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S T U D Y  O F  T H E  M E C H A N I S M  O F  T H E  P O L A R O G R A P H I C  

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

M.  K .  P o l i e v k t o v ,  T .  A. M o t o r i c h e v a ,  
a n d  L .  E .  K h o l o d o v  

UDC 543.253 : 547.793.4 

The polarographic  reduct ion of the N-pheny lca rbamoyl  der iva t ive  of 3-( /3-phenyl isopropyl)-  
sydnoneimine ("s idnokarb")  in aqueous alcohol media  was invest igated.  It is shown that, de-  
pending on the protonat ion ra te  of both the s ta r t ing  depo la r i ze r  and the in te rmed ia tes  in the r e -  
duction of s idnokarb,  s ix or  four  e lec t rons  may  be consumed to give, in the f i r s t  case ,  a de r -  
iva t ive  of the amino acid amide  and ammonium ions and, in the second case ,  the cor responding  
hydraz ine  der iva t ive .  

The polarographic  behav io r  of N-exo -acy l  der iva t ives  of sydnoneimines  have rece ived  l i t t le  study - the 
effect  of the pH on the l imit ing cu r ren t  and El/2 has been invest igated,  and, in analogy with sydnones and syd-  
noneimine sa l t s ,  p r e l i m i n a r y  cons idera t ions  re la t ive  to the poss ib le  mechan i sm of the reduction of N-acy l -  
sydnoneimines have been e x p r e s s e d  [1]. Inso fa r  as the po la rography  of N - c a r b a m o y l  der iva t ives  is concerned,  
t he re  a r e  not data except the Ei/2 va lues  of s eve ra l  compounds [2] in the l i t e ra tu re .  Consider ing that N -acy l -  
sydnoneimines have recen t ly  a t t r ac ted  the at tention of r e s e a r c h e r s  in connection with the high pharmacologica l  
act iv i ty  of r ep re sen ta t i ves  of this  c lass  of compounds [3-5], it was  of in te res t  to make  a m o r e  detai led study 
of t he i r  po larographic  reduct ion.  The N-pheny lca rbamoyl  der iva t ive  of 3- ( f i -phenyl i sopropyl )sydnoneimine  
(I, "s idnokarb") ,  which is a medic ina l  p repa ra t ion  that is  a highly effect ive cen t ra l  nervous s y s t e m  (CNS) s t i m -  
u la tor  [5], was  se lec ted  as the subject  of the invest igat ion.  We have recent ly  made a detai led study [6] of the 
po la rography  of the sa l t  of the cor responding  3-( f i -phenyl isopropyl)sydnoneimine ,  and a compar i son  of the be-  
havior  of the l a t t e r  compound on a dropping m e r c u r y  e lec t rode  with that  of sydnoneimine I makes  it poss ible  
to evaluate  the effect  of an N-exocycl ic  grouping. 

The study of the po la rographic  behavior  of s idnokarb I was c a r r i e d  out in buffered and unbuffered media  
containing 50% ethanol.  One dis t inct ly  e x p r e s s e d  po la rographic  wave,  the l imit ing cu r ren t  of which d e c r e a s e s  
somewhat  as the pH inc rea se s ,  is obse rved  in the reduct ion of s idnokarb in acidic media .  At pH 3-6, in addi- 

t i o n  to the pr incipal  wave,  an additional wave  with a voltage drop, the height of which depe  ds  marked ly  on the 
pH of the medium,*  appea r s  p r i o r  to the d i scharge  cu r ren t .  The El/2 value of the pr incipal  reduction wave of 
s idnokarb i t se l f  depends on the pH of the medium and is shifted to negative potent ials  as the pH inc rea se s .  At 

*This  wave has  the p rope r t i e s  of a su r face  cata lyt ic  wave of hydrogen evolution and is  de te rmined  by pro tona-  
t ion of the in te rmed ia tes ,  absorbed  on the m e r c u r y  e lec t rode ,  in the reduction of sidnokarb; a s i m i l a r  phe-  
nomenon has  been obse rved  in the reduction of the 3-(fl -phenyl isopropyl)sydnoneimonium cation [6]. 
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pH > 6.2 this wave begins to decrease  with respect  to the "dissociat ion curve," acquiring kinetic charac ter ,  
and vanishes in the media at pH ~ 10. Simultaneously with the dec reases  in this wave, a second wave, which 
increases  as the pH increases ,  appears  at more  negative potentials.  However, the sum of these waves at pH 
8-10 remains  almost  constant (Fig. 1). Thus in acidic media  the protonation step preceeds  reduction of sid-  
nokarb, whereas  in alkaline media (pH > 10) the unprotonated depolar izer  part icipates in the reduction (the 
El/2 value of sidnokarb in these media is independent of the pH and amounts to - 1 . 3 7  V). The height of the 
wave of sidnokarb in alkaline media  is substantially lower than in acidic media, and a drop in the limiting cu r -  
rent is observed at pH > 12 as the hydroxide ion concentrat ion increases .  The limiting current  of the reduc-  
tion wave of sidnokarb in acidic media (first  wave) and in alkaline media (second wave) is l inearly dependent 
on the depolar izer  concentrat ion over ra ther  wide l imits .  The height of the sidnokarb wave in a 0.1 N HC1 
base electrolyte  as the ethanol concentrat ion changes f rom 10 to 50% decreases  in conformity with the change 
in the v iscos i ty  of the medium, and ill m .~71/2 =const .  The t empera tu re  coefficient of the limiting current  of the 
f i rs t  wave of sidnokarb in acidic media and of the second wave in alkaline media amounts to 2.27o at 7-55~ 
All of this information constitutes evidence for  the diffusion cha rac t e r  of the observed waves in s t ronglyaeidic  
and alkaline media.  

The number  of electrons determined coulometr ica l ly  during e lec t ro lys is  at the potential of the limiting 
current  of the sidnokarb wave in 0.1 N HC1Q and in a buffer solution with pH 11.6 was found to be 5.1 and 3.9, 
respect ively;  the products  of reduction of sidnokarb in alkaline media are  capable of undergoing oxidation on a 
dropping m e r c u r y  electrode and fo rm an anode wave, the Et/2 value of which is - 0 . 2 6  V, whereas  the anode 
wave is not observed after  e lec t r ica l  reduction of sidnokarb in acidic solutions. 

Similarly,  an anode peak appears  at - 0 . 4 6  V on the cycl ical  vo l tamperograms  of sidnokarb recorded  in a 
buffer solution with pH 11.6 during scanning of the potential in the anode direction f rom the potentials of the 
l imiting cur ren t  of the reduction wave, whereas  an anode peak is absence when curves  of this sor t  are  recorded  
f rom solutions of in 0.1 N HC104. 

The data presented above constitute evidence that the polarographic  behavior of sidnokarb has features  
in common with those in the reduction on a dropping m e r c u r y  electrode of sydnones [7, 8] and sydnoneimine 
salts [6]. 

In an alkaline media  the El/2 value of the second wave of sidnokarb is independent of the pH, i.e., as we 
have a l ready stated above, the neutral  molecule undergoes reduction without a p r io r  protonation step. The re -  
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Fig. 3. P o l a r o g r a m s  of a 0.3 mM solution of s idnokarb in a base  e lec t ro ly te  cons i s t ing  of a 
50% aqueous alcohol solution of 0.1 M KC1 (2) at var ious  HC1 concentrat ions:  2) c =0; 3) c =  
0.385 mM; 4) c =0.741 raM; 5) c =0.909 mM (curve 1 is  the res idual  base  e lec t ro ly te  cu r ren t  
in a 50% aqueous alcohol solution of 0.1 M KC1). 

Fig.  4. P o l a r o g r a m s  of s idnokarb  in a 0.5 mM HCI base  e lec t ro ly te  in a 50% aqueous alcohol 
solution of 0.1 M KC1 (2}. Sidnokarb concentration: 3) 0.095 mM; 4} 0.182 mM; 5) 0.461 mM. 
The res idual  cu r ren t  of the base  e lec t ro ly te  in a 50% aqueous alcohol solution of 0.1 M KC1 
is depicted by curve  1. 

duction wave is  i r r e v e r s i b l e ,  s ince the r ec ip roca l  of the slope of this  f ou r - e l ec t ron  wave in semi logar i thmic  
coordinates  is  65 inV. As one should have expected for  i r r e v e r s i b l e  d i scharge  of a neutral  depo la r i ze r  [9], 
a tenfold i nc rea se  in the ionic s t rength of the solution on pass ing  f r o m  0.1 M LiOH to 1.0 M LiOH shifts  El/2 
by 60 mV to the pos i t ive-poten t ia l  region.  As in the reduct ion of sydnone [7, 8], t r a n s f e r  of four  e lec t rons  
apparen t ly  leads to the fo rmat ion  of the cor responding  hydraz ine  der iva t ive  (IID, which is capable  of under -  
going oxidation on the m e r c u r y  e lec t rode .  

In acidic media  the protonat ion step p recedes  reduction,  and the El/~ value is de te rmined  by the pH of 
the med ium.  In aqueous alcohol media  the pK a value of s idaokarb  is 3.36; in s t rongly acidic media  (pH< 1) 
the s idnokarb in the volume of the solution is a lso  p resen t  in the protonated fo rm,  and the ha l f -wave  potential  
should be  independent of the pH (on pass ing  f r o m  0.1 N HC1 to 1.0 N HC1 the El/2 value is  shifted to the pos i -  
t ive -po ten t ia l  region by only 10 mV). In s t rongly  acidic media  the reduct ion wave of s idnokarb is obse rved  
immedia t e ly  in the vic ini ty  of the z e r o - c h a r g e  point, and it t he r e fo re  can be a s sumed  that s idnokarb is ad-  
so rbed  on the m e r c u r y  e lec t rode .  In fact ,  in these  media  the wave has its m a x i m u m  slope.  However,  s idno- 
ka rb  adsorpt ion d e c r e a s e s  as the pH of the med ium i n c r e a s e s  as the reduct ion wave becomes  f a r t h e r  f rom the 
z e r o - c h a r g e  point, and the wave  becomes  m o r e  of a sloping wave; in this  case  a l inear  re la t ionship is obse rved  
between the slope of the wave and the El/2 value,  in conformi ty  with theory  [10] (Fig.  2). The absence  of anode 
peaks  a f t e r  e l ec t ro lys i s  of acid solutions of s idnokarb and during the record ing  of cycl ical  v o l t a m p e r o g r a m s ,  
as well  as  the cons iderab le  i nc rea se  in the cu r ren t  on pass ing  f r o m  alkaline to acidic media,  makes  it poss ib le  
to  conclude that,  as  in the reduct ion of sydnones [7, 8], the pr inc ipa l  p r o c e s s  is  S ix-e lec t ron  reduction of s id-  
nokarb to give amino acid der iva t ive  IVa. 

In [7, 8] it is  postula ted that the l imit ing cu r r en t  of sydnones is  de te rmined  by the  fo rm of the depo la r -  
i z e r  that  undergoes the e lec t rode  react ion:  reduction in the protonated f o r m  proceeds  with the consumption of 
s ix e lec t rons ,  whe reas  the unprotonated depo la r i ze r  f o r m s  a f ou r - e l ec t ron  wave.  Consider ing that the in-  
ves t iga ted  po la rographic  reduct ion p r o c e s s  is  compl ica ted  and should obl igator i ly  include a definite sequence 
of e l ec t rochemica l  and chemica l  s teps ,  in our opinion, not only the ra te  of p r i o r  protonation of the s ta r t ing  de-  
p o l a r i z e r  but a lso  the r a t e  of protonat ion of the reduct ion in t e rmed ia te s  m a y  play a substant ia l  role  in the de-  
t e rmina t ion  of the m e c h a n i s m .  Moreover ,  of no smal l  impor tance  is  the fact  that a l a rge  number  of protons 
(up to eight in the case  of comple te  s ix -e l ec t ron  reduct ion of sidnokarb) a re  consumed in the reduction, and 
alkal izat ion of the solution m a y  occur  as the cu r ren t  in the immed ia t e  v ic in i ty  of the e lec t rode  sur face  in- 
c r e a s e s  even in solutions with sufficient buffer  capaci ty ,  and this may  affect  the r a t e  of protonat ion of the 
reduct ion in te rmed ia te .  In o rde r  to make  a m o r e  detai led invest igat ion of the indicated p r o c e s s e s ,  we used 
the method of latent l imi t ing cu r r en t s  of hydrogen ions [11]. 

As in alkal ine media ,  one wave cor responding  to f o u r - e l e c t r o n  reduct ion of the unprotonated f o r m  of 
s idnokarb is  obse rved  in unbuffered KC1 solutions,  and the ~ = i l im/C value is  2.6. In  the f i r s t  s e r i e s  of ex-  
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per iments  hydrochlor ic  acid was added to a 0.3 mM solution of sidnokarb in a 0.1 M KC1 base electrolyte while 
maintaining the sidnokarb concentrat ion at a constant level.  In the case of insufficient hydrochlor ic  acid, in 
addition to the developing wave of protonation of the sidnokarb form,  the wave of its basis  form also remains .  
As a resul t  of depletion of the protons in the nea r - e l ec t rode  layer  as the current  of the f i r s t  wave increases ,  
this wave has more  of a sloping form,  and, in addition, a small  additional wave with El/2 ~ - 0.95 V is ob- 
served (Fig. 3, curve 3). However, the increase  in the overall  current  as the proton concentrat ion increases  
is insignificant, i .e. ,  the reduction wave of the protonated form of sidnokarb under the given conditions does 
not reach six e lectrons,  whereas  the wave with El/2 = -  0.95 V may cor respond to reduction of an intermediate  
par t ic le ,  for  example, the unprotonated form of the product of two-e lec t ron  r e d u c t i o n - t h e  corresponding 2,4- 
dihydrosydnoneimine [I. As the HC1 concentrat ion increases ,  the wave of the protonated fo rm of sidnokarb 
becomes s teeper ,  the cur ren t  r i se  vanishes gradually at - 0.95 V, and the reduction wave of the unprotonated 
form of sidnokarb vanishes.  The wave of reduction of the protonated form of sidnokarb gradually approaches 
the height corresponding to t r ans fe r  of six electrons only in the case of excess HC1, i.e., when the wave of 
d ischarge of H30 + ions is also visible on the po la rograms  (the reduction wave of the protonated form of sidno- 
karb  is h igher  by a fac tor  of 1.43 in the presence  oi 0.9 mM HC1 than the reduction wave of sidnokarb in a 0.1 
M KC1 base electrolyte) .  It is in teres t ing to note that p r io r  to discharge of the H30 + ions another apparently 
surface  catalytic wave, which is also associated with reduction intermediates ,  develops.  The behavior of this 
wave is ra ther  complex, since, on the one hand, the proton-donor  strength of the medium increases  as the HC1 
concentrat ion increases ,  and, on the other, the number of reduction intermediates  (probably hydrazine der iva-  
tive IIIa} decreases ,  since the concentrat ion of these products  decreases  because of their  reduction at the po- 
tentials  of the f i r s t  wave (see curves  4 and 5 in Fig.  3). 

When a solution of sidnokarb is added to a 0.5 raM solution of HCI in 0.1 M KC1, in addition to the wave 
of H30 + ions, a wave of protonation of the sidnokarb form develops on the po la rograms .  In this case, when the 
sidnokarb concentrat ion is 0.095 mM, the height of the wave that appears  is higher  by a fac tor  of 1.4 than the 
height of the wave at the same sidnokarb concentrat ion in a 0.1 M KC1 base e lectrolyte  (Fig. 4, curve  3), i.e., 
it approaches the level corresponding to the t r ans f e r  of six e lect rons .  At a sidnokarb concentrat ion of 0.18 
raM, the analogous rat io of the wave heights decreases  to 1.26. A fur ther  increase  in the sidnokarb concent ra-  
tion does not affect the height of the wave of the protonated form, and a wave of reduction of the basic form of 
sidnokarb, the height of which depends l inear ly  on its concentrat ion,  develops on the po la rograms  (as in the 
reduction of sidnokarb in a 0.1 M KC1 base electrolyte,  u is 2.6). When the reduction wave of the protonated 
fo rm of sidnokarb does not reach  the level corresponding to the t r ans fe r  of six electrons and H3 O+ ions are  
still present  in the nea r -e l ec t rode  layer,  a surface catalytic wave is also observed (Fig. 4, curve 4), whereas  
at high sidnokarb concentrat ions,  there is an additional wave with El/2 ~ 0.95 V, as well as waves of the acid 
and base fo rms  of sidnokarb. The number  of protons consumed in the reduction of sidnokarb, determined from 
the total currents ,  was found to be 4.07. Thus the data presented above constitute evidence that four electrons 
may be consumed in the reduction of sidnokarb in the protonated form and in the reduction of its basic  form, 
and the height of the sidnokarb wave approaches the level corresponding to the t r ans fe r  of six e lectrons only 
in the case of excess  acid, when the ra tes  of all of the intermediate  protonation react ions are  sufficiently high. 
At pH 8-10, where sidnokarb fo rms  two reduction waves,  the f i r s t  wave also cor responds  to the t r ans fe r  of 
four e lectrons,  since the total cur ren t  is almost  the same as in alkaline media (Fig. 1), and an anode peak of 
oxidation of hydrazine derivative III is present  on the cyclical  vo l tamperograms  even in the case of application 
of a potential only up to the plateau of the limiting current  of the f i rs t  wave. 

On the basis of the data obtained in this study, the reduction of siduokarb in media with different proton- 
donor capacit ies can be represented  by the scheme on the following page. 

In acidic media, in which the rates  of protonation of s tar t ing depolar izer  I and of all of the intermediate 
reduction products are  sufficiently high, the wave cor responds  to the t ransfer ,  at once, of six e lectrons,  and 
the final reduction products a re  the cation of the derivative of the amide of amino acid IVa and ammonium ions. 
The fact that the wave never theless  may be somewhat smal le r  than in the case  of s ix-e lec t ron  reduction, 
whereas  the coulometr ic  n value is 5.1, is evidently associa ted  with part ial  decomposition (hydrolysis} of the 
cation of the corresponding dihydrosydnoneimine IIa. If this phenomenon were  associa ted with incomplete r e -  
duction of hydrazine derivative Ilia, we would have seen an anode wave of Ilia in acidic media. In alkaline 
media four-electron reduction leads to the base of hydrazine derivative Ill, which gives an anode wave; the de- 

crease in the height of the wave at pH > 12.5 is apparently determined by partial alkaline hydrolysis of dihydro- 

sydnoneimine If, and a possible product of this reaction is amino acid derivative IV. * Since only one reduc- 

�9 The decrease in the height of the reduction wave of sidnokarb I in strongly acidic and strongly alkaline media 

is not associated with cleavage of starting I, since the height of the wave in 1% NaOH and HCI solutions remains 

practically unchanged for 24 h. 
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tion wave is observed on the po la rograms  in strongly acidic and alkaline media, it can be concluded that the 
cations of in termediates  IIa and IIIa are  reduced more  readily than the s tar t ing cation of sidnokarb Ia, whereas  
the dihydrosydnoneimine base II is reduced more  readi ly  than sidnokarb base I. In solutions with insufficient 
buffer capacity the IIa-~-~II equilibrium in the near -e lec t rode  layer  may be shifted to favor  dihydrosydnone- 
imine II, and, as a result ,  its reduction wave appears at - 0 . 9 5  V, i.e., at less negative potentials than for sid-  
nokarb base  I and at more  negative potentials than for sidnokarb cation Ia. 

EXPERIMENTAL 

The polarographic investigation was ca r r i ed  out in a thermostated cell at 25 • 0.1% The po la rograms  
were  recorded  with a Radiometer  PO-4 polarograph.  A dropping m e r c u r y  electrode with forced drop detach- 
ment was used (m = 0.75 m g / sec ,  t = 0.26 sec), and a saturated calomel electrode (sce) served  as the anode. 
Cyclical  vo l tamperomet ry  and e lec t ro lys is  at a controllable potential were  accomplished by the method in [6]. 
Sidnokarb was obtained by the method in [5] and had mp 134-135~ 
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