  s u b je c t  t o  su b s id ia ry  a t t a c k  b y  P h —X O — O* ra d ic a ls .

S e le n iu m  D io x id e  R e a c tio n s .— S e len iu m  d io x id e  b e h a v e s  w i th  e x t r a ­
o r d in a r y  r e g u la r i ty  in  a t ta c k in g  olefins, a ld e h y d e s  a n d  k e to n e s  a t  th e  
a -m e th y le n e  g ro u p s . A s in d ic a te d  in  t h e  su c c e e d in g  p a p e r  t h e  p o in t  of 
a t t a c k  in  t h e  c a se  o f  o lefin s i s  v e r y  p re c ise ly  d e te rm in e d  b y  a lk y l  s u b s t i tu ­
t io n  in  t h e  c h a in . T h e  re a c tio n  is c a r r ie d  o u t  b y  h e a t in g  t h e  o lefin  o r  
c a rb o n y l  c o m p o u n d  w ith  p o w d e re d  se le n iu m  d io x id e , whereupKDn th e  
m e th y le n e  g ro u p s  a t ta c k e d  a r e  o x id is e d  t o  c a rb o n y l g ro u p s , u n le s s  th e  
re a c t io n  is  c a r r ie d  o u t  in  p re se n c e  o f  & f a t t y  ac id , in  w h ic h  c a se  t h e  f a t t y

BeO|
a c id  e s te r  o f t h e  c o rre sp o n d in g  a lc o h o l is  o b ta in e d  ( >  C H * • OAc)

T h e  re a c t io n  s t ro n g ly  re sem b le s  a u to x id a tio n ,  a n d  c a n  b e  a p p lie d  to  th e  
o x id a t io n  o f t h e  a lk y l  g ro u p s  o f a lk y l-a ro m a tic  c o m p o u n d s  ; t h e  c o n d itio n  
o f t h e  r e a g e n t  is  n o t  w i th o u t  im p o r ta n c e , o ld  sa m p le s  h a v in g  b e e n  fo u n d  
to  f a v o u r  fo rm a tio n  o f b im o le c u la r  {e.g. k e to l)  r e a c t io n  products .**  T h e  
e x a c t  c o u rse  o f re a c tio n , w h ic h  d o e s  n o t  a p p e a r  t o  b e  n o rm a lly  o f io n ic  
ty p e ,  is  a s  y e t  u n d e te rm in e d .

O z o n ise d  O x y g e n  R e a c tio n s .— O x id a tiv e  a t t a c k  a t  a -m e th y le n e  g ro u p s  
b y  o z o n ised  o x y g e n  h a s  b e e n  re p o r te d  t o  o c c u r  in  «-pinene,*^ a -h y d r in -  
dene,** a n d  d o d e c a h y d ro p h e n a n th re n e ,* *  a n d  se e m s f ro m  t h e  n a tu r e  of 
t h e  d e c o m p o s itio n  p ro d u c ts  t o  o c c u r  t o  a  m in o r  e x te n t  in  rubber.**
P o s s ib ly  th is  a t t a c k  o u g h t  t o  b e  a t t r i b u te d  to  t h e  o x y g e n  o f t h e  r e a g e n t
r a th e r  t h a n  to  ozone, e sp e c ia lly  a s  o z o n e  is  r e p o r te d  “  t o  c a ta ly s e  o x id a tio n  
b y  o x y g e n .

A ttack b y  O xidising A gen ts.— T h e  h y d ro g e n  a to m s  o f a -m e th y le n e  
g ro u p s  w h ic h  s ta n d  b e tw e e n  tw o  d o u b le  b o n d s  a r e  e sp e c ia lly  lab ile , a n d  
i t  is  n o t  s u rp r is in g  to  f in d  t h a t  c e r ta in  o x id is in g  a g e n ts , in c lu d in g  p e r -  
b e n z o ic  a c id  •* a n d  c h ro m ic  a c id ,”  a r e  re p o r te d  t o  a t t a c k  th e s e  a c t iv e  g ro u p s

*• Annalen, 1 9 3 0 , 4 8 1 , 2 6 3 .
K ap lan , J. Amer. Chem. Soc., 1 9 4 1 , 6 3 , 2 6 5 4 .
Spencer, W eaver et al., J . Org. C ^m ., 1 9 4 0 , 5 , 6 1 0 .

•* Long an d  Fieser, J. Amer. Ckem. Soc., 19 4 0 , 6a, 2 6 7 0 .
* * D orlw d  a n d  A dkins, ibid., 1 9 3 9 , 6 1 , 4 2 9 .
•• P u m m erer et aj., Ber., B, 1 9 3 6 , 6 9 , 1 7 0 .
** B riner et al., Helv, Chim. Acta, 1 9 3 2 , 1 5 , 2 0 1 ,
•• B au er an d  BJlhr, J . prakt. Chem., 1 9 2 9  (ii). 2 0 1  el seq.

Scheller, Ber., B, 1 9 3 9 , 7 a , 1 9 1 7 .



i n  lin o le ic  a n d  lin o len ic  a c id s  a n d  in  cy c /o p en tad ien e , a l th o u g h  th e y  a t t a c k  
t h e  d o u b le  b o n d s  i n  o leic , e la id ic  a n d  ric in o le ic  a c id s . T h e  c h a r a c te r  o f 
th e  re a c t io n s  a n d  o f  t h e  p ro d u c ts  is, h o w e v e r, u n k n o w n . T h e  a -m e th y le n e  
g ro u p s  in  ^yc /ohexene, i-m e th y li^ /c /o h e x e n e  a n d  in  6 -d o d e c y n e  a r e  o x id ised  
t o  c a rb o n y l  b y  c h ro m ic  acid.*»

T h e r m a l  P o ly m e r i s a t io n s  o f  O le f in s .— I n  m a n y  lo w -m o le c u la r  p o ly ­
m e r is a t io n  p ro c esse s  a m o n g s t  o le fin s i t  h a s  b e e n  a s su m e d  t h a t  h y d ro g e n  
s e p a ra te s  f ro m  a n  e th y le n ic  c a r b o n  a to m  o f o n e  m o lecu le  a n d  a d d s  a t  t h e  
d o u b le  b o n d  o f  a n o th e r .  T h is  a s s u m p tio n  is  u n n e c e s sa r j ' i n  lo w -m o le cu la r  
p ro c e sse s  w h ic h  a r e  c a ta ly s e d  b y  h y d r i o n , (c/. W h itm o re ’s  h y p o th e s is ) ,  
a n d  p r o b a b ly  a lso  in  m o s t  p h o to c h e m ic a l  o r  ra d ic a l- in i t ia te d  p o ly m e r is a ­
tio n s .  I n  t h e  c a se  o f  p u r e ly  th e r m a l  p o ly m e r is a tio n s  o f a lk y le th y le n e s  i t  
se e m s n o t  u n lik e ly  t h a t  d is so c ia t io n  o f  h y d ro g e n  a to m s f ro m  t h e  a -m e th y le n e  
g ro u p s  o f  so m e  m o n o m e ric  m o le c u le s  le a d s  i n  m a n y  e x a m p le s  t o  t h e  a d d i ­
t io n  o f  t h e  re s id u a l  h y d ro c a rb o n  ra d ic a ls  {e.g. p H — R C H = C H R ')  a t  t h e  
d o u b le  b o n d s  o f  o th e r  (u n d isso c ia te d )  m o lecu les, so  g iv in g  e v e n tu a l ly  
lo w -m o le cu la r  p o ly m e rid es .

D o u b le - b o a d  D isp la c e m e n t* — H y d ro g e n  c a n  b e  d isp la c e d  a s  a n  io n  
f ro m  t h e  a -m e th y le n e  g ro u p s  o f  o lefin ic  c h a in s , w h e n  s t ro n g  c a u s tic  a lk aU  
is  u se d  a s  r e a g e n t  a t  a  su ff ic ie n tly  h ig h  te m p e ra tu re .  T h e  c o n d itio n s  n e e d  
t o  b e  m o re  d r a s t ic  t h a n  a r e  re q u ire d  fo r  t h e  a/9, jS y ch an g e  in  u n s a tu r a te d  
ac id s . T h e  p o s s ib i l ity  o f s u c h  d isp la c e m e n t w as f ir s t  sh o w n  b y  M oore 
in  t h e  c a se  o f t h e  (u n c o n ju g a te d )  t r ie n e -c h a in  o f lin o le n ic  a c id , t h e  p r o d u c t  
b e in g  a  c o n ju g a te d  iso m e rid e  o f lin o le n ic  ac id .

T h e  e x a m p le s  o f m e th y le n e  r e a c t iv i ty  d isc u sse d  b r ie f ly  a b o v e  a re  
d o u b t le s s  ^only r e p re s e n ta t iv e  in s ta n c e s ,  b u t  th e y  s e rv e  t o  sh o w  t h e  c o n ­
s id e ra b le  s u b s t i tu t iv e  r e a c t iv i ty  o f  o lefin ic  sy s te m s , a n d  e sp e c ia lly  of 
p o ly o le fin ic  m a te r ia ls  s u c h  a s  ru b b e r .
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The tendency of olefins to absorb molecular oxygen increases rapidly 
with in,crease in unsaturation. In mono-olefins absorption is usually 
very slow unless it is actively promoted by irradiation, by the use of 
temperatures above room-temperature, or by chemical catalysts; in 
dienes and trienes it usually becomes quite considerable in diffused 
daylight; and in the higher polyenes it tends to occur uupreventibly 
and excessively. The strong tendency towards bxidation shown by 
polyenes appears to ,be shared by unconjugated and conjugated sub­
stances alike, although the precise courses of reaction in the two cases 
are probably somewhat' different. In the present paper attention ia 
focussed mainly on mono-olefinic and unconjugated polyolefinic materials.



T h e  P r i m a r y  A u to x ld a t lo n  R e a c tio n .— A lth o u g h  in  t h e  a u to x id a tio n  
o f  m a n y  d if fe re n t  o lefin ic  s u b s ta n c e s  l i t t l e  p e ro x id ic  m a te r ia l  su rv iv e s  
a t  t h e  e n d  o f  re a c tio n , th e r e  is  n o  re a s o n  t o  d o u b t  t h a t  t h e  f ir s t  s ta g e  in  
e v e ry  su c h  a u to x id a t io n  is  t h e  fo rm a t io n  o f  p e ro x id e  g ro u p s . R u b b e r  
h y d ro c a rb o n , fo r  e x a m p le , a f te r  v ig o ro u s  a u to x id a t io n  in v o lv in g  h ig h  
o x y g e n - in ta k e  g iv es  a  p ro d u c t  c o n ta in in g  o n ly  t r a c e s  o f  p e ro x id ic  m a te r ia l ,  
b u t  w h e n  t h e  o x id a t io n  is c o n d u c te d  c a u t io u s ly  th e  b u lk  o f th e  in g o in g  
o x y g e n  (8 0  %  o r  m o re ) i s  fo u n d  in  t h e  e a r ly  s ta g e s  o f  r e a c t io n  t o  b e  in  
p e ro x id e  fo rm . I t  h a s  u s u a l ly  b e e n  a ssu m e d , fo llo w in g  t h e  E n g le r -B a c h  
h y p o th e s is , t h a t  t h e  o x y g e n  is  a b s o rb e d  m o lecu le  b y  m o lecu le , a n d  a d d s  
a t  t h e  o lefin ic  c e n tre s , so  t h a t  th e  prim ary  r e a c t io n  is  in  f a c t  h e ld  t o  b e  a

s im p le  a d d i t iv e  re a c t io n  : — C H = C H ------ f- O , -»■ — C H — C H — . T h is

v iew  c a n n o t  b e  m a in ta in e d  : t h e  d is a p p e a ra n c e  o f  o lefin ic  u n s a tu r a t io n  
r a r e ly  k e e p s  p a c e  w i th  t h e  in c o rp o ra tio n  o f o x y g e n , a l th o u g h  u n d e r  u s u a l  
c o n d it io n s  o f re a c t io n  s e v e re  d im in u tio n  o f u n s a tu r a t io n  d u e  t o  s e c o n d a ry  
re a c tio n s  o f te n  o ccu rs . I n  a ll  th e  {unconjugaUd) o lefin ic  s y s te m s  e x a m in e d  
b y  t h e  a u th o m  t h e  o x y g e n  a p p e a rs  t o  e n te r  a t  th e  m e th y le n ic  c a rb o n  
a to m s  in  t h e  a -p o s itio n s  t o  th e  d o u b le  b o n d s , a n d  th e r e  fo rm s  h y d r o ­
p e ro x id e  g ro u p s  :

— C H ,— C H = C H —  +  O ,  -V _ C H { O O H ) — C H = C H — .

E a c h  h y d ro p e ro x id e  g ro u p  th u s  fo rm e d  c o n ta in s  o n e  a to m  o f  a c t iv e  
o x y g e n  a n d  o n e  a to m  o f  a c t iv e  h y d ro g e n , b u t  t h e  in t r o d u c t io n  o f  t h e  
g ro u p  le a v e s  t h e  o lefin ic  u n s a tu r a t io n  in ta c t .

I n t r in s ic  S ta b i l i ty  o f  H y d r o p e r o x id e s .— A ll h y d ro p e ro x id e s  d e co m p o se  
c o m p a ra t iv e ly  re a d ily ,  b u t  so m e  a re  su f& cien tly  s ta b le  t o  p e r m i t  o f t i ie ir  
i s o la t io n  in  to le r a b ly  p u re  fo rm . T h e  h y d ro p e ro x id e s  o f  c^c /ohexene ,
i-m e th y lc ^ c /o h e x e n e , i  : 2 -d im e th y k y c /o h e x e n e  a n d  m e th y l  o le a te  c a n  
th u s  b e  o b ta in e d  b y  f ra c t io n a lly  d is t il l in g  t h e  a u to x id a t io n  p ro d u c t  a t  
r e d u c e d  p re ssu re , b u t  w i th  m o s t  p o ly o le fin s  d e c o m p o s itio n  o f t h e  — O O H  
g ro u p s  t a k e s  p la c e  u n a v o id a b ly  s id e  b y  s id e  w i th  t h e i r  fo rm a tio n , so  t h a t  
^ t e r  t h e  e a r ly  s ta g e s  o f  o x y g e n -a b so rp tio n  s e c o n d a ry  re a c t io n  p r o d u c ts  
b e g in  t o  a c c u m u la te , a n d  th u s  n o  p u re  h y d ro p e ro x id e  o r  jw ly h y d ro p e ro x id e  
c a n  b e  is o la te d  in  q u a n t i ty .  T h e  p o ly iso p re n e s , e.g. d ih y d ro m y rc e n e , 
H ( C H , — C M e = C H — a n d  ru b b e r .  (— C H .— C M e = C H —C H .— )«. 
a n d  d o u b tle s s  t h e  d ry in g -o il  a c id s , e.g. l in o le ic  ac id ,

C jH i ,— C H = C H — CH>—C H = (C H .) 

a n d  lin o le n ic  ac id ,
C .H j— C H = C H — C H ,— C H = C H — C H ,— C H = C H — ( C H , ) C O , H .

a s  w e ll a s  t h e  u n c o n ju g a te d  p o ly p e n e  fish -o il a c id s , e.g. e ic o sa te tra e n o ic  
a c id  a n d  d o c o sa h e x a e n o ic  a c i d , |  a l l  b e lo n g  t o  t h e  l a t t e r  c a te g o ry . I n  th e  
f ish -o il a c id s  t h e  in ta k e  o f o x y g e n  (in  p e ro x id ic  fo rm ) in  d iffu se d  d a y lig h t  
a t  ro o m  te m p e ra tu r e  is  a s to n is h in g ly  r a p id ,  b u t  d e c a y  is  r a p id  a lso .

C k>ndkions o f  H y d r o p e r o x id e - f o n a a t lo n  a n d  d e c a y .— A b s o rp tio n  o f 
o x y g e n  is  p ro m o te d  b y  s u n l ig h t  o r  U .V . l ig h t  a n d  b y  n u m e ro u s  c h em ica l 
c a ta ly s ts ,  b o th  o rg a n ic  a n d  in o rg a n ic  ; w i th in  t h e  l im its  o f p r e s e n t  o b ­
s e rv a t io n  a b s o rp t io n  is  u su a lly  f a c i l i ta te d  b y  ra fe in g  t h e  re a c t io n  te m p e r ­
a tu r e  a b o v e  t h e  ro o m  te m p e ra tu re .  T h e  d e c o m p o s itio n  o f  — O O H  g ro u p s  
i s  s t r o n g ly  p ro m o te d  b y  e le v a te d  te m p e ra tu re s ,  a p p a r e n t ly  a lso  b y  p r o ­
lo n g e d  i l lu m in a tio n , a n d  b y  c e r ta in  c h e m ic a l c a ta ly s ts  s u c h  a s  i ro n  s a lts ,  
w h ic h  c a n  p la y  a  d u a l  ro le  a s  p e ro x id a tio n -p ro m o te rs  a n d  p e ro x id e -  
d e s t ro y e r s .  F o r  t h e  su ccess fu l p h o to c h e m ic a l  p re p a r a t io n  o f  h y d ro ­
p e ro x id e s  in  q u a n t i ty ,  e x p e rie n c e  in d ic a te s  t h a t  i t  is  a d v is a b le  t o  c u r ta i l

f T h e  hydroperoxidic  ch arac te r of th e  perox ide groups in  th e  dieue- an d  
p ^y en c 'f tc id s  h a s  n o t y e t  been  form ally  proved.
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t h e  d u r a t io n  of o x id a t io n  b y  o p e r a ^ g  w ith  g o o d  i l lu m in a tio n  a t  th e  
h ig h e s t  te m p e r a tu r e  w h ic h  t h e  in tr in s ic  s ta b i l i ty  o f t h e  p a r t i c u la r  p e ro x id e  
w ill a llo w .

P o in t  o f  E n t r y  o f H y d r o p e r o x id e  G r o u p s  ; In d u c tiv e  E fifects.— E x p e r i ­
m e n ts  h a v e  in d ic a te d  (cf. p re c e d in g  p a p e r)  t h a t  in d u c t iv e  in flu e n ce s  in  
o lefin ic  c h a in s  h a v e  a n  im p o r ta n t  e ffec t b o th  in  fa c i l i ta t in g  re a c tio n , a n d  
in  d e te rm in in g  th e  s e a t  o f  r e a c t io n  le.g. a s  b e tw e e n  C« a n d  Ca) in  s y s te m s  

C H ,

su c h  a s  — C „H — C/>=Cj,— C ^H — , e v e n  th o u g h  th e  s t r u c tu r a l  a n d  e x p e r i­
m e n ta l  c o n d it io n s  w h ic h  a r e  m o s t  fa v o u ra b le  t o  a u to x id a t io n  a re  n o t  su c h  
a s  t o  p o in t  t o  a  re a c tio n -m e c h a n ism  o f io n ic  ty p e .  T h u s , a lth o u g h  a n y

m e th y le n e  g ro u p  (less e a s ily  a  C H ,—  o r  y C H -g ro u p )  w h ic h  is  a d ja c e n t  
t o  a n  e th y le n e  b o n d  is  a  p o te n t ia l  s e a t  of^ re a c tio n , a u to x id a tio n  a p p e a r s  
in  p ra c t ic e  m o re  l ik e ly  t o  o c c u r  a t  C« in  th e  a b o v e  sy s te m  r a th e r  t h a n  a t  
Q .  T h e  m o s t  c o m p le te  e v id e n c e  o f t h e  e ffec tiv en ess  o f  a lk y l  g ro u p s  in  
d e te rm in in g  th e  s e a t  o f  r e a c tio n  is  se e n  in  th e  o x id is in g  a c t io n  o f se len iu m  
d io x id e  in  t h e  p re se n c e  o f  a c e tic  a c id ,*  w h e re  o x id a t io n  o c cu rs  p re fe re n tia lly  
a t  th e  p re c ise  p o in ts  t o  b e  e x p e c te d  o n  th e  b a s is  o f t h e  in d u c t iv e  in flu e n ce s  
p re s e n t .  Th(us in  t h e  fo llo w in g  sy s te m s  > a t t a c k  o c c u r s  f ir s t  a t  t h e  p o in ts  
m a rk e d  ♦ :

d n , —C M e=C H M e, C H ,= C H ,—C M e= C H „  C H .—C P r ^ H M e ,

£ h ,—CMe = C H E t,

C H ,—£ h ,—C P h = C H M e, C fl,—C H .—C H = C H M e, C H ,R —C E t= C H —CH^R.

I n  t h e  c a se  o f  p o ly iso p re n e  h y d ro c a rb o n s ,  in c lu d in g  r u b b e r ,  p re s e n t  in ­
fo rm a t io n  in d ic a te s  t h a t  p e ro x id a tio n  o c c u rs  n o t  o n ly  a t  C„ in  t h e  sy s te m  
Ca— C p = C y — Cg, b u t  e x te n s iv e ly  a t  Q  a lso . I n  a ll  t h e  p o ly e n e  d ry in g -o il  
a c id s  p e ro x id a t io n  seem s t o  o c c u r  w i th  e x c e p tio n a l fa c i l i ty  a t  m e th y le n e  
g ro u p s  s i tu a te d  b e tw e e n  d o u b le  b o n d s , j u s t  a s  io n ic  r e a c t iv i ty  is  v e ry  
g r e a t  in  t h e  m e th y le n e  g ro u p s  o f t h e  s y s te m  — C O — C H ,— CO—  a n d  
^ I J = C H — C H ,—C O — .

T h e re  a re , h o w e v e r, o th e r  p e ro x id is a b le  su b s ta n c e s  b e s id es  o lefin s 
(fi.g. d ia lk y l  e th e r s  • a n d  c h lo ro fo rm  ») in  w h ich  in d u c t iv e  in flu en ces  seem  
t o  b e  p o te n t .  T h u s  t h e  in d u c t iv e  in flu en ce  o f  o x y g e n  in  t h e  w -d ia lk y l 
e th e rs , a n d  in  d i- iso p ro p y l e th e r  [R — C H [H ]-» -O R — ► R — C H [O O H ]— O E t] , 
£is a lso  t h a t  o f c h lo r in e  in  e h lo ro fo rm  [C1,<-C[H] — >• C C l,— O O H ], d o u b t ­
less r e n d e rs  o x id a t io n  e a s ie r  t h a n  i t  is  in  s a tu r a te d  h j 'd ro c a rb o n s ,  w h e re  
u s u a l ly  h ig h  te m p e ra tu re s ,  c a ta ly s ts ,  o r  i r r a d ia t io n  a r e  n e c e ssa ry  t o  m a k e  
a  h y d ro g e n  a to m  d e ta c h a b le ,  a n d  in  c o n se q u en c e  a t t a c k  b y  m o le c u la r  
o x y g e n  p o ss ib le  o f in i t ia t io n .  W h ere , h o w e v e r, t h e  s t r u c tu r e  o f  a  s u b ­
s ta n c e  a n d  th e  io n is in g  c a p a c i ty  o f t h e  m e d iu m  in  w h ic h  i t  is  p la c e d  f a v o u r  
io n ic  d is so c ia tio n  o f h y d ro g e n , t h e  c o u rse  o f a u to x id a tio n  m a y  n o t  in v o lv e  
t h e  f o rm a t io n  o f a n  o rg a n ic  h y d ro p e ro x id e  a t  a ll .  T h u s  in  t h e  ca se  o f 
a -k e to ls , a -a m in o k e to n e s  a n d  a -m e th o x y k e to n e s , a u to x id is e d  in  p re se n c e  
o f a lk a li,  t h e  r e a c t io n  p ro b a b ly  c o n s is ts  p u re ly  in  t h e  o x id a t io n  b y  m o le c ­
u la r  o x y g e n  o f t h e  e n o lic  a n io n  d e r iv e d  fro m  th e  k e to l, e tc .,*  i.e. i n  a n  
o x id a t io n - re d u c tio n  c h a n g e , e.g.

— C (0 )= C (0 )—  H- O , -> — CO—CO—  +  0 — 0  -► 2— COO.

•  T h e  free-radical ch a rac te r of th e  m echanism  in th is  reaction  requires 
confirm ation,

1 G uillem opat, Ann. Chim., 1 9 3 9 , 1 1 , 1 4 3 . v
‘ Clover, Jr. Amer. Chem. Soc., 1 9 2 4 , 4 6 , 4 1 9  ; cf. M ardles, Nature, 1 9 3 1 , , 

138, 116.
•C lover, J . Amer. Chem. Soc., 1 9 2 3 , 4 5 , 3 1 3 3 ; C hapm an, ibid., 1 9 3 4 , Ŝ > 

8 1 8  ; 1935- 57. 4i9-
* Jam es an d  W eissberger, ibid., 1 9 3 7 , '• / •  Chem. Soc., 1 9 3 5 , 2 2 6 .



M e c h a n i s m  o f  P e r o x i d a t i o n .

(a) Relation of Substitution to Addition in  Oieflins.— T h e  s y s te m  
re sp o n s ib le  fo r  t h e  v a r ie d  s u b s t i tu t iv e  re a c tio n s  d e sc rib e d  in  t h e  p re c e d in g  
p a p e r  is  (I) . T h e  r e a c t iv i ty  m o s t  c o m m o n ly  e x p e c te d  o f s u c h  a  s im p le

c C H j— C H = C H  C H ,— C H — C H  C H j— C H — C H
C e r r C fi : i= C  I [ I
U b y  X  -  Cl Cl Cl

H  C K  Cl
(I) ( I I )  ( I I I )  (IV)

o lefin ic  s y s te m  is  a d d it io n  a t  t h e  d o u b le  b o n d . T h e  a c t iv a t in g  p o la r is a ­
t io n  a c re a te s  a t  Cy a  p o in t  o f  r e la t iv e ly  h ig h  e le c tro n  d e n s i ty ,  so  t h a t  
e le c tro p h ilic  re a g e n ts , w h e th e r  th e s e  b e  p o s i t iv e  a s  in  t h e  c a se  o f H C l 
o r  in c ip ie n t ly  p o s i t iv e  a s  in  C lt, a r e  e n a b le d  to  a t t a c k  t h e  s y s te m  th e re ,  
a n d  re a c t io n  p ro c e e d s  th r o u g h  t h e  w e ll-k n o w n  s ta g e s  a s  sh o w n  fo r  Cl*- 
a d d it io n  in  ( I I ) - ( IV ) .  T h e  n o rm a l m e c h a n ism  o f o lefin ic  a d d it io n  is th u s  
a n  io n ic  one , a n d  a c c o rd in g  t o  t h e  u s u a l  elfectronic p r in c ip le s  a n  a lk y l  
g ro u p  a t t a c h e d  t o  sy s te m  (I) a t  C^ a s s is ts  b y  i t s  in d u c t iv e  a c t io n  t h e  
p o la r is a t io n  a (a t  t h e  e x p en se  o f  t h e  a l t e r n a t iv e  c), a n d  so  b o th  f a c i l i ta te s  
a d d i t iv e  re a c t io n  a n d  in flu en ces  t h e  d ire c tio n  o f a d d it io n  a t  t h e  d o u b le  
b o n d . B u t  i t  is c le a r  f ro m  t h e  e x a m p le s  q u o te d  in  t h e  p re c e d in g  p a p e r  
t h a t  t h e  s y s te m  (I) possesses in  a d d it io n  t o  i t s  a d d i t iv e  p ro p e r t ie s  a  m a rk e d  
te n d e n c y  t o  u n d e rg o  s u b s t i tu t io n  a t  C , (o r C^), a n d  t h e  m e c h a n ism  of 
th is  s u b s t i tu t iv e  r e a c t iv i ty  is o f  c o n s id e ra b le  in te r e s t  a n d  p r a c t ic a l  
im p o r ta n c e .

L a b i l i ty  o f  a  m e th y le n ic  h y d ro g e n  a to m  is  normally t o  b e  e x p e c te d  
in  t h e  ^ t e m s  — C H [H ]— C = 0 ,  — C H [H ]— C H = C H — C -= 0 ,
— C H [H ]-—C H = C H — C H = C H — C = 0 ,  e tc ..  p ro v id e d  a  b a s ic  c a ta ly s t  
(u su a lly  — O H  o r  — O E t  ion s) i s  p re s e n t  t o  d e ta c h  t h e  h y d ro g e n  a s  p ro to n .  
A lso  i n  t h e  re in fo rc e d  (c o n ju g a te d )  o lefin ic  sy s te m s  p r e s e n t  in  cyclo- 
p e n ta d ie n e ,  fiu o ren e , d ip h e n y lm e th a n e , e tc .,  d e ta c h m e n t  o f  a  h y d ro g e n  
a to m  f ro m  t h e  a -m e th y le n e  g ro u p  is p o ss ib le  p ro v id e d  a  b a a c  c a ta ly s t  is 
p r e s e n t  t o  re m o v e  i t  a s  a n  io n . B u t  in  t h e  th re e -c a rb o n  sy s te m  
— C H ,— C H = C H — , a s  i t  o c c u rs  in  a n  o lefin , io n ic  s e p a ra t io n  o f m e th y l­
e n ic  h y d ro g e n  in  t h e  a b se n c e  b o th  o f a  b a s ic  r e a g e n t  a n d  o f a n  io n is in g  
m e d iu m  is  o rd in a r i ly  •  u n k n o w n  a n d  n o t  t o  b e  e x p e c te d . I n  o rd e r, 
th e re fo re , t o  e x p la in  th e  s u b s t i tu t iv e  h a lo g e n a tio n  o f  a n  o lefin  b y  c h lo r in e  
o r  b ro m in e  o n  a n  ionic b a s is  i t  w o u ld  b e  n e c e ssa ry  t o  en v isag e  a  re a c tio n  
s im ila r  t o  t h a t  o f  a ro m a tic  s u b s t i tu t io n ,  in  s p i te  o f  t h e  f a c t  t h a t  t h e  
c h a ra c te r is t ic  n u c le a r  s t r u c tu r e  is  a b s e n t :

— ■ Cji —> ~*Ca~"C(^“>Cjr“  -f- FtCl

H  H  i Cl
01 I /*a

/  >'
CJ 01

I n  i t s  fo rm , h o w ev er, t h e  « -m e th y le n ic  s u b s t i tu t io n  in  q u e s t io n  re sem b le s  
side-chain s u b s t i tu t io n  r a th e r  t h a n  n u c le a r  s u b s t i tu t io n ,  a n d  h e n c e  a  
r a d ic a l  t y p e  o f m e c h a n ism  is  t o  b e  e x p e c te d ; a lso  th e r e  is n o  o b v io u s  
re a s o n  w h y  a n  e le c tro p h ilic  r e a g e n t  sh o u ld  a t t a c k  t h e  o lefin  p re fe re n tia lly  
a t  C« ( th u s  e n fo rc in g  su b s ti tu tio n )  w h e n  a  p o in t  o f  h ig h e r  e le c tro n  d e n s i ty  
(Cy) is  a v a ila b le .  I t  is n o t  su rp r is in g , th e re fo re ,  t h a t  s u b s t i tu t io n a l  h a lo ­
g e n a tio n  h a s  p ro v e d  t o  b e  d e p e n d e n t  o n  r a d ic a l- fo rm a tio n  r a th e r  t h a n  o n

•  T he ionic separa tion  of m ethy len ic  hydrogen from  th e  olefinic th ree-carbon  
system  can be efiected b y  action  of a  stro n g  b ^  a t  a  su itab ly  h igh  tem p era tu re  
(c/. succeeding paper). I t  occurs w ith  m uch  g rea ter facility , how ever, in  th e  
s y s te m — O H * c r f - C H , —C H * C H — .
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b im o le c u la r  r e a c tio n . I n  t h e  c a se  o f  t h e  p e ro x id a tio n  o f o lefins th e  
g e n e ra l eflScacy o f l ig h t  a n d  o f  ra d ic a l-p ro d u c in g  c a ta ly s ts ,  e tc ., i n  p ro m o tin g  
re a c tio n , a n d  t h e  e ase  w ith  w h ic h  p e ro x id a tio n  o c cu rs  in  o lefin s (in  n o n ­
p o la r  m ed ia )  p o in t  t o  t h e  s a m e  co n c lu s io n .

A s n o te d  a b o v e , t h e  e v id e n c e  a v a i la b le  a t  p r ^ e n t  su g g e s ts  t h a t  in ­
d u c tiv e  e ffe c ts  d u e  to  a lk y l  g ro u p s  a t t a c h e d  t o  th e  e th y le n ic  c a rb o n s  of 
o le fin s  a ^ i s t  s u b s t i tu t iv e  a s  w e ll a s  a d d i t iv e  re a c tio n , a n d  se rv e  t o  deter>  
m in e  th e  p o in t  o f  s u b s t i tu t iv e  a s  w e ll a s  o f a d d it iv e  a t t a c k ; a lso  th e r e  is 
so m e  e x p e r im e n ta l  in d ic a tio n  t h a t  t h i s  h o ld s  fo r  p e ro x id a tio n  reac tio n s.*  
I f ,  th e n ,  t h e  s e p a ra t io n  o f h y d ro g e n  in  t h e  s u b s t i tu t iv e  reax ition  i s  n o t  
io n ic , t h e  c o n c lu s io n  m u s t  b e  d r a w n  t h a t  t h e  in d u c t iv e  e ffe c ts  a r e  a b le  
to  a s s is t  t h e  s y m m e tr ic a l  (free -rad ica l)  s e p a ra t io n  o f t h e  e le c tro n  p a ir  in  
t h e  m e th y le n ic  C— H  b o n d , a n d  i t  is c o m m o n  e x p e rie n c e  t h a t  s u c h  s e p a r ­
a t io n  i s  p r o m o te d  b y  n o n -io n is in g  r a th e r  t h a n  io n is in g  m e d ia .  W a te r s  • 
h a s  p o in te d  o u t  t h a t  in te r n a l  in d u c t iv e  e ffec ts  in  c o m p le x  m o lecu le s  p r o ­
d u c e  g r e a t  c h a n g e s  i n  t h e  e le c tro s ta tic  b o n d -e n e rg y , a n d  a lso  t h a t  th e  
p r o b a b i l i ty  t h a t  b o n d -f iss io n  p ro c esse s  a t  a  b o n d  A — B  w ill t a k e  t h e  
u n s y m m e tr ic a l  c o u rse  A — - > A + -t- B ~  ( to  y ie ld  tw o  io n s) a n d  n o t  th e  
sy m m e tr ic a l  c o u rse  A — B  -► A  • +  B  • ( to  y ie ld  tw o  n e u tr a l  ra d ic a ls )  
b e co m es  g re a te r  a s  t h e  io n ic  re so n a n c e  e n e rg y  o f th e  b o n d  in c re a se s . T h e  
io n ic  c h a r a c te r  t h e n  o f a  b o n d  s u c h  a s  C— H , w h ic h  h a s  o n ly  lo w  re so n a n c e  
e n e rg y , is  l ik e ly  t o  b e  c o n s id e ra b ly  in fe r io r  t o  t h e  f re e - ra d ic a l  c h a ra c te r .  
W a te r s  f u r th e r  p o in ts  o u t  t h a t  t h e  e le c tro s ta t ic  e n e rg y  n e e d e d  to  c re a te  
a  s in g le  g a se o u s  io n  is  g r e a te r  t h a n  t h e  th e r m a l  e n e rg y  n e e d e d  to  d is ­
so c ia te  a  c o -v a le n t  b o n d  in to  two n e u t r a l  ra d ic a ls ,  b u t  t h e  d ie le c tr ic  e ffe c t 
o f  a  so lv e n t  i n  re d u c in g  t h e  e n e rg y  o f io n - fo rm a tio n  is  v e r y  g re a t .  H e n c e  
i t  a p p e a r s  t h a t  a t  le a s t  th o s e  a -m e th y le n ic  s u b s t i tu t io n  re a c tio n s  w h ich  
a re  c o n d u c te d  in  t h e  u n d i lu te d  h y d ro c a rb o n  o r  in  m e d ia  o f  lo w  d ie le c tr ic  
c o n s ta n t  a r e  l ik e ly  t o  b e  b a se d  o n  s y m m e tr ic a l  d isso c ia tio n  o f  t h e  C— H  
b o n d  ; f u r th e rm o re  i t  is  t o  b e  in fe r re d  t h a t  t h e  C = 0  g ro u p  in  t h e  s y s te m  
— C H -^-C = 0  e n h a n c e s  t h e  te n d e n c y  to  io n ic  d is so c ia tio n  ( r a th e r  t h a n  
r a d ic a l  d isso c ia tio n )  o f  t h e  a d ja c e n t  C— H  b o n d , s in c e  o th e rw is e  i t  is 
s u rp r is in g  t h a t  a u to x id a t io n  in  o l« c  a n d  s im ila r  a c id s  a n d  e s te r s  o c cu rs  
a t  t h e  C H ,-g ro u p s  a -  t o  t h e  e th y le n ic  d o u b le  b o n d s , a n d  n o t  a t  th o s e  
a d ja c e n t  t o  t h e  c a rb o x y l  g ro u p s .

N o w  a lth o u g h  o lefin s  w h e n  th e y  a re  s u b m it te d  t o  th e  a c t io n  of c h lo r in e  
o r  b ro m in e  c a n  sh o w  b o th  t h e  a d d it iv e  a n d  t h e  s u b s t i tu t iv e  re a c tio n , u n d e r  
s u i ta b le  e x p e r im e n ta l  c o n d itio n s , t h e  e v id e n c e  is  n o t  y e t  c le a r  a s  t o  w h e th e r  
a  c o r re sp o n d in g  additive r u c t i o n  c a n  b e  a c h ie v e d  w h e n  o x y g e n  is  t h e  
re a g e n t .  C e r ta in  cy c lic  c o n ju g a te d  d ie n e s  (b u t  n o t  so  f a r  a s  i s  k n o w n  
o p e n -c h a in  ones) c a n  a d d  o x y g e n  te rm in a l ly ,’ b u t  h e re , p re su m a b ly , ow in g  
to  t h e  p a ra m a g n e t ic  c h a r a c te r  o f t h e  o x y g e n , a n d  t h e  e a s ily  a s su m e d  free -  
r a d ic a l  p h a s e  o f  t h e  d ien e , th e  a d d it io n  is  n o t  io n ic , b u t  o f ra d ic a l  ty p e

a n d  th i s  b e in g  so  t h e  p o s s ib i l i ty  o f  a c h ie v in g  su c c ess fu l m o n o m e ric  a d d it iv e  
r e a c t io n  in  a  m owo-olefin w ill d e p e n d  o n  t h e  a b i l i ty  o f  th e  e th y le n ic  c a rb o n s  
t o  a s su m e  in  p re se n c e  o f th e  r e a g e n t  t h e  ra d ic a l  fo rm  a n d  t o  m a k e  tw o  
s im u lta n e o u s  o r  n e a r ly  s im u lta n e o u s  l in k s  w i th  o x y g e n

(— C = C ----- h • O O  • • C— C  • 0 0  • C— C),

c U
* F a rm er an d  Sundralingam , J . Chem. Soe., 1942. 1 1 6  ; F a rm er an d  S u tton , 

ibid.,-p. 139.
•  I b i d . ,  153.
’ B odendorfi, Arch. Phann., 19 3 3̂ , 2 7 1 , i ;  B ergm ann  an d  M cLeau, Chem. 

Rev., 1941, 367.



either of which courses is for steric reasons hardly likely to be easily 
accomplished. There is as yet no clear evidence th a t this additive per­
oxidation has ever been achieved, but with respect to  the general possibility 
of forming peroxides additively from mono-olefins, three cases may be 
cited : first, certain olefins which contain no a-methylene group, and 
notably ai-diphenylethylene,* appear to  be capable of giving under 
illumination poljrmeric peroxides

—E—0 0 —E —0 0 —E —GO— (E=Ph,C ,H ,),
presumablyformedbypolymerisation of the monomer —E—OO— * secondly, 
other similatr olefins (e.g. styrene •) give with oxygen polymers of the olefin 
which contain bu t little peroxidic oxygen ; and thirdly, certain olefins add 
oxygen readily after they have first been attacked by halogen atoms •• e.g.

Br- O.
[2  C H ,=CH —C H jB r ► 2  CH.Br—CH—C H .B r-----►

(CH,Br) ,CH—0 0 —CH(CHjBr) J .

W ith regard to  the relative ease of radical-attack a t  the a-methylene group 
and a t  the double bond, recent experiments indicate th a t in cj/c/ohexene 
phenyl- and benzoate-radicals (from dibenzoyl peroxide) a ttack  most 
successfully a t the methylene group. ,

(b) Photoperoxidation.—Both oxygen and peroxides (especially the 
latter) have been found by Kharasch and his co-workers to  be generally 
efficacious in starting reaction-chains in hydrogen halide additions, pre­
sumably owing to  the assistance which the paramagnetic character of the 
former and the radical-yielding (or jwssibly the co-ordinative power) of 
the latter lend to  the formation of halide atoms

(H X  +  . 0 0  • HOO • 4 - X  • ; R • -f- H X  -> RH +  X  •)•

In  view of the remarkable ease with which (in the absence of inhibitors) 
peroxidation succeeds in difiused light in the case of rubber and the drying 
oils, in comparison with the comparative immunity of mono-olefins from 
oxidative attack, it  seems a t first sight th a t the feature which predisposes 
towards oxidation is the inherent structural lability of the hydrogen atoms, 
which is a t its maximum in the a-methylenic groups. In the polyolefins 
the appropriate atoms might then be considered to  be labile enough to  
permit of their being detached by oxygen sufficiently readily and frequently 
to  start enough reaction-chains to  sustain a reasonably rapid rate of 
oxidation. Such a process might be exf>ected to  be initiated more easily 
by introduction of a little already-formed peroxidic material (probably 
providing radicals), than by oxygen alone. The course of reaction would 
then b e :

—CH—C =C — +  • 0 0  • (or R  •) -» —C—C = C — -f • OOH (or RH)

;=c—

• S taudinger, Ber., B, 1 9 2 5 , 5 8 , 1 0 7 5 .
* T he add ition  of SO, to  olefins, w hich is ca talysed  b y  oxygen, b y  peroxides, 

and  b y  soluble n itra te s  appears in  th e  m ain  to  be an  analogous reaction .
•■Staudinger an d  Lautenschlager, Annalen, 1 9 3 1 , 4 8 8 , i .

Bockem uller and  Pfeuffer, ibid., 1 9 3 9 , 5 3 7 , 1 7 8  ; cf. Dickinson an d  I ^ r -  
m akers, J. Amer. Chem. Soc., 1 9 3 2 , 5 4 , 3 8 5 2 .

“  F a rm er an d  Michael, in the press.
“  Cf. M ayo and  W alling, Chem. Rev., 194°. *7. 35i-



a n d  t h e  ro le  o f su c h  c a ta ly s ts  a s  c o b a l t  a n d  c o p p e r  s a l ts  in  in i t i a t in g  r e ­
a c t io n  couJd  b e  re p re s e n te d

— C H — C = C ------ h C u++ ^  — C — C = C ------ f- C u+ +  H + .

B u t  M o rg a n  a n d  N a u n to n  h a v e  fo u n d  t h a t  t h e  r a t e  o f th e r m a l  
o x id a t io n  o f r u b b e r  in  t h e  eai*ly s ta g e s  o f  re a c t io n  is  in d e p e n d e n t  o f  
o x y g e n  p re s s u re  (so c o n firm in g  e a r l ie r  r e s u l ts  o f  W illia m s  a n d  N e a l  **) 
a n d  th u s  in d ic a t in g  t h a t  a  c o u ree  o f rez ic tio n  d e p e n d e n t  o n  b im o le c u la r  
c o llis io n  b e tw e e n  o x y g e n  a n d  t h e  h y d ro c a rb o n  is  u n lik e ly . T h e y  su g g e s t 
t h a t  t h e  a u to x id a t io n  o f  r u b b e r  in v o lv e s  a  c h a in -m e c h a n ism . a n d  th e y  
a d v a n c e  t h e  sch em e .

B. ; R* +  O, ^  RO,* ; RO,* +  R  ^  RO, +  R* ; RO,* RO„

w h e re  R* is  a n  a c t iv a te d  r u b b e r  d o u b le  b o n d , RO,* a  r u b b e r  p e ro x id e , 
a n d  R O j th e .  p r o d u c t  o f r u b b e r  o x id a t io n . T h is  sc h e m e  is  d iff ic u lt t o  
re c o n c ile  w i th  t h e  e x p e r im e n ta l  f in d in g s  c i te d  a b o v e  re s p e c tin g  th e  u n ­
s a tu r a t e d  p e ro x id ic  c h a r a c te r  o f  t h e  f ir s t- fo rm e d  r u b b e r  p h o to -o x id a tio n  
p ro d u c ts ,  s in c e  r e a c t io n  is  m a d e  d e p e n d e n t  o n  a c c e p ta n c e  o f t h e  d o u b le  
b o n d  a s  t h e  n e c e s sa ry  p o in t  o f in i t ia t io n  a n d  t h e  s u b s e q u e n t  s e a t  o f  
p e r o x id a t io n ; a lso  t h e  r u b b e r  p e ro x id e  se e m s t o  b e  re g a rd e d  a s  h a v in g  
o n ly  a  t r a n s ie n t  e x is te n c e . A n  a l t e r n a t iv e  to  b o th  of t h e  fo re g o in g  sc h e m e s  
is  t h a t  in i t ia t io n  o f p « 'o x id a t io n  d e p e n d s  o n  th e  p r io r  d is so c ia tio n  o f t h e  
o lefin  a t  t h e  a -m e th y le n ic  C— H  b o n d

(—CH—C =C -> —C—C = ( ^  +  H ■)

u n d e r  th e  in f lu e n c e  o f  lig h t .  N o  d i r e c t  e v id e n c e  c an , h o w e v e r, b e  a d v a n c e d  
fo r  t h i s  c o u rse  o f  re a c t io n . T h e  k in e tic s  o f  o lefin ic  a u to x id a t io n  a r e  a t  
p r e s e n t  t h e  s u b je c t  o f  e x a m in a t io n .

S o m e w h a t s im ila r  p ro b le m s  a r is e  w i th  re g a rd  t o  t h e  p o ly m e r ic  a d d it io n  
o f  S O j to  o lefin s a n d  t h e  p o ly m e r ic  p e ro x id a t io n  o f o lefins. H e re  r e ­
a c t io n  w o u ld  su p e rf ic ia lly  a p p e a r  t o  b e g in  a s  t h e  r e s u l t  o f  b im o le c u la r  
i n te r a c t io n  b e tw e e n  o x y g e n  a n d  o lefin , in  c o n tr a s t  to  t h e  o x y g e n -  o r  
p e ro Jd d e - in d u c e d  “ a b n o r m a l "  a d d i t io n  o f  H B r  t o  o lefin s, in  w h ic h  t h e  
a t t a c k  o f t h e  o x y g e n -  o r  p e ro x id e -c a ta ly s t  is  d ire c te d  t o  t h e  a d d i t iv e  r e ­
a g e n t.^  W h e th e r  in  t h e  p o ly m e r is a tio n  re a c t io n s  th e  f irs t  s t e p  n e c e ssa r ily  
t a k e s  p la c e  a t  a  m e th y le n e  g ro u p  a n d  n e v e r  a t  a  d o u b le  b o n d  i s  n o t  c le a r .

S e c o n d a ry  A u to x id a t io n  R e a c tio n s .— E x c e p t  w i th  t h e  m o s t  s ta b le  
h y d ro p e ro x id e s , a n d  th e n  o n ly  u n d e r  o p t im u m  c o n d it io n s  o f  o p e ra t io n , 
p e ro x id e  d e c a y  o c cu rs  s id e  b y  s id e  w ith  n e w  p e ro x id a tio n . T h u s  in  
p o ly e n e s— e sp e c ia lly  lo n g -c h a in  p o ly e n e s  su c h  a s  r u b b ^ — ^hydroperox ide  
g ro u p s  a n d  th e i r  o x y g e n o -d e r iv a t iv e s  in e v i ta b ly  o c c u r  in  t h e  sa m e  m o lecu le . 
T h is  m ix in g  o f p e ro x id ic  a n d  s e c o n d a ry  g ro u p in g s  is  a id e d  b y  t h e  u s u a l  
v e r y  u n e v e n  d is t r ib u t io n  o f o x id a t iv e  a t t a c k  o v e r  t h e  o lefin ic  m o lecu le s  
p r e s e n t .  T h e  p r in c ip a l , a n d  d o u b tle s s  t h e  m o s t  in v a r ia b le ,  f e a tu r e  of 
s e c o n d a ry  a u to x id a t iv e  c h a n g e s  is  t h a t  t h e  h y d ro p e ro x id e  g ro u p s  t h e m ­
se lv es  r e v e r t  t o  h y d ro x y l  g ro u p s  ( in  so m e  c irc u m s ta n c e s  t o  k e to  g ro u p s)  
a n d  c o n c u r re n tly  t h e  a c t iv e  o x y g e n  is  u se d  in  o x id is in g  e i th e r  t h e  a d ja c e n t  
o r  so m e  r e m o te  d o u b le  b o n d — ^the l a t t e r  p e rh a p s  in  a n o th e r  m o lecu le . 
T h is  o x id a t iv e  a c t io n  m a y  p ro c e e d  a s  f a r  a s  ch a in -sc is s io n  at the double 
bonds, o r  m a y  o x y g e n a te  a n d  so  s a t u r a t e  t h e  d o u b le  b o n d s  w i th o u t  
s e v e rin g  th e m . C h a in -sc iss io n  re a c tio n s  c a n  o c c u r  w i th  e m b a rra s s in g  
f a c i l i ty  in  r u b b e r  a f te r  e v e n  s l ig h t  o x y g e n a t io n ; in  a  less se r io u s  d e g ree  
t h e y  o c c u r  u n a v o id a b ly  i n  t h e  p o ly e n e  fish -o il a c id s  a n d  t h e  s h o r te r  p o ly -  
iso p re n e s . I t  is  im p o ss ib le  a t  p r e s e n t  t o  d is t in g u ish  b e tw e e n  th e r m a l  a n d  
p h o to c h e m ic a l  s e c o n d a ry  d e c o m p o s itio n s . T h e  b a s ic  re a c tio n s , so  f a r  a s  
th e y  a r e  a t  p re s e n t  k n o w n , se e m  t o  b e  t h e  fo llo w in g  ;—

Proc. Rubber Technology Conference, 1 9 3 8 , p . 5 9 9 .
Jnd. Eng. Chem., 19 3 0 , a a , 8 7 4 .



I .  Interaction of a hydroperoxide group with a  double bond, giving a 
hydroxyl group a t the former and an epoxy group a t the latter. This 
reaction is in part comparable with the action of an organic peracid a t  an 
ethylenic bond (equation a), and since it  can be brought about a t  will by 
heating an o l e ^  hydroperoxide with an olefin, may be represented as 
in  (6). B ut since the change appears to occur with greater facility during 
th e  actual autoxidation reaction than  subsequently by thermal de­
composition of the isolated hydroperoxide, i t  may possibly be brought 
about during the autoxidation in a more direct way, e.g. by the inter­
action of a radical peroxide with a double bond as shown in (c). This 
reaction is of "  intermolecular ” type, occurring between a  peroxide group 
in one molecule and either a double bond in aaother molecule, or a remote 
double bond in the same molecule.

(a) _ c = c _  _j. RCO—OOH

{&) —C=C h ROOH -9- —C—C------—C—C h ROH

r A — O H  ^  '
+

(c) _ c= c— +  ROO • -»• —C—C »■ —C—C— + RO •
^ - 0R V

R O . +  —CHg—C=C— ROH +  CH—C=C—

2. Scission of the carbon chain a t the double bond occurs with con­
siderable ease, both during the autoxidation reaction {i.e. perhaps as the 
result of irradiation), and subsequently by thermal decomposition. The 
precise mechanism of this change in either case remains still to be deter­
mined. There is insufficient evidence a t  present for rejecting finally the 
possibility th a t' in some very small degree scission can occur during the 
original autoxidation by momentary formation and immediate decomposi­
tion of a cyclic peroxide, thus :

—> —C—C— ~ C  -f- C—

U  u  h i

bu t this mechanism cannot apply to thermal decompositions of the 
hydroperoxide.

3. In  the presence of organic acids or their anhydrides autoxidation 
occurs readily. This may be represented for the free acid :

—CH—CH=CH — —CH—CH=CH------_ C H —CH—CH—

-COR O------O—COR
+

—CH—CH—CH— R  • CO*H —CH—CH—CH—

o RCO—O OAc OH
0—COR

4. By the decomposition of the  hydroperoxide in presence of mineral 
acid a reaction analogous to  the foregoing and yielding a saturated triol, 
—CH—CH—CH—, occurs. ’

OH OH OH



5. Subsidiary scission can occur between an ethylenic bond and an 
o-carbon atom :
—CH—C R ^ H ------>• —CH—COR +  HO,C-► —CO,H +  R~CO,H +  HO,C—

io H  im
6 . Polymerisation occurs by the interaction of —OOH groups and 

double bonds. This appears to  give mainly dimerides of ether tjrpe, 
possibly to  be represented as involving the  reaction

+
_-C =C -h HOO—R  —C—C—O—O R -► —C(OR)—C(OH).

In  addition, radical forms, RO % produced by thermal (or possibly photo­
chemical) dissociation of the hydroperoxides, and radical forms, ROO •, 
produced in the primary peroxidation reaction, probably take p a it iii the 
process by reacting with other olefinic systems present.

7. In  the- presence of iron salts, and in some cases as the result of 
spontaneous or violent thermal decomposition, hydroperoxides give un- 
saturated ketones. This is comparable to the spontaneous formation of 
esters from the peroxides of ethers [RCH(OOH)—O R ' -*■ RCO—O R'-fH jO ],

8. In  the presence of alkalies extensive hydrolysis of the  hydroperoxide 
groups occurs (ROOH +  H5O -*■ ROH HjO,) w ith concomitant oxida­
tive degradation of the double bonds by the hydrogen peroxide liberated.
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The a-m.ethylen.ic reactions discussed in the two preceding papers 
recall a series of interesting observations by Baker and Nathan  ̂which 
indicate that a /J-methyl substituent attached to the benzene nucleus 
can permit electron-release to the nucleus in a manner that appears only 
in lesser degree in higher alkyl groups and may be absent in some {e.g. 
Bu'*'). Thus in p-methylbenzyl bromide the suggested function of the 
methyl group {dotted arrows in (I)) permits additional electron-release

H-^CHo^ CHj-CBr H -^ C H ^ C :^ C ^ C = ^ ^

(II)

a t the C—Br bond, and so facilitates the anionisation of the bromine. 
Baker and Nathan suggest that the electrons of the duplet constituting

* J . Chem. Soc., 1 9 3 5 , p. 1 8 4 7  ; see also ibid., 19 4 2 , p. 1 9 1 .



the C—H bond of the methyl group are less localised than those in a 
similarly placed C—C bond, and hence that a methyl group attached 
to the necessary conjugated unsaturated system is capable of electron- 
release by a mechanism similar to the tautomeric effect (II).
They make clear, however, that the new mechanism functions in 
addition to the generally-accepted inductive {4* I) effect of alkyl groups, 
and they find experimentally that the efficiency of representative alkyl 
groups is in the order Me >  E t >  Pr^ >  Bu'*', and that the suggested 
electron-release must be of mesomeric rather than of tautomeric type. 
The phenomenon noted by Baker and Nathan seems to be part of a 
much •wider phenomenon -which applies to  unconjugated (as well as to 
conjugated) polyolefines, and even to mono*olefins which contain the 
system —CH^—CH=CH—, and it appears likely that in general the 
three-carbon system exists in a mesomeric state corresponding to the

electron-shifts in — This conclusion has, if correct,

H
certain consequences with respect to the ionic reactivity and physical 
properties of olefinic substances : these consequences are exemplified 
in the following two sections. In addition, however, the mesomeric 
condition as here conceived appears to lie a t the root of the well-known 
“ cracking ” rule of diene polymers (as it is illustrated in the cracking of 
rubber to isoprene, the reversal of the diene synthesis, etc.), whereby 
the links which brerk, i.e. the weakest links, are never the C—C links
adjoining the double bonds ^—|—C—C=C—C—;—j  ; also it appears to
exert a marked influence on the tendency of the a-methylenic C—H bond 
to dissociate symmetrically. Such observations as have been made in the 
latter respect indicate that alkyl substituents attached to the ethylenic 
carbon atoms do indeed appear to facilitate the symmetrical dis­
sociation ; nevertheless it  is difficult a t present to disentangle the purely 
inductive effect of the alkyl groups from the mesomeric effect in a system

• • • 
such as R—CHj—C(CH3)=C H —CHg—R', characteristic of the polyiso- 
prenes and rubber. The available evidence suggests that dissociative 
reaction does not occur principally a t the methyl groups, but it is too 
fragmentary to distinguish quantitatively between the three C—H 
bonds marked *.

Ionic Double*bond Displacement.
D o u b le -b o n d  d isp la c e m e n t in d u c e d  b y  t h e  a c t io n  o f  a lk a l i  is  w e ll k n o w n  

u n d e r  t h e  n a m e  o f  th re e -c a rb o n  o r  p ro to tr o p ic  c h a n g e  a n d  is  a  co m m o n  
p r o p e r ty  o f  o)3- o r  ^ y -u n s a tu ra te d  f a t t y  a c id s , k e to n e s , n i tr i le s ,  e tc . T h e  
sa m e  t y p e  o f c h a n g e  h a s  b e e n  o b se rv e d  in  t h e  ca se  o f t h e  a ry l-o lefin s, 
^ -p h e n y lp ro p y le n e , eu g en o l a n d  A * -d ih y d ro n a p h th a le n e  in  w h ic h  t h e  a ry l  
g ro u p  re p la c e s  > C O  o r  — C N  a s  a n  a c t iv a t in g  g ro u p , b u t  u n t i l  r e c e n tly  
w a s  u n k n o w n  in  o lefin ic  c h a in s  i n  w h ic h  t h e  d q u b le  b o n d  w a s  r e m o te  f ro m  
a ll  a c t iv a t in g  g ro u p s  o f  t h e  u su a l ty p e s .  M oore,*  h o w e v e r , fo u n d  t h a t  
lin o le n ic  ac id , C gH i— ( C H = C H — CH ,)g— (C H ,),— C O ,H , w h e n  h e a te d  w ith  
a lk aU  p a sse d  slo w ly  in to  a n  iso m eric  c o n ju g a te d  fo rm . L in o le ic  a c id  a n d  
lin o le y l a lc o h o l s im ila r ly  p a ss  in to  c o n ju g a te d  fo rm s,*  a n d  i t  is u n d o u b te d ly  a

Cf. Schm idt, Ber. B., 19 3 6 , 6 9 , 18 8 5  ; Scheller, ibid., 7 3 , 1 9 1 7 .
*Biochsm. J .,  1 9 3 7 . 3*» I39 ; i939. 33» 1 6 3 5 .
• K ass a a d  B u rr, J . Awtvr. Chem. Soc., 1 9 3 9 , 6 a , 1 7 9 6 .



c o m m o n  p r o p e r ty  o f i  : 4 -d ie n e  h y d ro c a rb o n  sy s te m s  to  p a s s  w i th  m o d e ra te  
fa c i l i ty  in to  o n e  o r  b o th  o f  t h e  fo rm s — C H = C H — C H = C H — C H ,—  
a n d  — CH*— C H = C H — C H = C H —  w h e n  t h e  su b s ta n c e s  c o n ta in in g  th e m  
a re  h e a te d  w i th  c a u s tic  a lk a l i  a t  e le v a te d  tem p & t^ tu re s . T l^e q u e s t io n  
th e n  a r is e s  a s  t o  w h e th e r  d isp la c e m e n t a lso  o c cu rs  i n  t h e  i  : 5 -d ien e  
s y s te m , — C H = C H — C H j— CH*— C H = C H — , o r  g e n e ra lly  in  m o n o - 
o le fin ic  sy s te m s , — CHg— C H = C H — CH*— , in  w h ic h  th e  d o u b le  b o n d  
is  r e m o te  f ro m  c a rb o n y l o r  s im ila r  a c t iv a t in g  g ro u p s .

I n  th e  c a se  o f  t h e  i  : 5 -d ie n e  sy s te m  a s  i t  is  re p re s e n te d  b y  t h e  l in k e d  
iso p re n e  u n i ts  — CH*— C M e = C H - ^ H j —  o f sq u a len e , d ih y d ro m y rc e n e  a n d  
ru b b e r ,  p ro lo n g e d  t r e a tm e n t  w i th  a lk a l i  u n d e r  t h e  c o n d it io n s  w h ic h  a re  
su ccess fu l w i th  lin o le n ic  a n d  lin eo le ic  a c id s  h a s  b e e n  fo u n d  to  c au se  n o  
re c o g n isa b le  d e g re e  o f  b o n d  sh ift.*  W ith  r e g a r d  t o  t h e  s im p le  m o n o - 
o lefin ic  s y s te m  th e r e  is  o n  re c o rd  t h e  e a r ly  s t a te m e n t  o f  V a r r e n t r a p p  « 
t h a t  o le ic  a c id  w h e n  fu se d  w i th  c a u s t ic  a lk a l i  g a v e  a  c o n s id e ra b le  y ie ld  d f 
p a lm it ic  a n d  a c e tic  a c id s , a s  th o u g h  b y  h y d ro l5rtic  fiss io n  o f A 'o c ta d e c e n o ic  
a c i d : \
C.H „—CH»«CH—( C H , ) ^ 0 , H --- »• [C 8H i^(C H ,)r-C H =C H —C O ^

— CO, H+CH, —CO, H.
C a u tio u s  r e p e t i t io n  o f  V a r r e n t r a p p ’s e x p e r im e n t h a s  sh o w n  * t h a t  e x te n s iv e  
sc iss io n  o f  t h e  c h a in  c a n  w i th  c a re  b e  la rg e ly  a v o id e d , a n d  a  m ix tu r e  of 
iso m e ric  o c ta d e c e n o ic  a c id s  th e r e b y  o b ta in e d . I t  is  c le a r , th e re fo re , 
t h a t  g iv e n  sufiSc ien tly  r ig o ro u s  c o n d itio n s  o f  te m p e ra tu r e  a n d  a lk a l i  
c o n c e n tr a t io n ,  d o u b le -b o n d  s h i f t  in  a  m o n o -o le fin ic  s u b s ta n c e  c a n  b e  c a r r ie d  
o u t  f ro m  c a rb o n  t o  c a rb o n  a to m  a lo n g  a  l e n g th y  c h a in , a n d  th i s  c a p a c i ty  
m u s t  b e  re g a rd e d  a s  a  p o te n t i a l i ty  in  a ll  m o n o -o le fin s  a n d  u n c o n ju g a te d  
p o ly e n e s . I t  h a s  n o t  b e e n  fo u n d  p o ss ib le  t o  m o v e  t h e  d o u b le  b o n d  in  
o le ic  a c id  f ro m  t h e  o r ig in a l p o s i t io n  in  m o re  t h a n  o n e  d ir e c tio n  {i.e. to w a rd s  
t h e  c a rb o x y l g ro u p ) .

I n  v iew  o f t h e  g r e a t ly  su p e r io r  io n is in g  c a p a c i ty  o f m e th y le n ic  h y d ro g e n  
in  th e  sy s te m s  ‘

— C O — C H ,— CO—  a n d  — C H = C H — C H .— C O — ,

c o m p a re d  w i th  t h a t  i n  t h e  s y s te m  R — C H ,— CO— , i t  m a y  b e  c o n c lu d e d  
t h a t  th e  d o u b le -b o n d  d i s p l a c e m e n t  m o s t  l ik e ly  t o  o c c u r  (a lte rn a tiv e ly )  
in  t h e  s y s te m  (A) a re  th o s e  in d ic a te d  b y  a a n d  a V ^ n d  th e s e  w ill a p p e a r  
c o n c o m ita n tly  w i th  d e ta c h m e n t  o f  a  p ro to n  f ro m  t h e  c e n tr a l  m e th y le n e

a s'
—CHj — CH,  —CH,-^CH^'cH

(A) (B)

g ro u p  (p re fe re n tia l ly  t o  d e ta c h m e n t  o f  a  p r o to n  f ro m  e i th e r  o f  t h e  o u te r  
m e th y le n e  g ro u p s ) . I n  t h e  c a se  o f t h e  sy s te m  (B ), t h e  d o u b le -b o n d  s h if t ,  
u n d e r  s u i t a b ly  d r a s t ic  e x p e r im e n ta l  c o n d itio n s , m a y  b e  e i th e r  t o  le f t  o r  
t o  r i g h t , , w i th  c o rre sp o n d in g  io n is a t io n  o f h y d ro g e n  f ro m  t h e  a d jo in in g  
m e th y le n e  g ro u p  o n  t h e  le f t  o r  o n  th e  r ig h t.

I f  w e  c o n s id e r  t h e  th re e -c a rb o n  s y s te m  (C) in  t e r m s  o f In g o ld 's  c o n ­
c e p t io n  o f p ro to tr o p ic  m e c h a n ism , t h e  re m o v a l o f a  p r o to n  f ro m  C a  b y  t h e

.  i  i i— A  B  - H  H - -A  B — H  A
B-'

Transition state.
(C) ■ (D) (E)

'* F a rm er an d  Su tton , unpublished work. * Annalen, 18 4 0 , 3 5  ̂ 1 9 6 .
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b a se  B  a n d  t h e  c o m p le m e n ta ry  a n d  c o n c u r re n t  s u p p ly  o f a  p r o to n  to  Cy 
b y  so m e  s u b s ta n c e  in  th e  s y s te m  to g e th e r  c o n s t i tu te  a  p ro c e ss  w i th  a  
d e f in ite  a c t iv a t io n  e n e rg y  (say  E ) . T h is  e n e rg y , e q u a l  to  th e  d iffe ren ce  
i n  e n e rg y  b e tw e e n  t h e  t r a n s i t io n  s t a te  (D) a n d  th e  in i t ia l  s t a te  C, m a y  b e  
c o n s id e re d  to  b e  r e d u c e d  b y  a  q u a n t i t y  x, d u e  t o  th e  p o la r is a t io n s  a a n d  b, 
a n d  re p re s e n tin g  re so n a n c e  e n e rg y  re s u ltin g  f ro m  t h e  e le c tro n  d is t r ib u t io n  
sy m b o U sed  b y  a a n d  6 . I f  t h e  p ro c e ss  a c tu a l ly  d o e s  o c cu r, th e n  th e  
s y s te m  b e co m es (E ), i.e. t h e  p ro c e ss  n e c e s s i ta te s  a  d o u b le -b o n d  sh if t, 
w h ic h  in  t h e  a b se n c e  o f  a n  im p o se d  e x te r n a l  c o n s t r a in t  a n d  w ith  a n  e n e rg y  
in  t h e  sj^stem  a f te r  th e  c h a n g e  e s se n tia lly  t h e  s a m e  a s  b e fo re  i t  (sis, e.g., 
in  a  p u r e ly  h y d ro c a rb o n  s y s te m  w i th  o n ly  s a tu r a te d  c a rb o n  a to m s  b e y o n d  
t h e  th re e -c a rb o n  s y s te m )  m a y  b e  i n  e i th e r  d ire c tio n . B u t  s in c e  in  th e  
c ase  o f o leic  a c id  d o u b le -b o n d  d isp la c e m e n t n o t  o n ly  su cceed s, b u t  a p ­
p a r e n t ly  p ro c e e d s  o n ly  i n  o n e  d ir e c tio n  ( to w a rd s  t h e  COg" g ro u p ) , i t  m u s t  
b e  c o n c lu d e d  b o th  t h a t  t h e  re q u ire d  a c t iv a t io n  e n e rg y  E  — is a c tu a l ly  
d e v e lo p e d  u n d e r  t h e  c o n d it io n s  o f a lk a l i  fu s id n , a n d  t h a t  t h e  n e g a tiv e  
c h a rg e  o n  th e  C O j"  io n  ex erc ises  a  su ffic ien t, a lb e i t  a  v e ry  feeb le , in d u c tiv e  
in f lu e n ce  th r o u g h  a  c h a in  o f  s ix  s a tu r a te d  c a rb o n  a to m s  (o r a l te rn a t iv e ly  
th r o u g h  t h e  m ed iu m ) to  d e te rm in e  t h a t  a  h y d ro g e n  a to m  is  d e ta c h e d  fro m

i +
C ,  in  th e  s y s te m  — C H ,— C H = C H — CH,-*-(CH*)8-*-C0*~ in  p re fe re n c e  to

11 10 9 8
o n e  f ro m  C n , i.e. t o  e n su re  t h a t  a  t r a n s i t io n  s t a te  in v o lv in g  t h e  th re e -  
c a rb o n  s y s te m  C*— Cij, r a th e r  t h a n  o n e  in v o lv in g  t h e  s y s te m  C ,— C n  
b e co m es o p e ra t iv e .

T u rn in g  to  t h e  d ie n e  s y s te m  (F ), t h e  a c t iv a t io n  e n e rg y  o f t h e  iso m erisa -  
t io n  w h ich  a p p lie s  t o  t h e  s im p le  th re e -c a rb o n  s y s te m  {i.e. "E — x) w ill h e re  
b e  f u r th e r  r e d u c e d  b y  a  q u a n t i ty ,  y ,  d u e  t o  in c ip ie n t  c o n ju g a t io n  re su ltin g  
f ro m  th e  p o la r is a t io n  c, so t h a t  th e  a c t iv a t io n  e n e rg y  is  E  — (;v ><)

— — — Ca —Cj Si ^C/ —Cj —C* —  — Ca=C^^^Cy^=C(i—Cs —
I ^  i ■ ! I

J i  H . ,.Vl R .  H
\ a  B-' 'A

(F) (G) (H)

a n d  s in c e  a  c o n d it io n  o f c o m p le te  c o n ju g a tio n  o f t h e  d o u b le  b o n d s  f in a lly  
e n su es, t h e  re so n a n c e  e n e rg y  c o rre sp o n d in g  to  t h i s  c o n d it io n  re d u c e s  th e  
e n e rg y  o f  th e  s y s te m  (say  b y  Y ), so  t h a t  t h e  d e g ree  o f c o n ju g a tio n  in  th e  
t r a n s i t io n  s t a te  w ill b e  less t h a n  in  t h e  f in a l s t a te ,  i.e. y  <  V . t  B u t  i t  
is  im p o r t a n t  t o  n o te  t h a t  t h e  p ro c e ss  w h ic h  g iv es  r is e  t o  Y  is t ^ t  w h ich  
in  a  le s s  c o m p le te  m a n n e r  g iv es r is e  t o  y .  T h e  d o u b le -b o n d  d isp la c e m e n t 
t h e n  in  t h e  d ien e  s y s te m  is  l ik e ly  t o  b e  m o re  e a s ily  a c h ie v e d  t h a n  in  th e  
m o n o -o le fin ic  sy s te m , a n d , s in c e  t h e  s a m e  (c en tra l)  m e th y le n e  g ro u p  
loses a  p r o to n  w h ic h e v e r  o f t h e  tw o  th re e -c a rb o n  s y s te m s  c o m e s in to  p la y , 
t h e  o c c u rre n c e  a n d  d ire c tio n  o f d isp la c e m e n t a re  l ik e ly  t o  b e  la rg e ly  
u n a f fe c te d  b y  p o la r  g ro u p s  te r m in a t in g  t h e  c a rb o n  c h a in . F r o m  s im ila r  
c o n s id e ra tio n s  i t  a p p e a r s  t h a t  d o u b le -b o n d  d isp la c e m e n t in  r u b b e r  a n d  
t h e  p o ly iso p re n e  h y d ro c a rb o n s  is u n lik e ly  to  o c c u r  w i th  a n y  f a c i li ty  u n d e r  
a lk a l i- t r e a tm e n t ,  i f  a t  a ll.

I t  is  o f so m e  in te r e s t  t h a t  t h e  p o ly is o p re n e  h y d ro c a rb o n , sq u a le n e  
( C , ^ 8b). sh o w s a  p e r s is te n t  e x a l ta t io n  o f t h e  m o le c u la r  re f r a c t io n  o f i -6 
u n i t s  a n d  th e  n o rm a l-c h a in e d  u n c o n ju g a te d  fish -o il a c id , d o c o sa h ex a en o ic  
a c id  (C gjH jgO ,; F 6 ), o n e  o f o *8 u n i ts *  p ro v id e d  t h a t  e a c h  c o m p o u n d  is 
s c ru p u lo u s ly  f re e d  f ro m  i ts  a u to x id a t io n  p ro d u c ts .  R u b b e r  a lso  show s 
t h e  sa m e  a n o m a ly . W h e th e r  th e s e  e x a l ta t io n s  a r e  s ig n if ic a n t a n d  re fe r

t  T he a u th o r  g ra te fu lly  acknowledges a  discussion of th is  m a tte r  w ith  Dr. 
L . C. B atem an .

* Farm et: a n d  S u tto n , unpxAlishid work.



to  a n  e le m e n t o f c o n ju g a t io n  in  t h e  p o ly e n e  c h a in  a n a lo g o u s  t o  t h a t  sh o w n  
fo r  t h e  d ie n e  s y s te m  i n  fo rm u la  (G ), w h ic h  e x is ts  in  s p i te  o f  t h e  f a c t  t h a t  
t h e  d o u b le  b o n d s  a re  h e re  s e p a ra te d  b y  tw o  m e th y le n e  g ro u p s , r e m a in s  
t o  b e  te s te d  b y  o th e r  m e th o d s .

Double-bond Displacemeat by Heat.
T h e  a b o v e -m e n tio n e d  o p tic a l  a n o m a lie s  w e re  a t  f i r s t  th o u g h t  t o  b e  

d u e  t o  c o n ju g a tio n  b r o u g h t  abo^ut b y  p ro g re s s iv e  h e a t- is o m e r is a tio n  d u r in g  
s lo w  f ra c t io n a l  d is t i l la t io n  o f t h e  h ig h -b o ilin g  m a te r ia ls  ; b u t  th is  w as  
n o t  t h e  case , s in c e  t h e  a n o m a ly  a p p e a r s  in  sp e c im en s  w h ic h  h a v e  n o t  
b e e n  h e a te d  a b o v e  loo®. P ro lo n g e d  h e a t in g  o f th e s e  l a t t e r  sp e c im en s  
in  e n t i r e  a b se n c e  o f o x y g e n  a t  te m p e ra tu r e s  a  l i t t l e  b e lo w  th e i r  d e co m p o s i­
t io n  p o in ts ,  h a s  c a u se d  n o  c h a n g e s  in  t h e  a b s o rp t io n  sp>ectra w h ic h  c a n  
b e  a t t r i b u te d  t o  c o n ju g a tio n . Y e t  a t  h ig h  te m p e ra tu re s  (^.bove 2 7 0 “, 
o r  p o s s ib ly  a t  so m e w h a t lo w e r t e m p e ra tu r e s  in  p re se n c e  o f  a  c o n ta c t  c a ta ­
ly s t)  o lefin ic  h y d ro c a rb o n s  a n d  th e  e s te r s  o f  v e g e ta b le  o il a c id s  g iv e  p o ly ­
m e r ise d  a n d  c y c lised  p ro d u c ts  w h o se  c o n s t i tu t io n s  a r e  s u c h  t h a t  c o n ­
ju g a t io n  c a n  b e  fa ir ly  d e f in i te ly  c o n c lu d e d  t o  h a v e  p re c e d e d  p o ly m e r is a tio n  
o r  cy c lisa tio n .^  T h is  iso m e r is a tio n  m u s t  b e  a t t r i b u te d  to  ra d ic a l  d isso c i­
a t io n  o f « -m e th y le n ic  h y d ro g e n  a to m s .

Vulcanisation.
T h e  p ro c e ss  o f v u lc a n is a t io n  i s  u s u a l ly  h a s te n e d  b y  th e  u se  o f o rg a n ic  

a c c e le ra to rs , so m e  o f w h ic h  c a n  th e m se lv e s  a c t  a s  e ffic ien t v u lca n ise rs , 
e v e n  w h e n  n o  s u lp h u r  i s  p re s e n t .  T h e  b a s i?  o f t h e  su ccess  o f th e s e  self- 
su ffic ie n t c o m p o u n d s  a p p e a r s  t o  b e  t h e i r  c a p a c i ty  fo r  d e c o m p o s in g  th e r m ­
a lly  t o  g iv e  f re e  ra d ic a ls  w h ic h  th e n  a c t  p re c ise ly  a n a lo g o u s ly  t o  d ib en z o y l 
p e ro x id e  • a n d  b r in g  a b o u t  d i r e c t  C— C l in k in g  o f t h e  r u b b e r  u n i ts  a t  th e  
a -m e th y le n ic  c a rb o n  a to m s  ; te t r a m e th y l th iu r a m  d isu lp h id e ,

M e ,N — CS— SS— CS— NMe*,

o n e  o f  t h e  m o s t  e ffic ien t o f th e s e  is  a  c lo se  su lp h u r -a n a lo g u e  o f  d ib e n z o y l 
p e ro x id e , a n d  p o ly a lk y l-h y d ra z in e s , w h ic h  a r e  p ro n e  t o  d e co m p o se  th e r m ­
a lly  t o  g iv e  ra d ic a ls , h a v e  b e e n  fo u n d  t o  h a v e  a  v u lc a n ia n g  e ffec t. W h e re  
s u lp h u r  a lo n e , o r  s u lp h u r  to g e th e r  w i th  a n  a c c e le ra to r , fo rm s  t h e  v u lc a n ­
is in g  a g e n t ,  th r e e  p ro c esse s  o f  b r id g in g  seem  to  b e  p o ss ib le , viz. {a) d i re c t  
C— C  l in k in g  a t  t h e  a -m e th y le n e  g ro u p s  c a u se d  b y  ra d ic a ls  d e r i v ^  f ro m  
p e ro x id ic  c h a in - s ta r te r s  c o n ta in e d  in  th e  ru b b e r ,  o r  b y  ra d ic a ls  d e r iv e d  
f ro m  t h e  d e co m p o s in g  a c c e le ra to r , o r  b y  a tm o sp h e r ic  o x y g e n  :—

> C H ,  +  R '  ------> > C H ' +  R H ; >  C H ‘ +  > C H , ------»- >  C H — C H <  +  H ’,

(6) s u lp h u r  b r id g in g  a t  th e  a -m e th y le n e  g ro u p , in i t ia te d  b y  c h a in - s ta r te r s  :—
\

>CH, 4- R*---- CH- -f RH —^  >  C H ^ ‘ -|- R H ;
> C H — S* +  > C H , ------► > C H — S— C H < t  +  H»,

a n d  (c) C— C  l in k in g  b r o u g h t  a b o u t  b y  s u lp h u r  f u n c tio n in g  p u r e ly  a s  a  
h y d r o g e n -a c c e p to r :—

2 > C H , - 1 - S ------> C H — C H <  +  HgS.

W ith  re g a rd ,  h o w e v e r , t o  t h e  m e c h a n ism  b y  w h ic h  s u lp h u r  b eco m es 
s te a d i ly  a n d  e x te n s iv e ly  in c o rp o ra te d  in  ru b b e r  d u r in g  th e  l a t e r  s ta g e s  
o f re a c tio n , w i th  c o n c u r re n t  lo ss o f  t h e  u n s a tu r a t io n  o f t h e  l a t t e r ,  i t  w o u ld

* F arm er, Trans. Faraday Soc., 1 9 3 9 , 3 5 , 1 0 3 9 .
• Cf. F arm er, preceding p aper, p . 3 4 8 .
t  O r th e  corresponding d iaulphide-bridged com pound.
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be unprofitable without further investigation of sulphur-olefin reactions 
to attem pt to formulate the precise sequence of events. There are, 
however, two possibilities of double-bond saturation in the vulcanisation 
reaction which do not necessitate recourse to postulation of the direct 
addition of sulphur in one or other of its known modifications at the 
double bonds. The first is addition at the double bonds of hydrogen 
sulphide generated by the attack of sulphur a t  the methylene groups 
(equation (c) above)—an addition which is known to be ca ta ly s t by 
sulphur, and the second a reaction analogous to that by which a mole­
cule of oxygen becomes attached to an olefin a t an a-methylene group

[—CH(00*)—CH=CH— or --CH(OOH)—CH=CH—]
and then by secondary reaction attacks and saturates (inter- or intra- 
molecularly) a near-by double bond.

T he Photo-gelling of Rubber.
This phenomenon is one of a group of insolubilisation reactions which 

are of embarrassingly frequent occurrence in connedtion with the manipula­
tion of rubber and its derivatives, and for which the exact cause usually 
remains obscure. Solutions of rubber containing such " sensitisers *' as 
ketones, aldehydes, carbon tetrachloride, chloroform, peroxides, etc., 
undergo rapid gelling in sunlight, the best sensitisers being those which 
break down photochemically to give free-radicals, and the poorest com­
paratively stable substances such as pure petroleum fractions and benzene. 
The very considerable extent to which fragments from the sensitisers or 
photochemically-decomposing solvents enter into the composition of the 
photo-gels, leaves little doubt as to the radical nature of the reaction, 
and there seems to be no difference a t all in reaction-principle between 
the type of combined cross-linking and radical-addition here encountered 
and that observed with rubber containing thermally-decomposing di­
benzoyl peroxide molecules. The increasing toughness of the photo-gels 
witii increasing degree of reaction (increasing cross-linking) is impressive.

The role of oxygen in the photo-gelling reactions seems ^ m  the 
observations of Stevens to be a mixed one. As in the case of the sub­
stitutional chlorination of olefins, traces of oxygen appejir to function 
catalytically, although in this case the gelling prom ote is very slow ; 
larger amounts of oxygen on the contrary hinder oxidation, and serve 
to cause severe oxidative degradation of the gels.

The above paper and the two preceding ones relate to subjects forming 
part of a programme of fundamental research undertaken by the Board 
of the British Rubber Producers' Research Association.^

British Rubber Producers' Research. Association,
48 Tewin Road, Welwyn Garden City, Herts.

P R lN T S D  IN  GRBAT B R ITA IN  AT 
TH E U N IV BRSITY  PRESS 

A6 E R D SB N




