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The two-e lec t ron  e lec t r ica l  reduction of 4-hydroxymethylene-3-oxocapro lac tam in aqueous 
solutions at pH < 3 proceeds  revers ib ly  to give the corresponding enediol, f rom which 4 - fo rmyl -  
3-hydroxycaprolac tam (the principal  pathway) and 4-hydroxymethylene-3-oxocapro lac tam are  
fo rmed by a prot ropic  shift. An increase  in the pH of the medium leads to accelera t ion of the 
subsequent chemical  steps and determines  the i r revers ib i l i ty  of the reduction at pH > 4. 

A polarographic  method has previously  [2] been used for the study of the kinetics of hydrolysis  of 4- 
d imethylaminomethylene-3-oxocaprolac tam to 4-hydroxymethylene-3-oxocapro lac tam I. The present  r e sea rch  
was devoted to the study of the mechanism of the reduction of enol I on a dropping m e r c u r y  electrode in an 
aqueous medium. In a 1.0 M HC1 base e lectrolyte  one reduction wave is formed (Fig. 1, curve 1). The height 
of this wave corresponds  to the t r ans fe r  of two e lec t rons ,  and the AE/A[log(i/ i l i  m -  i) value is 28 mV. When 
the pH is increased  to 3, the height of this wave and its slope remain  constant,  whereas El/2 is shifted to 
negative potentials ,  with AE1/2ApH equal to 81 mV. In addition to the principal  reduction wave at m o r e  nega-  
t ivepotent ials ,  a second markedly  s t re tched out wave, which initially increases  and then vanishes as the acidity 
decreases  is observed in the same pH range (-< 3). The height of the second wave reaches  its maximum value 
in a 0.25 M HC1 base e lectrolyte  (Fig. 1, curve 2). At pH 3-5 the po la rograms  of enol I contain only one reduc-  
tion wave, the height of which remains  constant,  but the slope decreases  sharply,  whereas a discontinuity 
appears  on the curve of the dependence of El/2 on the pH of the medium. When pH > 5.5, this wave begins to 
decrease  and vanishes completely at pH > 10 with the simultaneous appearance at more  negative potentials of 
a new reduction wave (Fig. 1, curves 5 and 6). The total cur rent  at pH > 8 exceeds the value corresponding to 
the t r ans fe r  of two e lec t rons  and increases  as the pH inc reases ,  during which the wave in the upper portion of 
the curve is split (Fig. 1, curve 7). The dependences of the heights of the observed waves and of El/2 on the 
pH of the medium are  presented  in Fig. 2. 

Enol I is a relat ively s trong acid (pKa 4.11) [2] and is therefore ,  found prac t ica l ly  completely in the 
anionic form in solutions with pH~ 6, and the wave with E1/2=-1.60 V corresponds  to its reduction. The rate 
of protonation of this anion is quite high in buffered media,  and, in addition to the reduction wave of the anion, 
a wave whose height is determined by the rate of protonation is observed in the region of more  positive poten- 
t ials at pH < 10. At pH < 5.5 the rate  of this p roce s s  becomes so high that there is only one reduction wave of 
enol I on the po la rograms .  As in the case of buffered media with pH~ 5.5, the po la rog rams  of enol I in unbuf- 
fered KC1 solutions contain two waves, but the f i r s t  wave is observed at considerably more  posit ive potentials; 
this is associa ted with the low pH of the unbuffered solutions of enol I, As the ionic strength (p) of the solu- 
tion inc reases ,  the height of this wave decreases  because of an increase  in the pH of the near-ca thode layer  as 
potential r  dec reases ,  during which the second wave is shifted to more  positive potentials.  The AE1/2/Alog p 
value is 80 mV, i .e . ,  as one should expect in the case of reduction of anions [3], it exceeds the change in the 
r potential.  

It should be noted that in media in which the f i r s t  wave of enol I has kinetic charac te r ,  it consists  of two 
port ions (see Fig. 1, curves 5 and 6). This evidently associated with the possibil i ty of protonation of the anion 
of enol I to give two different products :  

*See [1] for  communication IV. 
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Fig. 1. P o l a r o g r a m s  of a 0.57 mM solution of 4 -hydroxymethy lene -3 -oxocapro lac t am in a 
1.0 M HC1 base  e lec t ro ly te  (1), in a 0.25 M HC1 base  e lec t ro ly te  (2), in buffered med ia  with 
pH 4.12 (3), 5.27 (4), 6.94 (5), and 8.03 (6), and in a 0.1 M NaOH base  e lec t ro ly te  (7). 

Fig. 2. Dependence of the ~ = ihm. / c  (1,2,  and 3) and E 1/2 (4, 5) values  of the reduction 
waves of 4 -hyd roxyme thy lene -3 -oxocap ro l ac t am on the pH of the medium.  
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Fig. 3. Cyclical  v o l t a m p e r o g r a m s  of a 0.5 
mM solution of 4 -hydroxymethy lene -3 -  
oxocapro lac tam in a 0.1 M HC1 base  e lec -  
t ro ly te  at po tent ia l - scanning  ra tes  of: 1) 
0.2; 2) 0.5; 3) 1.0; 4) 2.0; 5) 5.0; 6) 10.0 
V / s e c .  
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Enol I is indisputably the the rmodynamica l ly  favorable  fo rm [2], but it may  be a s sumed  that  the II ~ I 
t r an s fo rma t ion  is  r e la t ive ly  slow and that  the re  is  not enough t ime  fo r  it to occur  under  the po la rographic  
conditions; the kinetic wave t he r e fo re ,  co r responds  to the reduction of both enol I and II. 

The su rpass ing  of the total  cu r ren t  at pH > 8 of the two-e lec t ron  level  and the spli t t ing of the wave a re  
apparent ly  explained by subsequent  reduction under  these  conditions of substances  f o rmed  a f t e r  the t r a n s f e r  
of two e lec t rons  to the I molecule .  It  follows f rom genera l  considera t ions  that  the two-e lec t ron  reduct ion of 
I may  p r o c e e d  via two pathways (A and B) to give 4 -hyd roxyme thy l -3 -oxocap ro l ae t am III o r  4 - f o r m y l - 3 - h y -  
d roxycap ro l ac t am IV. 
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A model  c o m p o u n d -  3 -oxocapro lac tam - is  reduced  in one step in both acidic and alkaline med ia  (the 
El/2 values of the reduct ion waves of 3 -oxocapro lac t am in 1 M HC1, 0.1 M HC1, and 0.1 M KOH base  e l ec t ro -  
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lytes a re ,  respect ively ,  -0.52,  -0.58,  and -1.19 V). It follows f rom a compar ison of these data with the El/2 
values of the waves observed on the po la rog rams  of I (see Fig. 1) that pathway A is not real ized and that the 
final product  of reduction of enol I is aldehyde IV. 

Thus the inc rease  in the limiting cur ren t  of the reduction wave of enol I in alkaline media is due to 
subsequent reduction of aldehyde IV, the wave of which is observed  in the same range of potentials as observed 
for  other  aliphatic aldehydes,  whereas the limiting current  increases  as the pH increases ;  this is determined 
by the increase  in the rate of dehydration of the aldehyde group [3]. 

The appearance of a second reduction wave over  a nar row range of pH values of acid solutions is 
evidently associa ted with chemical  side p roces se s  that accompany the two-elec t ron reduction of I. In fact,  as 
we have a l ready pointed out above, the slope of the wave in semilogar i thmic coordinates constitutes exridence 
for  the revers ib le  cha rac te r  of the reduction of enol I; this is also confirmed by cyclical  vol tamperometr ic  
data (Fig. 3). As seen f rom Fig. 3, the anode oxidation peak is observed at a potential-scanning rate of 0.5 
V/ sec ,  and is is also apparent that the higher the ra te ,  the g rea t e r  the rat io of the height of the anode peak to 
the height of the cathode peak. However,  enol I and hydroxy aldehyde IV cannot constitute a revers ib le  redox 
pa i r ,  and an intermediate  that has time under the polarographic  conditions to undergo conversion to give po la r -  
graphical ly  active compounds that form the second wave at pH_  < 3 consequently should exist. In our opinion, 
the f i r s t  product  of the two-elec t ron reduction of enol I is relat ively unstable enediol V, the pathways of the 
subsequent conversion of which can be represented  in general  form by the following scheme:  

2.. ~,§ / - -~c,o,  _H§ /~-V cn~ 

' ' . > _ _ o .  
OH O -  

V VI 

/---'~/CHO H* /~ /cuo -HOH (~r 
.\1+ f \ .  "--" ..1+ I\" 

OH It ON 
VII VIII IX 

Thus the chemical  t ransformat ions  of V provide for  the formation of two zwitterions {VI and VII). Dipolar 
ion VI is subsequently protonated at 3-C to give aldehyde IV (the principal  pathway of the p rocess ) ,  while ion 
VII adds a proton to 2-C,  and the result ing carbinol amine VIII undergoes subsequent relat ively slow dehydra- 
tion to imine IX. In conformity with the theory in [3], in the case of a revers ib le  two-elec t ron p roces s  that 
occurs  with the consumption of two protons ,  the AE1/2/ApH value at 25 ~ should be 59 mV, as compared with 
88.5 mV in the case of consumption of three protons.  The experimental ly determined AEt/2/ApH value for  
enol I is 81 mV; this is also in good agreement  with both theory and the scheme presented above, which re -  
quires the consumption of three protons and two electrons for  the reduction of I. An examination of the s t ruc-  
tures  of zwitterions VI and VII makes it possible to assume that 3-C protonation of ion VI will predominate  
over  2-C protonation of ion VII, since there  would be g rea t e r  i o n - i o n  repulsion of the ring NH2 + group and 
the hydronium cation in the lat ter  case.  

Thus the V ~ IV pathway is the principal  t ransformat ion  of V. The height of the second wave at pH < 3 
is therefore  re la t ively low (under these conditions the wave of aldehyde IV is covered by the discharge current  
of the base electrolyte) and can be ascr ibed  to reduction of carbinol amine VIII, which does not have t ime 
under the polarographic  conditions to undergo dehydration to imine IX. In fact,  the lat ter  should be reduced 
more  readily than the s tar t ing depolar izer  and should give an increase  in the current  above the level c o r r e -  
sponding to the t r ans fe r  of two electrons.  

As the pH of the medium inc reases ,  the rate of detachment of a proton from the intermediate  of the two- 
e lectron reduction of enol I increases  sharply,  as a resul t  of which the reduction becomes i r revers ib le .  It 
may  be assumed that the t ransformat ions  of the initial reduction product  proceed  through the formation of 
anions X and XI, 

(---~CHo ~/~,y-CHO 
H N',-,~O H HN/--,~0- 

O- OH 

X X! 
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whereas  C-protonation becomes more  selective as compared  with strongly acidic media,  in which the hydron-  
ium ion acts as the protonating agent. We also note that the electron density on the 3-C atom in X is substan-  
t i a l lyh igher than  on the 2-C atom of XI due to the effect of two e lec t ron-donor  groups (:NH and O-), and the 
3-C protonation p roce s s  therefore ,  should be preferable .  As a resul t ,  the rate  of the X -~ IV t ransformat ion  
is much higher than the rate of formation of the carbinol amine during 2-C protonation of anion XI, so that 
one pathway, i .e . ,  the formation of IV, is real ized in the i r revers ib le  reduction of enol I. 

Coulometric measurement  of the number  of e lect rons  during the e lect r ical  reduction of enol I in 1 M 
HC1 solution gave n = 2.7, during which if the e lec t ro lys is  is in terrupted and the po la r .g raph ic  curve is r e -  
corded,  anew small  wave appears in front of the principal  reduction wave of I. These data a re  in good agree -  
ment with the scheme presented  above, since in the case of e lect rolys is  (in cont ras t  to polarography) there  is 
t ime for  dehydration of carbinol amine VIII, as a result  of which one observes  an increase  in the number  of 
e lec t rons ,  and interruption of the e lec t ro lys is  makes it possible to r ecord  the formation of imine IX, which 
is reduced more  readily than star t ing depolar izer  I. After prolonged e lec t ro lys is ,  the po la r .g raph ic  curve 
does not differ f rom the curve of the base electrolyte ,  and a wave with E l /2  = -1.65 V is observed when the 
reduction products  a re  t r ans fe r r ed  to an alkaline medium. The reductiori wave of the e lect rolys is  products  
increases  and is shifted to positive potentials (El/2 = -1.36 V) when the e lect rolys is  products  are  t r ans f e r r ed  
to a buffered solution with pH 10.5 made up of NaOH and hexamethylenediamine adipate [4]. All of this con- 
stitutes evidence in favor  of the formation of aldehyde IV during e lec t ro lys is .  It should be noted that coulo- 
me t r i c  measurements  in a buffered solution with pH 5.27 give n = 1.85, whereas the reduction products  also 
form a wave with El/2 = -1o36 V in the above-indicated buffer solution. Thus these data confirm the scheme 
presented above for  the e lec t r ica l  reduction of enol I and selectivity of the direction of the p rocess  in media 

in which enol I is r eve r sed  i r revers ib ly .  

E X P E R I M E N T A L  

Polarography  was ca r r i ed  out in a thermosta t ted  cell at 25 • 0~ The dropping,mercury  electrode with 
a spatula for  forced detachment of the drops had the following charac te r i s t i cs :  m = 0.82 m g / s e c  and t = 0.4 
sec. An external saturated calomel electrode served as the anode. The p o l a r . g r a m s  were recorded  with a 

Radiometer  PO-4  po la r .g raph .  A PAR-170 "e lec t rochemical  sys tem" and an OH-404 coulometr ic  analyzer  
(Radelkis) were used for the coulometr ic  measurements  and the degree of cyclical  vo l tamperograms.  
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