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P O L A R O G R A P H Y  OF  5 - A R Y L F U R F U R A L S  IN A Q U E O U S  

A L C O H O L  M E D I A  

M. K. P o l i e v k t o v  and  I .  G. M a r k o v a  UDC 543.253 : 547.724.1 

The reduction of 5-arylfurfurals  on a dropping mercury  electrode in aqueous alcohol media pro- 
ceeds via the same mechanism as the reduction of unsubstituted furfural; the reduction wave of 
the anion radical of 5-arylfurfurals  was detected for the f i rs t  time. The El/2 values co r re l a t e  
with the (r constants of the substituents in the para position of the phenyl ring, and the corre la-  
tion coefficient depends on the pH of the medium; this is determined by the different contributions 
of the protonation reactions after  t ransfer  of the f i rs t  electron for compounds of the investigated 
ser ies .  

Of the rather  large number of papers devoted to the polarographic study of furJhral and its de r iva t ives ,  
the mechanism of the reduction of furfural  on a dropping mercury  electrode has been examined in greatest  de- 
tail in [1-3], in v~hich it was established that carbonyl compounds of the furan ser ies  are reduced in aqueous al- 
cohol buffer media in conformity with the principles established for aromatic carbonyl compounds [4]. 

In order  to study the effect of an aryl  substituent, in the present  research  we investigated the reduction of 
5-(p-R-phenyl)furfurals (R=C1, Br, H, OCH 3, and CH a) on a dropping mercury electrode in 50% aqueous ethanol 
buffered and unbuffered media. 

One polarographic wave, the height of which corresponds to t ransfer  of one electron, is observed in strongly 
acidic solutions at pit < 2 for all of the compounds. In this case the second wave is hidden by the discharge cur-  
rent of the base electrolyte.  At pH 3-7 the polarograms contain two one-electron reduction waves. As in the 

c a s e  of furfural  [1], the f i rs t  wave is shifted to negative potentials as the pH increases,  while E~/2 of the second 
wave is independent of the pH. This leads to merging of both waves at pH 7 to give one two-electron reduction 
w a v e .  

At pH 9-14 the two-electron wave is halved (Fig. 1). Thus in the reduction of 5-alylfurfurals  in acidic 
media the protonation step precedes the electrode reaction, and the ketyl radical formed in the f irs t  step is re -  
duced with grea te r  difficulty than the protonated complex of 5-arylfurfurals .  In addition, the electron affinity of 
the ketyl radical  is higher than that of the starting depolarizer,  and the second wave of 5-arylfurfurals  in acidic 
media is therefore  found at higher positive potentials than the two-electron wave due to the reduction of 5-aryl -  
furfurals in the unprotonated form (Fig. 2). 

Just as in the case of furfural, the EI/2 value of the starting depolarizer is -1 .35  V, whereas the El/2 
value of the corresponding ketyl radical is - 1.30 V [3]. 
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submitted August 1, 1975; revision submitted May 4, 1976. 

This material is protected by copyright registered in the name o f  Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part [ 
[of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, I [microfilming, recording or otherwise, without w~tten permission o f  the publisher. A copy o f  this article is available from the publisher for $7.50. 

1322 



I 2~ 

1,0 ---C u v ~ 

n o 

,5 10 ~H 

Fig. I 

,5 ~ "E1/2' V 
/ o 2 ~ g n c ~ . o . _ . < > _ _ /  o 

i'ii  
0 ,5 10 ~N 

Fig. 2 

Fig. 1. Dependence of the limiting cur ren t  constant I = (i/c)m2/3ti/G of 
5-phenylfurfural  on the pH of the medium: 1) f i r s t  wave; 2) overa l l  r e -  
duction p rocess .  

Fig.  2. Dependence of the El/2 value of  5-phenylfurfural  on the pH: 1) 
f i r s t  wave; 2) second wave. 

The two-e lec t ron  wave of the reduction of 5 -a ry l fur fura l s  cor responds  to an ECE mechanism with a fast  
ring involving protonation of the intermediately formed anion radical .  An increase  in the pH leads to a d e c r e a s e  
in the rate  of the intermediate  chemical  step, as a resul t  of which the height of the wave dec reases  to the level 
corresponding to t r a n s f e r  of one electron.  

In buffered media  the wave of reduction of the anion radicals  is hidden by the discharge cur ren t  of the 
base  electrolyte ,  but when unbuffered KC1 solutions were  used in the case of 5-phenylfurfural  and its p-C1 and 
p - B r  derivat ives,  i.e., compounds with e l ec t ron -accep te r  substituents, we were unable to r ecord  two reduction 
waves (Fig. 3). Under  these conditions the second wave can be ascr ibed to reduction o f  the anion radicals .  In 
fact, the f i rs t  reduction wave lies at the same  potentials as the two-elect ron wave of reduction of 5-ary l fur fura l  
in buffered solutions with pH 7-9. Since the only proton donor in unbuffered KC1 solutions is water, the rate of 
protonation of  the anion radicals  is lower than in buffered media, and the reduction wave does not reach the level 
corresponding to t r a n s f e r  of two elect rons .  The difference between the height of this wave and the height of the 
wave corresponding to the one-e lec t ron  p rocess  is the kinetic cur ren t  l imited by the rate of protonation of the 
anion radica ls  under the influence of  water .  As in the reduction of furfural  [3], this react ion evidently is a vol-  
ume react ion.  In this case, as the cur ren t  increases ,  the pH of the nea r - e l ec t rode  space increases ,  and this 
leads to a dec rease  in the thickness of the reaction layer  and a decrease  in the rate of formation of ketyl r a d -  
icals .  In conformity with this, the kinetic component of the f i rs t  wave of reduction of 5 -a ry l fur fura l s  in unbuf- 
fe red  media  is a nonlinear function of the depolar izer  concentration - the higher  the depolar izer  concentration, 
the smal le r  the fract ion of the kinetic component of the overal l  current .  In addition, the theoret ical  relat ionship 
between the magnitude of the kinetic cur ren t  and the depola r izer  concentrat ion [5] is not observed in this case, 
probably in connection with the fact  that the l imiting kinetic current  consti tutes a considerable fract ion of the 
diffusion current .  

The sum of the two waves of  reduction of a ry l fur fura ls  in unbuffered media cor responds  to t r ans f e r  of 
two elect rons .  As in the case  of furfural  [1], the f i rs t  wave is apparently par t ia l ly  revers ib le  and is therefore  
shifted slightly to positive potentials as the ionic strength of  the solution increases  (Fig. 3), while AE1/2/A log /~ 
for  the second wave exceeds the change in the r potential.* This effect of  the ionic strength of  the medium is 
cha rac te r i s t i c  for  the reduction of anions [6]. The conclusion that the second wave cor responds  to the reduction 
of ketyl anion radicals  is also conf i rmed by experiments  involving the method of latent limiting currents  [7]. 
The development of a new wave at m o r e  posit ive potentials (wave A, Fig. 4) and a dec rease  in the wave of re -  
duction of the ketyl  anion radica ls  are  observed when strong acid is added to a 0.1 M KC1 solution containing 
50% ethanol and 1.05 mM 5-(p-bromophenyl)furfural .  When there are  insufficient hydronium ions to enable all 
of the depola r izer  in the nea r -e l ec t rode  layer  to form a complex with a proton, the limiting cur ren t  of wave A 
depends on the acid concentrat ion and is less than half of the overal l  cur rent  (curve 2, Fig. 4). As the acid c o n -  
centrat ion is inc reased  further,  wave A reaches  half the overa l l  l imiting current ,  i.e., it cor responds  to t rans -  
fe r  of one electron,  and its height no longer  depends on the hydronium ion concentration, although El/2 is shifted 
somewhat to the posit ive potential region. In this case wave A cor responds  to the p rocess  

*In alkaline media, in which the wave cor responds  to t r ans fe r  of one electron,  AEi/2 amounts to only 30 mV on 
pass ing f rom 0.1 M to 1 M NaOH solutions. 
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In the case  of excess  proton donors,  in addition to wave A, one a lso  o b s e r v e s  on the p o l a r o g r a m s  wave B (with 
a height  equal  to that of wave A) and a wave Of reduction of  hydronium ions (curve 4, Fig.  4). Wave B c o r r e -  
sponds to d i scha rge  of the ke ty l  r ad ica l s .  This can be judged f r o m  the equali ty of  the El/2 values  of  wave B and 
the second wave of reduct ion of  5 - (p -bromophenyl ) fu r fu ra l  in acidic buffered media .  In addition, wave B l ies  in 
the region of  m o r e  pos i t ive  potent ia ls  than the wave of  reduct ion of the unprotonated  f o r m  of the s ta r t ing  de-  
p o l a r i z e r  (compare  cu rves  1 and 4, Fig.  4). The p r o c e s s e s  taking Place at the potent ia ls  of wave B can be r e p -  
r e sen ted  by the scheme  

+ + < : . . . +  
+ " r c  �9 Rs �9 REH20N 

The appea rance  of wave B only a f t e r  wave A reaches a m a x i m u m  height (curve 3, Fig.  4) is  explained by the 
fac t  that  at the potent ia ls  of  wave A the reduct ion of  a ry l fu r fu ra l s  is accompanied  by the consumption of one 
proton,  whereas  at  the potent ia ls  of wave B it is accompanied  by the consumption of two protons .  Thus, when 
the diffusion cu r r en t  of the hydronium ions to the su r face  of the e lec t rode  is  s m a l l e r  than requi red  fo r  t r a n s f e r  
of  one proton,  wave B is not v i s ib le  ("hidden cur ren t" ) ,  s ince  t r a n s f e r  f r o m  one -e l ec t ron  to two-e lec t ron  r ed u c -  
tion with the consumption of  two protons  occu r s  when the potent ia ls  of  wave B a r e  reached .  In this case ,  in ad-  
dition to wave A, one o b s e r v e s  a wave of reduction of the res idual  unprotonated d e p o l a r i z e r  and the anion r a d -  
ica l  of 5 - (p -bromophenyl ) fu r fu ra l .  Wave B (curve 3r Fig. 4), which i n c r e a s e s  as the acid concentrat ion is fu r -  
the r  inc reased ,  develops on the p o l a r o g r a m s  of 5-(p--bromophenyl)furfural  only when the hydronium ion concen-  
t ra t ion  in the n e a r - e l e c t r o d e  l a y e r  becom es  h igher  than requi red  for  t r a n s f e r  of one proton.  In this case  the 
waves  of  reduction of the unprotonated depo l a r i ze r  and the ketyl  anion r ad ica l s  dec rea se .  

Thus, 5 - a r y l f u r f u r a l s  a r e  reduced  on a dropping m e r c u r y  e lec t rode  in the s a m e  way as  furfural ;  fo r  this 
c l a s s  of  compounds we have been able, apparent ly  for  the f i r s t  t ime,  to r e c o r d  a wave of reduction of ketyl  anion 
r ad i ca l s  in aqueous alcohol med ia .  

P r ev ious ly  in [8] on the bas i s  of a po la rographic  study of 5-subst i tu ted  2-n i t ro furans  and p-subs t i tu ted  
n i t robenzenes  it  was  shown that  the conductivity of the po l a r  ef fec t  of  a subst i tuent  through the furan ring is 
h igher  by a fac tor  of 1.1 than through the benzene r ing.  According to the PMI~ s p e c t r a l  data [9], this value is 
1.2. On the o ther  hand, it  was es tab l i shed  in [10, 11] that the t r a n s m i s s i o n  fac tor  (~r,) of the furan ring depends 
m a r k e d l y  on the solvent  and is  subs tant ia l ly  l a r g e r  than the value of the benzene ring. Beno and c o - w o r k e r s  1 
[12] a r r i v e d  at the s ame  conclusion by an analys is  of  the polarographic  reduct ions of  m -  and p-subs t i tu ted  5- 
a r y l f u r f u r a l s  in aqueous alcohol buffered  med ia  ( v '  = 0.61, +i.e., it exceeds  the ~r, value of the benzene ring by a 
f ac to r  of two). The El/2 values ,  m e a s u r e d  in a 50% aqueous buffer  solution with pH 12, were  used in this pape r  
fo r  the cons t ruc t ion  of  the co r r e l a t i on  dependence, during which it was  noted that the p value d e c r e a s e s  as the 
pH d e c r e a s e s  and that at pH ", 2.5, at  which the invest igated aldehydes fo rm one one-e lec t ron  wave, the r value 
is  found on the boundary of the s ta t i s t i ca l  s ignif icance.  This c h a r a c t e r  of  the dependence of the p value on the 
pH is m o s t  l ikely a s soc ia t ed  with the di f ferent  contr ibut ions of the proto ly t ic  r eac t ions  fo r  compounds of the in-  
ves t iga ted  s e r i e s .  In our  opinion, the choice of  pH 12 for  the construct ion of the co r re la t ion  dependence in [12] 
was unfortunate,  s ince  at  this  pH the height  of  the wave is h igher  than the ievel  cor responding  to t r a n s f e r  of  one 
e lec t ron,  i .e . ,  the ketyl  anion rad ica l  obtained by t r a n s f e r  of one e lec t ron  is st i l l  capable  of undergoing 
par t i a l  protonat ion and takes  on an e lec t ron  at the s ame  potent ials .  The contr ibutions o f  this p ro ce s s  for  
compounds of the given s e r i e s  m a y  differ .  In fact ,  the "polarographic"  pK a values  of the ketyl  anion 
rad ica l s  that  we obtained, i .e.,  t h e  pH values  at which the height of  the two-e lec t ron  wave d e c r e a s e s  by 
one fourth (or, correspondingly ,  the kinetic wave cur ren t  due to protonation of the ketyl  anion rad ica l s  
amounts  to half  the diffusion cur ren t ,  when the r a t e  of  protonat ion is  not  the r a t e -de t e rmin ing  step in 
the p r o c e s s ) w e r e  found to be  11.1 for  5-phenylfurfura l ,  10.5 fo r  the p -C l  der iva t ive ,  10.5 fo r  the p - B r  d e r i v a -  
t ive,  10.8 f o r  the p-CH 3 der iva t ive ,  and 10.4 for  the p-OCH 3 der iva t ive .  According to our  data, the p value also 
depends on the pI-I, and the m a x i m u m  p value is obse rved  when the i nc rea se  in the w a v e a b o v e  the leve l  c o r r e -  
sponding to the t r a n s f e r  of one e l ec t ron  has  pronounced kinet ic  cha rac te r ,  Le.,  at  pH 11-12.* On pass ing  to a 
0.1 M NaOH solution the r a t e  of protonat ion of  the ke ty l  an ion - rad ica l s  of  5 - a ry l fu r fu r a i s  becomes  so low that 
the po la rographic  wave co r r e sponds  to the t r a n s f e r  of  one e lec t ron .  In this case  the p value d e c r e a s e s  and r e -  
ma ins  constant  as the NaOH concentra t ion i n c r e a s e s .  

�9 The p a r a m e t e r s  of the co r re la t ion  equation that  we obtained at  pH 11.6 [E1/2~ V, p= 0.169, and s o = 
0.004 (P = 0.95}] a r e  c lose  to the p a r a m e t e r s  p re sen ted  in [12] fo r  pH 12 [E1/2 ~ = - 1 . 4 2 0  V, p = 0.179, and s o = 
o.oo31. 
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Fig. 3. Po la rog rams  of a 0.52 mM solu t ionofS-(p-chlorophenyl ) -  
fu r fura l  in 50% aqueous ethanol at var ious  concentrat ions of the 
base e lec t ro ly te  (KC1): 1) 0.01 M; 2) 0.1 1Vi; 3) 1.0 M (curves 1', 
2', and 3'  were  r eco rded  for  the corresponding base e lec t ro ly te  
solutions).  

Fig. 4. Po l a rog rams  of 1.05 raM 5-(p-bromophenyl) furfura l  in 
a 0.1 M solution of KC1 in 50% aqueous ethanol (base e lect rolyte)  
in the p resence  of var ious  concentrat ions of HCh 1) c = 0; 2) c = 
0.50 raM; 3) c= 0.83 raM; 4) c = 1.48 m__M HC1; 5) curve  o f thebase  
e lec t ro ly te  cur ren t .  
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Fig. 5. Dependence of the limiting current constant I = (i/c)m 2/3. 
tl/e of 5-(p-nitrophenyl)furfural on the pH of the medium: I) first 
wave; 2) overall reduction process. 

Fig. 6. Polarogram of a 0.49 mM solution of 5-(p-nitrophenyl)- 
furfural (I) in a 0.I IV[ NaOII base electrolyte in a 50% aqueous 
methanol medium (2). 

Thus one should more  l ikely use the ~rT values calculated f rom the El/2 values in 0.1 M NaOH solution fo r  
the calculation of the p value of the furaa  r ing f rom the component of the p values fo r  substi tuted 5-a ry l fur fura l s  
and substi tuted benzaldehydes; however,  in this case also the different  contributions of the subsequent chemical  
s teps may  affect  the El/2 values,  since, according to cycl ic  vo l t amperomet ry  data, the anion radicals  of 5 -a ry l -  
fur fura ls  a re  unstable and can be observed  only at potential  imposition ra tes  h igher  than 1 V/sec .  

5-(p-Nit rophenyl)furfural .  The polarographic  reduction of  5-(p-ni t rophenyl)furfural  p resen ts  a more  com- 
plex picture ,  since in this case,  in addition to the waves of reduction of the aldehyde group, waves of reduction 
of the n i t ro  group a re  p r e s e n t .  

The overa l l  p ic ture  of the reduction is close to the behavior,  descr ibed  in [13], of 5-n i t rofur fura l  on a 
dropping m e r c u r y  electi 'ede.  Depending on the pH, the overa l l  number  of e lec t rons  consumed in the reduction 
of 5- (p-ni t rophenyl) furfura l  ranges  between seven and eight. O v e r  the ent i re  investigated pH region (1-13) the 
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f i r s t  f ou r - e l ec t ron  wave co r re sponds  to the reduction of the NO 2 group with the format ion  of a hydroxylamine  
de r iva t ive .  In s t rongly  acidic med ia  (pH < 2) the second wave co r r e sponds  to t r a n s f e r  of two e lec t rons  to the 
protonated hydroxylamine  group, i .e. ,  it undergoes  reduction to a NH 2 group. In this case ,  as  in the reduction 
of  5-phenylfurfura l ,  one o b s e r v e s  only a one , e l ec t ron  wave of the aldehyde group, and the total number  of e l ec -  
t rons  consumed is t he re fo re  seven.  Despi te  the fact  that  t he r e  is  a phenyl  r ing between the ni t ro  group and the 
furan  ring, t r a n s f e r  of  e l ec t rons  also to the unprotonated NHOH group is evidently poss ible ,  as in the case  of  
5 -n i t r e fu r fu ra l .  There fo re ,  although the height of  the second wave fal ls  to ze ro  at pH > 2; at m o r e  negative po-  
tent ia ls  one o b s e r v e s  the development  of  a wave of reduction of the unprotonated hydroxylamino group, which is 
over lapped  with the wave of reduction of  the aldehyde group. O v e r  this pH range a wave of reduction o f t h e k e t y i  
r ad ica l s  a lso  appea r s ,  and the overa l l  l imit ing cu r r en t  r eaches  a level  cor responding  to the t r a n s f e r  of eight 
e l ec t rons .  O v e r  the m ed i um  pit range  (Fig. 5), the d e c r e a s e  in the total  l imi t ing cu r r en t  is  evidently due to hy-  
drat ion of the ca rbonyl  group, and, as in the case  of  5 -n i t rofur furaI ,  split t ing of the f i r s t  wave of reduction of 
the ni t ro group, because  of the fact that  the gem-d io l  group has cons iderably  l e s s  pronounced e l ec t ron -accep to r  
p rope r t i e s ,  i s  obse rved  at  these  pH values .  The d e c r e a s e  in the overa l l  cu r ren t  in the alkal ine region is a s s o -  
cinted, as in the reduct ion of 5 -a ry l fu r fu ra l s ,  with a d e c r e a s e  in the r a t e  of protonat ion of the ketyl  anion r ad -  
i ca l s .  T h r e e  waves  (Fig. 6), the f i r s t  of  which co r re sponds  to fou r - e l ec t ron  reduction of the ni tro group, the 
second of which co r r e sponds  to two-e l ec t ron  reduct ion of the hydroxylamino group, and the th i rd  of which c o r r e -  
sponds to one -e lec t ron  reduction of the aldehyde group, a r e  obse rved  fo r  5- (p-n i t rophenyl ) fur fura l  in a 0.1 M 
NaOH base  e lec t ro ly te .  Both the rat io of the waves  and the El /2  value of  the th i rd  wave ( -  1.480 V) provide ev i -  
dence fo r  this .  In fact,  calculat ion of the El/2 value f o r  5- (p-aminophenyl ) fur fura l  in a 0.1 M NaOH base  e l ec -  
t ro ly te  f r o m  the co r r e l a t i on  equation E 1/2 = -  1.381 + 0.139a, obtained f r o m  the E 1/2 values  of 5- (p-R-phenyl)  f u r -  
fura l  in a 0.1 M NaOH base  e lec t ro ly te ,  leads  to - 1.472 V .  

E X P E R I M E N  TA L 

A cap i l l a ry  with a blade for  fo rced  de tachment  of  d rops  was used in the p re sen t  r e sea rch ;  the c h a r a c t e r -  
i s t ics  were  as  follows: m =  1.06 rag, t=  0.305 sec,  and m 2 / 3 t l / 6  = 0.85. An ex te rna l  ca lomel  e lec t rode  se rved  as 
the anode. The expe r imen t s  we re  c a r r i e d  out in a t he rmos ta t ed  cel l  at 25 • 0.1 ~ The oxygen was removed  f r o m  
the solut ions undergoing po la rography  with a s t r e a m  of  d ry  ni trogen.  The p o l a r o g r a m s  were  r e c o r d e d  with a 
R a d i o m e t e r  PO-4  po la rograph .  

C i t r a t e -phospha te  and phosphate buffer  solutions,  the pH values  of  which w e r e  moni to red  by a R a d i o m e t e r  
l~-IM22T p H - m e t e r ,  we re  used  in this study. 

The methods  fo r  the p r epa ra t i on  and pur i f ica t ion  of  the inves t iga ted  5 - a ry l fu r fu r a l s  a re  p re sen ted  in [14, 
15]. 

The 5 - a r y l f u r f u r a l s  we re  kindly supplied to us by sen io r  scientif ic  c o - w o r k e r  A. F. O1einik, for  which the 
au thors  e x p r e s s  the i r  s i nce r e  gra t i tude .  
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