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POLAROGRAPHIC BEHAVIOR OF 2, 2'-BIFURYL AND 2, 2'-FUROIN 
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In aqueous and aqueous-ethanolic buffer solutions at pH<9, 2, 2 ' -  
bifuryl and 2, 2'-furoin give two-electron polarographic electrore- 
duction waves, the half-wave potentials of which depend on the pH. 
The primary product of the electroreduction of 2, 2'-bifuryI is trans- 
J.,2-dihydroxy-l,2-bis(cq cd-furyI)ethylene, which then rearranges 
into 2, 2'-furoin. The anode-cathode wave of 2, 2'-bifuryl has been 
studied by means of a Kalousek commutator. It has been shown that 
the polarographic behavior of 2, 2'-bifuryl and 2, 2'-furoin is similar 
to that of benzil and benzoin, but differs from the behavior of analogs 
of the pyridine series. 

W h i l e  t h e  p o l a r o g r a p h i c  b e h a v i o r  o f  b e n z i l  a n d  b e n -  

z o i n  a n d  a l s o  of  2 , 2 ' - b i p y r i d y l  a n d  2,  2 ' - p y r i d o i n h a v e  

b e e n  s t u d i e d  b y  a n u m b e r  o f  a u t h o r s  [ 1 - 1 2 ] ,  t h e r e  

h a s ,  s o  f a r ,  b e e n  no  i n f o r m a t i o n  o n  t h e  p o l a r o g r a p h i c  

b e h a v i o r  o f  2,  2 ' - b i f u r y l  a n d  2, 2 ' - f u r o i n .  N e v e r t h e -  

l e s s ,  s u c h  i n f o r m a t i o n  i s  n e c e s s a r y  to  a n s w e r  q u e s -  

t i o n s  o f  t h e  a n a l y t i c a l  d e t e r m i n a t i o n  o f  t h e s e  c o m -  

p o u n d s ;  i n  p a r t i c u l a r ,  t h e  f o r m a t i o n  o f  f u r o i n  i n  t h e  

o x i d a t i o n  o f  f u r f u r a l  m a y  b e  a s s u m e d  b y  a n a l o g y  w i t h  

t h e  s i t u a t i o n  i n  t h e  v a p o r - p h a s e  o x i d a t i o n  o f  f o r m y l -  

p y r i d i n e  o v e r  v a n a d i u m  e a t a I y s t s  [13].  T h e  p o l a r o -  

g r a p h i c  m e t h o d  a l s o  p e r m i t s  t h e  s t u d y  of  t h e  k i n e t i c s  

o f  t h e  o x i d a t i o n  o f  2,  2 ' - f u r o i n  a n d  t h e  c o m b i n a t i o n  o f  

t h e  r e d u c t i v e  a n d  p r o t o l y t i c  c o n v e r s i o n s  of  2,  2 ' -  

b i f u r y l .  In  t h i s  w o r k  t h e  m e c h a n i s m  of  t h e  e l e c t r o r e -  

d u c t i o n  of  2, 2 ' - b i f u r y l  a n d  2,  2 ' - f u r o i n  a t  a d r o p p i n g  

m e r c u r y  e l e c t r o d e  i n  a q u e o u s  a n d  a q u e o u s - e t h a n o l i c  

s o l u t i o n s  a t  v a r i o u s  p H  v a l u e s  w a s  s t u d i e d  b y  c l a s s i c a l  

p o l a r o g r a p h y  a n d  b y  r e c o r d i n g  c u r v e s  w i t h  a K a l o u s e k  

c o m m u t a t o r .  

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

The 2, 2'-bifuryl (I) (mp 165~ and 2, 2'-furoin (II) (mp 138- 
&39~ were purified by two crystallizations from ethanol. 

To prepare the initial solutions, weighed samples of I and II 
were dissolved in water and in ethanol, and then 15-ml portions of 
the initial solution were mixed with equal volumes of Britton-Robinson 

buffer solutions having a constant ionic strength ~ = 0.25 and pH 
values from 2 to 12 [14]. The concentration of the depolarizer in the 
working solutions was from 2 X 10 -4 to i X 10 -3 M. 

The working solutions were poured into a thermostated polaro- 
graphic cell  [15] and were deaerated with purified nitrogen previously 
passed through a bottle containing the polarographic support. The 
polarograms were recorded at 25.0 • 0.I~ in the range of potentials 
from 0 V to the potential of the separation of the support. The anode 
was a saturated calomel electrode. Accurate values of the potentials 
were measured separately, after the recording of the polarogram, by 
means of a high-ohmic direct-current potentiometer but with respect 
to a second saturated HgzC1 z electrode. The accuracy of the measure- 
ment of the half-wave potentials was • inV. 

The indicator electrode was a dropping mercury electrode with 
forced separation of the drop (with a blade) having the following char- 
acteristics: m = 0.81 rag .see- l ;  t = 0.25 see; mZ/3 tl/6 = 0.69. The 
polarograms were recorded on a Tsfassman PE-312 electronic recording 
polarograph. 

The limiting currents (il) and half-wave potentials (E~/2) of 1 and 
II were calculated from the polarograms for various pH values and 
various concentrations of ethanol in the aqueous ethanolic media, and 
the slopes of the waves in the semilogarithmic coordinates g versus 
log i (i 1 -- i) were determined. 

To find the number of electrons n consumed in the electroreduction 
of one molecule of 2, 2'-bifuryl, millicoulometric experiments were 
carried out by Lingane's method [16]. The number of eIectrons con- 
sumed in the eleetroreduction of one molecule of 2,2'-furoin was cal- 
culated by comparing the height of the wave of this depolarizer with 
that of the wave of 2, 2'- bifuryl. 

To study the reversibiiity of the electroreduction of 2, 2'-bifuryl 
and the characteristics of the unstable intermediate product of its 
electroreduction-1,  2-di(a-  furyI)ethane-1, 2-diol (III)-polarograms 
of I were recorded with the use of the Kalousek commutator [17]. The 
switching of the potential was carried out by means of a transistor cir- 
cuit with a switching frequency of 11 Hz [18]. The auxiliary potential 
was kept constant in all experiments (--0.8 V with respect to the sat- 
urated caIomel electrode). 

R E S U L T S  A N D  D I S C U S S I O N  

E l e c t r o r e d u e t t o n  o f  2,  2 ' - b f f u r y l .  In  a l l  t h e  s o l u t i o n s  

�9 s t u d i e d ,  t h e  p o l a r o g r a m s  of  2,  2 ' - b f f u r y l  (I) s h o w e d  

H a l f - W a v e  P o t e n t i a l s ,  L i m i t i n g  C u r r e n t s ,  a n d  S l o p e s  o f  t h e  W a v e s  

o f  2,  2 ' - B i f u r y l  a t  V a r i o u s  p H  V a l u e s  o n  O r d i n a r y  P o l a r o g r a m s  a n d  

P o l a r o g r a m s  T a k e n  w i t h  a K a l o u s e k  C o m m u t a t o r  (1 x 10 -3 M 50% 

a q u e o u s - e t h a n o l i c  s o l u t i o n  o f  t h e  d e p o l a r i z e r  in  B r i t t o n - R o b i n s o n  

b u f f e r  s o l u t i o n s ) ;  F r e q u e n c y  of  t h e  C o m m u t a t o r  1 1  Hz ;  m = 15 .36  

r a g .  s e e - t ;  t = 1 . 9 0  s e c  

Polarogram with Kalousek commutator Integral 
polarogram wave of  I 

pH slope slope 
"EI'/2'v i 1, #A wave,~ the .E 1/2, wave,~ the 

mV V mV 
r 

0.38 4 9.42 63 
0.54 9.42 84 
0.59 9.00 94 
0,65 8.90 84 
0.79 9.0O 94 
0,71 7.90 94 

0.34 
0.46 
0.55 
0.58 
0.70 
0.76 

2.5 
4.1 
5.8 
6.3 
9.7 

I0.5 

il'sum' icat, I 
pA ~.A ' 

17,76 4.07 
15.00 3.96 
14.50 4.07 
13.70 4.07 
12.30 4.07 
7,70 3.21 

I wave of II 
. slope - ~ - ~ t  
,oo, o tho i ttA wave, - ]2, i1' IrA 

mV 

I3.69 105 I - -  
1 1 . 0 4  90 - -  ~' - -  
10.43 136 1.52 [ 1.71 
9.63 163 1.63! 2.57 
8.23 131 1,56 2.25 
4.49 116 1.47 2.14 

178 
178 
136 
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Fig.  1. Half-wave potent ia l s  of solut ions  of b i -  
furyl  and furo in  (with r e spec t  to the sa tu ra ted  
ca lomel  electrode) in Br i t t on -Rob inson  buffer 
solut ions  at va r ious  pH values :  1) 0.87 �9 10 -3 M 
solut ion of furo in  in 50% ethanol; 2) 0.87 �9 10 -3 
M solut ion of fu ro in  in 25% ethanol; 3) 2 . 5 . 1 0 -  
�9 10 -4 M aqueous solut ion of furoin;  4) 1 . 1 0  -3 
M s o l u t i o n  of bifuryl  in 500/0 ethanol;  5) 1 . 1 0  -3 

M solut ion ot bifuryl  in 20% ethanol.  

i]/c. 1o 3 
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~ , . . . . x ~ x . - - - -  x - - x  ~ ~, 

i I 

i '  /~ 172 
IC} pH 

Fig.  2. L imi t i ng  c u r r e n t  of solut ions  of bifuryl  
and furo in  in B r i t t o n - R o b i n s o n  buffer solut ions  
on the pH: 1) 2 . 5 . 1 0  -4 M aqueous solut ion of 
furoin;  2) 1 . 1 0  -3 M solut ion of b i fury l  in 50% 
ethanol; 3) 1 . 1 0  -3 M solut ion of b i furyl  in 20% 
ethanol;  4) 0 .87 .10  -3 M solut ion of furo in  in 
25% ethanol; 5) 0 .87 .10  -3 M solut ion of fu ro in  

in 50% ethanol.  
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Fig. 3. Calibrat ion curves for the determina- 
tion of the concen t r a t i on  of 50% e thanol ic  so lu -  
t ions of b i fury l  and fu ro in  f rom the magni tude  
of the l i m i t i n g  c u r r e n t :  so lu t ion  of furo in :  1) at 
p H = 6 ,  2) a t p H  = 4 ;  so lu t ion  o f b i f u r y l :  3) at 

pH = 4 ,  4) a t p H  = 6 .  

.... I I v  

1' 

I ,' .' '. 9.' 10's pH 
Fig. 4. Polarograms of i -  10 -3 M solution of 
bi furyl  in 50% ethanol. A l l  the polarograms, 
both o r d i n a r y  ones  and those  taken  with a K a -  
lousek  c o m m u t a t o r ,  we re  r e c o r d e d  f r o m  0 V. 
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one wel l -def ined e lec t roreduc t ion  wave, the E 1/z of which 
va r i ed  between =0.2 and -0 .  7- according to the pH of 
the medium.  In the pH range f rom 2.0 to 8.0, theE1/z 
shifted in the d i rec t ion of more  negative potentials  by 
70 mV/pH unit  with a r i s e  in the pH, and then it  be -  
came a lmost  constant  (OElfi/OpH = 16 mV/pH unit). 
At pH < 8, the height of the wave of I does not depend 
on the pH, and then it dec reases  by 1/3 to 1/2 of i ts  
in i t ia l  value,  and at pH 10-11 becomes  constant  again. 
The slope of the wave corresponded to 40-58 mV in 
20% ethanol and in 50% ethanol at pH > 8.5. Under none 
of the exper imenta l  condit ions that we tested was a 
wel l -def ined second wave located at the potent ials  of 
the e lec t ro reduc t ion  of II observed on the po la rograms  
of I, even when the m e r c u r y  drop per iod was inc reased  
to 3 see. 

The height of the wave of 2, 2 ' - b i fu ry l  at pH 4 and 
6 is  propor t ional  to the concentra t ion of the depolar izer  
in  the solution. In this region the wave is  a diffusion 
wave. 

In cont ras t  to benzi l ,  in the case of I the presence  
of borate  as a component of the buffer mixture  has no 
appreciable  effect on the height of the wave. 

Electroreduotion of 2, 2 ' - furo in ,  The po la rograms  
of 2, 2 ' - fu ro in  (II) in Br i t ton-Robinson  buffer solut ions 
containing 0, 10, 15, 25, and 50% of ethanol showed 
one wel l -def ined e lec t roreduct ion  wave, the E 1/z of which 
var ied  f rom -0.95 to -1.50 V according to the pH. In 
the pH range f rom 2.0 to 6.5, as the pH is  i nc reased  
El/2 shifts in the d i rec t ion of more  negative potent ia ls  
by 88 mV/pH unit ,  and then becomes  almost  constant  
(0E1/J8pH = 28 mV/pH unit) (Fig. 1). The height of 
the wave sca rce ly  depends on the pH up to pH 9.5 and 
then fa i ls  prec ip i ta te ly  in the form of a d issocia t ion  
curve with pK' = 10.2; together with the fal l  in the 
wave a new wave appears  and i nc r ea se s  in size at 
more  posit ive potent ials  cor responding  to the potent ials  
of the reduct ion  of 2 ,2 ' - b i fu ry l .  It follows f rom the 
na ture  of the dependence of i I on the height of the 
m e r c u r y  column and the t empera tu re  that the ma in  
reduct ion wave of H is a diffusion wave. The wave is  
i r r e v e r s i b l e :  the slope of the wave cor responds  to 
about 80 mV, reaching 120-150 mV in individual  
cases .  In the pH range f rom 4 to 5, a diffuse doubling 
of the wave takes place,  the sum of the two par t s  of 
the wave r ema in ing  constant.  

The height of the wave of 2, 2 ' - f u ro in  in acid media  
at pH 3, 4, and 6 is propor t ional  to the concent ra t ion  
of 2, 2 ' - f u ro in  in the solution. 

Mil l icoulometr ic  exper iments  showed that the e l e c -  
t rochemica l  p rocess  respons ib le  for the appearance 
of the polarographic  wave of I is  a two-e lec t ron  p r o -  
cess  (n ~ 1.8). It follows f rom the approximately 
ident ical  heights of the waves in  the po la rograms  of 
I and II that the e lec t roredue t ion  of II is also a two- 
e lec t ron  p rocess .  

In the case of 2, 2 ' -b i fu ry l ,  the po la rograms  r e -  
corded with the Kalousek commutator  technique showed 
a fused ( i r r eve r s ib le )  anode-cathode wave, the E1/~ 
and il va lues  of which are shown in  the table. In addi-  
tion, in  this case a new cathode wave located at the 
potent ia ls  of the e lec t roredue t ion  of II also appeared 

on the po la rogram;  the height of this wave rose with 
an inc rease  in  the pH s imul taneously  with a fal l  in the 
height of the anodic par t  of the mixed cathode-anode 
w a v e .  

The exper imenta l  r e su l t s  obtained pe rmi t  us to 
assume the following associa t ion  of p roces se s  leading 
to the appearance of the polarographic  waves of I and 
II. 

~ e /  "O" I_ I \O ~ 
/ O O 

l +2e "-2H + O- OH 

HO OH 
I I I  

1 
C--CH-- 
:r I FH~ -- 
O OH 

I I  IV 

I -~" 2e 2H § 

~ O " ~ - - C H O H - - C H O H - - ~  

The e lec t roreduc t ion  of II takes place as a typical  
e lec t roredue t ion  of a he te roaromat ic  ketone, like the 
e lee t ro reduc t ionof  2-aee ty l furan ,  and at approximately 
the same values  of the electrode potentials  [19]. The 
indis t inc t  spl i t t ing of the wave found at pH 4 -5  co r -  
responds  to the competing e lec t roreduc t ion  of the 
protonated and the unprotonated carbonyl  groups [20]. 
The decrease  in the wave of II in alkaline media  at 
pH > 9.5 is  a consequence of two p rocesses :  the con-  
ve r s i on  of the 2, 2 ' - fu ro in  into the form of the m e s o -  
me r i c  anion IV (cf. [12]) and the chemical  oxidation 
of the anion IV to bifuryl ,  which is  observed s i m u l -  
taneously at the same pH values .  

Because of the presence  of an ~-d iea rbony l  group-  
ing in the molecule ,  the e lee t roreduc t ion  of I takes 
place at cons iderably  more  posi t ive potentials  (by 
700-800 mV) than the e lec t roreduc t ion  of II. It would 
appear that the two-e lec t ron  reduct ion of I could lead 
to the format ion  of II, which would then give i ts  cha r -  
ac te r i s t i c  wave on the polarogram.  However, the 
d i rec t  e lec t roreduc t ion  of I leads not to II but to an 
in te rmedia te  product III (or, in alkaline media,  to 
the r ad i ca l - an ion  IV, in  consequence of which the 
height of the wave decreases) .  

The i somer i za t ion  of III into II takes place under  
the action of O H - i o n s  as anac id -base  reac t ion through 
the format ion  of an ambident  anion: 

OH OH OO OH 

K,ofl_c=C_\o 7 
+H+ I+H+ 

O OH 

H 

The ra te  of i somer iza t ion  consequently depends on 
the proto lys is  constant  of the enediol (HI): the lower 
this is the higher is  the pH requ i red  for the crea t ion  
of the ne c e s sa r y  concentra t ion  of the anion. In this 
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way i t  is  p o s s i b l e  to expla in  why the second  wave is  
o b s e r v e d  on the Kalousek p o l a r o g r a m s  only at f a i r l y  
high pH va lues  and is  not found in an acid  medium at 
al l .  It  may  appea r  i ncomprehens ib l e  why the second  
wave,  co r r e spond ing  to the fo rma t ion  of II f r o m  I, 
a p p e a r s  only on the Kalousek p o l a r o g r a m s  and not on 
convent ional  p o l a r o g r a m s :  if the i s o m e r i z a t i o n  of II 
into III r e q u i r e s  a c e r t a i n  t ime  and cannot take p lace  
on a m e r c u r y  drop even with a l ife of 3 sec ,  how can 
i t  take p lace  at a commuta to r  in a s h o r t e r  t i m e ?  The 
explana t ion  apparen t ly  cons i s t s  in the fac t  that  at the 
po ten t i a l s  of the e l e c t r o r e d u c t i o n  of II ( f rom - 1 . 4  to 
-1 .5  V) t he re  i s  a l r e a d y  a cons ide rab le  deso rp t ion  of 
the m o l e c u l e s  of the d e p o l a r i z e r ;  us ing  the Kalousek 
commuta to r  we s y s t e m a t i c a l l y  r e t u r n  the poten t ia l  
f r o m  -0 .8  to - 1 . 2  V, where  the p r i m a r y  produc t  of the 
e l e c t r o r e d u c t i o n  of III i s  a b s o r b e d  and where  i t  p o s -  
s e s s e s  a high r eac t i v i t y .  

It fol lows f rom a c o m p a r i s o n  with l i t e r a t u r e  da ta  
[9] that the enedio l  III has  the t r ans  conf igurat ion,  
s ince  only the t r a n s - e n e d i o l  g ives  a fused  ca thode-  
anode wave with an c~-diketone. 

The po l a rog raph i c  behav io r  of 2, 2 ' - b i f u r y l  and 
2, 2 ' - f u r o i n  i s  s i m i l a r  to that of benz i l  and benzoin,  
but, in the case  of the compounds of the fu ran  s e r i e s ,  
the conve r s ion  of the enedio l  into fu ro in  takes  p lace  
m o r e  s lowly than the i s o m e r i z a t i o n  of s t i lbened io l  
into benzoin.  At the s ame  t ime ,  the behav io r  of these  
compounds d i f f e r s  f a i r l y  sha rp ly  f rom the behavior  
of the c o r r e s p o n d i n g  d e r i v a t i v e s  of the py r id ine  s e r i e s  
[ii, 12]. 
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