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Polarography (voltamperometry) - microelectrolysis on a dropping mercury electrode (DME) [1-12] - 
is an established technique in the modern comples of physicochemical methods for the study of organic 
compounds. This method, which was proposed in 1922 by J. Heyrovsky, continues to remain extremely ef- 
fective and even indispensable in the solution of a number of scientific problems of organic chemistry, for 
example: to find the standard redox potentials of organic redox systems or values close to those potentials 
that include a certain kinetic component- the polarog~:aphic half-wave potentials (El/2); to ascertain the 
nature and sequence of steps of a complex electrochemical reduction reaction [ii, 13], which often pro- 
ceeds in a manner similar to reactions of chemical, catalytic, and biochemical reduction; to find the ap- 
proximate values of the diffusion coefficients of organic molecules; to select the conditions for the electro- 
chemical synthesis of organic compounds; to select the conditions for the electrochemical generation of 
free ion radicals, the study of which subsequently by ESR spectroscopy gives unique information regarding 
the distribution of the unpaired spin in the particle [14]; to find characteristics of the energy of the lower 
vacant and, in the case of oxidative voltamperometry, the higher occupied molecular orbital, the magnitude 
of which in a series of related compounds follows the trend of the experimental El/z values; for the ana- 
lytical determination of milli- and micreconcentrations of organic substances. 

In addition, polarography makes it possible to solve a multitude of specific problems in the electro- 
chemistry of organic compounds, such as the determination of the rate constants for electron transfer, de- 
termination of the rate constant of an ultrahigh-speed protonation reaction, determination of the adsorption 
characteristics of organic molecules on the charged surface of an electrode, investigation of the effects of 
the electrical double layer, etc. 

The peculiarities of the polarographic reduction of heterocyclic systems were considered in reviews 
by Volke [7, 15, 16] and Elving [17, 18], and two reviews by Lund devoted to the examination of the elec- 
trochemical transformations of heterocyclic compounds in general [19] and nitrogen-containing hereto- 
cycles in particular [20] recently appeared. 

However, the reviews mentioned above do not completely encompass the newest material and in- 
adequately reflect the research done in the USSR. We therefore deemed it expedient to address ourselves 
to this problem. The aim of the present review is a systematic examination of the polarographic behavior 
of fundamental types of heterocyclic compounds and the presentation of some principles by which the re- 
search organic chemist who desires to use this method for the study or analysis of heterocyclic compounds 
and natural and biologically active substances of heterocyclic structure might be guided. 

In the first part of this review only those systems in which either the heteroring itself or a system 
containing both the heteroring and the substituent in conjugation with it is reduced are examined. 
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1.  G e n e r a l  A s p e c t s  

The m o s t  useful  c lass i f ica t ion  in the sys temat iza t ion  of data on the po la rographic  behavior  of the nu-  
me rous  and d ive r se  he te rocyc l ic  s y s t e m s  is  that  p roposed  by Alber t  [21], according to which the he te ro r ings  
a r e  subdivided into he teroparaf f in ,  heteroethylenic ,  and he t e roa roma t i c  compounds.  

Hete ropara f f in  (i.e.,  comple te ly  saturated)  he te rocycl ic  compounds genera l ly  a r e  not reduced  on a 
DME - thei r  ac t iv i ty  m a y  be due only to c leavage of the s t rongly po la r ized  single bonds of the he teror ing ,  
the catalyt ic  ef fec t  of the he te rocyc le  on the e l ec t rochemica l  l iberat ion of hydrogen,  or  reduction of the 
e l ec t roac t ive  functional groups of the side chain. In a number  of ca ses ,  heteroethylenic  compounds (i .e. ,  
unsa tura ted  but not comple te ly  conjugated s y s t e m s  that a r e  devoid of a romat ic i ty)  a r e  endowed with po- 
l a rographic  ac t iv i ty  and behave like acycl ic  ~ , f l -unsa tura ted  functional der iva t ives .  

The g r e a t e s t  number  of e lec t roac t ive  compounds that a r e  capable  of reduction on a DME are  those in 
the he te roa romat ic -compound  c lass  (i.e., comple te ly  unsa tura ted  cyclic compounds that have an a roma t i c  
sexte t  of v e lec t rons  and the cor responding  annelated systems}.  

He t e roa rom a t i e  compounds can be subdivided into v-def ic ien t  and v - s u r p l u s  he t e roa roma t i c  sys t ems .  
Of these,  the f o r m e r  a re  po la rograph ica l ly  act ive,  since, because  of the deficiency of v e lec t rons  in any 
posi t ion of the ring, the molecu les  undergo nucleophilic a t tack by an e lec t ron  (i.e.,  the p r i m a r y  act  of 
e l ec t rochemica l  reduction} m o r e  read i ly  than benzene and the cor responding  a roma t i c  hydrocarbons .  
Moreover ,  the he t e roa tom in compounds of this type is capable of being protonated,  alkylated,  etc. ,  thereby  
acquir ing a posi t ive charge;  this substant ia l ly  faci l i ta tes  e l ec t rochemica l  reduction.  Po la rograph ica l ly  
act ive he te rocyc les  of this type a r e  s i x - m e m b e r e d  ni t rogen-containing he te rocyc les  of the pyridine,  quin- 
oline, pyr imidine ,  etc.  type. The v - s u r p l u s  he te rocye les  include n i t rogen- ,  su l fur - ,  and oxygen-containing 
he te rocyc les  (p r imar i l y  the f i v e - m e m b e r e d  compounds} in which the unshared  pair  of e lec t rons  of the 
he t e roa tom par t i c ipa tes  in the v - e l e c t r o n  sexte t  and is  respons ib le  for the excess  of v e lec t rons  in any 
o ther  posit ion of the cyclic  s y s t em  (for example ,  py r ro l e ,  furan, thiophene, indole, ca rbazole ,  etc.}; these 
he te rocyc les  a r e  not reduced  on a D1VIE and a re  not inclined to undergo protonation.  The v - s u r p l u s  effect  
p redomina tes  in the case  of f i v e - m e m b e r e d  he t e roa roma t i c  s y s t e m s  with s eve ra l  he t e roa toms  that  s imu l -  
taneously  contain both "pyr idine"  and " p y r r o l e "  ni t rogen a toms (or an oxygen a tom or sulfur atom, r e s p e c -  
t ively),  and the s y s t e m  does not have the abi l i ty to undergo polarographic  reduction (pyrazole ,  imidazole ,  
oxazole,  thiazole,  etc.}. 

The i n c r e a s e d  abil i ty of he t e roa roma t i c  s y s t e m s  (or the products  of thei r  e l ec t rochemica l  conver -  
sion) to be adsorbed  on the sur face  of a m e r c u r y  e lec t rode  takes  on a m o r e  significant role  during the 
e lec t roreduc t ion  of h e t e r o a r o m a t i c  s y s t e m s  than during the e lec t roreduc t ion  of a roma t i c  sy s t ems ,  and this 
f requent ly  changes the i r  po larographic  behavior  substant ia l ly  as compa red  with the analogs of the benzene 
se r i e s .  A fac tor  of no less  impar t ance  is  the abil i ty of n i t rogen-containing (and s o m e t i m e s  oxygen-  and 
sulfur-containing) he te rocyc les  to undergo protonation in the unadsorbed or adsorbed s ta tes .  On the one 
hand, the acquisi t ion of posi t ive  charge  m a y  faci l i tate  e lec t roreduct ion  of the he teror ing ,  but m o r e  often 
the poss ibi l i ty  of protonation leads to the format ion  of a catalyt ic  hydrogen wave; this is a cha rac te r i s t i c  
pecul ia r i ty  of the polarographic  behavior  of n i t rogen-containing he te rocyc les  [3]. 

2. H e t e r o a r o m a t i c  S y s t e m s  i n  W h i c h  t h e  H e t e r o r i n g  

I t s e l f  I s  R e d u c e d .  C o m p o u n d s  w i t h  O n e  H e t e r o a t o m  

Pyridine and I ts  Der iva t ives .  Although much r e s e a r c h  has been devoted to the polarographic  be-  
havior  of pyridine and i ts  s imp le s t  de r iva t ives ,  there  is not complete  c la r i ty  regard ing  the m e c h a n i s m  of 
the e lec t roreduc t ion  of this s y s t e m  as a function of the medium [22-32]. In aqueous media  pyridine gives 
the catalyt ic  wave of the l iberat ion of hydrogen [24, 27]. The pecu l ia r i t i es  of this wave and the effect  on it  
of the m o s t  d ive r se  fac to r s  [3, 32-38] have been the subject  of independent invest igat ions.  The e l ec t ro -  
chemical  p r o c e s s  respons ib le  for the appearance  of the catalyt ic  wave [24] consis ts  of a se t  of reac t ions ,  
the end r e su l t  of  which is  l iberat ion of hydrogen f rom the molecu les  of a protogenic solvent,  for example ,  
water:  

It 

~d~. 1 1 §176 

It 
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The opinions with r e g a r d  to whether  pyr idine in aqueous solutions is also capable  of giving a wave for the 
reduct ion of the pyr idine r ing i t se l f  in addition to the hydrogen catalyt ic  wave a r e  cont radic tory .  Some au-  
thors  suppose that  pyr idine gives a reduct ion wave a t - 1 . 5  t o - 1 . 8  V, in which case  the e l ec t rochemica l  
p r o c e s s  r e su l t s  in the two-e lec t ron  reduct ion of pyridine to dihydropyridine [22]. The peak on the osc i l lo -  
g r a m s  a t - 1 . 7  V in a B r i t t o n - R o b i n s o n  buffer solution with pH 7.5 is  due to d ischarge  of hydrogen ions. 
However ,  the m e c h a n i s m  of the e l ec t rochemica l  t r ans fo rma t ion  of pyridine is compl ica ted  in ose i l lopo la r -  
ography; d ipyr idyls  (which indicate pa ra l l e l  d imer iza t ion  of radicals)  and even oxygen-containing h e t e r o -  
cycles  and glutaconic aldehyde a re  detected in the e l ec t ro lys i s  products  [30, 31]. 

I t  s e e m s  probable  that under the conditions of c l a s s i ca l  po la rography  in aqueous media  pyridine in 
the pre tona ted  fo rm p r i m a r i l y  only ca ta lyzes  the l iberat ion of hydrogen ions (in this case  the dipyridyls  
that are formed during the electrolysis because of dimerization of tile intermediate free radicals are also 
catalysts in addition to pyridine [35]) but is not reduced at all in the unprotonated form. In dimethylform- 
amide (DMF), however, the unprotonated form of pyridine gives a two-electron (2e) wave for the reduction 
to dihydropyridine at potentials above -2 V [28]: 

H H \/ 

+ 2 e  + 2 H A  ' o r  H 

�9 H H 

A one-electron (le) wave from the reduction of the protonated form of pyridine appears during polarography 
of pyridinium ions in pyridine (i.e., of various acids in pyridine); the resulting dimers of the free radicals 
are reduced to tetrahydropyridols. A similar mechanism also occurs in mixed aqueous pyridine media 
containing up to 10% (by volume) water; however, at water concentrations of 50~0 (by volume), only catalytic 
liberation of hydrogen is observed [39]. 

Pyridine derivatives that contain an electron-accepting but electrochemically inactive substituent at- 
tached to the ring are also capable of giving true 2e waves from the electroreduction of the pyridine ring 
in addition to the catalytic waves. Isonicotinic, picolinic, and nicotinic acids give reduction waves [40-44], 
and in this case, asthe pH increases, the more positive wave of ~ -I.0 V, which corresponds to the dipolar 
ion, decreases at the expense of an increase in the more negative wave of ~ -1.7 V, which is ascribed to 
the acid anion. In complete accordance with the order of the change in the electronic substituent effects, 
the El/2 values are shifted to more negative potentials in the following order: pyridine-4-, pyridine-2-, 
and pyridine-3-carboxylic acids [44]. 

The data from preparative electrolysis indicate that only the pyridine ring is involved in the case of 
nicotinic acid , while the carboxyl group is involved in the case of the two remaining acids, and hydrated 
c~- and "/-formylpyridines are formed [43]. In addition, colored compounds - products of conversion of the 
dihydropyridinecarboxylic acids - are formed as side products [43]. 

E l l ( O H ) 2  
HO OH } 

C O O H  

�9 
/ \  

tt H 

4 ,4 ' -Dipyr idy l  gives two waves ,  the f i r s t  of which eo r re sponds  to t r an s f e r  of one e lec t ron  and leads 
to the format ion  of a blue f ree  rad ica l  [45]. The i somer i c  dipyridyls  a re  also reduced in the order  4,4 '  > 
2 , 2 ' > 3 , 3 '  [46, 47], 

2e-Reduct ion of the pyridine r ing  in the protonated or unprotonated s tate  is  a lso  a s sumed  in the po-  
l a rograph ie  reduct ion of d ive r se  subst i tuted cyanopyridines  and pyr id inecarboxamides  [48], although dif-  
f e ren t  a s sumpt ions  re la t ive  to the nature  of the la t ter  e l ee t rochemiea l  p r o c e s s e s  have also been expressed .  

Pyr id in ium Salts.  When the nitrogen a tom of the pyridine r ing is  alkylated,  the qua t e rna ry  nitrogen 
a tom loses  i ts  abi l i ty  to undergo protonat ion and the reby  to fo rm a ca t a lyze  hydrogen wave. N-Alky l -  
pyr id inium sa l t s  give two le  waves  in aqueous solutions;  the Et/2 value of the f i r s t  r e v e r s i b l e  or pa r t i a l ly  
reversible step at -i.0 V is independent of the pH, and the process leads to a free radical, which is par- 
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t ia l ly  d imer i zed  in the second step (El/2 depends on the pH) and is  pa r t i a l ly  reduced subsequently ( a t - l . T V )  
to the cor responding  N - a l k y l - l , 2 -  or  -3 ,4-d ihydropyr id ine  [49-52]. The rad ica l  fo rmed  in the f i r s t  s tep is 
quite stable,  but it co r re sponds  to a rad ica l  of d imer ic  s t ruc tu re  and apparen t ly  is a secondary  product:  

I t  i t  

+ e  .i-e + H  + 
r 

L 
M k  Alk  

1 /  --.. 

The same  mechan i sm of e l ec t rochemica l  reduct ion was also es tab l i shed  for N-methyln icot inamide  
and re la ted  compounds [51], but in this case  reduct ion proceeds  at  m o r e  posi t ive  potent ials  and involves 
p r i m a r i l y  the 6 position of the r ing  only if  the subst i tuent  at tached to the ni trogen a tom does not c rea te  
s te r ic  hindrance (for example ,  propyl  groups and the like) [18]. 

The coenzyme nicot inamide-adenine  dinucleotide (NAD, DPN, codehydrogenase) ,  which par t ic ipa tes  
in hydrogen t r a n s f e r  in b iochemical  s y s t ems ,  gives one reduction wave a t - 0 . 8  to - 1 . 1  V in both acidic and 
alkaline media  [18, 52-59]. It  is a s s um ed  that he re  also le  reduction leads to a rad ica l  that  then d imer i ze s  
in the 4,4 T position [51]. However,  the dirner could not be isola ted by control led-potent ia l  e l ec t ro lys i s  
(CPE), and products  that have a cer ta in  coenzymat ic  act ivi ty  ( f rom 0 to 76% of that expected for NAD) were  
formed;  pa ra l l e l  2e reduction to the cor responding  dihydropyridine the re fo re  cannot be excluded. The r e -  
v e r s e  e lectrooxidat ion of reduced fo rm NADH (DPNH) occu r s  at m o r e  posi t ive potentials  ( f rom --0~ to 
- 0 . 4  V), and, consequently,  in con t ras t  to b iochemical  react ions ,  a r e v e r s i b l e  redox pa i r  between NAD and 
NADH is not f o rm ed  in the e l ec t rochemica l  exper iment .  I t  is poss ible  that  the r eason  for  this is r e t a r d a -  
tion of t r an s f e r  of the second e lec t ron by the adsorbed  d imer s .  N,N' -Dia lkylpyr id in ium sal ts  give two le  
waves ,  the f i r s t  of which (at - 0 . 7  V) is r e v e r s i b l e  and has an El/2 value that is independent of the pH [60, 
61]. The blue radical cation that is formed is capable of undergoing both further le reduction (at-i.i V) 
and reversible oxidation, while the final quinoid product rapidly rearranges and therefore does not give an 
anode wave: 

R-- --R - " R-- --R + e  R-- --R 

R=CII 3, C2H s, CII~CoH s 

A similar intermediate dialkyldipyridyl radical also arises during le reduction of N-alkylpyridinium 
salts [49] and also from N-alkyl-4-cyanopyridinium salt after prior electrochemical cleavage of a CN- ion 
and subsequent dimerization of the intermediate radical. 

The e l ec t rochemica l  reduction of N-subst i tu ted  benzazolylpyr idinium sal ts  [62] p roceeds  with format ion  of 
1 ,4-dihydropyridine via a r ad ica l  mechan i sm,  in which ease  their  e lee t ro reduc t ion  is faci l i ta ted cons ide r -  
ably as compared  with pyr id inium sa l t s  that  do not contain a benzazolyl  substituent~ 

= o, s, N N ; R = CN 3, CN2C6H 5 

The first step in the polarographic reduction of N-substituted pyridinium salts (and apparently in the 
polarographic reduction of all of the previously considered pyridine derivatives that are reduced in the 
protonated form) is the formation of a free radical, which then either dimerizes rapidly (with a rate con- 
stant of 5- 108 liter, mole/sec [37]7 or is further reduced, depending on the type of compound, conditions of 
the medium, depolarizer concentration, etc. It should be noted that free radicals in amounts sufficient for 
recording could not be obtained in the electroreduction of pyridines by electrochemical generation while 
such radicals are quite stable for dipyridyls, where delocalization of the unpaired electron over the system 
of conjugated bonds is more likely. 

Pyridylethylenes. The isomeric 1,2-dipyridylethylenes are reduced on a DME in two le steps or 
more often in one 2e step to dipyridylethanes, during which the 4,4V-isomer, in contrast to the 2,2t-isomer, 
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is reduced reversibly in neutral and alkaline media; this indicates the participation of tile entire conjugated 
system in the electrochemical reaction [63]. It has been shown by the use of the Kalousek technique and 
analysis of the i,t curves that some 4-substituted pyridines and the corresponding pyridinium salts, where 
the formation of quinoid intermediate forms is conceivable, are reduced reversibly or almost reversibly 
(they give anode stages at the same potentials as the cathode stages or at potentials 20-30 mV greater than 
the anode values) [64]. 1,4-Bis[(4-pyridyl)vinyl]benzene, 1,2-di(4-pyridyl)ethylene, 4,4'-dipyridyl, and 
pyrazine are included in systems of this sort. At the same time, 2,2'-dipyridyl and stilbazole are reduced 
irreversibly. The mechanism of the transfer of the first and second electrons in the indicated systems 
was studied in acetonitrile with the gradual addition of water [65], and, in addition, inhibition of the elec- 
trode process because of adsorption of an electroactive substanee was investigated [66]. 

Polynuclear Systems with a Pyridine Ring. Annelation of the pyridine ring considerably facilitates 
the electroreduction of the molecule: while pyridine itself is reduced at-2.07 V in dimethylformamide 
(5% water), under the same conditions isoquinoline is reduced at-1.84 V, and quinoline, benzoisoquinoline, 
benzoquinoline, phenanthridine, and acridine, respectively, are reduced at-1.69 V, -1.78 V, -1.70 V, 
-1.64 V, and-1.24 V. This 6rder of eleetroreduction corresponds to the change in energies of the lower 
vacant IV[O calculated for these heteroeycles (however, the El/2 value of pyridine deviates from the linear 
correlation) [67, 68]: 

E,/2 = - 0.555 + 2.127ran+ ~ '  r = 0.986. 

The indicated dependence remains in force also for monoazaheterocycles with four and five benzene rings 
in the molecule [68], but it is of approximate character, since not all of the monoazaheterocycles are re- 
duced via the same mechanism. 

In contrast to pyridine derivatives, 2e waves are often observed for annelated monoazaheteroeycles 
in proton-donor media; this is apparently explained by the lower rate of dimerization ef the intermediate 
free radicals, but subsequent le reduction steps are also observed for them in aprotic media. In the gen- 
eral case, depending on the structure and medium, polynuclear monoazaheterocycles may give le and 2e 
waves and a wave of intermediate height. In addition, catalytic hydrogen waves that usually follow the re- 
duction waves or merge with them are also formed as a rule. 

Quinoline and Its Derivatives. In aqueous neutral, weakly alkaline, and aqueous organic media, quin- 
oline and its derivatives are reduced to 1,2- or 1,4-dihydroquinolines in the accessible range of potentials 

�9 (from -1.4 to -1.6 V) with the consumption of two electrons [69-72]. The catalytic liberation of hydrogen 
is superimposed on this wave in acidic media. Quinoline in 100% DIV[F gives two successive le steps at 
--2.0 to -2.6 V [73]. 8-Hydroxyquinoline (oxine) in acidic media gives ene 2e wave at El/2 from -0.85 te 
-1.5 V, the height of which decreases to the le level as the pII increases [74, 75]. In DMF, 8-hydroxy- 
quinoline is reduced in two le steps (at-l.82 and-2.5 V), and the first wave corresponds to discharge of 
the hydrogen of the hydroxyl group, while the second corresponds to one-electron reduction of the pyridine 
ring to the quinolinelate anion, which reacts rapidly with the atomic hydrogen formed in the first step to 
give the 1,2-(or 1,4-)dihydroquinolinolate anion: 

OH O-  - -  - 

The eleetroreductien of 5-hydroxyquinoline proceeds similarly [76, 77]. Quinolinecarboxylie acids 
are reduced in the same way as pyridinecarboxylie acids [78]. The ability of the quinoline ring to undergo 
polarographic reduction was used to develop methods for the analytical determination of biologically im- 
portant substances, for example, quinine, and cinchophen (atophan) [79]. 

It should be noted that quinoline derivatives under well-known conditions give catalytic and adsorp- 
tion waves, and it is therefore recommended that they be studied in mixed aqueous organic or organic me- 
dia. This is true to an even greater degree for acridine and its derivatives [80-83]. The eleetroreduction 
of acridine proceeds in two irreversible le steps to give an intermediate free radical and then aeridan, and 
the electrolysis products have extremely high adsorbability on a mercury electrode; this frequently causes 
complications on the polarograms. The polarographic method has been used for the study and analysis of 
numerous acridine derivatives that have biological activity (see [79] and [84, 85]). 
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Isoquinoline.  Isoquinoline,  like quinoline, in neut ra l  B r i t t o n - R o b i n s o n  buffer solutions gives a 2e 
wave, which d e c r e a s e s  as  the pH r i s e s  and d i sappears  comple te ly  when pH > 10 [72]. In acidic media ,  this 
wave is  over lapped by the wave f rom catalyt ic  l iberat ion of hydrogen.  

Alkylquinolinium and Alkylisoquinolinium Salts.  These  sa l t s  give, over  the ent i re  pit in terval ,  d i s -  
t inct  po larographic  waves  due to r e v e r s i b l e  t r a n s f e r  of one e lec t ron  with subsequent  d imer iza t ion  of the 
resu l t ing  rad ica l s  [72, 86, 87]. The waves  of the sa l ts  appear  at  substant ia l ly  higher  posi t ive potentials  
( -0.90 V a n d - l . 2 7  V) than the waves  of quinoline and isoquinoline ( -1 .27 V a n d - 1 . 2 4  V, respec t ive ly) .  
Indole is  not reduced  on a DME, indolenine gives a wave a t - 1 . 5 4  V, while indoleninium sal ts  give a wave 
at  - 1.36 V [88]. 

The acr id iz in ium ion in acidic media  gives two l e  waves  a t - 0 . 8  a n d - l . 0  V, respec t ive ly ,  the f i r s t  
of which is  r e v e r s i b l e  [89]: 

The absence  of a dependence of the reduct ion potent ials  of both s teps  on the pH indicates  that  a hydrogen 
ion is not included d i rec t ly  in the e lec t rode  react ion.  However,  the carbanion fo rmed  r e a c t s  rapidly  with 
protons f rom the protolyt ic  medium.  

A wave f r o m  the product  of hydrolyt ic  c leavage of acr id iz in ium ions appea r s  in alkaline media.  

1)yrylium and Thiapyry l ium Salts.  2,4,6-Substi tuted pyry l ium and isobenzopyryliu_m sal t s ,  which 
give a r e v e r s i b l e  l e  wave a t - 0 . 5  to - 0 . 9  V [66, 90-93], a re  a lso  reduced in the s ame  way as pyr id inium 
sa l t s .  The CPE data provide evidence that the p r i m a r y  rad ica l s  d imer i ze  to subst i tuted dipyrans:  

+ e  ~ O ~ O 

Thiapyry l ium sal ts  a lso  have polarographic  act ivi ty  [94]~ 

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

This ca t ego ry  contains p r i m a r i l y  s i x - m e m b e r e d  diazines,  and some of these s y s t e m s  with a s y m -  
m e t r i c a l  s t ruc tu re  a r e  reduced  r e v e r s i b l y  in protogenic  media  with the loss  of two e lec t rons ,  as in the 
case  of quinones (pyrazine,  quinoxaline, and phenazine),  while o thers  a r e  reduced i r r e v e r s i b l y .  Here  also,  
in apro t ic  media  the Hoijtink s teps  a re  ini t ia l ly r ea l i zed  in one or another  sequence,  i .e . ,  there  is  a l te rna te  
t r an s f e r  of two e lec t rons  with subsequent  protonation of the anion r ad ica l  and dianion, in the course  of 
which a product  that  is reduced  m o r e  read i ly  than the s ta r t ing  depo la r i ze r  (and, consequently,  the f o r m a -  
tion of a 2e wave) m a y  be fo rmed  [95, 96]. Here  also,  therefore ,  one cannot propose  a reduct ion scheme 
specif ic  for  a given he te rocyc le ,  as everything depends on the exper imenta l  conditions. 

The El/2 values of diazines in ace toni t r i le  fit  on one cor re la t ion  line that links the se t  of Et/2 values  
with the calcula ted energ ies  of the lower vacant  MO [95-97]. Because  of d i f ferences  in the solvation of the 
de r iva t ives  of the two s e r i e s ,  this line does not coincide with the analogous line for monoazines  but p r o -  
ceeds a l m o s t  pa ra l l e l  to it: 

E1/2=-O.84+2.42m~+l (v) (for monoazaheterocycles), 

E,[2=--0.78+2.09m~+l (V) (for diazaheterocycles). 

In addition, a s epa ra t e  line for monocycl ic  de r iva t ives  (pyridine, pyr imidine ,  pyr idazine ,  and pyrazine)  can 
be cons t ruc ted  f rom the equation 

E1/2=0.19+3.70m,+l (v). 

The ra t e  constants  for  e lec t ron  t r a n s f e r  calculated f rom the Koutecky fo rmula  a lso  indicate an approx i -  
ma te ly  s imi l a r  t rend.  

Pyraz ine .  Py raz ine  is reduced r e v e r s i b l y  in protogenic media  (Br i t t en -Rob inson  buffer solutions) 
a t  low cathode potent ials  (~ - 0 . 7  V) with r e s p e c t  to the overa l l  reac t ion  [98-100] to give one 2e wave: 
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It 

C) """: () 
H 

When methyl  groups a re  introduced into the pyrazine  molecule,  the e lec t rochemica l  p rocess  becomes 
i r r e v e r s i b l e .  In addition, catalyt ic  hydrogen waves a re  observed  at  higher  potentials.  

Pyr imid ine  and Its Der ivat ives .  The polarographic  behavior of pyr imidines  was investigated in quite 
some detail  by polarography,  coulometry ,  p repara t ive  mac roe lec t ro lys i s ,  and a spec t rophotometr ie  study 
of the react ion products  [101-107]. In protogenic media,  the pyrimidine r ing is reduced i r r e v e r s i b l y  and 
at  substant ial ly higher  potentials than the pyrazine  r ing ( a b o v e -  1.0 V). In acidic media, (pH < 5) there  is 
ini t ia l ly  l e  reduct ion to the f ree  radica l ,  which e i ther  d imer izes  or is reduced  at  higher  potentials to 3,4- 
dihydropyrimidine;  the la t ter  can be fur ther  reduced to to t rahydropyrimidine.  At pH > 5, the f i r s t  and sec -  
ond waves me rge  into one 2e wave, while all of the waves merge  into one 4e wave at pit> 9 [101]" 

'L"~N'~ +H++e ~ H1L~N~ ~+H++e HN~N-- ~ +2e +2H20-2OH--~ H~N~ 
It 

n / ~ / / T - n "  . n -~  .n[..n'~ 

Cytosine (4-amino-2-hydroxypyr imidine)  gives a 3e (and, in some cases ,  a 4e) potarographic  wave 
due to the overa l l  p rocess  of e l ec t rochemica l  2e-deaminat ion and one-e lec t ron  reduction of the resul t ing 
2-hydroxypyr imidine  to a f ree  radical ,  which e i ther  d imer izes  or is fur ther  reduced to 2-hydroxy-3 ,4-  
dihydropyrimidine [101, 108]. 

NH~ NH + 

..Y 
H H H H H 

Dimer 

A s imi lar  cleavage of a protonatod amino group also occurs  in the polarographic reduct ion of 2-pyr idyl -  
t r imethy lammonium iodide [1091. 

~n ~ "+"+ ~ . .  �9 + +2~ +2"+ ~"~ + ~.(cH~)~ -'- ~(CH3) 3 N(CH3)3 H H 

Pyr idaz ines .  Pyr idaz ines  undergo polarographic  reduction in a still  more  complex manner .  While 
reduct ion of 3 ,6-diphenylpyridazine in alkaline media proceeds  in two stops to the te t rahydro  der ivat ive 
via the scheme [109, 110] 

tl 
C6Hs.~N.~" +2e+2H + C6Hs.~N.NH CoH~,...~,N.~ ~2e +2H § C6Hsx'~N~ H 

when two substi tuents a re  p resen t  or in the case of alkylated pyridazinium salts,  the second step of the r e -  
duction is accompanied by r ing contract ion leading to pyr ro le  der ivat ives ,  which were  identified on the 
basis of the NhiR spec t ra  a f te r  CPE [109]. 

R R R 
I+ I 1 

C6H5 ~ N~N +2e +2H + C~Hs"~, N~NH C6Hs"K", N~N 

x y R R H R R 

c6Hs'~N'N E6Ha\~N~N C6H5"-~ ~N c6H5~/" xNH _C6HS...~/NR ... 

It NHR N N 
Dimer Co:--.y(,: ~../~z~NH -NH~ C 6 H s ~ C 6 H  5 ,  C6HsR-- ~ C 6 b l  ~ 

R=H, CH3; R'=H;terI:-C~H~ %H5 R,/ , 
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Quinoxalines. Quinoxalines are reduced in aqueous organic media at pH<4 in two one-electron steps 
(at-0.2 to -0.5 V and from-0.8 to -1.0 V, respectively), and they then give one 2e wave (El/2 = -1.1 V) at 
pH 4-10 [111-116]. Controlled-potential electrolysis showed that the reaction products are 1,4- and 1,2- 
dihydro derivatives (and 3,4-dihydro derivatives in the case of substituted quinoxalines) [115]. The individ- 
ual steps of this process were examined in detail in [115]. 

Phthalazines and Cirmolines. In contrast to quinoxaline, phthalazine is reduced irreversibly. In al- 
kaline media, phthalazine is reduced via the scheme [109] 

H 

N ~__~sN ~ N  ~ . . ~ N .  

I 
Dimer 

The amount of d imer  decreases  as the voltage increases ,  and oxidation of 1,2,3,4-tetrahydrophthalazine to 
1,2-dihydrophthalazine [117] may occur  when the voltage decreases  (at - 0 . 2  V). 

However, in acidic media the react ion proceeds fur ther  with r ing cleavage, in an overal l  6e wave, to 
o-(aminomethyl)benzylamine [118]. A 4e wave is formed in the case of 1-methylphthalazine (at -0 .75  V), 
and this 4e wave is followed by a 2e wave. 1-Methylisoindole may be formed as a resul t  of e l ec t ro reduc-  
tion at the potentials of the f i rs t  wave [109]: 

CH3 

N 

+4e+5H + ~ = i  H § + HN: 3 

~CH2NH 3 ~"~/"EIi2 N H 3 

CIt 3 

On the whole, however,  the e lec t rochemical  reduetion of phthalazine and its derivatives proceeds in 
a more  complex manner  with numerous intermediate steps and side products [119]. 

The same cleavage of the N - N  bond is also observed in the course of the e lectroreduct ion of 3-phenyl-  
cinnolines [120]. The reduction proceeds in two steps a t - 0 . 5  and - 1 . 2  V, respect ively:  

~ N ~ N  +2e +2 H + 
H 4- 

~'-~y.....N ~N +4e +SH + ~ . . , , N  H 3 

~ I Q . ~ C 6 .  ~ ~'~I/"C H 2~:. C6. 5 
+I~IH 3 

In the ease of 4-alkylcinnolines,  in which the intermediate azomethine derivative is reduced with g rea te r  
difficulty, r ing closing (at - 1 . 0  V) is observed after  the f i rs t  step of the electroreduct ion at - 0 . 4  V) [120]: 

CH 3 H CH 3 L CH 3 J CH 3 

One 2e wave (at -0 .5  V) is observed as a resul t  of the e lectroreduct ion of 4-methox~ cinnoline,  and a 
second wave corresponding to reduction of the 1,4-dihydrocirmoline formed during catalytic demethoxyla-  
tion appears only in strongly acidic media (at -1 .2  V) [120]: 

H H H 

OCH a H OCH 3 O H OH 

Phenazine. The e lec t rochemical  reduction of phenazine in nonaqueous media proceeds in two le 
steps through the intermediate formation of an anion radical ,  for which the ESR spect rum can be recorded  
[121, 122]. A radical  cation, which can also be obtained by electrooxidation of 9,10-dihydrophenazine [121], 
is formed in the e lectroreduet ion of the diprotonated phenazine cation. 
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l~teridines.  D i ve r s e  p te r id ines  also undergo e l ec t rochemica l  reduct ion at  the C = N bond, and it  is  
a s s u m e d  that  the reduct ion p roceeds  in the pyraz ine  r ing (the 7,8 posit ion) [116, 123]. A r ev iew of the po-  
l a rog raphy  of p te r id ines ,  including folie acid, is given in [124, 125]. 

Pur ine  and I ts  Der iva t ives .  The po la rograph ic  behavior  of purine and i ts  de r iva t ives  in aqueous m e -  
dia has  been studied sys t emat i ca l ly .  At low pH values  pur ine  gives two 2e waves,  but any po la rographie  
waves  vanish  a t  pi t> 6, f r o m  which it  follows that  purine is reduced  only in the protonated fo rm.  According 
to Elving [17, 18, 102, 105, 126], the f i r s t  wave ( a t - 0 . 7  V) is due to sa tura t ion of the C =N bond in the 1,6 
posit ion,  while the second wave ( a t - 0 . 9  V) is due to fur ther  reduction of the resu l t ing  1 ,6-dihydropurine to 
1 ,2 ,3 ,6- te t rahydropur ine ,  which is then hydro lyzed  to the 4 -amino imidazo le  der iva t ive :  

H H 

A s i m i l a r  course  of e lec t ro reduc t ion  a lso  occurs  in the case  of adenine (6-aminopurine) ,  but c l eav -  
age of the 6-amino  group occurs  h e r e  in place of the desc r ibed  p r o c e s s e s .  The cleavage of the 6-amino 
group is slow and is t he re fo re  mani fes ted  only in the course  of prolonged e l ec t ro lys i s  a t  a control lable  po-  
ten t ia l ;  it does not have t ime to be r ea l i zed  during record ing  of the po la rog ram;  the p o l a r o g r a m  of adenine 
in acidic media  contains only one 4e wave, the El/2 value of wt~ich depends on the pH, while all  waves vanish 
a t  pH> 6 [127-129]. The above a lso  per ta ins  to the purine nucleoside adenosine and the cor responding  nu- 
e leot ides ,  which, like adenine, do undergo reduct ion,  but at  somewhat  m o r e  negat ive potent ia ls  [17, 18,126]. 

T r i az ines .  3 - P h e n y l b e n z o - l , 2 , 4 - t r i a z i n e  in acidic media  gives an a lmos t  r e v e r s i b l e  2e wave (at 
- 0 . 1  V), which is followed by an i r r e v e r s i b l e  2e wave ( a t -0o95  V) [109]: 

H 

Triazoles. Benzotriazoles undergo reduction in acidic media accompanied by ring opening [109]: 
+ 

N / ~ . / " - - N  Ha 
H 

Benzotriazoles are not, as a rule, reduced in alkaline media; only 2-substituted benzotriazoles give a re- 

versible 2e wave: 

~ N~_R +2e+2H+ ~ N '  
N/ N ?-R 

H 

2,4,5-Triarylimidazoles are oxidized on a DIVIE over an accessible range of potentials, and either 
dimers of cation radicals (if the aryl group is not capable of quinoidization) or a structure of the quinoid 
type is formed [130, 131]. 

Tetrazolium salts are reduced to formazans on a DIVIE at extremely positive potentials (from -0oi 
to -0.5 V), and the reduction in alkaline media proceeds with the overall consumption of eight electrons 
per molecule. The proposed scheme for the reduction is the following: 

/N--N--C6Hs ,~ NNHC6H5 42e ~ NNHC6Hs 
§ -- . C6H5__C 

C6HS-<N +!__C5H5 " C6H5 C~N=N__CsH 5 ~NHNHC6H 5 

/NHNHC6H s /NH 2 
+2e_ C6H~CH~ +2e C~H~CH\ + C~HsNH 2 

XNHNHC6H 5 "NHNHCsH 5 

One overa l l  4e wave is obse rved  in acidic media ,  and benzhydrazine is fo rmed  [132-134]. 

Sulfur-containing he t e rocyc le s ,  for  example ,  1 ,2-dif l l iol-3- thiones,  which give two diffusion 2e waves 
a t -  0.6 t o -  1.5 V in 20% aqueous alcohol McElvain buffer solution, also have po la rograph ie  act ivi ty  [135]. 

Oxazoles  and Oxadiazoles .  Oxazoles  a r e  reduced  at  - 1 . 9  to - 2 . 1  V with the consumption of six e l ec -  
t rons ,  and the overa l l  wave includes both sa tura t ion  of the double bonds and opening of the he te ro r ing  
[136-140]: 
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~ , , , ~  +6e + 6 H  + 
R'CH2CH2NHCH(OH)R 

R' R 

If R or R t = C6H5, C10HT, the p r o c e s s  t e rmina t e s  with reduction of the C=N bond and has 2e c h a r a c t e r .  

1 ,3 ,4-Oxadiazoles  a r e  also reduced  via a 6e m e c h a n i s m  but a t  m o r e  posi t ive potent ials  ( f r o m - 1 . 8  to 
- 1 . 9  V) than oxazoles  [137]: 

N--N +6e +6 H + 

Cleavage of the C - O  bond does not occur  in the case  of s y m m e t r i c a l  oxadiazoles (R '=R) ,  and the 
wave has  4e height.  

Both types of  compounds a r e  reduced  with g r e a t e r  difficulty than azomethines  of the open s e r i e s .  I t  
follows f rom the c h a r a c t e r  of thei r  s pec t r a  that  the e l ec t rochemica l  p r o c e s s  does not include c leavage of 
the C - N  and N - N  bonds [138]. 

Aromat ic  1 ,2 ,5-oxadiazoles  (furazans)  a r e  reduced  in aqueous alcohol solutions a t - 0 . 7 6  to - 1 . 3 2  V 
with the format ion  of one 6e wave [141]: 

N - - o  NH~ 

R R 
R= H, SO3H 

The 6e reduct ion of 3 ,4 -d ihydronaph tho - l , 2 - fu razan -4 - su l fon ic  acid p roceeds  with g r e a t e r  difficulty than 
the reduct ion of nonhydrogenated der iva t ives .  The El/2 values  a r e  in te rmedia te  between the cor responding  
potentials  for a rom a t i c  and al iphatic  compounds.  This i s  apparen t ly  explained by the fact  that  hydrogena-  
tion of the double bond in the 3,4 position of naphthofurazan leads to cons iderable  d is turbance of the ~-  
e lec t ron  in terac t ion  of the oxadiazole r ing  with the m o r e  dis tant  a roma t i c  r ing.  

In D1VIF naphthofurazan is reduced  in s teps (the El/2 values  a re ,  r e spec t ive ly ,  - 1 . 4 3 ,  - 1 . 82 ,  and 
- 2 . 1 4  V) via the following scheme:  

Sydnones. Zuman has  shown [142] that  the two conjugated fo rms  of sydnones in a B r i t t on -Rob in so n  
buffer a r e  reduced in di f ferent  ways on a DME: the cationic fo rm is reduced  with the consumption of six 
e lec t rons  ( a t - 0 . 7  to - 0 . 8  V), while the meso ion ic  f o r m  is reduced with the consumption of four e lec t rons  
( a t - 1 . 2  t o - 1 . 4  V): 

F 1 R_~H2--CHR,--COOH +6e +7H + I~--N--CH--R' -H I- R--N--CH--I~' +4e+3H + R--N--CH--R' 
�9 l l + l _ J =  I + ' _  +NH + N.07C--O H3N I+ [COO- H+ N"o/C--O 

3-Ary lsydnonimines  [143-145] and N,N' -polyrnethylenebissydnones  [142] a r e  s i m i l a r l y  reduced.  

Comprehens ive  invest igat ions of the l inear  cor re la t ion  of the El/2 values  with the ~ subst i tuent  con-  
s tants  [142, 145] have been made in this s e r i e s  of compounds to prove  the a roma t i c  c h a r a c t e r  of the m e s o -  
ionic sydnone ring; however ,  these  invest igat ions have not led to unambiguous resu l t s .  

Benzoxazines .  4 - A r y l - 2 , 3 - b e n z o x a z i n - l - o n e s  a r e  reduced  in two 2e s teps  [109, 146]: 

Ar Ar Ar 

~ 0  I + I + N § ~C~NH2 +2e+,H§ ~ "CH-NH3 

~COOH ~ ~COOH 
11 
0 

Benzo-2 ,1 ,3 -X-d iazo les .  These  compounds,  pa r t i cu l a r ly  benzofurazan,  piazothiol,  and piazoselenol ,  
a r e  reduced i r r e v e r s i b l y  in aqueous media  with the consumption of six e lec t rons  ( a t - 1 . 2  V), as a r e su l t  
of which the he te rocyc le  is c leaved  to give o-phenylenediamine and the cor responding  anion (X ~-) [147-149]. 
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77 U- +X~" 

X = 0 ,  S, Se 

A peculiarity of piazoselenol is the ability of the hydrogen selenide that is formed in acidic media to 
react with mercury to give an anode wave. In aprotic media [150], all of these compounds also are reduced 
with the overall consumption of six electrons, but the le addition step leading to the formation of quite sta- 
ble anion radicals can be fixed. The following mechanism for the reduction of benzo-2,1,3-X-diazoles in 
DMF is proposed: 

k J 

In this mechanism the first wave (at -1.3 V) corresponds to the first step, the inflection on the second 
wave corresponds to the second step, and the entire second wave at -2.2 V corresponds to the third step. 
On the basis of polarographic and adsorption measurements it has been shown that the systems mentioned 
above have heteroaromatie character; this possibility had been a matter of controversy prior to this [149]. 

It follows from the data presented above that cleavage of the ring bonds often occurs during polaro- 
graphic reduction of heteroarematie systems having several heteroatoms. One should bear in mind that 
many of the compounds examined are cyclic analogs of hydrazones, azines, oximes, etc., and the principles 
established during the study of azomethine compounds may therefore also be useful for an understanding of 
the polarography of heterocycles. However, closing of a cyclic system often substmatially changes the 
course of the reduction both because of the altered reactivity and because of the change in tile adsorbability 
of the cyclic compound as compared with the noncyclie compound. 
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