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The e l e c t r o c h e m i c a l  reac t ions  of s table  rad ica l s  have been little invest igated.  In the l i t e ra tu re  there  
a re  data on the e l e c t rochem i ca l  oxidation and reduct ion of d iphenylpicrylhydrazyl  (DPPH) in var ious  o r -  
ganic solvents  [1, 2], the reduct ion of H-oxide rad ica l s  in wa te r  [3], and the reduct ion of the indophenoxyl 
rad ica l  in alcohol [4] and ace toni t r i le  [4, 5]. The effect  of subst i tuents  on the cathodic reduction potent ia ls  
of phenoxyl r ad ica l s  in ace toni t r i le  was examined in [6], and the poss ib i l i ty  of po la rographic  t i t ra t ion of 
N-oxide rad ica l s  in acidic  w a t e r - a c e t o n e  media  was demons t ra ted  in [7]. It was a lso  shown that the di-  
phenylverdazyl  b i rad ica l  is oxidized r e v e r s i b l y  to the respec t ive  dication [8]. 

Invest igat ion of the kinet ics  and m e c h a n i s m  of the reac t ions  of t r ipheny lve rdazy l s  (RN') showed [9, 
10] that these s table  n i t rogen-conta in ing  rad ica l s  (1) can behave both as e l ec t ron  donors and as e lec t ron  
accep to r s ,  and the ef fec t  of the subst i tuent  in the radica l  on the reac t ion  rate  depends la rge ly  on the nature  
of the reac t ion .  To es tab l i sh  the s ignif icance o f t h e d o n o r - a c c e p t o r  c h a r a c t e r i s t i c s  of the t r lpheny lve rd -  
azyls  in the m e c h a n i s m  of the i r  i on ic - rad ica l  t r a n s f o r m a t i o n s  we studied the po la rographic  reduct ion and 
oxidation of subst i tuted t r ipheny lve rdazy l s  in propylene  carbonate .  Separate  expe r imen t s  were  also c a r r i e d  
out with DPPH.  

The po la rograph ic  m e a s u r e m e n t s  were  made on an ON-102 ins t rument  [11]. The m e r c u r y  flow rate  
f r o m  the cap i l l a ry  was 1.16 m g / s e c  with t = 5 sec .  A 0.05 M solution of t e t r a e thy l ammon ium pe rch lo ra t e  
was used as support ing e lec t ro ly te .  The r e fe rence  e lec t rode  was a sa tu ra ted  aqueous ca lomel  e lec t rode .  
The m e a s u r e m e n t s  were  made in a t he rmos t a t ed  cell  at 25 =e0.]~ The concentra t ion  of the radical  in the 
solution was ~1 �9 10 -3 M. 

To identify the products  f r o m  e l ec t rochemica l  oxidation and reduct ion of t r iphenylverdazyl  in p ro -  
pylene carbonate  the rad ica l  was submit ted  to e l e c t r o l y s i s  with control led potential  (P-5827 potentiostat)  
in a t h r e e - e l e c t r o d e  cel l  with sepa ra t e  cathode and anode c o m p a r t m e n t s  a t p l a t i n u m  e lec t rodes  with a 
s i l v e r  chlor ide e lec t rode  as r e f e r ence  e l ec t rode .  The e l ec t ro ly s i s  was c a r r i e d  out in a s t r e a m  of argon. 
The identif icat ion was r ea l i zed  by spec t ropho tome t ry  on an SF-4 ins t rument .  

The t r ipheny lve rdazy l  r ad i ca l s  1 ,3 ,5- t r iphenylverdazyl  (H-RN'} , l , 5 -d ipheny l -3 - (4 -n i t ropheny l ) -  
ve rdazy l  (NO2-RN') ,  1 ,5 -d iphenyl -3- (4-ch lorophenyl )verdazy l  (C1-RN') ,  1 ,5 -d iphenyl -3 - (4 -methoxyphen-  
y l )verdazy l  (OCH3-RN') ,  1 ,5 -d iphenyl -3- (4-ace toxyphenyl )verdazyl  (CH3COO-RN'),  and 1 ,3-b i s (4-methoxy-  
pheny l ) -5 -pheny lverdazy l  (bis-OCH3--RN') were  synthes ized  and purif ied according  to [~2, 13]. Diphenyl- 
p ic ry lhydrazy l  was obtained according  to [14]. The propylene carbonate  was disti l led twice under  vacuum 
on a h igh-ef f ic iency f rac t ionat ing column; bp 102~ (6 m m  Hg) [15]. 

All the t r ipheny lverdazy l  rad ica l s  and DPPH give wel l -def ined anodtc and cathodic waves of equal 
height, and with identical  m o l a r  concent ra t ions  of the reagents  the wave heights are  p rac t i ca l ly  identical  
for  all the inves t iga ted  r ad ica l s .  If  it is a s s u m e d  that the diffusion coeff icient  of the radica l  in propylene 
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TABLE 1. 
Tr iphenylverdazyls  in Propylene carbonate  at 25~ 

Radical 

NO2--RN" 
C1--RN" 
CHsCOO--~N" 
H--RN" 
CH30--RN" 
bis-CH~O- RN" 
DPPH 

Results  f rom Polarographic  Investigation of 

Cathodic reduction 

slope B, ~l/2,eV 
mV 

Anodic oxidation 

slope ~, ~1/2, eV 
mV 

65 0,305 
60 0,235 
65 0,240 
70 0,200 
75 0,165 
75 0,110 
-- >0,500 

65 --0,680 
60 --0,720 
70 --0,710 
60 --0,725 
70 --0,755 
80 --0,770 
65 0,175 
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Fig. 1. Po la rograms  for  10 -3 M solutions of the tr iphenyl-  
verdazyls  in propylene carbonate:  1) NO2-RN"; 2) H - R N ' ;  
3) C1-RN ' ;  CH3COO--RN'; 5) b i s - C H 3 0 - R N ' ;  6) C H 3 0 - R N ' .  

Fig. 2. Dependence of AE1/2 for  anodic oxidation (1) and ca-  
thodic reduction (2) of t r iphenylverdazyls  on the Hammett  a 
constants  in propylene carbonate.  

carbonate does not depend on the nature of the substituent in the phenyl nucleus, * it can be considered 
that the same number  of e lec t rons  is involved in the cathodic and anodic p rocesses  for all the radicals .  
The oxidation and reduction waves of the t r iphenylverdazyl  radicals  are closely descr ibed by the Heyrov-  
sk~- I lkov i~  equation (Fig. 1). The half-wave potentials for  both waves do not depend on the concent ra-  
tion of the radical .  The slopes of the po la rograms  fl against semilogar i thmic  coordinates  (Table 1) c o r -  
respond to a one-e lec t ron  t r ans fe r .  By means of a Kalou~ek commuta tor  anod ic -ca thod ic  waves were 
obtained for both the oxidation wave and the reduction wave. 

On the basis  of these data it can be concluded that e lec t rochemica l  oxidation and reduction of the 
t r iphenylverdazyls  takes place revers ib ly  with t r ans fe r  of one e lec t ron  [16]. Similar  behavior  was ob- 
served for  DPPH. Spectroscopic investigation of the oxidation and reduction products  f rom H--RN" con- 
f i rmed these conclusions.  During oxidation of H--RN" there is a change in color;  the g reen  solution of 
the radical  (Xmax=720 nm) becomes  red (~max = 540 nm, format ion of H - R N  + cation [12]). E lec t rochem-  
ical reduction of H-RN"  in a s t r eam of argon leads to the format ion of a color less  solution (2,ma x = 280 
rim). In a i r  the la t ter  forms a green  solution, the absorption spec t rum of which cor responds  to the spec-  
t rum of a solution of H--RN'.  This is evidently due to the fact that the unstable t r iphenylverdazyl  anion 
(not descr ibed in the l i terature)  formed at the cathode is converted comparat ively  rapidly into the leuco 

*Such an assumption is perfect ly  justified, since the dimensions of the radical  depend little on the nature 
of the substituents employed.  
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base H - R N H  0 m a x  = 300 nm in benzene [12]), which (as known [12]) is readi ly  oxidized to H - R N ' .  Thus, 
the behavior  of the t r iphenylverdazyl  radica ls  at the dropping m e r c u r y  e lec t rode  can be descr ibed  by the 
following scheme:  

', - - - "  ' ' ' (1)  

(X=H,  OCHa, Cl, COOCHa, NO=; Y--H. OCHa). 

The data f r om the polarographie  investigation of the t r iphenylverdazyls  in propylene carbonate,  
p resen ted  in Table 1, show that the radica ls  undergo oxidation considerably more  readi ly  than reduction.  
It is in teres t ing  that the N-oxide radicals  [3], indophenoxyl radical  [5], diphenylpicrylhydrazyl  [2], and the 
phenoxyl radica ls  [6] are  :educed more  eas i ly  than they are  oxidized; i .e. ,  these radicals  are re la t ively  
s trong e l e c t r o n  accep to rs .  Compared with them the t r iphenylverdazyls ,  with other  conditions equal, must  
be e lec t ron  donors .  F r o m  Table  1 it is seen that the anodic oxidation potentials of RN" decrease  in the 
o rde r  

NO._,--RN', CHACO0 --RN', C1 --RN', H--RN', CH30--RN', bis- CH.~O--RN" 

while . . . .  the cathodic reduct ion potentials  inc rease .  In both cases  the effect_ of _the substi tuent is clo___sely 

desc r ibed  by  the modif ied Hammet t  equation [17]: F o r  reduction:  AE1/2 = EX1/2 - EO~2 = 0o071 cr -0 .01V 

(r  = 0.979); fo r  oxidation: AE1/2 --vEX1/2 - E~ = 0.i31 ~ -0.001 V i r  =0.994), where  E~ is the anodi( 
half-wave potent ial  fo r  I-I - RN, E~l/2 is the same for  the substi tuted t r iphenylverdazyls ,  and r is the 
co r re l a t ion  coefficient .  The PF, constants  of the polarographic  reduct ion and oxidation react ions ,  ca l -  
culated for  the five monosubst l tuted t r iphenylverdazy ls ,  a re  0.071 and 0.131 V, respec t ive ly .*  The ob- 
ta ined re la t ionships  a r e  p r e sen t ed  graphical ly  in Fig.  2. It is  in te res t ing  that the values obtained for  
b is -CHaO-RN" f i t  well  on to the co r re l a t ion  curves  if it is assumed that Crbis_CH30- RN" =2cr CHaO-RN" = 
- 0 . 5 4 .  

The specif ic i ty  of the d o n o r - a c c e p t o r  cha rac t e r i s t i c s  of the t r iphenylverdazyls  is evidently due to 
the fact that the phenyl r ings of these radica ls  are  par t ly  withdrawn f ro m  the plane of the he terocycl ic  
ring and fo rm a s t ruc tu re  of the umbre l la  type.  Only this can explain the high dipole moment  of t r iphenyl-  
verdazyl  (2.94 D [12]). During the format ion  of the RN- anion the depar ture  of the phenyl groups f rom the 
conjugation plane c lea r ly  inc reases  (the umbre l l a  closes) ,  whereas  the format ion of the cation leads to the 
coplanar  RN + ion (the umbre l la  opens). This is probably the reason  for  the fact that the e lect ron-donat ing 
cha rac t e r i s t i c s  of the verdazyls  depend more  s trongly on the nature of the substituent than the e l ec t ron-  
accepting c h a r a c t e r i s t i c s .  

These suppositions make it possible  to explain the kinetic re la t ionships  of the disproport ionat ion of 
t r iphenylverdazyls  in the p resence  of carboxyl ic  acids [9]: 

2 R N  " + R ' Co~H ~ RNH + RN+-O~CR ", 

where the rate of format ion  of the sal t  in DMF is descr ibed  by a quadr imolecular  kinetic equation [19] 

V ---- k, [RN']2 [R,CO,H]~. 

In the t ransi t ion state (II) of this reac t ion  an e lec t ron  is t r ans f e r r ed  f rom one molecule of the radical  to 
anothe r: 

*NR 

RN'~ ~" '~'" - -  R '  " ' 0 =  C 
- I 
*u o 

I ! (n) 
0 f H  

R--CI =0 ~ 

*In polarography the p~r values are given in volts, whereas dimensionless p values are used in physical 
organic chemistry. Conversion [18] shows that in our ease p = 1.19 for reduction and p = 2.20 for oxidation. 
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However, this p roce s s  in i tself  does not occur .  The ESR spec t rum of the mixture  of t r iphenylverdazyls  
cor responds  to the super imposi t ion of the spec t ra  of two radicals .  This shows that there  is no e lec t ron  
exchange between the rad ica ls .  Moreover ,  during investigation of the mechanism of the dehydrogenation 
of dihydropyridines  with t r iphenylverdazyls  it was shown that the t r iphenylverdazyl  ions are  not formed 
even when such d iverse  radica ls  as NO2-RN" and b i s -CH30-RN" are  p resen t  in the solution [20]. The 
absence of e l ec t ron  t r a n s f e r  between the t r iphenylverdazyl  radicals  can be explained by the fact that the 
nonplanar molecules  of the radical  cannot approach each other  at the requi red  dis tance.  Par t ic ipa t ion  of 
two molecules  of the carboxyl ic  acid is t he re fo re  requi red  for  rea l iza t ion of the disproport ionat ion of the 
t r iphenylverdazyls ;  the format ion  of the t rans i t ion  state (II) with part ic ipat ion of two RN" molecules  and 
two carboxyl ic  acid molecules  is the n e c e s s a r y  mode for  real izat ion of e l ec t ron  t r a n s f e r  f rom one mole-  
cule of the radical  to the other .  
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