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A bs t rac t  

The e m p h a s i s  p laced  on e lec t ron  t r ans fe r  in connec t ion  
with o x i d a t i o n  r eac t ions  h a s  of ten  resul ted  in these  pro- 
cesses be ing  cons idered  as a g roup  a p a r t  f rom the  main  
class of chemica l  reac t ions .  A l t h o u g h  some oxidat ions ,  for 
example ce r t a i n  exchange  reac t ions  be tween  ions in 
solution, c an  be r e a s o n a b l y  descr ibed  as e lec t ron t rans fe r  
processes, t h e r e  are  v e r y  m a n y  o the r  oxida t ions ,  whose 
mechan isms  are  m u c h  b e t t e r  descr ibed in the  famil iar  
terms of m o d e r n  organic  chemis t ry .  

The use of i sotopes  as t racers  has  shown, t h a t  m a n y  
oxidat ions  p roceed  w i t h  t r ans f e r  of a toms  or groups  from 
oxidant  to  r e d u c t a n t  a n d  vice versa;  the  use of the  kinet ic  
isotope ef fec t  ha s  s h o w n  t h a t  such t r ans fe r  is seldom an 
incidenta l  process,  b u t  is a l m o s t  a lways  a pa r t  of the  slow 
step of t he  reac t ion .  In  th i s  paper ,  ox ida t ions  involving 
the t r ans f e r  of such  species its oxygen  a toms,  hydr ide  ions, 
hydrogen a toms ,  ch lor ine  a toms ,  and  hyd roxy l  radicals  
are discussed in t e r m s  of m e c h a n i s m .  An a t t e m p t  is made  
to show t h a t  a g r a d e d  series of m e c h a n i s m s  is possible 
ranging f rom w h a t  a p p e a r  to  be pure  e lectron t rans fe r  
processes a t  one  end  to c e r t a i n  a t o m  t r ans fe r  processes a t  
the o ther .  T h e  l a t t e r  g roup  belong,  in fact,  in the  famil iar  
realm of o r d i n a r y  chemica l  raac t ions ,  in which s t rong 
bonds a re  be ing  b r o k e n  a n d  formed in the  ac t i va t ed  
complex. 

The concep t  of o x i d a t i o n - r e d u c t i o n  its an  e lectron 
t ransfer  process  has  been  s t rong ly  emphas ized  for some 
time w i th  t he  r e su l t  t h a t  ox ida t i on  processes have  come to  
be cons idered  as a g roup  a p a r t  f rom the  ma in  class of 
chemical  reac t ions .  A n  e n o r m o u s  a m o u n t  of in fo rmat ion  
has a c c u m u l a t e d  in t he  las t  two or th ree  decades regarding 
the m e c h a n i s m s  of n o n - o x i d a t i v e  processes par t i cu la r ly  
in organic  c h e m i s t r y  b u t  on ly  r ecen t ly  have  ox ida t ion  
reactions come  u n d e r  close sc ru t iny .  The  use of isotopes 
has shown t h a t  m a n y  ox ida t ions  of b o t h  organic  and  inor- 
ganic s u b s t r a t e s  proceed  w i t h  t r ans fe r  of a toms  or groups 
from o x i d a n t  to  r e d u c t a n t  and  vice versa. One way to dis- 
t inguish o x i d a t i o n s  f rom all o t h e r  chemica l  reac t ions  ex- 
cept e lec t ron  e x c i t a t i o n  processes  is to  visualize t h e m  as 
occurring b y  p u r e l y  e lec t ron ic  t r ans i t i ons  not  inw)lving 
bond m a k i n g  or bond  b r e a k i n g  except ,  in some cases, as 
mere a d j u n c t s  to  the  e lec t ron  t ransfer .  J u s t  as the  use of 
isotopes has  d e m o n s t r a t e d  t h a t  t r ans fe r  of a toms  of ten 
occurs b e t w e e n  o x i d a n t  a n d  r e d u c t a n t ,  so the  use of the  
kinetic i so tope  ef fec t  ha s  d e m o n s t r a t e d  t h a t  the  bond  
breaking wh ich  of ten  a c c o m p a n i e s  a n  ox ida t ion  is seldom 
an inc iden ta l  process  to  the  e lec t ron  t r ans fe r  b u t  is r a t h e r  
almost a lways  a p a r t  of t he  slow s tep  of the  react ion.  

A r ecen t  sugges t ion  t h a t  ' t h e  t rue  mechan i sm of 
organic o x i d a t i o n  m a y  well be ident ical  wi th  the  well- 
recognized f u n d a m e n t a l  d e f i n i t i o n  of ox ida t ion ,  i .e . ,  a loss 
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o/ electrons 'x seems u n fo r t u n a t e .  I t  appea r s  in fact  t h a t  
m a n y  oxida t ions  of bo th  organic  an d  inorganic  s u h s t r a t e s  
have  mechan isms  which  are readi ly  expl icable  in t h e  
t e rms  used to describe the  well known  reac t ions  of organic  
chemis t ry  e. For  example  ANBAR a n d  TAUBF. us ing  O as 
have  shown t h a t  the  ox ida t ion  of n i t r i t e  b y  h y p o ch l o r i t e  
in aqueous solut ion takes  place wi th  s u b s t a n t i a l l y  com-  
plete t rans fe r  of oxygen to n i t r i t e  3. The  m e c h a n i s m  ap-  
pears  to be a d i sp l acemen t  on the  oxygen of the  hypo-  
chlori te ,  the  n i t r i t e  ion d isp lac ing  chlor ide  in the  m a n n e r  
of an  SN 2 react ion,  

NOE+O('I -  • t O , a N -  O - - C I ]  ~ 1 ~  NO~ +C1- 

The  orbi ta ls  which are used to b ind  the  a t o m s  in the  
ac t iva t ed  complex  are no t  known wi th  a n y  c e r t a i n t y  b u t  
i t  appears  reasonable  t h a t  the  use of p o rb i ta l s  on ,oxygen  
would provide  a c o n v e n i e n t  p a t h  for the  reac t ion .  

Certain react ions,  of course, a p p e a r  to be well descr ibed  
as e lectron t ransfers ,  in pa r t i cu la r  the  exchange  reac t ions  
in solut ion be tween  ions of the  sltme me ta l  b u t  of d i f fe ren t  
wdence.  There  is a possible  di f f icul ty  in the  way of a n  
a rb i t r a ry  d is t inc t ion  be tween  e lect ron aml  a t o m  t r a n s f e r  
mechanisms .  Tim exchange  which occurs  be tween  
Fe(CN)6 -a and  F e ( C N ) (  ~ can be followed rad iochemica l ly  
and  is rapid  its it is for the  s imilar  sys tems  M n O , - - M n O 4  -~, 
I rCl (3-1rClo-L and  W(CN), -3-W(CN)8 - ' ,  Os(dipy) i~*-  
Os(dipy)a+a 4-,. F.lectron t r ans f e r  is the  o b v i o u s  p a t h  for 
these reac t ions  yet  even  here  i t  is easy  to show t h a t  some 
mass t rans fe r  p robab ly  accompan ies  the  e lec t ron  t ransfer .  
Tak ing  the  fe r r icyanide- fe r rocyanide  case its a n  example  
it is clear t h a t  in aqueous  solut ion the  more h ighly  cha rged  
ferrocyanide  ion will be more  h ighly  so lva ted  t h a n  will t he  
ferr icyanide ion. W h e n  tile e lec t ron t r ans f e r  occurs,  how-  
ever,  the  posi t ions  are  reversed a n d  u n d o u b t e d l y  some 
wa te r  molecules which had  been so lva t ing  the  fe r rocyanide  
ion before reacti<m and  so lva t ing  b o t h  ions in the  a c t i v a t e d  
complex will change  the i r  al legiance to the  newly formed 
ferr icyankte  ion when  the  a c t i v a t e d  complex  splits.  Such  
a t r ans fe r  of molecules from the  second co o rd i n a t i o n  
sphere  of one me ta l  ion to the  second coord ina t ion  sphe re  
of the  o the r  m a y  seem a t r iv ia l  affai r  cons ider ing  t h a t  
exchange  of solwt t ing molecules wi th  bu lk  so lven t  occurs  
readi ly  and  consider ing t h a t  the  forces inwflved m u s t  be  
small  for ions of such size. Yet  one  can  imagine  a g raded  
series of reac t ions  in which the  coo rd ina t ed  groups  wh ich  
are t r ans fe r red  vltry f rom be ing  loosely b o u n d  to  t h e  
cent ra l  a toms  to being t i gh t ly  bound .  The  case of oxygen  
a tom t rans fe r  from hypoch lo r i t e  to n i t r i t e  is in the  l a t t e r  
category.  

W h e n  we come as far a long  the  graded  series its t h e  
n i t r i t e -hypoch lo r i t e  reac t ion  we find ourse lves  in t h e  
famil iar  rea lm of o rd ina ry  chemical  reac t ions  in which  
s t rong bonds  arc be ing  b roken  aml  formed in the  a c t i w t t e d  
complex.  Thus  the  n i t r i t e  ion its it app roaches  the  hypo-  
chlor i te  ion begins  to a l t e r  i ts  b tmd l eng ths  a n d  b o n d  
angles so t h a t  in t h e  a c t i v a t e d  complex  its g e o m e t r y  
resembles  more  t h a t  of the  t r igonal  n i t r a t e  ion. T h e  
changes  in geome t ry  are qui te  smal l  in th i s  case which  
doubt less  is a fac tor  f awmr ing  the  react ion.  
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O \ N  O C1 I, O \ N - O - C 1  )- O \ N - O  C1 
O /  O / O / 

I 

Le t  us cons ider  t h e  fol lowing h y p o t h e t i c a l  r e ac t i on  
wh ich  is m e r e l y  e x c h a n g e  of o x y g e n  b e t w e e n  n i t r i t e  a n d  
hypoch lo r i t e  i .e. ,  ox ide  ion t r a n s f e r  w i t h o u t  a t t e n d a n t  
o x i d a t i o n  or  r educ t ion .  

NO 2- + OC1- -. ........ 3~ NOa-a + CI+ 

I H~O t H~O 

N O ~ - + 2 O H -  O C I - +  2 H +  

T h e  a r r a n g e m e n t  of a t o m s  in t h e  a c t i v a t e d  c o m p l e x  
shou ld  be  m u c h  t h e  s ame  as in  I b u t  a d i f f e ren t  e lec t ron  
d i s t r i b u t i o n  is requi red ,  a n  imposs ib le  s i t u a t i o n  since t h e  
e lec t rons  will a u t o m a t i c a l l y  t a k e  up  pos i t ions  of m i n i m u m  
energy.  I n  all chemica l  r eac t ions  t he  a t o m s  in  t he  r e a c t i n g  
molecules  t ake  u p  d i f fe ren t  r e l a t ive  pos i t ions  to  one an-  
o t h e r  w h e n  t h e y  fo rm t h e  a c t i v a t e d  complex  a n d  o x i d a t i o n  
occurs  w h e n  t he  e lec t ron  d i s t r i b u t i o n  of m i n i m u m  e n e r g y  
is such  t h a t  t h e  p r o d u c t s  fo rmed  on scission of t h e  complex  
are in  d i f f e ren t  o x i d a t i o n  s t a t e s  t h a n  t h e y  were  before  
reac t ion .  

I~IARCUS 7 ha s  p o i n t e d  o u t  t h a t  un l ike  m o s t  chemica l  
r eac t ions  t he  so-cal led e lec t ron  t r a n s f e r  processes,  t yp i f i ed  
b y  t h e  Fe(CN)8-a-Fe(CN)a  -a exchange ,  requ i re  on ly  a 
w e a k  e lec t ron ic  i n t e r a c t i o n  of t he  r e a c t a n t s  to  couple  
t h e m  e lec t ron ica l ly  a n d  so p e r m i t  e l ec t ron  t r a n s f e r  to  
occur.  T h e  f o r m a l  s i m i l a r i t y  b e t w e e n  p h o t o c h e m i c a l  ex-  
c i t a t i o n  on  t he  one  h a n d  a n d  these  e l ec t ron  t r a n s f e r  pro-  
cesses on  t h e  o t h e r  h a s  led to the  a p p l i c a t i o n  of  t h e  
F r a n c k - C o n d o n  pr inc ip le  to  t h e  s t u d y  of these  reac t ions ,  
in  p a r t i c u l a r  t h e  r e s t r i c t i ons  p laced  b y  t h i s  pr inc ip le ,  
w h i c h  s t a t e s  t h a t  a t o m i c  m o t i o n s  are  s low c o m p a r e d  to  
t he  speed  of a n  e l ec t ron  j u m p ,  on  e l ec t ron  t r a n s f e r  be-  
t w e e n  s o l v a t e d  ions  S. I f  t h e  fer rous- fer r ic  ion  e x c h a n g e  in  
aqueous  so lu t ion  occurs  b y  e l ec t ron  t r a n s f e r  i t  h a s  been  
s h o w n  t h a t  cons ide rab le  r e o r g a n i z a t i o n  of t he  so lva t i on  
spheres  is r equ i r ed  p r io r  to  t h e  e lec t ron  t r a n s f e r  to  keep  
t he  overa l l  free ene rgy  c h a n g e  zero. Th i s  is because  t he  two  
ca t ions  h a v e  d i f f e ren t  cha rges  a n d  hence  h a v e  t h e i r  
so lva t i on  spheres  a t  d i f fe ren t  d i s tances .  I f  a d i r ec t  e lec t ron  
t r a n s f e r  occur red  b e t w e e n  n o r m a l l y  so lva t ed  Fe  +2 a n d  
Fe+3 t he  p r o d u c t s  would  be  fo rmed  in  exc i ted  s t a t e s  a n d  
h e n c e  t he  overa l l  free e n e r g y  c h a n g e  would  n o t  be  zero as 
requi red .  Th i s  a n d  o t h e r  a spec t s  of i no rgan ic  o x i d a t i o n  
are d iscussed  b y  BASOLO a n d  PEARSON 9. 

M u c h  a t t e n t i g n  ha s  r ecen t l y  been  d e v o t e d  to  these  
reac t ions ,  w h i c h  can  be  fa i r ly  labe l led  e lec t ron  t r a n s f e r  
processes,  a n d  cons ide rab le  success has  b e e n  a c h i e v e d  in  
t h e i r  q u a n t i t a t i v e  t r e a t m e n t  ~0, n I t  shou ld  be po in t ed  o u t  
h o w e v e r  t h a t  r e c e n t  work  b y  ADAM a n d  WEISSMAN 12 in-  
d ica tes  t h a t  a t o m  t r a n s f e r  is a b e t t e r  w a y  to  descr ibe  a t  
leas t  one  case of e x c h a n g e  in so lu t ion .  T h e y  s t u d i e d  t h e  
exchange  b e t w e e n  b e n z o p h e n o n e  a n d  i ts  s o d i u m  k e t y l  b y  
m e a n s  of e l ec t ron  sp in  resonance .  

O- Na + 0 0 O-  Na + 

CsH~-C-CsHs+ CsHs-C-CnH~ - ~  C~Hs-C--CsHs+ CsH s C, CsH~ 

7 R. A. MARCUS, Trans. N.Y. Acad. Sci. 19, 482 (1957). 
8 W. F. LIBBY, J. phys. Chem. 56, S63 (1952). 
9 F. BASOLO and R. G. P~ARso.~, Mechanisms o] Inorganic 

Reactions (John Wiley & Son, New York 1958), p. 303. 
i0 I3. J. ZWOLXNSKb R. J. MARCUS, and H. EYRINa, Chem. Rev. 

55, 157 (1955). 
xt R. A. MARCVS, J. chem. Phys. 26, 872 (1957). 
1~ F. C. ADA~I and S. WEtSS~tAN, J. Amer. chem. Soc. 80, 1518 

(1958). 

T h e y  showed  t h a t  t h e  sp in  r e sonance  s p e c t r u m  of the 
k e t y l  wh ich  is spl i t  b y  t h e  nuc lea r  sp in  of t h e  n e a r b y  Na 23 
nuc leus  is g rea t ly  a l t e r ed  in  t h e  p resence  of excess  benzo- 
phenone .  I t  is a l t e r ed  in such  a w a y  t h a t  t h e  exchange 
which  occurs  m u s t  resu l t  f rom each  e l ec t ron  wh ich  is 
t r a n s f e r r e d  f rom k e t y l  to  k e t o n e  be ing  a c c o m p a n i e d  by 
a s o d i u m  nucleus ,  in  o t h e r  words,  s o d i u m  a t o m  t ransfer  
f rom ke tyI  to  ke tone .  

T h e  p u rp o s e  of th i s  a r t ic le  t h e n  is to  cons ide r  some 
o x i d a t i o n s  w h i c h  a re  n o t  a d e q u a t e l y  desc r ibed  as electron 
t r a n s f e r  processes  a n d  to  emphas i ze  t h e  s imi l a r i t y  which 
exis t s  b e t w e e n  t h e  m e c h a n i s m s  of t h e s e  r eac t i ons  and 
t h o s e  of o r d i n a r y  n o n - o x i d a t i v e  chemica l  processes .  

1- and  2-Equivalent  Oxidations.  As ear ly  as 1929 KIRK 
a n d  BROWNE d i s t i ngu i shed  b e t w e e n  r e a g e n t s  w h i c h  could 
oxidize in  1- a n d  2 -equ iva l en t  s teps  b y  a s t u d y  of  the 
p r o d u c t s  fo rmed  w h e n  h y d r a z i n e  is ox id ized  ~a 

KIRK a n d  BROWNE used t h e  t e r m s  m o n o  de-e lec t rona to r  
a n d  d i -de -e l ec t rona to r  a n d  o the r s  h a v e  cal led t h e m  1- and 
2-e lec t ron  t r a n s f e r  r eagen t s  b u t  as HIGGINSON and 
MARSHALL 14 p o i n t  o u t  t he se  t e r m s  i m p l y  t h a t  t h e  reac t ion  
necessar i ly  occurs  v ia  e l ec t ron  t r a n s f e r ;  t h e y  therefore  
p re fe r  t h e  d e s i g n a t i o n s  1- a n d  2 - eq u i v a l en t  o x i d a n t s  or 
r e d u e t a n t s .  Some  r eagen t s  c an  f u n c t i o n  as e i t h e r  1- or 
2 - equ iva l en t  r eagen t s  an d  s u b s e q u e n t  work  s u p p o r t s  KIR~: 
a n d  BROWNE'S co n cep t  1~, ~.  WESTBEIMER 17 h a s  m a d e  the 
fol lowing d i s t i n c t i o n  b e t w e e n  1- a n d  2 - eq u i v a l en t  re- 
ac t ions .  I f  a molecule  w i th  a n  even  n u m b e r  of e lec t rons  is 
ox id ized  or  r educed  to  a n o t h e r  molecule  w i t h  a n  even 
n u m b e r  of e lec t rons  t h e  process  is cons ide red  to be a 
2 - equ iva l en t  o x i d a t i o n  unless  a species is p r o d u c e d  which 
c o n t a i n s  a n  odd  n u m b e r  of e l ec t rons  a n d  h a s  a ha l f  life of 
> 10 - n  s. T h e  s i m u l t a n e o u s  t r a n s f e r  of two e lec t rons  is 

consMercd  i m p r o b a b l e  on  q u a n t u m  m e c h a n i c a l  grounds  
b u t  s ince a t o m i c  m o t i o n  is s low c o m p a r e d  to  e lectronic  
m o t i o n  a n y  o x i d a t i o n  w h i c h  proceeds  b y  w a y  of a tom 
t r a n s f e r  can  also invo lve  a 2-e lec t ron  t r a n s f e r  w i t h o u t  the 
l a t t e r  be ing  cons ide red  ' s i m u l t a n e o u s ' .  T h e  ques t ion  then  
ar ises  m u s t  all 2 - equ iva l en t  r eac t i ons  p roceed  w i t h  a tom 
t rans fe r .  I t  a p p e a r s  t h a t  m o s t  if n o t  all  of t h e m  do. One 
e q u i v a l e n t  o x i d a t i o n  r eac t ions  on  t h e  o t h e r  h a n d  might  
p roceed  w i t h  or  w i t h o u t  a t o m  t rans fe r .  

Oxygen A tom Trans /er  to Reductant .  TAVBE'S work  with 
O ta h a s  d e m o n s t r a t e d  t h a t  oxygen  t r a n s f e r  is a n  i m p o r t a n t  
m o d e  of o x i d a t i o n  in  so lu t ion .  T h e  n i t r i t e -hypoch lo r i t e  
r eac t i on  re fe r red  to ear l ie r  is c a t a lyzed  b y  ac id  and  it 
seems r easonab le  to  loca te  t h e  p r o t o n  in  t h e  ac t iva ted  
c o m p l e x  on  t h e  o x y g e n  a t o m  be ing  t r a n s f e r r e d  3. 

H 
[ O , ~ N - - - O - - - C l J -  

The  r e su l t i ng  decrease  in cou lombic  r epu l s ion  b e t w een  the 
a n i o n s  is doub t l e s s  a n  i m p o r t a n t  f ac to r  b u t  t h e r e  a re  seve- 
ra l  o x i d a t i o n  r eac t ions  b e t w e e n  a n i o n s  w h i c h  p roceed  with 
o x y g e n  t r a n s f e r  a n d  are  ~ h i b i t e d  b y  acid.  T h e  ox ida t ion  of 
cy an i d e  ion b y  p e r m a n g a n a t e  ion in  bas ic  so lu t ion  results 
in  t r a n s f e r  of oxygen  f rom t h e  p e r m a n g a n a t e  to  cyanide. 
Be low p H  8 w h e r e  t h e  c y a n i d e  ex i s t s  M m o s t  comple te ly  as 
H C N  t h e  r e a c t i o n  is v e r y  slow ~8. 

xa R. E. KIRK and A. W. BROW~, J. Amer. chem. Soe. 5o, 337 
(19~8). 

aa W. C. E. HmGI~SON and J. W. MARSHALL, J. chem. Soc. 1957, 
447. 

15 W.C.E.  HIGGINSON~ D. SUTTON~ and P. WRIGttT~ J. chem. Soc. 
1953, 1380. 

16 j .  HALeERN, Can. J. Chem. 37, 148 (1959). 
17 F. H. WESTm~XMER, The Mechanisms o] Enzyme Action (Ed. 

W. D. MCELROY and B. GLASS, John ttopkins Univ. Press) p. 321. 
is R. STEWART and R. VAN DER LINDEN, unpublished results. 
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Similar ly  fo rma te  ion is oxidized b y  p e r m a n g a n a t e  ion 
fas ter  t h a n  is formic acid. Some oxygen t ransfer  also 
occurs in th is  reactionX% 

In  basic solut ion hypoeh lo r i t e  oxidizes sulfite wi th  
oxygen  t r ans fe r  be ing the  pr incipal  react ion path.  In  acid 
solut ion howeve r  d i sp lacemen t  on the  chlorine a tom of the  
hypochlor i t e  appear s  to  be favoured  ~o. 

H+ 
SO~-~ + CIO- > [ O ~ S - - - C 1 - - - O . H ] - ~ - - ~  SO~CI-+OH- 

SO3C1- + OH-  ~ SOn -~ + H+ + C1- 

TAOBE et el. have  also d e m o n s t r a t e d  t ransfer  of oxygen to 
sulfite I rom BrO3-, C10~-, C10~-, and  H,O~. In  acid solu- 
t ion the  l a t t e r  r eagen t  t rans fe rs  bo th  its oxygen a toms to 
the  subs t r a t e  ~1. I t  has  been  sugges ted  t h a t  the  sulfite- 
chlora te  s y s t e m  for one involves  more  t h a n  a simple oxygen 
t rans fe r  since in the  p H  range of 1--3.5 i t  can ini t iate 
po lymer iza t ion  ~2,~a a d iagnost ic  t e s t  for the  presence of 
free radica l  i n t e rmed ia te s .  To accommoda te  the  known 
oxygen t r ans fe r  w i t h  t he  presence  of radical  in te rmedia tes  
the  following m e c h a n i s m  has  been proposed ~l. 

C103- + H2SO~-->- I 1 
° \ c ~ / °  

I o 
o I 
[ -->-C10.,- + H O S .  + H O .  

HO-S-OI-I I 
I 0 

0 

HSO a. + HO. > 2H + + SO4-2 
HSO 3. or HO. + monomer > polymer. 

The scission of the  above  ac t iva ted  complex  to give C102-, 
HSO a. and  H O .  r a t h e r  t h a n  C10~-, 2 H + and  SO4 -2 seems 
surprising.  The radicals  which  ini t ia te  polymer iza t ion  
m a y  be fo rmed  in small  a m o u n t  by  a compet ing  side 
reac t ion  r a t h e r  t h a n  b y  the  principal ,  oxygen transfer ,  
route .  

Tu rn ing  to  an organic  subs t ra te ,  benza idehyde ,  which 
is oxidized b y  p e r m a n g a n a t e  to  benzoic acid, we find t h a t  
a s o m e w h a t  d i f fe rent  m e c h a n i s m  is required.  The mecha-  
nism m u s t  be in accord wi th  the  fact  t h a t  Ots from MnO~ a- 
is found  in t he  benzoic  acid formed in t he  react ion and also 
wi th  t he  fac t  t h a t  a large isotope effect  (7 : 1) is observed 
wllen C6HsCDO is oxidized b y  pe rmangana t e .  The fol- 
lowing m e c h a n i s m  which  is also in accord wi th  the  reac t ion  
kinetics has  been  sugges ted  25. 

OH 
I 

C6HaCHO + MnO 4- + HA ~- ~ C~Hs-C-OMnO a + A -  
I 

H 
OH 
I 

C6Hs-C-O-MnO a > CaHaCO2H + BH+ + MnO e-  
l 

H 

B: p 

19 K. B. WIBERG and R. STEWART, J. Amer. chem. Soc. 78, 1214 
(1956). 

20 j .  HALPERIS and H. TAUBE, J. Amer. chem. Soc. 74, 375 (t952). 
21 j .  HALPERIS and H. TAUBE, J. Amer. chem. Soc. 74, 380 (1952). 
2~ A. CRESSWELL, U.S. Patent 2,751,374 (1956). 
23 A. HILL, U.S. Patent 2,673,192 (1954). 
24 E. H. GLEASON, G. MINO, and W. M. THO~AS, J. phys. Chem. 

61, 444 (1957). 
25 K. B. WIBERG and R. STEWART, J. Amer. chcm. Soc. 77, 1788 

(1955). 

Oxygen  a t o m  t rans fe r  occurs  in th is  process  b u t  the  ra te  
control l ing s tep  of the  reac t ion  is a series of e lec t ron  pa i r  
shifts ,  to use the  c o m m o n  t e rmino logy  of organic  chemis-  
t ry ,  which  is in i t ia ted  b y  p ro t o n  r emova l  b y  the  base B :. 
The kinet ic  isotope effect  shows t h a t  t he  l a t t e r  ope ra t ion  
is a p a r t  of the  ra te  contro l l ing  s tep.  

Tile above  mechan i sm is s imilar  to  t h a t  e luc ida ted  b y  
the  i m p o r t a n t  work  of WESTHEIMER on the  c h r o m a t e  
ox ida t ion  of i sopropyl  alcohol, the  m e c h a n i s m  of which  
is 26 : 

(CH3)~CHOH + 2 H + + CrO4 = ~ ~. (CHa)2COCrOaH2+ 
H 

(CHa)2COCrOaH2 + ~ (CHa)2CO + BH + + H2CrO a 
H 

B: 2 

The proof  of fo rmat ion  of the  i n t e rmed ia t e  c h r o m a t e  ester ,  
the  exis tence of a large kinet ic  isotope effect,  the  ex is tence  
of base catalysis  and  the  form of the  reac t ion  l~inetics all 
give s t rong s u p p o r t  to th is  m e c h a n i s m  ~7-29. I t  is clear  
however  t h a t  here  any  in t roduc t ion  of oxygen  is mere ly  
a consequence  of the  mode  of fo rma t ion  of t he  c h r o m a t e  
ester.  The ra te  control l ing s tep  of t h e  ox ida t ion  involves  
pro ton  remova l  and  a sh i f t  of electrons.  (See h o w e v e r  
ROCrK30.) 

P e r m a n g a n a t e  ion behaves  as an oxygen  donor  w h e n  i t  
oxidizes olefins to glycols. I t  was ear ly  pos tu l a t ed  3~,32 t h a t  
a cyclic es ter  is the  in te rmedia te ,  and  recen t  work  has  
shown t h a t  the  

\ /  
C - - - - O  

C____O / 
/ \  

oxygen  in the  glycol comes f rom the  p e r m a n g a n a t e ,  n o t  
from the  solvent  33. 

The mechan i sm of a s imilar  react ion,  the  P revos t  
oxidat ion  of olefins to glycols using si lver ace t a t e  a n d  
iodine has been conf i rmed recent ly  by  the  use of O ~s as 

~ /  \ /  \ /  
O + C AgOAc C - - - - O \  C- ) 

{I ~" r //C-CHa -)" { C-CHa 
C 12 I--C 0 y C 0 

/ \  / ~  / \  

; o A c -  

l o 
- c - o .  .OH 1 If 
--|--O'~/CCcc/\ H a 0 --C--O--CCHa 

I , I 
CH3--C--0--C-- 

i 

--C--0H --C--0H 

I I 
--C-- OH H--0--C-- 

I l 
26 F. H. WESTHEIMER, Chem. Rev. 45, 419 (1950). 
27 F. H. WESTI|E1MER and N. NICOLAIDES, J. hiller, chem. Soe. 

7z, 25 0949). 
2s F. HOLLOWAY, M. COHEN, cud F. H. WESTUEIStER, J. Amer. 

chem. Soc. 73, 65 (1951). 
29 L. KAVLAN, J. Amer. chem. Soc. 77, 5,t69 (1955). 
ao j .  ROCEK and J. KRUVICKA, Chem. & Ind. 1957, 1668. 
aL G. WAG•Ea, J. Russ. phys. chem. Soc. 27, 219 (1895). 
a2 j .  BOESEKES, Ree. Tray. chim. Pays-Bas 40, 553 (1921). 
as K. B. WIBERG and K. A. SAEOEBARTU, J. Amer. chem. Soc. 79, 

2822 (1957). 

26* 
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t racer .  The  use of 'we t '  or  ' d ry '  condi t ions  de te rmines  t i le 
s te reochemis t ry  of, and  the  source of oxygen  in, t h e  
p roduc t  3~. 

The  perbenzoic acid ox ida t ion  of benzophenone  to  
phenyl  benzoate  has  been shown to take  place wi th  t he  
carbonyl  oxygen  in the  ke tone  becoming  the  ca rbonyl  
oxygen  in the  ester  3~. 

O O 
II II 

C~H3-C-C6H 5 + C~H~CO3H -~  C~H~C-O-C~H~ + C~HsCO~H 

This inser t ion of an oxygen  a t o m  be tween  two bonded  
carbon a toms  is s imilar  to  t i le behav iour  of the  carbene,  
CH2, p roduced  by  the  i r rad ia t ion  of d iazomethane  a6. 

o r 1 o 
II /C~H~ C - - - C H ~ [  II 

C6H~-C-CH ~ + CH~ --~ [ "- .." [ + C ~ H  5 C-CH~CH 3 
/ ] 

I t  is of in teres t  t h a t  O and CH~ are  isoelectronic.  
H y d r i d e  T r a n s f e r  to Ox i dan t .  A hydr ide  react ion is the  

t ransfer  in a single s tep of  a p ro ton  and two  electrons from 
reducing  agen t  to  oxidiz ing agent .  :Reactions bel ieved to  
t ake  place by  this mechan i sm are  v e r y  c o m m o n  in  organic  
chemis t ry .  T h e y  include the  Cannizzaro  react ion a~, the  
Meei~vein-Pondorff  reduc t ion  and its analog the  Oppen-  
auer  ox ida t ion  as, the  Sommele t  react ion ~a, the  Leucka r t  
react ion a°, the  base ca ta lyzed  carb inol -carbonyl  equil ib-  
r i u m  ~x, the  reduc t ion  by  Grignard reagents  of h indered  
ke tones  ~O-, and others  ~a-~. The  Cannizzaro react ion is 
of ten  wr i t t en  as proceeding t h rough  a hydr ide  t ransfer  to  
benza ldehyde  f rom the  con juga te  base of benza ldehyde  
hydra t e  ~7,4~. The  low deu te r ium isotope effect,  kHkD = 
1.8 .7, found for 

C~H~CHO + OH-  ~ 

O-  O 

CeH~-C-H C-C~H 3 -->- 

OH H 

O- 

C~H~-C-H 

OH 

CaH~CO2H + C~HsCH20-  --~ 

C6H~CO 2- + CeHsCH~OH 

this  react ion when  C~H~CDO is used is surpris ing b u t  
m a y  still  be  in accord wi th  th is  mechan i sm {see l a te r  

34 K.B. WIBERG and K. A. SAEGEBARTH, J. Amer. chem. Soc. 79, 
6256 (1957). 

a5 W. YON E. DOERING and E. DORFMAN~ J. Amcr. chem. Soc. 75, 
5595 (1953). 

as E. MOSETTIG and L. JOVANOVIC, Mh. Chem. 53, 427 (19129). 
37 L. P. HAMlVIETT, Physical Organic Chemistry (McGraw Hill 

Book Co., N.Y. 1940), p. 350. 
3s R. 13. WOODWARD, N. L. WENDLER and F. J. 13RUTSCHY, 

J. Amer. chem. Soe. 67, 14~5 (1945). 
39 S. J. ANC, VAL and R. C. RASSACK, J. chem. Soc. 1949 (2700}. 
40 M. L. MOORE in Organic Reactions, Vol. V (R. ADAMS~ Ed., 

John Wiley and Sons, New York 1949), p. 301. 
4t W. voNE. DOERING and T. C. ASCHNER, J. Amer. chem. Soe. 

75,393 (1953). 
42 G. E. DUNN and J. WARKENTIN, Canad. J. Chem. 34, 75 (1956). 
*8 R. STEWART, J. Amer. chem. Soc. 79, 3057 (1957). 
4~ M. AVRANOFF and Y. SPRINGZAK, J. Amer. chem. Soc. 80, 493 

(1958). 
45 p. D. BARTLETT, F. E. CONDON, and A. SCHNEIDER, J. Amer. 

chem. Soc. 66, 1531 (1954). 
45 T. A. GEISSMAN in Organic Reactions, Vol. II (R. ADAMS, Ed. 

John Wiley and Sons, New York 1944), p. 96. 
17 K. B. WIDER% J. Atner. chem. Soe. 76, 5971 (1954). 

section). DOERING and ASCHNER showed t h a t  the  base 
ca ta lyzed  carb inol -earbonyl  equi l ib r ium is a 2-equivalent  
reac t ion  b y  demons t r a t ing  the  indifference of the  reacting 
centers  to the  presence of a radical,  Bindschedler ' s  Green. 
E i t h e r  a l -e lec t ron  t ransfer  or  a hydrogen  a t o m  transfer 
should involve  this  reac t ive  species al. 

RO-CHOH + OH-  , ~" /~CHO-  + H20 fast 
RO-CHO- + R~C=O , ~ R2C.=O + R~CHO- slow 
R~CHO- + H20 _. ~- R~CHOH + O H -  fast 

An in teres t ing  in t ramolecu la r  react ion of this t ype  has 
recen t ly  been repor ted  by  DVORNIK and EDWARDS 4s. 

Al though  a hydr ide  t ransfer  is a mos t  reasonable 
mechan i sm to wri te  for the  organic  react ions  listed earlier, 
there  is some diff icul ty  in ob ta in ing  proof  t h a t  th is  is 
indeed the  reac t ion  path .  I n  all cases equi l ibr ia  pr ior  to  the 
ra te  control l ing s tep h inder  a t ho rough  s tudy  of the 
react ion.  Recen t ly  kinet ic  and isotopic ev idence  in suppor t  
of the  hydr ide  t ransfer  mechan i sm has been obta ined  by a 
s t u d y  of the  reduc t ion  of the  t r i pheny lme thy l  c~tion by 
alcohols in s t rongly  acid solut ion 49 and by  fo rmate  ion 5° 
in formic acid. 

(C6H5)3C+ + R2CHOH --N (CaH~)aCH + RO-C=O+H + 
(CnH3)3C+ + H-COO-- --~ (CeH3)3CH + COo. 

The  use of Ro.CDOH and  DCO2H resul ted in t he  product ion  
of (C6Hs)3CD thus  f ixing the  posi t ion of the  hydrogen 
t ransferred in the  reduct ion.  

LEONARD and SAIJERS 51 have  shown t h a t  the  formic 
acid reduc t ion  of enamines  proceeds by  a s imilar  mecha- 
n ism and  i t  seems l ikely t h a t  t he  Leucka r t  reac t ion  also 
goes by  th is  path .  

/ /  

The  reduc t ion  of d iazonium salts  by  alcohols appears  to 
t ake  place by  b o t h  a hydr ide  t ransfer  mechan i sm ana- 
logous to the ca rbon ium ion reduct ions  above  and by  a 
free radical  chain  process 52. 

Hydr ide  abs t rac t ion  by  ca rbon ium ions has  bccn used 
to prepare  t ropy l ium ions f rom cyc lohepta t r iene  ~. 

O + (C6H5)3C+--1- ~ + (C6Hs)3CH 

An in teres t ing  ox ida t ion  which bears a marked  formal 
resemblance  to hydr ide  t ransfer  is the  react ion of hydrazoic 
acid wi th  ni t rous acid in acid solution. 

HN 3 + HNO 2 --+ N20 + No. + H20 

Tracer  work  wi th  lXT15 has  shown t h a t  the  reac t ion  pa th  is 
p robab ly  the  fol lowing s4. 

4s D. DVORNIK and O. E. EDWARDS, Proc. chem. Soe. 1958, 280. 
49 p. D. BARTLETT and J. D. McCoLLUM, J. Amer. chem. Soc. 78, 

1441 (1956). 
50 R. ST~'WART, Canad. J. Chem. 35, 766 (1957). 
sl N. J. LEONARD and R. R. SAUERS, J. Amer. chem. Soc. 79,6210 

(1957). 
n~ D. F. DE TAR and T. KOSUGE, J. Amer. chem. Soc. 80, 6072 

(1958). 
5a H. J. DAUBEN, F. A. GADECKI, K. M. HARMON, and D. L. 

PEARSON J. Amer. chem. Soc. 79, 4557 (1957). 
54 K. CLtySIUS and E. ]~PPENBERGER, Helv. chim. Acta J8, 1843 

(1955). 
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N~ + NO + --~ [NNNNO] --~ N~ + N~O 

This reaction is effectively a nitride transfer, N-, from 
azide ion to the oxidizing agent, NO +. Like the hydride 
ion the nitride ion despite its being isoelectronic with 
atomic oxygen canses a 2-equivalent reduction. Transfer 
of nitrogen of any charge other than -- 3 will result in an 
oxidation or reduction. This applies also to transfer of 
oxygen, halogen, and hydrogen of charge other than -- 2, 
- 1 ,  and + 1 respectively and results from our quite 
artificial concept of oxidation-reduction. 

Molecular hydrogen in solution can bring about reduc- 
tion by a homogeneous process. Cupric ion is not only 
reduced itself by  hydrogen in aqueous solution but cata- 
lyzes the reduction of such substrates as Cr,O~ *, IO 3- and 
Ce+L The mechanism appears to be the following, the first 
step being a hydride transferSL 

Cu+2 + H 2 -  ,- Cull + + H+ 
Cull + + Cu +~ ---> 2 Cu + + H+ 

2 Cu + + substrate ~ products + 2 Cu+Z 

Although the evidence for the formation of Cull+ is in- 
direct, that  is, the ion Cull+ has not been isolated, the 
above mechanism fits the kinetic data very nicely. 

I t  has recently been pointed out that  smM1 deuterium 
kinetic isotope effects seem to be the rule for hydride 
transfer reactions 5~ (see however Ref. 4a). The hydrolysis 
of pyridine diphenylborane is assumed to go by the 
following mechanism : 

solution, i.e., do not exchange their coordinated groups, 
have shown that  atom transfer accompanies the oxidation 
of Cr (II) by certain oxidizing agents. Thus the oxidation 
of chromous ion by ferric ion which is catalyzed by chloride 
ions proceeds with transfer of coordinated chlorine from 
iron to chromium~S; the act ivated comptcx being: 

[Cr - -  Cl ~ Fe] +4 

Similarly the chlorine atoms of CoCl ++, AuC14-, and 
Co(NH3)sCI++ become incorporated in the coordination 
sphere of the Cr (III) formed when these reagents oxidize 
Cr (II). Indeed the oxidation of Cr (II) by Co (III) (NHa)nX 
where X = N3-, Br-,  CNS-,  CHACO2-, PO4---, and SO4 =, 
results in the transfer of X in every case~% Since these 
ligands are joined to both oxidizing and reducing agent in 
the activated complex they are called bridging groups. 
Hydroxyl  ion and probably water can also sexve as a 
bridging group in tiffs reaction and on examining the 
oxygen-18  kinetic isotope effect when these groups are 
transferred, it is clear that  the cobalt-oxygen bond is 
partially broken in the activated complex n°. 

+ 3 / H  
C o O (  H \  + Cr+2-9. 

~{ 1 +5 H 
Co- -  -HO . . . .  CrJ --~ Co +2 + H)OCr+S 

An interesting aspect of the Cr(II)-Co(l l I)  oxidation is 
that  if the bridging group is fumarate ion the rate is con- 

H 

Py+ 

Ht~VtTnORNE and LEWIS explain the small kinetic isotope 

hB_ H 
effect observed when B - H  is replaced by B - D , - - - ;  

kB_ D 

1.52, as being due to a non linear transition state in which 
the B - - H  stretching frequency is only partly lost in the 
transition state. When D20 is used as reagent in the above 

kH20 
reaction a much larger isotope effect, --6.90, 

kD20 

results indicating loss of most of the O--H stretching 
vibration in the water  molecule involved in the transition 
state. .H 

/ O  . . . .  H : : !  
H 

CoHsC6Hs 

HAWTHORNE and L~wIs point out  tha t  the most reasonable 
point of at tack of an electrophile on a bond to hydrogen 
will be at the point of high electron density, that  is, the 
bond itself s~,57. A non linear transition state as above with 
consequent partial  retention of the hydrogen stretching 
vibration in the transition state is not unexpected. 

Cl. H O .  etc. Trans/er to Reductant. TAUBE et al. utilizing 
the fact tha t  complex ions of Cr (III) are stable in aqueous 

55 j .  HALPERN, Quart. Revs. 10, 463 (1956). 
5G M. F. HAWTHORNE and E. S. LEWIS, J. Amer. chem. Soc. 80, 

2496 (1958}. 
57 E. S. LEwis and M. C. R. SY.~to1~s, Quart. Rev. le, 230 (1958). 

rate 
HO.jCC H = CHCOz-' 1.13 
CHaC02- 0.15 
HO2C-CH2CH2-CO ,- 0-19 

siderably faster than if it is either acetate or succinate~L 
Presumably the carboxylate groups in acetate, succinate 
(and isophthatate) function as bridges in the act ivated 
complex by bonding to both cobalt and chromium as 
follows : 

,9---c°l" 

With fumarate ion (or terephthalate ion), a bridge of much 
lower energy can bc formed using both carboxylate groups 
as follows: 

o o r 
Cr-OCCH = CHCO-Co] 

The chromium and cobalt are now connected electronically 
through the ~ electron system of the bridging group 
allowing immediate electron reorganization to occur. 
Succinate ion can bond to both chromium and cobalt just  
as fumarate ion can but  the bridging is ineffective because 
of the lack of electronic coupling. 

ss H. TAVBE and H. MYERS, J. Amer. chenl. Soc. 76, 2103 {1954). 
s9 H. TAvBE, J. Amer. chem. Soc. ;'7, 4481 (1955}. 
6o R. K. MORMAS~Z, H. TAUBE, and F. A. POSEr, J. Amcr. chem. 

Soc. 79, 962 (1957). 
el H. TAVBE, Canad. J. Chem. 37, 129 (1959). 
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Since c h r o m i u m  undergoes  a u n i t  va lence  c h a n g e  in the  
a b o v e  reac t ions  i t  is a p p a r e n t  t h a t  t he  t r a n s f e r r e d  g roup  is 
ef fec t ively  a radical .  Now p r e s u m a b l y  these  rad ica l  
r eac t ions  proceed  w i t h  h o m o l y t i c  b o n d  r u p t u r e  whereas  
t he  ox ida t ions  in wh ich  a n  oxygen  a t o m  or a h y d r i d e  ion 
are t r a n s f e r r e d  proceed  w i t h  he t e ro ly t i c  b o n d  rup tu re .  
Ye t  b o t h  k inds  of r eac t ion  proceed  in aqueous  so lu t ion  
a n d  do n o t  show m a r k e d  di f ferences  in cha rac t e r .  There  is 
not ,  in  fact ,  t h e  s h a r p  d i c h o t o m y  to  w h i c h  we h a v e  become  
a c c u s t o m e d  in organic  c h e m i s t r y  b e t w e e n  rad ica l  r eac t ions  
(homoly t i c  b o n d  cleavage)  and  the  so-called ionic r eac t ions  
(he te ro ly t i c  b o n d  cleavage)6~. The  fo rmer  reac t ions ,  be- 
cause  of t he  p r o d u c t i o n  of n e u t r a l  r e ac t i ve  radicals ,  o f ten  
proceed  b y  cha in  m e c h a n i s m s  and  the  r a t e s  are of ten  
largely  i n d e p e n d e n t  of so lven t  whereas  t he  inorgan ic  
species, like Cr ( I I I )  wh ich  are p roduced  b y  radica l  t r a n s f e r  
are  s t ab l e  ions. In t h i s  c o n n e c t i o n  it  is i n t e r e s t i ng  t h a t  
HALPERN has  s h o w n  t h a t  t he  h o m o g e n e o u s  r eac t ion  of 
h y d r o g e n  w i t h  Ag + proceeds  b y  two p a t h s  p r o b a b l y  in- 
vo lv ing  h o m o l y t i c  a n d  he te ro ly t i c  b o n d  sp l i t t i ng  respec- 
t i ve ly  ~5. 

2 A g  + + H e + CAg + H - H .. . . . .  Ag+~ --> 2 A g H  + 
Ag + + H e --> [ A g O + - - - H  - - - H  '~+] --> AgH + H ~ 

Hydrogen Atom. Trans]er to Oxidant.--The r eac t i on  of 
s i lver  ion w i t h  h y d r o g e n  j u s t  re fe r red  to  is a n  e x a m p l e  of 
t h i s  process.  In  a d d i t i o n  t h e r e  are m a n y  well  s u b s t a n t i a t e d  
example s  of ox ida t ions  p roceed ing  b y  way  of h y d r o g e n  
a t o m  t r a n s f e r  f rom organ ic  c o m p o u n d s  to  free radica ls  6a. 

HUDIS a n d  DOBSON h a v e  sugges ted  t h a t  h y d r o g e n  a t o m  
t r a n s f e r  m a y  be  i n v o l v e d  in t he  e x c h a n g e  b e t w e e n  Fe  +2 
a n d  Fe  +3 in aqueous  so lu t ion  ~4. One m i g h t  h a v e  expec-  
t ed  some s imi l a r i t y  to  t he  Fe (CN)6-a -Fe (CN) ,  -4 ex- 
c h a n g e  which  proceeds  b y  way  of a n  e lec t ron  j u m p  
t h r o u g h  t h e  f i rmly  b o u n d  b u t  polar iz ib le  c o o r d i n a t i o n  
spheres  of t he  cen t r a l  ions. H o w e v e r  t he  e x c h a n g e  be-  
tween  Fe  +2 a n d  Fe  +3 proceeds  a t  on ly  one ha l f  t he  r a t e  in 
D20  as in H~O. The  v i scos i ty  d i f ference  would  a c c o u n t  for 
o n l y  2 0 - 3 0 %  of t h i s  ef fec t  a n d  t h e r e  seems  to  be  l i t t le  
d o u b t  t h a t  t he  so lven t  molecules  p l a y  a n  i m p o r t a n t  p a r t  
in t he  reac t ion .  H y d r o g e n  a t o m  t r a n s f e r  f rom h y d r a t e d  
ferrous  ion, Fe ( I I )  (H20)6 , to  h y d r o l y z e d  ferric ion, F e ( I I l ) ,  
(HzO)5OH would  a c c o u n t  for  these  resul ts ,  these  two ions 
be ing  invo lved ,  in t h e  l igh t  of t h e  kinet ics ,  in  t he  m a j o r  
r eac t ion  p a t h  64 

H 

( H 2 0 ) s F e ( I I ) - O ~  - H - -  -?- l? 'e(I  I I  ) (H~O)~ 

H 

T h e  r equ i r ed  zero free ene rgy  c h a n g e  is a c c o m o d a t e d  by  
t h i s  m e c h a n i s m  since r e a c t a n t s  a n d  p r o d u c t s  are ident ica l .  
H o w e v e r  t he  i so tope  effect  m a y  be  due,  n o t  to  h y d r o g e n -  
oxygen  b o n d  b r e a k i n g  in t he  a c t i v a t e d  complex ,  b u t  
r a t h e r  to  a large s o l v e n t  effect.  I t  h a s  been  s h o w n  65 t h a t  
a n  i so tope  ef fec t  of some m a g n i t u d e  ex i s t s  even  for  t h e  
r eac t ion  of Cr(NH;~)sCI+2 w i t h  Cr (II) ,  a r eac t i on  w h i c h  
was  shown  to  t a k e  place  b y  ch lor ine  a t o m  transfer5% I t  
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~a W. A. WATERS in Organic Chemistry, Vol. IV (H. GH.MAN, Ed., 
John Wiley and Sons, New York 195a), p. 11~0. 
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(1958). 

ap p ea r s  t h a t  more  i n f o r m a t i o n  on  t h e  s o l v a t i n g  charac-  
ter is t ics  of H 2 0  a n d  I )20 is r equ i red  before  t h e  solvent  
i sotope effect  c an  be safe ly  app l i ed  to t h e  r eac t ions  of ions 
in  solut ion.  

Conclusions 

T h e  p u rp o s e  of th i s  a r t ic le  h a s  n o t  been  to d i sc red i t  in 
a n y  w a y  t h e  c o m m o n l y  used def in i t ions  of o x i d a t i o n  in 
t e r m s  of e lec t ron  t ransfe r .  Nor  is i t  b y  a n y  m e a n s  in tended  
to i m p l y  t h a t  ox ida t ions  do n o t  occur  in  some cases by 
w h a t  could  be cal led an  e l ec t ron  t r a n s f e r  process.  How- 
eve r  suff ic ient  ev idence  exists ,  some of w h i c h  h a s  been 
c i ted  herein ,  to  show t h a t  t h e  m e c h a n i s m s  of a g r e a t  m a n y  
o t h e r  o x i d a t i o n  reac t ions  would  be  gross ly  overs impl i f ied  
if t h e y  were cons idered  as e lec t ron  t r a n s f e r  processes.  Most 
of these  r eac t ions  are,  in fact ,  r e p r e s e n t e d  qu i t e  satis- 
fac tor i ly  b y  t h e  f ami l i a r  m e c h a n i s m s  of m o d e r n  organic 
chemis t ry .  
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Rdsumd 

L ' e m p l o i  des  i sotopes  a p rouv6  que  b e a u c o u p  d 'oxy-  
d a t i o n s  p roc~den t  d ' ~ c h a n g e s  d ' a t o m e s  ou de  groupes 
d ' a t o m e s  de l ' o x y d a n t  au  r 6 d u c t e u r  ou vice versa .  Ici, 
le m6can i sme  des o x y d a t i o n s  c o m p o r t a n t  l ' 6change  de 
tel les mat i~res  en  r a n t  q u ' a t o m e s  d 'oxyg~ne ,  ions hydr i -  
des, a t o m e s  d ' h y d r o g ~ n e  e t  a t o m e s  de chlor  son t  6tudi6es 
e t  discut6es.  
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