
R E A C T I O N S  O F  C Y C L A M M O N I U M  C A T I O N S  

XXII.* THE INFLUENCE OF SUBSTITUENTS ON THE HETEROATOM 

ON THE EASE OF POLAROGRAPHIC REDUCTION OF PYRIDINIUM CATIONS 

M.  K .  P o l i e v k t o v ,  A .  K .  S h e i n k m a n ,  
a n d  L .  N .  M o r o z o v a  

UDC 542.942.3:547.821.413 

The po la rographic  reduction of pyr id in ium cat ions with va r ious  subst i tuents  both in the 
nucleus and at  the he t e roa tom has been invest igated.  The reduction mechan i sm is d e t e r -  
mined by the subst i tuents  in the pyridine nucleus .  Substi tuents a t tached to the ni t rogen 
a tom and to ca rbon  a toms of the r ing affect  the e lec t rophi l i c i ty  of pyr id inium cat ions di f -  
f e ren t ly .  

As is well  known, in the po la rographic  reduction of pyr id inium cat ions the t r a n s f e r  of one e lec t ron  
into the lowes t  vacant  ~ orb i ta l  of the pyr id in ium nucleus takes  place with the format ion  of s table h e t e r o -  
a romat i c  s y s t e m s  with seven ~ e lec t rons  (~ septet) [2, 3] which have been isola ted in some cases  [4]. The 
one -e lec t ron  reduct ion of pyr id inium sa l t s  may  be cons idered  as the s imp le s t  case  of nucleophilic subs t i tu -  
tion, s ince in the m a j o r i t y  of c a s e s  such reac t ions  also include an in te rmedia te  stage of one-e lec t ron  t r a n s -  
fe r  with the fo rmat ion  of ~r complexes  (or c h a r g e - t r a n s f e r  complexes ) .  In view of this ,  the values  of the 
ha l f -wave  potent ia ls  of the reduct ion of pyr id inium cat ions may  be cons ide red  as a m e a s u r e  of the i r  e l e c -  
t rophi l ic i ty  and, consequent ly,  thei r  act iv i ty  in reac t ions  with nucleophi les .  

We have inves t igated the po la rographic  reduction of pyr id intum sa l t s  with var ious  subst i tuents  in the 
ring and on the he t e roa tom in o rde r  to de te rmine  the i r  influence on the e lec t rophi l ic i ty  of the ca t ions .  It 

\ +  
is known that  the qua te rna ry  ni t rogen a tom in an azomethine / N = C H - -  is not an obstacle  to the t r a n s f e r  

of the conjugation ef fec ts  of subst i tuents  [5], There  is also information on the poss ib i l i ty  of the t r a n s f e r  
of e lec t ron ic  ef fec ts  of subst i tuents  at tached to the ni t rogen he t e roa tom in qua te rna ry  pyr idinium sa l t s  
[6-8]. At the same t ime,  m e a s u r e m e n t  of the r a t e s  of the deu te r ium-exchange  reac t ions  of pyr idinium 
sa l t s  with var ious  N subst i tuents  has shown that in the main only the induction ef fec ts  of the subst i tuents  

t r ansmi t t ed  through ~ . ~  [9]. Our observa t ions  of the re tent ion of the nucleophilic act iv i ty  of a re  a n  N H  2 

group at tached to the ni t rogen a tom of a pyr id in ium cation also indicates a weak p-~r  conjugation or  the 
absence of conjugation of the p e l ec t rons  of the exocycl ic  ni t rogen atom with the ring (in con t r a s t  to an a -  
or  a y - a m i n o  group where  the exis tence  of conjugation causes  a d i sp lacement  of the p e lec t rons  of the 
amino group and the weakening of its nucleophilic activity) [10]. 

To de te rmine  the nature  of the e lec t ron ic  t r a n s m i s s i o n  capabi l i ty  of a r ing ni t rogen a tom bear ing  a 
posi t ive charge ,  we have inves t igated the po la rographic  behavior  of three  groups of pyr id inium sal ts  (I-HI).  

In con t r a s t  to the sa l t s  (I), in the qua te rna ry  sa l t s  (II and III) conjugation of R with the nucleus is 
imposs ib le  because  of the acop lanar i ty  of the molecule  [11]. Consequently,  by compar ing  the Influence of 
the subst i tuent  R on the value of the ha l f -wave  potent ial  of all  three  groups of sa l ts  it is poss ible  to d e t e r -  
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Fig.  1. Dependence of log [ i~ /3 / ( id -  i)] 
on E in the reduction of the sa l t s  (I) in 
DMFA: I) (Ia); 2) (Ib); 3) (le). 

�9 ~o i~b ~c-~ )~f iog~ - - - . J u -  - - 

0,5 

0 

~,5 

i i i i 
-08 -0,9 -1,0 -I.~1 E) V 

Fig.  2. Dependence of log [ i / ( i  d - i)] on 
E in the reduct ion of the sa l ts  (IID in 
DMFA. 
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Fig.  3. Dependence of the p ropor t i on -  
al i ty  coeff ic ient  of the llkovic equation 
~t = I / c  (1) and of El/2 on the pH of the 
solution (2) in the reduction of (IIIg) in 
50% DMFA. 

mine the contr ibution of the M effec t  to the total  influence of 
N subst i tuents  in the sa l t s  (I} on the change in the e l e c t r o -  
phi l ici ty of these ca t ions .  

~ N  ~ CH a CH 3 C6H ~ GH~ 

I I I  I I I  

R=GHa, H. C6H5, p-CH3C6H 4, p-CHaOCsH 4, D-CIC6H 4, ~-BrC6H 4 

The polarographic  study of the sa l ts  was p e r f o r m e d  in 
DMFA on a suppor t  of 0.05 M KC104, and also in aqueous di -  
me thy l fo rmamide  media  at var ious  pH va lues .  In DMFA, the 
cations (I) a re  reduced  in one s tage.  In a g r e e m e n t  with the 
Ilkovic equation, within wide l imi t s  the cu r r en t  is p ropor t iona l  
to the concentra t ion of depo la r i ze r .  The diffusion coeff icient  
of N-methylpyr id ine  calcula ted f rom this equation proved  to 
be 1.1 �9 10 -5 cm 2 �9 sec -1 . Jus t  the s ame  value of D for  aqueous 
solutions at 25~ has been obtained f rom the values of the 
mobi l i ty  of N-methylpyr id ine  at infinite dilution [12]. 

Since the v i scos i t i e s  of wa te r  and DMFA at 25~ are  
p rac t i ca l ly  identical,  it may  be a s sumed  that in DMFA the 
nature  of the reduction will not change,  i .e. ,  these compounds 
are  reduced with the consumption of one e lec t ron .  According 
to theory  [2], the subsequent  fas t  d imer iza t ion  reac t ion  will 
de te rmine  the shape of the wave and the dependence of E~/2 
on the concentra t ion of depo la r i ze r :  E~/2 shifts  to posi t ive 
potent ials  with a r i se  in the concentra t ion of depo la r i ze r ,  and 
the wave is rec t i f ied  in a plot of log [i2/~/(i d - i)] ve r sus  E 
{Fig. 1), the cha rac t e r i s t i c  potential  (80) being independent of 
the concentra t ion and the r e c i p r o c a l  of the slope being close 
to the theore t ica l  value of 59 mV (Table 1). 

The r e v e r s i b l e  nature  of the wave is conf i rmed  by the 
r e su l t s  of cycl ic  osc i l lopolarography,  the anodic peak of the 
oxidation of the rad ica l s  obtained with cathodic sweeping of the 
potential  being capable  of observat ion  only at a sweep veloci ty  
of 1 V / s e c .  This is apparent ly  due to the rapid  d imer iza t ion  
of the rad ica l s  (IV), as a r e su l t  of which they d i sappear  f rom 
the sphere  of the reac t ion .  Thus, the r educ t ionof the  compounds 
of s e r i e s  (I) can be r e p r e s e n t e d  by  the scheme below. The 
d imer iza t ion  of the rad ica l s  predominant ly  at posit ion 4 ag rees  
with a quan tum-chemica l  calculat ion of e lec t ron  densi ty.  

H 

I IV 

In aqueous d imethy l fo rmamide  solutions the reduct ion of the compounds of s e r i e s  (D is compl ica ted  
to a cons iderable  degree  by  a whole combinat ion of adsorpt ion phenomena connected with the adsorpt ion 
both of the depo la r i ze r  and of the d imer ic  react ion products .  In addition to this ,  the d imer ic  products  
p o s s e s s  a cata lyt ic  act ivi ty,  and for  compounds with R = Ph or C6H4X , they are  capable  of being reduced 
at  m o r e  negative potent ia ls .  
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In contrast  to ser ies  (I), the compounds of s er i e s  (III) are reduced in 
two stages in DMFA. For this ser ie s ,  in the f irst  stage,  again, the transfer 
of one e lectron takes place with the formation of a radical,  but in this case  
dimerization at the y or the ~ position of the pyridine ring is hindered. In 
agreement  with this, the shape of the wave now obeys the equation for an 
electrode process  with a revers ible  e lec trochemica l  stage (Fig. 2), the re -  
c iprocal  of the slope of the wave in semilogarithmic coordinates being close 
to the theoret ical  value of 59 mV (Table 1), and the armdic peak of the oxida- 
tion of the radicals being recorded on cycl ic  osc i l lopolarograms.  

On passing to aqueous dimethylformamide solutions,  only the nature 
of the f irst  wave changes,  which is apparently also due to the appearance of 
adsorption phenomena at the dropping mercury  e lectrode.  The second wave 
is observed at more negative potentials,  and therefore the adsorption of the 
depolarizer  and of the reaction products has practical ly  no effect  on this 
stage of reduction. Thee  t/2 value of the second wave does not depend either 
on the concentration of the water or on the pH of the solution, and the height 
of this wave also corresponds to the transfer of one e lectron.  Thus, at suf-  
f iciently negative potentials the activity of the e lectrons is so high that the 
reduction of the radicals  takes place faster than their reaction with the so l -  
vent, and protonation takes place only after the transfer of a second e lectron.  

5 ~ S  ~ 5  C6H5~ C6Hs~/H 

R R R R 

111 V l  

It is interesting to note that the compounds of s er i e s  (II) for which 
dimerizat ion after the transfer of an electron is also difficult are reduced 
in only one stage (Table 1). 

(2) 

CH 3 CH 3 H 3 CH 3 

R R 

I I  V 

This is apparently due to the fact that in the radical (VI), due to con-  
jugation with two phenyl subsCiCuents in the pyridine ring, deloeal ization of 
the e lectron is considerably greater  than in the radical (V), as a result  of 
which (VI) acquires electrophil ic  properties  and is capable of taking up one 
more e lectron,  after which the protonation stage follows with the formation 
of an N derivative of 1,4-dihydropyridine (scheme 2). 

Among the compounds of ser ies  (III), a special  place is occupied by 2-  
methyl-4,6-diphenylpyridinium (IIIg, R = H). As is well  known, pyridine 
cata lyzes  the discharge of hydrogen from aqueous solutions [13]. One of the 
stages of the formation of the catalytic hydrogen wave is the bimolecular 
reaction of the radicals  obtained as a result  of the transfer of an electron 
to the protonated form of the catalyst .  As a result  of this reaction the re -  
generation of the main form of the catalyst  and the liberation of a molecule 
of hydrogen take place.  The hindrance to the dimerization reaction in the 
case  of (VI) must  lead to a disturbance in the c lass i ca l  scheme of hydrogen 
evolution.  In DMFA the one-stage reduction of (IIIg) is observed,  the height 
of the wave corresponding to the transfer of one electron and being deter-  
mined by the diffusion of (IIIg). This wave may be connected with the trans-  
fer of an e lectron either to the cation of (IIIg) or to a solvated proton formed 
in the e lectrode space on the dissociat ion of this cation. In both cases ,  in an 

991 



alkaline med ium when pH >> pK, (HIg) should not show polarographic  act ivi ty .  In actual  fact ,  in aqueous 
d imethy l fo rmamide  solutions at pH > 8 (IIIg) is not reduced up to the potent ials  of the d ischarge  of the ion, 
while at pH < 3 a wave is obse rved  which is propor t iona l  to the concentra t ion of (IIIg) in a g r e e m e n t  with 
the Ilkovic equation.  At pH > 3, the height of the wave d e c r e a s e s ,  acquir ing a kinetic na ture ,  which c o r r e -  
sponds to the deprotonat ion of the cation (rag).  In the pH 2-4.6 region,  El/2 shifts  l inear ly  to negative poten-  
t ia ls ,  and AEI/2/A pH is 52 mV, which is c lose to the theore t i ca l  value of 59 mV for  an e lec t ron  p ro ce s s  In 
which the number  of e lec t rons  par t ic ipat ing  in the reac t ion  is equal to the number  of protons (Fig. 3). Thus, 
(IIIg) is a ca ta lys t  only in the sense  that the t r a n s f e r  of an e lec t ron  to this cation takes  place more  read i ly  
than to a hydrogen ion, while the height of the wave is de te rmined  not by the ra te  of reac t ion  of the basic  
fo rm of (Illg) with proton donors  but by the diffusion of (IIIg) to the e lec t rode .  According to the r e su l t s  of 
cyclic  ose i l lopolarography,  the wave of (IIIg) both in DMFA and in aqueous d imethy l fo rmamide  media  is 
r e v e r s i b l e .  The subsequent  fate of the rad ica l  of (IIIg) is unknown, and it can be s ta ted only that  it is un-  
s table and d i spropor t iona tes  fa i r ly  rapidly  in solution.  In actual  fact ,  the anodic p roce s s  of its oxidation 
can be r eco rded  only at v e r y  high r a t e s  of sweep of the potential .  The absence of a second wave on the 
p o l a r o g r a m s  of (IIIg) can p robab ly  be connected with the same  thing (Table 1). 

The d imer iza t ion  of the rad ica l  of gg) mus t  also be hindered.  In addition to this,  the s t eepness  of the 
wave,  which is g r e a t e r  than the theore t ica l  value for  r e v e r s i b l e  one-e lec t ron  reduction,  shows the b i -  
mo lecu la r i t y  of the chemica l  s tage taking place af ter  the t r a n s f e r  of an e l ec t ron .  

As can be seen f rom Table 1, in actual  fac t  the subst i tuents  on the he te roa tom have a fundamental  in- 
fluence on the ha l f -wave  potent ia l  and e0: e l ec t ron -accep t ing  subst i tuents  faci l i ta te  reduction in all  c a ses ,  
and e lec t ron-donat ing  subst i tuents  oppose it. It has been found that  the values  of e 0 for  the sa l t s  (I) c o r r e -  
late sa t i s fac to r i ly  with Ta f t ' s  a0 cons tants ,  which may  indicate the p resence  of some conjugation of the sub-  
st i tuents  with the nucleus;  in the case  of the sa l ts  (II, III) no such cor re la t ion  was obse rved .  

According to the l i t e ra tu re  [8], the values  of El/2 of the sa l t s  of s e r i e s  (D c o r r e l a t e  with H a m m e t t ' s  
constants ,  with p = 0.3 V and El/2 of N-phenylpyr idinium being -1.02 V. Unfortunately,  in the pape r  

c i ted there  is no informat ion on the medium in which the m e a s u r e m e n t s  were  p e r f o r m e d ,  and also why the 
values  of El/2, which in this case  depend on the concentrat ion of the depo la r i ze r ,  and not the values  of the 
c h a r a c t e r i s t i c  potential  e 0 [2], were  used for  co r re l a t ion .  

On compar ing  the values  of El/2 for  the reduct ion of the sa l t s  (I, II, and III) with identical  subst i tuents  
on the h e t e r o a t e m  it can be seen that  the sa l t s  (I) are  reduced  m o s t  eas i ly ,  and then (II) and (III). This 
shows a reduct ion in the e lec t rophi l ic i ty  of the pyr id inium cat ions with the introduction into the nucleus of 
alkyl groups  (+I effect) and of phenyl subst i tuents  ( - I ,  +M effect) .  It is known that the phenyl group 
p o s s e s s e s  weak e l ec t ron -accep t ing  p r o p e r t i e s  under  the action of an inductive e f fec t  and can both a t t r ac t  
and repe l  e l ec t rons  under  the action of the conjugation effect .  As a subst i tuent  in the pyridine ring, a 4-  
phenyl group is a donor,  while a phenyl group in posit ion 2 is a weak acceptor  [14]. Our r e su l t s  also indi-  
cate  the e lec t ron-donat ing  nature  of a 4-phenyl  group conjugated with the pyridine nucleus.  However ,  the 
phenyl subst i tuent  at tached to the he te roa tom caused a lowering of the reduction potential  in all c a se s ,  
which indicates  its e l ec t ron -accep t ing  act ion.  The v e r y  sl ight  e lec t ron-donat ing  ef fec t  o f ap -me thoxy p h en y I  
subst i tuent  (as c o m p a r e d  with phenyl) and the weak e l ec t ron-accep t ing  ef fec t  of p-BrC6H 4 and p-C1C6H 4 
groups pe rmi t s  us to conclude that  the action of subst i tuents  on the he t e roa t em is not l imi ted  to the i r  In-  
ductive effect .  There  is also a par t i a l  conjugation of the r ings;  however ,  the inductive ef fec t  undoubtedly 
plays an i m m e a s u r a b l y  g r e a t e r  pa r t .  It  mus t  be mentioned that  in re la t ion  to the t ropy l ium cation, of 
which the pyr id inium cation is a heteroanalog,  the phenyl group l ikewise behaves  as a weak e l e c t r o n -  
accepting subst i tuent  [15]. 

The e lec t rophi l ic  nature  of pyridinyl  rad ica l s  that  we have es tab l i shed  p e r m i t s  an explanation of 
many  expe r imen ta l  facts  on the f r e e - r a d i c a l  he tary la t ion  of organic  compounds,  in which pyridinyl  rad ica l s ,  
as  a ru le ,  a t tack  the posit ion with the highest  g - e l e c t r o n  densi ty .  As can be seen f r o m  Table 1, the poten-  
t ia ls  of the second one -e lec t ron  wave of the reduction of the rad ica l  (VI) also inc rease  uni formly  with a 
r i s e  in the e l ec t ron -accep t ing  p rope r t i e s  of the subst i tuents  on the ni t rogen,  which ag rees  with our hypoth-  
e s i s  of the common nature  of the mechan i sm of these two p r o c e s s e s .  

EXPERIMENTAL 

The polarographie investigations were performed in a fhermostated cell at 25 • 0.1~ The polaro- 

grams were recorded with a PO-4 Radiometer (Denmark) polarograph. In this case, a dropping mercury 

electrode with forced detachment of the drops with the aid of a blade (m = 0.73 mg/sec, t = 0.3 see) was 
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used  as the working e l ec t rode .  The osc iUopolarographic  invest igat ion was p e r f o r m e d  on a 02TsLA osc i l lo -  
graphic  po l a rog raph  with a device for  working under  " f i r s t  drop" condit ions.  The dropping m e r c u r y  e l e c -  
t rode had the c h a r a c t e r i s t i c s  m = 0.92 m g / s e c ,  t = 6.8 sec .  On working in aqueous DMFA media  a sa tu -  
r a ted  ca lome l  e lec t rode  was used  as the anode, and in DMFA a s i l ve r  wire  i m m e r s e d  in the solution unde r -  
going po la rography .  The qua te rna ry  pyr id in ium sal ts  were  obtained by published methods [16-19]; thei r  
constants  co r responded  to those given in the l i t e r a tu re .  
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