EFFECT OF THE ACID-BASE PROPERTIES OF HETEROAROMATIC
COMPOUNDS ON THEIR ELECTROPHILIC SUBSTITUTION REACTIONS (REVIEW)
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The effect of the properties of heterocaromatic compounds as acids and bases on their
behavior in electrophilic substitution reactions was examined. The established
peculiarities were compared with the behavior of functional compounds of the benzene
series. The specific characteristics of the mechanisms of electrophilic substitution
in the hetercaromatic series due to the acidic and basic properties of the hetero-
aromatic compounds are discussed.

This review is dedicated to the memory of Professor Yakov Lazarevich Gol'dfarb, in whose
research the problem of the effect of the acid-base properties of heterocycles on their re-
activities, primarily on the specificity of various substitution reactions, was one of the
major concerns., Gol'dfarb's contribution to the chemistry of thiophene, furan, and benzene
was particularly significant in this respect.

Individual problems related to the topic under discussion were not only the subject of
original papers but were also correlated in reviews; this makes it possible, where appropriate,
to condense the exposition in the present review. In addition, the problem as a whole has not
been duly reflected in monographs dealing with both aromatic substitution (for example, see
[1, 2]) and general problems in the chemistry of heterocycles, for which it is particularly
essential, although in a previously published book [3] this gap was partially bridged with
respect primarily to compounds of the pyridine series. Taking into account the information
stated above, we will begin our exposition with the general problems of the mechanisms of
electrophilic substitution in the aromatic series and the effect of the acid-base properties
of functional substituted benzenes on such reactions; this makes it possible to emphasize the
peculiarities of the behavior of hetercaromatic systems.

Electrophilic substitution is the most important and widely investigated class of reactions

in the aromatic and heteroaromatic series. Moreover, one cannot help being struck by the

fact that, despite the great diversity of substrates and reagents, virtually all electro-
philic substitution reactions are usually considered to be reactions that proceed via a single
mechanism, viz., through the intermediate formation of o complexes; the differences, for '
example, between nitration and halogenation are basically reduced to the peculiarities of the
conditions for the generation of the electrophilic agent ET, which participates in the above-
menticoned single mechanism:
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This sort of treatment sheds no light on the problem regarding the steps of the reaction
that precede or accompany the formation of the ¢ complex, which include reaction of the sub=-
stratenot onlywith the electrophilic particle EYbut also with catalysts or condensing agents
that are usually present in the reaction mixture. We will not discuss here the problem of
the intermediate formationm of 7 complexes and the role of one-electron transfer in electro-
philic substitution reactions. The task of this review includes an examination of the effect
of the reactions of aromatic and hetercaromatic substrates with protic and aprotic acids, in
which these substrates act as bases and are converted to nv or ¢ complexes (in the latter
case, however, the complexes are not converted to the desired electrophilic substitution
products). Problems associated with the effect of the acidic properties of the substrates
on electrophilic substitution will also be discussed. This aspect is of substantial signifi-
cance not only within the framework of the '"classical” mechanism described by Eq. (1) but
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takes on particular interest in connection with the fact that concepts regarding different
mechanisms of electrophilic aromatic substitution have recently emerged. These concepts are
formulated in the most general and precise form in [4], in which the possibilities of the
occurrence of electrophilic substitution reactions via concerted mechanism (2) and through a
carbanion (3) are examined:
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We do not know of cases in which a concerted mechanism for electrophilic substitution has
been rigorously proved. However, let us present a description of a similar process in which,
moreover, the acidic properties of the substrate play an essential role [5]:
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It might be assumed that electrophilic substitution reactions of activated heteroaromatic
compounds in which condensing agents are not used also proceed via a concerted reaction. A
vulnerable feature of this mechanism is the inevitable formation during the reaction of a
protic acid, which, if special measures are not taken, may serve as a catalyst.

The carbanionic mechanism is considerably more substantiated. Practically speaking, the
direct metallation of aromatic and heterocaromatic compounds, which is accompanied by treatment
of the reaction mixture with the electrophile, proceeds via this scheme. The similar bromi-
nation of 1,3,5-tribromobenzene with tert-butyl hypobromite in the presence of potassium
tert-butoxide is described in [4]. Specific variants of such processes, which include the
intermediate formation of relatively stable ylids, are known in the heteroaromatic series and
will be examined in a special section of this review.

1. Effect of the Acidic Properties of Aromatic Compounds

on Their Electrophilic Substitution Reactions

In addition to reactions that proceed via a carbanionic mechanism in which the CH acidity
of the substrate is manifested, numerous examples of electrophilic substitution in which NH
and OH acidities play a substantial role are known. This is the case of phenols, anilines,
and carboxylic acids. Data published up to 1970 were correlated in a previous review [6]. To
give a complete picture, some of these datawill be presented below; however, principal attention
will be directed to newer publications. The transformations that precede substitution itself
are far from being proven in all cases. In most cases one can arrive at a judgment regarding
them from indirect data, primarily from the preferred formation of ortho-substituted compounds.

The methods for the preparation of o-alkylphenols and o-alkylanilines by the action of
olefins on phenols and anilines in the presence of aluminum metal or aluminum phenoxide have
found substantial preparative value and use in industry [1, 6]. In particular, the method
is used for the synthesis of sterically hindered phenols that are used as antioxidants [7].
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It is possible that the thiylation of aluminum phenoxides by disulfides [8] and the
iodination of phenols in the presence of thallium acetate [9] proceed via a similar mechanism.
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Cases of the primary ortho halogenation of phenols have been described in the literature;
intermediate replacement of the hydrogen of the hydroxy group by the halogen is assumed [6].
Data on the effect of the pH of the medium on the ratio of the products of the chlorination
of phenols by the action of sodium hypochlorite are in agreement with this assumption [10]:
The ortho/para ratio increases sharply on passing from an acidic medium to an alkaline medium
(from 0.64 at pH 4 to 4.3 at pH 10). It is interesting to note that in the case of anisole a
change in the pH of the medium does not affect this ratio, which remains within the limits
0.63~0.66.

The intermediate formation of a product with replacement of a hydrogen atomof a functional
group, which then undergoes isomerization to an o-substituted product, was established by
means of the IR spectra for the chlorination of N-methylaniline by calcium hypochlorite (the
yields of the compounds formed are indicated under the formulas) [11]:
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The formation of an o-nitro-substituted product by the action of nitrogen pentoxide
on biphenyl—~2-carboxylic acid fits into the same scheme [12].
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Reagents of a new type that ensure selective ortho or para substitution of phenols, due,

in the opinion of the authors, to the formation with the substrate of an intermediate complex
~in which the phenol acts both as a proton donor for a hydrogen bond and as a v donor, have
recently been proposed [13-15]. 2,2,3,4,5,6~ and 2,3,4,4,5,6~Hexachlorocyclohexadienones have
been proposed as chlorinating agents of this type. In particular, the first agent in the
chlorination of hydroquinone monomethyl ether gives compounds with a chlorine atom in the
ortho position relative to the OH and OMe groups in the ratio of 95:5. The same reagent gives
only p~chloroanisole .in the chlorination of anisole.
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Phenol is converted to o-nitrophenol with high selectivity by the action of mixed anhy-
drides of nitric and N-alkylpyridiniacarboxylic acids [15].

BN

=
1 . g'- COONO,
~§+ e i

N
Ane
In the case of anisole and potassium phenoxide, in which the formation of a hydrogen bond
with the reagent is impossible, nitration proceeds unselectively.

2. Effect of the Properties of Aromatic Compounds as

Bases on Their Electrophilic Substitution

The presence in an aromatic. compound of a functional group that has an unshared pair of
electrons creates the possibility of the formation of an nv complex with an aprotic acid or
protonation of this group under the influence of a protic acid; this leads to a pronounced
change in the orienting ability of the substituent. Thus the halogenation of aniline and
dimethylaniline leads only to o~ and p-substituted products; however, the halogenation of com~
plexes of the same anilines with AlCls gives WZE% meta isomers, and 50-60% meta isomers are

formed in the case of the ammonium compounds PhNRoHA1Cly™ [16]. The bromination of dimethyl-
aniline in sulfuric acid by bromine in the presence of silver sulfate gives a similar effect
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[17]. The nitration of dimethylaniline in sulfuric acid is a convenient method for the‘syn-
thesis of an m-nitro-substituted compound [18].

The situation is more complex in cases in which the onium grouping develops with the
participation of the attacking electrophile., For exalee, in the sulfonation of aniline the

slow step is the formation of the similar omium ion PhNH»S803;H, which then is rapidly converted
(inter- or intramolecularly) to products of sulfonation in the para and ortho positions but not
in the meta position [19]. The nitration of acetanilide and some of its m-substituted deriv-
atives with acetyl nitrate or nitronium tetrafluoroborate leads to a mixture of o~ and p-nitro=-
substituted products with a substantial preponderance of the former [20]. In the opinion of

the authors, the reason for this is preceding coordination of NO,* at the nitrogen or oxygen
atom of the amide group. The well-known instances of the selective formation of o-nitro-
substituted products in the nitration of anisole [21-23] and methyl phenylethyl ether [22, 24]
can also be explained by similar coordination of the nitronium cation at the ether oxygen

atom. Thus the intermediate formation of an onium center with the participation of a cation
reagent does not lead to a fundamental change in the orienting effect of activating substitu-
ents and can only increase the formation of o~-substituted products.

Complexing or protonation at the functional group in the case of carbonyl compounds has
an extremely substantial effect on the specificity of substitution. It is well known that
replacement of the hydrogen atoms of the a-methylene group in the case of ketones (for example,
see [25, 26]) and, not infrequently, an aldehyde proton [27], is observed under ordinary con-
ditions in many electrophilic substitution reactions. However, various electrophilic substi-
tution reactions are directed to 'the meta position of the: aromatic ring when a strong aprotic
acid in amounts above the equimolar amount or excess protic acid is used. As examples of such
reactions, let us cite the chlorination and bromination of benzaldehyde and acetophenone in a
large excess (2.5 moles) of anhydrous A1Clj; without a solvent [28, 29] or the bromination of
these compounds with 1 to 1.5 moles of AlCls; in a solvent {30].
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Bromination by the action of bromine in concentrated sulfuric acid in the presence of
Ag2SOy4 on benzaldehyde [31] and acetophenone [32] is also directed to the meta position.
Acetophenone in the form of a complex with AlCls is converted smoothly to m-(chloromethyl)-
acetophenone by the action of various reagents, viz., mono— [33] and bis(chloromethyl) [34]
ethers, as well as a mixture of paraformaldehyde with A1Cls [35].

An interesting example of the effect of protonation on the specificity of a reaction is
the electrophilic hydroxylation of benzaldehyde and acetophenone with 70% hydrogen peroxide in
HF—SbF; super acid [36]. It is well known that in conditions under which complete protona-
tion of both components is not achieved, oxidation to benzoic acid and the Baeyer-Villiger
rearrangement to give the phenyl formate and phenyl acetate, respectively, occur [37].
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In interpreting the unusual specificity of electrophilic substitution reactions one
must specially demonstrate that. complexes with protic and aprotic acids are actually formed
under the reaction conditions and that the products of their transformations differ from the
substances obtained from the corresponding aromatie compounds that are not tied up in com-
plexes. Such data are available for many of the examples examined above. In particular,
complexes of carbonyl compounds of the benzene series were identified in solutiomns by diverse
physical methods, including IR, UV, PMR, and 3¢ NMR spectroscopy [30, 38-42], as well as

calorimetry, dielectrometry, and cryoscopy [43]. . At the same time, instances in which the
real transformations do not, it would seem, fit into an extremely plausible scheme are known.
Such "deviations" are known primarily for the halogenation and alkylation of phenols and ani-
lines, and they are due to the possibility of C protonation of. the activated aromatic ring and
the associated reversibility of the indicated reactions, which is manifested even under

mild conditions. Thus the bromination of p-alkyl- and o,o~dialkyl-substituted phenols and
anisoles in a super acid medium proceeds in the meta position relative to the hydroxy or
methoxy group; this was explained by Jacquesi and co-workers [44] as being the result of
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protonation at the oxygen atom, as a consequence of which, the orienting effect of an oxygen~
containing substituent of the first order also changes. However, in actuality, as demon-
strated in [45] in the case of p-cresol, protonation is not directed to the oxygen atom but
rather to the carbon atom in the ortho position relative to the hydroxy group. Bromine also
enters the same position, but this is then followed by slower conversion of the kinetically
controlled product to the thermodynamically more favorable isomer, the amount of which in-
creases significantly when the reaction mixture is allowed to stand for a long time.
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Similar transformations are also known for aniline derivatives. In particular, the
transformations of o-bromo-N,N-dimethylaniline under the influence of HBr to dealkylation,
debromination, and isomerization products have been studied [46].
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A study of the alkylation of anisole using various alkylating agents and catalysts [47]
under kinetic-control conditions (at a low temperature and a low catalyst concentration)
showed that o- and p-alkyl—-substituted products are formed in a ratio close to the statis=-
tical value (2:1) and that the amount of meta isomers does not exceed 3%. Isomerization of
the substances is observed under more severe conditions; the amount of the ortho isomer de-
creases, and the amounts of the para and meta isomers increase. In the same study in the
case of the benzylmethylphenyloxonium ion generated at —90°C it was shown that initial attack
of the electrophile at the heteroatom of the functional group, in contrast to the prevailing
opinion, does not at all ensure the formation of o-substituted products: When the temperature
is increased, the indicated cation is converted exclusively to a product of intermolecular
transfer, viz., p=benzylanisole,
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3. Basicities of Heteroaromatic Compounds and Their Electrophilic Substitution Reactions

In the preceding section it was shown how the basic properties due to the presence in
the benzene ring of appropriate substituents lead to the formation of complexes with protic
and aprotic acids, a consequence of which is a change in the specificity of electrophilic
substitution as compared with the free bases. Similar effects, which are determined by
complexing at the functional group, are also manifested in the heteroaromatic series,
as will be stated below. However, in heterocycles even the first members of the series and
homologs are essentially functional compounds in which the ring heteroatom acts as a function.
It is therefore clear that phenomena similar to those described above are usually widespread
in the heteroaromatic series. Considering the enormous diversity of the types of hetero-~
atomatic systems, one must sharply limit the subject of the discussion.

Principal attention will be focused on monocyclic five-membered heterocycles
with one heteroatom, compounds of the pyridine series, and azoles. We will not touch upon
condensed systems, since in them the peculiarities of the electrophilic substitution reactions of
interest to us turn out to be either similar to those of monocyclic heterocycles or to those
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of functional compounds of the benzene series. Oxygen and sulfur analogs of pyridine, viz.,
pyrylium and thiopyrylium cations, do not react with electrophilic agents. The reaction of
electrophilic agents with azines that contain several nitrogen atoms, however, usually does
not lead to substitution products but rather to onium salts involving one or two nitrogen
atoms. Electrophilic substitution becomes possible only when activating substituents are
present in such compounds.

At the same time, it must be pointed out that m-deficient di- and triazines under
certain conditions can act'as electrophilic reagents with respect to various aromatic and
heteroaromatic compounds. - Thus some halogen-substituted pyrimidines and sym-triazines,
which can be regarded as analogs of imido chlorides, undergo condensation with aromatic
compounds in the presence of Lewis acids [48-50].

The conversion of azines to azinium cations by protonation, alkylation, or acylation
makes it possible to realize the so-called "hetarylation' of active aromatic and heteroaro-
matic compounds [51, 52]. N-Acyloxyazinium salts formed.in the acylation of N-oxides can
also serve as hetarylating agents [53]. Hetarylation often proceeds under very mild con-
ditions. For example, pyrimidine, 5-methylpyrimidine, and the corresponding benzo-annelated
~compounds react readily in trifluoroacetic acid with active aromatic and heteroaromatic com-
pounds to give aryl(hetaryl)dihydropyrimidines, which can be aromatized by the action of
potassium ferricyanide [54-56].
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The reaction of . sym~triazine with aromatic compounds initiated by means of hydrogen
chloride, which can serve for the synthesis of aldehydes [57], evidently also has similar
character.
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Pyrylium {58, 59] and thiopyrylium cations [60] can also undergo hetarylation.

Turning now directly to the problem of the properties of heteroaromatic systems as sub-
strates in electrophilic substitution reactions, let us note that the heterocycles under dis-
cussion differ substantially from one another with respect to their strengths as
bases. The pKa values of a number of monocyclic compounds and some of their substituted
derivatives at 20-25°C in water or aqueous sulfuric acid, taken for 2,5-dimethylfuran,
2,5-dimethylthiophene and 2,5-dimethylpyrrole from [61], and for 2-acetylthiophene from [62]
(the remaining values are presented from data in [3, pp. 126, 127] and are supplemented and
partially corrected from the data in [63]), are presented in Fig. 1. It is not
difficult to see that the differences in basicities exceed 17 orders of magnitude between the
strongest base (imidazole) and the weakest bases (furan and thiophene, for which data are
not available but which should be weaker bases than. their 2,5-dimethyl-substituted derivatives)
It is apparent that such colossal differences in basicities also predetermine the extremely
different behavior of the examined systems with respect to protic and aprotic acids.

The protonation of heteroaromatic compounds or their complexing with a Lewis acid under
the reaction conditions leads to slowing down of electrophilic substitution; this is due to
two reasons: 1) a decrease in the substrate concentration as a consequence of tying up of a
significant amount of the substrate in a deactivated complex with a protic or aprotic acid;
2) a sharp decrease in the reactivity of the substrate when it is completely converted to the
complex. Katritzky and co-workers have made comprehensive studies that make it possible in
many cases to draw conclusions as to the form (free base or conjugate acid) in which various
heteroaromatic compounds react. Criteria based on measurement of the reaction rate constants
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Fig. 1. Ionization constants of the conjugate acids of hetero-
aromatic compounds.

at various acidities of the medium, determination of the activation parameters, and compari-
son of the observed rate with the reaction rate of a related compound known to exist in the
ionic form (for example, pyridine methiodide in a study of the reactions of pyridine in an
acidic medium) were developed [64]. The same group of researchers obtained comparable quanti-
tative data on the reactivities of heterocycles of various classes., Data extrapolated for
hydrogen isotope exchange in a moderately acidic medium (pD 0) at 100°C [65-67] are presented
in Fig. 2, and, in the case of "standardized" constants for nitration by nitric acid, scaled
for 25°C and Ho—6.6 (75% sulfuric acid) {68-72], are presented in Fig. 3. We will
subsequently use these data in an examination of various groups of heteroaromatic
compounds. Here, however, we will make some general comments. The differences in the rela-
tive reactivities of the heteroarcmatic compounds as compared with benzene (Fig. 2) in the
case of hydrogen exchange reach 30 orders of magnitude; for the same compound in the form of
the neutral base and the conjugate acid these differences amount to 6~9 orders of magnitude.
It is important to note that 1,2-azoles. (in the free base form) in the case of acid-catalyzed
hydrogen isotope exchange are more active than benzene and approach thiophene and N-methyl-—
pyrrole in this respect, which differ substantially from pyridine. In a more acidic
medium (see the data on nitration in Fig. 3) the same 1,2-azoles are substantially
inferior in reactivity to not only thiophene but also to benzene; they are similar in activity
to deactivated acetophenone. Such differences can be explained by the fact that at H¢—6.6
the substrates are almost completely protonated, and the true concentration of the free base
is very low. If the conjugate acid undergoes the reaction, the reaction rate again decreases
by several orders of magnitude, so that, with respect to their activity, the protonated forms
resemble nitrobenzene. The smaller range of differences (12 orders of magnitude) in the case
of nitration as compared with hydrogen isotope exchange is due to both the higher rate (and
the lower substrate selectivity) of nitration and the absence of data for the "extreme"
members of the series, viz., the pyridinium ion and the protonated pyridine N-~oxide, on the
one hand, and N-methylpyrrole, on the other.

An idea as to what relative activities various heteroaromatic compounds had in electro-
philic substitution reactions, if one could completely exclude their reaction with protic and
aprotic acids, was given by the results of experiments on the solvolysis of analogs of benzyl
halides and benzyl ethers, which were carried out in neutral media such as aqueous ethanol,
methanol, or acetone. It is assumed that the intermediates of such reactions resemble cationic

o complexes:
(/‘—_\>‘CBZX _—_)f:> @:cgz _Z:> @‘CRZY

In each case a linear correlation of the Hammett type with the utilization of electro-
philic substituent constants ot is observed when various substituents are introduced into the
benzene ring:

lgkac/kpn=p-cart.
A similar correlation is also observed for hetercaromatic analogs; each heteroaromatic

residue can be characterized by a "substituent” constant that formally corresponds to replace-
ment of one or two vinylene groups in the phenyl residue by NH, 0, S, or —N=CH—. Data on
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Fig. 2. Logarithms of the factors of the partial rates of
hydrogen isotope exchange in hetercaromatic compounds (pD
0, 100°C). The positions of the ring for which the partial
rate factors are presented are indicated under the formulas.
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the GXr values for various hetaryl systems obtained primarily by Noyce and co-workers [73-81],
as well as in [82-84], are presented in Fig. 4; the heterocycles are depicted above the ojir
values corresponding to'the ring positions that are most reactive in electrophilic substitution.
It is clearly seen in Fig. 4 that the heterocycles under discussion are distributed between
pyrrole and pyridine in two groups, in one of which imidazole and pyrazole are included along
with furan and thiophene, whereas the other is made up of other 1,2~ and 1,3-azoles, the UXr
values of which are close to that of benzene (erEO for phenyl).

3.1. Five-Membered Heterocycles with One Heteroatom. Furan, thiophene, pyrrole and their
homologs are not only the weakest bases of the heterocycles under consideration but also differ
fundamentally from pyridine and azoles with respect to the structure of the protonated part.
Five-membered hetercaromatic systems with one heteroatom are not protonated at the hetero-
atom but rather at the a~-carbon atom; this was demonstrated clearly by physical methods,
primarily by means of PMR spectroscopy; it is important to note that in the case of pyrrole
[85-88] and thiophene [89-95], the resulting heteroarenium ions (¢ complexes), as a conse-
quence of the stabilizing effect of the heteroatom, are quite stable in acidic media at or-
dinary temperatures for the first members of the series, whereas in the case of furan they
are stable for the sterically hindered di- and trialkyl-substituted compounds [96-99].
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The well-known acidophobic character of five-membered heterocycles is due to the formation
of C-protonation products: Heteroarenium ions can act as electrophilic agents with respect to
free heteroaromatic molecules, which leads to products of acidic oligo- and polymerization,
which are often formed under the donditions of electrophilic substitution carried out in the
presence of protic and aprotic acids (see a previous review [L00] for a more detailed dis-
cussion). One should, however, bear in mind that oligomerization is often observed in the
presence of relatively small. amounts of acid and that stable heteroarenium ions can be formed
in excess protic acid; the bonding in the form of this sort of ion may create a distorted idea
regarding the reactivity of the heteroaromatic compounds. In our opinion, the lower activity
of thiophene as compared with benzene in the case of alkylation in liquid hydrogen fluoride
observed in [101] can be explained precisely by the formation of C-protonation products, which
are incapable of reacting with the electrophilic agent. Such complexes can develop under
electrophilic substitution conditions even without the addition of a protic acid from the
outside due to the protic acid liberated during the reaction if the aprotic acid used in an
equivalent amount forms a stable anion, as we observed in the acylation of thiophene and
its homologs by means of carboxylic acid chlorides in the presence of 1 mole of AICl, [94],
in which case up to ‘half of the substrate was found to be tied up in the form a a C-proto~
nation product and did not participate in the primary reaction.
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a R=R'=H; b R=Me, R'=H; ¢ R=R!=Me; R?=Me, CH:Cl

Replacement of the aprotic acid, in this case for example, by stannic chloride, prevents
the formation of stable o complexes. However, when stabilizing substituents are present in
the substrate molecule, o complexes can also be formed in the presence of SnCl, [93].

The formation of stable ¢ complexes can also be used for preparative purposes. Thus it
makes it possible to avoid the production of di- and polyalkyl-substituted compounds if the

alkylation is carried out in the presence of an equivalent amount of AI1Clj; [102].
Alk
E‘J + AlLCl + AICl, ——e- r:“ln + L;[H
§ alk 7 s m ‘g >Ny
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Substituted thiophenium ions undergo disproportionation, the driving force of which is
conversion of the less stable catlons to more stable cations. In the case of alkylmercapto-
substituted [92] and tert-alkyl-substituted compounds [94] these processes take place at a
quite high rate (after a few hours) even at room temperature. Compounds with secondary and
primary alkyl groups behave similarly, but their transformation proceeds very slowly or requires
heating [94, 95]. Disproportionation can serve for the preparative synthesis of 2,4-bis(alkyl=-
mercapto)thiophenes [92] and 2,4-dialkylthiophenes [95] from the 2,5~substituted isomers and
also makes it possible to convert a mixture of 5~ and 3-tert-butyl-2H-thiophenium ions formed
in the alkylation of thiophene by the method in [102] and containing ~15% of the 3-substituted
compound to practically pure 2-tert-butylthiophene [94]. The mechanism of the disproportion-
ation under discussion, which was examined in [92, 94, 95], is similar to the transformations
described above for the products of alkylation and halogenation of activated compounds of the
benzene series, viz., phenol and aniline derivatives [45-47]. Disproportionation is due to
the reversibility of the formation of ¢ complexes and the possibility of transfer of the sub-
stituent split out in the form of an electrophilic particle to a free molecule that already
bears a substituent. The unsuccessful attempts to obtain alkylmercaptothiophenium ions by
the action of sulfenyl chlorides on thiophene in the presence of an equivalent amount of AlClj
[103] can be explained by the ease of splitting out and redistribution of the alkylmercapto
groups in the presence of Al1Cl; and also by oligomerization.

The well-known difficulties involved in the production .of 2-bromothiophene, which is
generally formed by bromination in a mixture with.2,5-dibromothiophene, are probably due to the
facile disproportionation of the intermediately formed o complexes. In this connection let
us note that our attempts to obtain bromothiophenium ions by the action of bromine on thio-
phene in the presence of AlCl; under conditions close to those described for alkylation [102]
were unsuccessful, and the deprotonation product contained significant amounts of 2,5-dibromo-
thiophene. It seems to us that the successful production of 2~bromothiophene by the action
of a bromide—bromate mixture on thiophene by the method in [104] is due to the fact that
ether, which ensures deprotonation of the resulting ¢ complexes, was used as the solvent.
Data indicating that 2,5-dibromo-2H-thiophenium ions are readily converted to 3,5-dibromo-
substituted compounds [105] are in agreement with the information stated above. Let
us also note that the diverse chloro-substituted thiophenium ions described in [106, 107],
which are generated by protonation of chlorothiophenes at —40°C to —70°C, evidently undergo
rearrangement and (or) polymerization at temperatures above —30° C, i.e., they behave like
2,5-bis(alkylthio)-2H~thiophenium ions (see [92]).

Thus, with respect to their behavior toward acids, the first members of the series of
five-membered heterocycles with one heteroatom resemble activated aromatic compounds, viz.,
phenols, anilines, and polyalkylbenzenes. To an even greater degree this pertains to pyr-
role, thiophene, and furan derivatives that have a substituent of the first type. Let us
note in this case that C protonation can also be observed for such derivatives of hetero-
cycles that have substituents that are the site of protonation in the case of the benzene
analogs. Thus C protonation of sulfides of the thiophene series was noted frequently above,
whereas, according to the data in [108, 109], alkyl phenyl sulfides are protonated at the
sulfide sulfur atom. Even when a strongly basic center such as an amine nitrogen atom is
present in the substituent, C protonation is observed for heteroaromatic compounds. This
occurs in the case of aminofurans [110], including those in which the nucleophilicity of
the ring is reduced by the presence of a negative substituent (CN) [111].
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It is appropriate here to note that anilines and diphenylamine form stable products of
protonation at the nitrogen atom [112]. Carbazole also behaves in the same way [113]. Stable
C-protonation products are observed only for 1,3,5-triaminobenzene [114] and 1,3,5-tris-
(dialkylamino)benzenes [115], which form o complexes that are stabilized by three amino
groups. It might be assumed that the discussed differences between functional substituted
benzenes and their five-membered heterocyclic analogs are due to the lower aromatic character
of the latter; the energy expenditures associated with .the loss of aromatie stabilization in
the formation of a heteroarenium ion are fully compensated by the gain due to charge de-
localization with participation of the multiple bond and the ring heteroatom, as well as the
substituents. If the amino group is not conjugated with the heteroaromatic ring, protonation
and complexing with the Lewis acid are directed to the nitrogen atom. This circumstance can
be used for preparative purposes. Thus "blocking" of the amino group by means of AlCls; makes
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it .possible to prevent both cleavage of 2-thenyl- and 2-furfurylamines- at the N-CHet bond and
N acylation in the case R = H [116].

W .

~. N . E 3
X7 CH,NR, AICH Ac” KT CH,NR,

a X=5, R=1l; b X=8, R-lie; € X= 0, R-Me

In pyrroles, furans, and thiophenes that have second-order substituents the basicity
center, as in the benzene analogs, is the substituent hetercatom. Exceptions are known only
for compounds that have additional substituents that increase the electron density in the
heteroring, like the above-mentioned amino nitriles of the furan series [111] or polyalkylated
carbonyl compounds of the ﬁyrrole series [117, 118]. The effect of complexing and proto-
nation at the substituent heteroatom on electrophilic substitution reactions has been widely
studied for thiophene and furan derivatives, chiefly by Ya. L. Gol'dfarb and co-workers (see
the previous reviews [100, 119, 120], as well as {12}, Chap. 1]) and by Anderson and co-workers
in the pyrrole series [122]. Here, one should recall only that for the first members of the
series in electrophilic substitution reactions the activity changes in the order pyrrole >
furan > thiophene, whereas the selectivity (the o—B ratio) changes in the order furan>>» thio-
phene > pyrrole. The reasons for the disparity between the activity and selectivity series
were examined in [100]. It is important to bear in mind only the fact that the same orders
are also retained for substituted heterocycles. With respect to their behavior in reactions
with electrophilic agents, the B-substituted compounds, for which the m—-orienting effect of
the substituent is in accord with the oa-orienting effect of the heteroatom, are most similar
to the benzene analogs. A peculiarity that is due to the higher activity of the system is
the appreciable formation of other isomers, chiefly the 2,3-disubstituted compounds. 1In the
case of o~substituted compounds the orienting effects of the substituent and the heteroatom
do not coincide, and mixtures of 2,4— and 2,5-disubstituted compounds are often formed. If
complexing and protonation at the functional group are prevented (chiefly carbonyl-containing
substituents were studied), thé reactions are then directed exclusively to the 5 position for
furan derivatives and exclusively or primarily to the 5 position for thiophene derivatives.
Primarily 2,4-disubstituted compounds are formed in the case of pyrrole derivatives. Con-
version of a free functional substituted compound to a complex with a protic or aprotic acid
markedly intensifies the electron-acceptor properties of the substituent (see [42] for
quantitative estimates of the Gg constants of various substituents modified by complexing
with AlX3). In conformity with the selectivity order presented above the complexing under
consideration makes it possible to readily suppress the c-orienting effect of the heterocatom
in the case of pyrrole compounds and to obtain diverse 2,4-disubstituted pyrroles [122]. 1In
the case of thiophene derivatives the desired effect is achieved only for the strongest meta
orientators, viz., formyl and acetyl groups modified by complexing or protonation. In the
case of 2-(ethylsulfonyl)thiophene [123] and 2-cyanothiophene [124] complexing with AlX makes
it possible to obtain primarily 4-bromo-substituted products in bromination. Selectivity in
substitution is virtually absent in the case of the thiophene-2-carboxylic acid ester. Proto-
nation of the carbonyl group gives virtually the same results as conversion to a complex with
AlCls. When sulfuric acid, which evidently does not form a true protonated form as in the
case of HSbClg, but rather a hydrogen-bonded complex, is used the selectivity is appreciably
lower. The corresponding data are presented in Tables 1 and 2. In the case of furan compounds
the o-orienting effect of the heteroatom cannot be overcome. Primarily 4-bromofurfural is
formed in the bromination of the complex of furfural with AICl; [130].

3.2. Pyridine. Because of the deactivating effect of the pyridine nitrogen atom, electro-
philic substitution reactions proceed with great difficulty and are directed to the 3 position
of the heteroring. The unfavorability of the formation of 2- and 4-substituted compounds can
be explained by the instability of the corresponding o complexes because of the contribution of
structures with a positively charged divalent nitrogen atom.

Protonation or complexing at the nitrogen atom substantially decreases the reactivity but
does not change the specificity of electrophilic substitution in the pyridine series. It is
easy to see that extremely unfavorable structures with a doubly charged trivalent nitrogen
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TABLE 1. Specificity in the Electrophilic Substitution of
Complexes of Carbonyl Compounds of the Thiophene Series with

AlCl;
E rn
[ Sl N N
g ¢R 57 'corR  ET 'S8T “COR
0-AlCL,
Ratio of the .
R E Reagent 9,4and 2,5  |Literature
isomers ‘
H, Me Br Bro/AIChin CHCl. 99:1 [125)
Me Br Bry i}l} excess AIC]g without a 99,5:0,5 [126]
solyent
Me CH;CO CH;COCI in excess AlCls 94:6 “27]
without a solvent
H Me | CHCI (CICH,):0/AICI; in CHC, >99: <1 [128]
H, Me CHy(Cl (CH0)»/AlCl;in CHCI3 - >89 <1 [35]

TABLE 2, Specificity in the Electrophilic Substitution of
Complexes of Carbonyl Compounds of the Thiophene Series with
Protic Acids

L, — L - L

57 “G--R s7 “cor BT s” COR
|Cl-l'iAn
Ratio of the
R An E Reagent 2,4 and 2,5 Literature
‘ isomers
H ShCls Br Bro/AICIsin CICH,CH,CI 98:2 [124]
Me SbClg Br Bry/AICI; in CICHCH,CI 96:4 [124
H SbCls NO. NO.*+BF,~in CICH,CH,C! 94:6 [41
Me SbCls NO. NO.+BF,-in CICH,CHyCI 89: 11 [41]
MeO | SbClg NO, NO,+BF,~in CICH;CH,CI 59:41 [41]
H HSO4 | NO; KNO; in excess HySO, 75:25 {60
Me HSO, NO, KNO; in excess H,SO, 90: 10 [60]
Me HSO, | Br Bry in excess H2864 75:25 [32]
H HSOy | CHoCl | (CICH1)20 in excess Ha304 67 : 33 [129]
Me HSO;s | CHCl | (CICH;),0 in excess HaSO, 80:20 [129]

atom make a contribution to charge delocalization in the ¢ complexes that develop during
electrophilic attack at the 2 and 4 positions of the pyridinium ion. A different situation
occurs in the case of N-oxides. It is well known that pyridine N-oxides are nitrated in the
4 position by a mixture of nitric and sulfuric acids; this is explained by an increase in the
electron density in this position via a mesomeric mechanism [64, 131]. The bromination of
alkylpyridine and quinoline N-oxides, which is realized by the action of bromine in acetic
acid in the presence of thallium triacetate [132], also proceeds in the 4 position. At the
same time, the sulfonation of pyridine N-oxide, which takes place in oleum, is directed to
the 3 position. This peculiarity is explained [64, 131] by the participation in the reaction
of protonated forms in which the orientation is similar to that examined above for the
pyridinium ion.

No,
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The effect of the properties of diverse compounds of the pyridine series as bases on
their electrophilic substitution reactions, chiefly hydrogen isotope exchange and nitration,
was studied in detail by Katritzky and co-workers, and the corresponding data were correlated
in a review [64] and reflected rather fully in a monograph [3]. 1In this section we will
foeus our attention on the halogenation of pyridines, which was virtually untouched upon in
a previous review [64]. The realization of such reactions is fraught with specific diffi-
culties: The protic or aprotic acids necessary for the generation of the electrophilic particle
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tie up a pyridine molecule in a complex, which is deactivated with respect to electrophilic
attack to an even greater extent than the neutral molecule. Judging from the available data,
the electrophilic chlorination and bromination of the pyridinium ion could not be realized

at all. Thus Pearson and co-workers [133] carried out the chlorination of pyridine in excess
anhydrous AlCls without a solvent at ~100°C; however, in this case approximately half of the
starting pyridine is tied up in the form of the hydrochloride and does not undergo substitution.

~. <
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AICL, AlCY, H

Bromination of pyridine under the indicated conditions does not proceed at all [133]., It
might be assumed that in ‘excess AlClz (2.5 moles) pyridine would be completely tied up in a
deactivated complex with AICl;, whieh can be subjected to reaction with a more active
electrophilic agent (Cl, + A1Cl;) but not with a less active agent (Bra + AlCl3). This point
of view is confirmed by the successful bromination of pyridine under similar conditions but
with the use of an equimolar or catalytic amount of AlClji, as well as other Lewis acids [1347%.,

Some other unusual and by no means cbvious methods for the bromination of pyridine that.
require clarification sheould be noted. The bromination of pyridine in oleum, which, in the
opinion of den Hertog and co-workers {135, 136] proceeds.through a complex with 50; during
which 803 also participates in the generation of an electrophilic. particle, has been described.

K J g Oleum = ] = §/Br
+ Br, g .
., 2 130° e
- (130%) g Ry
S0,
2CHN & 250, + Br, —m ZCHNBr + SO0, + H,S0,

The iodination of methylpyridines also proceeds under similar conditions; however, the
halogen is partially incorporated in the methyl group [137]. Methods for the bromination of
pyridine in thionyl chloride [138], as well as bromination and chlorination in phosphorus
oxychloride, sulfuryl chloride, and in a monochloride medium [139], which suggest the for-
mation of uncharged .adducts of these compounds with pyridine [138], are also known.

3.3, Azoleg, Arzoles constitute an extremely distinctive group of heteroaromatic com-
pounds, since in them.one or several "pyridine" nitrogen atoms are combined with a hetero-
atom of the "pyrrole" type. In this connection an examination of azoles as w—-amphoteric
systems [3] that are capable of manifesting both m-donor and w-acceptor properties seems
extremely felicitous. At the same time, the so-called ¥ wbalance™, i.e., the sum of the
calculated {(by the Huckel method) 7w charges on the carbon atoms of the heteroring, which
was proposed in a book [3, p. 701 as an index of the w~donor or w-acceptor character, clearly
does not suit this purpose. First of all, the magnitudes of the 7 charges depend substantial-
ly on the method of calculation and pertain in each case to the static state of the neutral
molecule, i.e., one can, by no means, disregard.either the mechanism or the conditions of
the reaction. In addition, the conclusiong that one might have drawn on the basis of the
values under discussion contradict the experimental data in a number of cases.

Thus the idea {[3] that isothiazole, isoxazole, and oxazole have lower reactivities than
thiazole in electrophilic substitution reactions clearly does not correspond to the available
data, particularly to the data presented in Fig. 4. Moreover, as we will demonstrate below,
oxazole in the form of the free base is evidently even more active than thiazole in such re-
actions. The deactivating effect of Vpyridine" nitrogen atoms in triazoles and tetrazole
has also been clearly exaggerated.

In electrophilic substitution reactions that proceed via an addition—cleavage mechanism
the activities of the individual positions for 1,3-azoles change in the order 5~ > 4~ % 2~, as
compared with 4= 2 3- & 5~ for 1,2-~azoles. The particular unfavorability of the formation of
Z2-substituted products in the case of 1,3-azoles and of 3~ and 5-substituted products in the
case of 1,2-azoles is determined by the contribution of the boundary structures with a posi-
tively charged divalent nitrogen atom to the corresponding cationic ¢ complexes.
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As in the pyridine series, complexing with protic or aprotic acids does not change the
specificity of the electrophilic substitution of azoles but markedly decreases its rate. The
conversion of azoles to N-oxides makes it possible to change the specificity of substitution
[140, 141].

»0 0
TR0 W R SO
Me Me Me Me

The available data on the electrophilic substitution of azoles show that imidazole and
pyrazole — pyrrole analogs — are the most active compounds of this class. A comparison of
diazoles with respect to activity is hindered by the fact that imidazole is.a considerably
stronger base than pyrazole (see Fig. 1). In particular, imidazole in the case of nitration
with a mixture of nitric and sulfuric acids always undergoes the reaction in the cationic
form, whereas pyrazole reacts in the cationic form only at a sulfuric acid concentration
above 90% [142]. Owing to -the high activities and moderate strengths of pyrazoles as bases,
these compounds can even be acylated via the Friedel—Crafts reaction; under standard con-
ditions, which require an equimolar amount of AlClsz, the latter ties up pyrazole in a de-
activated complex. The reaction can be carried out in the presence of a catalytic amount of
sulfuric acid [143].
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The "activity orders" of azoles in electrophilic substitution reactions evidently, both
for 1,2~ and 1,3-azoles, have the same form as for five-membered heterocycles with one hetero-~
atom: N> 0 > S (for the most .active positions). Indeed, from.the data for nitration (Fig. 3),
one can, to counterbalance the data from hydrogen isotope exchange (Fig. 2), draw the con-
clusion that isothiazole derivatives are somewhat more active than their oxygen analogs.

The volume of literature data on electrophilic substitution in the oxazole, isothiazole,
isoxazole, and, to a lesser extent, thiazole series is relatively small. As a consequence
of this, as well as the severe conditions under which the reactions under discussion are often
carried. out, there is an opinion that the azoles mentioned above, particularly oxazole, undergo
electrophilic substitution with difficulty. In actuality, there is no basis for this opinion,
and severe reaction conditions, particularly the use of protic and aprotic acids, in many cases
are not only unnecessary but also simply detrimental. A number of reactions of 1,3~ and 1,2-
azoles that proceed under extremely mild conditions similar to those that are used for higher
active m-surplus heterocycles with one heteroatom are known. Thus thiazole [144] and 4-methyl-
2-phenylthiazole [145], aswell as phenyloxazoles [146], are readily mercurated by the action of
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mercury acetate, and all of the free positions of the heteroring are substituted. Oxazole
and thiazole with both methyl and phenyl substituents are brominated without a catalyst in
benzene or chloroform under conditions that differ in no way from the conditions for the
bromination of their imidazole analog [147].
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The bromination (with bromine in the presence of pyridine) and nitration with nitric
‘acid in acetic acid have been described for a number of 4-aryl-2-chlorothiazoles, which give
the corresponding 5-substituted compounds in high yields [148]. Up until recently, the only
known instance of the nitration of an oxazole in the heteroring was the transformation of 2-
dimethylamino-4-phenyloxazole, as a result of which a nitro group is incorporated in both the
benzene and oxazole rings [149]. As we have shown, 2-phenyloxazole [150] and 2-phenyl-
thiazole [151] are brominated smoothly by bromine in benzene and are nitrated by N-nitro-
picolinium tetrafluoroborate or nitric acid in acetic anhydride, and 2-phenyloxazole even
undergoes Vilsmeier formylation; all of these reactions are directed to the 5 position of the
heteroring.

i - 0

x=0, S; E=Br, NO, X0, E=CHO

Taking into account the results of competitive nitration and the fact that 2-phenyl-
thiazole does not undergo formylation [151], it may be concluded that the oxazole ring is
more active than the thiazole ring in electrophilic substitution reactions.

The realization of bromination and nitration in sulfuric acid, i.e., under conditions
of protonation of the heterorings at the nitrogen atom, leads to substitution in the benzene
ring [150, 1517.

X

X=§; E=Br, NO, ¥=0: E=No,

Similar effects have been described for l-phenylpyrazole, which in sulfuric acid is
nitrated in the benzene ring [152], whereas it is nitrated in the heteroring in acetic anhy-
dride [153, 154].

If the substrate undergoes the reaction in the form of the free base, the reaction may
be directed to the heteroring, despite the fact that it is carried out in an acidic medium.
Precisely this case was described in [155] for the bromination in sulfuric acid of 3, 5-di-
phenyloxazole, which is a very weak base (pKg—3.24); its transformation to an N-methyl-
isoxazolium ion leads to a product of bromination in the benzene ring.
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Triazoles and tetrazoles can undergo electrophilic substitution under conditions that
exclude complexing with protic and aprotic acids. Thus, 1,2,4~triazole and l-benzyl-1,2,4-
triazole undergo C hydroxymethylation under the influence of formalin [156]. The chlori-
nation, bromination, and iocdination of 1,2,3-triazole and its 1-, 2-, and 4-methyl-substituted
‘derivatives at the carbon atoms of the heteroring, which proceed under diverse conditions
[157, 158] including reactions in neutral solvents (CCl,, CHCl;), and require in the
case of 2-methyl-1,2,3-triazole the presence of a catalyst (iron filings-bromination)
or an oxidizing agent (HNOs-iodination), have been described. Acetoxymercuration has
been described for l-phenyltetrazole [159]. Under very mild conditions (the action of

601



dimethylamine and formalin) l-methyltetrazole undergoes aminomethylation [160].

N.—-o N CH,0 N----N
R R I
N Me,NH N o

3 NG, NMe,,

Me Mea

In an acidic medium, as in the case of other azoles, the triazole and tetrazole rings
are deactivated with respect to electrophilic substitution, and such reactions in the case of
aryl-substituted compounds are directed to the benzene ring [161-164]. The reactions of
N-substituted triazoles and tetrazole are complicated by tautomeric transformations and the
possibility of substitution at the nitrogen atom. The mechanisms of electrophilic substitution
reactions in many cases have specific peculiarities; these will be examined in the next
section.

4. CH Acidity. NH Acidity.  Ylid Mechanism for the

Electrophilic Substitution of Heterocycles

If one examines the carbanionic mechanism of electrophilic substitution proposed in [4]
and depicted by Eq. (3) as applied to hetercaromatic compounds, it should be pointed out that
direct metallation (chiefly lithiation) and subsequent reaction with electrophiles of the re-
sulting carbanions or their ion pairs with metal cations are extremely characteristic for
these compounds. Such reactions proceed readily for furans, thiophenes, oxazoles, thiazoles,
and isothiazoles, as well as N-alkyl- and N-arylpyrroles, imidazoles, and pyrazoles. High CH
acidities of the heteroaromatic systems (as compared with aromatic hydrocarbons) and the
coordinating effect of. the heterocatom (see [165], as well as [121, Chap. 2]) promote the occur-
rence of such reactions. With respect to direct metallation, within the framework of our re-
-view we will restrict ourselves to the information stated above, since this reaction is usually
regarded not as electrophilic substitution but rather as a transformation of a special type —
protophilic substitution. This approach is especially legitimate since the steps involving
metallation and reaction with the electrophile are mnever realized simultaneously, as occurs
in the case of the ylid mechanism examined at the end of this section.

The NH acidities may play a large role in the reactions of N-unsubstituted pyrroles,
imidazoles, pyrazoles,  triazoles, and tetrazoles. In many cases the reactions with electro-
philes proceed through the corresponding anions; because of delocalization of the negative
charge, substitution may be directed to different nitrogen atoms (in the case of diazoles,
triazoles, and tetrazole), as well as to the carbon atoms. A general examination of the
mechanisms of such reactions was made in a monograph [3, Section 5.2]. Here, we will re-
strict ourselves to some specific examples.

One can arrive at a judgment regarding the possibilities of electrophilic substitution
at the nitrogen atom -from the formation of N-nitro derivatives in the action of nitric acid
in acetic anhydride (acetyl nitrate) on N-unsubstituted pyrazoles [166, 167]; when the N-
nitro derivatives are heated, the nitro group migrates from the nitrogen atom to the carbon
atom [167]. Similar data are also available for the nitration of imidazole [168].
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The formation of N-halo~substituted products was detected in reactions involving the
halogenation of 1,2,3-triazoles in an aqueous alkaline medium [158]. Similar observations
were made in the chlorination [169] and bromination [170-172] of 1,2,4-triazole and 3-methyl-
1,2,4-triazole. The role of NH acidity in electrophilic substitution reactions at the carbon
atom can be illustrated in the case of the well-known mechanism of the iodination of imi-
dazole with iodine in an aqueous solution of potassium iodide [173-175]. The reaction in-
cludes a number of steps, including dissociation of imidazole to give the anion, reaction of
the latter with an Iy molecule, which leads to an uncharged intermediate (the fast step),
and the rate-determining step, viz., deprotonation of this intermediate to give the iodo-
substituted anion.
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The so-called ylid mechanism of electrophilic substitution is of specific interest for
the chemistry of heterocycles, particularly azoles. The principal features of this mechanism
were formulated during a study of hydrogen isotope exchange in azoles. The interest in such
transformations is associated with Breslow's idea [176] regarding the role of thiazolium
ylids in metabolism with the participation of thiamine. The research in [176], in which the
ability of thiazolium salts to undergo exchange of the hydrogen atom in the 2 position under
very mild conditions was demonstrated, was followed by a number of publications devoted to the
study of hydrogen isotope exchange .for diverse azoles and azolium salts [177-184]. For the
present regiew it is important that the proton in the 2 position, which should be the least
active in the case of the classical additiom—cleavage mechanism, turns out to be the most
labile proten in 1,3-azoles over a wide range of pH values [177-180]; a marked acceleration
in the rate of exchange (by several orders of magnitude) is noted on passing from the azole
to the corresponding azolium salt [177]. The rates of exchange for 1,3-azolium salts are
several orders of magnitude higher than for the isomeric 1,2-azolium salts [181]. These
data are in agreement with the intermediate formation of azolium ylids in which the negative
charge is additionally stabilized by the adjacent heteroatom of the "pyrrole'" type [1807,

——N

T B RO™ ND o
“X”H + D e H\_X/H\H glowly» [I—TJ— H\‘X’J"“D

The importance of the ylid mechanism not only for hydrogen isotope exchange but also for
other eleetrophilic substitution reactions in the azole series has become increasingly more
apparent in recent years. Thus N-substituted imidazoles are acylated very readily in the
presence of ‘triethylamine; it is assumed that the reaction proceeds through an ylid [185].

cor' 4+ COR’

-H* N N
—_— | ) — { ﬂ\
N7 l“l’ Ccor'
R ®

C

Thiazole [186], 4,5-dimethylthiazole, l-methoxymethyl-l,2,4-triazole, and 2-phenyl-1,3,4~
oxadiazole, as well as benzothiazole and benzoxazole [187], undergo a similar transformation.
It might be assumed that the C acylation of 1,2,4-triazoles, which takes place in the absence
of an aliphatic tertiary amine at high temperature, also preceeds through an ylid [188].

N——N Arcocl N-—N N——N
L) e LI T L
R’ ‘T/ R” N7 coar Aroc ri:’ CoAr

[
Fh R=H, Ph Pn Ph

A number of transformations of thiazoles [186, 189] and oxazoles [190] under the influ-
ence of some ketenes have been described by Dondoni and co-workers. It is assumed that the
ketenes activate the substrate molecule due to the intermediate formation of ylids, which
then react with a second ketene molecule at the C(2) atom, after which transfer of the acyl
residue from the N atom to the O atom and the formation of a 2~acylthiazole or 2-acyloxazole
occur.

['- N ococucl, TN

—— [ ] ,

xTN\L g Sx7 cocncl,
a’

The C(2) acylation of l-methylimidazole, as well as pyridine, which stipulates the
production of an azolium (or, correspondingly, pyridinium) salt, its conversion to an ylid,
and rearramﬁament of the latter, was recently described [191]. A peculiarity of this
reaction is*the fact that it does not require stabilization of the ylid (pyridine also under-—
goes this transformation) but is evidently restricted to sufficiently strong bases that are
capable of “forming onium salts of the type presented in the scheme given onthe following page.
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X=NMe, --CH=CH -
One cannot doubt that new possibilities of ylid substitution will be discovered in the

near future, since this mechanism, which takes advantage of both the basic and acidic proper-
ties of heteroaromatic systems, makes it possible to subject deactivated compounds to the
reaction and direct the entering substituent to the least active (in the case of ordinary
electrophilic substitution) position.
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CONDENSED HETEROCYCLES.

45.% SYNTHESIS AND STRUCTURES OF IMINES OF 2-SELENOLO-3-
BENZO{b]FURANALDEHYDE AND 3-SELENOLQO-2-BENZO[b]FURANALDEHYDE
AND THEIR DERIVATIVES

V. P. Litvinov, V. A. Petukhov, UDC 547.728.2:542.945.24:543,.422.25:548.737
V. Yu. Mortikov, and A. F. Vaisburg -

A number of new selenolaldimines of benzo[b]furan were synthesized. It was estab-
lished that they exist in dipolar form with delocalized multiple bonds.

In a previous paper we described the synthesis of. imines of 2-mercapto-3-benzo[b]furan-
aldehyde and 3-mercapto-2-benzo[b]furanaldehyde [1]. It was shown that a thione—enamine
tautomeric form with the contribution of a dipolar structure, as in the case of their benzo[b]-
thiophene analogs [2], was characteristic for them. In order to study the effect of the
nature of the exocyclic heteroatom on the structures and properties of aldimines of this
type we synthesized a number of isomeric selenolaldimines of benzo[b]furan.

Thus the reaction of 2-bromo-3=benzo[blfuranaldehyde (I) [3] or 3-chloro-2-benzo[b]furan-
aldehyde (II) [4] with sodium hydroselenide and the subsequent action of salts of primary
amines lead to the formation of 2-selenolo-3-benzo[b]furylideneamines III and 3-selenolo-2-
benzo[b]furylideneamines IV in high yields (Table 1).

Like their sulfur analogs, selenolaldimines III are stable readily crystallized
substances, in contrast to selenoclaldimines IV, which are unstable in solutions and therefore
cannot be purified by recrystallization and were characterized analytically. We established

*See [1] for communication 44.
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