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M E C H A N I S M  O F  H A L O G E N  S U B S T I T U T I O N  

IN T H E  E L E C T R O C H E M I C A L  R E D U C T I O N  

O F  H A L O N I T R O F U R A N S  IN D I M ' E T H Y L F O R M A M I D E  

I .  M.  S o s o n k i n ,  G .  N .  S t r o g o v ,  
V .  N.  N o v i k o v ,  a n d  T .  K o P o n o m a r e v a  

UDC 547.722.45 : 541.138.3 

The polarographic  reduction of 2 - h a l o - 5 - n i t r o f u r a a s  i nd ime thy l fo rmamide ,  which leads u l t imate ly  
to r ep l acemen t  of the halogen by hydrogen to give a ni t rofuran,  was  studied. The ESR spec t r a  
of ha loni t rofuran  anion rad ica l s  (Hal =C1, Br) we re  recorded .  Only the spec t rum of the n i t ro-  
furan anion rad ica l  can be obse rved  in the reduction of 2 - I -5 -n i t r o fu ran .  It is shown that the 
s tabi l i t ies  of the anion rad ica l s  of  the haloni t rofurans  and the mechan i sm of the i r  subsequent  
t r ans fo rma t ions  depend to a cons iderable  degree  on the nature  of the halogen. 

The halogen in 2 -ha lo -5 -n i t ro fu rans  (HNF) is re la t ive ly  eas i ly  exchanged by var ious  nucleophilic group-  
ings [1, 2], but the m e c h a n i s m  of these  t r ans fo rma t ions  has  not yet been adequately asce r t a ined .  It is known 
that  ac t iva ted  nucleophilic subst i tut ion reac t ions  include acts  involving e lec t ron  t r a n s f e r  and the fo rmat ion  of 
anion rad ica l s  (AR) or  dianions (DA) as in t e rmed ia te s  [3, 4]. It  t he re fo re  s eemed  of in te res t  to follow the 
t r a n s f o r m a t i o n s  of the HNF a f t e r  e lec t ron  t r a n s f e r  and to study the reac t iv i t i e s  of the i r  AR. 

We invest igated the polarographic  behavior  of HNF on a dropping m e r c u r y  e lec t rode  (DME) in dimethyl-  
f o r m a m i d e  (DMF) (Table 1). It is  shown that 2 -C1-5-n i t ro furan  (CNF) adds the f i r s t  e lec t ron  r eve r s ib i l i t y  to 

TABLE 1. Reduction Potent ia ls  of HNF on a DME in DMF in a 
0.1 N Bu4NC104 Base  Elec t ro ly te  ( re la t ive  to a sa tu ra ted  ca lomel  
e lect rode)  

Subs t i t - -E '*  AE'*. li'lim, --E(/~, AE". i" l i  m. -E~};, hE'". i ' " l im.  
uent V '/2" mV I~A V mV IDA v mv pA 

CI- 0,995 
Br- 0,965 
I- 0,840 
H- 1,060 

58 L6 
59 I~6 
60 3,1 
59 1,6 

2,290 
2,220 
1,080 
2,330 

/ 
140 [ 7,8 
[95 / 7,9 
59 t ,5 

120 4,6 
2,~0 iSo 45 

* The potent ia ls  a r e  given with allowance for  the r e s i s t ance  of the 
cel l .  

AE = E3 /4 -  E~/4. 
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Fig. 2 

Fig. 1. ESR spectra of AR obtained electrochemically in DMF: a) AR of 
CNF (at the potential of the first wave); b) sum of the AR of CNF and the 
AR of NF (x denotes the lines pertaining to the AR of CNF); c) AR of NF. 

Fig. 2. ESR spectra of the AR obtained electrochemically in DMF: a) 
sum of the AR of BNF and the AR of NF (at the potential of the first wave) 
(x denotes the lines pertaining to the AR of BNF); b) AR of NF (at the 
potential of the second wave of BNF); e) AR of NF (at the potential of the 
f i r s t  wave of INF) o 

TABLE 2. Splitting Constants  
in the ESR Spect ra  of the AR 
of HNF (Oe) 

Substituent a~ ] a4 a~ 

C1- 1,2 I 6,0 I 9,7 
Br- 0,8 5,6 9,7 

give r a the r  s table  AR, which a re  r ecorded  by means  of ESR (Fig.  l a ) .  The exper imenta l  ESR spec t rum of the 
AR cor re sponds  to the theore t ica l  s pec t rum  (if one d i s r e g a r d s  the group of Hnes of low intensi ty in the cen te r  
of the spec t rum,  which appea r  during genera t ion s imul taneous ly  with the pr incipal  spec t rum and apparent ly  
belong to an impur i ty  in the CNF). The second polarographic  wave cor responds  to an i r r e v e r s i b l e  e l e c t ro -  
chemica l  p r o c e s s  including the overa l l  t r a n s f e r  of five e lec t rons .  Recording of the commuta to r  p o l a r o g r a m s  
with a Kalousek switch demons t r a t ed  that one of the s teps is r e v e r s i b l e .  Moreover ,  reduction of CNF in the 
r e sona to r  of the ESR s p e c t r o m e t e r  at the potential  of the second hal f -wave leads to the appearance  of a complex 
signal .  Construct ion of the theore t ica l  s p e c t r a  showed that it is the super impos i t ion  of the spec t r a  of the AR 
of CNF (II) and the AR of NF (VI) (Fig.  lb) .  The s p e c t r u m o f  the AR of NF [5] is  p resen ted  in Fig. l c  for  c o m -  
pa r i son .  The data obtained make it poss ib le  to a s sume  that,  l ike p-n i t rochlorobenzene  [6], CNF (I) is reduced 
v ia  s chemes  (1)-(3). 

The dianion (DA) of CNF (III), which decomposes  to give C1- and a carbanion  (IV), is  fo rmed  as a resu l t  
of the succes s ive  t r a n s f e r  of two e lec t rons .  Carbanion IV, by split t ing out a proton f r o m  the solvent is con- 
ve r t ed  to NF (V) and subsequent ly  and r e v e r s i b l y  to the AR of NF (VI). We did not study the step involving r e -  
duction to a fu ry lhydroxylamine  (VII) [7], and i t  will  not be examined subsequently.  
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CI O NO2 CI NO~ C| NO 2 : NO 2 

l I I  I I I  IV 

(1) 

V VI 

(2) 

~O~.NHOH (3) 

Measu remen t s  made with a Kalousek switch at var ious  f requencies  showed that,  in cont ras t  to the AR of 
CNF, the AR of 2 - B r - 5 - n i t r o f u r a n  (BNF) is  much less  stable,  and the f i r s t  one -e lec t ron  wave is  r e v e r s i b l e  
only at f requencies  above 10 I-Iz. The reduction of BNF (VIII) at the potential  of the plateau of the cur ren t  of 
the f i r s t  wave leads to the appearance  of a complex ESR signal,  and it was  found that the intensi ty  of the lines 
labeled with x ' s  (Fig. 2a) d e c r e a s e s  with t ime .  Construct ion of the theore t ica l  spec t r a  made it poss ib le  to 
i so la te  the spec t rum of the AR of DNF and calculate  the spli t t ing constants  (Table 2). The second wave has the 
s ame  c h a r a c t e r  as  in the case  of CNF (Table 1). When the potential  is i nc reased  during e l ec t rochemica l  gen-  
e ra t ion  to the  value cor responding  to the s t a r t  of this wave,  the l ines per ta in ing to the AR of BNF (Fig.  la) 
gradual ly  dec rea se  in intensity,  and the ESR spec t rum of the AR of NF (Fig.  2b) is  f inally observed.  It may  be 
a s sumed  that the reduct ion of BNF proceeds  via  scheme (4)-(5): 

' 

Y l l l  IX X IV 

"~'-~NO 2 
XI 

and subsequently via  s cheme  (2). 

(45 

(5) 

The IX AR can be reduced to the X dianion, which is  subsequently conver ted  to carbanion IV, or, because  
of i ts  instabi l i ty,  i t  can decompose  to give rad ica l  XI and B r -  [scheme (55]. Since the reduction potential  of 
radica l  XI is cons iderably  m o r e  posi t ive than the potential  of the f i r s t  wave of the BNF, NF will f o r m  i m m e d i -  
a te ly  in this case  [schemes  (5), (2)]; the appearance  of a mixed ESR spec t rum is evidently assoc ia ted  with this 
fact  (Fig. 2a). 

2 - I - 5 - N i t r o f u r a n  (XII5 (INF) is reduced with i r r e v e r s i b l e  t r a n s f e r  immedia te ly  of two e lec t rons ;  i m -  
media te ly  a f t e r  this ,  a r e v e r s i b l e  one -e lec t ron  wave evidently cor responding  to the reduct ion of NF to AR (VI) 
(Table 1) is obse rved  on the p o l a r o g r a m s .  The smal l  d i f ference in the potentials  is ,  in all  likelihood, a s s o -  
ciated with the inher i tance  effect  [8]. Only the spec t rum of the AR of NF can be r eco rded  during e lec t ro lys i s  
in the  r e sona to r  of the ESR s p e c t r o m e t e r  (Fig.  2c5: 

| NO 2 ~ | NO 2 NO 2 

Xll  Xl l l  Xl VI 

and subsequently v ia  s chem e  (2). 

(6) 

T r a n s f e r  of the f i r s t  e lec t ron  to INF (XII5 leads to the fo rmat ion  of an e x t r e m e l y  unstable AR (XIII), which 
decomposes  to give I -  and rad ica l  XI; the la t ter  adds another  e lec t ron  [scheme (65], as a resu l t  of which the 
f i r s t  two-e l ec t ron  wave has i r r e v e r s i b l e  c h a r a c t e r .  The l i fe t ime of the AR of INF is cons iderably  l ess  than 
1 �9 10 -3 sec,  and the c h a r a c t e r  of the f i r s t  wave t he re fo re  does not change at 8-50~ 

Thus,  the studies showed that HNF a re  reduced in DMF to give NF. The stabi l i ty  of the AR of the HNF 
depends to a cons iderable  degree  on the nature  of the halogen, and this is evidently assoc ia ted  with the s t rength 
of the C - H a l  bond in the AR r a t h e r  than with the distr ibution of the unpaired e lec t ron  (Table 25. In conformi ty  
with this ,  the react ion  m e c h a n i s m  also changes: in the case  of INF the halogen is  spli t  out a f t e r  t r a n s f e r  of 
one e lec t ron ,  in the case  of CNF the halogen is spli t  out a f t e r  the t r a n s f e r  of two e lec t rons ,  and in the case  of 
BNF reduct ion p roceeds  v ia  a mixed m e c h a n i s m .  
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E X P E R I M E N T A L  

P u r e - g r a d e  DMF was distilled immediate ly  pr ior  to prepara t ion of the solutions by the method in [9]. 
The HNF were  obtained by the methods in [1, 2]. The po la rograms  were  recorded  with an L P - 7  polarograph 
at 25~ and 8-50~ The dropping m e r c u r y  electrode with a spatula [10] had the following charac te r i s t i c s  at 
- 1 . 0  V: T =0.4 s, m=1 .68  m g / s .  The concentrat ion of the compounds was 1 "10 -3 mole.  The revers ib i l i ty  
of the waves and the lifetime of the AR were  determined by means of a Kalousek switch at 10-200 Hz. The 
number  of e lectrons was determined in compar ison with the current  of the f i rs t  wave of NF. 

The ESR spec t ra  were  recorded  with a Rubin rad iospec t romete r  at room tempera tu re .  The AR were  
e lec t rochemica l ly  generated by the method in [11] in DMF in a 0.1 N Bu4NCIO 4 base electrolyte;  the concen- 
t ra t ion  of the compounds was 5 �9 10 -3 mole.  The ESR spect ra  were  analyzed by the method in [12, 13]. 
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