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Naphthofurazan is reduced in t h r ee  s tages .  The anion rad ica l  f o rmed  in the f i r s t  one -e l ec t ron  
step is r e c o r d e d  by i ts  ESR spec t rum.  The absence  of a one -e l ec t ron  step in the reduct ion of 
naphthofuroxan and dihydro de r iva t ives  of sulfonaphthofurazan and sulfonaphthofuroxan should 
be  a s soc ia t ed  with weakening of the a roma t i c  p r o p e r t i e s  of the i r  molecu les .  

One-e l ec t ron  t r a n s f e r  m a y  be the de te rmin ing  step in many  organic  reac t ions .  The immed ia t e  t r a n s -  
f e r  of s e v e r a l  e lec t rons  in one act is l e s s  l ike ly  than a number  of succes s ive  one -e l ec t ron  t r a n s f e r s  [2]. 
The elucidat ion of the capac i ty  of organic  molecu les  par t ic ipa t ing  in reac t ions  for  capture  of one or s ev e ra l  
e l ec t rons  is  of g r e a t  s ignif icance.  Moreover ,  po l a rog raphy  m a y  p rove  to be e x t r e m e l y  useful  in those 
c a s e s  in which one mus t  i so la te  the individual s teps  of e lec t ron  t r a n s f e r .  Mult ie lect ron reduct ion should 
p roceed  in s eve ra l  s teps .  However,  the appearance  of a one -e lec t ron  wave a r i s ing  as a r e su l t  of the t r a n s -  
f e r  of one e lec t ron  to f o r m  an anion rad ica l  can be r e c o r d e d  only in apro t ie  solvents .  

In the case  of a roma t i c  and he te rocyc l i c  molecules ,  including 1 ,2 ,5-oxadiazoles ,  s table  r ad ica l s  that  
a r e  c h a r a c t e r i z e d  by the fact  that the unpai red  e lec t ron  is a por t ion  of the r r -e lec t ron  cloud d is t r ibuted  
along the en t i re  a rom a t i c  molecule  [3] a r e  f o rmed  during one -e lec t ron  t r a n s f e r .  

In the p r e s e n t  r e s e a r c h  we inves t iga ted  the e l ec t rochemica l  reduct ion of naphth- l ,2 ,  5-oxadiazole  
(naphthofurazan) (I). i t s  N-oxide (iI) (naphthofuroxan), and the dihydro de r iva t ives  of naphthofurazan (III), 
naphthofuroxan (IV). 8-hydroxynaphthofuroxan (V), and 7-hydroxynaphthoquinone dioxime (VI). 
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*See [1] for  communica t ion  XIX. 
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Fig. 1. ESR s p e c t r u m  obtained during 
the e l ec t ro lys i s  of naphthofurazans  in 
d imethy l fo rmamide .  

G 

Fig. 2. ESR s p e c t r u m  obtained during 
the e l ec t ro lys i s  of naphthofurazan-5-  
sulfonic acid in acetoni t r i le .  

TABLE 1. Po la rograph ic  Cha rac -  
t e r i s t i c s  of Naphthofurazan 

Wave No. ~%. V A* n' t 

I 
II 

II! 

- -  1 , 4 3  
- -  1 , 8 2  
--2,14 

I 
1,89 ] 1,3 
3,78 2,6 
2,99 2,1 

* This  is the value of the cu r ren t  r e -  
la t ive  to the depo la r i ze r  concentrat ion.  

This is  the number  of e lect rons ,  t r a n s -  
f e r red ,  which is  de te rmined  f r o m  the 
s lope and the height of the cor responding  
waves ,  

In the case  of reduct ion of naphthofurazan in dimethyl-  
f o r m a m i d e  (DMF) (c = 2 �9 10 -4 M, with 0.1 M t e t r ae thy lammonium 
iodide as the base  e lectrolyte) ,  t h ree  waves,  each of which c o r -  
responds  to t r a n s f e r  of approx imate ly  one, three ,  and two e lec -  
t rons ,  a r e  seen  on the p o l a r o g r a m  (Table 1). 

An anion rad ica l  is apparent ly  fo rmed  in the f i r s t  wave. 
another  th ree  e lec t rons  a re  t r a n s f e r r e d  in the second wave, and 
a di imine s im i l a r  to benzofurazan  [4] is fo rmed.  Two e lec t rons  
a r e  t r a n s f e r r e d  in the th i rd  wave. 

Protonat ion p r o c e s s e s  a r e  e x t r e m e l y  hampered  in DMF 
and m a y  p roceed  only to a smal l  e x t e n t -  to the extent that  sub- 

m i l l i m o l a r  amounts of wa te r  a r e  p r e s e n t  o r  pa r t i a l  de tachment  of a pro ton  f r o m  the solvent o r  base  e lec-  
t ro ly te  molecu les  is poss ib le .  

This is poss ib le  when act ive anions or  negat ively  charged produc t s  of the e lec t rochemica l  reac t ion  a re  
fo rmed .  When one is  examining s teps  II and III of the indicated mechan ism,  one mus t  t h e r e f o r e  b e a r  in 
mind that  the products  of these  s teps a r e  wri t ten  only in the c u s t o m a r y  f o r m  {NH). In actuality,  these  sub- 
s tances  exis t  p r i m a r i l y  as the cor responding  "apro t ic  equivalents ."  

The e l ec t rochemica l  reduct ion of naphthofurazan in DMF [with a (C2Hs)4N C104- base  electrolyte]  at a 
potent ia l  of - 1 . 4 - 1 . 6  V, i .e. ,  be fore  the beginning of the second wave, leads to the fo rmat ion  of pa ramagne t i c  
p a r t i c l e s .  The ESR s pec t rum  of the naphthofurazan anion rad ica l  contains nine l ines of the hyperf ine in t e r -  
act ion of the unpai red  e lec t ron  with the ni t rogen nuclei (Fig. 1). The spec t rum was obtained with higher 
resolu t ion  than in [5]. The nonequivalenee of the ni t rogen a toms is revea led  in this case .  It can be a s s u m e d  
that  the a -  and ~-  ni t rogen a toms have different  aff ini t ies  for  an e lec t ron.  However,  calculat ion of the 
cons tants  of the hyperf ine  in terac t ion  on these  ni t rogen a toms shows that  the di f ference is  not pa r t i cu l a r ly  
g r ea t  and is  e x p r e s s e d  by 0.5 G (aN1 ffi 5.2 G, aN2 ffi 5.7 G). The hJfs of the spec t rum also contains spli t t ings 
f r o m  six nonequivalent  protons  united in two different  groups:  this is  apparent ly  de te rmined  by the i r  o r ien-  
ta t ion on the a -  o r  f l - ea rbon  a toms of the naphthalene r ing (all1 = 1.1 G, all2 = 2.5 G). 

The introduction of a sulfo group compl ica tes  the spec t rum even m o r e  (Fig. 2) (by emphasiz ing  the 
noneqnivalence of the a toms)  and reduces  i ts  extent (there a re  fewer  unsubst i tuted hydrogen a toms in the 
naphthalene ring).  

The spli t t ing of the wave obse rved  during the reduct ion of naphthofurazan in anhydrous DMF is ap-  
pa ren t ly  explained by  the imposs ib i l i ty  of protonat ion of the in te rmed ia te ly  fo rmed  anion radical :  this  dif- 
f icul ty vanishes  in aqueous solutions [6]. Thus it  turns  out that. jus t  as in the case  of n i t ro  compounds and 
quinones [7], p ro tonat ion  of the in t e rmed ia te s  p lays  a substant ia l  ro le  in the m e c h a n i s m  of the reduct ion of 
1.2.5- oxadiazoles .  
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TABLE 2. Polarographic  Charac te r i s t i c s  of 
Naphthofuroxan 

Working solution ~P'/2' V A n 

DMF 
O,1 N (C2Hs)4N+I- 
80% DMF +20% H20 
0,1 N (CzHs)4N+I - 

Universal buffer 
pH 8.80 

-0,38 
-1,38 

-0,11 
-0,39 
-0,96 

-0,15 
-0,56 

2,92 
8,60 

1,79 
5,62 
1,60 
6,00 

2,0 
6,0 

1,9 
6,1 

1,47 
5,57 

TABLE 3. Polarographic Characteris- 
tics of Dihydrosulfo Derivatives 

Com- 
pound c, mM ~'/2' V A 

III 
IV 
V 

VI 

1.01 
0,79 
0.79 
0,76 

- -  1,95 
-- 1,45; --2,10 

--1,46; --2,06 
--2,03 

4,2 
2.8; 7,04 
1,1; 7,0 

7,0 

The development of a one-e lec t ron  wave is not 
observed in the reduction of naphthofuroxan under  the 

same conditions (in anhydrous DMF): the po la rog rams  are  congruent with those obtained in weakly alkaline 
aqueous alcohol solutions [two waves with n - 2 and n -~ 6 (Table 2)]. 

The absence of a one-e lec t ron  step apparently should be associa ted  with weakening of the a romat ic  
c h a r a c t e r  of the molecule on pass ing f rom furazans to furoxans.  

A compar ison of the polarographic  behavior  of furoxans, which are  the N-oxides of furazans,  with 
other  he terocycl ic  N-oxides shows the difference in the mechanisms of their  reduction.  Heterocycl ic  N- 
oxides are  reduced in accordance  with a general  rule., the exocyclic oxygen is always initially split out to 
give a two-e lec t ron  wave, which cor responds  to reduction of the N--* O group [8, 9]. In contrast ,  the reduc-  
tion of furoxans commences  with cleavage of the oxadiazole r ing [6, 10]. It has been shown [11, 12] that 
t rans i t ion  between s t ruc tu res  Ia and Ib through the intermediate  format ion of o-dini t roso  compound Ic oc- 
curs  in furoxans.  

j o 
NO 

, .  . 

o 

Ia  I c Ib 

The low energy b a r r i e r  to t ransi t ion of one of these s t ruc tures  to the other provides  a possibi l i ty  for  as-  
suming weakening of the N �9 �9 O bond in the ring. This in all likelihood is the chief reason  for  the cleavage 
of the oxadiazole r ing that is observed during the reduction of furoxans.  Rear rangement  of the Ia ~ Ib type 
p roceeds  readi ly  in a romat ic  furoxans,  while the analogous i somer iza t ion  of aliphatic furoxans is much 
more  difficult [13]. This means that the in termediate  dini troso derivat ive for  the aliphatic furoxan is sub- 
s tantial ly less  stable than the cor responding  in termedia tes  of naphthofuroxan and benzofuroxan. An evalua- 
t ion of the e lec t rochemica l  behavior  of dihydro derivat ives of naphthofuroxan showed that they are  c lose to 
the a romat ic  analogs but not to the aliphatic analogs. 

The reduction of dihydronaphthofurazan III proceeds  in one step in DMF and in aqueous alcohol. As in 
the case  of naphthofurazan, splitting of the wave is not observed.  This apparent ly also can be explained by 
the dec rease  in the stabil i ty of the product  of one-e lec t ron  reduction as a consequence of disruption of the 
a romat ic  cha rac te r  of the naphthofurazan molecule  during hydrogenation of the C4-C ~ bond. 

Dihydronaphthofuroxan IV is reduced in the same way as naphthofuroxan in DMF. Two waves with 
approximately  the same height ra t io  are  observed on the po la rogram.  

It is seen f rom a compar ison  of the po la rograms  of dihydro derivat ives  of 8-hydroxynaphthofuroxan 
(V) and 7-hydroxynaphthoquinone dioxime WI) and f rom a compar ison of the numer ica l  ~1/2 values (Table 3) 
that a smal l  additional wave at a m o r e  posi t ive potential  than the pr incipal  wave is observed in the case  of 
hydroxynaphthofuroxan. The c loseness  of the ~1/2 values (except for  the f i r s t  wave of dihydronaphthofur- 
oxan) of these compounds makes it possible to assume that the reduction of the sulfo derivative of naphtho- 
furoxan V proceeds  through the intermediate  format ion of dioxime VI. just  as in the case  of the reduction 
of naphthofuroxan in aqueous alcohol [6]. 

E X P E R I M E N T A L  

The polar izat ion curves  were r eco rded  with Pt~-312 and LP-60  electronic po la rograms .  Capil laries 
with the following cha rac te r i s t i c s  were  used. m = 2.11 mg/sec ,  t = 2.9 sec, hHg = 400 ram, and m = 1.43 
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m g / s e c :  t = 3.07 sec, and hHg = 400 ram. Anhydrous DMF, purif ied by the method in [14], was used as the 
solvent.  A 0.1 M solution of te t rae thylammonium iodide was used as the base  e lect rolyte .  

A diffusion coefficient  (D) of -~ 8" 10 -6 cm 2. sec -1, in analogy with the coefficient de termined for  naph- 
thalene der ivat ives  f rom polarographic  data [15], was adopted for  calculation of the number  of e lec t rons  (n) 
f r om  the l l 'kovich equation i d = 607 nDl/2cm2/~t 1/6. The diffusion cha rac t e r  of the waves follows f rom the 
l inear  dependence of the wave height on the depola r ize r  concentrat ion.  

An e lec t ro ly t ic  bridge with a stopcock, half of which was filled with a sa turated solution of (C2Hs)4N+r" 
in DMF, the other  half of which was filled with a sa tura ted  aqueous KC1 solution, was used to measure  the 
potential  of the dropping e lec t rode .  

Recrys ta l l i zed  (from alcohol) 1,2-naphthofurazan [16] (rap 79-79.5~ 1,2-naphthofuroxan [17] (rap 124- 
125~ dihydro der ivat ives  of su l fo- l ,2 -naphthofurazan  [18], sul fo- l ,2-naphthofuroxan [19], su l fo-8-hydroxy-  
naphthofuroxan, and sulfo-7-hydroxynaphthoquinone dioxime [20] were  used in this study. 

The ESR spec t ra  were  measu red  with a Varian-E12 spec t romete r .  The prepara t ion  of the anion radi-  
cals  was accomplished by an e lec t rochemica l  method in a glass ampule with an outer  d iameter  of 0.4 cm and 
a length of 15 cm. Plat inum e lec t rodes  were  soldered to the bottom of the ampule andat  a point 10 cm above 
the bot tom of the ampule. Contact with the solution was rea l ized  through a m e r c u r y  drop coating the lower  
e lec t rode  (cathode) and through a plat inum lead connected to the upper e lec t rode (anode). Dimethylform- 
amide was used as the solvent, and te t rae thy lammonium pe reh lo ra t e  se rved  as the base  e lect rolyte .  
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