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The modern state of the chemistry of heterocyclic cation radicals is examined,
Methods for the preparation (generation) of these particles, as well as their
stabilities and the factors that determine them, are described, The mechanisms

of the reactions of heterocyclic cation radicals with nucleophiles and specific
examples of such reactions are discussed. Special attention is directed to the
role of cation radicals as intermediate particles in dehydrogenation, nitrationm,
and radical substitution reactions and in processes involving the cleavage of

(—C bonds and dehydrodimerization in the heterocyclic series, The cation rad-
icals of some natural heterocyclic compounds and their possible role in the func-
tioning of biochemical systems are also examined,

The one-electron oxidation of heterocyclic compounds, like the reductien of their dicat-
ions, leads to the corresponding cation radicals (CR), the chemistry of which is currently a
rapidly developing and promising area of chemical science. This research area originated with
the studies of Michaelis and co-workers [1, 2], who first described the reduction of bis(py-
ridinium) salts to 'viologenic" cation radicals:
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A new chapter in the chemistry of cation radicals was begun after the discovery of EPR
spectroscopy, when coxidative methods for the generation of cation radicals underwent exten~-
sive development. However, the nature of the radical particles that. develop under the influ-
ence of oxidizing agents on aromatic and hetercaromatic compounds remained unclear right from
the start [3-7].

For a number of objective reasons the chemistry of heterocyclic cation radicals is in
general the most developed branch of the chemistry of cation radicals, It is becoming in-
creasingly apparent that the formation of cation radicals is one of the most important char-
acteristics in the chemical behavior of many heterocyclic compounds that frequently prede-
termines the mechanisms of their reactions.

The cation radicals of chlorophyll play a decisive role in photosynthesis processes [8,
9]; the cation radicals of other natural heterocyclic substrates are evidently the usual in-
termediates in a large number of biochemical redox reactions,

The aim of the present paper, which does not pretend to exhaustively encompass the ex-
perimental data, was to outline the general state of this research area and to contemplate
the most promising trends in its development.

Stabilities and General Properties

The stabilities of heterocyclic cation radicals vary over extremely wide limits as a
function of the nature of the starting heterocycle and the substituents in it, the properties
of the medium, and the experimental conditions. Whereas virtually nothing was heretofore known
regarding the cation radicals of some of the simplest unsubstituted heterocycles (furan, thio-
phene, pyrrole, etc.), the cation radicals of many other heterocyclic compounds have been iso-
lated preparatively in the form of ion-radical salts. This pertains to the cation radicals
of phenothiazines [10-13], phenoxazines [11, 13], phenoxathiin [14, 15], dibenzodioxin [16],
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thianthrene {7, 17, 18}, 5,10-disubstituted 5,10-dihydrophenazine {13, 19], and derivatives

of 4,4'-bis(pyranylidene) [20, 21], 3,3'-dicarbazolyl [22], 1,4-bis(p-bromophenyl)-1,4~dihy-
drotetrazine [23], cyclazine [24], 9,9'-bis(9-azabicyclo[3.3.1]nonane) [25], and some metallo-
porphyrins [26, 27].

The most usual situation is the intermediate case in which the formation and destruction
of cation radicals are reliably recorded by some physical method (EPR, electronic absorption
spectra, and voltammetry); however, the stabilities of cation radicals are not high enough
to make attempts to isolate them expediently.

The stabilities of cation radicals are limited by their high reactivities, which are as-
sociated with the presence of an unpaired electron, the considerable positive charge on the
carbon atoms, and facile deprotonation and fragmentation processes. Upon the whole, the sta-
bilities of cation radicals, like the stabilities of free radicals, generally increase as the
delocalization of the unpaired electron and the steric shielding of the reaction centers,
where the spin density is maximal, increases. In contrast to unsubstituted substrates, tetra-
phenylthiophene [28] and polyphenylpyrroles [29] give relatively stable catiom radicals. The
cation radicals of carbazole and its N-substituted derivatives dimerize rapidly [22, 30, 31];
however, the presence of strongly shielding tert-butyl groups in 1,3,6,8~-tetra-tert-butyl-
carbazole makes its cation radicals completely stable [32], Other things being equal, the
stabilities of cation radicals are promoted by the absence of "acidic" hydrogen atoms, which
hinders or makes impossible deprotonation leading to a neutral free radical:

+ .
R + H+

RH

The lower the degree of delocalization of the unpaired electron, the greater the extent
to which the cation radicals display the properties of active free radicals. Thus, the cat-
ion radicals of pyridine can simply be regarded as particles that are formed after the re-
moval of one of the electrons of the unshared pair [33-37]; as before, the remaining electron
interacts weakly with the aromatic sextet of the ring and for this reason is localized rigid-
1y on the nitrogen atom. Cation radicals of this type, like active radicals, readily detach
hydrogen atoms from the solvent and are thereby converted to pyridinium cations:

+/ =
N ) + SH ’ > .
N/ HN\ / + S

SH = solvent

The cation radicals of quinuclidine behave similarly [38].

The cation radicals are, of course, unstable in the presence of reducing agents that
are capable of one-electron transfer; this pathway for their destruction is the reverse of
the principal pathway for their formation:

+.
RH 4+ e~ RH

There is no direct correspondence between the stability of the cation radicals and the
ease of their formation, which is estimated from the half-wave potentials of the anode oxida-
tion of the neutral compounds. However, there is a tendency for an increase in the stability
of the cation radicals as the half-wave potential for the oxidation of the heterocyclic com-
pound associated with them increases.

The various heterocyclic cation radicals display a tendency for reversible conversion to
diamagnetic dimers in solutions; this was established by a study of the dependence of the
electronic absorption spectra of solutions of cation-radical salts on the temperature [26,
39-43].

A remarkable property of some heterocyclic dications is the presence of low-lying trip-
let levels, as a consequence of which they display EPR spectra that are characteristic for
triplet compounds., The dication of 2,3,7,8-tetramethoxythianthrene [44] and I, the triplet
state of which can be represented simply as a bis(cation radical) [45-47], are compounds of
this type: (formula, top, following page).

A valuable method for the generation of cation radicals and the study of their proper-
ties is the electrochemical oxidation of heterocyclic compound§ [29, 30, 48-73]. The oxida-
tion of heterocyclic substrates on a rotating disk electrode with a ring is particularly
promising. The half-wave potentials and the lifetimes of cation radicals can be deter-
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mined simultaneously by this method. In particular, data of this sort have been ob-
tained for the cation radicals of N-methylacridan [74] and 4H-pyrans [75]. 1In the case of
rapidly dimerized cation radicals this method makes it possible to determine the dimerization
rate constants [76-78].

Chemical oxidizing agents such as I,—AgCl0., [26, 79, 80], Al1C1s—CH,;NO, [28, 81-84],
A1C15,—CH.Cl, [85], Br, [24, 86-89], I. [55, 90-92], HCL0,—(CHsCO).0 [14, 17], FeCls [87],
NOBF,(PFs) [13, 93-95], 5bCls [18, 84, 96], H,0,—HBF., [97], H,S0, [3, 6, 98-108]}, tris(p-
bromophenyl)aminium hexachloroantimonate [109, 110], liquid sulfur dioxide [111], Pb(CH3C00),—
CF3CO0H [112], diazonium salts [113], €10, [114], and potassium persulfate [115] are also
used in addition to anode oxidation to convert heterocyclic compounds to cation radicals,

The one-electron reduction of heterocyclic dications, which is chronologically the first
method for the preparation of heterocyclic cation radicals, is still of great value. This
method has been used to reduce viologenic dications [116-123], 2,2'-dipyridyl [124], pyrazine
[125], and 9,9'-diacridinyl (luzigenin) [126] bisquaternary salts, bis(pyrylium) salts [20],
heterocyclic derivatives of radialene~4 [127], the 4,4'-bis(3,5-diphenyl-2-pyrazolin-l-yl)-
biphenyl dication [128], bisquaternary salts of naphthyridines [129, 130], as well as dipro-~
tonated naphthyridines [130, 131], to cation radicals. The reduction is carried out with zinc,
various bases, or electrochemically. The oxidative properties of the viologenic dications
increase sharply on passing to the singlet excited state, In this case the viologenic dicat-
ions are capable of oxidizing even aliphatic alcohols [132-135].
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CH,0" + CHOH ———— CHOH + ‘CH,OH

The genetic link between the two principal methods for the production of cation radieals
becomes apparent when one examines a redox triad in which a cation radical is the central
link [136]:
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The high stability of the cation radicals from bis(pyrylium) salts is due to the high
degree of delocalization of the unpaired electron, as a consequence of which the free valence
and the positive charge are distributed uniformly in both symmetrical fragments of the mole-
cule, The presence of direct conjugation between the cationic centers is necessary in dicat-
ions of this type; if these centers are separated by a nOnconducting'grouping, the reduction
of the dication takes place in one two-electron wave, i.e., it leads to uncharged diradicals
[137].

The reduction of "twinned" heterocyclie compounds by conjugated dications can evilen ly
serve as a general method for the preparation of cation radicals [128, 138]:
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An extremely promising but as yet little-studied area of the chemistry of heterocyclic
cation radicals entails the reactions invelved in their photo- and radiochemical formation.
Cation radicals are the usual intermediate particles in many photo- and radiochemical reac-
tions. Several cases of photo- and radiochemical generation of heterocyclic cation radicals
are presented in [139-149].

Reactivities of Heterocyclic Cation Radicals

General Characteristics. With respect to their nature, almost all heterocyclic cation
radicals are oxidizing agents, i.e., they tend to accept one electron., Metals [11, 128},
the iodide anion [98], and organic compounds [150, 151] can serve as the reducing agents,
Under the influence of stronger oxidizing agents, heterocyclic cation radicals can act as
electron donors, undergoing conversion to dications in this case [128, 138, 152]. As a rule,
heterocyclic dications are stronger oxidizing agents than the corresponding cation radicals,

An important and interesting property of the RE-RHT® and RE-R'HT® system is the possi-
bility of rapid electron exchange between the cation radicals and the neutral compound. How-
ever, in contrast to electron exchanges with the participation of anion radicals (RH + R'H™°Z
RH™* + R'H), such processes have as yet received little study,

The rate constants of electron exchange in the phenothiazine—phenothiazine cation-radi-
cal system [k = (6.7 * 0.4)¢10° [153] and (4,33 + 0.65)210° liters/mole~sec [154]] show that
the processes involving degenerate electron exchange in heterocyclic cation radicals evident-
ly take place at rates that are close to the rate of diffusion and require virtually no ac-

tivation.

The equilibrium constant of electron exchange in the reaction between phenothiazine and
the N,N,N',N'-tetramethyl-p-phenylenediamine cation radical has been determined [151],

N(CH ), HCHY,
[ Y ) i SN
+ == 7 + [:]}.\
% AN AN N F
r H
N(CH,), " NCHy,

x:0,96 +10 ° ; AG® 7, keal/ mole

A factor that determines the position of the equilibrium in the case of nondegenerate
electron exchange is evidently the difference in the oxidation potentials of the neutral
forms.

The degree of dissociation of heterocyclic cation radicals is evidently not very high,
It has been pointed out that the constant of the equilibrium is only (9.7 + 2):1072 {at —20°C

phenothiazine+' ‘|lIs~== phenothiazinet: I~
in nitromethane) [155].

Reactions with nucleophiles, in the process of which the cation radicals are reduced,
are characteristic for heterocyclic cation radicals. Both the nucleophile itself and the

HetH + Nu

+o -
HetH <+ Nu

product of its addition to the cation radical (a radical ¢ complex), which is aromatized due
to oxidation of a second molecule of the cation radical (a "half-regeneration' mechanism)
may be the one-electron reducing agent [156-159].

@ + N ©<:u
@(:u + @ —— @—-Nu + ©+H+

Transformations of the latter type are evidently very widespread in the chemistry of
heterocycles; the so-called 'nucleophilic' hydrogen-substitution reactions (”SNH”) [160] are

closely allied to them. This stepwise mechanism of the reduction by nuclecphiles (and, in
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particular, anions) is general in character and is realized in those cases when direct oxida-
tion of the anion is hindered thermodynamically., The reduction of quinones to semiquinones
under the influence of the OH  anion, e.g., proceeds in this way [161], However, one should
bear in mind that the formation of addition products in itself does not exclude possible pre-
ceding steps involving electron transfer from the nucleophile to the cation radical [162].

The available data on the relative reactivities of nucleophiles with respect to cation
radicals are contradictory. According to theoretical estimates [157], the rates of reactions
of the nucleophile with cation radicals are determined by the ratio of the oxidation poten-
tials of the nucleophile and the neutral form that is associated with the cation radical,
However, the data on the kinetics of such reactions indicate the absence of such a correla-
tion: The reactivities of nucleophiles with respect to cation radicals vary in the same order
as in the case of nucleophilic substitution of iodine in methyl iodide by these nucleophiles
(SNZ).

A disproportionation mechanism has also been proposed for reactions between cation radi-
cals and nucleophiles (in the case of cation radicals of thianthrene [17, 163-165] and poly-
phenylpyrroles [57]):

- 2+
2HetH' | ZTm—m=  HetH + HetH

24+ - + -
Het M + Nu ~————— HetHNu —-—4_—»HetNu

Kinetic data, according to which the reactions of thianthrene cation radicals with nu-
cleophiles are second-order in the cation radicals, have served as the chief argument in fa-
vor of this scheme [163], However,these results were subsequently not confirmed [157, 166],

Reactions of Heterocyclic Cation Radicals, As compared with other heterocyelic cation
radicals, the reactions of phenothiazine, thianthrene, phenoxathiin, and dibenzodioxin cation
radicals have been studied in greatest detail,

Attack at the sulfur atom and the formation of derivatives of these heterocycles with
an altered sulfur function occur extremely frequently in the case of the action of nucleo~
philes on sulfur-containing cation radicals,

Water converts the thianthrene cation radical (V) to thianthrene 5-oxide (VI) [17];

*
SO eeolie
; 10
NN ” s s ¢
cio;
v Vi Vil

On treatment with water, the dibenzodioxin cation radical forms a mixture of dibenzo-
dioxin and its 2,3-quinone [16, 58], This complex reaction is evidently the result of a
series of several half-regeneration steps:

@[ Ijnﬁo»@: QL O: U + sicio,

cio]

Like the reaction with water, the reaction of sulfur-containing cation radicals with am-
monia [164, 165], aliphatic amines [167, 168], ketones [169-172], and a number of active
aromatic compounds [157, 163, 166] leads to the formation of products of addition to sulfur:

NHR g::?
//Y ~x RNH vm + RNHZ N
S—|NR —— N— o _
\/\O {j — R,NH; P o,
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4
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Some organometallic compounds [173], as well as olefins [174], also form sulfonium salts
in reactions with thianthrene and pbenoxathiin cation radicals:

)
¥

2 vix) + RM —— D + V(X)) + RMCIO,

IRC CR RC“I\ C‘Oz.
Q&
Q Q+

+ + I -
X SC(R)=(R)CS X X S— CHR— 2CI0,

&

However, there are nucleophiles that form products of substitution in the benzene ring
in reactions with sulfur-containing cation radicals [164]:

s s Nu 5
QD = QLT D
X x X XN

cio;,

v, X ‘ Vi, X

v,V X=5 3 XI,XIl X=NH , Nu = Cl"yBr 1NO;

2c10;
M =Hg,2n ; X=0,5

‘

Pyridine reacts extremely vigorously with thianthrene (explosively!) and phenothiazine
perchlorate cation radicals and, in contrast to ammonia and aliphatic amines, forms pyridini-
um salts corresponding to attack on the benzene ring [164,175]:

. =
N+ )
2V(XI) 4 ~CHN —> @[ D' \_7 + Vx4 HCIo,
X

cio,

The reaction of 10-phenylphenothiazine perchlorate cation radicals leads mainly to 10~
phenylphenothiazine 5-oxide (XITI) (40%) and 3-nitro-10-phenylphenothiazine 5-oxide (37%)
[176]: (scheme, see top, following page.)

In conformity with the scheme presented [176], the reaction in an inert atmosphere leads
exclusively to S—oxide XIII (82%).
Fragmentation of Heterocyclic Cation Radicals., One of the most characteristic pathways

in the decom Rps1tlon of cation radicals is deprotonation with the formation of neutral free
radicals: 7 R° + H'. Many of the presently known cation radicals thus have the proper-
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ties of true Brgusted a01ds, the conJu ate bases of which are free radicals, Thus, the con-
stant of the equilibrium R® + pat + B, where B is a reference base (water for example),
can serve as a measure of the ba51c1t1es of free radicals.

In the heterocyclic cation-radical series the cation radicals of, for example, pheno-
thiazine [177], 1,3,6,8-tetra~tert-butylphenoxazine [178], 1,3,6,8-tetra-tert-butylcarbazole
[32], and 4H-pyrans [179, 180] are deprotonated via the scheme presented zbove,

NS x .
+ H;0 : | | + HO

\‘ =

N
R MCH) R
|+H
N
xw

R=C(CH,),

It should be emphasized that in the general case the deprotonation of cation radicals
is reversible; the reverse reaction with time may become an important method for the prepara-
tion of cation radicals, A situation of this sort is realized particularly in the case of
stable pyranyl radicals: the cation radicals that are formed when they are protonated are
reduced by unprotonated radicals, and this ultimately leads to disproportionation of the free

radicals;
H
+
H XV =
XV b Y /ﬁ?ﬁh\ + 1+/
o} ol

XvI Xvit

The deprotonation of the methyl groups of the cation radicals of C-methyl-substituted
pyrroles, indoles, and 2,4,4,6~tetramethyl-3,5~dicyano-1,4-dihydropyridines is one of the
steps in the electrochemical cyanation [181] and nitration [182] in the methyl groups des-
cribed for these compounds: .

- N
3 i ) 2
H,C CH, H,C CH, HyC_CH, H,C CH,
NC CN HNO, NC CN NC CN NO, NC CcN
[ ] fo o l | —= ]
H.C7 NN CH H o SN"SenH H.C . -

N ’ 3 3 | “H, CH2 4 l'f CHNO,

The cation radicals cf carbazole and the corresponding neutral radical form dimers wich
various structures [22, 25, 61]. Owing to this, it becomes possible to direct the oxidat .ve
dimerization by changing the proton-acceptor properties of the medium [61]: (For sch.me, see
top next page.)

A similar effect of the proten—acceptor properties of the medium on the direction of
the oxidative process has been described for the reaction of 1,3,5-triphenyl-2-pyrazoline
with pyridinium hexachloroantimonate [128].
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In principle, another pathway for the fragmentation of cation radicals, which leads to
the formation of an organic cation and a hydrogen atom, is possible, This type of fragmenta-
tion predominates, for example, in the case of the gas-phase fragmentation of methane cation
radicals [183]:

cHy + W CH

In the case of 1,3-dimethyl-2-phenylbenzimidazoline cation radicals it was demonstrated
for the first time that the fragmentation of cation radicals via pathway b is also possible
in solution [85]. The cation radical obtained by oxidation of a substrate with the AlCls—
CH.Cl, system was identified reliably by EPR spectroscopy; the ease of splitting out of atom-
ic hydrogen in this case was associated with the unusually high spin density on the "hydride- .
like" hydrogen atom in the 2 position (aH ~ 40 Oe).

[::Ij_ C”aAm|+Cch[::Ij_ [::Ij_ ~CH, .
CH,————> +;L<c+4——~» /L\ + H

Hs

Ca

It has been assumed that the aromatization of benzimidazolines proceeds as hydride-ion
“"transfer" [184].

The ability of the cation radical to undergo fragmentation with the formation of hydro-
gen leads to a paradoxical situation in which the one-electron oxidizing agent (the cation
radical) simultaneously has reductive properties, being a source of weakly bonded atomic hy-
drogen.

Heterocyclic Cation Radicals As Intermediates

Formation of (—C Bonds. One of the extremely characteristic features of many cation
radicals is their tendency to form dimeric products., This reaction is an extremely valuable
preparative method for the formation of new C—€ bonds.

The oxidative dimerization of carbazoles [22, 30, 61], 2-pyrazolines [128, 185, 186],
2,3-diphenylindole {187], and dibenzodihydroazepine [62] has been described in the hetero-
cyclic series. These reactions include the oxidation of the starting compound to a cation
radical and its dimerization, which leads to the development of a new carbon—carbon bond,
Symmetrical dimers (dimerization of the "head-to-head" type) are usually formed; however,
an example of unsymmetrical dimerization of the "head-to-tail" type also exists (2,3~diphenyl-
indole) [187]. (See scheme, top, next page.)

The positions with the maximum density of the unpaired electron should evidently usual-
ly be the most reactive in reactions involving dimerization of cation radicals. It should
also be especially emphasized that the formation of dimeric products is evidently also pes-
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sible in the reaction of the cation radical with the neutral compound associated with it:

D+ =Rz T

Difficulties arise during an attempt to interpret reactions of this type in. classical
terms: they can equally successfully be regarded as electrophilic and free-radical substitu-
tion reactions.

"One-Electron" Cleavage of the (—C Bond, In the development of concepts reégarding elec-
tron transfer as the elementary act of organic reactions [188] two types of cleavage of the
covalent bond, viz., reductive and oxidative cleavage, were postulated [189]:

A+ B
A~—B — 66— agt o oA 4+ gt

A—B + 6 ——= AB™

As applied to cleavage of C—C bonds [190], this means that the fragmentation of cation radi-

cals also leads to the synchronous formation of a carbonium ion and a radical, The oxidative
dehydrogenation of dipyranyls with triethyl perchlorate leads to bis(pyrylium) cations; heow-

ever, cleavage of the C—C bond occurs under the influence of the cation radicals of triaryl-

amines, which are not capable of subsequently capturing hydrogen [136]:

+
=\, = Ay’ =\, = XYy : B
O ~——=1Q of—=| |+ =2,
—/ H ""< ==/ H = 0 o O

It is apparent that the known instances of cleavage of C—C bonds in the oxidation of
heterocycles are associated with the intermediate formation of cation radicals and their sub-
sequent fragmentation. This is the case, for example, in the cleavage of bis(isochromenyls)
[191] and in the dealkylation during aromatization of 4H-pyrans [192] and, possibly, 1,2-
dihydroperimidines [193].

It is characteristic that cleavage of C—C bonds in the case of electrocyclic reactions,
which is prohibited by theorbital symmetry rule for the neutral substrate, takes place readi-
ly in cation radicals [194, 195].

Dehydroaromatization. Processes involving the dehydrogenation of hydroheteroarematic
compounds play an extremely important role in living systems in which they are responsible
for numerous biochemical reactions involving electron transfer along the conjugated donor-
acceptor chains and thus the functioning of the entire energy system of the living organism,
However, in spite of this, the problem of the mechanism of the dehydrogenation of hydrohetero~-
aromatic compounds and of hydroaromatic compounds in general still remains open to discussion,
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It is usually assumed that in the course of dehydrogenation a hydride ion is transferred
from the hydroaromatic compound to the dehydrogenating agent, which acts as a hydride~ion ac-~

ceptor:
H H
CONH,
SEERE
N

|
R

o~ CONH, .
| ) + HA
N

1
R

The ability to capture a hydride ion is ascribed in this case to all compounds that dis-
play dehydrogenating properties, even up to silver cations [184, 196, 197],

It should be emphasized that the possibility of the realization of a hydride mechanism
for dehydrogenation is extremely unlikely, This mechanism, as well as the ability of the
C—H bond to act as a hydride-ion donor, essentially has not been proved in even a single
case. Hydride-ion transfer in the course of deuteration reactions has been postulated only
on the basis of a purely formal approach to an examination of the experimental results of
such reactions.

Among the opponents of this approach to dehydrogenation processes, one should single out
Kosower [198], who has logically proved an overall stepwise mechanism for the aromatization
of dihydropyridines and hydrogenated aromatic cations:

RH + A Z==[RH—A -——.[RH+"A_.]-———R++ AH™

charge-transfer
ar%omplex

It is apparent that the character of the transformations that take place in an ion-rad-
ical pair should depend substantially on the nature of the solvent, i.e., on the degree of
separate character of the pair. Experimental evidence in favor of the existence of one-
electron steps in the course of the aromatization of dihydropyridines was recently obtained
in the electrochemical research of Stradyn', Dubur, and co-workers [199]; however, as before,
studies that cast doubt on the Kosower scheme have been published (e.g., see [200]), Inas-
much as we do not have space to present a list of all of the papers dealing with these two
points of view, let us note only that the argumentation presented in the overwhelming major-
ity of the studies is not exhaustive., For example, the cation radical of the substrate is
recorded by EPR spectroscopy [201], but it remains unclear whether it lies on a reaction co-
ordinate; the intermediate formation of cation radicals follows from electrochemical data
[74, 202, 203], but there is no assurance that the electrode sufficiently accurately models
the action of the oxidizing agent; the potential barrier to electron transfer has been es-
timated on the basis of kinetic data [200], but it is necessary to acknowledge here that the
height of this barrier may depend decisively on the catalyst. In this sense the use of a com-
bination of methods applied to experimental subjects of the same type seems most convincing,
This was accomplished in the case of the dehydroaromatization of 4H~pyrans, The formation
of cation radicals was proved by EPR spectroscopy, their conversion to stable pyranyl radi-
cals was traced, and the ability of the latter to undergo oxidation to the final dehydro pro-
ducts, viz., pyrylium salts, was demonstrated [179], The dehydrogenation of pyrans has been
modeled electrochemically, the formation of cation radicals has been proved, and their con-
version to stable pyranyl radicals has been traced [75]; from kinetic data on dehydrogenation
by one-electron oxidizing agents it follows that the reaction is catalyzed markedly by oxy-
gen [75], All of this makes it possible to assert that dehydroaromatization is a stepwise
process and that one-electron oxidation of the substrate occurs inthe decisive steps;

H H H H H
Qlro=rafs L=l =
o O o (o}
XVi Xiv

XV1it XVill
. -8 X
xv === || + wt XV z———= |+/
o *e o
XV Xvil
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Direct oxidation of the dihydro derivative without the participation of oxygen is also
possible when one uses sufficiently strong one-electron oxidizing agents. The fact that hy-
drogen is split out in the form of a proton becomes apparent in the case of the oxidative
dehydrogenation of 1,3,5-triphenyl-2-pyrazoline in the presence of pyridine:

R CSHSNH*su cly R,
Rj[ i S5l RtJ; 1] A
N e ~-nt No_e—nut N
H N H R N ’ R

t
R R R

In the presence of bases, dimerization takes place in the cation radical step [128].

Thus, the most likely mechanism of dehydroaromatization is a — e, —-H+,—-6, or —e, — H-
mechanism. If the product of one-electron reduction of the dehydrogenating agent is suffi-
ciently basic or is capable of detaching a hydrogen atom, splitting out of hydrogen from the
cation radical may evidently occur immediately after electron transfer in the solvent 'cage"
without significant formation of a cation radical as a kinetically independent particle,

The - e, — e, — H+ mechanism (see the electrochemical model in [204]) is also evidently
possible in some cases.

M N H CN N

—_——— 24 || !
—p, - -
N et N /) —2H+ =

N
H H

The dehydrogenation of 4H-pyrans with carbon tetrachloride, which can be formally de-
scribed ashydride-ion transfer, is, as demonstrated in [205], a free-radical chain process,
The dehydrogenation of 1,2~dihydroquinolines with carbon tetrachloride also evidently pro-
ceeds similarly [206], It is thus clear that true hydride-ion "transfer" does not occur in
any of the examples mentioned above,

Electrophilic and Radical Substitution in the Heterocyclic Series, The assumption of
the possibility of electron transfer inprocesses involving electrophilic aromatic substitu-
tion was expressed by Nagakura and Tanaka, according to whom the final product of electro-

philic substitution may have a cation radical of the aromatic substrate as its precursor
[207, 208]:

arH 4+ E e ari? 4 B e arnET e ar—E
-H

o complex

However, because of the absence of reliable experlmental evidence, these concepts have
not been widely recognized.

Nevertheless, the authors of the present review have no doubt that cation radicals play
an important role in nitration reactions in the case of aromatic and particularly heterocaro-
matic compounds [209-211]. The formation of significant amounts of cation radicals by the
action of nitric acid on phenoxazine, phenothiazine, l-phenyl-2-pyrazolines, and N-methyl-
carbazole has been proved by EPR and UV spectroscopy [211]. It was demonstrated in [211,
212} for the first time that a cation radical of the compound undergoing nitration in the
case of nitration with nitric acid participates in the formation of a nitro derivative by
reacting with nitric acid and nitrogen dioxide (in the case of the nitration of phenothia-
zine), With allowance for the available data, the following scheme for the nitration of
aromatic and heterocaromatic compounds with nitric acid was proposed [211]:

N M ANO,
O + NOp @ + NOp, —= (;%NO:, e j
~ —H !
. NOy
Cjﬂ + NOj} e (;U

vZd

9 o
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Preparative methods for highly selective homolytie substitution (alkylation, acylation,
carboxamidation, etc.) in the protonated forms of azaaromatic compounds have been developed
in recent years [213-224}., Data that provide evidence for the intermediate formation of cat-
ion radicals of dihydro derivatives of azaheterocycles in such processes were recently ob-
tained [225]:

R H R
x> . X A o
l+/ + R l""l + t+' R Mr+/ + '+/
N N N H N N P
H H H H

H
R=alkyl, acyl, etc

The high selectivity of substitution in the 2 and 4 positions in protonated pyridines,
quinolines, and quinoxalines is evidently due to the considerably higher rate of formation of
cation radicals of dihydroazaheterocycles as compared with the protonated forms of azacyclo-—
hexadienyl radicals corresponding to attack at the unreactive positions.

Cation Radicals of Natural Heterocyclic Compounds and Their Analogs

The cation radicals of nicotine-adenine dinucleotide (NADH) and nicotine-adenine dinu-
cleotide phosphate (NADPH) — complex mnatural 1,4-dihydropyridines that are evidently formed
in processes involving dehydrogenation of these universal biochemical substrates — should be
included among the most valuable cation radicals of this class. In fact, as we have already
noted above, the oxygen analogs of 1,4-dihydropyridines, viz., 4H~-pyrans, undergo dehydro-
aromatization to pyrylium salts through the intermediate formation of cation radicals of py-
rans [179]. Nevertheless, virtually nothing is as yet known regarding the cation radicals
of dihydropyridines., It has only been noted that the electrochemical oxidation of NADH is
accompanied by the development of radical particles that give an unresolved EPR signal and
are evidently NADH catiom radicals. The low degree of reversibility of the electrochemical
oxidation of 1,4-dihydropyridines [200] indicates the low stability of the cation radicals,
which is evidently the chief obstacle to proof of their existence.

The cation radicals of metalloporphyrins and, in particular, chlorophyll are other bio-
chemically cation radicals of heterocyclic compounds,

A noteworthy property of many metalloporphyrins is their ability to undergo facile and
frequently reversible transformations of the porphyrin ligand that surrounds the metal [226-
239]. 1t has been shown that, depending on the nature of the metal, in the case of one-
electron oxidation of metalloporphyrins an electron can be removed both from the w system
of the porphyrin ligand (with the formation of cation radicals of the metalloporphyrin) and
from the metal atom, which undergoes conversion to a higher oxidation state. The oxidation
of metalloporphyrins to cation radicals is carried out both by chemical means (by means of
I, [91], Br, [26, 89], T1(NOs)s [91], XeF, [26], dichlorodicyanobenzoquinone [87], etc,, as
oxidizing agents) and electrochemically at a controllable potential [26, 55, 56, 89]. A num~
ber of cation-radical salts of metalloporphyrins have been isolated in the individual state
[26, 27, 53]. The cation radical salt of chlorophyll is known only in solution [8, 240].

It is assumed that the cation radicals of chlorophyll are formed in the initial step of
photosynthesis by photodetachment of an electron from the chlorophyll molecules (or its vari-
ous associates) [8] and are the so-called primary oxidizing agent, the subsequent transforma-
tions of which lead to the liberation of oxygen from water, It is extremely important in
this respect that the oxygenated forms of chlorophyll (the cation radical and the dication),
according to the data in [241, 242], are actually capable of reacting with water te given
oxygen. Unfortunately, there are as yet no data available regarding the mechanism of this
process,

The cation radicals of metalloporphyrins evidently also play an important role in the
functioning of other biochemical substrates that contain a metalloporphyrin prosthetic group,
Thus, a spectroscopic study has shown that the mechanism of the of the action of catalases
and peroxidases includes the intermediate formation of the cation radicals of these ferropor-
phyrins [243]; in this case the electron-transfer processes that take place in the course of.
the engymatic action of catalases and peroxidases evidently occur through the porphyrin ring
[243],
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As in the case of other heterocyclic cation radicals, the study of the reactivities of
cation radicals was begun with an investigatien of their reactions with various nucleophiles,
Products corresponding to the addition of a nucleophile to the cation radicals are usually
formed in these reactions. The nucleophile may be added in both the meso p051t10ns [91, 1091
and in the B positions of the pyrrole rings of the cation radicals [27].

2 CIC, +Nu—> + XIX + HCIO,

xixToio)) +
Nu=CNySCN ™y CITy CgHN 3 (CgHe) P § R 2 CNy SCNCly C5H5N-,(C g P

R
Y
+ XX + HEIo,

xx*"cio]

~ + _—
NU = SCN Ty NG, 1 CoHGN ({CgHgdy P j R'=SCN | NOyy CgHgN— 3 (CgHg)y P — §
Rz CgHg § M=Zn Mg

The reactions of cation radicals of metalloporphyrins with nucleophiles can be used for
the preparative synthesis of various substituted porphyrins and, in particular, their meso
derivatives. The possibility of direct cyanation and thiocyanation of porphyrin cation radi-
cals is of particular interest in a synthetic respect.

Rather convenient methods for the generation of various ion radicals and efficient meth-
ods for the study of their electron structures (EPR and molecular spectroscopy and other
methods) have been developed at the present time, Nevertheless, we still know relatively
little about their strictly chemical properties and we have almost no knowledge of how to
use ion radicals in preparative chemistry, However, there is no doubt that the development
of this research trend is capable of revolut10n121ng the entire area of the chemistry of het-
erocyclic compounds and of opening up new prospects in the synthesis of heterocycles.
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