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CATION RADICALS OF HETEROCYCLIC N-OXIDES A N D  THEIR REACTIONS 

Y u r i i  V .  G e l e t l i .  V l a d i n i r  V. S t r e l e t s ,  Vlad imir  Ya 
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S h a f i r o v i c h ,  and Alexander  E. S h i l o v  

I n s t i t u t e  of Chemical P h y s i c s ,  142432 Chernogolovka,  USSR 

A b s t r a c t - C a t i o n  r a d i c a l s  of h e t e r o c y c l i c  N-oxides were 

g e n e r a t e d  by e l e c t r o  and photochemica l  o n e - e l e c t r o n  

o x i d a t i o n  a f  c o r r e s p o n d i n g  N-oxides.  I n  t h e i r  i n t e r a c t i o n  

w i t h  cyc lohexane  and t o l u e n e  an i n t e r m e d i a t e  complex was 

found t o  b e  produced which r e a c t e d  w i t h  dioxygen t o  form 

o x i d a t i o n  p r o d u c t s .  One of  t h e  ways of c a t i o n  r a d i c a l s  

t r a n s f o r m a t i o n  is t h e i r  d e o x y g e n a t i a n  p r o d u c i n g  c o r r e s p o n d -  

i n g  m i n e s .  A h y p o t h e s i s  was p u t  forward t h a t  c a t i o n  r a d i c a l s  

cou ld  be  i n t e r m e d i a t e s  i n  hydrocarbon o x i d a t i o n  i n  p y r i d i n e  

s o l u t i o n .  

R e c e n t l y  t h e  problems of s e l e c t i v e  f u n c t i o n a l i r a t i o n  of a l k a n e s  a r o u s e d  much 

1 i n t e r e s t  . Though a l k a n e  o x i d a t i o n  coupled  w i t h  t h a t  of o t h e r  compounds was 

known f o r  many y e a r s 2  Bar ton  e t  a l .  proposed an  i n t e r e s t i n g  new way of 
3 hydrocarbon o x i d a t i o n  by dioxygen based on t h e  coupled  p r o c e s s  i n  p y r i d i n e  . 

The s y s t e m s  a r e  known a t  p r e s e n t  a s  GIF- and GIF-ORSAY s ~ s t e r n s ~ ' ~  and i n v o l v e  

an  i r a n  complex as t h e  c a t a l y s t  t o g e t h e r  w i t h  m e t a l l i c  i r a n ,  z i n c  o r  mercury 

c a t h o d e  as r e d u c t a n t s .  Coupled hydrocarbon o x i d a t i o n  t a k e s  p l a c e  i n  t h e  

p r e s e n c e  of  d i o x y g e n .  Ketones u s u a l l y  a re  t h e  main p r o d u c t s  f o r  compounds 

c o n t a i n i n g  CH2 g r o u p s  but t h e y  a r e  n o t  formed v i a  a l c o h o l s  and t h e r e  is much 

4 e v i d e n c e  t h a t  a l k y l  r a d i c a l s  a re  n o t  t h e  i n t e r m e d i a t e s  i n  t h e  p r o c e s s  . The 

l a t t e r  f a c t  is  v e r y  unusua l  f o r  t h e  mechanism o f  a l k a n e  o x i d a t i o n  by d laxygen  

Bar ton  e t  al. proposed a h y p o t h e t i c a l  carbene i r o n  complex a s  t h e  key 

i n t e r m e d i a t e  which r e a c t s  f u r t h e r  t o  form t h e  observed  p r o d u c t s 4 .  

An a l t e r n a t i v e  h y p o t h e s i s  was p u t  fo rward  i n  t h e  w i t h  t h r e e - e l e c t r o n  

mechanism of C-H o x i d a t i o n  n o t  i n v o l v i n g  t r a n s i t i o n  m e t a l s .  The h y p o t h e s i s  is 

base  on t h e  weak s e n s i t i v i t y  o f  t h e  r e a c t i o n  s e l e c t i v i t y  t o  t h e  n a t u r e  of the  



ligands and even of the metals used. GIF-like selectivity was observed also in 

hydrocarbon oxidation by hydrogen peroxide catalyzed by copper and iron 

 salt^^.^. Pyridine is again essential as the solvent and free radicals are not 
the internedlates for the main part of the reaction. These common features for 

the oxidation reactions (the necessity of pyridine and weak sensitivity to the 

nature of the catalyst) have led ta the suggestion of the following hypothesis 

for the possible reaction mechanism7 ~ 0 2  radicals formed in dioxygen reaotion 

with a metal were postulated to react with pyrldine and acid producing cation 

radicals pyot: 

H+ HO; + py 2 H O - O . . - N ~  - p y ~ +  + H ~ O  (1) 

Simple estimates show this reaction to be thermodynamically allowed. Other 

molecules may in principle replsce pyridine in solvating 0' and therefore LO+ 

nay be called "solvated oxygen cation"7 At the same time py0' nay be obtained 

from pyridine N-oxide and therefore represents the N-oxide cation radical 

(though same differences nay arise due to different solvating nolecules, e.g. 

in pyridine py0' may be solvated by another pyridine molecule to Porm PY 0'). 2 
~$0' is potentially a three-electron oxidant provided it can transfer 0' to a 

substrate molecule. N-oxides are known to oxidize alkanes and to be 

deoxygenated when they are photochemically excited1'. In conditions of 

mass-spectral analysis N-oxide cation radicals usually lose oxygen1'. The 

fallowing reactions may be suggested for pyof interaction with s hydrocarbon 

molecule in solution: 

One-electron oxidation or reduction of the intermediate complex would lead to 

the formation of ketone or alcohol respectively without free alkyl radicals as 

intermediates. 

At the sane tine py0' is a strong one-electron oxidant = 1.75 v ,  SCE" ) 

and therefore nay react with alkane or other organic molecules to form free 

radicals13: 

PYO+ + RH p y O +  R . +  H' (3) 

The latter reaction nay proceed through H atom transfer: 



HETEROCYCLES, Vol 28, No 2, I989 

To investigate the chemistry of N-oxides cation radicals they ran be obtalned 

by anodic oxidation of corresponding N-oxides". Some of the cation rad~cals 

are sufficiently stable (e.g. those of phenazine di-N-oxide) to be 

14 characterized by their EPR spectra 

We have found15 that py0' obtained by anodic oxidation of pyridine N-oxide is 

able to react with cyclohexane producing alcohol and ketone in the presence of 

dioxygen with the products ratio close to 1.2. Cyclic voltanmetric study of 

various N-oxides at plat~nun electrode in acetonitrile has shown that the 

oxidation is diffusion-controlled and that the N-oxides studied undergo 

one-electron oxidation at potentials listed in Table 1 

Table 1 

Anodic peak potentials (E) of N-oxides in CH3CN/0.0SM Et4NC104, 

Pt anode, Co = 2 . 1 0 - ~ ~ ,  scan rate = 0 Zv/sec 

I 

I I 

I11 

IV 

v 

VI 

VI I 

VIII 

pyridine N-oxide 

4-methoxypyridine N-oxlde 

4-nitropyridine N-oxide 

sumoxaline N-oxide 

quinoxaline di-N-oxide 

a,a-dipyridyl di-N-oxide 

phenazine N-oxlde 

phenazine di-N-oxide 

Whereas the hezghts of anodic peaks f o r  compounds I-VIII are virtually equal, 

the corresponding cathodic peaks are observed only for the compounds 11, V and 

VIII. For the latters the anodic and cathodic peak separation (AE = E - Ecp) aP 

is equal to 60mv. indicating reversible character of the electrode reaction. 

For all the other N-oxides cathodic response is absent even Par the scan rates 



up to 1000v/sec. It shows the corresponding catlon radicals to be very 

unstable. 

For the catlon radicals 11, V, VIII their reactivities towards cyclohexane, 

toluene and benzene were investigated. The life-time ( r )  of V cation radical 

does not change in the presencs of benzene even for the concentrations up to 

In, whereas r decreases in the presence of 0.1M cyclohexane. Similar decrease 

of r was observed in the presence of toluene even when its concentration was 

one order of magnitude lower than that of cyclahexane. Thus toluene is more 

active than cyclohexane probably because of weak C-H bond in methyl group 

s l n c e  benzene is not active. It is essential that the introduction of diaxygen 

together wlth cyclohexane decreases r further and the removal of O2 returns r 

to its initial value (without dioxygen). Since OZ does not influence r without 

hydrocarbon the effect of dioxygen may be attributed to its reaction with the 

complex formed in the N-oxide cation radical interaction with the hydrocarbon 

molecule: 
products 

LO+ + RH [LO...A~~I~ < (6) 
products 

No shift in redox pair LO/LO+ peak potential was observed at the addition of a 

hydrocarbon for cation radicals V and VIII, thus the complex formation 

apparently does not change LO' redox properties. 

To investigate the reactivity of short-life catlon radicals, particularly of 

py0' we have worked out the method of their generation in conditions of 

flash-photo~ysis~~, py0' cation radicals were generated in acetonitrile 

solution in reaction o f  pyO with excited chloranii molecule ( h  = 360nm) with a 
17 

high redax potential for the triplet state 3~~ (EO = 2.15v,SCE ) .  The latter 

reacts readily with pyO: 

Both ion radicals quickly recombine: 

CQ' + py0' CQ + pyO (k8 = 2.5-10' ~-'sec-') (8) 

Optical absorption of py0' in the visible light turned out to be weak and in 
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t h e  sane r e g i o n  as  t h e  a b s o r p t i o n  o f  CQ- .  To  s e p a r a t e  t h e  a b s o r p t i o n  s p e c t r u m  

of PYO+ one h a s  t o  p r e v e n t  t h e  f a s t  r e a c t i o n  8 .  T h i s  was a c h i e v e d  by  a d d i t i o n  

o f  c u p r i c  s a l t  r e a d i l y  r e a c t i n g  u l t h  CQ'. 

-~ 4 
I n  t h e  r a n g e  of  Cu2+ c o n c e n t r a t i o n s  ( 1 - 1 0 )  10 M v i r t u a l l y  a l l  C Q  is o x i d i z e d  

by Cu2' d u r l n g  t h e  f l a s h .  t h e r e f o r e  t h e  s h o r t - l i v i n g  l n t e r m e d l a t e  o b s e r v e d  may 

h e  o n l y  py0' I n  t h e  s p e c t r u m  of t h e  i n t e r m e d i a t e  a b r o a d  l i n e  is observed 

w l t h  t h e  maxllnun i n  t h e  r e g i o n  430 -460  nn ( F i g . 1 )  and c = 7 1 0 ~ U - ~ c r n - - l .  

h n n  

F i g  1 A b s o r p t i o n  s p e c t r a  o f  t h e  l n t e r n e d i a t e s  fo rmed  i n  q u e n c h i n g  o f  

-4 
%Q b y  pyO i n  CH3CN [CQ] = 4  I O - ~ M ;  [Cu(C104)21  : 4 - 1 0  n ;  [PYOI = 

1 I O - ~ M ,  1 :  w i t h o u t  R H :  2 .  w i t h  t o l u e n e  ([PhCH3] r 4 1 0 - ~ ~ ) ; 3 :  w i t h  

c y c l o h e x a n r  1 IC8H121 = 0  8M) 

PYO' d l s a p p e a r a  i n  r e a c t i o n s  v ~ t h  c u t  f o rmed  k  2 1 0 ~ U ~ ~ s e c ~ ~ )  and w i t h  t h e  

3  s o l v e n t  ( k  < l r l  s e c - l )  I n t r o d u c t i o n  of  h y d r o c a r b o n s  d e c r e a s e s  t h e  l l f e - t i m e  

o f  pyOt.  A t  t h e  i n c r e a s e  o f  t o l u e n e  c o n c e n t r a t i o n  r f i r s t  decreases and t h e n  

s t o p s  c h a n g i n g  w i t h  [PhCH3] ~n t h e  r a n g e  ( 1 - 3 ) - 1 0 - ~ ~ ,  t h e  e f f e c t i v e  r a t e  

3 
c o n s t a n t  b e i n g  2  1 0  s e c - I  f o r  t h i s  r a n g e  

The  k ~ n e t l c s  s u p p o r t s  t h e  s u g g e s t ~ o n  t h a t  an  i n t e r m e d i a t e  c o m p l e x  f o r m s  rever-  

s i b l y  in t h e  p r o c e s s  



K 
pyoC + RH ?" [pyO.. .RH]+' products (10) 

K10 may be easily estimated from the kinetic data (Table 2) and it is seen 

2 that at toluene concentrations higher than 1.10- M almost all py0' must be in 

the form of the complex with toluene. The spectrum of the complex does not 

differ much from that of py0' itself. The band is more narrow, the maximum is 

shifted to the longer wave region and the extinction coefficient is smaller 

(Fig.1) 

Table 2 

Thermodynamic and kinetic paraneters16 of the reactions 10 and 11 

Constant PhCH3 CH30H '6*12 

Similar picture was observed in the case  of cyclohexane which was again less 

reactive. Because of smaller K10 and limited solubility of C6H12 the life-time 

of py0' does not reach independence on C6H12 concentration. The spectrum 

obtained at [C6Hl2I = 0.8M has a maximum somewhat shifted to the longer wave 

region with the extinction coefficient about twice higher than that for py0' 

(Fig.1). In the same way as in the conditions of electrochemical generation 

benzene does not influence the py0' life-time, whereas methanol was found to 

behave similarly to toluene and cyclohexane (Table 2). Weak sensitivity of K10 

to the hydrocarbon nature is noteworthy: perhaps the rate of the reaction 10 

is determined by N-0 bond cleavage in the complex. 

Similarly to the electrochemical experiments the life-tine of py0' falls down 

when a hydrocarbon and diaxygen are present together. Since dioxygen alone 

+ 
does not influence the kinetics of PYO reaction, the suggestion may be put 

forward that O2 reacts with the complex [~YO..+RHI~, e g.: 

[PYO-..RHI* + o2 H02 + products (11) 
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The kll values are given in the Table 2. It is seen that kI1 increases with 

the decrease of the hydrocarbon C-H bond energy: far toluene kI1 is close to 

18 the rate constant of O2 reaction with benzyl radical . 

Thus N-oxides cation radicals definitely react with hydrocarbons, O2 

Participating in the reaction. It is essential to prove that 0' can be 

transferred from the cation radical to a substrate molecule and to find out 

the way of 0 participation. 2 

To determine the reactlon products t,he electrolysis of phenazine di-N-oxide 

was carrled out at controlled potential (E = 1 55v.SCE). In the course of the 

elecrtol~sis di-N-oxide disappears, current-yeald (0) of the reaction 

approaching 50%. Corresponding mono-N-oxide is accumulating during the 

Process, the yield being about 50% with respect to the di-N-oxide consumed. 

The presence of O2 does n o t  influence the reaction. When the electrolysis is 

carried out in the Presence of cyclahexane (without 02) di-N-oxide also 

disappears (0 = 25%). however, instead of mono-N-oxide a new product is 

observed which has not yet been ldentlfied No cyelohexanone and cyclohexanol 

were detected in the products of the reactlon 

In the presence of O2 mono-N-oxide is again formed with the yield about 50% 

and 0 close to 10% with respect to dl-N-oxide consumed. Cyclohexanune is the 

main product of CBH12 oxidation, eyclohexanol yield being less than 10%. 

The concentration of cyclohexanone formed is twice as large as that of 

dl N-oxide consumed. 

It nay be concluded that O+ transfer to a substrate is a possible reaction of 

heterocyclic N-oxide cation radicals Cation radicals may be suggested to be 

intermediates in the well-known "oxidative deoxygenatlon" of N-oxides. 

In the case  of phenazine di-N-oxide solution wlthaut a hydrocarbon the 

cation radical presumably attacks another di-N-oxide molecule transferring 0' 

and producing some oxidation products Thls explains the reaction 

stoichiometry (half mole of mono-N-oxide per one mole of initial di-N-oxide). 

In the presence of a hydrocarbon but without O2 the complex o f  the 

cation radical with RH reacts further to form some kind a f  condensation 

product. When O2 is present it reacts wlth the complex (possibly abstracting H 

atom) and produces mono-N-oxide again with hydrocarbon oxidation products: 

LO' + RH 2 [LO...RHIt L+ LH+ + rC=O + HO; ( 1 2 )  



The reaction 12, however, does not represent the observed staichiametry 

quantitatively. Thus the ketone actual yield is higher than according to 12. 

This nay be due to short chains, e.g. H02 formed night again p r o d u c e  LO' in 

a reaction of the type 1, or the reaction 12 and one-electron reaction of the 

type 3 may develop in parallel We hope to find more precise picture of LO' 

reactions in our future investigations. 
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