CYCLIZATION OF AZINES WITH BIFUNCTIONAL NUCLEOPHILES --
A ONE-STEP ROUTE TO CONDENSED HETEROCYCLES (REVIEW)
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Nucleophilic diaddition and disubstitution in the azine series with the participa-
tion of bifunctional reagents, the result of which is the formation of condensed
heterocycles, were examined.

Heterocyclic compounds of the azine series constitute a significant class of organic
substances that have a number of useful properties, the most important of which is their
biological activity [1].

The methods for the synthesis of heterocycles with a condensed azine ring are based
chiefly on cyclization reactions, the overall diversity of which can be reduced to several

types.

The reactions of azines that contain two nucleophilic groupings (one of which may be a
ring nitrogen atom) with bifunctional electrophilic compounds make up the first group.
The condensations of a-amino azines leading to azoloazines I, which were examined in detail
in a previous review [2], the condensations of o-diaminoazines with dicarbonyl compounds
leading to condensed pyrazines II [3], and other reactions that have already become traditional
methods for the synthesis of heterocyclic compounds may serve as examples of such cyclization

reactions.
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A second large group of cyclization reactions in which azines that have one nucleophilic
grouping and one electrophilic grouping and suitably constructed cyclizing agents participate
also remains outside the scope of our review. Cyclization of this type are most character-
istic for o-amino carbonyl derivatives of azines [4~6) and their o-amino nitriles [7].
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The present review is devoted to an examinatiom of the prlnc1p1es and peculiarities of
cyclization reactions of a third type, viz., the reactions of azines and azinium cations with
bifunctional nucleophilic reagents, the reaction centers of which exist in the XH form (X = C,
N, O, S). Both cyclizations based on the replacement ¢f two o-oriented groups that leave
readily and reactions involving the diaddition of bifunctional nucleophiles to the azine ring
that also lead to condensed azines will be included in the sphere of our examination.

The review encompasses the literature data from the last 5-10 yrson the most widely used
reactions of azines with 1,3~ and 1,4-bifunctional nucleophiles, as a result of which annela-
tion of five~ and six-membered rings occurs.

REACTIONS OF AZINES WITH DINUCLEQPHILES THAT DO NOT LEAD TO CYCLIC
COMPOUNDS

The reactions of azines with dinucleophiles do not always lead to cyclic compounds; they
may be complicated by the formation of noncyclic products, and this reaction pathway sometimes
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becomes the chief process. Thus halo-substituted pyridines III react with thioureas to give
the corresponding trimercapto derivatives IV; even in the case of replacement of two o-oriented
chlorine atoms, the formation of cyclic compounds was not observed {8, 9].
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Only one fluorine atom undergoes substitution in the reaction of pentafluoropyridine
with diverse dinucleophiles [10]. The second reaction center of the bifunctional nucleo-
phile remains inert in this case
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Cases in which both reaction centers of the dinucleophile participate in the reaction,
but in which two molecules of the heterocycle are linked together to give diazinyl derivatives
V, are also known [11-13].
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The examples examined above show that, despite the ability of dinucleophiles to react
at both centers, the presence of a suitably reactive and suitably constructed azine is still
necessary for realization of the cyclization reactions.

CYCLIZATION REACTIONS OF AZINES WITH DINUCLECOPHILES THAT PROCEED WITH REPLACEMENT
OF GROUPS THAT LEAVE READILY OR WITH THE PARTICIPATION OF SIDE SUBSTITUENTS

Annelation of Five-Membered Rings

The introduction of a second nitrogen atom in the heteroring significantly increases the
ability of azines to react with nucleophiles. 1In a number of cases one observes a qualitative
shift, which is manifested in a tendency for some azines to undergo diaddition and disubstitu-
tion reactions. This is most characteristic for pyrazine and quinoxaline derivatives [3, p.
169]. The increased reactivity of 1,4-diazines creates the prerequisites for the formation
of cyclic compounds in reactions with dinucleophiles, which proceed particularly readily if
groups that leave readlly, such as a halogen atom, are present in the 2 and 3 p051t10ns.

Furcazines. In contrast to 2-chloroquinoline [14-16], 2-chloroquinoxaline (VI) reacts
with enolates of ketomes to give furo[2,3-blquinoxalines VII as the principal products {17,
18]. 2-Quinoxalinyl ketones VIII are wide products.
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The reaction of 2-chloroquinoxaline with phenoxide anions, which, in the opinion of
Anderson and Cheeseman [19], includes the formation of intermediate IX with subsequent intra-
molecular substitution, proceeds similarly.
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2,3-Dichloro-1,4~diazines XI react with C,0O-ambident nucleophiles to give cyclic com-
pounds under milder conditions and in higher yields than in the case of monohalo-substituted
1,4~diazines [20].
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Iijima and Hayashi [20] have shown that furo[2,3-bl-quinoxalines XIII are obtained only
when quinoxalinyl ketones XII, which are formed in the first step as a result of replacement
of chlorine by the carbanion, are capable of enolization. Otherwise, exclusively the product
of C substitution of one chlorine atom of XII is formed.

It is not surprising that the cyclization reactions of .1,4~diazines with B-dicarbonyl
compounds that readily generate anions and have higher percentages of the enol forms proceed
even more readily. Thus tetrachloropyrazine (XIV) reacts smoothly with acetoacetic ester to
give furo[2,3-b]pyrazine XV [21].
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Annelation of the furan ring was also observed in the reactions of B-dicarbonyl compounds
with monoazines when they were activated by strong acceptor groupings such as a nitro group.
The ability of nitro azines to undergo cyclization with B-dicarbonyl compounds was demonstrated
in [22-24].
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It is assumed [22-24] that either Michael adduct XVITI or a product (XVI) of substitution
of halogen is formed in the first step, after which intramolecular cyclization with replace-
ment of the nitro group occurs.

The furan ring is also annelated in the reaction with enamines due to hydrolysis of the
iminium intermediate to an enol [23]. Let us point out that nucleophilic substitution of
hydrogen rather than the nitro group, as one might have expected, occurs in this case.
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Pyrroloazines. A number of studies [25-27] dealing with the cyclization reactions of
B-dicarbonyl compounds with 4-chloro-3-nitropyridine have been made by L. N. Yakhontov and
co-workers. These reactions differ from those described above with respect to the second
step, in which a nitrogen atom, rather than an oxygen atom, enters into the resulting ring,
which leads to azaindoles.
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The same authors have described [28] the synthesis of diazaindoles XVIII from 3,4,6-tri-
chloropyridazine and malonic esters.
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Indoloquinoxalines XIX were obtained along with noncyclic compounds in the reaction of
2~chloroquinoxaline with arylamines [29]. It is assumed that the mechanism of their forma-
tion is similar to that examined above for benzofuro{2,3-b]Jquinoxalines X [19].

2,3-Dichloroquinoxaline (XI) is one of the most suitable subjects for ring annelation by
virtue of the high lability of both chlorine atoms and their equivalence. It is therefore
not surprising that a significant number of studies dealing with the cyclization reactions of
azines with dinucleophiles have recently been made precisely on the basis of this diazine.

Thiazolazines. Methods for the synthesis of various thiazolo[4,5-b]quinoxalines XX-
XXITI based on cyclization reactions of dichloroquinoxaline (XI) with thioureas [30-33] and
dithiocarbamates [32, 33] have been developed.
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The pathway of the cyclization of dichloroquinoxaline (XI) with thiosemicarbazides depends
on the substituent. Thus acetone thiosemicarbazone forms 3-amino-2~imino-2,3-dihydrothiazolo
[4,5~b]~quinoxaline (XXIIT) [31], whereas bromothiosemicarbazide gives 2-hydrazino derivative
XXIV [34].

NH,
% \I \\l NN CONHN=C(CH), | NH,CONHNHE: \/[ j~ —N
-
K\,/L DN /& “

N s NH S “NHNHBr
XXu1

Thiazolo[4,5-bjquinoxalines XXV and XXVI are also formed in the cyclization of 2,3-dich-
loroquinoxaline with thiocarboxylic acid amides [32, 35], as well as with 1H-2-mercaptotria-
zoles [32, 34, 36, 37].
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The problem of the annelation of the thiazole ring was solved in an interesting way in
[37]. Senda and co-workers used the reaction of chloronitropyrimidine XXVII with mercapto-

acetic acid ester XXVIII, which is essentially one of the few examples of the participation
of a bifunctional nucleophile in cyclization reactions.
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In the course of the reaction, the mercapto group replaces chlorine, and the adjacent
CH-active group forms a ring with the side substituent.

Azines Annelated by Other Five-Membered Heterocycles. A number of examples of annela-
tion of the imidazole ring to the quinozaline ring in reactions with cyclic amidines, to
which a-amino derivatives of nitrogen heterocycles are related, and with the same 2,3-
dichloroquinoxaline have been described [35].
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Salts (XXXIII) of geminal dimercaptans are used for the annelation of the 1,3-dithiolane
ring of XXXIV [38].
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Thus variation of the 1,3~bifunctional nucleophiles makes it possible to obtain various
systems with a condensed five-membered ring on the basis of 2,3-dichloroquinoxaline and other
chloro- and nitro-substituted azines. The pathway of such cyclizations can be predicted on
the basis of the available literature data. However, unusual pathways in the cyclization
of azines with dinucleophiles are also known. Thus the cyclization of 2-chloropyridine with
semicarbazide, as a result of which 1,2,4-triazolo[4,3-a]lpyridine XXXV is formed, was
described in [39].

Annelation of Six-Membered Rings

Primarily two methods are used for the annelation of six-membered heterocycles to the
azine ring: reactions of 1,4-bifunctional nucleophiles with -halo-substituted azines and with
o-halonitroazines.

Phenothiazines. A significant amount of research has been based on the reactions of 2,3-
dichloro-1,4~diazines; this is due to their high reactivities and the ease with which the
structures of the resulting compounds can be determined as a consequence of the symmetrical
character of the azine. The development of research on the cyclization of these azines with
1,4-N, S-dinucleophiles, which make it possible to obtain aza and benzo analogs of pheno-
thiazine [40-45], has also been stimulated by the fact that highly active psychotropic
substances have been found in this series [46].

H
N\ Cl HN_ N /N _N N
R P + l —pre B{ ]\ j\ ”
N Cl HS = \N P 5 X
XXXVI XXXV

843



y
)

N Z AN /"\
X % 4 \'

HS
XXXVIIL

Heterocyclic o-amino thiols also react smoothly with dichloroquinoxaline XI to give,
as a result of cyclization, triazaphenothiazines XXXIX and YL and tetraazaphenothiazines
XLI and XLII, as well as triazolothiadiazinoquinoxalines XLIITI [47-52].
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Thiobenzoic acid hydrazide also displays the properties of a 1,4-N,S-dinucleophile, in-
asmuch as it gives thiadiazino-quinoxaline XLIV as a result of cyclization with 2 3-d1chloro—
quinoxaline [53].

Triazaphenothiazines XLV and XLVI were obtained in the reaction of dihalopyrimidines with
mercaptopyridines; in [54] it was shown that the first act in the cyclization, viz., replace-
ment of the more labile halogen atom attached to the 4(6)-C atom by the amino group of the
mercaptopyridine, does not depend on whether the competing N and S centers are located in the

a or B positions relative to the nitrogen atom
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The cyclizations of 2-chloro-3-nitropyridines and A—Chloro—S—nitropyrimidines with
1,4-N,S—dinucleophiles also lead to azaphenothiazines XIVII [56-60] and XLVIII [55].
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Dithiinoazines. Dithiinodiazines L and LI, which have high bactericidal and fungicidal
activity, were obtained in the reaction of 2,3-dichloropyrazine with o-dimercaptobenzenes
[44] and with salts (XLIX) of cis-1,2-dimercapto-1,2-dicyanoethylene [61].
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Double annelation of six-membered heterocycles to give LII is possible in the reaction
of tetrachloropyrazine with 1,4 dinucleophiles [61, 62].
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Five-ring system LIII, which contains a dithiin ring, was obtained by cyclization of

2,3~dichloro- and 2,3-dimercapto-quinoxalines [63].
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Polyhalo-substituted pyridazines react similarly with 1,4-S,S-dinucleoph11es to give

dithiinopyridazines LIV and LV [64].
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Only one polyhalo-substituted monoazine, viz., 4-cyano-2,3,5,6-tetrachloropyridine
which is capable of undergoing cyclization with dinucleophiles, is known; annelation

(LvD), 1 i
of both one (LVII) and two (LVIII) dithiin ringswith the pyridine ring is possible in the
Both LVII and LVIIT display extremely high

reaction with dimercaptodicyanocethylene (XLIX).
antibacterial activity [65, 66].
CN

CN
€l ’;,L BN f\ . / 5. /CN
Cl_LNlSJ\' I f T

i VI LvIIX

Oxazinoazines. Various 1,2-amino hydroxy compounds of the aliphatic, aromatic, and

heteroaromatic series have been used for the construction of a 1,4-oxazine ring in reactions
Depending on the reagents used in the reaction,

with 2,3-dichloro-1,4~diazines [44, 67-71].
the following heterocycles LIX-LXIV were obtained:
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The cyclizations of 1,4-bifunctional nucleophiles with o-halonitroazines proceed in the
same way as the reactions described above. The reactions of 2-chloro-3-nitro- (LXV) and 4-
chloro-3-nitropyridine (LXVI) with o-aminophenol (LXVII), which lead to oxazine derivatives
1XIX and LXXI, respectively, have been studied in detail [72, 73].
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In a number of cases [72, 73] it was possible to isolate intermediates LXVIII and LXX,
which were subsequently converted to three-ring compounds LXIX and LXXI. Some reactions cf
this sort were examined in a previous review [74], which was devoted to the synthesis of
heterocyclic systems on the basis of intramolecular substitution of the nitro group.

The cyclization of chloronitropyridine 1LXV with 2-amino-3-hydroxypyridine proceeds via
a similar scheme [75-77].
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It is noted that the reactions of N,S- and N,0-dinucleophiles with azines proceed in

two steps; the first step is always N addition and is followed by cyclization of the inter-
mediate to give the corresponding heterocycle [67-69, 78, 79].

Azines Condensed with Other Six-Membered Heterocycles. There are not many studies
[43, 78-80] devoted to the cyclization of 1,4-diazines with 1,4-N,N-, and -0,S~, and -0,0-
dinucleophiles, which lead to pyrazine derivatives LXXIII and LXXIV [43, 78], oxathiin LXXV
[79] and dioxin LXXVI, and LXXVIT [43, 80], respectively.
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Even less attention has been directed to the cyclizations of o-dichloro-substituted
1,2- and 1,3-diazines with bifunctional nucleophiles. Except for the possibility of the for-
mation of regioisomeric cyclization products in the case of unsymmetrical dinucleophiles, no
fundamental differences in these cyclizations are observed. Thus the reactions of polyhalo-
pyridazines lead to the corresponding dioxino- (LXXVIII) [80] and oxathiinopyridazines LXXIX

and LXXX [81, 82].
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It was established that cyclizations with the participation of S,0-dinucleophiles also
proceed in two steps through initial replacement of a halogen atom by a mercapto group and
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subsequent replacement of the second halogen atom by phenoxide ion [81].
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The cyclizations of nitrochloropyridines LXV and LXVI or their N-oxides with aromatic
and heteroaromatic 1,4-S,0-dinucleophiles lead to oxathiin derivatives LXXXI-LXXXIV [83-86].
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A number of studies in which the nitrogen atom of the nitro group is included in the
resulting ring have been made by Berenyi and co-workers [87-91]. Thus triazinoquinoline
system LXXXVI is formed as a result of cycllzatlon of 4-chloro-3-nitro-quinoline (LXXXV)
with guanidine [87-89].

2

a NZ N
N
o NO, . X
‘ + z>=m —— P
”/ ) N
IXXXY 1XXXVL

The participation of a group that leaves readily, such as a methoxy group, in cycliza-
tions of azines with dinucleophiles was described by the same authors [90, 91].
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The specific synthesis of pteridine N-oxide XC from 4,6-dichloro-5-nitropyrimidine and
amidine LXXXIX, which was accomplished by Strauss and co-workers [92], clearly illustrates
the possibilities of the application of such cyclizations.
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- CYCLIZATIONS OF AZINES WITH DINUCLEOPHILES BASED ON
DIADDITION REACTIONS

Methods that make it possible to carry out ortho cyclization with dinucleophiles with-
out introducing any substituents into the azine have been developed in recent years. Annela-
tion of diverse carbo- and heterocycles occurs as a result of these reactions of azines,
just as in the reactions of o-chloro-, o-nitro-, and o-alkoxy-substituted compounds. Cyclo-
adducts in the meta and para positions of the azine ring are also known, but they are, as a
rule, unstable and undergo different sorts of transformations. The peculiarities of the
format1on of meta- and para-bonded cycloadducts in the reactions of azines with 1,3-ambident
nucleophiles were examined in a previous review [93].

The overwhelming majority of ortho cyclizations take place in the 1,4-diazine series.
As we have already noted, the ability of these compounds and particularly their quaternary
salts to undergo diaddition of nucleophiles in the C(y) and C(3) positions [94, 95] creates
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the prerequisites for the annelation of various five~ and six-membered rings. Only one ortho
cyclization at the azomethine bond of quinoline, the mechanism of which is not completely
clear, is known for monoazines [96].
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The reaction of pteridine (XCI) with B-dicarbonyl compounds [97], which leads to annela-
tion of the furan ring to give XCII, was one of the first examples of the cyclization of 1,4-
diazines with bifunctional nucleophiles.
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Pyrazinium (XCIII) [98], quinoxalinium and benzo[f]- and benzo[g]lquinoxalinium (XCIV)
[93], and pyrido[2,3-blpyrazinium (XCV) [99] cations were involved in the cyclization reactions
of quaternary N-alkyl-l,4-diazinium salts with bifunctional nucleophilic reagents.
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Most of the research was conducted with readily accessible quinoxalinjum salts, to
cyclization with which various 1,3- and 1,4-dinucleophiles with C,C-, C,N-, C,0-, N,N-, and
N, S-nucleophilic centers were subjected. Thus enamines of cyclic ketones, which display the
properties of 1,3-dicarbanionic reagents, react with the N-methylquinoxalinium cation (XC1IV)
to give cycloadducts XCVI and XCVII [100-102]. It is assumed that the cyclization proceeds
in a stepwise manner through C adduct XCV, which, however, could not be detected [100-102].
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Just as condensed quinoxalines are formed in the reactions of 2,3-dichloroquinoxaline
with 1,3-dinucleophiles, XCVIII, XCIX, and C were obtained in the cyclization of cation XCIV
with B-diketones [103, 104], thioamides [105], and dithiocarbamates [106].

Tt should be noted that the reactions of N-alkyl-1,4-diazinium cations with bifunctional
nucleophiles constitute a good supplement to methods for the synthesis of condensed systems
on the basis of 2-chloro- and 2,3-dichloroquinoxaline, inasmuch as their hydrogenated deri-
vatives, which are of independent interest from the point of view of the search for biologi-
cally active compounds, are formed as a result of such reactions.
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However, there are also substantial differences between these groups of reactions.
Thus in reactions with N-alkylpyrazinium and quinoxalinium cations thioureas display the
properties of exclusively N,N'-dinucleophiles, forming imidazol[4,5-blpyrazines CI and
imidazo[4,5-b]quinoxalines CII as a result of cyclization [98], whereas in reactions with
2,3-dichloroquinoxaline [31-33] these compounds demonstrate the properties of N,S-bi-
fupctional reagents.
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Imidazo[4,5-blquinoxalines CIII were also obtained in the reactions of the N-methyl-
quinoxalinium ion with amidines [107].

The cyclizations of the N-methylquinoxalinium ion with imido esters [108, 109] and _
B-keto acid amides [110], which lead in both cases to annelation of the pyrrole ring of CIV
and CV, which do not have analogies in the 2,3-dichloropyrazine and quinoxaline series, have
been described.

@ f R'COCH,CONHR? @: j CH, cator ©:

1
H3 COR . CH.‘ CgHg
CIvV XCIv <y

The most characteristic feature of the cyclizations of 1,4~diazinium cations with di-
nucleophiles is their reversibility. The ability of the resultlng cycloadducts to
dissociate to the starting substances, which has been demonstrated in a number of studies
[109, 110, 112], creates the prerequisites for different sorts of isomerization reactions.
Thus in the presence of acids thiazolo[4,5-blquinoxalines XCIV undergo isomerization to
either regioisomeric substances CVI or to pyrrolo[2,3-b]quinoxaline-2~thiones CVII,
depending on the substituent [112]. ‘ :

In addition, in the hydrogenated quinoxaline series there is a possibility of transi-
tion from some heterocyclic systems to others that are more thermodynamically stable. Thus
when thiazolo[4,5-bl-quinoxalines are heated in alcohol solution in the presence of thio-
ureas, they are converted to the corresponding imidazo[4,5-b]-quinoxalines CVIII in high
yields [112].
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Reactions involving the isomerization of pyrrolo[2,3-b]l-quinoxalines CV, in the course
of which their spatial structures change, are also known [109].

Yet another peculiarity of the cyclization reactions of quinoxalinium cations with di-
nucleophiles in general and with N-alkyldithiocarbamates in particular is the possibility
of the formation of regioisomeric cyclization products CIX and CX.

H H
Lo~ N H = N P N H R
FTNE—s puse P TS LS CHH PN NN
L |- |1 + RNHCY R e I | |
N I e R N e s N NS e
X \»l; k 1? s N R N I
| H
CH, R CH, (l:n
x -] . 3
07K XcIv cx

The reasons for the change in the regiocorientation of the ring undergoing annelatiomn
were examined in [106, 113].

The utilization of the corresponding 1,4-dinucleophiles in cyclizations with quinoxali-
nium salts made it possible to develop methods for the synthesis of tetrahydroquinoxalines
condensed with the most diverse six-membered heterocycles: pyrazine CXI, quinoxaline CXII,
benzoxazine CXIII, and oxadiazine CXIV [114], as well as triazine CXV and CXVI [115].
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The literature data examined in our review show that for cyclization reactions of azines
with bifunctional nucleophiles the heteroring should have either two readily replaceable
groups or increased electrophilicity, which is achieved either by the introduction of nitro
or aza groups or by conversion of the azine to the cationic form.

The important preparative value of the examined cyclization reactions is clearly seen
from the diversity of the substances obtained from them, many of which are biologically
active. - '

A knowledge of the principles and peculiarities of the ¢yclization reactions of azines
with bifunctional nucleophiles makes it possible to carry out the purposeful synthesis of new
heterocyclic compounds. There is no doubt that the further study of the cyclization reactions
of azines with dinucleophiles will make a contribution to the development of new methods for
the synthesis of heterocyclic compounds and will have a fruitful effect on the development
of theoretical concepts in the chemistry of nitrogen heterocycles.
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SYNTHESIS OF 2-AMINO-4,5-DISUBSTITUTED
3,5-DICYANO-4,5-DIHYDROFURANS

0. E. Nasakin, E. G. Nikolaev,
P. B. Terent'ev, A. Kh. Bulai, and
A. G. Kalandarishvili UDC 547.447'724.07

A new reaction was found for the preparation of difficult~to-obtain polyfunctional
dihydrofurans, viz., the reaction of tetracyanoethylated ketones with hydrogen
peroxide in the presence of a base.

Continuing our research on the synthesis and chemistry of.tetracyanoethylated ketones
[1, 2] we studied the reaction of tetracyanoethylated ketones Ia~e with hydrogen peroxide
in an alkaline medium under the conditions of the Radzishevskii reaction [3, 4]. It is
known that this reaction proceeds with the formation of acid amides from carboxylic acid
nitriles; it is insensitive to the radicals or functional groups in the starting nitrile.
Thus, for example, malonic acid dinitrile forms malonitrile monoamide with hydrogen peroxide

[5].

We noted a vigorous reaction in alcohol solutions of tetracyanoethylated ketones I
with hydrogen peroxide and the attendant liberation of gases, which were identified as
hydrocyanic acid and carbon dioxide. When we carried out the same reaction in an aqueous
solution of a base, viz., potassium bicarbonate (tetracyanoethylated ketones I decompose in

I. N. Ul'yranov Chuvash State University, Cheboksary 428015. Translated from Khimiya
Geterotsiklicheskikh Soedinenii, No. 8, pp. 1027-1030, August, 1985. Original article
submitted May 10, 1984.
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