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AUTOXIDATION OF ARYLCYCLOALKENES : 
A METHOD FOR THE PREPARATION OF EPOXIDES 
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Abst rac t  - A method fo r  the prepara t ion  o f  a ry lcyc loa lkene epoxides has 

been developed v i a  the  autox idat ion  o f  the  corresponding arylcycloalkenes. 

The autox idat ion  of l-phenylcyclOalkenes has n o t  been c s r e f o l l y  investtgqted. Nost of 

the  l i t e r a t u r e  deal w i t h  the  au tox ida t i on  of 1 - p h e n y l c y c l o h e x e n e ~  To the best  of 

our knowledge no work on the autox idat ion  o f  compounds&-:has been reported. 

Razuvaev and 2ateev1 have s tud ied t h e  products obtained by h e a t i n g l  w i t h  benzoyl 

peroxide f o r  12 hours. The main product obtained wcs the monobenzoate of the  d i o l  5. Since 

t h i s  reac t i on  involved benzoyl peroxtde as an i n t t t a t o r ,  i t  can Be considered as a  f r e e  r a d i c a l  

reac t ion  and no t  a  t r u e  autox idat ion .  

2 Hock and S iebe r t  c a r r i e d  ou t  the  autox idat ion  o f l a t  35-40° by passing a  stream ofoxygen 

through i t  f o r  96 hours and obtained mainly the  p e r o x i d e d a n d  the h y d r o p e r o x i d e l  i n  a  3:2 r a t i o .  

I n  t h e i r  s tud ies  on t h e  autox idat ion  o f  1 (50°. 30 hours), i n  t h e  presence of var ious 

i n i t i a t o r s ,  Erofeev e t  a l l  have repor ted t h e  format ion o f  (40%). 8-(16%) a n d 2  (33%). The 

most e f f ec t i ve  ca ta l ys t s  were manganese butyra te ,  coba l t  bu t y ra te  o r  coba l t  s teara te .  However, 



the  conversions obtained were on ly  about 33%. 

Rubailo and c o w o ~ k e r s ~ - ~  have s tud ied i n  depth the k i n e t i c s  o f  au tox idat ion  of l a n d  

determined the r a t e  constants f o r  chain propagation and terminat ion  dur ing  the l i q u i d  phase 

oxidat ion.  

I n  the present study we repo r t  the  autox idat ion  o f  compounds L t o L a t  50° using 

coba l t  naphthenate (1%) as ca ta l ys t .  I n  each case the major react ion  product i so la ted  i s  the 

corresponding epoxide 10 - 2. To the best  o f  our knowledge, t h i s  represents the f i r s t  example 

of epoxide formation i n  the autox idat ion  of 1-phenylcycloalkenes. Furthermore, i n  case o f  

compounds2 a n d 5  t h i s  represents a usefu l  method f o r  the format ion o f  the corresponding epoxides. 

12 and 13, as these are obtained i n  60 and 71% y i e l d s  respect ive ly .  - - 
I n b t i a l l y ,  we ca r r i ed  ou t  the autox idat ion  of 1 i n  chloroform a t  50' using coba l t  

.-2 

naphthenate as ca ta lys t .  The s o l u t i o n  was s t i r r e d  i n  a sealed system having an atmosphere o f  

oxygen, t i l l  s u f f i c i e n t  oxygen was absorbed. The react ion  product was t reated w i t h  potassium 

iod ide  and ace t i c  ac id  i n  order t o  reduce any hydmperoxides t h a t  may be present. The t reated 

mater ia l  was then separated by column chromatography using s i l i c a  gel .  

The major product i so la ted  was shown, by i t s  spect ra l  p roper t ies  (IR, NMR),  t o  be 

2-phenylcyclohexanone 3. The i d e n t i t y  was confirmed by d i r e c t  conparison (TLC, IR, NMR) w i t h  

an authent ic sample7. From the format ion o f  t h i s  product, i t  was suspected t h a t  i n i t i a l l y  

I-phenylcylohexene epoxide 2 might  have been formed, and under the  condi t ions o f  work up i t  was 

converted t o  3. It i s  q u i t e  w e l l  known8 t h a t  epoxides i n  the presence of t r ace  amounts of acids 

rearrange t o  carbonyl compounds. 

8 I n  fac t ,  epoxide 10 prepared by using perbenzoic ac id  showed a weak carbonyl band a t  

1710 cm-1. D i s t i l l a t i o n  increased the i n t e n s i t y  of t h i s  band due t o  the format ion o f  5. 
However, pure epoxide could be obtained by d i s t i l l a t i o n  over powdered KOH. 

Therefore, i t  became necessary t o  modify the react ion  condi t ions.  Autoxidat ion of 

was ca r r i ed  out a t  50'. on the neat l i q u i d  using coba l t  naphthenate as c a t a l y s t  (1% by wt.), i n  a 

spec ia l  r eac to r  o r i g i n a l l y  designed by vodnarg. 
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I t  cons i s t s  o f  a  tank  w i t h  a  s i n t e r e d  g lass  p l a t e  near i t s  bot tan.  Towards t h e  upper 

p a r t  o f  the  tank i s  a  s p i r a l  tube having a  r e c i r c u l a t o r y  tube f i t t e d  w i t h  a  c a p i l l a r y  t i p  on t h e  

lower  end. A r e f l u x  condenser and a  sampling device complete the  assembly. The subs t ra te  i s  

taken i n  the tank which i s  ma in ta ined a t  the  des i r ed  temperature ( o i l  ba th ) ,  and d r y  oxygen i s  

passed i n  i t  thmugh the s i n t e r e d  p la te .  The gas bubbles t hmugh  the l i q u i d  i n t o  the  s p i r a l  

tube. The en t ra i ned  l i q u i d  i s  c a r r i e d  upwards w i t h  t h e  gas and thrown aga ins t  t h e  s ides  of the 

tube t o  form a  l i qu i d -gas  i n t e r f ace  where the  r eac t i on  a c t u a l l y  takes place. The l a r g e  contac t  

area provided by t h e  l i qu i d -gas  i n t e r f a c e  i n  t h e  s p i r a l  tube r e s u l t s  i n  increased au tox i da t i on  

r a tes  than those ob ta ined i n  the  usual s ys tms .  

The progress o f  au tox i da t i on  was moni tored by TLC a t  r e g u l a r  i n t e r v a l s .  It was stopped 

when almost a l l  o f  t h e  o l e f i n  has been consumed. The reac t i on  m i x tu re  was d isso lved  i n  ether,  

f i l t e r e d  and t r e a t e d  w i t h  a  sa tu ra ted  s o l u t i o n  of sodium su lph i t e .  Column chromatography of  the 

t r e a t e d  mass on bas ic  alumina (grade 111)1O gave a  compound i n  35-40% y i e l d .  The canpound was 

i d e n t i f i e d  by d i r e c t  comparison (TLC. IR. NMR) w i t h  an au then t i c  samplea as the  epoxide 3. 
During the chromatography a  second pure pmduc t  was a l so  i s o l a t e d  i n  5-6% y i e l d .  This was 

i d e n t i f i e d  as by comparison of i t s  spec t ra l  p rope r t i es  ( I R ,  NMR) w i t h  t h a t  of a  r epo r t ed  

samplell. However, o u r  at tempts t o  i s o l a t e  the  c y c l i c  p e r o x i d e d w e r e  n o t  successful .  

S i m i l a r  au tox i da t i on  of  canpounds,_!  a n d 4 f u r n i s h e d  products i d e n t i f i e d  as t h e  

corresponding epoxides 2, 12 and 12. The i d e n t i t y  was es tab l i shed by d i r e c t  comparison w i t h  

au then t i c  samples prepared f r an  t h e  o l e f i n s  by r eac t i on  w i t h  perbenzoic acid.  Table I shows t h e  

percentage of epoxides and the  cond i t ions  under which they were ob ta ined s t a r t i n g  w i t h  d i f f e ren t  

phenylcycloalkenes. For c o m p o u n d s ~ - ~ a u t o x i d a t l o n  i s  completed w i t h i n  12-13 hours a t  a  f l ow  

r a t e  o f  4-5 l i t e n  o f  oxygen per  hour. I n  case of  3 the  r e a c t i o n  was more s l ugg i sh  and even 

a f t e r  a  much longer  pe r i od  sane s t a r t i n g  o l e f i n  could be recovered f rom t h e  au tox i da t i on  product. 

I t  can be concluded t h a t  as t h e  r i n q  s i z e  increases t h e  percentage of  the epoxide 

formed i s  increased. Th is  observa t ion  can be exp la ined on the  f o l l o w i n g  l i n e s .  

The two compet i t i ve  r eac t i ons  t ak i ng  p lace  du r i ng  the  o x i d a t i o n  of  these o l e f i n s  i nvo l ve  

a d d i t i o n  ( r eac t i on  1 )  and abs t r ac t i on  ( r eac t i on  2) mechanisms. 



TABLE I 

Autox idat ion  of 1-phenylcycloalkenes a t  500 
[us ins  coba l t  naphthenate) 

S t a r t i n g  o l e f i n  Per iod o f  Conversion, % Products iso la ted,  % 
ox ida t i on  

- 
Comp. 2 12 hrs. 100 37 - 
1-phenylcyclopentene ( n 3 )  
(17-3) 

Comp. 1 
1-phenylcyclohexene 
(n.4) 

17 hrs. 100 

Comp. 2 
1-phenylcycloheptene 
(11-51 

12 hrs. 100 

Comp. A 
1-phenylcyclooctene 
(n.6) 

37 hrs. 80 

TABLE I1 

PMR Spectral  Data f o r  Epoxides o f  1-Phenylcycloalkenes, i n  CClq : 

Compound Methine proton, 6 Methylene protons, 6 H-Ar, 6 

1 -phenyl cyclopentene 3.33 (s, 1H) * 1.46 - 2.33 7.15 (s.5H) 
epoxide (bm, 6H) 

I-phenylcyclohexene 2.9 ( t ,  IH. J=2Hz)* 1.3 - 2.4 7.25 (s,5H) 
epoxide (bm, 8H) 

1-phenylcycloheptene 2.86 ( t ,  lH, J-5Hz) 1.33 - 2.43 7.23 (s,5H) 
epoxide (bm, 10H) 

1-phenylcyclooctene 
epoxide 

2.77 - 3.13 (m, 1H) 7.1 (m, 5H) 

* These values agree w i t h  those given i n  ref.10. 
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Energy of a c t i v a t i o n  f o r  reac t i on  (1) does no t  vary  i n  the  ser ies  of o l e f i n s ;  w h i l e  

the energy o f  a c t i v a t i o n  of r eac t i on  (2) depends g r e a t l y  on the s i z e  o f  t h e  g iven o l e f i n .  Thus. 

the com~os i t e  r a t e  constants f o r  abs t rac t ion  vary w i t h  a regu la r  decrease from cyclopentene t o  

cis-cyclooctene. 

This di f ference i n  behaviour of var ious o l e f i n s  may stem f r a n  t r a n s i t i o n  s t a t e  

requirements. Thus, f o r  maximum over lap  of the  developing r a d i c a l  w i t h n - o r b i t a l s  o f  the double 

bond, the carbon-hydrogen bond t o  be broken must be d i rec ted  a x i a l l y  t o  the plane of the double 

bond. The f o l l w i n g  two fac tors  can then con t r i bu te  t o  t h e  di f ference i n  the r e a c t i v i t y  of these 

o l e f i n s .  

(1 The number of hydrogen atans which may p a r t i c i p a t e  e f f e c t i v e l y  i n  the rad i ca l  

s u b s t i t u t i o n  react ion  decreases frm 4 i n  cyclopentene t o  about 2 i n  cis-cyclooctene. 

(2) Since among C5-Ca o l e f i n s ,  t h e  cyclopentene r i n g  i s  the most nea r l y  planar, the  removal 

of an a-hydmgen atom from cyclopentene by a peroxy r a d i c a l  leads t o  the fonnat ion o f  an a l l y l  

r ad i ca l ,  which already has the c o r r e c t  geometry f o r  maximum n-over lap;  therefore the l e a s t  

realignment o f  nuc le i  i s  necessary. Cyclohexene, however, has a skew r i n g  w i t h  four carbon atoms 

i n  a plane, and one below and one above t h i s  plane. To gain maximum over lap  f o r  the a l l y l  rad ica l .  

which presumably resembles the  t r a n s i t i o n  s t a t e  f o r  abstract ion,  one o f  the non-coplanar carbon 

atoms must be brought i n t o  t h e  plane o f  others. This can be r e a d i l y  achieved by overcoming a very  

smal l  p o t e n t i a l  energy b a r r i e r  of only 5.2 kcal/mole. With cycloheptene and cyclooctene, the  

skewing i s  more pronounced and in ter ference between the r i n g  hydrogen atans, i n  models, makes the 

r i ngs  i nc reas ing l y  r i g i d .  This could account f o r  an increase i n  the  energy o f  a c t i v a t i o n  by  

increase i n  s t r a i n  o r  f m m  loss  o f  a l l y l i c  resonance. 

Thus. from 1-phenylcyclopentene t o  1-phenylcyclooctene as the r i n g  s i z e  increases the 

percentage o f  p rodut ts  from a l l y l i c  hydrogen abst rac t ion  decreases and consequently the  percentage 

o f  products from add i t i on  across the double bond increases o r  i n  o the r  words epoxide fonnation 

becanes the more prominent react ion .  



I t  i s  worth no t i ng  t h a t  autox idat ion  of cyclohexene (chlorofonn as solvent,  50'. coba l t  

naphthenate c a t a l y s t )  has been reported12 t o  g i ve  mainly (about 85% y i e l d )  the a l l y l i c  a lcohol  and 

thea,p-unsaturated ketone. When a subs t i t uen t  l i k e  methyl, e thy l ,  isopropyl  o r  t e r t - bu ty l  i s  

present on the carbon ca r r y i ng  the double bond, as i n  1-alkylcyclohexenes, the products of 

a l l y l i c  ox idat ion  are between 60-90% whereas epoxide fotmation occurs t o  the ex tent  of 10-16% only,  

depending on the bu lk  o f  the subst i tuent13. I t  i s  i n t e r e s t i n g  t o  observe t h a t  i n  the  present 

studies epoxide format ion i s  the major react ion.  Furthermore, epaxide formation becomes more 

important as the r i n g  s i z e  increases from 5 t o  8 membered. I t  may be emphasised tha t  the  

l i t e r a t u r e  on autox idat ion  o f  1-phenylcyclohexene contains no mention of epoxide formation. 

Autoxidat ion o f  2-phenylnorbornene. 5. i n  ap ro t i c  so lvent  i s  repor ted t o  g i ve  the 

corresponding epoxide 2 i n  about 25% y i e l d l 4 .  

I n  an i n t e r e s t i n g  paper on thermal epoxidat ion o f  18 by molecular oxygen (xylene so lu t ion ,  

re f luxed f o r  48 h r s )  Paha and i i rodskylS have reported the format ion o f  the epoxide 2. 
Furthermore, s i m i l a r  reac t ion  on ?_b gavb'besides ZJ the isomerised o l e f i n  5 and i t s  epoxide 2. 
To account f o r  these resu l t s  they suggested the fo l l ow ing  mechanism. 

h ,  H \ ,Ph -, - ph4,pph ++p Ph 

Fil . Ph 
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The above mechanism ind ica tes  t ha t  the  cyclopropane r i n g  i s  t ak ing  p a r t  i n  the 

epoxidation. I n  our s tud ies  on 1-phenylcycloalkenes (3) obviously no such cyclopmpane 

p a r t i c i p a t i o n  i s  possible. Hence, we fee l ,  t h a t  even if i n  the above example (18) cyclopropane 

p a r t i c i p a t i o n  does occur i t  i s  no t  a necessary reouirement f o r  epoxidation. 

The mechanism f o r  epoxidat ion i n  our case can be given as fo l lows.  

6 + 02 - 6' +. O-O-H . - 02 . , .& 0-0 

( R-0-0.) 

6 .  + 0 - 0 - R  ------ 6 + H-0-0-R 

Hydroperoxide, 

*This r a d i c a l  being on a t e r t t a r y  carbon and a l so  i n  conjugat ion w i t h  the  benzene r ing ,  i s  more 

s t a b i l i s e d  and p r e f e r n t i a l l y  formed. 
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