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Application of redox system based on nitroxides to 
organic synthesis 
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A b s t r a c t  - 2,2,5,5-Tetramethylpiperidine-l-oxyl kno,wn as a s t a b l e  r a d i c a l  i s  r e d u c e d  
t o  t h e  h y d r o x y l a m i n e  and i s  a l s o  o x i d i z e d  t o  t h e  oxoamin ium i o n .  These r e d o x  
r e a c t i o n s  a r e  c h e m i c a l l y  r e v e r s i b l e .  I n  t h i s  r e v i e w .  some a p p l i c a t i o n s  o f  n i t r o x y l  
r a d i c a l  t o  o r g a n i c  r e a c t i o n s  based on  i t s  r e d o x  f u n c t i o n  were d e s c r i b e d .  The 
h y d r o x y l a m i n e  was d e m o n s t r a t e d  t o  work as a h y d r a t i o n  r e a g e n t  o f  n i t r i l e s  t o  p roduce  
amides. F u r t h e r ,  i t  was f o u n d  t h a t  oxygen i s  reduced  b y  an a n i o n  o f  h y d r o x y l a m i n e  
t o  g i v e  s u p e r o x i d e  i o n .  The oxoamin ium s a l t  c o u l d  s e l e c t i v e l y  o x i d i z e d  h y d r o x i d e  
i o n  and a l c o h o l s  t o  hyd rogen  p e r o x i d e  and t h e  c o r r e s p o n d i n g  c a r b o n y l  compounds, 
r e s p e c t i v e l y .  F u r t h e r m o r e  h y d r o x y l  g roups  o f  p o l y ( v i n y 1  a l c o h o l  )s  were p a r t i a l l y  
o x i d i z e d  t o  c a r b o n y l  groups.  The r e d o x  systems u s i n g  oxoamin ium s a l t  as a m e d i a t o r  
were i n v e s t i g a t e d ,  and i t  was f o u n d  t h a t  t h e  p o l y m e r i c  m e d i a t o r  was s u p e r i o r  t o  t h e  
c o r r e s p o n d i n g  monomeric m e d i a t o r .  
o x i d a t i o n  o f  e s t e r - c o n t a i n i n g  a l c o h o l s .  T h a t  i s ,  whereas c o u l d  l i t t l e  o r  n o t  
o x i d i z e  2 -benzoy loxye thano l  and 3 -benzoy loxyp ropano l ,  i t  d i d  4 -benzoy loxybu tano l ,  5- 
b e n z o y l o x y p e n t a n o l ,  and S-benzoyloxyhexanol  t o  t h e  c o r r e s p o n d i n g  b e n z o y l o x y a l k a n a l s .  
The o r i g i n  o f  t h e  s e l e c t i v i t y  m i g h t  be a t t r i b u t e d  t o  t h e  i n d u c t i v e  e f f e c t  o f  t h e  
e s t e r  group.  

A new k i n d  o f  s e l e c t i v i t y  was f o u n d  i n  t h e  

INTRODUCTION 
S i n c e  2,2,5,5-tetramethylpiperidine-l-oxyl and i t s  d e r i v a t i v e s  were f i r s t l y  r e p o r t e d  as s u p e r  
s t a b l e  r a d i c a l s  i n  1375 ( r e f . l ) ,  many d e r i v a t i v e s  were p r e p a r e d  and many methods o f  u t i l i z i n g  
t h e  r a d i c a l s  were d e v i s e d .  The p r o g r e s s  o f  t h e  ESR t e c h n i q u e s  has e s t a b l i s h e d  t h e  v a l u e  o f  
t h e s e  r a d i c a l s  as t h e  s p i n  l a b e l i n g  a g e n t  and t h e  r a d i c a l  t r a p p i n g  agen t .  !{owever, s t u d i e s  
on t h e i r  c h e m i c a l  b e h a v i o r  a r e  l e s s  p rog ressed .  though  i t  was known t h a t  1 f o r m s  r e v e r s i b l e  
r e d o x  system as shown i n  Scheme 1 ( r e f . 2 ) .  Ye have been i n t e r e s t e d  i n  t h i s  r e v e r s i b l e  r e d o x  
system f r o m  v i e w  p o i n t  o f  s y n t h e t i c  o r g a n i c  c h e m i s t r y ,  and have been a p p l i e d  t o  v a r i o u s  
o r g a n i c  r e a c t i o n s .  
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Hydration of nitriles (ref. 3) 
The p r e p a r a t i o n  o f  amides f r o m  n i t r i l e s  b y  use  o f  hyd rogen  p e r o x i d e  under  b a s i c  c o n d i t i o n s  i s  
w e l l  known ( r e f . 4 ) .  Fu r the rmore ,  t h e  m i l d  and s e l e c t i v e  c o n v e r s i o n  o f  n i t r i l e s  t o  amides b y  
a c t i v a t i o n  o f  t h e  cyano g roup  w i t h  m e t a l  i o n s  has been a l s o  r e p o r t e d  ( r e f . 5 ) .  ide have f o u n d  
t h a t  n i t r i l e s  a r e  e a s i l y  h y d r a t e d  t o  amides b y  compounds & w h i c h  i s  o b t a i n e d  b y  r e d u c t i o n  o f  
t h e  c o r r e s p o n d i n g  s t a b l e  n i t r o x y l  5 w i t h  a s c o r b i c  a c i d .  
n i t r i l e s  was c o n v e r t e d  t o  t h e  c o r r e s p o n d i n g  amides. F o r  a r o m a t i c  amides t h e  y i e l d s  r a n j e  
f r o m  74 t o  133 x; f r o m  t e r e p h t h a l o n i t r i l e  t h e  e x c l u s i v e  f o r m a t i o n  o f  t h e  monoamide i s  
observed,  w h i l e  a l i p h a t i c  n i t r i l e s  seem t o  be l e s s  r e a c t i v e  t h a n  a r o m a t i c  d e r i v a t i v e s .  I n  
t h e  r e a c t i o n  o f  a c r y l o n i t r i l e  w i t h  &, a c r y l a m i d e  i s  f o rmed  i n  22% y i e l d  t o g e t h e r  w i t h  t h e  
M i c h a e l  a d d i t i o n  p r o d u c t .  I n  c o n t r a s t ,  2 - c h l o r o a c r y l o n i t r i l e  a f f o r d s  t h e  c o r r e s p o n d i n g  amide 
i n  532 y i e l d .  
agen t  such as 1,l-diphenyl-2-picrylhydrazyl. The f o l l o w i n g  m e c h a n i s t i c  r a t i o n a l i z a t i o n  i s  
s u g j e s t e d  t o  a c c o u n t  f o r  t h e  f o r m a t i o n  o f  amides a c c o r d i n g  t o  Scheme 2. I n i t i a l l y ,  t h e  
n u c l e o p h i l i c  a d d i t i o n  o f  2 y i e l d s  t h e  i n t e r m e d i a t e  i m i n o h y d r o x y l a m i n e  (5) which,  b y  
h o m o l y t i c  c leavage ,  fo rms  t h e  a c y l a m i n o  r a d i c a l  and t h e  a m i n y l  r a d i c a l .  3 0 t h  r a d i c a l s  may 
a b s t r a c t  hyd rogen  f r o m  &, t h u s  a f f o r d i n g  t h e  c o r r e s p o n d i n g  amide, t h e  p i p e r i d i n e  d e r i v a t i v e ,  
and 2 moles o f  n i t r o x y l  5. 

Pls shown i n  T a b l e  1, v a r i o u s  

The r e a c t i o n  i s  c o m p l e t e l y  i n h i b i t e d  b y  t h e  p r e s e n c e  o f  a r a d i c a l  t r a p p i n g  
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Table 1 
subs t ra te  t ime(h)  y i e l d ( % ) a  
benzoni  tr i  l e  43 99 

Hydra t i on  o f  N i t r i l e s  t o  Amides Using 2 

p-acety l  b e n z o n i t r i l e  65 93 
p-ni t robenzon i  tri 1 e 2 130 
t e r e p h t h a l o n i t r i  l e  2 93 
3-cyanopyr id ine 65 74 
p h e n y l a c e t o n i t r i l e  65 33 
b u t y r o n i t r i l e  65 43 

a - c h l o r o a c r y l o n i t r i l e  1 69 
a)  Y ie lds  a f t e r  r e c r y s t a l l i z a t i o n .  
b )  The Michael  a d d i t i o n  p roduc t  i s  formed 
as a by-product i n  19% y i e l d .  

a c r y l o n i t r i  l e  65 22b 

Scheme 2 
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Reduction of molecular oxygen (ref. 6) 
Molecu la r  oxygen i s  reduced t o  superoxide i o n  by t h e  a c t i o n  o f  hydroxylamine (&). 
i ns tead  o f  &, potassium superoxide was i s o l a t e d  i n  t h e  p u r i t y  o f  33%. Obtained KO was 
cha rac te r i zed  by ESR spectroscopy ( re f .7 ) ,  t h e  r e a c t i o n  w i t h  n i t r o t e t r a z o l i u m  b lue  ? t o  g i v e  
d i fo rmazan) ( re f .$ ) ,  and t h e  r e a c t i o n  w i t h  methyl  o c t a t e  ( t o  g i v e  oc tano ic  ac id ) ( re f .9 ) .  
These da ta  corresponded comp le te l y  t o  those o f  t h e  a u t h e n t i c  KO 
new method f o r  t h e  p r e p a r a t i o n  o f  t h e  chemica l l y  and b io log ica l? ;  impor tan t  superox ide  anion. 

Using 

These r e s u l t s  rep resen t  a 

Oxidation of hydroxide ion by 2c (ref. 10) 

l-Oxo-2,2,6,6-tetramethylpiperidinium bromide (&), t h e  o x i d i z e d  fo rm o f  1, cou ld  o x i d i z e  
hydrox ide  i o n  t o  hydrogen perox ide .  
dependent on t h e  pH and n o t  t h e  b u f f e r  composi t ion.  
y i e l d  o f  hydrogen pe rox ide  was h i g h  and la was q u a n t i t a t i v e l y  recovered. 
so lvent ,  s o l u b i l i z e d  (by  benzyl t r imethylammonium o r  by crown-ether)  hydrox ide  i o n  was 
o x i d i z e d  i n  31-33%. 
r a d i c a l ,  because t h i s  method would c o n t a i n  hydroxy l  r a d i c a l  i n  t h e  r e a c t i o n  course. 

The amount of t h e  produced hydrogen perox ide  was o n l y  
E s p e c i a l l y  i n  t h e  range o f  pH 9-11, t h e  

I n  nonaqueous 

T h i s  method might  be impor tan t  i n  t h e  chemical  f i e l d  us ing  hydroxy l  

Selective oxidation of alcohols by 2a and 2c (ref. 11) 

Various a l coho ls  were conver ted  t o  t h e  cor respond ing  carbony l  compounds by oxoaminium s a l t  (a and &) as shown i n  Table 2. I n  t h e  o x i d a t i o n  o f  a l i p h a t i c  a l c o h o l s  by &, pro longed 
r e a c t i o n  t imes  were r e q u i r e d  b u t  t h e  o x i d a t i o n  by & proceeded smoothly ( w i t h i n  5 min)  i n  
q u a n t i t a t i v e  y i e l d .  I n  t h e  o x i d a t i o n  o f  cinnamyl a l coho l  w i t h  &, t h e  brominated a l coho ls  
were produced as a main produc t ,  w h i l e  t h e  s t a r t i n g  a l coho l  s t i l l  remained. When & was used 
ins tead  o f  &, a l l y l i c  a l coho ls  were o x i d i z e d  r a p i d l y  i n  q u a n t i t a t i v e  y i e l d  t o  a,B- 
unsatura ted  aldehydes. 
a t t r i b u t a b l e  t o  t h e  n u c l e o p h i l i c i t y  o f  t h e  counter  an ion  o f  t h i s  c a t i o n i c  o x i d i z i n g  agent. 
The o x i d a t i o n  r a t e s  o f  p r imary  and secondary a l coho ls  w i th  & were est imated. 
r a t e s  o f  o x i d a t i o n  a re  shown i n  Tab le  3. Most p r imary  a l c o h o l s  a r e  o x i d i z e d  more r a p i d l y  
than methanol, w h i l e  secondary a l c o h o l s  a re  o x i d i z e d  f a s t e r  than p r imary  a l coho ls  by &. 
t h e  o t h e r  hand, o x i d a t i o n s  w i t h  & were t o o  f a s t  t o  measure t h e  o x i d a t i o n  r a t e  by t h e  usual  
method. Thus, equimolar hexanol and 3-hexanol were o x i d i z e d  i n  one p o t  by t h e  smal l  amount 
o f  &. 
t h a t  p r imary  a l coho ls  a re  o x i d i z e d  f a s t e r  than secondary a l c o h o l s  by &. 
was c a r r i e d  o u t  by use o f  & i n  t h e  s i m i l a r  manner, 3-hexanone was ob ta ined  i n  a 3.6 t imes 

These d i f f e r e n c e s  i n  t h e  r e a c t i v i t y  between & and & may be 

The r e l a t i v e  

On 

I n  t h i s  case, hexanal was ob ta ined i n  a 1.7 t imes excess over  3-hexanone, suggest ing  
When t h e  o x i d a t i o n  

Table 2 Ox ida t i on  o f  A l coho ls  w i t h  Za  Table 3 R e l a t i v e  Rate o f  Ox ida t i ona  
subs t ra te  p roduc t  o x i d a n t  t ime  y i e l d b  a l coho l  r e l .  r a t e  

(equ iv )  ( % I  met ha no1 1 
hexanol hexanal 2c (1 )  5h 79 e thano l  21 - 

2a ( i j  5min 100 propanol  22 
2-hexanol 2-hexanone (1 )  1.7h 97 hexanol 32 
3-hexanol 3-hexanone & (1)  1.7h 55 benzy l  a l coho l  462 

& (I) 5min 92 2-propanol 62 
MeCH=CHCHzOH YeCH=CHCHO & (1)  I m i n  9 3-pentanol 52 

2a (1 )  l m i n  92 3-hexanol 37 
PhCH=CHCHzOH PhCH=CHCHO (1) l m i n  22' a ) I n  CH2C12 a t  30°C. [a l coho l ] / [& ]= lO  

- 2a (1)  l m i n  100 
PhZCHOH Ph2C=O & (1)  I h  97 
benzoin benzyl  - 2c (1)  17h 13d 

2a (1 )  17h 45d 
a I n  CH C12 a t  25°C. b)SLC c)PhCHBrCHBrCH20H was 
o i t a i n e g  i n  39% y i e l d .  d ) I s o l a t e d .  
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excess over  hexanal. 
and secondary a l c o h o l s  i s  ve ry  dependent on t h e  counter  an ion  of t h e  oxoaminium s a l t  (2). 

These r e s u l t s  show t h a t  t h e  r e l a t i v e  r a t e  of t h e  o x i d a t i o n  o f  p r imary  

Oxidation of diols with 2a (ref. 12) 
Some d i o l s  were conver ted  by two e q u i v a l e n t  o f  & t o  lac tones  b u t  n o t  di-aldehydes. 
o x i d a t i o n  was success fu l  f o r  1,4-butanediol  and 115-pentanediol  ( t o  g i v e  y -bu ty ro lac tone  and 
6-va le ro lac tone,  r e s p e c t i v e l y ) ,  w h i l e  t h e  o x i d a t i o n  o f  1.3-propanediol and 1.6-hexanediol t o  
g i v e  t h r e e  and seven membered lac tones  was u n s a t i s f a c t o r y .  
p r imary  and secondary hydroxy l  groups was o x i d i z e d  t o  j i v e  y -va le ro lac tone  i n  33% y i e l d  and 
no o t h e r  carbony l  p roduc ts  such as hydroxy ketone o r  hydroxy aldehyde were detected. 
r e s u l t  m igh t  suppor t  t h e  s e l e c t i v e  o x i d a t i o n  o f  p r imary  a l coho l  by & as mentioned above, 

The 

1,4-Pentanediol c o n t a i n i n g  

T h i s  

Oxidative cleavage of benrylic ethers (ref. 13) 

Benzyl a l k y l  e the rs  were o x i d a t i v e l y  c leaved by two e q u i v a l e n t  o f  & o r  & t o  benzaldehyde 
and t h e  cor respond ing  a l k y l  h a l i d e s  i n  e x c e l l e n t  y i e l d .  As shown i n  Tab le  4, benzyl  methyl  
e the r  was o x i d i z e d  q u a n t i t a t i v e l y  t o  benzaldehyde w i t h  two e q u i v a l e n t  o f  & a t  room 
temperature i n  dichloromethane. However, t h e  y i e l d  o f  benzaldehyde was low i n  t h e  case o f  
us ing  &, because 2a i s  l e s s  s t a b l e  than 2c. D ibenzy l  e t h e r  was a l s o  o x i d i z e d  t o  
benzaldehyde ( 9 8 % ) T n d  benzylbromide ( 7 6 % r  When t h r e e  e q u i v a l e n t  o f  water  was added i n  t h e  
r e a c t i o n  m i x t u r e  o f  d ibenzy l  e t h e r  and t h r e e  e q u i v a l e n t  o f  &, t h e  y i e l d  o f  benzaldehyde 
reached t o  200%. suggest ing  t h a t  benzyl  
c a t i o n  may fo rm as an i n te rmed ia te  o f  
t h e  reac t i on .  That i s ,  t h e  r e a c t i o n  Tab le  4 O x i d a t i v e  Cleavage o f  Benzyl A l k y l  E thera  
was i n i t i a t e d  by t h e  s i n g l e  e l e c t r o n  s u b s t r a t e  o x i d a n t  water  t i m e  produc ts  Y. (%) 
t r a n s f e r  f rom e t h e r  t o  2, f o l l o w e d  by equ iv  ( h r )  PhCHO R X  

i o n  was a t tacked  by t h e  counter  i o n  o r  C5H110CH2Ph 0 17 60 0 

- 2c 0 3 98 76 l a t t e r  case, generated benzyl  a l coho l  
was o x i d i z e d  by 2 t o  g i v e  another  2c 3 6 140 0 
equ iva len t  o f  benzaldehyde. 

dep ro tona t ion  and second s i n g l e  CH30CH2Ph a 0 17 22 - 

t h e  water t o  y i e l d  benzaldehyde and - 2c 3 5 100 0 

e l e c t r o n  t r a n s f e r .  R e s u l t i n g  oxonium 2c 0 17 66 - 

benzyl  ( h a l i d e  o r  a l coho l ) .  I n  t h e  (PhCH2)zO & 0 17 36 - 

a)Two equ iv  o f  2, i n  dichloromethane a t  30°C 

Oxidation of benzyl alcohol by Fe(lll) mediated by 1 or polymer-supported 1 (ref. 14, 15) 

Since hydroxylamine ( 3 )  generated d u r i n g  t h e  o x i d a t i o n  r e a c t i o n  w i t h  2 can be re -ox id i zed  t o  
- 2 by severa l  ox idant ,  i t  i s  p o s s i b l e  t o  use 1 as an o x i d a t i o n  c a t a l y s t .  Some authors  u t i l i z e  
- 1 as an o x i d a t i o n  c a t a l y s t  i n  t h e  o x i d a t i o n  of a l coho ls  ( re f .16 )  and amines ( re f .17) .  
have a l s o  been i n t e r e s t e d  i n  such o x i d a t i o n s  us ing  1 as a c a t a l y s t  f o r  o rgan ic  compounds as a 
means o f  making good use of  inexpens ive  and r e a d i l y  a v a i l a b l e  o x i d i z i n g  agents such as 
potassium fe r r i cyan ide .  c u p r i c  s a l t ,  and c h l o r i n e .  I n  t h i s  sec t ion ,  F e ( I I 1 )  i s  chosen as an 
apparent ox idant ,  and t h e  o t h e r  ox idan ts  (Cu( I1 )  and C12) appear i n  t h e  subsequent sec t ions .  
Whi le benzyl  a l coho l  was no t  o x i d i z e d  i n  an a l k a l i n e  
two-phase s o l u t i o n  o f  potassium f e r r i c y a n i d e  (1.5eq) 

amounts o f  la t o  t h i s  s o l u t i o n  induced smooth ox ida-  
t i o n  t o  g i v e  benzaldehyde, as shown i n  Fig. 1. Using 
tetrabutylammonium bromide i n s t e a d  o f  la r e s u l t e d  i n  5 0. Y 

poor y i e l d  o f  benzaldehyde, suggest ing  t h a t  f e r r i -  
cyanide anion t r a n s p o r t e d  i n t o  t h e  organ ic  phase does 
n o t  o x i d i z e  benzyl  a l coho l .  Hence, i t  i s  reasonable 
t o  assume t h a t  t h e  oxoaminium s a l t  i s  a c t i n j  as an 

0 2 4 6 h r  
i n t e r f a c i a l  e l e c t r o n - t r a n s f e r  c a t a l y s t .  
Such fea tu res  were a v a i l a b l e  i n  t h e  polymer-supported 
n i t r o x y l  r a d i c a l s .  Polymers hav ing  n i t r o x y l  r a d i c a l  Fig'1 Oxidation Of Benzyl 
mo ie t i es  were prepared i n  t h e  f o l l o w i n g  manner. A lcoho l  w i t h  F e ( I I 1 )  Yediated by la 
A t  f i r s t ,  4-(p-vinyl  benzyloxy)-2,2,6,6-tetramethyl- 
p i p e r i d i n e  5 as a monomer was prepared f rom p-chloro- 
methy ls ty rene and 4-hydroxy-2,2,6,6-tetramethyl- 

(PJ) o r  copolymerized w i t h  severa l  comonomer such as 
s t y rene  (p2 & p3; 60% & 40% $ r e s p e c t i v e l y ) ,  v i n y l -  
p y r r o l i d o n e  (p4; 25% $), and acry lamide (p5; 25% $). 
R e s u l t i n g  polymers were then o x i d i z e d  w i t h  hydrogen 

0 10 20 h r  perox ide  i n  t h e  presence o f  sodium t u n g s t a t e  t o  y i e l d  
polymer-supported n i t r o x y l  r a d i c a l .  Using these 
copolymers, t h e  o x i d a t i o n  o f  benzyl  a l coho l  was c a r r i e d  Fig.2 Tr i -phase Ox ida t i on  o f  Benzyl 
o u t  under t h e  same c o n d i t i o n s  (1N KOH a q . / a c e t o n i t r i l e  
=4/3, f e r r i c y a n i d e  1.5 eq., n i t r o x y l  moiety=4 mol%). 

We 

O0' 
% i n  w a t e r / a c e t o n i t r i l e  (4:3), a d d i t i o n  o f  smal l  

1 m o l %  

0 . 5  m o l %  

TBAB 1 0  m o l %  

p i p e r i d i n e .  Then, t h e  monomer was homopolymerized 5 

Alcoho l  w i t h  F e ( I I 1 )  Yed ia ted  by 
Polymer-supported N i t r o x y l  Rad ica l  
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As shown i n  F i g .  2, t h e  h y d r o p h i l i c  po l ymers  (p4,p5) were more e f f e c t i v e  t h a n  h y d r o p h o b i c  
po l ymers  (PJ-p3) i n  t h i s  system, because t h e  o x i d a n t ,  f e r r i c y a n i d e .  was h y d r o p h i  l i c .  

Oxidation of alcohols with Cu(ll) mediated by 1 or polymer-supported 1 (ref. 18, 19) 

C u p r i c  s a l t s  can  be used as an a p p a r e n t  o x i d a n t  i n  t h e  o x i d a t i o n  o f  some a l c o h o l s  m e d i a t e d  b y  
- 1. I n  t h i s  case, t h e  o x i d a t i o n  sys tem was n e a r l y  homogenous i n  a c e t o n i t r i l e ,  and a c i d  
t r a p p i n g  a g e n t  was r e q u i r e d .  As shown i n  T a b l e  5, b e n z y l  a l c o h o l  and hexano l  were o x i d i z e d  
by v a r i o u s  c u p r i c  s a l t s .  
t h e  o x i d a t i o n  and c u p r i c  a c e t a t e  r e q u i r e d  a l o n g  t i m e  t o  c o m p l e t e  t h e  o x i d a t i o n ,  c u p r i c  
p e r c h l o r a t e  and c u p r i c  n i t r a t e  were e x c e l l e n t  as o x i d a n t s .  
s a l t  dec reases  w i t h  t h e  i n c r e a s e  o f  t h e  b a s i c i t y  o f  t h e  c o u n t e r  i o n ,  i n  t h e  o r d e r  
perchlorate>nitrate>bromide>chloride>acetate, t h o u g h  an e x p l a n a t i o n  f o r  t h i s  b e h a v i o r  i s  n o t  
e v i d e n t  a t  t h e  p r e s e n t  t i m e .  

W h i l e  c u p r i c  b romide  and c u p r i c  c h l o r i d e  were n o t  so e f f e c t i v e  f o r  

The e f f i c i e n c y  o f  t h e  c u p r i c  

T a b l e  5 

s u b s t r a t e  o x i d a n t b  h t i m e  y i e l d  t u r n  o v e r  

O x i d a t i o n  o f  A l c o h o l s  w i t h  C u ( I 1 )  M e d i a t e d  b y  &a 

( e o u i v )  ( e s u i v )  ( h r )  ( % I  ( t u r n s )  
b e n z y l  C1 ( 4 )  0.1 17 100 1 0  

a l c o h o l  B r  ( 4 )  0.1 2 69 7 
AcO ( 4 )  0.1 40 93 9 
c104(4 )  0.1 2 100  10 
NO3 ( 4 )  0.1 17 100  1 oc 
NO3 ( 3 )  0.01 8 94 94 

hexano l  C l  ( 1 .5 )  0.1 40 47 5 
c104(1.5)  0.1 40 94 9 
NO3 (1 .5 )  0.1 40 56 9 

a ) I n  a c e t o n i t r i l e  a t  25°C. An e q u i v a l e n t  o f  Cu(OH)2 was 
used as an a c i d  t r a p p i n g  agen t .  
b ) C u p r i c  s a l t .  
c ) I n  t h e  absence o f  C U ( O H ) ~ .  

% 
100, 

50 

h r  
F i g .  3 O x i d a t i o n  o f  Benzy l  
A l c o h o l  b y  Use o f  Polymer 1 

O f  cou rse ,  p o l y m e r - s u p p o r t e d  n i t r o x y l  r a d i c a l  men t ioned  i n  t h e  p r e c e d i n g  s e c t i o n  can  c a t a l y z e  
t h e  o x i d a t i o n  o f  a l c o h o l s  w i t h  c u p r i c  s a l t .  As shown i n  F i g .  3, t h e  r a t e  o f  t h e  o x i d a t i o n  
u s i n g  monomeric n i t r o x y l  r a d i c a l  (&) i s  i n i t i a l l y  f a s t e r  t h a n  t h a t  u s i n g  pl. However, t h e  
y i e l d  o f  benza ldehyde  i n  t h e  case  o f  pl went  beyond t h a t  o f  & a f t e r  9 h r ,  and a f t e r  24 h r  
t h e  y i e l d s  reached  33% (PJ) and 79% (I&). 
c a t a l y s t s  t h a n  monomeric & i n  b o t h  t h e  o x i d a t i o n  r a t e s  and t h e  y i e l d s  o f  benza ldehyde  . The 
o b s e r v a t i o n  o f  t h e  po lymer  e f f e c t  may be  a s c r i b e d  t o  t h e  d i s p e r s i o n  o f  oxoamin ium m o i e t y  (&) 
on t h e  po lymer  c h a i n .  
g e n e r a t e d  d u r i n g  t h e  o x i d a t i o n .  T h e r e f o r e ,  t h e  e f f i c i e n c y  o f  t h e  m e d i a t o r  wou ld  dec rease  due 
t o  t h e  dec rease  i n  t h e  a p p a r e n t  c o n c e n t r a t i o n  o f  &. 
r e a c t i o n  o f  & and m o i e t i e s  i n  t h e  po lymer  m i g h t  be  i n h i b i t e d  b y  t h e  po lymer  c h a i n .  

The p o l y m e r s  p2 and p3 a r e  more e f f e c t i v e  

The monomeric & m i g h t  c o n v e r t  t o  v i a  e l e c t r o n  t r a n s f e r  f r o m  & 

On t h e  o t h e r  hand, t h e  i n t r a m o l e c u l a r  

Oxidation of cyclic alcohols with chlorine mediated by l a  (ref. 20) 

A l t h o u g h  c h l o r i n e  i t s e l f  o x i d i z e s  c y c l i c  
a l c o h o l s  t o  t h e  c o r r e s p o n d i n g  c y c l i c  ke tones ,  
a d d i t i o n  o f  a s m a l l  amount o f  la t o  t h e  
r e a c t i o n  m i x t u r e  p r o v i d e s  t h e s e  k e t o n e s  w i t h  
h i g h e r  c o n v e r s i o n  and h i g h e r  s e l e c t i v i t y .  
As shown i n  T a b l e  6, i n  t h e  case  u s i n g  1 0  
mol% o f  la t o  t h e  a l c o h o l ,  t h e  c o n v e r s i o n  o f  
c y c l o h e x a n o l  reached  76% w i t h  an e q u i v a l e n t  
o f  c h l o r i n e ,  and w i t h  1.4 e q u i v a l e n t  o f  
c h l o r i n e  t h e  c o n v e r s i o n  reached  100%. 
Noreover ,  t h e  o x i d a t i o n  s e l e c t i v i t y  was o v e r  
80 % even a t  t h e  l a s t  s t a g e  where t h e  concen- 
t r a t i o n  o f  c y c l o h e x a n o l  became l o w  and t h a t  
o f  cyc lohexanone  h i g h .  I n  c o n t r a s t ,  t h e  
c o n t r o l  e x p e r i m e n t  w i t h o u t  la r e s u l t e d  i n  a 
l o w  c o n v e r s i o n  o f  c y c l o h e x a n o l  and a l o w  
s e l e c t i v i t y .  I n  t h e  case  where u s i n g  1 mol% 
o f  la, b o t h  t h e  c o n v e r s i o n  and t h e  s e l e c -  
t i v i t y  were u n s a t i s f a c t o r y .  P r o b a b l y ,  t h e  
r a t e  o f  t h e  c h l o r i n e  i n t r o d u c t i o n  may be  

T a b l e  6 C h l o r i n e  o x i d a t i o n  o f  c y c l o h e x a n o l  
m e d i a t e d  b y  la 

r a t e  c h l o r i n e  l a  conv.b y i e l d b  s e l e c t . c  

0.35 1.0 1 0  76 63 53 
( e q / h r )  ( e s u i v )  ( m T % )  (%) (%) ( % I  

0.35 1.4 1 0  100 85 55 
0.35 0.8 1 21 14 67 
0.035 0.8 0.5 40 28  71 
0.35 1 .0  0 21 12 56 
0.35 1.6 0 30 1 6  55 

a )  O x i d a t i o n  was c a r r i e d  o u t  i n  t h e  p r e s e n c e  
o f  f i n e l y  g r o u n d  sodium c a r b o n a t e  as an a c i d  
t r a p p i n g  a g e n t  i n  d i c h l o r o m e t h a n e  a t  r.t. 
b )  C o n v e r s i o n  o f  c y c l o h e x a n o l  and y i e l d  o f  
cyc lohexanone  were d e t e r m i n e d  b y  SC u s i n g  an 
i n t e r n a l  s tandard .  

t o o  f a s t ,  s i n c e  an easy  c a l c u l a t i o n  s u g g e s t s  c )  s e l e c t i v i t y = y i e l d  o f  ke tone /conv  o f  a l c o h o l .  
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t h a t  0.35 e q / h r  r o u g h l y  e q u a l s  t o  2 m i n l c y c l e .  
enhanced t h e  s e l e c t i v i t y  even w i t h  0.5 mol% o f  h. 
o x i d i z e d  b y  t h i s  sys tem i n  a h i g h  s e l e c t i v i t y  ( o v e r  90 %) under  t h e  same c o n d i t i o n s .  

A c t u a l l y ,  s l o w e r  i n t r o d u c t i o n  o f  c h l o r i n e  
I n  a d d i t i o n ,  t h e  o t h e r  c y c l o a l k a n o l s  were 

Oxidation of poly(viny1 alcohol)s with 2a (ref. 21) 
A t t e m p t s  ( r e f . 2 2 )  t o  o b t a i n  p o l y ( k e t o n e ) s  b y  o x i d a t i o n  o f  p o l y ( v i n y 1   alcohol)^ ( P V A )  have 
been made b y  use  o f  s e v e r a l  o x i d a n t s  such  as Oppenauer ' s  o x i d a n t ,  N-bromosuccin imide,  and so 
on. B u t  t h e  o x i d i z e d  po lymer  had v e r y  l o w  amount o f  c a r b o n y l  g roups  on i t s  ma in  c h a i n ,  and 
some s i d e  r e a c t i o n s  caused d e g r a d a t i o n  o f  t h e  po lymer  c h a i n .  
e x c e l l e n t  and s e l e c t i v e  o x i d a n t  f o r  a l i p h a t i c  a l c o h o l s  and i s  e x p e c t e d  t o  cause no  s i d e  
r e a c t i o n s  such as o v e r o x i d a t i o n  o r  C-C bond s c i s s i o n .  From t h e s e  i n t e r e s t s ,  we have examined 
t h e  o x i d a t i o n  o f  PVA w i t h  a. 
p o 7 y m e r i z a t i o n  were o x i d i z e d  b y  an e q u i v a l e n t  o f  & i n  w a t e r  and N - m e t h y l p y r r o l i d o n e  (NMP). 
The c o n t e n t  o f  t h e  k e t o n e  g r o u p  was e s t i m a t e d  b y  means o f  b o t h  NNR and I R .  
d a t a  o f  T a b l e  9 i n d i c a t e s  t h a t  a b o u t  30 % o f  h y d r o x y l  g roups  a r e  c o n v e r t e d  t o  k e t o n e  groups,  
l a r g e l y  i ndependen t  o f  t h e  degree  o f  p o l y m e r i z a t i o n  o f  t h e  o r i g i n a l  PVA and o f  t h e  s o l v e n t .  

On t h e  o t h e r  hand, a i s  an 

As shown i n  T a b l e  7, t w o  PVAs w i t h  d i f f e r e n t  deg ree  o f  

I n s p e c t i o n  o f  

T a b l e  7 O x i d a t i o n  o f  PVA w i t h  2a (1 eq.)  T a b l e  9 3 x i d a t i o n  o f  2,4-Pentan d i o l  w i t h  za 
2a p r o d u c t s  (w) %- 

DP o f  PVA s o l v e n t  Ke tone  c o n t e n t  (%I - 
N M R ~  I ~b ( e q u i  v )  h y d r o x y k e t o n e  d i k e t o n e  

25  w a t e r  39 29 1.0 23 25 
1650 w a t e r  24 36 
1650 NMPC 30 34 

a ) E s t i m a t e d  b y  u s i n g  t h e  i n t e n s i t y  r a t i o  
o f  CH'JH vs. t h e  o t h e r  CH2 p r o t o n s .  
b )De te rm ined  b y  abso rbance  r a t i o  o f  v(3H) 
vs. v(C=O) u s i n g  a c a l i b r a t i o n  c u r v e  
e s t a b l i s h e d  w i t h  2 ,4 -pen taned io l  and 
2,4-pentanedione.  
c ) N - m e t h y l p y r r o l  i done .  

a ) I n  d i c h l o r o m e t h a n e  a t  room t e m p e r a t u r e .  
b ) D e t e r m i n e d  b y  GLC u s i n g  an i n t e r n a l  
s t a n d a r d .  

T h i s  v a l u e  i s  h i g h e r  t h a n  t h o s e  r e p o r t e d  i n  p r e v i o u s  work. 
o f  PVA was n o t  q u a n t i t a t i v e l y  o x i d i z e d  may be a t t r i b u t e d  t o  t h e  l o w  a c t i v i t y  o f  t h e  o x i d a n t  a i n  w a t e r  and NAP o r  t o  t h e  s t e r i c  h i n d r a n c e  b y  t h e  po lymer  c h a i n .  
were o p e r a t i v e ,  t h e  o x i d a t i o n  o f  a model compound ( 2 , 4 - p e n t a n e d i o l )  i n  d i c h l o r o m e t h a n e  wou ld  
o c c u r  e f f i c i e n t l y  t o  j i v e  2,4-pentanedione i n  h i g h  y i e l d .  R e s u l t s  a r e  l i s t e d  i n  T a b l e  9. 
The p r o d u c t  was a m i x t u r e  o f  4-hydroxy-2-pentanone and 2,4-pentanedione,  a l t h o u g h  v a r i o u s  
m o n o f u n c t i o n a l  a l c o h o l s  c a n  be  o x i d i z e d  q u a n t i t a t i v e l y  as d e s c r i b e d  above. I n  a d d i t i o n ,  t h e  
h y d r o x y l  g r o u p  o f  p a r t i a l l y  (25%) s a p o n i f i c a t e d  PVA was n o t  o x i d i z e d  a t  a l l  even b y  u s i n g  
t e n - f o l d  amount o f  &, whereas i t s  model compound (4-acetoxy-2-pentanol ) was p a r t i a l l y  
o x i d i z e d .  On t h e  o t h e r  hand, 2-hexanol was q u a n t i t a t i v e l y  o x i d i z e d  t o  2-hexanone i n  t h e  
p resence  o f  h e x y l  a c e t a t e ,  s u g g e s t i n g  t h a t  some i n t r a m o l e c u l a r  i n t e r a c t i o n  such as 
i n t r a m o l e c u l a r  hyd rogen  b o n d i n g  o r  t h e  o t h e r  e f f e c t  between a l c o h o l  and k e t o n e  g roups  
p r e v e n t e d  t h e  o x i d a t i o n .  
be d e s c r i b e d  i n  t h e  s u c c e e d i n g  s e c t i o n .  

The r e a s o n  why t h e  h y d r o x y l  g roup  

I f  t h e  above f a c t o r s  

The o r i g i n  o f  t h e s e  b e h a v i o r  i s  e x t e n s i v e l y  i n v e s t i g a t e d  and w i l l  

New selective oxidation of alcohols containing ester group with 2a (ref. 23,24) 
As men t ioned  above, t h e  a l c o h o l s  h a v i n g  f u n c t i o n a l  g r o u p  (ke tone ,  o r  e s t e r )  seemed t o  have a 
l o w  r e a c t i v i t y  t o w a r d  h. From t h e s e  r e s u l t s  d e s c r i b e d  above, i t  was sugges ted  t h a t  t h e  
e s t e r  g roup  p r e s e n t  i n  t h e  same m o l e c u l e  does p r e v e n t  t h e  o x i d a t i o n  i n t r a m o l e c u l a r l y .  
Then, t h e  o x i d a t i o n  o f  w b e n z o y l o x y a l k a n o l  (n=2-6), o - b e n z o y l a l  k a n o l s  (n=2 t o  5), and u)- 
p h e n o x y a l k a n o l s  (n=2 and 3 )  b y  & was p l a n n e d  on t h e  b a s i s  o f  t h e  p r e s u m p t i o n  t h a t  t h e  change 
o f  t h e  f u n c t i o n a l  g roup  and t h e  c h a i n  l e n g t h  between h y d r o x y l  and e s t e r  g roups  wou ld  v a r y  t h e  
s t r e n g t h  o f  t h e  i n t e r a c t i o n  between them. R e s u l t s  a r e  summarized i n  T a b l e  9. As expec ted ,  
t h e  o x i d a t i o n  p r o f i l e  depends on b o t h  t h e  f u n c t i o n a l  g r o u p  and t h e  c h a i n  l e n g t h .  There  mus t  
e x i s t  some i n t r a m o 7 e c u 7 a r  i n t e r a c t i o n  between e s t e r  and h y d r o x y l  g r o u p s  w h i c h  d i f f e r s  i n  
s t r e n g t h  w i t h  t h e  number o f  me thy lene  u n i t s .  
t h e  s e l e c t i v i t y  was s p e c u l a t e d .  
( e t h e r )  and h y d r o x y l  g roups  and t h e  o t h e r  i s  t h e  i n d u c t i v e  e f f e c t  o f  t h e  f u n c t i o n a l  g roup  
( e l e c t r o n  w i t h d r a w i n g  g r o u p  EWG). 
F i r s t l y  we i n s p e c t e d  t h e  f o r m e r  p o s s i b i l i t y  b y  means o f  I R .  It i s  w e l l  known t h a t  t h e  wave 
number o f  t h e  v i b r a t i o n a l  a b s o r p t i o n  o f  c a r b o n y l  g r o u p  i s  a f f e c t e d  b y  s o l v e n t  even i f  i t  i s  
n o n p o l a r  one. Thus i f  i n t r a m o l e c u l a r  hyd rogen  b o n d i n g  i s  f o rmed  and t h e  c o n c e n t r a t i o n  o f  
t h e  m a t e r l a l  i s  s u f f i c i e n t l y  d i l u t e ,  v(C=O) o f  t h e  e s t e r  g r o u p  i s  e x p e c t e d  t o  be  c o n s t a n t .  
R e s u l t s  l i s t e d  i n  T a b l e  9 show no s i g n i f i c a n t  d e v i a t i o n  a b o u t  s o l v e n t  e f f e c t  between 
m e t h y l e n e  number n=2,3 and t h e  o t h e r s .  Fu r the rmore ,  when a d e u t e r i u m  exchanged a l c o h o l  (n=3) 
was examined, v(C=O) was i d e n t i c a l  w i t h  t h a t  o f  normal  a l c o h o l  under  t h e  same c o n d i t i o n s .  
These d a t a  s u g g e s t  t h a t  t h e  i n t r a m o l e c u l a r  hyd rogen  b o n d i n g  i s  n o t  formed.  

Two p o s s i b l e  mechanisms w h i c h  e x p l a i n s  
One i s  t h e  i n t r a m o l e c u l a r  hyd rogen  b o n d i n g  between c a r b o n y l  
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Tab le  9 Ox ida t i on  o f  A lcoho ls  Having EWGa 
subs t ra te  y i e l d  (%)b 6Ctl;DHC v (c=o) (cm-1 9 

PhCOO(CH2)20H 0 3.55 1728 1724 1724 1720 

PhCOO( CH2)30H t r a c e  3.68 1724 1724 1720 171Se 

PhCOO(CH2)40H 58 3.62 1724 1720 1720 1713 

PhCOO( CH2)sOH 42 3.52 1724 1720 1720 1713 

PhCOO(CH2)60H 58 3.55 1724 1720 1720 1712 

o f  CHO (ppm) Et20  CC14 PhH CHzC12 

subs t ra te  y i e l d  (%)f 6CH70H s u b s t r a t e  y i e l d  (%) 6CH70H 

PhC!)(CH2)20H 0 4.00 PhO(CH2)20H trace- 3.84 

PhCO(CH2)30H 0g 3.73 PhO(CH2)30H 47 3.71 

PhCO(CH2)40H t race9  3.67 

PhCO( CH2)ijOH 42 3.50 

a) I n  dichloromethane a t  r.t. 
b) Est imated by SC us ing  an i n t e r n a l  standard.  
c )  Pro ton  NMR chemical  s h i f t  i n  CDC12. 

Using an e q u i v a l e n t  o f  a. 
d)  0.1 m o l / l  s o l u t i o n .  
e) v (C=O) o f  PhCOO(CH2)30D,is a l s o  1716 cm-' . 
f )  Est imated b r  NMR us ins  i n t e n s i t v  r a t i o  o f  CHO vs. Ph. 

J 

g) Dehydra t i on - reac t i on  proceeded.- 
h )  I s o l a t e d  y i e l d  as t h e  hydrazone o f  2 ,4 -d in i t ropheny lhydraz ine .  

On t h e  o t h e r  hand, a l though it seems t o o  remote f o r  an EWG t o  a f f e c t  t h e  f i e l d  e f f e c t  on 
hydroxy l  group th rough methylene cha in  ( s i n c e  i t  i s  known t h a t  such e f f e c t  decreases i n  
s t r e n g t h  by a f a c t o r  o f  2.7 by one methylene u n i t ) ,  as shown i n  Tab le  9, t h e  chemical  s h i f t  
o f  t h e  methylene p ro tons  ad jacen t  t o  hydroxy l  group (6C30H)  o f  va r ious  a l c o h o l s  s h i f t e d  t o  
upper f i e l d  w i t h  an i nc rease  i n  number o f  t h e  methylene groups between hydroxy l  group and 
EWG, suggest ing  t h a t  t h e  p o l a r  e f f e c t  o f  t h e  EWG e x e r t s  t o  t h e  remote hydroxy l  group t o  some 
ex ten t .  Noteworthy a r e  t h e  chemical  s h i f t s  o f  methylene p ro tons  ad jacen t  t o  t h e  i n a c t i v e  
a l coho l  which appear a t  a lower  f i e l d  than about 3.7 ppm independent on t h e  na tu re  o f  EWG. 
A l l  t h i n g s  considered, it seems t o  be r a t i o n a l  t o  a t t r i b u t e  t h e  s e l e c t i v i t y  t o  t h e  p o l a r  
e f f e c t  o f  t h e  s u b s t i t u e n t .  
On t h e  b a s i s  o f  t h i s  concept, f o r  example, i t  i s  expected t h a t  t h e  o x i d a t i o n  o f  2-hydroxy- 
e t h y l  4-hydroxybutyl  p h t h a l a t e  (6) by 2 w i l l  s e l e c t i v e l y  g i v e  2-hydroxyethyl  4-oxobutyl  
p h t h a l a t e  (1). A c t u a l l y ,  t h e  o x i d a t i o n  o f  6 w i t h  two e q u i v a l e n t  o f  & i n  dichloromethane a t  
0°C i n  t h e  presence o f  sodium carbonate as an a c i d  scavenger y i e l d e d  o n l y  1 i n  h i g h  y i e l d  
(81% i n  GLC, 46% i s o l a t e d  y i e l d  by column chromatography). As expected, no o t h e r  p roduc ts  
such as 2-oxoethyl  4-oxobutyl  p h t h a l a t e  o r  2-oxoethyl  4-hydroxybutyl  p h t h a l a t e  were de tec ted  
even w i t h  t h e  use o f  excess & (re f .23) .  
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