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The  kinet ics  of b rom i ne  exchange by iodine in furan der iva t ives  were  studied; it is shown that the 
reac t ion  is r e v e r s i b l e  and inhibited by oxidizing agents .  Chloro der iva t ives  of furan do not under -  
go this reac t ion .  A c ryp toreduc t ive  m e c h a n i s m  is proposed;  the f i r s t  s t e p o f t h i s m e c h a n i s m  con- 
s i s t s  of e lec t ron  t r a n s f e r  to the halofuran molecu le  with subsequent  r e v e r s i b l e  d issocia t ion of the 
anion rad ica l  - inclusion of the iodide anion in the d issocia t ion  equi l ibr ium leads  to the subs t i tu -  
tion product .  

The c l a s s i c a l  concepts  regard ing  the m e c h a n i s m  of a roma t i c  nucleophflic substi tut ion in r ecen t  y e a r s  
have  been expanded cons iderab ly  due  to the detect ion of a l a rge  number  of d ive r se  new m e c h a n i s m s  that include 
a s tep  involving e lec t ron  t r a n s f e r  [1-11]. A common fea ture  of these  m e c h a n i s m s  is the assumpt ion  of the fo r -  
mat ion of anion rad ica l s  ArX'- (which, in a number  of cases ,  have been recorded  by ESR, NMR, and e lec t ronic  
spec t roscopy)  as  a r e su l t  of e l ec t ron  t r a n s f e r  f r o m  the nucleophile to the a roma t i c  molecule .  The subsequent  
fate of the anion rad ica l  m a y  v a r y  - e i ther  rapid  " in -cage  ~ recombina t ion  of  the rad ica l  pa i r  to give the Meisen-  
h e l m e t  complex  [1, 2], or  e m e r g e n c e  of the anion rad ica l  f r o m  the react ion ~cage ~ into solution with subsequent  
independent reac t ion  of it, is a s sumed .  A chain m e c h a n i s m  of the second type (symbol ica l ly  designated as SRN1) 
has  been detected by a n u m b e r  of r e s e a r c h e r s  [5-8]: 

Scheme 1 
r 

*e _' y -  '- -e  
ArX ~ ArX - -  At" ~ X -  ~ ArY ~ ArY 

In the ease  of h e t e r o a r o m a t i c  nucleol~hilic substi tut ion these  ideas have been used  by Wolfe and co -w o rk -  
e r s  [10], who studied the k inet ics  of nuoleophitie exchange of chlor ine in 2-ohloroquinoline,  and also by Zol te-  
wicz and Oestre~h [11], who demons t r a t ed  that  3-bromoisoquinol ine ,  depending on the na ture  of the nucleophile, 
m a y  r eac t  both v ia  the c l a s s i c a l  ionic m e c h a n i s m  and via  an ion- rad ica l  chain m e c h a n i s m  of the SIR~Ti type. 

In our  preceding  pape r s  [12-15] we showed that  the react ion of 5 -ha lo-2-subs t i tu ted  fi~rans with amines  is 
subjec t  to the p r inc ip les  c h a r a c t e r i s t i c  of the t radi t ional  s tepwise  m e c h a n i s m  of the "add i t ion -e l imina t ion"  
type. However ,  it was found that  these p r inc ip les  undergo a complete  " r e v e r s a l  n fo r  b romine  exchange by io-  
dine, which, with r e s p e c t  to i ts  s to ich iomet ry ,  is  a lso  c lass i f ied  as "nucleophilic substitution": 

Scheme 2 
L. 

B~/ -z . .v .  k_,, I o z 

I -V l - Y  a 

I Z CHO: I[ z = C O C H s ;  III  Z = C H ' = C H - - C O C G [ 1 5 ;  IV Z = C H = C H - - N O 2 ;  V z = N O .  2 

Bromine  exchange by iodine in furan der iva t ives ,  which has been known for  ~ 20 yea r s ,  is widely used in 
p r e p a r a t i v e  p rac t i ce  (for example ,  see  [16-18]}, but i ts  m e c h a n i s m  has  not been invest igated.  The p r e s e n c e  of 
oxygen has  a subs tant ia l  ef fect  on the ra te  of the p roce s s ,  and we the re fo re  init ial ly inves t igated the reac t ion  in 
a n i t rogen a t m o s p h e r e  in the case  of 5 -b romofu r fu ra l .  I t  follows f r o m  curves  1 and 2 (Fig. 1) that the react ion  
is  r e v e r s i b l e  and that  equi l ibr ium is r eached  at 80% convers ion .  The s a m e  equi l ibr ium posit ion can be reached  
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Fig. 1. Kinetics of bromine exchange by iodine for 5-bromofur- 
rural [1) iodine consumption; 2) accumulation ofbromide ion] and 
iodine exchange by bromine for 5-iodofurfural [3) bromine con- 
sumption; 4) accumulation of iodide ion] in a nitrogen atmosphere. 

Fig. 2. Kinetics of the oxidation of the iodide ion by air  oxygen 
at 115"C (1, 2) and at 100"C (3, 4) [1) and3) are the percentages 
of titrable iodide ion; 2) and 4) are its effective concentrations 
in the reaction mixture]. 
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Fig. 3. Kinetics of bromine exchange by iodine for 5-bromofur- 
rural in an air  atmosphere [1) iodide ion consumption in oxida- 
tion; 2) percentage of the titrable iodide ion; 3) effective con- 
centration; 4) accumulation of bromide ion]. 

Fig. 4. Effect of inhibitors on the kinetics of bromine exchange 
by iodine for 5-bromofurfursl in a nitrogen atmosphere [1) in the 
absence of an inhibitor; 2) in the presence of 1% p-nitrobenzal- 
dehyde; 3) in the-presence of 5% p-nitrobenzaldehyde; 4) in the  
presence of 1% p-aminophenol; 5)in the presence of 1% p-amino- 
phenol]. 
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Fig. 5. Effect of functional groups 
on the kinetics of bromine ex- 
change by iodine for  5 -b romo-2 -  
Z-subst i tu ted furans (the num-  
be r s  onthe curves  co r respond to  
the numbers  of the compounds. 

when an equimolar  mixture  of 5- iodofurfural  (Ia) and potass ium bromide (curves 3 and 4) is added to the r eac -  
tion. An attempt to calculate  the k 1 and k_ 1 constants within the f ramework of the equation [19] 

dCi 
d~ k~[I][I-]- k_~[Ia][B r-] 

was unsuccessful :  It was found that the react ion does not follow the equation for  revers ib le  bimolecular  reac-  
tions. 

Contact of the reaction mixture with a i r  oxygen leads to slowing down of the reaction. It is known that oxy- 
gen reac t s  with potass ium iodide dissolved in glacial  acet ic  acid at a ra ther  high rate  [20, 21]. Tying up of oxy- 
gen by the react ion mixture  also occurs  under the conditions of the reaction under consideration.  Fo r  example, 
the kinetics of iodide ion consumption in the oxidation react ions (3 I - - - I3 -  ) when halofuran is absent is shown in 
Fig. 2. The 13- complex ion can be determined in the reaction mixture spectrophotometr ical ly  f rom the change 
in the optical density in the region of the absorption maxima [kma x 290 nm (log r 4.74) and Xma x 360 nm (log 
4.52)]. However,  during potent iometr ic  determination of the iodide ion in an aqueous acidic medium the com-  
plex is hydrolyzed,  thereby giving a higher  concentrat ion of t i trable halide ion (curves 1 and 3) than its effective 
concentrat ion in the react ion mixture (curves 2 and 4). The kinetics of oxidation at 100 ~ have diffusion cha rac -  
ter  up to N 90% conversion (curve 4) and only then enter  into the kinetic region. At 115 ~ (which is close to the 
boiling point of acetic acid) the react ion rate  dec reases  sharply (evidently because of a decrease  in the oxygen 
concentrat ion on the surface)? and the kinetics have diffusion cha rac te r  over  the entire investigated segment  
(curve 2). 

The kinetic curves  of the reaction of 5 -bromofur fura l  with potassium iodide at 100 ~ in an a i r  a tmosphere  
(Fig. 3) show that in this case there is a superimposit ion of paral lel  p roces ses  - revers ib le  bromine exchange 
by iodine and i r r eve r s ib l e  oxidation of iodide ion. However, the decrease  in the observed rates  of deb romina -  
tion (in compar ison  with the corresponding react ion in a nitrogen atmosphere) cannot be e:vplained only by for -  
maHy kinetic inhibition due to part ia l  tying up of the reagent.  For  example, for  T = 10 rain (curve 4, point A) the 
iodide ion concentrat ion in the reaction mixture is 78%, as compared with an I concentration of 87%. However, 
the observed react ion rate  in this case  is low and cor responds  to the rate  at a subst ra te  and reagent concent ra-  
tion of 29% for  the reactions occur r ing  in nitrogen (point A, curve 2, Fig. 1). For  r = 30 min (point B, curve 4, 
Fig. 3) the observed rate  of elimination of bromine is lower by a factor  of 10 than the rate of the same  reaction 
in nitrogen at equal iodide ion concentrat ions (54%) and a higher  substrate  c o n c e n t r a t i o n -  82 and 54~, r e spec -  
t ively (point B on curve 2, Fig.  1). 

Thus, in the p resence  of a i r  oxygen the observed reaction rate decreases  not only due to part ia l  oxidation 
of the reagent but also due to t ~ l y  kinetic inhibition of  the react ion by oxygen. It was also established that a ro -  
matic nitro compounds, par t icular ly  p-nitrobenzaldehyde (Fig. 4), have an appreciable inhibitingeffect,  p -Amino-  
phenol was found to be a s t rong inhibitor, although hydroquinone, with proper t ies  s imi lar  to it, does not effect 
the reaction; when p-aminophenol  is added to the react ion mixture,  it r eac t s  with I to give the corresponding 
Schiff base  (which can be detected photometr ical ly  f rom the appearance of a lemon-yel low color), which is prob- 
ably a t rue react ion inhibitor. The effect of oxidizing agents (oxygen, p-nitrobenzaldehyde,  and the Schiff base} 
on the reaction seemed unusual f rom the point of view of traditional concepts regarding the ionic SN2Ar mech-  
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TABLE I. 

Z 

-E'/2, V 

Pola rograph ic  P r o p e r t i e s  of I -V  

-CH ~CH-COC6H3 CHO COCHs 

0.369 0.982 1.221 

CH-CH-NO~ I NO~ 

0.314 I 0.475 

an i sm and m o r e  l ikely indicated i ts  c ryp toreduc t ive  rad ica l  cha rac t e r .  A s i m i l a r  effect  of oxidizing agents  on 
the r a t e  of a p r o c e s s  was advanced in [7-11] as the main proof  in favor  of an SRN1 chain mechan i sm,  on the 
bas i s  of which we adopted this mechan i sm as a hypothet ical  m e c h a n i s m  also in the reac t ion  that we examined.  

I t  follows f r o m  Fig.  5 that the ef fec t  of  the nature  of functional group Z of the halofuran on the react ion  r a t e  
does  not co r r e spond  to the act ivat ing fo rce  of  the indicated grouping in reac t ions  that take place  v ia  an add i t ion-  
e l iminat ion mechan i sm.  Substi tuents Z a r e  a r r anged  in the following o r d e r  of  dec reas ing  ra t e s :  CH = CHCO. 
C6H 5 > CHO > COCH 3 > CH = CH--NO 2 > NO 2. At the s a m e  t ime,  the subst i tuents  a r e  a r r anged  in the following 
o r d e r  in the react ion  of 5 -ha lo -2 -ca rbony l  compounds with secondary  amines  [15]: CHO > COCH 3 >>CH = CH �9 
COC6Hs; the ni t ro  group is the s t ronges t  of al l  of  the invest igated ac t iva tors  of  nucleophilic halogen exchange 
in the furau ring, su rpas s ing  i ts  analogous effect  in the benzene ring [14]. At the s a m e  t ime,  a po la rographic  
study of I -V*  (Table 1) showed that the ha l f -wave  potent ials  for  re la ted  groups  of compounds c o r r e l a t e  with 
the i r  r eac t iv i t i e s .  In the case  of carbonyl  compounds the ease  of po la rographic  reduction d e c r e a s e s  in the o r -  
de r  CH = CHCOC6H 5 > CHO > COCH3, as does the r a t e  of  b r o m i n e  exchange by iodine. 

The  e lec t rode  p r o c e s s  fo r  these  compounds cons is t s  of two-e lec t ron  reduction of the halogen atom, as is 
obse rved  for  5 -b romo-2 -ace ty l th iophene  [22]. An analys is  of the p o l a r o g r a m s  obtained for  IV and V showed 
that  the halogen and the ni t ro  g r o u p a r e  reduced at c lose  potent ials  and that the ha l f -wave  potent ials  (see Table  
1) c o r r e s p o n d  in this case  to a f ou r - e l ec t ron  p roce s s .  The  anomalously low ra te  of iododebrominat ion fo r  these  
compounds is  poss ib ly  due to the "se l f - inhib i t ing ,  act ivi ty of the subs t ra te :  The functional group itself ,  which-  
undergoes  pa r t i a l  reduction,  will act  as a react ion  inhibitor.  I t  is known that n i t ro fumns  f o r m  sufficiently s t a -  
ble anion rad ica l s  [23]. The biological  action of n i t rofurans  is due to the i r  inhibiting act ivi ty in the bac t e r i a l  
t r a n s p o r t  of e lec t rons  and c o r r e l a t e s  d i rec t ly  with the p a r t i c u l a r  ease  of the i r  po la rographic  reduction [24]. 
This  specif ic i ty  of n i t rofurans  is apparent ly  a lso  mani fes ted  in the reac t ions  studied in this r e s e a r c h .  

A m e c h a n i s m  of b romine  exchange by iodine, including r e v e r s i b l e  e lec t ron  t r a n s f e r  f rom the reduct ive  back-  
ground c rea ted  by iodide ions to the halofuran molecule  with subsequent  el iminat ion of a halide ion f r o m  the r e -  
sult ing ion radical ,  has  been p roposed  to explain the fac ts  se t  fo r  the above [25]: 

Scheme 3 

Br Z Z Z I Z ! - -Z  

The furyl  rad ica l  obtained in this case  r e a c t s  with one of the hal ide ions of  the react ion mix tu re  to give e i ther  
the s t a r t ing  m a t e r i a l  o r  the final product .  The equi l ibr ium es tab l i shed  in this react ion,  which co r re sponds  to 
80% convers ion ,  does not depend on the nature  of functional group Z but, on the whole, is de te rmined  by the r e -  
act ivi ty  of the in te rmedia te  furyl  r ad ica l  with r e spec t  to the reac t ion  with b romide  and iodide ions. 

The scheme  p resen ted  above does not contradic t  data on the e l ec t rochemica l  reduct ion of ac t ivated halo de-  
r i va t ives .  I t  is known, for  example ,  that  p- iodoni t robenzene  during one -e lec t ron  reduction gives an anion r a d -  
ical  that d i s soc ia te s  r e v e r s i b l y  to give iodide ion and the p-ni t rophenyl  radica l .  An inc rease  in the iodide con-  
centra t ion shif ts  the d issocia t ion  equi l ibr ium to favor  the anion rad ica l  [26]. 

We have fotm~ that  ch lorofurans  do not r e a c t  with po ta s s ium iodide under  the indicated conditions, whe reas  
chloro de r iva t ives  of furan r eac t  with amines  at the highest  ra te  in the halogen s e r i e s  [13, 14]. This  s e r v e s  as 
yet  ano ther  a rgument  in favor  of the ion r ad ica l  c h a r a c t e r  of  the reac t ion  under  considerat ion:  It is known that 
the C - X  bond in a r o m a t i c  anion rad ica l s  is  much m o r e  s table  with r e s p e c t  to ionization when X = C1 than when 
X = B r  [27]. 

The  invest igated reac t ion  undoubtedly has  c ryp toreduc t ive  c h a r a c t e r  and p a s s e s  through a s tep involving 
one -e l ec t ron  t r a n s f e r  with the fo rmat ion  of an anion rad ica l .  At the same  t ime,  the poss ibi l i ty  that scheme  3 
does not exact ly  r e f l ec t  i ts  t rue  m e c h a n i s m  cannot be excluded. I t  may  be a s sumed  that the furyl  rad ica l  is not 
f o rmed  in this reac t ion  as  a kinet ical ly independent par t ic le :  Without emerg ing  f r o m  the react ion "cage ,"  it r e -  

* The po la rographic  p r o p e r t i e s  of  the compounds w e r e  studied in the All-Union Sc ien t i f i c -Resea rch  and Design 
Inst i tu te  of  Monomers  (Tula) by I.  M. Sosonkin and G. L. Kalb, to whom the authors  extend the i r  s i nce re  thanks.  
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�9 acts  with a second anion, which is also included in the act ivated complex .  In the Hmiting case ,  synchronous 
mutual  exchange of  the halogens in the anion rad ica l s  (depicted in scheme  4 in the m e s o  fo rm with separa t ion  
of  the r ad ica l  and ionic f ragments )  is poss ib le  h e r e  - in the sp i r i t  of the te rminology  of  Bunnett  and c o - w o r k e r s  
[5-7] this m e c h a n i s m  can be designated by the symbol  SRN2: 

Scheme 4 

8r  Z ~ Br Z-  Br- I Z-  ~"- '-- I Z 

The data cu r r en t ly  avai lable  a re  inadequate fo r  a subs tant ia ted  choice between scheme  3 and 4 and requi re  
additional s tudies .  

EXPERIMEN TAL 

Chemically-pure-grade potassium iodide was dried at i00 ~ and stored in a desiccator over sulfuric acid. 
Chemically-pure-grade glacial acetic acid was rendered anhydrous by repeated freezing out and was freed of 
dissolved oxygen by refluxing in a stream of nitrogen. The acid was stored under nitrogen and was selected for 
the experiments in a stream of nitrogen. The nitrogen from the cylinder was freed of oxygen by bubbling through 
two successively connected 1-m-high columns filled with a copper-ammonia complex, after which it was freed 
of ammonia and moisture by the usual methods. 

The reaction was carried out with an equimolar ratio of reagents at a concentration of 0.025 M. Where nec- 
essary, the charging of the reactor with the reagents and the solvent and the selection of samples were accom- 
plished in a stream of nitrogen. The reaction was stopped by the addition of water; the bromide and iodide ions 
were determined potentiometrically by the method in [12]. 

The polarograms of the compounds were recorded with a dropping mercury electrode by the method in [28] 
with an LP-7 polarograph at 20 ~ in a solution of glacial acetic acid; 0.5 N Bu4NCIO 4 was used as the base elec- 
trelyte, and a standard calomel electrode was used as the comparison electrode. 
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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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