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The po la rographic  reduct ion of the sydnoneimmonium cation (I) was inves t iga ted  in the case  
of 3 -8 -pheny l i sopropy lsydnone imine  hydrochlor ide  (sydnophen). The effect  of the pH, a l -  
cohoi concentrat ion,  ionic s t rength ,  and s u r f a c e - a c t i v e  substances  was studied, and the e l e c -  
t r o l y s i s  was c a r r i e d  out at a control lable  potential  under var ious  condit ions.  The cycl ic  
vol tampe~ 'ograms were  r eco rded .  A m e c h a n i s m  for  the reduct ion of I is p roposed .  Cleavage 
of the r ing of I in the n e a r - e l e c t r o d e  space is obse rved  in unbuffered media .  The f i r s t  d i rec t  
p roof  of the exis tence  of the unstable  sydnoneimine base  was obtained. 

Sydnoneimines consti tute a p seudoa roma t i c  sy s t em and are  c lass i f ied  as so -ca l l ed  mesoionic  he t e ro -  
cycl ic  compounds.  The a rom a t i c  sexte t  in mesoionic  he te rocyc les  is r e a l i z ed  by pa r t i a l  eject ion of one 
of the seven 2pz e lec t rons  of the r ing to the "exocycl ic  group" (for example ,  the oxygen a tom in sydnones) 
or  by comple te  e ject ion of the e lec t ron  to the anion (as in sydnoneimine sal ts ) .  It has been es tab l i shed  that  
sydnones [1-3] and sydnoneimine sa l t s  [4] a r e  capable  of reduct ion on a dropping m e r c u r y  e lec t rode .  The 
m e c h a n i s m  of the reduct ion of sydnones in aqueous alcohol media  is  de te rmined  by the pH of the medium:  
N-subs t i tu ted  c~-amino acids a re  fo rmed  in acidic media  with the consumption of six e lec t rons ,  whereas  four 
e l ec t rons  pa r t i c ipa te  in the reduct ion  in neutral  and alkaline media ,  and the reac t ion  products  a r e  
the cor responding  subst i tuted h y d r a z i n e - a - c a r b o x y l i c  acids  [1-3]. P r e l i m i n a r y  assumpt ions  r e g a r d -  
ing the m e c h a n i s m  of the reduct ion  of sydnoneimines  have been e x p r e s s e d  [4]. Inasmuch as  3 - a r a l k y l -  
and 3-a lky lsydnoneimines  undergo the s a m e  type of reduct ion [4], we se lec ted  3- /~-phenyl isopropylsydno- 
neimine hydrochlor ide  (I) for  a m o r e  detai led study of the po la rographic  behav ior  of this c lass  of com-  
pounds.  This  choice is also de te rmined  by the fact  that I is a psychot ropic  medicinal  p repara t ion  (syd-  
nophen)[5] and is the s ta r t ing  m a t e r i a l  in the synthes is  of another  p r e p a r a t i o n -  sydnocarb  [6]. 

The study of the po la rographic  behav ior  of I was c a r r i e d  out in aqueous and aqueous alcohol buf fe red  
and unbuffered media  with pH < 7, inasmuch as the sydnoneimine base  (II) fo rmed  in alkaline solutions is 
ex t r eme ly  unstable and is read i ly  converted,  with r ing  opening, to the N-ni t roso  der iva t ive  of the n i t r i le  
of an N-subs t i tu ted  ~ - am i no  acid (III) [7, 8]. 

A single dist inctly e x p r e s s e d  wave is obse rved  in the reduction of I in buffered  media  containing 10% 
ethanol over  ~ the ent i re  invest igated pH range.  At pH -~ 3, the d ischarge  cu r ren t  of the base  e lec t ro ly te  is 
shif ted to pos i t ive  potent ia ls  as the concentra t ion of I i n c r e a s e s ,  and this is apparent ly  a s soc ia t ed  with 
catalyt ic  hydrogen evolution, inasmuch as the catalyt ic  cu r r en t  falls  as the buffer  capaci ty  of the solution 
and the proton concentra t ion d e c r e a s e .  An inc rease  in the percentage  of the organic  solvent  (ethanol) also 
has the s ame  effect,  and this is c h a r a c t e r i s t i c  for  p r o c e s s e s  that a re  l imited by the ra te  of the antecedent  
protonat ion reac t ion  [9]. 

The magnitude of the El/~ value of the reduct ion wave of I is independent (Fig. 1) of the pH (El/2 = 
- 0 . 8 8  V for  solutions containing 10% ethanol).  This  is apparent ly  assoc ia ted  with the fact  that t he  sydnone-  
immonium cat ions (I) a r e  e x t r e m e l y  weak acids and the I ~-II  + H + equi l ibr ium is shifted p rac t i ca l ly  
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Fig. 1. Dependence of ill m (It and E~/~ (2) for the reduction of I on the pH 
(in 10g ethanol). 

Fig. 2. Cyclic vol tamperograms of I in 10% ethanol (0.5 V/sec t  : At in 0.1 
M HC104; B) at pH 6.16; 1) base electrolyte;  2) 0.3 mM I. 

completely to favor I over  the investigated pH range.  However, the addition of a second proton to mono- 
cation I was not observed even in concentrated acids [10]. 

The limiting cur ren t  increases  somewhat as the pH increases  f rom - 1.0 to 1.0. It again begins to 
decrease  as the pH is increased  fur ther  and takes on an a lmost  constant value at pH > 4 (Fig. 1). 

At all of the pH values the limiting current  depends l inearly on the concentration of I, and an increase  
in the percentage o f  ethanol f rom 10 to 50% in 0.1 N HC1 and in a buffer solution with pH 6.75 leads to a 
decrease  in the height of the wave ia conformity with the change in the viscosi ty  of the medium: ill m- ~1/2 = 
coast .  F rom this it can be concluded that the l imi t ing cur ren t  has diffusion charac te r  in all of the inves-  
tigated media.  

In all likelihood, the reduction of I takes place in the adsorbed state.  As the alcohol concentration in- 
c reases ,  the adsorbabili ty of I decreases ,  a f i r s t - o r d e r  maximum develops on the wave, and the El/2 
value is shifted to negative potentials;  however, the lat ter  effect is small,  inasmuch as it may be compen- 
sated to a cer tain degree [11] by an increase  in the activity of cation I. 

Coulometric  measurements  in a buffer solution with pH 6.1 (10% ethanol) give n = 4.2 �9 0.1, whereas 
n = 5.1 =~ 0.1 during e lect rolys is  in 0.1 N HC104 in I0% alcohol. This resu l t  is in agreement  with the rat io 
of the heights of the waves of reduction of t at pH 6.I  and in 0.1 N perchlor ie  acid. An anode w a v e  ( E l / 2  = 

+ 0.03 V) is observed on the po la rogram after  e lec t ro lys is  of I at pH 6.1, whereas the products  of e lec-  
t ro lys is  of I in acidic media  are incapable of oxidation on a m e r c u r y  electrode.  An anode peak s imi la r ly  
appears during vo l tamperomet ry  with t r i angu la r  imposition of the pulse in neutral medium, whereas the 
anode peak is absent in acidic media (Fig. 2). 

We turned our attention to the fact  that a new small  wave (this is shown in the case of the buffer so-  
lution with pH 4.8, 10% ethanol) appears in addition to the wave of reduction of I at more  negative potentials 
(El/2 = -  1.32 V when # = 0.1) as the buffer capacity decreases  considerably.  In unbuffered aqueous KC1 
solutions this wave is expressed considerably more  distinctly. Its height increases  appreciably as the 
ionic strength of the solution increases  (Fig. 3) and does not change with time. This phenomenon can be 
explained as follows. Inasmuch as the reduction of I is accompanied by the consumption of protons,  al- 
kalization of the near - space  should occur  in solutions with low buffer capacit ies and, especially,  in un- 
buffered media;  the alkalization effect should increase  as the ionic s trength increases  as a resul t  of a de- 
c rease  in the I r potential [11]. Considering the instability of sydnoneimines in alkaline media, it can be 
assumed that part ial  opening of the sydnoneimine ring of I to give ni trosonitrf le  III occurs  in the near -  
electrode space, and the wave at more  negative potentials corresponds  to the reduction of III. In fact, the 
addition of an equimoleeular  amount of NaOH to a a  unbuffered solution of I leads [7, 8] to disappearance 
of the wave of reduction of I with the simultaneous appearance of a wave of reduction of ni trosonitr i le  III, 
the Ei/~ value of which corresponds  to the E1/~ value of the second wave that appears in unbuffered media.  
The wave of reduction of ni trosonitr i le  III formed by the addition of alkali to a solution of I is half the wave 
of reduction of s tar t ing I, and the El/~ value of III is independent of the alkali concentrat ion.  Acidification 
of the alkaline solution with excess minera l  acid, as one should have expected [12], led to quantitative cy-  
clization of III to I. 
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Fig. 3. Po l a rog rams  of 0.5 mM I in KC1 solutions of dif- 
ferent  concentra t ions:  1) 0.01 M; 2) 0.1 M; 3) 1.0 M. 

Fig. 4. A) Po la rog rams  of a 1.0 mM solution of I in a 0.1 
M KC1 base  e lec t ro ly te :  1) before e lec t ro lys i s ;  2) af ter  
e lec t ro lys i s .  B) Change with t ime in the amount of e lec-  
t r i c i ty  during e lec t ro lys is  at 1.1 V: 1) 0.1 M KC1 base e lec-  
t rolyte;  2) a 1.0 mM solution of I. 

Of course ,  under polarographic  reduction conditions alkalization occurs  only in the nea r -e lec t rode  
space,  and the second wave that appears  in unbuffered media is stable with t ime. Elect ro lys is  in unbuffered 
media should br ing about alkalization of the entire volume of the solution. Moreover ,  the concentrat ion of I 
should decrease  not only due to e lec t r ica l  reduction of I but also as a resu l t  of autocatalytic cleavage of I 
to HI under the influence of hydroxide ions. In fact, in the e lec t ro lys is  of 5 ml of a 1.0 mM solution of I 
in a 0.1 M KC1 base e lectrolyte  (E = - 1 . 1  V) the wave of reduction of I vanishes completely after 200 sec,  
and only 5.6 �9 10 -~ F is consumed (of the 20 �9 10 -6 F necessa ry  for the four -e lec t ron  reduction of the amount 
of I used), but the wave of reduction of III increases  sharply (Fig. 4). The concentrat ion of I after e lec-  
t ro lys is  with this amount of e lec t r ic i ty  should have been 0.72 mM. The wave of reduction of III observed  
after  e lec t ro lys is  cor responds  prec i se ly  to this concentrat ion.  

It has been shown [7, 8] that sydnoneimine base II is an intermediate  in the formation of ni t rosoni t r i le  
III f rom sydnoneimmonium cations I. However, even when the wave of reduction of ni trosonitr i le  HI is 
seen on the po la rograms  of sydnophen, the wave of reduction of base II is not observed.  We observe only 
a considerable increase  in the slope of the wave of I as compared  with the slope of the wave of I in acidic 
media.* This phenomenon can be explained as follows. Cation I undergoes reduction in unbuffered media  
at the potentials of the s tar t  of the wave. The concentrat ion of base II, which is reduced with somewhat 
more  difficulty than cation I, increases  as the cur ren t  and, consequently, the pH of the nea r -e lec t rode  layer  
inc reases .  This also leads to the observed  increase  in the slope of the wave, but the p rocess  is compli-  
cated by the simultaneous convers ion of II to ni t rosoni t r i le  III. This reuct ion is catalyzed by hydroxide 
ions, i.e.~_it is acce lera ted  as the wave of reduction of sydnophen inc reases .  When hydrochlor ic  acid is 
added to a solution of KC1 in concentrat ions lower than the concentrat ion of I, reduction of only cations I 
proceeds  initially along the t rend of the wave as a consequence of the relat ive acidification of the near -  
electrode layer ;  and it is only after  this that all of the H30$ions in this layer  are  depleted, and the p ro -  
tons are  consumed through cation I and water .  As a result ,  the nea r -e lec t rode  space becomes alkaline 
spasmodical ly .  This jump is appreciable on the po la rogram (Fig. 5 ) -  the wave at this site is branched,  
and its upper portion corresponds  to the same p rocesses  that also occur  in KC1 m e d i a -  reduction both 
of cation I and of base II. 

As the unbuffered solution is acidified, the wave of reduction of III decreases  and then vanishes .  
Calculations by the l a ten t -cur ren t  method [13] provide evidence that four protons are consumed in the 
reduction of I. 

The effect of the ionic s trength of the solution on the reduction of I was studied. It followed f rom 
the theoret ical  p remises  [1t] that the reduction of cation I should be hindered as the ionic s t rength in- 
c r e a s e s .  However, it was found that an increase  in the KC1 concentrat ion f rom 0.01 to 1.8 M does not affect 
the E1/2value. This is apparently associa ted  with the fact that the reduction of I proceeds  in the adsorbed 
state.  The adsorption of cation I reduces  to a considerable degree the change in the ]~'1 potential that should 

*It should be noted that the slope of the wave of I also increases  in buffered media  as the pH increases .  
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Fig.  5. P o l a r o g r a m s  of I in 0.1 M KC1 solution containing HGI: 
1) 0.5 mM HC1; 2) 0.5 mM HC1 + 0.26 mM I; 3) 0.5 mM HC1 + 0.86 
mM I; 4) 0.1 M HC1 base  e lec t ro ly te .  

Fig. 6. P o l a r 0 g r a m  of a 0.5 mM solution of I in b a s e  e l ec t ro ly tes :  
1) 1.0 M KC1; 2) 1.0 M KC1 + 0.5 mM (C4Hg)4NC104; 3) 1.0 M KC1 + 
1.0 M (C4Hg)4NC104. 

have occu r r ed  as the KC1 concentrat ion inc reases ,  and the change in the adsorbabi l i ty  of I is p robably  
sma l l  as the ionic s t rength  of the solution i n c r e a s e s .  To conf i rm this conclusion we added t e t r abu ty l am-  
monlum pe rch lo ra t e  to an unbuffered KC1 solution. At the invest igated potent ia ls  the t e t r abu ty lammonlum 
ion, added to the solution in approximate ly  equimolecular  amounts with r e s p e c t  to cation I, is capable  of 
displacing the la t te r  f r o m  the e lec t rode  su r face .  As a resu l t ,  a shif t  in the wave of reduct ion of I to neg-  
at ive potent ials  is obse rved  (by 77 mV when 0.5 mM te t rabuWlammonlum pe rch lo ra t e  solution in 1.0 M 
KC1 is added and by 59 mV when 0.5 mM te t rabu ty lammonlum pe rch lo ra t e  solution in 0.1 M KCI is added). 
In this case  the stope of the wave of reduction of I i nc rea se s  somewhat ,  and i ts  height also d e c r e a s e s .  The 
la t t e r  phenomenon, as in the case  of an i nc rea se  in the KC1 concentrat ion,  can be  explained by an i nc rea se  
in the alkal izat ion of the n e a r - e l e c t r o d e  space .  However,  when the t e t r abu ty lammonium cation is p r e sen t  
even in low concentra t ions  (0.5 raM), the reduct ion of n l t rosonl t r i l e  III is comple te ly  supp re s sed  because  
of the s t rong  sur face  act ivi ty of this cation. The wave of reduction of HI appea r s  only when the potential  
of desorpt ion of the t e t r abu ty lammonlum cations is reached .  As a resu l t ,  this  wave has an unusual fo rm 
(the cu r r en t  r eaches  the l imit ing value sharp ly  spasmodical ly) ,  and it is shifted to the negative potential  
region as the concentrat ion of the t e t r abu ty lammonlum ion i nc rea se s  (Fig.  6). 

It  m igh t  have been expected that  the addition of gelat in would also br ing  about d i sp lacement  of I f r o m  
the e lec t rode  sur face .  However,  i t  was found that when 0.01% gelatin is p resen t ,  the reduct ion of I in KC1 
solution is not inhibited as the ionic s t rength  inc reases ,  and there  is an apparent  shift  of the El/2 value 
to posi t ive potentials  (AEI/2/Alog CKC 1 = 14 mV) as a r e su l t  of a dec r ea se  in the slope of the wave.  The 
addition of gelat in leads to the d i sappearance  of the wave of reduct ion of III s imul taneously  at all of the 
invest igated KC1 concentra t ions  ( f rom 0.01 to 1.8 M). These  s ame  phenomena a re  obse rved  during po l a rog -  
raphy  of I with the addition of excess  acid, and in the case  of gelat in the exper imenta l  facts  a r e  apparent ly  
assoc ia ted  with the pro ton-donor  p rope r t i e s  of this s u r f a c e - a c t i v e  substance  [14]. 

Our study makes  it poss ib le  to a s s um e  the following ref ined  scheme  fo r  the po la rographic  reduct ion 
of the sydaone immonlum cation: 

R--N--CH2CON H,, ] - R--NH--CH2CONH 2 + HN(OH)  2 
JiNOH 

V 
Vl  

I'1201 (H+)  + 

2 e R--N-----CI!2 4 ~ + 
| I + ---- R--NH--CH2CONH 2 + NH 4 

2H + H N,,,.o/C=N H 1 4H + 

IV . V 

If. + 
2~ . R--N--"--CH 2 1  __2; R--N. --CH2CON H2 

2 H  + HN. , ,O /~=N H 4H + ! 
NH~ 

Vii i  VII 

It 

[ R--IN-~+ H 

I 

11. + 
R--N--- - -CH 

I + I 
N-, ,~/C--NH 

I! 

It 
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{(HO-) 
R--N--CH2CN 

{ 
% 

il! 

2 H + 
H20 H N / O -  

(HO-) R--N H--CH2CN + \O- 

X IX 

I-X R = C6HsCH2(CHa)CH 

The sydnoneimine cation in the adsorbed state is reduced with the part icipat ion of two electrons* 
to dihydro compounds IV, which can be considered to be the cation of the cyclic imino ether .  In modera te ly  
acidic media, IV, by taking on four e lectrons,  is reduced to the amide of an N-subst i tuted aminoaeet ic  
acid (V) and the ammonium ion. In s t rongly acidic media the rate of reduction proved to be comparable  
to the ra te  of acid hydrolys is  of the imino ether  (IV) to hydroxylamine derivative VI. As one might 
have expected, the la t ter  does not undergo reduct ion to substituted hydrazine VII (the products  of 
reduct ion in s t rongly acidic media  do not give anode waves} but is apparently hydrolyzed fur ther  to the 
amide of an amino acid (V} and HN(OH} 2. In neutral  and weakly acidic media cation IV dissociates  by 
splitting out a proton, and the corresponding base  (VIII} is reduced with the part icipation of two elect rons  
to hydrazine derivative VII, which also gives the anode waves mentioned above. 

The reduct ion of both cation IV and the corresponding base VIII occurs  at more  positive potentials 
than the reduction of s tar t ing sydnoneimmonium cation I. As a result ,  one overal l  wave is observed  in buf- 
fered solutions over all of the investigated pH ranges ,  a s ix -e lec t ron  wave is observed in acidic media, and 
a four -e lec t ron  wave is observed in neutral  media.  The acid hydrolysis  of IV leads to an unders ta tement  
~n strongly acidic media  of the real  consumption of e lectrons measured  by means of a mic roeou lomete r .  

As we have a l ready stated above, the dissociat ion of cation I becomes  appreciable in neutral  m e d i a -  
the slope of the wave increases ,  and the wave is branched at low proton concentrat ions in a nonbuffered 
medium. This is the f i r s t  d i rec t  evidence for the existence of the unstable sydnoneimine base II. 

As was demonst ra ted  in [12], ni t rosoni t r i le  III is reduced in alkaline media  to aminoacetonitr i le  I X -  
the second wave that appears  at more  negative potentials in unbuffered media coresponds to this p roces s .  
The opening of cycl ic  imino ether  VIH should be catalyzed not only by acids (through cation IV) but also by 
alkalis.  In this case revers ib le  opening to nitri le X, which is capable of convers ion to aminonitr i le  IX, 
may apparently occur .  As a result ,  a decrease  in the height of the wave of reduction of I to the cu r ren t  
corresponding to t r ans fe r  of two e lec t rons  might be observed in alkaline media, but this cannot be r e c o r d e d  
because of the instability of sydnoneimines at pH > 7. 

EXPERIMENTAL METHOD 

The polarographic  investigations were ca r r i ed  out in a thermosta t ted  cell at 25 ~: 0.1 ~ The polaro-  
g rams  were r ecorded  with a Radiometer  PO-4 polarograph.  A dropping m e r c u r y  electrode with forced 
detachment of the drops was used (m = 0.75 rag/see  and t = 0.26 sec}, ard a saturated calomel  e lectrode 
served  as the anode. 

The cyclic vo l t amperograms  were recorded  on a hanging m e r c u r y  drop, and the measurements  were  
made at 25 =~ 0.1 ~ b y m e a n s  of a PAR-170 e lec t rochemical  sys tem (the rate  of imposition of the potential was 
0.1-1.0 V/sec) .  

A cell with separat ion of the anode and cathode spaces was used for e lec t ro lys is  at a controllable 
potential.  A m e r c u r y  electrode with an a rea  of 4.9 cm 2 was used as the cathode. Plat inum gauze se rved  
as the anode. A 1 N K2SO 4 solution was poured into the anode chamber .  The compar ison electrode was a 
sa turated calomel  e lect rode.  A constant potential was maintained by means of a PAR-170 e lec t rochemica l  
sys tem.  Nitrogen was passed through the catholyte during the e lec t ro lys is .  The periodic c i rcui t  of the 
e lec t ro lyzer  was closed, and the po la rograms  of the solution in the cathode space were r ecorded  by means 
of a dropping m e r c u r y  electrode placed in the same e lec t ro lyzer .  The solutions of the background e lec-  
t rolyte  were subjected to p r io r  e lec t ro lys is  at the same potential in o rde r  to determine the amount of e lec-  
t r ic i ty  expended in the reduction of sydnophen (see Fig. 4). 

* In [4] it was e r roneous ly  indicated that four e lec t rons  are consumed in the reduct ion of sydnoneimines to 
IV. 
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