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Anion rad ica l s  of 2-vtnylene de r iva t ives  of 5-n i t rofuran  were  obtained by e l ec t rochemi -  
cal  generat ion.  The hyperf ine  s t ruc tu re  (tffs) of the ESR spec t r a  of these  anion rad ica l s  
indicates delocal izat ion of the unpaired e lec t ron  over  the i r  ent i re  v - e l e c t r o n  sys t em.  
The effect of the vinylene grouping on the distr ibution of the unpai red  e lec t ron in the an-  
ion rad ica l s  and on the dis tr ibut ion of the unpaired e lec t ron  in the vinylene grouping i tself  
was examined on the bas is  of the lffs constants .  It was found that the vinylene grouping by 
local izing m o r e  than 10% of the density of the unpaired e lec t ron  on i t se l f  reduces ,  by a f ac -  
t o r  of 1.4, the effect  of subst i tuents  in the 2 posi t ion of 5-n i t rofuran  on the distr ibution of 
the spin of the unpaired e lec t ron  in the n i t rofuran  f r amework .  

T h e  e l ec t rochemica l  reduction of s imple  5-n i t ro furan  der iva t ives  in d imethy l fo rmamide  (DMF) p r o -  
ceeds through a step involving the format ion  of anion rad ica l s  of the s ta r t ing  compounds [1, 2]. The p r e s -  
ence of a hyperf ine s t ruc tu re  (hfs) in the ESR spec t r a  made it poss ib le  to not only p rove  the s t ruc tu r e s  of 
t hese  rad ica l s  but also to invest igate  the distr ibution of e lec t rons  over  the v - s y s t e m  and the pr inc ip les  of 
the in teract ion of s imple  subst i tuents  with the furan ring [3]. At tempts  to obtain this sor t  of information 
for  m o r e  complex compounds,  for  example ,  2-vinylene der iva t ives  of furan,  did not give definite r e su l t s  
[4-6]. In the p re sen t  r e s e a r c h  we the re fo re  made a sys t emat i c  study of 5 -n i t ro furan  der iva t ives  in which 
the substi tuent  is sepa ra ted  f r o m  the furan  ring by a vinylene grouping. 

By m e a n s  of e l ec t rochemica l  reduction in DMF we were  able to obtain, in a one -e l ec t ron  step of the 
p roce s s ,  anion rad ica l s  I -VII  of vinylene der iva t ives  of 5 -n i t ro furan  that  were  suff icient ly s table  for  r e -  
cording by ESR spec t roscopy .  Consequently,  the anion rad ica l s  a r e  f o rmed  during the following react ion:  

I--VII 

I I t~II '=H,  X=.COOH; II II=Br. I t '=t l ,  X=COOH: Ill II=H. R'=CI, X=COOH; 

IV II~H. I~'=CH 3, X~COOH; V ll=R'=tt, X=CHO: VI R=R '= t t ,  X=COOC2H~ 

v i i  I I=l l '=bl ,  X~COOCtt 3 

F o r  compar i son  of the hfs constants  of the ESR spec t r a ,  the hfs constants  of anion rad ica l s  VIII-XI, 
which do not contain a vinylene grouping, were  de te rmined  m o r e  p r e c i s e l y  under  the s a m e  exper imen ta l  
conditions.  

*See [1] for  communicat ion HI. 
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L ~II I  Xl 

Vlll X=COOH, IX X=COOCH 3, X X=COOC2Hs; Xl X=CHCl 

The anion radicals  of the vinylene se r ies  (I-VII} do not differ substantially in stabil i ty f rom anion 
radicals  VIII-XI. The nature  of substituent X has the principal  effect on the stabil i ty of all of the investi-  
gated anion radica ls .  The ESR spect rum of anion radical  I (Fig. 1) has splitting of the 3 N �9 2 H �9 2 H �9 2 H �9 2 H 
type.  The measured  hfs constants have the following values: aN=7.95  Oe, and a i l = 4 . 9 6 ,  3.06, 1.37, and 
0.93 Oe. Constant a N is close in value to the a N values previously  obtained for  the anion radicals  of the 
ni t rofuran se r ies  (VIII-XI) [7], and this splitting is due to interact ion of the unpaired electron with the ni-  
t rogen atom of the nitro group. It is impossible on the basis  of only the single spec t rum obtained to assign 
the remaining hfs constants to definite protons .  For  this, we also studied anion radicals  1I, III, and IV, in 
which, in contrast  to anion radical  I, the individual protons of the vinylene grouping are  substituted by other 
a toms.  The absence of a proton attached to the a - a t o m  of the vinylene grouping in anion radical  II leads 
to simplification of the hfs of the ESR spec t rum (Fig. 2). Almost  all of the spect ra l  lines (the splitting 
is of the 3N "2H ~ "2H type}, except for  two, are  resolved.  By comparing the hfs constants of this spec-  
t rum (aN=8 .6  Oe, and a l l=4 .9  , 1.2, and 2 .30e )  with the values corresponding to anion radical  I, we see 
that in the case of anion radical  I the aI_ I constant of 0.93 Oe is due to the proton of the a -pos i t ion  of the 
vinylene grouping. Interpretat ion of the ESR spect rum of anion radical  HI (hfs of the 3 N �9 2 H �9 2 H �9 214 type), 
in which the proton in the fl -posi t ion of the vinylene grouping is replaced by a chlorine atom, led to the  
following values of the hfs constants:  a N = 8 . 3 0 e ,  and a H =4.7, 1.3, and 1 . 3 0 e .  On the basis of a com-  
par ison of this set of hfs constants with the hfs constants for  anion radical  I, it can be a s se r t ed  that the a H 
hfs constant of anion radical  I (3.06 Oe) is due to the proton of the/~ -ca rbon  atom of the vinylene grouping. 
The remaining two hfs constants of this anion radical  are  evidently, as usual [7], due to the interaction of 
the unpaired electron with the protons  of the furan ring, namely, a H = 4.96 Oe f rom interaction with the p ro -  
ton in the 4 position and a H = 1.37 Oe f rom interaction with the proton in the 3 position. 

In contras t  to the anion radica ls  with COOCH 3 and COOC2H 5 substituents,  in the ESR spect ra  of which 
one observes  splitting due to the protons of this substituent, the ESR spec t ra  of the free radicals  obtained 
f rom compounds with a COOil substituent do not have this sor t  of hfs constant, although quantum-chemical  
calculat ions provide evidence for a cer ta in  density of the unpaired electron on the oxygen atom of the Oil 
grouping of this substituent [3]. This proves  that in the case  of compounds with a COOil substituent, the 

i 
~, ~! ,i ! ;LU;L J l~JU.,JJ ~ JLUJ! I ~J,.]]~, JJ ! j~II]! J L Jk Jo.,~ 
i; ) Y TT f it )i i 3T ) i~: ill ~ Ji ~ i: 1o~., 

"I( i; "; "I o;O. 
?i ; J  '~i '_J ..... C 'T-L,~ 

5 0 e  
6 I 

F i g .  1.  ESR s p e c t r u m  of  dianion rad ica l  I, r e c o r d e d  in 
the  f o r m  of the s e c o n d  d e r i v a t i v e ,  and i t s  l i n e a r  r e e o n -  
s t r u c t i o n .  
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T A B L E  1. Hyper f ine  S t ruc tu re  P a r a m e t e r s  of the ESR Spec t ra  
of Anion Rad ica l s  of  the 5 -Ni t ro fu ran  Se r i e s  
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S"ectralv Splitting constants, Oe 
Type of splitting length, 

Oe ~z N 

3N:21i'2H'2n'21[ 26,38 7,95 
3~ "2H "~t '2H 25,8 8.6 
3N "2n'2~'2H 2&9 8,3 
3N "2It "2H '21: "4I[ 34,0 9,0 
3N .2~'2~-2H '21: "2H 18,72 5,02 
3N '2H "2H "2H "3It 20,89 5,79 
3N'2n-2n'2H-4:i 21,42 "5,80 
3N .2n .2~ 26,03 9,9t 
3N '2H-2H ~0,7'2 7,07 
3N "2H'2H 20.40 7, t4 
3N'2~'2H'2U 1753' 15,65 
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4,96 1,37 0,93 3,06 
4,9 1,2 -- 2,3 
4,7 1,3 1,3 
5,0 1,6 1,6 25 
3,37 3,89 0,89 3,19 
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Fig.  2. ESR spect rum of d ianion rad ica l  
II,  r e c o r d e d  in the  f o r m  of i ts  f i r s t  d e r i v a -  
t ive ,  and i ts  l i nea r  r e c o n s t r u c t i o n .  

f r e e  r a d i c a l s  r e c o r d e d  in DMF a r e  dianion r a d i c a l s  with a 
COO- subst i tuent .  Because  of the spec i f ic  hfs,  as ,  fo r  ex-  
ample ,  in the case  of anion r ad i ca l  VII (Fig .  3}, the ident i -  
f ica t ion of the  constant  c aused  by the  p ro tons  of subs t i tu -  
ent X is not diff icult .  

A s i m i l a r  a s s i g n m e n t  of the hfs cons tan t s  was  a l so  
made  f o r  the r e m a i n i n g  r e c o r d e d  anion r a d i c a l s .  

F r o m  the r e su l t s  p r e s e n t e d  in Table  1, one can fo l -  
low the change in the  hfs  cons tan t s  and t h e r e b y  a l so  the  
r ed i s t r i bu t ion  of the dens i ty  of the unpa i red  e l e c t r o n  in the 
anion r ad i ca l s ,  which  c h a r a c t e r i z e s  the  r e l a t i ve  e l e c t r o -  
ph i l i c i ty  of the va r ious  pos i t ions  of the s t a r t i n g  5 - n i t r o -  
fu ran  compounds  as  a funct ion of  the  c h a r a c t e r  of  the sub-  
s t i tuent .  T rans i t i on  f r o m  anion r a d i c a l s  VIII-XI to t h e i r  
ana logs  with a vinylene g rouping  in the side chain (I, VII, 
VI, and V) cause s  a d e c r e a s e  in the  hfs cons tant  due to the 
n i t rogen  a tom of the n i t ro  group.  I n a s m u c h  as  the  hfs con -  
s tant  and the dens i ty  of the unpa i red  e l e c t r o n  in the n i t ro  
group a r e  i n t e r r e l a t e d  [8], this a t t e s t s  to at leas t  a de -  
c r e a s e  in the dens i ty  of the unpa i r ed  e l e c t r o n  on the n i t r o -  
gen a tom.  The s a m e  phenomenon  is a l so  o b s e r v e d  fo r  the 
all ,  4 constant ;  this  is a c l e a r  indicat ion of  a d e c r e a s e  in 
the dens i ty  of the unpa i red  e l e c t r o n  in the 4 pos i t ion  of the 

fu ran  r ing.  The opposi te  effect  is o b s e r v e d  fo r  the aI_], 3 constant ;  the p r e s e n c e  of a vinylene g rouping  in- 
c r e a s e s  the value of  the aN, 3 cons tant .  However ,  ca lcu la t ions  show that  in this  c a s e  the negat ive  s p i n d e n -  
s i ty  of  the r - e l e c t r o n s  m a k e s  the p r inc ipa l  contr ibut ion,  and it is t h e r e f o r e  imposs ib l e  to  f o r m  a d i rec t  
judgment  r e g a r d i n g  the dens i ty  of the unpai red  e l ec t ron  in the f i r s t  vacant  m o l e c u l a r  orb i ta l  f r o m  the value 
of only this  hfs cons tant .  

The hfs constant  due to the p ro tons  of subst i tuent  X a l so  d e c r e a s e s  in the p r e s e n c e  of the v inylene  
grouping.  This  effect  is r e i n f o r c e d  as the e l ec t roph i l i c i t y  of subst i tuent  X i n c r e a s e s ,  and in the case  
X =CHO in the p r e s e n c e  of a vinylene grouping  the a H cons tant ,  due to  the  p ro ton  of  the a ldehyde grouping)  
d e c r e a s e s  by a f ac to r  of about f o u r  (Table 1, V and XI).  The d e c r e a s e  in the dens i ty  of the unpa i red  e l e c -  
t r o n  in the n i t r o fu ran  r ing  and in subst i tuent  X is caused  by de loca l iza t ion  of  the unpa i red  e l ec t ron  ove r  the 
vinylene grouping,  within the l imi ts  of which the dens i ty  of  the unpa i r ed  e l ec t ron  cons t i tu tes  a cons ide rab l e  
value, m o r e  than 10% of the e l ec t ron .  The dens i ty  of the unpa i red  e l ec t ron  in the  v inylene  g rouping  is d i s -  
t r ibu ted  nonuni formly ,  and the e l ec t roph i l i c i ty  of the/3 -pos i t ion  is m o r e  than t h r e e  t i m e s  that  of the c~- 
pos i t ion .  Rep lacement  of the p ro ton  in the/3 -pos i t i on  of the vinylene grouping  by a ch lor ine  a tom o r  a 
methy l  g roup  (R' =CHv C1) i n c r e a s e s  the  r e l a t i v e  e lec t rophi l iCi ty  of  the ~ -pos i t i on ,  but r e p l a c e m e n t  of  the  
p ro ton  in the a - p o s i t i o n  by a b r o m i n e  a tom d e c r e a s e s  the e l ec t roph i l i c i t y  of the fi -pos i t i on .  Subst i tu t ions  
in the v inylene  g roup ing  (in both the ~ -  and/3 -posi t ions} i n c r e a s e  the r e l a t i v e  e l ec t roph i l i c i t y  of  the n i t ro  
group;  this  is man i f e s t ed  in an i n c r e a s e  in the magni tude  of  the a N cons tan t .  In the examined  c a s e s  of sub-  
st i tut ion,  the e l ec t roph i l i c i t y  of  the 4 and 3 pos i t ions  of  the  5 - n i t r o f u r a n  f r a m e w o r k  changes  only  s l ight ly .  
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Fig. 3. ESR spect rum of anion radical  VII, recorded  in the 
form of the second derivative, and its l inear r econs t ruc -  
tion. 

It has been shown that the a N and a H,4 hfs constants of anion radicals  decrease  regular ly  as the e lec-  
t rophi l ic i ty  of the substituent in the 2 position of 5-ni t rofuran increases  [7]. It follows f rom a compar ison 
of these  hfs constants for  anion radicals  I and V-VII that when there  is an intermediate grouping in the sub- 
stituent of the vinylene type this sor t  of general  principle of the effect of substituent X is retained. This is 
confirmed, for example, by the l inear  interrelat ionship between the aNvin and a H,4 vin constants of anion 
radicals  I and V'VII  and the corresponding a N and a H,4 constants of the i r  analogs, VIII-Xh avin = 0.92 + 
0.71a (r = 0.993) o 

It follows f rom the value of the reproducibi l i ty  coefficient (Z = 0.71) in the equation that the inclusion 
of a vinylene grouping dec reases  the effect of substituent X on the hfs constants caused by the nitrogen atom 
of the ni tro group and the proton of the 4 position of the 5-ni t rofuran f ramework  by a fac tor  of 1.41. This 
sor t  of es t imate  for  the s tar t ing 5-ni t rofuran molecules  was previously  made in [9], in which the potentials 
of the polarographic  reduction of these compounds were compared,  and it was found that the vinylene group- 
ing reduces  the effect of substituent X on the react ion center  by a fac tor  of 1.67. It should be emphasized 
that in our  case the attenuation was determined f rom the s ter ic  charac te r i s t i c s  of the unpaired electron in 
the anion radicals ,  whereas  in [9] it was determined from the energy charac te r i s t i c s  of the f i r s t  vacant o r -  
bital of the s tar t ing compounds. The c loseness  of the found values of the "electronic  conductivity" of the 
vinylene grouping indicates that the p a r a m e t e r s  of the ~r-electron sys tem and the interrelat ionship between 
them do not change significantly with the addition of one electron to the start ing molecules .  

EXPERIMENTAL 

The anion radicals of the investigated compounds were obtained by electrochemical generation on the 

surface of a mercury drop in a microcell [I0] mounted in the resonator of an ESR spectrometer. When the 

rectangular resonator (Hl02) of an ER 9 ESR spectrometer (Karl Zeiss, Jena) was used, the reactor of the 
cell [10] was flat in the near-cathode portion with a test-solution layer thickness of ~ 0.4 ram. The solu- 

tions of the investigated substances were prepared in DMF (concentrations of 10 -3 to 5 �9 10 -3 M) and con- 

tained an inert salt [(C3HT)4NBr ] in a concentration of 0.I M. The electrochemical generation of the anion 
radicals was realized at potentials of the plateau of the limiting current of the first polarographic wave at 

-0.6 to -I.0 V relative to the anode - mercury sludge. The ESR spectra of the anion radicals were re- 
corded with RIP-1301 (with a cylindrical resonator and a resolution of ~ 0.40e) and ER 9 (Karl Zeiss, Jena) 
(with a rectangular resonator and a resolution of better than 0.30e) spectrometers. The magnetic field 
scan was calibrated from the ESR spectrum of nitrobenzene anion radicals [II]. 

The samples of the starting compounds from which anion radicals I-XI were obtained by electroreduc- 

tion were given to us by K. K. Venter, for which we sincerely thank hLrn. According to the PMR data, start- 
ing compounds I-VII are the trans isomers. 
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