
ONE-ELECTRON TRANSFER IN THE DEHYDROAROMATIZATION OF HETEROCYCLIC 

COMPOUNDS (SURVEY)* 

N. T. Berberova and O. Yu. Okhlobystin UDC 547.543.422 

The survey systematizes studies of recent years on the mechanism of the dehydroaro- 
matization of heterocyclic compounds, as well as the dehydrogenation of function- 
ally related systems. The available material is arranged according to types of 
dehydrogenating agents. On the basis of the literature data and the author's own 
experimental data, the stepwise mechanism of the oxidative dehydrogenation of het- 
erocyclic compounds is substantiated. 

Reactions of dehydroaromatization are an important division of the synthetic chemistry 
of heterocycles; recently interest in the mechanism of these conversions has increased sharp- 
ly. This circumstance is clearly associated with the exceptional role that reactions of hy- 
drogenation and dehydrogenation play in biochemistry, where they lie at the basis of cell en- 
ergetics (NADH § NAD +, etc.). 

Reactions of dehydrogenation, leading to heteroaromatic cations, were originally treated 
as typical hydride displacement reactions (stripping of a hydride ion). However, in the last 
10-12 years the number of indirect data supporting a stepwise character of these reactions has 
increased rapidly; in the latter case intermediate formation of radical cations of the sub- 
strate is postulated. Unfortunately, in virtually none of these scattered cases is the argu- 
mentation exhaustive, which creates grounds for incessant debate of the true mechanismof de- 
hydrogenation. In connection with this, the studies in which various independent methods, ap- 
plied to monotypic objects, lead to convergent results seem the most urgent. 

The present survey is not aimed at giving any sort of complete summary of the dehydro- 
genation reaction and is devoted to a systematization and analysis only of the studies in which 
the mechanism of these reactions was the subject of experimental study. Preference is given to 
studies of recent years and reactions of dehydroaromatization; however, it also proved advis- 
able to bring in certain data on the dehydrogenation of functionally related systems. 

The purpose of the survey was to outline the general picture that has now developed, 
while sacrificing a number of details. The available material was arranged according to types 
of dehydrogenating agents. 

Concepts of "hydride" displacements ("transfer"of a hydride ion) were introduced by 
F. ~itmore in 1932 [i] to explain the isomerization of carbonium ions. Now the question of 
the nature of the migrant (ion or radical?) in the case of intramolecular rearrangements is 
scarcely raised at all; according to the prevailing opinion, the actual act of migration occurs 
in the activated complex, where the migrant does not arise as a kinetically independent parti- 
cle. The same also pertains to bimolecular reactions, proceeding according to a scheme of cy- 
clic transfer. A. ~ N. and N. A. Nesmeyanov correctly note that in the activated complex dis- 
placements of electron pairs and displacements of single electrons are as yet indistinguish- 
able [2]. Thus, the term "transfer" of a hydride ion is inaccurate from the very beginning: 
In essence, it is not at all a matter of precisely what is being transferred. Recognizing this, 
D. N. Kursanov and Z. N. Parnes, in their generalizing studies, usually caution against a lit- 
eral understanding of the term "hydride ion transfer" [3, 4] and emphasize that they have in 
mind only the gross result of the reaction. Evidently V. I. Minkin, L. P. Olekhnovich, and 
Yu. A. Zhdanov [5] are correct in calling the isomerization of carbonium ions a reaction of 
proton exchange. 
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E. Kosower was one of the first to formulate the principle of stepwise transitions from 
pyridinium salts to dihydr0pyridines and the reverse; such conversions proceed with interme~ 
diate formation of charge transfer complexes (CTC), spectroscopically recorded in a large num- 
ber of cases [6]. In the case of pyridinium salts with "weak" anions, there i s usually even a 
complete transfer of an electron to the cation with the formation of a radical pair [7]. 

Organic Cations. The traditional approach to the interpretation of the mechanism of 
heteroaromatization under the action of organic cations regards bimolecular elimination of a 
hydride ion as the minimum; there is a summary of such studies in [3]. 

It is believed that in the limiting step of the reaction, under the action of an electro- 
philic reagent, there is a one-step stripping of a hydride ion, i.e., a proton together with 
an electron pair, from a C--H or N--H bond. Stable carbocations [8-11], active carbenium ions 
[4] ("ionic hydrogenation"), and acylinium cations [7, 8] are used as hydride ion acceptors. 

The most characteristic in this respect is dehydrogenation of benzimidazolines under the 
action of trityl chloride [9, 12, 13], the conversion of cycloheptatriene to a tropylium cat- 
ion under the action of the tert-butyl cation [14], dehydrogenation of dihydropyridines and 
nicotinamides by the action of triphenylmethyl chloride, diazonium salts, tropylium fluorobate, 
etc. [15, 16], and the production of pyrylium salts from pyrans under the action of acetyl 
perchlorate [17]. 

H + Ph3CCl ~ + Ph~CII + CI- 

l I 

CH3CO ~ CI04- 

Unfortunately, most of the studies of this group do not contain any significant experi- 
mental evidence in support of an ionic mechanism providing for direct stripping of a hydride 
ion. Exceptions are the analysis of isotope effects and the kinetic data on oxidative dehy- 

drogenation. 

On the basis of the fact that in the reaction of N-methyldihydroacridine with substitu- 
ted o-benzoquinones, the primary isotope effect varies from 4.5 to 13, while the secondary 
effect is the same for all reactions (i.i), it was concluded [18] that cleavage of the C--H 
bond occurs in the limiting step, which, in their opinion, is the stripping of a hydride ion. 

The noncorrespondence between the kinetic isotope effects of the reduction of l,lO~phen- 
anthroline-2-carbaldehyde by N-propyldihydronicotinamide and triethylammonium borohydride, 
catalyzed by zinc ions, indicates the formation of a rather stable intermediate, which is re- 
corded spectrophotometrically [19, 20]. The authors believe that the intermediate is the ion 
pair I but do not exclude the possibility of existence of the radical pair II as well: 

".N j 

%~, ",-,2- ""  %.,  
O----CH "O~C'H~ 

Zn~i-N I 

_ C3H7 
o --cH 

In analysis of the kinetic isotope effects, we should not forget that depending on the 
experimental conditions and the structure of the substrate, its radical cation may be rela~ 
tively stable and may break down in the slow step. 
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Typical examples of the use of kinetic data to substantiate the ionic character of de- 
hydroaromatization are the oxidation of 1,3-dimethylbenzimidazoline by cations dyes [21-23], 

as well as the homogeneous dehydrogenation by heteroaromatic N-imines [24,25]. In ~e first 
case dehydrogenation is described by a second-order equation, in the second by a first-order 
equation of an irreversible reaction; in both cases the kinetic curves are sigmoid. 

A few kinetic data themselves cannot serve as evidence for a synchronous mechanism, 
since, for example, the total second order observed experimentally may pertain only to the 
slowest of the consecutive steps. It was found that the oxidation of 1,3-dimethyl-2-phenyl- 
benzimidazoline by the trityl cation and the 2,4,6-triphenylpyrylium cation, since in the stud- 
ies cited above [21, 22], it is described by a second-order equation, but in this case, even 
at room temperature, triphenylmethyl and, correspondingly, triphenylpyranyl radicals are re- 
corded by the ESR method [26]. It is characteristic that the pyranyl radical is not formed 
in the total absence of oxygen; the presence of traces of it is essential for the reaction to 
occur. Once again R. Hoffman [27] proves correct, since he called for extreme caution in draw- 
ing conclusions on the reaction mechanism on the basis of kinetic data without considering the 

influence of traces of oxygen. 

Dehydrogenation under the action of silver cations is cited as convincing evidence in 
support of a one-step mechanism [28]; however, the hypothesis of intermediate formation of sil- 
ver hydride proves inadequate, since the liberation of hydrogen, as was found in [27], may 
occur during the fragmentation of the radical cation of the substrate RH ~ * R + + H ~ 

We should also keep in mind that even sodium borohydride may play the role only of an 
electron donor, not of a hydrogen donor with respect to heteroaromatic cations [29], from 
which follows the theoretical possibility of a stepwise mechanism in this case also. 

The tendency of organic cations for one-electron reduction to free radicals is one of 
the leading features of their chemical behavior [30]. This pertains to carbenium ions [31], 
carboxonium [32], diazonium [33, 34], and heteroaromatic cations and many others [35]. 

Thus, in each concrete case, the question of the possibility of a stepwise (--e, -H +, 
-e) mechanism of dehydroaromatization under the action of cations cannot be eliminated without 
sufficient basis. In a very large number of synthetic studies, reactions of the type of RH + 

R '+ § R +- R'H are treated as a one-step hydride transfer, although, as a rule, the mechanism 
of such reactions has not at all been the subject of experimental investigation. A character- 
istic situation in this respect is the one that has developed in the preparative chemistry 
of pyrylium salts [17]. To obtain pyrylium cations from the corresponding pyrans, usually 
trityl and acetyl perchlorates, which are traditionally considered as "normal" hydride ion 
acceptors, are used; however, until recently the question of the possibility of a stepwise 
mechanism was not even raised. Nonetheless, precisely in these and similar models, a stepwise 
mechanism leading to the formation of radical pairs at the first step has been substantiated. 

Ballester et al. [36, 37] used the tris(pentachlorophenyl)methyl cation for the dehydrog- 
enation of cycloheptatriene; instead of the expected tris(pentachlorophenyl)methane, the cor- 
responding stable radical was obtained. This same radical is also formed in the reduction of 
the cation by 9,10-diphenylanthracene, which is entirely incapable of dehydrogenation. The 
tris(pentachlorophenyl)methyl cation proved to be a one-electron oxidizing agent with respect 
to triethylsilane as well; the hydrogenation product is formed as a result of disproportiona- 
tion of the radical pair that arises [38]. The positive polarization of the methine proton 
in triphenylmethane, produced from trityl chloride and triethylsilane, also leads to an analo- 
gous conclusion [39]. Finally, the existence of a triethylsilane radical cation in solution 
has been demonstrated by a direct experiment using a rotating disk electrode with a ring [40]. 

Evidence has been obtained to support the intermediate formation of a radical cation of 
the substrate in the course of the dehydrogenation of substituted pyrazoline by pyridinium 
hexachloroantimonate [41]. A product of dimerization of the radical cation is formed in aceto- 
nitrile and chloroform: 

�9 C611:, . C b l l  b ( '61i> 

N " ~ " g N N [ : - - N  \ . . . . . . . .  " "  
C61I = N : I_ 

,~ ] , a 1 C6115 ~ 
C 6 H  5 C6I I  b 
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C6H5~ - - ~ N  H _. - N:s ~C6[15 C6H5"" - - - -  N N . . . .  , /C6H5 

C6H5 C j I  5 C ~  CBII 5 

In proton acceptor medium (in pyridine) the reaction occurs differently -- the initially 
formed pyrazoline radical cation is rapidly deprotonated, and oxidation of the neutral pyrazo- 
linyl radical leads to 1,3,5-triphenylpyrazole: 

C6{I 5 / C 6 H  5 

�9 . - e , - I t  + : . t t ~  
C.~H b "N 

I ~ I 
C6H 5 C J I  5 

Evidently, the reverse reaction -- the addition of hydrogen to organic cations -- also 
proceeds in stages (+e, § +, +e or +e, +H). We have found no literature data that would ser- 
iously contradict this assertion. 

Ionic Hydrogenation. D. N. Kursanov, Z. N. Parnes, and their associates have discovered 
a reaction of "ionic" hydrogenation, the mechanism of which was for a long time understood as 
successive addition of a proton (forming a carbocation) and a hydride ion to a multiple bond, 
the hydride ion being donated by triethylsilane [3, 4, 42, 43]. In addition to silanes, other 
hydrogen sources are also used in reactions of this type -- 9,10-dihydroanthracene [46], cyclo- 
heptatriene [47], etcs We should mention the sharp increase in the reaction rate in the pres- 
ence of catalytic amounts of lithium perchlorate (less than 1%), which finds no satisfactory 
explanation within the framework of the original reaction scheme [45]. Only quite recently 
have the authors arrived at the conclusion of a stepwise mechanism of the final step, which 
formally corresponds to hydride ion transfer [44]. 

The possibility of "ionic" hydrogenation using gaseous hydrogen in the presence of phos- 
phine complexes of platinum or palladium as transmitters of hydride hydrogen has been discov- 
ered [48, 49]. In the dehydrogenation of 1,4-dihydropyridines in trifluoroacetic acid in the 
presence of the phosphine complex of Pd(0), liberation of hydrogen capable of quantitatively: 
and selectively hydrogenating 1,5-cyclooctadiene has been observed [50]. 

The impression is created that despite the abundance of factual data on ionic hydrogena- 
tion and the intensive development of this interesting approach, the mechanism of the final 
step of the gross process has not yet been sufficiently studied; however, a stepwise mechanism, 
beginning with one-electron oxidation of a donor of "hydride" hydrogen seems more probable. 

Lewis Acids and Peracids. Many dehydrogenation reactions practically do not occur in 
the absence of Lewis acids [51, 52]. Most of the authors who have studied dehydrogenation 
under the action of Lewis acids [53, 54] are inclined to consider the formation of ion pairs 
of the type R+AICI4 -, where R + is a carbenium or carboxynium ion, to which the role of hydride 
ion acceptor is attributed . We should not forget in this case that the carbocation can also 
play the role of a one-electron oxidizing agent. 

Lewis acids -- AICI~, BF3 -- in a medium of organic solvents are frequently used in the 
role of powerful one-electron oxidizing agents [55, 56]. The concrete mechanism of such action 
remains unclear -- it would be difficult to agree that, let us say, A13+ might be readily re- 
duced to A12+ in one step, etc. The interesting opinion has been expressed that the oxidative 
properties of the aluminum chloride--nitromethane system are related to the appearance of an 
unsolvated proton [57]; in other words, such systems play the role of peracids, which possess 
a high protonating capacity. 

In certain cases, dehydrogenation is accompanied by the liberation of free hydrogen; it 
is believed [58] that this is clear evidence of an ionic mechanism. We are speaking, in par- 
ticular, of the formation of a carbocation under the action of an Ol acid (HOSO2F + SbFs) on 
isobutane [59]. It is clear, however, that R + cations may be formed according to the scheme 

=~e .~ R t + H ~ (breakdown to R ~ and H + is hindered in strongly acid medium) or according RH~--RH § 
+H + 

to the same Ol scheme of addition-elimination described, for example CH4 ~ CHs + ~ CH3 + + H2. 
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It is almost obvious that dehydrogenation under the action of Lewis acids and peracids 
is essentially a particular case of dehydrogenation under the action of carbocations or radi- 
cal ions (see below). 

"Two-Electron" Oxidizing Agents. L. Michaelis (see below) advanced the postulate that 
the elementary steps of organic redox reactions are always one-electron steps. Earlier, in 
speaking about electrochemical reactions, N. N. Semenov [60] noted that "... in one step one 
electron is transferred, since the simultaneous transfer of two electrons is a significantly 
less probable event." Nonetheless, E. Kosover [61] considers it necessary to distinguish the 
action of two-electron oxidizing agents, stipulating the impossibility of genuinely two-elec- 
tron transfer without the participation of a "bridge" atom or a "bridge" group [62]. As an 
example of two simultaneously occurring one-electron transitions, leading to the formation of 
a covalent bond, we might cite the halogenation of enolizing compounds by copper halides [63] 
and the oxidation of ascorbic acid by Cu 2+ salts [64]. 

From the standpoint of kinetics, the concept of simultaneity means only that the trans- 
fer of a second electron occurs more rapidly than that of the first, but precisely from this 
it follows that the limiting step of the gross process is the transfer of the one first elec- 
tron. The transfer of two, three, etc., electrons always occurs in stages [61], with the ex- 
ception of cases when the summary process represents an aggregate of several synchronous one- 
electron processes (for example, in template synthesis), proceeding mutually independently. 
In a characteristic case, the electrochemical reduction of symmetrical bis-pyrylium cations 
proceeds in one two-electron wave if the cationic sites are separated by a nonconducting chain 
[65]; it is clear that each of them is reduced independently of the other. The relative nature 
of the concept of simultaneity is indicated by W. Basolo and I. Pearson in their book [66]. 

Neutral Molecules. The most typical and well studied process of dehydrogenation under 
the action of neutral molecules is the dehydrogenation by quinones, which is close to natural 
biochemical reactions. It was precisely on the example of these reactions that L. Michaelis 
formulated the general principle of organic redox reactions in 1939: In each elementary step 
only one electron is transferred [67]. This idea, accepted at first by most researchers as a 
postulate, was confirmed in subsequent years by numerous experimental data. Investigations of 
the elementary steps of a wide circle of organic reactions led to the discovery of facts that 
could be explained only from the standpoint of one-electron transfer [68, 69]. 

Quinones are considered as splendid dehydrogenating agents in the production of stable 
aromatic and heteroaromatic cations. The general scheme of such reactions on the example of 
the interaction of perinaphthene with 2,3-dichloro-5,6-dicyano-l,4-benzoquinone in neutral 
and acid media was proposed in [70]: RH2 + E § RH + EH; RH" + EH ~ + RH+ + EH-. If the free 
radical formed is sufficiently stable, then instead of the formation of a cation there is a 
further accumulation of a free radical RH2 + EH ~ § RH ~ + EH2. Since the rate of hydrogena- 
tion of quinones is a linear function of their reducing potentials [71], the proposed scheme 
seems quite plausible. 

In the course of the hydrogenation of thiobenzophenone by l-benzyl-l,4-dihydronicotin- 
amide, signals of the thiobenzoquinone radical anion and the dihydronicotinamide radical cat- 
ion, the distance between which is estimated at 6 A, are observed in the ESR spectra at low 
temperatures [72]. When the temperature is raised, only the thiyl radical is observed. Con- 
clusion: At the first step a charge transfer complex is formed; the second step, which deter- 
mines the reaction rate, is the transfer of a proton from the dihydronicotinamide radical cat- 
ion to the thiobenzoquinone radical anion; the third step is spontaneous transfer of a second 
electron, leading to the reaction products [73]. 

In the dehydrogenation of 1,4-dihydronicotinamide by gem-bromonitropropane, the ESR 
spectrum of nitropropane is recorded; nitropropane and the corresponding pyridinium bromide 
were preparatively isolated [74]: 

H ., t I  

q 
CH2C6115 

H H 
( 'ONI t  2 + ~; . C O N | I j  . ( :ONH 2 

C H 2 C 6 H  5 

+e 
"" (CII,~ , / J 'NO ~ (CIIs~ '2CHNO2 
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Kinetic measurements (first order with respect to each of the reagents; k = 3.172-10 ~3 
liter/mole-sec) also agree with the scheme cited. 

The conversion of pyrans to pyrylium salts under the action of typical one-electron re- 
ducing agents has been studied. Thus [75], 2,4,6-tri-tert-butyl-4H-pyran is converted to 
tri-tert-butylpyrylium under the action of "quinobromide," 4-bromo-2,4,6-tri-tert-butylcyclo- 
hexadienone: 

OH 

"-.:...< II !l .... .- 

o < ' . "  ~. I 
" . .  D r  - ~ -  

+ Br-  

Since the most characteristic reaction of quinobromide is the capture of one electron 
with the formation of a stable phenoxyl radical [76], there is sufficient basis for believing 
that the first step of the reaction is precisely one-electron transfer. Tetracyanoquinodimeth- 
ane (TCNQ) behaves toward pyrans analogously to the quinobromide: Even at room temperature a 
well resolved ESR spectrum of the TCNQ'- radical anion is readily recorded [77]. 

In a number of related cases the formation of charge transfer complexes was recorded 

spectrophotometrically [19, 20, 78]. 

It should be mentioned that in certain studies one-step stripping of a hydride ion is 
postulated only on the basis of the absence of ESR signals [25, 79] or dynamic polarization 
of nuclei [80]. Such attempts are incorrect in principle: The absence of an ESR signal means 
only that the radical concentration does not exceed 1012 spins/ml under the experimental con- 
ditions; consequently, the conclusion of total absence of triplet intermediates is clearly 
premature. The DPN method is informative in general only in the presence of a nuclear polar- 

ization effect [81]. 

Ions of Variable Valence. The dehydrogenation of many biologically important substrates 
proceeds with the participation of ions of variahle valence, contained in coenzymes [6, 82]. 
In a number of studies reactions of this type have been investigated at the stoichiometric and 

kinetic levels. 

The oxidation of Fe 2+ § Fe 3+ by diphenylpicrylhydrazyl in aqueous alcohol medium is ac- 

companied by transfer of hydrogen from the alcohol [83]; however, it is unclear whether there 
is first~a transfer of an electron to diphenylpicrylhydrazyl, followed by protonation, or 
whether the reaction proceeds as a transfer of a hydrogen atom from the solvent contained in 
the coordination sphere of Fe 2+ [84]. 

The dehydrogenation of dihydronicotinamide by Cu 2+ salts does not occur under the action 
of copper sulfate, acetate, and nitrate, but is observed only in the case of the bromides and 
chlorides [85]. Probablythe halide ion is a bridge that links the dihydronicotinamide mole- 
cule to the copper ion; moreover, the halide ion stabilizes the monovalent copper ion formed: 

.,CICu 2 + .C1Cu ~" H ...'ItC1 

it_ I~ i.. ~ /..coNa~ H.'-~"'.CONH~ ~-< ~oNa~ . ico~n~ C~ ~+ 

I I I I 
C)tzC61tu CH2CaH5 CHzCaH5 CH2C6H 5 

The dehydrogenation of acridans by divalent copper salts has been described [86]. 

Reactions of autooxidation in the presence of ions of variable valence -- Co, etc. -- are 
close to the group of reactions under consideration (see below). 

Free Radicals and Radical Ions. The ability of free radicals to strip off hydrogen 
atoms is a generally recognized property of them; thus, there is no question of their ability 
for heteroaromatization of various substrates~ however, there have been few studiesdevoted 
to the mechanism of such reactions. In connection with this, it seems necessary to consider 
some studies of the mechanism of related reactions of dehydrogenation of amines by stable 
nitroxyls. 
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E. G. Rozantsev et al. [87], studying the kinetics of the dehydrogenation of hydrazoben- 
zene by stable nitroxyls, arrived at the conclusion that there are two Successive steps of 
stripping of hydrogen atoms. This conclusion is by no means indisputable, since the ability 
of free radicals for stepwise capture of a hydrogen atom (+e, +H +) has become known [88, 89]. 
The rate of dehydrogenation of N,N'-disubstituted p-phenylenediamines by various nitrogenous 
radicals increases with increasing acidity of the medium [90]. Consequently, the real dehy- 
drogenating agent in this case is a protonated form of the radical, i.e., a radical cation: 
R" + H + ~ RH'+; RH *+ + AH2 § RH + AH~ *+, etc., where R ~ is a stable radical, and ~12 is a dehydro- 
genating substrate. The experimental reaction kinetics corresponds to this scheme. In the 
opinion of A. L. Buchachenko and A. M. Vasserman [91], this result means that in neutral med- 
ium there is a transfer of a hydrogen atom in the absence of catalysis, whereas under condi- 
tions of a catalytic reaction in acid medium the limiting step is electron transfer. Let us 
recall once again that in principle the transfer of a hydrogen atom can occur in steps (--e, 
-I-I+). 

The dehydrogenation of dihydropyridines, by triphenylverdazyl radicals [92-94] is de- 
scribed by a second-order kinetic equation with first order with respect to each reagent [95]: 

P h  I'b, 
H H [ H H 

p h  ' 'N~"  ~N  F'h "N P h  " -  " l ' h  "N" 

IV 

Ph Ph 

! N A N H  

N .N P -  
p h  ~ \ - " "  ~F 'h  - " " N ~ " I I  p h ~ N ~ N ~ p h  

At the first step a charge transfer complex (IV) is formed between dihydropyridine and 
the solvated radical RN ; the limiting step is transfer of hydrogen to triphenylverdazyl, 
forming a different complex (V), which reacts rapidly with the second radical. It is believed, 
however, [96] that dehydrogenation under the action of the triphenylverdazyl cation proceeds 
as transfer of a hydride ion, despite the evident possibility of intermediate formation of a 
verdazyl radical. 

The method of UV spectroscopy has been used to study the free-radical dehydrogenation 
of dihydropyridines by the agency of diphenyl picrylhydrazyl in acetonitrile [97]. The auth- 
ors believe that diphenylpicrylhydrazyl splits off hydrogen in the limiting step. The pyridyl 
radicals formed, interacting with atmospheric oxygen or with diphenylpicrylhydrazyl, are con- 
verted to pyridinium cations; in the absence of oxygen the dehydrogenation of dihydropyridines 
does not occur at all, and only a rearrangement to 1,2-dihydropyridines is observed. 

"N N 

t 
. J  \ .  

An inhibition of free radical reactions by 1,4-dihydropyridines is detected, which is 
evidence of an easy removal of hydrogen by 1,4-dihydropyridines [98]. 

It is clear that the dehydrogenation of hydroaromatic systems under the action of free 
radicals cannot be interpreted as a one-step transfer of a hydrogen ion, no matter how much 
we might wish it. 
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Oxygen. Evidently free oxygen can play the role of a dehydroaromatizing agent and in 
general a dehydrogenating agent in a number of cases; however, in this case the participation 
of a third reagent (catalyst) is usually necessary. We might indicate, for example, the auto- 
oxidation of 9,10-dihydroanthracene in the Presence of free nitroxyl [99]; the reaction be- 
comes catalytic as a result of oxidation of the hydroxylamine formed by atmospheric oxygen. 
In a series of studies by M. E. Vol'pin et ai. [100-102], complexes of transition metals were 
used as catalysts of the autooxidation of NADH. A mechanism has been proposed for catalytic 
autooxidation, including intermediate formation of a complex of the catalyst with NADH and 
oxygen: 

[Co] -]- NADH H+O2~--- [Co] .NAD~. H. 02; 
[Co] �9 NADH. H. O2-+[Co] -}-NADH§ 

In this case the complex of Co 2+ is gradually oxidized to Co 3+. The catalytic activity of a 
number of Fe 3+ metalloporphyrins, in which there are no tightly bound axial ligands, has also 
been studied [i01]. 

K. B. Yatsimirskii et al. [103] have suggested a mechanism of autooxidation of ascorbic 
acid, including the elimination of hydrogen ions from the substrate by an oxygenated complex 
of Co 2+. 

We should keep in mind that autooxidation in the presence of ions of variable valence 
is usually of a free-radical chain type [82, 104, 105]. The first step of the reduction of 
oxygen is a one-electron transfer with the formation of a superoxide radical anion [82, 105]; 
it can scarcely be doubted that electron transfer is an essential step of reactions in which 
free oxygen participates. 

The dehydrogenation of dihydroquinolines [106] and 4H-pyrans by carbon tetrachloride 
[107] also proceeds according to a free-radical mechanism; in the latter case an ionic mech- 
anism has been substantiated [107]. 

In a number of cases the dehydrogenation by oxygen also proceeds without the participa~ 
tion of a catalyst. Thus, diperimidine is readily dehydrogenated in air with the formation 
of tetraazapyrene [108, 109]: 

N ' - N  N - -  / - N  

\ �9 / 

The autooxidation of 2,4,6-triphenyl-4H-pyran [76] is substantially facilitated in the 
presence of electrolytes. Evidently the presence of an electrolyte facilitates the separa- 
tion Of charges in the complex of the substrate with oxygen initially formed. The reaction 
rate depends substantially on the nature of the cation of the electrolyte [40]. The differ~ 
ence in the action of cations is evidently determined by the different stability of the corn 
responding superoxides. A catalytic action of magnesium, zinc, and lithium perchlorates on 
the one-electron oxidation of dihydropyridines by fluorinated ketones has been detected [Ii0, 
iii]. The authors explain the different accelerating effects of cations by complex formation 

of the cations with the substrate. 

It is clear that oxygen can play an important and multifaceted role in reactions of de- 
hydrogenation; in particular, it itself can act as a catalyst and electron transporter. 

Electrochemical Dehydrogenation. The greatest successes in the understanding of the 
mechanism of reactions of dehydrogenation have been achieved thanks to the use of the electro- 
chemical modeling of organic reactions. This has been promoted especially by work in aprotic 
media, since in this case the multielectron steps that are common for aqueous media can be 
separated into simple elementary steps of electron transfer, and the intermediate products 

can be registered. 

From the beginning electrochemists have treated the mechanism of dehydrogenation reac~ 
tions as a stepwise process. Unfortunately, on account of the absence of the proper contact 
between organic chemists and electrochemists, each group has remained ignorant of the activ- 
ities of the other. Indicative in this sense is the study of the mechanism of the dehydro~ 

824 



genation of cycloheptatriene. Organic chemists have traditionally treated this reaction as 

a one-step transfer of a hydride ion [112-114]. The work of D. Geske [115] (1959), who stud- 
ied the oxidation of cycloheptatriene in acetonitrile chromopotentiometrically, remained un- 
noticed. On the chronopotentiometric curve with current reversal, oxidation of tropylidene, 
reduction of a proton, and reduction of a tropylium cation were recorded. Thus, not the hy- 
pothetic hydride ion but a quite real proton was recorded as the kinetically independent par- 
ticle. 

The rate of oxidation of dihydropyridines by quinones is directly related to the redox 
potentials [71], which can be considered as important evidence in support of a stepwise mech- 
anism, of dehydrogenation, beginning with one-electron transfer. 

The development of concepts of a stepwise mechanism of the dehydroaromatization of heter- 
ocyclic compounds was promoted to a substantial degree by the successes of the chemistry of 
heterocyclic radical cations and the recognition of the important role of the latter in a wide 
circle of reactions of heterocycles [116]. It has been suggested [117] that in readily oxi- 
dized dihydropyridines, there is a hydride displacement, whereas in difficultly oxidized sub- 
strates a one-electron oxidation is possible in the first step. Further studies of these 
authors have shown that regardless of the value of the oxidation potential, dihydropyridines 
split out the "hydride ion" in stages [118, 119]. Thus, in the oxidation of 2,6-dimethyl- 
3,5-diethoxycarbonyl-l,4-dihydropyridines in acetonitrile on a rotating disk electrode with 
a ring, a one-electron wave is registered on the disk at 0.5-0.8 V, while on the ring two waves 
are reported, the first of which corresponds to reduction of a proton, and the second to reduc- 
tion of the corresponding pyridinium cations [118]. The coulometric determination of the num- 
ber of electrons also clearly indicates a one-electron character of the process. The end 
product -- the pyridinium cation -- corresponds to the loss of two electrons; the authors ex- 
plain this fact by disproportionation of the intermediate free radical: 

I I I . .L . 

t 

In a study of the oxidation of dihydropyridines on platinum and graphite electrodes in 
buffered solutions of acetonitrile, a dependence of +El/= on the pH of the medium was detected 
in the range of pH from 2 to 8, which is evidence of a potential-determining influence of 
stripping of a proton on the step of deprotonation of the radical cations [119]. 

In the oxidation of acridans, I. M. Sosnkin et al. [86], using the "disk-ring" method, 
recorded the formation of radical cations of the substrate; recording of the volt--ampere curves 
at a constant potential of the disk showed that in addition to the main wave of oxidation, a 
cathodic-anodic wave is observed, corresponding to the conversion of the acridine radical to 
an acridinium salt: 

i ! ..... 1 i 

The proposed scheme was confirmed by a chemical experiment: Oxidation of the+dihydrocom- 
2~ 2+ 

pound by Cu cations leads to the corresponding cation; Cu is converted to Cu , and two 
equivalents of Cu 2+ are consumed per mole of acridan. Recently all the intermediate products 
arising in the course of the reaction were identified: the acridan radical cation, the proton 
(cyclic voltamperometry), and the acridinyl radical [120, 121]. It is also asserted that an- 
other sequence of elementary steps is possible: --e, --e, --H + for dihydrodicyano derivatives of 
azines and ~H +, -e, ~ for 9-cyano-lO-methyl-9,10-dihydroacridan [122]. 
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The method of cyclic voltamperometry on a stationary platinum electrode and the method 
of coulometry have been used to study the mechanism of the anodic oxidation of a number of 
dihydropyridines [123]: 

H I t  1 I i  tI t 

II I !i 
R ' "  " 'N" 1,} R ' "  " N "  " \ R  

R }1 

A B 

R = C I t  ,I~ n =COOEI  J, 

Oxidation in acetonitrile proceeds only by half (El/2 = 0.816 V), since the protons aris- 
ing in the oxidation of the depolarizer form a salt with it, which is not oxidized at the giv- 
en potential. In the presence of a base (7-picoline), oxidation occurs with the consumption 
of two electrons, i.e., goes to completion. On the cyclic voltamperogram of dihydropyridine 
there is a cathodic peak corresponding to the reduction of the protonated amide to molecular 
hydrogen. This result agrees with the conclusion of the potential-determining influence of 
stripping of a proton [124]. 

Unfortunately, the schemes of dehydrogenation cited are not always so convincingly sup- 
ported. Thus, in the oxidation of 1,3-dimethylbenzimidazoline in acetonitrile by the method 
of cyclic voltamperometry, S. Nelson et al. [125] observed an entirely reversible two-electron 
peak (+0.31 V). The corresponding cation is reduced only at 2 V. On the basis of these data 
alone the authors suggested the following mechanism of dehydrogenation: 

�9 -- . C tt 3 -,., CIt  3 / "~"  . . . .  N ~ CH3 " "" N - CH3 
..... - -~ ..... N _:., -o 

1 1 i ' 
CH.~ CII  3 CH 5 CII~ 

Not one of the intermediate products was registered by the authors, i.e., there is essen- 
tially no evidence for the proposed scheme. It was found that actually the benzimidazoline 
radical cation breaks down, liberating a hydrogen atom [26]: 

N/  -] N /  
--~- + + H" 

Ph 

Despite the well-known tendency of atomic hydrogen for various "adhesion" reactions, an 
appreciable part of it is liberated in the form of molecular hydrogen by oxidation by silver 
perchlorate in acetonitrile. When 1,3-dimethyl-2-phenylbenzimidazoline is irradiated in a 
matrix of aqueous sulfuric acid (77OK), atomic hydrogen can be observed directly by the ESR 
method (doublet with splitting 500 Oe). 

Sometimes initially convincing evidence against a redox mechanism of dehydrogenation is 
cited [126]. Thus, the measured rate constants of the extinguishment of the fluorescence of 
l-benzyl-l,4-dihydronicotinamide by various electron acceptors are several orders of magnitude 
higher than those calculated theoretically for one-electron oxidation of the substrate. This 
might seem to exclude the possibility of electron transfer in the limiting steps; however, the 
authors themselves note that in the presence of a catalyst the barrier to transfer may be sub- 
stantially lower. Actually, situations are possible in which the reaction does not go at all 
in the absence of a catalyst -- neither according to a synchronous mechanism nor according to 
a stepwise mechanism. It is very important that oxygen, traces of which are contained in the 
reaction medium saturated with argon, may act as such a catalyst. It has been shown on the 
example of the dehydrogenation of 2,4,6-triphenyl-4H-pyran [76] that in this case a stepwise 

mechanism is realized: 
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Fig. i; Energy profiles of dehydrogenation reactions. 
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It would be a methodological error to draw exhausitve conclusions on the basis of electro- 
chemical model study alone [127-131]. More reliable are the conclusions drawn from the data 
of several independent methods; in particular, any reaction scheme should not contradict the 
kinetic data. Considering all these circumstances, the dehydrogenation of 4H-pyrans, 1,3- 
dimethyl-2-phenylbenzimidazoline, and a number of perimidines has been investigated [130]. 

An analysis of the available data leads to the assertion that the formal transfer of a 
hydride ion actually occurs in stages and begins with one-electron oxidation of the substrate, 
leading to a radical cation. The electrochemical data can be used to predict the type of de- 
composition of the intermediate radical cations formed [130]. If the substrate is oxidized 
at low values of +EI/2 (in these cases --EI/2 o~ the corresponding cations are relatively high), 
dehydrogenation proceeds according to a-e, -H scheme; high values of E~/2 for the substrate 
and low --EI/2 for the cations predetermine a--e, --H +, --e mechanism. It is evident that the 
proton acceptor properties of the medium also affect the direction of the decomposition. 

The question of the theoretical possibility of stepwise stripping of a hydride ion, lead- 
ing to a heteroaromatic cation, is in need of further discussion. The following considerations 
should be taken into account. Dehydrogenation in essence is a redox reaction. The direct 
stripping of a hydride ion is possible in the case when a one-electron transfer from the sub- 
strate to the dehydrogenating agent is hindered for some reason; in other words, the substrate 
should not be a reducing agent with respect to the reagent. Such a situation seems rather im- 
probable, since one-electron oxidation of the substrate proceeds through a lower activation 
barrier: An electron is more readily stripped from the substrate than a hydride ion [13]. 

The two types of dehydrogenation discussed above can be represented in the form of cross- 
sections of the potential energy surface (Fig. 1); the envelope curve corresponds to synchron- 
ous stripping of a hydride ion. In various kinds of calculations, comparisons of redox poten- 
tials, and a study of the kinetics of dehydrogenation reactions, we must constantly keep in 
mind the possibility (and sometimes even the necessity) of catalysis, in particular, catalysis 
by oxygen. 
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X-RAY CRYSTALLOGRAPHIC INVESTIGATION OF 2-N-PHENYLIMINO-3-PHENYL-5- 

PHENOXYMETHYL-I,3-OXAZOLIDINE 

G. V. Gridunova, V. E. Shklover, 
Yu. T. Struchkov, A. M. Fainleib, 
Ts. M, Frenkel', and V. A. Pankratov 

UDC 548.737:547.787.1 

Earlier [i] substituted 2-N-phenyliminooxazolidine (I) was synthesized by the reaction of 
diphenylcarbodiimide with phenylglycidyl ether. On the basis of the data of elementary analy- 
sis, the IR, PMR, and mass spectra, hydrolysis of the reaction product, which led to 2-oxazoli- 
dinone, and countersynthesis of the latter, the structure (la) with phenyl and phenoxymethyl 
substituents in the 3- and 5-positions, respectively, was proposed for compound I. However, 
these data did not exclude the possibility of the formation of theisomeric 3-phenyl-4-phenoxy- 
methyl-2-N-phenylaminooxazolidine (Ib) in this reaction was well: 

~ ---- 0 --CH2~H-~CI~I 2 + C6HsNCNC~H5 

0 

An x-ray crystallographic investigation that we conducted for an unambiguous establish- 
ment of the structure of compound I and analogous heterocyclic fragments of thermostable poly- 
mers confirmed the proposed structure of the compound as la~ 

The central oxazolidine ring is noncopolanar. The parameters of folding q2 = 0.333 
and ~2 = 351.4 ~ , calculated by the Kramer--Pople method [2], characterized its conformation as 
intermediate between an envelope and a half-chair. The C(s) and C(~) atoms emerge -0.274 and 
0.109 A on different sides of the Pz plane of the other three atoms of the heterocycle (Table 
i). 

The length of the Ci4~-Cts~ bond 1.525 (6) A is close to the ~tandard length of the sin- k J 0'~ 
gle bond C(sp3)-C(sp 3) 1.537A ~3]. ~ The C(5)-O(z) bond 1.448 (4) A is slightly lengthened, 
while the C(~)-N(3~ bond 1.447 (5) A is appreciably shortened in comparison with the corre- 
sponding standard bond lengths C(sp3)-O 1.426 A and C(sp3)-N 1.472 A [3]. On the whole, the 
distribution of the bond lengths in the oxazolidine ring of compound I corresponds to that ob- 
served in the related 3,5-substituted oxazolidinones [4-6], with the exception of a small 
lengthening of the C(2)-0(I) bond to 1.377 (5) A in comparison with 1.350 A (average for nine 
derivatives of 3,5-oxazolidinone [4-6]) and 1.356 A (in unsubstituted 2-oxazolidinone [7]). 
The endocyclic valence angles in the heterocycle I agree with those observed in oxazolidinone 
analogs [4-6]. A comparison of the geometry of the rings in compound I and the above-mentioned 
analogs and derivatives of oxazolidine, all the carbon atoms of the ring of which are sp3-hy - 
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