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The l i t e r a t u r e  data on the pr inc ip les  of the e l ec t rochemica l  reduct ion of he te roe thylene  and 
he to ropara f f in  compounds (pyrazol ine,  diazepine,  d iazi r id ine ,  pyran ,  pyr idazone,  azi r id ine ,  
oxaz i r id ine ,  and other  der iva t ives ) ,  cycl ic  anhydrides ,  imides ,  and hydraz ides  of acids on a 
d ropp ing  m e r c u r y  e lec t rode  a r e  c o r r e l a t e d .  In addition, the effect  of subst i tuents  at tached 
to the he te rocyc l i c  r ing on the po la rographic  behav io r  of he te rocyc les  is analyzed.  

H e t e r o e t h y l e n e  S y s t e m s  

Cons ide rab ly  l ess  study has been devoted to he te roe thylene  s y s t e m s  than to h e t e r o a r o m a t i c  compounds 
in a po la rographic  r e s p e c t .  E l e c t r o c h e m i c a l  reduct ion cons is t s  e i ther  in sa tu ra t ion  of a double b o n d -  
usual ly  the C -----N b o n d -  or  in the reduct ion  of an e l ec t r i ca l ly  act ive  group,  which may  also be conjugated 
with the r ing double bond, a t tached to the he te ro r ing .  The p r e s e n c e  of a suff ic ient  number  of conjugated 
bonds or  high po la r izab i l i ty  of the molecule  is n e c e s s a r y  to confer  e l ec t rochemica l  ac t iv i ty  on the h e r e t o -  
r ing.  We r e f e r  to A2-pyrazol ine  de r iva t ives  as an example  of po la rograph ica l ly  act ive hetoroethylene  c o m -  
pounds.  

Pyrazo l ines  that  a r e  unsubst i tuted in the 3 posi t ion or  subst i tu ted  with a methyl  group do not have 
po la rographic  ac t iv i ty .  The introduct ion of a phenyl group  o r  of h e t e r o a r o m a t i c  groups into the 3 posi t ion 
leads to the appea rance  of a wave for  the reduct ion of the azomethine  bond at -2 .0  V with the consumpt ion  
of two e lec t rons  [2-4]. . .  

, . . . .  l_~Ar +2e§ + /A r  

Ar Ar 

Like 1 ,3 ,5- t r iphenyl -A2-pyrazo l ine ,  all of its he te rocyc l i c  analogs have po la rographic  act ivi ty .  The 
inves t igated h e t e r o a r o m a t i c  r e s idues  a re  e lec t ron  accep te r s  with r e s p e c t  to the pyrazo l ine  r ing,  and the i r  
e l e c t r o n - a c c e p t e r  p rope r t i e s  i n c r e a s e  in the o rde r  ce-furyl, ~ - th i eny l ,  c~-selenienyl;  this is mani fes ted  in 
a d e c r e a s e  in the reduct ion potential  of the co r respond ing  pyrazo l ine  de r iva t ives  ( -2 .14,  -2 .07 ,  and -2 .03  V). 
Because  of its r e m o t e n e s s  f r o m  the reac t ion  cen te r ,  a subs t i tuent  in the 5 posi t ion has a weak effect  on the 
reduct ion of the C = N  group,  and only its inductive effect  is the deciding fac tor  in this c a s e  [3]. 

The po la rographic  reduct ion of 1 ,4-benzodiazepines  also apparen t ly  cons i s t s  in sa tu ra t ion  of the C = N 
bond [5]. The reduct ion proceeds  with the addition of two e lec t rons  and two protons ,  for  example :  

CH3 ~H3 

C6N s C6Hs 

* See [1] for  p a r t  I of this r ev iew.  
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The reduct ion of 7 -ch loro-3-hydroxy-5-phenyl - l ,3 -d ihydro-2H-1 ,4-benzodiazep in-2-one  ("oxazepam") 
has been studied more  thoroughly [6]. The half-wave potential (El/2) lies in the interval  -1 .0  to -1 .2  V. In 
acidic media,  oxazepam is reduced with the addition of four e lectrons to 7 -ch lo ro -5 -pheny l - l , 3 ,4 ,5 - t e t r a -  
hydro- l ,4 -benzodiazep in-2-one .  In alkaline media,  it  undergoes 2e reduction to the 4,5-dihydro der ivat ive:  

~" .~.,,~/N H : 0  H 

~H20 

I ::.:._(o: 

C6H 5 

5 / ~ - , , (  N H - ~ O +  +"+. , , . ,  

C6H5 C6H 5 
//~4e +3H + 

Cl/~ -': "-~---N H 
C6H ~ 

One 2e wave (El/2 -1.45 V), which is ascr ibable  to reduction of the C = N  bond, is observed  in the r e -  
duction of 7-chloro-2-methylamino-5-phenyl -4 ,5-d ihydro-3H-1,4-bonzodiazepine  [7]. As a r e su l t  of this 
reduction,  the ring undergoes contract ion to give 6-chloro-2-methyl -4-phenyl -3 ,4-d ihydroquinazol ine :  

El / ~ "[~-NI! 
C6H 5 C6H 5 

.I-CH3NH2 

C I ' 2 ~ ' ~  '~N II C I ' ~ - " ~ N  II 
C6H ~ C6H.~ 

Cleavage of the N - N  bond of the he te ror ing  is respons ible for the e lec t rochemica l  activity of 3,6- 
d iphenyl-2 ,3 ,4 ,5- te t rahydropyr idazine  [8, 9] in acidic media: 

C6flS"~N'N, H +4e +4 H + NHo NH~ i ~ I " 
L ~ L v  xC6H ~ C6HsCHCH2CH2CHC6h~ 

The e lec t roreduct ion  of 3 ,3-pentamethylenediazi r ine  in alkaline media at -1 .5  V consists  in 2e s a tu r a -  
tion of the N = N bond to give the corresponding diazir idine [10]. 

However, in acid media  (at -1 .3  V) this compound undergoes 4e reduct ion.  Cyclohexanone and am-  
monia were  isolated in the hydrolysis  of the products of the e lec t rochemica l  react ion:  

+ , , 2 . ,  , , + 2 . ,  I 
.~ ~ - J  ,n.  I \ ~ ,n.~/  

1 §247 1 

C i" - C + 2 OH =0 
H 

Of the heteroethylene  der ivat ives ,  those in which the double bonds of the he te ror ing  a re  conjugated 
with the carbonyl  group seem of g rea tes t  in te res t .  

y - P y r o n e  [11] and chromone [12] are  reduced i r r e v e r s i b l y  with the consumption of two e lec t rons ,  and 
the corresponding alcohol is apparently formed:  

0 OH HO H 

Benzopyrones,  par t icu la r ly  flavones,  give, at -0 .9  to -1 .3  V, a r eve r s ib l e  l e  wave with subsequent  d imer i za -  
tion of the resul t ing f ree  radica l ;  a second reduct ion wave is also observed  at h igher  pH values,  and both 
waves somet imes  m e r g e  into an overa l l  2e wave [13-15]. 
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Flavanones  give a 2e wave at somewha t  g r e a t e r  negative potentials  than f lavones,  and this wave is 
also due to reduct ion to the alcohol.  Isof lavones  a r e  reduced  i r r e v e r s i b l y  with the consumption of two e l ec -  
t rons .  The m o r e  negat ive (than in the ca se  of flavones) reduct ion potentials  ( from -1 .1  to -1 .5  V) and the 
dis t inct ly  e x p r e s s e d  compet i t ion  between the e lec t ro reduc t ion  waves of the protonated and unprotonated 
carbonyl  groups in the medium pH range  make i t  poss ib le  to po la rograph ica l ly  dist inguish isof lavones  
f r o m  f lavones [14]. A po la rographic  method was used  to follow the is omer iza t ion  of o -hydroxycha lcone  to 
choromanone  (i.e., into f lavanone and its he te rocyc l i c  analogs containing furan,  thiophene, py r ro l e ,  and 
pyr id ine  r e s idues ) ,  s ince  the E~/2 values of the s t a r t ing  compounds and final i somer i za t ion  products  di f fer  
subs tan t ia l ly  f r o m  one another  [15]: 

11 
0 

Ar -- phenyl -0,69V - 1,08 V 
a-thienyl -0,61V - 1,07 V 
a-furyl -0,67 V - I,IOV 

Since subs t i tu ted  f lavones and isof lavones  a re  encountered  in the plant world  in the fo rm of glucos ides 
and have high physiological  act ivi ty,  po la rographic  methods for  the de te rmina t ion  of compounds of this 
s e r i e s  have been developed (for example ,  see  [16]). 

, ~  +e+"~ + ~ / ~  - -d imer  

Coumar in  is reduced  [12, 17-21] a~ El/2 -1 .53  V with the consumption of one e lec t ron  and subsequent  
d imer i za t ion .  Cont ro l led-potent ia l  e lec t ro lys  is gives two h igh-mel t ing  lactones ,  which a r e  probably  the 
m e s o -  and dl - d i m e r s  [18]. f l -Hydroxycoumar in  is po la rograph ica l ly  inact ive,  while f l -methoxycoumar in  
gives a 2e wave with sa tu ra t ion  of the C = C  bond (probably because  of s t e r i c  h indrance  to the d imer iza t ion  
reac t ion  [12]). Xanthone is reduced  in a l e  r e v e r s i b l e  p roces s  at El/2 -0 .91 V with subsequent  d i m e r i z a -  
tion of the r ad ica l  [22]. 

+e +H + ~ _ ~ . ~  
= " ~ dimer 

O OH 

The thio and thia analogs of ~(-pyrones a lso  have po la rographic  ac t iv i ty .  However ,  no l inear  c o r r e l a -  
tion between the co r respond ing  Et/2 values and the energies  of the lower  vacant  MO was detected [22]; this 
indicates  d i f ferent  reduct ion mechan i sms  and di f ferent  adsorpt ion  c h a r a c t e r i s t i c s  of the individual r e p r e -  
sen ta t ives  of the s e r i e s .  

0 0 S $ 

Pyr imidones  and th iopyr imidones  in aqueous methanol  media  give a wave in the in te rva l  -1 .0  to - 1 . 7  
V, depending on the pH, with t r a n s f e r  of one e lec t ron ,  a f ter  which there  is rapid  d imer i za t ion  of the r e s u l t -  
ing rad ica l s  [23, 24]. In a number  of c a s e s ,  anomalous waves assoc ia ted  with adsorpt ion  on the dropping 
m e r c u r y  e lec t rode  (DME) of the d imer i c  e l ec t ro reduc t ion  products  appea r .  The introduction of e l e c t r o n -  
donor groups into the 4 posi t ion in pr inc ip le  hinders  e lec t roreduc t ion ,  but, because  of the poss ib i l i ty  of 
su r f ace  protonat ion,  6 - a m i n o - 2 - p y r i m i d o n e  (cytosine) and the co r respond ing  nucleotides and nucleosides 
a re  reduced on the DMg su r f ace  [24-27] (see pa r t  I of this rev iew) .  On the other  hand, u rac i l  does not give 
a reduct ion wave.  6 -Azaurac i l  and 6-azaur id ine  a r e  reduced  in the protonated f o r m  at -1 .3  to -1 .4  V, and 
the wave d e c r e a s e s  and gradual ly  becomes  a kinetic wave as the pH inc reases  [28, 29]. The possibi l i t ies  
of po la rography  in the s tudy of he te rocyc l i c  bases  of nucleic acids were  examined in a paper  by Berg and 
co -au tho r s  [30]. 

R R 

X=O, 5; R = H ,  CH 3 
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in acidic media ,  6 -me thy l -3 -py r idazone  is reduced in two 2e s tages  (at - 0 .7  and -0 .9  V, respec t ive ly) ,  
which in the medium pH range m e r g e  into one 4e wave;  in alkaline media ,  the compound gives only one 2e 
wave [31]. The f i r s t  2e s tep leads to 6 -me thy l -4 ,5 -d ihydro -3 -pyr idazone ,  while the second wave,  in the 
opinion of Pf legel  and Wagner [31], is due to r ing opening (cleavage of the N - N  bond). However,  the p rob-  
l em of the c leavage  of the N -  N bond in the pyr idazone ring is s t i l l  an open question, at  l e a s t  for  6-  
pyr idazones  that  do not have an e l ec t ron -accep t e r  subst t tuent  in the 4 and 5 posit ions of the r ing,  if  they 
a re  invest igated on a s h o r t - p e r i o d  DME. The following scheme  for  the e lec t ro reduc t ion  of subst i tu ted 6- 
pyridazones was substant ia ted  in [32]. This s o r t  of mechan i sm is obse rved  in both protogenic  and aprot ic  
so lvents .  The polarographic  method can be used  for  the analyt ical  de te rmina t ion  of the herb ic ide  phen-  
azone (pyramine,  chlorazone) [33, 34]. 

. . . .  , J .  
R R/N II 

O 0 0 

s /d t --2e + e+2H + 
\ 

not reduced 

II 
0 , R = H, C6H 5 

l(2H)-phtl~laT.inones and the potential pr imary products of their e lec~oreducUon- 3A-dihydro-  
l(2H)-phthalazinones - which are reduced in acidic media to phfhalimidines with the formation of two 2e 
waves, have been more thoroughly studied. 2-phenyl-substiteted derivatives give only the f i rs t  stage of re-  
duction [35]. 

R R R 

O O O 

R=H,  CH3CI; R ' =  H, GH 3 

5-Phenylpyr idazinones  a re  reduced with r ing opening [9]: 

L ~ o  ~ CsHsCHC|I2CH2CONttI~' 

The s a m e  thing is also obse rved  in the case  of 6-a lkylpyr idazinones ,  only h e r e  the azomethine 
der iva t ive  fo rmed  in the f i r s t  s tep  undergoes hydro lys i s  [9]: 

' L , , , . / ~ ,  ~ 

+2 H.O 
Ctl~Ctt~cu:CONtl 2 ~ - -  CHsCOCtt~C"2COOtt 

Nil 

S a t u r a t e d  H e t e r o c y c l e s  ( H e t e r o p a r a f f i n  C o m p o u n d s )  

Of the sa tu ra ted  he t e rocyc le s ,  only single r ep re sen ta t i ves ,  for example ,  e thyleneimine (aziridine) 
der iva t ives ,  have polarographic  act ivi ty .  In the opinion of Mantsavinos and Chr i s t i an  [36], the e l e c t r o r e -  
duction waves observed  in the in terva l  -1 .1  to -1 .2  V a re  due to 2e reduct ive  c leavage  of the az i r id ine  r ing 
to give a t r ia lkylamine:  

/x, 
R R' 

However ,  one cannot exclude the poss ib i l i ty  that  the waves a re  due to ca ta ly t ic  evolution of hydrogen via  
the following s ch em e .  [371: 

+ I//2H 2 

R H 
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I t  has been shown in [38] that  N,N-die thylaz i r id in ium pe rch lo ra t e  is reduced  in aqueous solution in 
one 2e s tep  a t  about -1 ,5  V. One -e l ec t ron  c leavage  of the az i r id ine  ring to give a f r ee  radica l ,  which is 
then reduced  to a ca rban ion  , apparen t ly  occurs  ini t ial ly.  The resu l t ing  ca rban ion  can e i ther  r e a c t  with 
wa te r  (or with unreduced az i r id in ium ion) or  decompose  to give a d ie thylamine anion and ethylene: 

C~Hs\/C2H5 

/ ~H.O -OH 

...- t 

~C2Hs)2N- +CH2~CH 2 (C21t5)3N (/ '~41) N-- (  H~CH 2 

Po la rog raphy  was used to s tudy the cycl iza t ion of /3-chlorodie thylamines ,  which is respons ib le  for  
the development  of the c3rtostatic act ivi ty  of this s e r i e s  of compounds [39]: 

F'x.,~/r 
RN(CH2CH2CI)2 - -  L / '  ~'CH. CH.C|I 

Cytosta t ic  agents containing a quinone group along with an az i r id ine  ring give the reduct ion wave of 
the quinone r ing and, in addition - at g r e a t e r  cathode potentials  - a wave for  the reduct ion of the az i r id ine  
r ing,  which has kinetic c h a r a c t e r ,  de te rmined  by the r a t e  of protonat ion of the az i r id ine  r ing [40-44]. Under 
ce r t a in  condit ions,  the second wave is due to ca ta ly t ic  evolution of hydrogen.  

0 OH 044 Oh 

11 I ! i 
O OH OH OH 

Diazi r id ines  a re  reduced  on a DMg in two 2e s teps  (at - 0 .4  to -1 .0  V and at -1 .3  to -1 .5  V, r e s p e c -  
tively) [45]. 

r ' -  " n ,  ~ r ' "  "~:. . ,  ~ r , / " \ n . %  a, ~" 

The dication f o r m e d  as a r e s u l t  of c l eavage  of the N -  N bond is e x t r e m e l y  unstable  and decomposes  
rapidly  to give an imine,  which is reduced  in the second s tep  to an amine .  The i sohydrazones  of cyc lohex-  
anone and methyl  ethyl ketone [45] a re  reduced  spec i f ica l ly  via  this s c h e m e  [45]. 

It  follows f r o m  a c o m p a r i s o n  of the El/2 values of d iaz i r id ines  with the El/2 values  of s o m e  subs t i tu ted  
hydraz ines  and hydrazones  that  the e l ec t rochemica l  c leavage  of the N -  N bond in a t h r e e - m e m b e r e d  r ing 
occurs  cons iderab ly  m o r e  r ead i l y  (by 200 mV) than in a noncyclic s t r u c t u r e .  The co r respond ing  waves a re  
marked ly  compl ica ted  by adsorp t ion  of the components  of the e l ec t rochemica l  reac t ion .  

Oxazir idines  a r e  r ead i ly  reduced  on a DME [46], and the i r  po la rographic  waves a r e  begun by the 
wave for  the d issolving of m e r c u r y .  2 - t e r t -Bu ty l -3 -pheny loxaz i r i d ine  gives th ree  waves .  The f i r s t  wave 
(about -0 .3  V) co r r e sponds  to reduct ion to the g e m - a m i n o  alcohol,  which is dehydra ted  at low pH values to 
give a Schiff base ,  but is deamina ted  at  h igher  pH values to give a carbonyl  compound.  Both products  can 
be reduced  fu r the r .  

+ + CrH.--v-~--N--C, ff. +2e 3H + pH>4 
. ~ /  . . . . . .  C6HsCHNH2C~Hg . . . .  C6H~CH O 

O +2e+2H + _H2OI~:!+ l+2e+2H+ 

C6H5CH~I2C4H o C~HsCH=NHC4H 9 gHsCH~OlI 

In a s tudy of pyr idoxine der iva t ives  [47, 48] it  was shown that  the product  of condensat ion of pyr idoxal  
with cys te ine  - 2 - ( 2 - m e t h y l - 3 - h y d r o x y - 5 - h y d r o x y m e t h y l - 4 - p y r i d y l ) t h i a z o l i d i n e - 4 - c a r b o x y l i c  a c i d -  is r e -  
duced in two 2e s teps  at -0 .5  to -0 .7  V and -1 .1  to -1 .4  V, r e spec t ive ly ,  as a r e su l t  of which the thiazolidine 
r ing is opened.  

.~---y~ ~, +2~ .2 ,  § Cl "2-c"i r, . ~+2  ,+ ~:.~-~:.r, 

R 
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The dist inct  l e  polarographic waves at sufficiently positive potentials {about -0 .3  V) give stable 
iminoxyl f ree  radica ls ,  which are  i r r e v e r s i b l y  reduced on a DME to the corresponding hydroxylamine 
der ivat ives  [49]. 

o 

C y c l i c  A n h y d r i d e s ,  I m i d e s ,  a n d  H y d r a z i d e s  o f  A . c i d s  

Formal ly  speaking, cycl ic  anhydrides,  imides,  and hydrazides  of dibasic acids can also be c lass i f ied  
as he terocycl ic  compounds. The e lec t roreduct ion  of maleic ,  phthalic,  and pyromel l i t ic  anhydrides,  etc. ,  
in aprotic media leads to anion radicals  with t r ans fe r  of one e lec t ron  [15]. The C : C  bond is sa tura ted  in 
aqueous media [51]. 

In acidic media,  phthalimides are  reduced with the consumption of two e lec t rons ,  while in alkaline 
media the 2e wave is spli t  into two l e  waves [52, 53]. It is assumed that the r e su l t  of the process  is r educ-  
tion to hydroxyphthalimidine , although the possibi l i ty of sa turat ion of the C ~ C  bond of the phthaloyl ring 
has also been discussed [52]. The polarographic  activity of phthalimides was used for the study of the 
kinetics of hydrolyt ic  cleavage of the phthalimide ring in numerous derivat ives of this type [54-56]. 

�9 Cyclic maleic  hydrazide (pyridazinedione) is reduced to succinic acid hydrazides  with the formation 
of s eve ra l  waves at -0 .8  to -1 .8  V, depending on the pH. The absence of an anode oxidation peak indicates 
that there  is no diazahydroquinone in solution and that it cannot be formed [57, 58]. 

0 O 

NH +2e +2H + NH 
fl it 

U 
O O 

The corresponding cycl ic  phthalylhydrazides,  according to the data in [59], a re  polarographical ly  in- 
active,  s ince conjugation with the phenylene ring s tabi l izes  them. However,  Lurid has found that they are  
reduced in a 6e process  to phthalimidine in acidic media at E~/2 = -1 .0  V [60]. 

OH O 

0 0 O 

-%-..... 

dimer p~s ~"~"fi~'~/N ~C H 3 0 [ I  pN 0-2 ~ \ C N ~  

H e t e r o a r o m a t i c  C o m p o u n d s  w i t h  an  E l e c t r o a c t i v e  

F u n c t i o n a l  G r o u p  i n  t h e  S i d e  C h a i n  

Heterocycl ic  compounds, in the course  of the polarographic reduction of which an e lec t r i ca l ly  active 
substi tuent  added to the he temring r a the r  than the he te ror ing  i tself  is involved, undoubtedly consti tute the 
most  important  group of compounds of the g rea tes t  d ivers i ty .  This c lass i f ica t ion includes d iverse  he r e to -  
aromat ic  aldehydes, ketones,  amides,  hydrazides ,  aldimines,  ket imines,  halo der ivat ives ,  ni tro compounds, 
azo compounds, disulfides,  etc. ,  and derivat ives of not only ~-def ic ien t  (electroactive) he te roa romat i c  s y s -  
tems (such as pyridine,  quinoline, pyrimidine,  purine, eto.) but also der ivat ives  of l r -surplus  (inactive in a 
polarographic respec t )  he te roa romat ic  sys tems (such as pyr ro le ,  furan, thiophene, thiazole,  imidazole,  etc.).  
In general ,  the assumption noted in the review in [1] that polarographical ly  active groups attached to a 
he te roaromat ic  ring behave like polarographical ly  active groups attached to aromat ic  (benzene) r ings,  i .e. ,  
they a re  reduced approximately  in the same ranges of e lect rode potentials and via the same chemical  mech-  
anism, is general ly  justified, but one cannot overlook a number of specif ic  complicating fac tors .  
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F i r s t  of all,  the change in the nature  of the h e t e r o a r o m a t i c  r ing  owing to pure ly  e lec t ronic  effects  
somewhat  shif ts  the e l e c t r o c h e m i c a l  reduct ion  potent ial  of this group to one or  another  s ide  as c o m p a r e d  
with the potent ia l  of the s a m e  group at tached to an a roma t i c  r ing.  Although this change in the El/2 value 
usual ly  does not exceed 0.1-0.2 V, neve r the le s s  it s o m e t i m e s  may  t r a n s f e r  the e lec t ro reduc t ion  p rocess  to 
a d i f ferent  reg ion  of the e l e c t rocap i l l a ry  curve ,  where  adsorp t ion  of the depo la r i ze r  molecules  and the e f -  
fect  of the e l ec t r i ca l  double l aye r  a r e  man i fes t ed  dif ferent ly ,  and a r e su l t  of this may  be a change in the 
m e c h a n i s m  of the e l e c t r o c h e m i c a l  p r o c e s s .  

Second, h e t e r o a r o m a t i c  compounds,  pa r t i cu l a r ly  n i t rogen-  and su l fur -conta in ing  he t e rocyc le s ,  a re  
adsorbed  on the e lec t rode  s u r f a c e  cons ide rab ly  m o r e  s t rong ly  than the cor responding  benzene der iva t ives ,  
t he reby  intensifying the effect  of adsorp t ion  fac tors  on the cou r se  of the e l ec t rochemica l  p r o c e s s .  In the 
ca se  of h e t e r o a r o m a t i c  compounds,  adsorpt ion  fo rewaves ,  su r f ace  kinetic points (drops on the po la rog rams)  
etc. ,  often appea r .  

CN CH~NH 2 CN 

H H 

Third,  owing to the spec i f ic  ef fec t  of the he te ro r ing ,  those subst i tuents  which, because  they a re  added 
to the a roma t i c  r ing,  a r e  incapable  of e lec t ro reduc t ion ,  acquire  po la rograph ic  act ivi ty .  Thus,  in con t r a s t  
to inact ive  benzoic acids ,  all  of the i s om er i c  pyr id inecarboxyl ic  acids a re  reduced  on a DME in the  a c c e s -  
s ib le  range  of potent ia l s .  In c o n t r a s t  to the po la rograph ica l ly  inact ive benzoni t r i le ,  4 -cyanopyr id ine  and 
2-cyanopyr id ine  a r e  reduced  on a DME, and in this ea se  a 4e p roce s s  occurs  in acidic media ,  while 2e 
c leavage  of the C - C N  bond occurs  in bas ic  media  [61, 62]. Of course ,  the opinion that  we a re  dealing he re  
with e l ec t ro reduc t ion  of the pyr id ine  r ing [63] v ia  the following s c h e m e  has been expressed :  

+2e +2 H + 

IT 

In c o n t r a s t  to N-phenylhydroxylamine ,  which is po la rograph ica l ly  inact ive in the unprotonated fo rm,  
waves co r respond ing  to reduct ion of the unprotonated hydroxylamino group [64] appea r  on the p o l a r o g r a m s  
of 2 -n i t ro fu ran  de r iva t ives  with e l e e t r o n - a c c e p t o r  subs t i tuents .  

Pro tonat ion  of the h e t e r o a t o m  has a pecu l ia r  effect  on the El/2 value of a s ide group in the case  of 
de r iva t ives  of n i t rogen-conta in ing  he t e rocyc l e s  (pyridine, py r ro le ,  thiazole,  e tc . ) .  Depending on the pH of 
the solution,  the he t e ro r ing  in the compound is in the protonated (salt) o r  unprotonated (base) fo rm,  each of 
which is reduced  at  definite potent ia ls ;  this is r e spons ib le  for  the compet i t ive  e lec t ro redue t ion  of the two 
dif ferent  f o r m s ,  the fo rmat ion  of kinetic waves ,  etc. ,  which is not obse rved  in the case  of the cor responding  
der iva t ives  of benzene or  of he t e rocyc l e s  that do not have basic  p rope r t i e s  (furan, thiophene, etc.) (this 
should not be  confused with the kinetic cu r r en t s  that a r i s e  because  of the p r e s e n c e  of a subs t i tuent  in two 
dif ferent  f o rms ,  for  example ,  a protonated and unprotonated carbonyl  group,  an acid and its anion, etc.) .  
The po la rographic  c leavage  of the C - H a l  bond in var ious  monohalopyr idines  may  s e r v e  as an example  [65]. 

In addition, hydra t ion  of the ca rbonyl  group is typical  for  a number  of h e t e r o a r o m a t i c  aldehydes ; this 
d is t inguishes  them f r o m  the co r respond ing  benzaldehydes and naphthaldehydes.  The equi l ibr ium between 
the e l ec t roac t ive  unhydrated fo rm of a h e t e r o a r o m a t i c  aldehyde and its inactive hydra ted  f o r m  is mobile ,  
and the height of the waves is l imi ted  by the r a t e  of dehydrat ion of the aldehyde group,  which is an a c i d -  
base  ca ta lyzed  p r o c e s s ,  and, consequent ly ,  depends on the pH. This m e c h a n i s m  for  dehydrat ion,  which p r e -  
cedes  e lec t roreduc t ion ,  is c h a r a c t e r i s t i c  for  i somer i c  fo rmylpyr id ines  [66-69], fo rmyl imidazo les  [70], 5- 
n i t ro fur fura l s  [64, 71], 2 - fo rmyl th i azo le s  [68], etc. ,  in aqueous media;  the complex  dependence of the wave 
height on the pH is r e spons ib l e  for  it .  For  n i t rogen-conta in ing he t e rocyc l e s ,  this m e c h a n i s m  is addit ionally 
compl ica ted  by a c i d - b a s e  equi l ibr ium between the base  and protonated fo rm of the he te ror ing ,  which a r e  
dis t inguished with r e s p e c t  to the i r  degree  of hydrat ion:  the cation,  owing to its pos i t ive  charge ,  is usual ly  
hydra ted  m o r e  s t rong ly  than the f r ee  b a s e .  A complex  se t  of equations a r i s e s  because  of all that  was s ta ted  
above,  lOrotonation may  show up in at l e a s t  t h ree  di f ferent  ways:  its effect  on the r ing he te roa tom,  on the 
r a t e  of dehydrat ion,  and on the s u r f ace  protonat ion of the aldehyde group in the c o u r s e  of its e l e c t r o r e d u c -  
tion, for  example  [72]: 
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However,  the genera l  pr inciples  of polarographic  reduct ion of a romat ic  ca rbocyc l ic  compounds a re  
applicable on the whole to the polarographic  behavior  of he t e roa roma t i c  compounds that  have an e l e c t r o -  
active functional group in the s ide  chain.  Moreover ,  these  pr inciples  take on pa r t i cu l a r  s ignif icance for  the 
solution of the p rob lems  of the c h e m i s t r y  of he t e roa roma t i c  compounds,  s ince the task  in the in te rpre ta t ion  
of the s t ruc tu r e s  of natural  and synthetic  biologically act ive substances  with e x t r e m e l y  d ive r se  poss ibi l i t ies  
of s t ruc tu ra l  i s o m e r i s m ,  tau tomer ic  fo rms ,  etc. ,  ve ry  often is es tab l i shment  of the p re sence  and c h a r a c t e r -  
izat ion of the fine e lec t ronic  s t ruc tu re  of one or  another functional group.  In this r e spec t ,  po larography,  
together  with m o r e  modern  physical  methods,  can give valuable informat ion.  The de te rmina t ion  of the con-  
c r e t e  El/2 va lues  in the c h e m i s t r y  of he te rocyc l ic  compounds also takes on m o r e  s ignif icance for  the r e l a -  
t ive evaluation of the reac t iv i t i es  of one or  another  posit ion in the he te ror ing ,  etc. ,  which is not always e a s y  
to do with other  methods,  and also for  modeling of the b iochemica l  redox s y s t e m s  in which redox coenzymes  
of he t e roa roma t i c  s t ruc tu re ,  the i r  model  analogs,  inhibi tors ,  etc. ,  often par t i c ipa te .  

Insofar  as the effect  of the nature  of the he te ro r ing  on the El/2 Value of reduct ion of the he t e roa ro ma t i c  
s y s t e m  bonded to it is concerned,  one can pa r t i cu la r ly  approx imate ly  use  the rule  that groups at tached to 
he t e roa roma t i c  s y s t e m s  with a deficit  of ~ e lec t rons  in the ring a re  reduced at m o r e  posi t ive  potent ials ,  and 
groups bonded to ~ - s u r p l u s  he t e roa roma t i c  s y s t e m s  are  r educed  at m o r e  negative potent ia ls .  In the f i r s t  
case ,  the  e lec t ron  density on the polarographicaUy act ive group d e c r e a s e s ,  and this faci l i ta tes  e l e c t r o r e -  
duction, while the r e v e r s e  occurs  in the second case .  The re la t ive  ease  of reduct ion of a group depends 
also on its posi t ion with r e s p e c t  t o t h e  h e t e r o a t c m .  Fo r  example ,  if the r ing ni t rogen he t e roa tom in the 
pyridine molecule  is cons idered  to be a subst i tuent  with a s t rong  negative m e s o m e r i c  effect,  e l ec t roac t ive  
groups in the 4 and 2 positions should be reduced  cons iderably  more  read i ly  than a subst i tuent  in the 3 pos i -  
tion; this is exper imenta l ly  obse rved  [66, 73, 74]. E lec t roac t ive  groups in the 2 posit ion in furan,  thiophene, 
and selenophene der iva t ives  a r e  reduced cons iderably  more  read i ly  than the group in the 3 posit ion; this 
was used, for  example ,  for the analysis  of the i s o m e r i c  composi t ion of the products  of ni t rat ion of thiophene 
[75]. 

Imoto [76], Zuman [77, 78], Ti rouf le t  [79], and o ther  authors c o m p a r e d  the re la t ive  ease  of e l e c t r o -  
reduct ion with the so -ca l l ed  he te ror ing  constants  ~ F- ,  which c h a r a c t e r i z e  the e lec t ronic  effect  (including 
the m e s o m e r i c  effect) of a he t e roa rom a t i c  r ing (with r e s p e c t  to the phenyl r ing).  The invest igated s y s t e m s  
can be a r r anged  in the following o rde r  with r e s p e c t  to the i nc r ea se  in the negat ive potentials  of e l e c t r o -  
chemica l  reduction:  

4-pyridyl ~2-thiazolyl. ,~ 2-pyridyl ~3~.pyrs ~2-thienyl ~2-furyl 

oF- + 1,86 + 1,64 + 1,5 +0.72 +0,24 +0,18 
<L phenyl < 3-thienyl < 2-pyridyl < 3-pyridyl 

aF- 0 -- 0.09 - 0 , 7 0  -- 1.68 

Depending on the reproducib i l i ty  of a given e lec t roac t ive  functional group to the effect  of subst i tuents ,  
the cor responding  inc rease  or  d e c r e a s e  in the ha l f -wave  potentials on pass ing f rom one he t e roa roma t i c  
s y s t e m  to another  may  be  cons iderable  or  l ess  pronounced.  Thus, on pass ing  f rom the 4 -pyr idy l  f r a m e -  
work  to the phenyl f r a m e w o r k  the 1~1/~ values for  e lec t ro reduc t ion  of b romo  der iva t ives  a re  shif ted to the 
cathode side by about -1 .1  V, com pa red  with shifts  of -0 .5  V for  aldehydes and ketones and -0 .25 V for  
aldoximes and ni t ro  compounds [78]. However ,  these data a re  only approx imate  in nature ,  s ince  the values 
of the ~ F -  constants  may  v a r y  over  ve ry  wide l imi ts ,  depending on the m e s o m e r i c  in te rac t ion  of the h e t e r o -  
a romat i c  r ing with the e lec t roac t ive  group, while the e l ec t rochemica l  p roces s  depends a lso  on the p o s s i -  
bili ty of protonat ion of the he te ror ing ,  its adsorbabi l i ty ,  e tc .  In the case  of sma l l  e lec t ronic  effects  of the 
he te ror ing ,  the El/2 values may  also change to the posi t ive  s ide - thus 5 -n i t ro fu ran  is reduced m o r e  read i ly  
by 40-50 mV than 5-nitrothiophene,  while the la t t e r ,  just  as 5-ni t roselenophene,  has approx imate ly  the 
s a m e  potential  as ni t robenzene [71]. In addition, the re  is a lmos t  no r e s e a r c h  in which one author has 
studied, under  identical  (s t r ic t ly  compared)  conditions,  the polarographic  behavior  of the s a m e  e l e c t r o -  
act ive group in var ious  he t e roa rom a t i c  s y s t e m s .  
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An invest igat ion of angular  he te rocyc l ic  der ivat ives  of anthraquinone of the an thraquinone- l ,2 ,5-X-  
diazole type and re la ted  compounds gave in teres t ing resul ts  [79-81]. Since the rings of 1 ,2 ,5-X-diazoles  
a re  s t rong e lec t ron  accep tors ,  the i r  introduct ion into a molecule  increases  the e lec t ron  affinity of the 
quinone, which can be cha r ac t e r i z ed  by the E~/2 value of the f i r s t  wave for  e lec t ro reduc t ion  of the quinone 
grouping in an aprot ic  solvent  to a semiquinone anion radica l .  The cor responding  N1/2 values c o r r e l a t e  
l inear ly  with the resu l t s  of kinetic measuremen t s  [82] (Table 1). 

The effect  of an extraneous subst i tuent  (X) that is incapable of e lec t ro reduc t ion  on the E~/2 value for  
polarographic  reduct ion of an e lec t roac t ive  functional group (R) was studied quite thoroughly in a number  
of der iva t ives  of furan,  thiophene, and selenophene [78]: 

It was shown that, in genera l ,  the same pr inciples  as in the effect  of subst i tuent  X on the e l e c t r o r e -  
duction of group R in e lec t rochemica l  react ions  of the benzene se r i e s  a re  observed  here ,  and the gl/2 
values c o r r e l a t e  l inear ly  with the Hammet t  constants;  the 2,5-posi t ion in these he te ror ings  is approximate ly  
equivalent to the pa re  position in the benzene ring, while the 2 ,4-posi t ion is approximate ly  equivalent to the 
meta  posit ion [71, 83-85]. The PTr constants in a number  of der ivat ives  of these he te roa romat i c  rings differ  
somewhat  f rom the cor responding  values in the benzene se r i e s  [78]. The d ec r ea se  in t r ansmiss ion  of the 
e lec t ronic  effect  of subst i tuent  X is also caused by interposi t ion of the - C H 2 -  , - C H  ~---CH-, etc. ,  br idge 
groups [84-86]. It is in teres t ing  that a dec r ea se  in the A E1 / JA p H  coeff icients  of various der ivat ives  of the 
s e r i e s  [85] in the l inear  dependence on the Hammet t  subst i tuent  constants is observed  in a number  of 2- 
subst i tuted der iva t ives  of 5-n i t rofuran  on ord inary  capi l la r ies ,  and that this d ec r ea se  is observed  only on 
s ho r t - pe r i od  capi l la r ies  in a number  of n i t robenzene der ivat ives  [87]. 

There  are  numerous  data on the polarographic  reduct ion of e lec t roac t ive  groups bonded to a he t e ro -  
a romat ic  r ing,  The functional der iva t ives  of pyridine [88-92], py r ro l e  [93, 94], furan [95, 96], thiophene 
[97, 98], imidazole [70, 99], thiazole [100], etc. ,  pa r t i cu la r ly  the corresponding carbonyl ,  ni tro,  and halo 
der iva t ives ,  and der iva t ives  of pyr id inecarboxyl ic  acids (cyanides, hydraz ides ,  amides,  etc.) have been 
studied thoroughly.  Many of these compounds - der ivat ives  of nicotinic and is onicotinic acids, 2-ni t rofuran,  
c~-ni t ropyrrole ,  e t c . - h a v e  high chemotherapeut ic  activity,  and the possibi l i ty  of the i r  polarographic  de- 
te rminat ion  seems  of substant ial  analyt ical  in t e res t .  

N-Oxides occupy a specia l  place among subst i tuted der ivat ives  of ni t rogen-containing he te rocyc les  ; 
the polarographic  behavior  of N-oxides has been studied ex t r eme ly  intensely in view of the i r  low pola ro-  
graphic reduct ion  potentials,  which are  convenient  for  analytical  work, and also because  of the g rea t  im-  
por tance  that they have for  the p repara t ive  c h e m i s t r y  of he t e rocyc l e s .  The N-oxides of pyridine,  quinoline, 
piperidine,  and a number  of alkaloids give an i r r e v e r s i b l e  2e wave in acidic media  at potentials f rom -0 .7  

TABLE 1. El/2 Values (in Dimethylformamide)  of 9,10-Anthraquinone 
and Anthraquinone- l ,2 ,5-X-diazoles  

A n n e l a m d  h e t e r o r i n g  s V A n n e l a t e d  h e t e r o r i n g  E~ h , V 

- 0 . 4 3  9 , 1 0 - A n t h r a q u i n o n e  

N ~ N  

~ .--.-C~H 5 

- 0 , 8 2  

--0,57 

-- 0,43 

--0,57 N---'-O 
N 

-0 ,42  

"0 ,27  
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to -1 .0  V, the El/2 value of which depends on the  pH [101-110]. The height of the wave dec rea se s  with in-  
c reas ing  pH, gradual ly  takes on kinetic c h a r a c t e r ,  and finally d i s appea r s .  This is a ssoc ia ted  with the fact  
that  pyridine N-oxide i tse l f  is po la rographica l ly  inactive but in the protonated fo rm acquires  the capaci ty  + 
for e lec t roreduct ion ,  as shown above.  The height  of the wave cor responding  to c leavage  of the N - O  bond 
is l imi ted by the protonat ion kinet ics ,  which have volume c h a r a c t e r  in the case  of N-methylp iper id ine  and 
par t ia l ly  su r face  c h a r a c t e r  with the par t ic ipat ion  of adsorbed  N-oxide molecules  in the case  of pyridine 
[1031. 

In acidic media ,  7 -ch lo ro -2 -me thy lamino-5 -pheny l -3H-1 ,4 -benzod iazep ine  4-oxide (chlordiazepoxide} 
gives th ree  reduct ion waves .  The f i r s t  wave (g~/2 -0 .38 V) co r responds  to 2e reduct ion of the N-~ O group, 
the second wave (E~/2 -0.72 V) co r r e sponds  to 2e reduct ion of the C = N  double bond in the 4,5 posit ion, and 
the th i rd  wave (El/2 -1 .2  V) co r responds  to 2e reduct ion of the N = C  double bond in the 1,2 posi t ion [109- 
112]. 

NHCH 3 i ~ ' ~  ~N_...--~ N HCH 3 N [i~.H~ N H CH 3 

C6H 5 CsH5 C6H ~ 

The effect  of subst i tuents  on the El/2 values for reduction of N-oxides and the reduct ion of other  e l ec -  
t roac t ive  groups contained in N-oxide molecules  was examinedin [102,104-106, 108, 109]. 

I sa togens ,  which a r e  reduced like 1,4-quinones on a DME and consequently have quinoid c h a r a c t e r  
[113], a re  c lose  to N-oxides:  

R - 2-pyridyl, phenyl, 
4-nltropheny1 . 

0 4-memoxypnenyl 

The mechan i sm of e lec t roreduct ion  of the N-oxides of 1 ,2 ,5-oxadiazoles  (furoxans) is fundamental ly  
di f ferent  [114]. Depending on the pH, two or three  waves a re  obse rved  on the po l a rog rams  of 1 ,2-naphtho-  
furoxan-4-sul fonic  acid.  The f i r s t  wave at -0 .1  to -0 .2  V cor responds  to 2e reduct ion to 1 ,2-quinodioxime-  
4-sulfonic  acid.  The next waves per ta in  to the reduct ion of the protonated and unprotonated fo rms  of the 
dioxime.  Eight e lec t rons  a r e  consumed in the comple te  reduct ion to give the final p r o d u c t -  1 ,2 -d iamino-  
naphthalene-4-sulfonic  acid.  Thus c leavage  of the r ing bonds occurs  m o r e  read i ly  in the case  of furoxan 
than spli t t ing out of  an exocycl ic  oxygen a tom.  

N--OH 

SO811 gO3N 

Two-e lec t ron  and s i x - e l e c t r o n  waves a re  obse rved  s epa ra t e ly  in the reduct ion of naphthofuroxan in 
anhydrous d ime thy l fo rmamide .  The absence  of a l e  s tep  may  be assoc ia ted  with weakening of the a romat ic  
c h a r a c t e r  of the molecule  on pass ing f rom furazans  to furoxans .  

The S-oxides and S-dioxides of phenothiazine [115] and benzo-  and dibenzophenothiazines a re  reduced 
on a DME in an alcohol solution of t e t r ame thy l ammon ium chlor ide  at - I  .7 to 2.3 V (rela t ive to the m e r c u r y  
bottom).  In acidic media  (in hydrochlor ic ,  acet ic ,  and nitr ic acids) the S-oxides undergo l e  reduct ion at 
-0 .8  to -1 .0  V. The mechan i sm of the e lec t roreduc t ion  has not been adequately studied, but it is a s sumed  
that  in this case  the resul t ing phenothiazonium sa l t s ,  which, by adding one e lec t ron,  give s tab le  s emiqu in -  
ones that  a re  not reduced  up to the point of d i scharge  of the base  e lec t ro ly te  a re  reduced.  

Benzothiophene 1,1-dioxide in b e n z e n e - m e t h a n o l  solution gives two reduct ion waves with E~/2 -0 .97  
and -1 .93 V, r e spec t ive ly  [116]. On the bas is  of data in [116, 117], Lund p roposes  c leavage  of the thiophene 
r ing to g ive/3-phenyle thanesul f in ic  acid [118]: 
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*2e+2H + ~ +2e+2H+ ~CH2CH:~SO2H 

Cleavage of the C - S  bond is the pr imary  electrode reaction in the reduction of saccharin;  chemical 
reaction follows after pr imary electrochemical cleavage [118]: 

~ . %  H* +2e +:2H___._..~ + C,H~CONH~ * SO~ 

0 #~ "~0 

Thus, abundant - and frequently the most diverse - variations of mechanisms of electrochemical  r e -  
duction, which are far from being completely discovered, are manifested among the extremely diverse 
heterocyclic compounds. Not all of the l i terature data have been obtained under comparable conditions and 
cannot be correla ted from a single position. However, the electrochemical  material  already available 
makes it possible to both expose the peculiarities of the reactivities of individual heterorings and to use 
the polarographic method for the quantitative analysis and evaluation of the reactivities of numerous hereto-  
rings. 
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