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N-Methyl -  and N-benzyl -subs t i tu ted  2- ,  3-, and 4-benzazolypyr id in ium (BAP) sal ts  a r e  r e -  
duced on a dropping m e r c u r y  e lec t rode  (DME) to give a f r ee  rad ica l  in the f i r s t  step and the 
cor responding  dihydropyridine der iva t ive  in the second step.  The f r ee  radica ls  of 2-  and 4- 
BAP sal ts  a r e  distinguished by high s tabi l i ty  as compared  with other r ad ica l s  with a pyr id ine  
s t ruc tu re  owing to delocal izat ion of the unpaired e lec t ron  over  the conjugated s y s t e m  and 
can be recorded  by ESR spec t roscopy .  A pecul ia r i ty  of the BAP sal ts  is their  faci le  r educ-  
tion on the e lec t rode;  this is pa r t i cu la r ly  t rue  of the 2-  and 4-benzoxazoly l -  and benzothi-  
azoly l -subs t i tu ted  sal ts .  

It is well  known that N-me thy l -  and N-phenyl-subst i tu ted  qua te rnary  pyr id inium sal ts  a r e  reduecd on 
a dropping m e r c u r y  e lec t rode  (DME) in two one-e lec t ron  s teps via a r ad ica l  mechan i sm with the format ion  
of N-alkyldihydropyr id ine  der iva t ives ,  and the f ree  rad ica l s  fo rmed  in the f i r s t  step in the e lec t roreduct ion  
are  par t i a l ly  d imer ized  [1-4]. 

Inasmuch as the polarographic  reduct ion of N-me thy l -  and N-benzyl -subs t i tu ted  2- ,  3- ,  and 4 -benz -  
azolylpyr idinium (BAP) sal ts  with s t ruc tu res  I-XVI, which have physiological  activity,  is sui gener i s  a model  
of hydride reduct ion [5], it seemed of value to c l ea r  up the p rob lem of the pecu l ia r i t i es .o f  the mechan ism 
of the e l ec t rochemica l  reduct ion of these  compounds.  In pa r t i cu la r ,  it seemed of in te res t  to de te rmine  
whether  the BAP sal ts  d i f fer  f r o m  s imple  N-subs t i tu tedpyr id in ium sa l t s  with r e spec t  to the mechan i sm of 
the i r  e lec t roreduct ion ,  whether  only the pyr id inium ring or the conjugated sy s t em as a whole is involved 
in the e lec t roreduct ion  p roces s ,  and to what extent the p r e s e n c e  and posit ion of a benzazole  subst i tuent  in 
the pyridine ring affect  the ease  and mechan i sm of the e lect roreduct ion.  
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R 

I -XVl  

A = U, ~. N H .  R = --CH:~, -CH2C6H ~ 

A compar i son  of the exper imenta l  data presented  in Table  1 enabled us to isolate  some cha rac t e r i s t i c  
pecu la r i t i e s  of the polarographic  reduct ion of the investigated compounds and to link them with the pecul i -  
a r i t ies  of the s t ruc tu re s  of the par t i c les  reduced on the e lect rode.  

Three  reduct ion waves a r e  observed on the p o l a r o g r a m s  of N-me thy l -  and N-benzy l -2 -  and 3 -benz-  
oxazo ly l -andbenzo th iazdy l - subs t i tu ted  pyr idinium sal ts  (I, II, IV, V, IX, and XII), whereas  two reduct ion 
waves a re  observed on the p o l a r o g r a m s  of the corresponding 4-subst i tuted compounds (III, VI, X, XI, XIII, 
and XIV). Moreover ,  the El/2 values  of the 4 - i s o m e r s  a re  c lose  to the El/2 values  of the 2 - i s o m e r s  but 
a r e  more  pos i t ive  as compared  with the El/2 values  of the 3 - i s o m e r s .  The N-me thy l -  and N - b e n z y l - 3 -  and 
4-benzimidazolylpyr id in ium sa l t s  (VII, VIII, XV, and XVI) each give th ree  reduction waves.  
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TABLE l .  Half-Wave Potentials (El/2) and Limiting Curren ts  (ilim) 
for  N-Substituted Benzazolylpyridinium Salts in Dimethylformamide 
with a 0.1 N Tetrabutylammonium Iodide Background Elect rolyte  

Com-[ 
pound [ 

I 
I I  

III 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 
XII 

XIII 
XIV 
XV 

XVI 

CH~ 
CH3 
CH3 
CH3 
CHs 
CHs 
CPh 
CH3 
CH~C6H~ 

-. CH~CsHs 
CH2CsH, 
CH~CsH5 
CH~C6H5 
CH2C6Hs 
CH~C~H5 
CH~C6H~ 

' i 'S.,, . . . ,u- ...... t ,wave [ 
A lent posi- ltio n Anionliltm' I--El/,,] ilim, ~VEI/, . 

IpA IV [ ~A 

O 2 
O 3 
O 4 
S 2 
S 3 
S 4 
NH 3 
NH 4 
O 3 
O 4 
0 4 
S 3 
S 
s 

NH 3 
NH 4 

I -  
I- 
I- 
I- 
I- 
I-  
I-  
I-  

I- 
Br- I 

Br- 
Br- 

1,17 
1,04 
1,37 ] 
1,21 
1,181 
1,31 
0,73 
t ,06 
1,20 
1,42 
1,25 
1,09 
1,20 
1,40 
0,74 
1,00 

0,27 
0,41 
0,27 
0,36 
0,45 
0,30 
0,59 
0,52 
0,38 
0,21 
0,22 
0,38 
0,23 
0,23 
0,52 
0,42 

0,58 
0,24 
1,54 
0,74 
0,46 
137 
0,76 
0,80 
0,46 
1,33 
1,36 
0,46 
1,14 
1.25 
0,42 
0,80 

HI wave 

ilirn; -El/2, 
~A V 

0,97 0,78 1,62 
1,5! 1,28 1,86 
1,00 
0,97 0,52 1,60 
1,31 1,23 1,75 
0,95 
1,56 129 2,28 
1,21 0,22 1,91 
1,35 1,07 1,87 
0,98 
0,97 
1,34 1,13 1,75 
0,92 i 
0,93 
1,65 0,68 2,23 
1,15 ] 1,53 2,10 

It was shown by a mil l ieoutometr ic  method and also by calculations f rom the II 'kovich equation that 
the f i rs t  wave of all of the investigated N-substi tuted BAP salts cor responds  to a one-e lec t ron process ,  
Par t ia l  revers ib i l i ty  of the e lec t rochemica l  p roces s  corresponding to the f i r s t  wave was confirmed by the 
presence  of an anode peak on the osc i l lopolarogram at a scanning ra te  of 1 V / sec  and by recording of B reye r  
ac po la rograms  (Fig. 1). 

The ESR spect ra  recorded  under conditions of e lec t rochemica l  generation of radica ls  at potentials 
of the plateau of the limiting cur ren t  of the f i r s t  wave ( - 1 . 4  V) prove the format ion of f ree  radicals  during 
the e lectroreduct ion of 2-  and 4-substi tuted BAP salts.  Consequently, f ree  radicals  that are  sufficiently 
stable for exper imental  detection are  formed during the e lectroreduct ion of the latter,  while the radicals  
formed during the e lect roreduct ion of most  of the simple pyridinium salts  have low stabil i t ies and their de- 
velopment is only postulated on the basis  of indirect  data [1-4]. This pecul iar i ty  of the BAP salts is ex- 
plained by substantial  stabil ization of their  rad ica ls  due to delocalization of the unpaired electron over the 
entire conjugated sys tem.  However, in the case of the 3 - i somers ,  in which conjugation of the pyridinium 
system with the benzazolyl  r ing is disrupted, the radicals  lose their  unusually high stability and cannot be 
recorded  by ESR spect roscopy.  

A compar ison of the exper imental  data with the l i terature data on the reduct ion of other  pyridinium 
salts enabled us to r ep resen t  the e lectroreduct ion of the investigated compounds by a combination of a se -  
r ies  of reac t ions .  

The f i rs t  wave in the e lect roreduct ion of BAP salts corresponds  to par t ia l ly  revers ib le  t rans fe r  of 
one electron:  

R R 

(1) 

The radicals  thus formed a re  either fur ther  reduced in subsequent steps or  (in the case  of the 3- i somers)  
are  also d imer ized in the nea r - e l ec t rode  space.  We were unable to p repara t ive ly  isolate d imers  f rom the 
solution after  controllable potential e lec t ro lys is  (CPE), but the polarographic  c r i t e r i a  for I I - t h e  rec t i l inear  
charac te r  of the graph of the dependence of log [i2/3/(id-i)] on E (correlat ion coefficient 0.996) (Fig. 2) and 
the shift in the E1/2 value to more  positive values by 20 mV as the depolar izer  concentrat ion increases  by 
one order  of magnitude (Fig. 3) in conformity with the Kouteck�-Hanu~ equation [6] - constitute evidence 
in favor of the fact that dimerizat ion of the free radicals  formed as a resul t  of the f i r s t  step in the e lec t ro-  
reduction p roceeds  in para l le l  to t r ans fe r  of a second electron.  It should be noted that because of the in- 
complete revers ib i l i ty  of the f i r s t  step in the e lec t rochemica l reduc t ion ,  the r ec ip roca l  of the slope of the 
line for the 3 - i somer s  in coordinates of log [i2/3/(id-i)]  and E is higher than the theoret ical  value (59 mV). 
In the case of the 2- and 4 - i somers ,  the Kouteck~-Hanu~ equation is not observed, and the shift in El/2 as 
the depolar izer  concentrat ion increases  has the opposite sign (Fig. 3). 
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Fig. 1. F i r s t  step in the e lec t rochemical  reduction of N- 
methyl-4-(2-benzoxazolyl)pyridinium iodide in dimethylform- 
amide at a depolar izer  concentration of 2 .5 ,10  -3 mole / l i t e r :  
1) dc po la rogram (sensitivity 5 ~A); 2) osci l lopolarogram 
(scanning rate 1 V/sec) ;  3) Breyer  ac polarogram (frequency 
50 Hz, peak amplitude 20 mV). 

Fig. 2. Dependence of log [i2/~/(id - i)] on E for the f i rs t  wave 
of N-methyl-3-(2-benzoxazolyl)pyridinium iodide in DMF. 

-E,/2, V 
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Fig. 3. Dependence of El/2 on 
the concentration for the f i rs t  
wave of N-methyl -3- (2-benzox-  
azolyl)pyridinium iodide (--O--) 
and N-methy l -2 -  (2-benz oxazolyl)- 
pyridinium iodide (--Q--) (for an 
interval of concentration change 
of 1 �9 10-4-1 �9 10 -2 mole/ l i ter) .  

The coincidence of the UV spect ra  of solutions of II and XVIII 
af ter  CPE a t - 1 . 4  V constitutes evidence that a 1,4-dihydro deriva-  
tive is formed as a resul t  of the second step in the e lec t rochemical  
reduction of 3-substituted BAP salts. We were unable to accom-  
plish this sor t  of comparison of the UV spectra  for  the 2- and 4- 
substituted BAP salts because of the impossibili ty of the synthesis 
of the appropriate dihydropyridines.  We note that 1 ,4-dihydropyr-  
idines are  also products of hydride reduction of 3-benzazolylpyr-  
idinium salts [7]. 

As a resul t  of the paral le l  occurrence  of a ra ther  rapid di- 
merizat ion reaction,  the concentration of free radicals  in solution 
is low, and the second wave of the one-electron level is not reached 
in the case of the 3 - i somers  (Table 1). However, it follows from 
the resul ts  of CPE for IT that the height of the second wave increases  
approaching the level of the one-elect ron wave during prolonged 
e lect rolys is .  A s imi lar  increase  in the second wave during p ro -  
longed electrolysis  was observed by Mairanovskii  [8] during the 
reduction of quaternary pyridinium salts ,  ;and this fact  was ex- 
plained by buildup in solution of the catalyt ical ly active e lec t ro ly-  
sis product.  In our case the second wave is not a catalytic wave. 
This is confirmed by the increase  in its height as the depolar izer  
concentrat ion and the height of the mercury  column are increased.  

A confirmation of the fact that the second wave in the e lect rochemical  reduction takes place with the 
consumption of protons is the fact that the second wave also reaches  the one-elect ron level as the concen- 
tration of the proton donor (water) in dimethylformamide (DMF) solutuion increases ,  and the El/2 values 
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TABLE 2. Half-Wave Potent ials  (El/2) and Limiting Curren ts  (ill m) 
for  Compounds Modeling Two Heterocycl ic  Systems Enter ing into 
the Composit ion of the Benzazotylpyridinium Salt for  Dimethyl-  
fo rmamide  Solutions with a 0.1 N Tet rabuty lammonium Iodide Back-  

C o m  - 

pound 

ground Elec t ro ly te  

Compound formula 

XVI1 

XVIII 

1 
x l x  

XX 

XXI 

XXI1 

XXIII 

J 
C H  a 

CH a 

~ --r s 

I 
CH s 

CO 
~ H s  

Name 

N -Methyl-4-phenyl- 
pyridinium 
iodide 

N-Methyl-3-(2- 
benzoxazolyl)- 
1,4-dihydro - 
pyridine 

N-Methyl-S-(2- 
benzothiazolyl)- 
1.4-dihydro- 
pyridine " 

N-Methyl-4-(2- 
benzoxazotyl)- 
1.2,5.6-ter~a- 
hydropyridine 

N-Methylpyridiniun 
iodide 

Benzoxazole 

2-MeUhytbenzox - 
az ole 

Iwave L Ilwave 

�9 E-< ~ i"< ~ 

1,441 0,7510,521 1,66 
l 

I 
I 
I 

1,20i 1,s71 - I - -  
I 

1 , 0 1 ]  1 , 6 8  - - ,  - -  

1,971 1,71 -- - -  

i 
1 
I 

1 , 5 5  0 , ' / 6  - -  - -  

2,00 2,14 ~ - - I  

2,24 2,29 -- --I 

Ill wave 

,~" ~.[ I > 

,16 t, 2,03_ 

of the increased second wave a re  shifted in both cases  to the posi t ive side by 120 mV, i .e. ,  the react ion is 
faci l i tated.* On the basis of what was stated above, the formation of the second wave can be represen ted  
by the following scheme:  

I 
R 

1 
R 

+"__-- 

+e l 
(2) 

In cont ras t  to the 2- and 3 - i somer i c  BAP salts  the second wave of the 4- i somers ,  judgIng f rom its 
height, is a one-e lec t ron  wave. This d i f ference in the cha rac t e r  of the second wave should be explained by 
the different  ra tes  of d imer iza t ion  of the f ree  radica ls  of these compounds. The construct ion of S t u a r t -  
Br iegleb models showed that the format ion of d imers  in the 2, 2 ' -posit ion is s te r ica l ly  hindered fo r  the 4- 
substituted compounds, whereas  the format ion of d imers  in the 4,4 ' -posi t ion is complete ly  impossible.  Con- 
sequently,  the ra te  of d imer iza t ion  in tMs case  is the minimum rate ,  and almost  all of the f ree  radicals  
formed in the f i r s t  step a re  subsequently reduced via scheme (2). The fact  that those BAP sal ts  that give 
exclusively monomeric  compounds during chemical  reduction [10] have f i r s t  and second waves on the polaro-  

* The reason for  the overs ta ted second wave during prolonged e lec t ro lys is  of II may be react ion of the di- 
mers ,  which are  s t rong oxidizing agents,  with the pyridinium salts,  as a resu l t  of which viologenic sal ts ,  
which are  capable of reduct ion [9], a re  formed.  
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grams  that are  close in height may also serve  as an indirect confirmation of the fact that the height of the 
second wave is limited by the ability of the intermediately formed free radicals  to undergo dimerizat ion.  

The inhibited dimerizat ion of the radicals  of the 4-substi tuted salts is a consequence of the above- 
noted stabilization of these radicals  by delocalization of the unpaired electron over the conjugated system. 

Finally, the nonprotonated radicals  can apparently also be reduced at more  negativepotentials ( -1 .8  V), 
and this is responsible  for the appearance of a third wave on the po la rograms .  However, the fact that the 
El/2 value of the third wave of II corresponds with the El/2 value of XVIII (Table 2) may also constitute evi- 
dence for a different origin of this w a v e -  namely, subsequent e lectroreduct ion of the dihydro product to the 
te t rahydro derivative.  Thus the nature of the third wave canaot be considered to be definitely explained. 

A confirmation of the fact that the f i rs t  step in the reduction ultimately involves the pyridine ring is 
the polarographic behavior of XVII and XXII. Compound XXII is reduced at more negative potentials and 
the observance of e lectroreduct ion processes  involving this f ragment  of the molecule is difficult in the inves- 
tigation of I-XVI. An analysis of the data on the f i rs t  polarographic wave enabled us to isolate some char -  
acter is t ic  peculiari t ies  of the electroreduction of the investigated compounds. The addition of the f i rs t  e lec-  
t ron to the 3-substituted salts is realized in all cases  (see Table 1) at potentials that a re70-150  mVmore  
negative than in the case of addition to the corresponding 2- and 4 - i somers ,  and this is explained by the dif- 
ficulty involved in drawing off of electrons from the 3 position of the pyridinium ring by the benzazole ring. 
The lesse r  effect of a substituent in the 3 position on the e lectroreduet ion of the pyridinium ring as com- 
pared with the effect of substituents in the 2 and 4 positions has already been repeatedly noted in the l i tera-  
ture for other compounds [8, 11-13]. 

As a rule,  N-benzylpyridinium salts (IX-XVI) are  reduced at more positive potentials than the co r -  
responding N-methyl  derivatives (I-VIII). This is explained by the negative inductive effect of the benzyl 
substituent, which facilitates electroreduct ion [11]. 

The nature of the anion (Br-,  I-) does not affect the reduction potentials,  inasmuch as the same sub- 
stituted pyridinium ion is reduced in all cases .  

The most  interesting feature of the investigated compounds is the ease of addition of the f i rs t  electron. 
It is well known that the potentials of t r ans fe r  of the f i rs t  electron to the lower vacant MO of the pyridinium 
ring to give a f ree radical  - a ~ septet - can be used as a charac te r i s t ic  of the electrophilicity of the cor -  
responding pyridinium salts or as an est imate of the electrophil ici ty of a given substituent in the cor respond-  
ing position. 

Whereas unsubstituted N-methylpyridinium salts are reduced a t - 1 . 0  V in DMF and the cor respond-  
ing 4-phenyl-substi tuted salts are  reduced at - 0 . 7 5  V, the reduction potentials of benzazolyl-substi tuted 
pyridinium salts are  shifted f rom - 0 . 3  t o - 0 . 6  V. Moreover,  2- and 4-benzoxazolyl-substi tuted componnds 
(I and III) a re  reduced most readily ( -0 .27  V), benzothiazolyl-substi tuted salts (IV and VI) are  reduced with 
grea ter  difficulty ( -0 .30  and - 0 . 3 6  V, respectively),  and benzimidazolyl-substi tuted salts (VIII) are  r e -  
duced with the greates t  difficulty ( -  0.52 V). This sor t  of relationship between the reduction potentials may 
constitute evidence for the manifestation of two competitive effects:  withdrawal of electrons f rom the p y r -  
idinium sys tem by the benzazolyl substituent as a whole and t r ans fe r  of electrons f rom the unshared pair  
of electrons of the heteroatom of the benzazole ring, during which negativization of the reduction potentials 
is observed in the order  0<_ S< NH. The effects of a benzazolyl substituent in the 2 and 4 positions on the 
electroreduct ion of the pyridinium system are approximately equal, whereas the effect in the 3 position is 
considerably smal ler .  

The approximate Hammett  a constants in the 4 position that we calculated are  as follows, respect ively:  
+0.6 for the benzoxazole and benzothiazole substituents, +0.3 for  the benzimidazole substituents, whereas 
the values a r e  + 0.3 in the 3 position for the benzoxazole and benzothiazole substitutents and + 0.2 for the 
benzimidazole substituent, i.e., all of the indicated substituents a re  electron acceptors  of medium strength. 

E X P E R I M E N T A L  M E T H O D  

The polarographic investigation of I-XXIII was carr ied  out with recrys ta l l ized  samples.  

In order  to exlude the effect of protonation on the e lect rochemical  reaction and to separate  the elec-  
t rochemical  reduction into individual steps, polarography was carr ied  out with a short-period electrode in 
anhydrous DMF purified by the method in [14]. Specially purified tetrabutylammonium iodide was used as 
the inert electrolyte.  The depolar izer  concentration in all cases was 2.5 �9 10 -3 mole / l i te r ,  and the ionic 
strength was 0.125. 
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The po la rograph ic  inves t iga t ions  were  c a r r i e d  out with a R a d i o m e t e r  RO-4 po la rog raph  a t  25 ~ with 
a t he rmos t a t t ed  ce l l  [15]. A dropping m e r c u r y  e l ec t rode  with forced de tachment  and m = 0.31 m g / s e c  and 
t = 0.25 sec  (during open c i rcui t )  was used as the ind ica to r  e l ec t rode  (the cathode).  M e r c u r y  poured into 
the bottom of the ce l l  s e rved  as the anode. A c o r r e c t i o n  for  the in t e rna l  r e s i s t a n c e  of the ce l l  was in t ro -  
duc ed. 

The number  of e l ec t rons  (n) consumed in the e l ec t ro reduc t ion  of one pa r t i c l e  of the d e p o l a r i z e r  was 
ca lcu la ted  f rom the I I 'kovich equation, and the diffusion coeff ic ients  were  de te rmined  f rom pycnomet r i c  data 
f rom the S t o k e s - E i n s t e i n  equation [16]. Inasmuch as the l a t t e r  equation is a p p l i e a b l e f o r  uncharged mole -  
cu les ,  the diffusion coeff ic ients  were  de t e rmined  fo r  model  compounds [3 -benzoxazo ly lpyr id ine  (D=5.56 �9 
10 -6 cm2/sec)  and 4 -benzo th i azo ly lpy r id ine  (D = 4.38 �9 10 -6 cm2/sec)] ,and the va lues  obtained were  used for  
the ca lcula t ion  of the n va lues  of the inves t iga ted  compounds exis t ing in the form of ions. The n values  ob- 
tained for  the f i r s t  wave of a l l  of the inves t iga ted  BAP sa l t s  were  1.0. 

In the case  of II, the n value for  the f i r s t  wave was a lso  de te rmined  by an independent mi l l i cou lome t r i c  
method [17] and was found to be 0.92, i .e . ,  the wave was a one - e l e c t r on  wave. 

In o r d e r  to e s t ab l i sh  the c h a r a c t e r  of the e l ec t ro reduc t ion  we c a r r i e d  out CPE [17] with subsequent  
ident i f ica t ion  of the e l e c t r o l y s i s  products  by independent methods (UV s pe c t r o s c opy  and ESR s p e c t r o m e t r y ) .  
In o r d e r  to de tec t  the f r ee  r a d i c a l s  we c a r r i e d  out the e l e c t r o l y s i s  in a s pe c i a l  ce l l  p laced d i rec t ly  in the 
r e s o n a t o r  of a ESR s p e c t r o m e t e r  by the method in [18]. 

In o r d e r  to a s c e r t a i n  the c h a r a c t e r  of the s u c c e s s i v e  s teps  in the e l ec t ro reduc t ion  at  more  negative 
poten t ia l s  we made a po la rog raph ic  inves t iga t ion  of some compounds that  model  both he t e rocyc l i c  s y s t e m s  
that  include BAP sa l t s  and the supposed products  of t h e i r  e l e c t r o c h e m i c a l  reduct ion (Table 2), which were  
syn thes ized  by the methods in [5, 7, 19]. In addit ion we c a r r i e d  out the CPE of II at  the poten t ia l s  of the 
p la teau of the l imi t ing  c u r r e n t  of the f i r s t  ( - 1 . 4  V) and th i rd  ( - 2 . 7  V) waves.  
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