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Dis t r ibut ion of the unpaired e lec t ron  in the f i r s t  f ree  MO, the par t ia l  bond orders  created by this e lectron,  
and the energy level  corresponding to it in anion rad ica l s  of the n i t rofuran  se r i e s  have been examined on 
the bas i s  of quan tum-chemica l  calculat ions  by the MOH method of the r - e l e c t r o n  system of 5 -n i t ro furan  
and i ts  2-subst i tu ted der iva t ives .  Dis t r ibut ion of the spin densi ty of the lr e lect rons  in the anion radica ls  
has also been calculated by McLachlants  method. The p a r a m e t e r s  of the f i r s t  f ree  MO obtained by 
calculat ion agree sa t i s fac tor i ly  with the physicochemical  cha rac t e r i s t i c s  of the corresponding pa r t i cu l a r s  
measured  exper imenta l ly  (HFS constants  in the EPR spectra  and polarographic  half-wave potentials) .  

By the e lec t rochemica l  addition of one e lec t ron  to the molecule  of 5 -n i t ro fu ran  and i ts  2-subst i tuted der ivat ives  
of the genera l  s t ruc tu re  I we have obtained the cor responding  anion rad ica l s  in sufficient concentra t ion for the 
de te rmina t ion  of some of the i r  physicochemical  cha rac te r i s t i c s  [1-4]:  

%N=~=• +, ' - -~  IO, N=~=X]'-  
I II 

X =CH~, H, CN, ClIO 

The EPR spectra  of the anion rad ica l s  II have a well defined hyperfine s t ruc ture  (HFS), f r o m  which the HFS 
constants  [4] charac te r iz ing  the d is t r ibut ion  of the unpaired e lec t ron  in the anion radica ls  have been calculated.  For  a 
more  complete descr ip t ion of the d i s t r ibu t ion  of the unpaired e lec t ron  in the f i r s t  f ree  molecu la r  orbi tal  of the 7r 
sys tem of anion rad ica l s  II we have per formed a quan tum-chemica l  calculat ion of the molecular  orbi ta ls  of the r -  
e lec t ron sys tem of molecules  I by means  of the MO LCAO method in H~ickelts approximation (MOH) [5,6]. 

This  type of calculat ion usual ly  has an approximate na ture ,  and the resu l t  obtained depends substant ia l ly  on the 
select ion of the ini t ia l  pa r ame te r s ;  the assumpt ions  and approximat ions  in the calculat ions  a re  compensated by 
var iab le  select ion of the ini t ia l  p a r a m e t e r s .  The values of the Coulomb in tegra l s  a r and the bond in tegra ls  /~rs for the 
var ious  a toms r and bonds r s  a re  expressed in units  of s tandard magnitude a and /3, and the corresponding values for 
the benzene molecule were selected as 

ar=aq-hrl3 and I]rs=krs~. 

The in i t ia l  va lues  of k r s  for  calculat ing the furan  r ing were  given in such a way that k r s  was assumed to be 
propor t ional  to the overlap in tegra l  Srs  [7, 8]: 

S r s  
k r  s - -  

Sbenz' 

where Sbenz is  the overlap integJral in the benzene r ing.  By using the values  of the bond lengths for  the furan  r ing 
found f rom microwave spectra  [9], the values  of the overlap in tegra l s  Srs  were  determined f rom t h e t a b l e s  of Mulliken 
et al.  [10]. We selected the p a r a m e t e r s  h r and krs  for 5 -n i t ro fu ran  (I, X = H). We judged the sui tabi l i ty  of any 
pa r t i cu la r  set of p a r a m e t e r s  f rom the correspondence  of the ra t io  of the calculated densi t ies  of the unpaired e lec t ron  
in posi t ions 4 and 2 of the furan r ing to the exper imenta l ly  found ra t io  of the dis t r ibut ion constants  due to the protons 
in the EPR spect ra  (aH,4/aH, 2 = 1.3), and also f rom the cor respondence  of the calculated densi t ies  of the unpaired 
e lec t rons  with McConnel ' s  equation [11,12]. Fo r  the subst i tuents  X = CH 3, CN, CHO, and NO 2 in the corresponding 
molecules  I we used the p a r a m e t e r s  h r and krs  selected by Rieger  and F raenke l  in calculat ions for compounds of the 
n i t robenzene s e r i e s  [13]. Our f inal  choice of the p a r a m e t e r s  hr  and krs  settled on the values  given in Table 1. 

We also determined the spin densi ty  of the e lec t rons  of the r system in anion rad ica l s  II by McLaehlan ' s  method 
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[14] taking into account the mutual po la r iza t ion  of the 7r e l ec t rons :  

p r L  = Cro 2 -  ~, 2 ~'trsCs~ ~ 
s 

w h e r e  Cro2 i s  t h e  d e n s i t y  of  t h e  u n s h a r e d  e l e c t r o n  i n  t h e  f i r s t  f r e e  o r b i t a l ,  r r s  i s  t h e  m u t u a l  p o l a r i z a b i l i t y  of  t h e  a t o m s ,  
a n d  X = 1 i s  a n  e x p e r i m e n t a l  c o n s t a n t  [14] .  

T a b l e  1 .  P a r a m e t e r s  f o r  C a l c u l a t i o n s  b y  t h e  M O H  M e t h o d  

Groups Atoms  hr Bonds krs 

Nitro %"C ---N ~'O 

-/" - %0 
Methyl  , ~ = C  =Ha 

Nitr i le  )Cs=C~N 
%~.. .~o 

Carbonyl  * ~ - - ~ \ H  

c~" 
Furan :-~.. ~C 

0 
N 
Ha 
C 
N 
C 
O 
C 

C' 
C 
0 

1.4 
2.2 

--0.5 
--0,1 

1.0 
0.0 
1.5 
0.0 
0.0 
0.0 
2,7 

C :z.-N 
N::~O 
C"--" Ha 
C ' " 'C  
C " - N  
C":=C 
C - " O  
C'-~C 
C ' ~ C '  
C'-"C 
C "'-=0 

1.2 
1.67 

2.5 
0,9 
2.0 
0.9 
1.6 
0.9 
0.96 
1.18 
0.664 

T h e  r e s u l t s  of  t h e  c a l c u l a t i o n s ,  w h i c h  w e r e  p e r f o r m e d  on  a B I ~ S ~ - 2 M  h i g h  s p e e d  e l e c t r o n i c  c o m p u t e r  a r e  g i v e n  
i n  T a b l e  2.  

T a b l e  2.  E l e c t r o n - S p i n  D e n s i t y  C a l c u l a t e d  b y  H f i c k e l ' s  M e t h o d  

(P rH)  a n d  M c L a c h l a n ' s  M e t h o d  ( P r L ) ,  a n d  t h e  C o r r e s p o n d i n g  

e e x p  E x p e r i m e n t a l  V a l u e s  ( p r ~  9, P r L  ) f o r  t h e  A n i o n  R a d i c a l s  II 

X 1 2 3 ~ 4 5 6 7 8 9 

s 9 p ~  0,016 0.152 0.003i 0,2081 0239 0.206 0.179 0 0.019 
c=u 3 prB exp 0.176 0.0291 0.232! - -  - -  - -  

9~L 0~11 0.202-0.0501 0.264 0.018i 0.216 0.178 0,005 07024 
prL exp - -  - -  ().034t 0.274 ~040 . . . .  
p~n 0.016 0.155 0.0031 0,216 0.210 0.182 - -  - -  

u P ,rzexp 0.168 0.0321 0.218 - -  - -  
p~L 07012 0,212-0.0521 0.269 0.'718 0~19 0Y80 - -  - -  
prL  exp 0.198 0.0381 0.257 - -  - -  

prH 0.016 0.152 0.019i 0,182 0.0551 0.183 0.168 0.017 0.039 
~ prR exp - -  0.0541 0 ,200  - -  0 . 0 4 0  

c=~ prL 0.014 0.195-0.0261 0.225 0~t2] 0A89 0.167 0.012 0.045 
~)rL exp - -  - -  0,063[ 0.236 - -  I - -  - -  - -  0,042 

~/H p~n 0.020 0.130 0.0491 0.143 0.073'~ 0.149 0.147 0.079i 0.064 
p,H exp - -  0,0541 0.157 0~49 - -  - -  

c~,(~ O,L 0.016 0.156 0.022 0.1661 0A52 07748 0,081 i 0,062 
- - 0 .o63  0 1 < -  - - i  - 

F r o m  t h e  m e a s u r e d  E P R  s p e c t r a  [4] ,  t h e  e x p e r i m e n t a l  v a l u e s  of  t h e  d i s t r i b u t i o n  of  t h e  u n p a i r e d  e l e c t r o n  in  t h e  
a n i o n  r a d i c a l s  1I w e r e  d e t e r m i n e d  on  t h e  b a s i s  o f  t h e  H F S  c o n s t a n t s  a l l (N)  f r o m  M c C o n n e l U s  e q u a t i o n  

In  t h e  d e t e r m i n a t i o n  o f  t h e  e l e c t r o n  d e n s i t y  i n  t h e  f i r s t  f r e e  M e ,  f o r  t h e  c a r b o n  a t o m  of  t h e  C - - H  f r a g m e n t ,  t h e  ~-Tr 

p a r a m e t e r s  IQT w a s  t a k e n  a s  28 G [15] ,  a n d  i n  t h e  d e t e r m i n a t i o n  of t h e  s p i n  d e n s i t y  of  t h e  e l e c t r o n s  o f  t h e  7r s y s t e m  i t  

w a s  t a k e n  a s  23 .7  G [13] .  A v a l u e  of IQI = 27 .2  G w a s  u s e d  f o r  t h e  c a r b o n  a t o m  i n  t h e  m e t h y l  g r o u p  of I (X = CH3) [16] .  

T h e  e x p e r i m e n t a l  v a l u e  of t h e  d e n s i t y  of  t h e  u n p a i r e d  e l e c t r o n  i n  t h e  f i r s t  f r e e  M e  of t h e  ~ s y s t e m  f o r  t h e  n i t r o g e n  

a t o m  of  t h e  C N  g r o u p  i n  I (X = CN)  w a s  d e t e r m i n e d  w i t h  t h e  v a l u e  of [Q[ = 19 .8  G,  a n d  t h a t  f o r  t h e  s p i n - s p i n  d e n s i t y  
of  t h e  e l e c t r o n s  of t h e  rr s y s t e m  w i t h  t h e  v a l u e  of  IQI = 18 .9  G [~7] .  

T h e  r e s u l t s  of  t h e  M O H  c a l c u l a t i o n s  ( T a b l e  2) s h o w  t h a t  i n  p a r t i c l e s  II t h e  g r e a t e s t  d e n s i t y  of  t h e  u n p a i r e d  

277  



e lec t ron  is concentra ted on the n i t ro  group; in anion rad ica l s  II it  amounts  to 0.57 to 0.44 of an electron,  depending on 
the na ture  of subst i tuent  X. Within the n i t ro  group, the unpaired e lec t ron  is dis tr ibuted a lmost  uniformly between the 
n i t rogen atom and the oxygen a toms.  As the e lec t ron-accept ing  proper t ies  of subst i tuents  X inc reases ,  the density of 
the unpaired e lec t ron  on the ni t rogen atom decreases  cons iderably  more  than on the oxygen atom. 

On the oxygen atom of the furan  r ing,  the density of the unpai red  e lec t ron  is negligible;  it is also ve ry  smal l  on 
the carbon atoms in posi t ions 3 and 5 of the fu ran  r ing  (symbols in Table 2). The highest density of the unpaired 
e lec t ron  in the fu ran  r ing  exis ts  in posi t ion 4. As the e lec t ron-accept ing  p roper t i e s  of the subst i tuent  i nc reases ,  the 
densi ty  of the unpaired e lec t ron i nc rea se s  in posi t ions 3 and 5 of the r ing,  and decreases  in posi t ions 2 and 4. 

The spin densi ty of the e lec t rons  of the 7r sys tem on the atoms of subst i tuents  as  calculated by McLachlants  
method differs l i t t le f rom the densi ty of the unpaired e lec t ron  in the f i r s t  f ree  orbi tal .  In the furan r ing,  the spin 
densi ty of the e lec t rons  of the 7r system differs cons iderably  f rom the densi ty of the unpaired e lec t ron  in the f i r s t  f ree  
orbi tal .  In posi t ions 3 and 5 of the anion rad ica l s  of the n i t rofuran  se r ies ,  as the e lec t ron-donat ing proper t ies  of the 
subst i tuent  i nc r ea se s ,  a negative spin densi ty of the e lec t rons  of the v sys tem appears ,  and inc reases .  

The addition of an unpaired e lec t ron  to the molecule  of I a lso changes the strength of the bonds between the ions.  
The addition of one e lec t ron to the f i r s t  f ree  molecu la r  orbi ta l  (Table 3) s t rengthens the ~r bond between the 
subst i tuent  in the furan  r ing  and between the carbon atoms in the fl posi t ion of the furan  ring;  all  the other 7r bonds in 
the anion rad ica l s  of II are  weakened in compar i son  with the in i t ia l  molecules .  

"+I Table 3. F rac t iona l  Bond Orders  (Pits) Created by the F r e e  

x--- =~'~~ "- Elect ron in Anion Radical II [ ~ ~o] 

X 12 23 34 45 56 67 15 28 89 

8 9 
C~H a 

H 
8 9 
C=N 
8/11 c~ 

prs 7 

pr ,  6 

prs  7 

p r s  7 

--0.05--0.02 0,03 
--0.05/-0.021 0.03 
-0,051-0.051 0.06 

--0,05 --0,08 0.08 

-0.09 0,09 
- 0 , 0 9  0,09 
-0.10] 0,I0 

--0,10 0.10 

L 
-0.191 -0,03 t o,oo 
-o .2o  1 -0 .03}  - 
_o,,81_oo3 / 0.05 
--0,14 --0.04 t 0,10 

0.00 

--0.03 

- -  0,07 

The exper imenta l  values  of both the densi ty of the unpaired e lec t ron  in the f i r s t  f ree  MO and the spin densi ty of 
the e lec t rons  of the 7r sys tem are  in sa t i s fac tory  harmony  with the corresponding calculated f igures  (Table 2). Thus,  
for example,  in a cor re la t ion  of the values that we have found for the HFS, all ,  4 constants  f rom the EPR spectra  for 
the proton in posi t ion 4 of the n i t ro furans  and f rom the calculated e lec t ron  densi t ies  P4H in the f i r s t  f ree  molecu la r  
orbi ta l ,  t r ea tmen t  of the quanti t ies by the method of least  squares  leads to the re la t ion  

all,  4 = 28A PH + 0.4 (corre la t ion  coefficient = 0.97). 

The value of the cr-lr pa r ame te r  obtained, IQ] = 28.1 G, is  close to that genera l ly  accepted (28 G). The other 
t e r m  (0.4) is apparent ly  due to the contr ibut ion of the spin density caused by the mutual  polar iza t ion of the ~r e lec t rons ,  
the inaccuracy  of the de te rmina t ion  of the HGS constants ,  and the fact that the p a r a m e t e r s  h r and k r s  of the 
subst i tuents  in anion rad ica l s  II were  not selected with allowance for the solvating influence of water  molecules  on the 
anion rad ica l s ,  although the measu remen t  of the EPR spectra  were  ca r r i ed  out in an aqueous medium. 

In posi t ion 3, where, because of the mutual  polar iza t ion  of the 7r e lec t rons ,  a comparat ively  smal l  negative 
spin densi ty preva i l s ,  the HFS constants  do not correspond to the densi ty of the unpaired e lec t ron  in the f i r s t  f ree  
orbi ta l  but quali tat ively ref lect  the spin densi ty of the e lec t rons  of the 7r sys tem in this posi t ion.  

Star t ing f rom the idea that in one-e lec t ron  polarographic  reduct ion the additional e lec t ron is a r ranged in the f i r s t  
f ree  MO of the 7r sys tem [6, 18], we may assume that in s e r i e s  I the reduct ion potent ials  (El/2) [2, 3] measu red  under  
condit ions where previous  protonat ion is  absent  wil l  co r re la t e  l{nearly with the p a r a m e t e r s  mj+ t of the f i r s t  f ree  orbital:  
o r b i t a l :  

El~2 = I~rnj+, + c. 
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In ac tua l  fact ,  the c o r r e l a t i o n  of the va lues  of Et/2 (exper iment)  [3] and mj+ 1 (Table 4) by the method of l eas t  squa re s  
gave the equat ions:  El/~ = 2.80 mj + 1- 0.48(V) ( co r r e l a t i on  coeff ic ient  = 0.986; wa te r ,  pH 10), and El/2 = 2 .81mj  + 1 
- 0.45(V) ( co r r e l a t i on  coeff ic ient  = 0.999; 10% ethanol ,  pH 10). These  equat ions enable us to find the effect ive value of 
the bond in tegra l /3  = -2 .8  eV (-64.5 kca l  �9 m o l e - i ) .  This  r e su l t  i s  in f a i r l y  good ag reemen t  with the va lues  of /3 found 
by o ther  au thors  (for a r o m a t i c  hydroca rbons  [6] /3 = -64.6 kca l  �9 mole  -1, and for  the n i t robenzene  [13] /3 = -52.5 
kca l  �9 mo le - t ) .  

Table  4. Compar i son  of the P a r a m e t e r s  of the F i r s t  Vacant  Orb i ta l  
mj+ 1 of Subst i tuted Ni t rofurans  with the Hal f -Wave Po ten t i a l s  El/2 of 
the Po l a rog raph i c  Reduction of the Ni t ro furans  in Aqueous Buffer 
Media (pH 10) and in 10% Ethanolic Aqueous Buffered Media (pH 10) 

Compound 

2-Methyl-5-nitrofuran 
2-Nitrofuran 
2-Cyano-5-nitrofuran 
5-Nitro-2-furfural 

--mi+ I 

0,390 
0,391 
0,342 
0,28 ! 

-Eli 2 (V; 1-st wave) 

0% C~H~OH; pH 10 0% C:HsOH; pH 10 

exp calc 

0,65 0,62 
0,60 0.61 
0.45 0,48 
0,32 0,31 

exp calc 

0,66 0,66 
0,64 0,65 
0,50 0,51 
0,34 0,34 

Thus,  a cons ide ra t ion  of the p r o p e r t i e s  of the f i r s t  f r ee  m o l e c u l a r  o rb i ta l ,  which is  a p a r t i c u l a r  r e s u l t  of a 
ge ne ra l  quan tum-chemica l  ca lcula t ion  of the 7r-electron sys tem of mo lecu le s  I, shows a s a t i s f a c to ry  ag reemen t  between 
the t heo re t i ca l  f igures  and the m e a s u r e d  phys i cochemica l  p a r a m e t e r s  of the co r re spond ing  molecu le s .  The ~ -e l ec t ron  
s y s t e m s  of the n i t ro furans  ca lcu la ted  by the MO LKAO method wil l  be publ ished in a subsequent  pape r .  
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