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Advances in the synthesis of non-annelated polynuclear heterocyclic
systems comprising the 1,2,5-oxadiazole ring
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This review is concerned with recently developed synthetic methods for non-annelated polynuclear heterocyclic systems that
incorporate, along with a furazan and(or) furoxan ring, polynitrogen and nitrogen —oxygen heterocycles (1,2,4- and 1,3,4-
oxadiazole, 1,2,3- and 1,2,4-triazole, tetrazole, pyrazole, sym-triazine, 1,2,4,5-tetrazine and so on) linked via C—C or C—N
bonds or heteroatomic [N, O, S, N=N, N(O)=N] bridges. Methods for preparing assemblies in which a furazan ring
and(or) a furoxan ring are linked to one another by C—C bonds or heteroatoms (N, O, S) are surveyed. Potential
applications of the synthesized structures as pharmacologically active and high-energy compounds are discussed.
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1. Introduction

One of major trends in modern organic chemistry is the
design of non-annelated polynuclear heterocyclic systems of
various degrees of complexity in which each moiety pos-
sesses some practically useful properties.!~# For preparing
these structures, optimal methods based on one-pot proc-
esses and available precursors are being developed.’ °
These compounds are primarily used for the design of new
pharmaceutical drugs with improved pharmacological pro-
files due to the combination, in one molecule, of pharmaco-
phoric, primarily heterocyclic, moieties with known
biological activity.!0—13

1,2,5-Oxadiazoles (furazans) and their 2-oxides (furo-
Xans) occupy an important position among the numerous
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heterocycles. The first furazan and furoxan derivatives were
prepared as long ago as in the 19th century, but their
structure was not unambiguously determined at that time.
Since then, the synthesis and properties of these heterocyclic
systems have been extensively studied, and several relevant
reviews were published. The chemistry of furoxans was
comprehensively systematized in a two-volume monograph
of Khmel'nitsky et al.!*15 The syntheses and reactions of
monocyclic furazan and furoxan derivatives were covered in
a review.!® Methods for preparation and some aspects of
reactivity of furazans, furoxans and their annelated deriva-
tives are considered in a number of reviews.!7~23

The great interest in the chemistry of 1,2,5-oxadiazoles
arises from their potential application as pharmaceuticals
and components of high-energy formulations. Among 1,2,5-
oxadiazole derivatives, there are compounds with antipar-
asitic activity,?*23 cytotoxic, antitumour and anticancer
activities,2~3! inhibitors of several human o-carbonic
anhydrase isoforms and efficient agents for treating several
glaucoma animal models.?> Hydroxyfurazans are non-clas-
sical carboxyl group bioisosteres.?* Furoxans containing a
phthalimide moiety can be used in the therapy of sickle cell
anaemia.?* Some furoxan derivatives are regarded as poten-
tial drugs for the treatment of diabetic neuropathy 3> and
Alzheimer’s disease.?® The wide spectrum of pharmacolog-
ical activity of furoxans is primarily due to their ability to
function as exogenic donors of nitric oxide (NO),37-44 a
versatile regulator of cell metabolism that has the key effect
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on various physiological and pathophysiological processes
in the body.45-4°

A large series of structures combining pharmacologi-
cally active moieties, primarily heterocyclic ones, with a
furoxan ring 23-34.38.40.50-55 and with a furazan ring °®>7 in
one molecule have now been synthesized.

The applicability of both furazans and furoxans as
components of high-energy formulations is due to their
high positive enthalpies of formation and the presence of
active oxygen atoms in their molecules. Syntheses of high-
energy compounds incorporating 1,2,5-oxadiazoles are
extensively conducted in laboratories over the world.>8 66
Therefore, the systematic consideration of the data con-
cerning methods for the preparation of non-annelated
polynuclear heterocyclic structures that contain some phar-
macophore or high-energy heterocyclic moieties, in addition
to a furazan (furoxan) ring, can appear useful to researchers
engaged in the design of dual-use materials.

In recent years, the number of publications on the 1,2,5-
oxadiazole chemistry has been increasing. However,
whereas data on the synthesis of fused structures were
adequately systematized in recent reviews,!8 19-67-70 infor-
mation on the preparation of non-annelated derivatives of
these heterocycles, especially linked to other heterocycles,
has not been properly covered. Therefore, in this review, we
summarize the published data of the last 10—15 years
concerning the syntheses of non-annelated polynuclear
heterocyclic structures based on furazans and furoxans
with various pharmacophore and(or) high-enthalpy hetero-
cyclic substituents. The data considered earlier are partially
included in the present review whenever necessary.

The published data covered in the review on the prepa-
ration of non-annelated polynuclear heterocyclic systems
based on furazans and furoxans may be roughly classified
into two main groups: closure of the 1,2,5-oxadiazole ring in
precursors that already contain heterocyclic moieties and
formation of heterocyclic substituents by the cyclization of
functional groups linked to the furazan and furoxan rings.
Synthetic routes to heterocyclic assemblies the structural
elements of which are 1,2,5-oxadiazole rings linked to one
another or to other heterocycles via heteroatomic bridges
will also be considered.

I1. Formation of the 1,2,5-oxadiazole ring from
precursors containing heterocyclic moieties

This Section will be started with reactions involving glyox-
imes with heterocyclic substituents which can be dehydrated
to give furazans and be oxidized to yield furoxans. Further,
reactions that yield only hetaryl-substituted furoxans will be
discussed, and finally the Section will be ended with
reactions that yield hetaryl-substituted furazans.

II.1. Preparation of furazans and furoxans with heterocyclic
substituents via the dehydration or oxidation of mono- and
dihetarylglyoximes

The most extensive series of mono- and disubstituted 1,2,5-
oxadiazoles was prepared from vicinal dioxime (glyoxime)
precursors. Glyoximes are cyclized to furazans on treatment
with dehydrating reagents, whereas their oxidation leads to
furoxans. In general, both a furazan and a furoxan can be
obtained from the same glyoxime. For this reason, we do
not separate the reactions considered below which yield
furazans or furoxans into individual subsections.

The configuration of a glyoxime can have a certain
effect on its dehydration or oxidation. For example, bis(2-
furyl)furazan (1a) was formed in 58% yield when glyoxime
anti-2a was heated with an aqueous urea solution. However,
the amphi-isomer reacts under more drastic conditions (in a
sealed tube) and gives a lower yield (21%) of the final
product 1a (Scheme 1).7! Bis(2-pyridyl)glyoxime (2b) is also
dehydrated at high temperature to produce furazan 1b in a
moderate yield (44%).7? The yield of compound 1b appreci-
ably increases when KOH is used as the dehydrating
agent.”? Difurylfurazan 1a can be prepared in a relatively
low yield (8%) via the Trofimov reaction by passing
acetylene through a solution of anti-difurylglyoxime 2a in
DMSO in the presence of alkali (see Scheme 1).74 In the
absence of acetylene, this cyclization does not occur.

Scheme 1
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anti-2a 1a.b OH
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. ]

Het = 2-Fu (a), 2-Py (b); (a) (H2N)>CO, H>»0, 80 °C;
(b)) HC=CH (14 atm), KOH, DMSO, 80 °C; (¢) 165-185 °C;
Fu is furyl, Py is pyridyl

Dicarboxylic acid anhydrides can be used to dehydrate
hetarylglyoximes to final furazans. In particular, heating of
benzothiazolylglyoximes 3a—c¢ with succinic anhydride in
the absence of solvent produces furazans 4a—c in good
yields (Scheme 2).7°

Scheme 2
R
R N
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S)\/\\ /N
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3a_c NOH o

4a—c (73%—79%)
R = H (a), Me (b), OEt (¢); (a) succinic anhydride, 140 °C

When tetraoxime 5, which is prepared by the reaction of
dicyanoglyoxime 6 with hydroxylamine, is heated in the
presence of alkali, two 1,2,5-oxadiazole rings are simulta-
neously formed to yield 4,4'-diamino-3,3’-bifurazan 7. The
major product of this reaction is, however, bis(amidoxime)
8. Apparently, the dehydration of the central glyoxime
moiety is thermodynamically a little more favourable than
a similar cyclization of two pairs of aminoglyoxime groups
(Scheme 3).7¢

In some cases, hetarylglyoximes can be generated in situ.
Refluxing cyanoximes 9a—c¢ with hydroxylamine in alkaline
medium induces a tandem process comprising the formation
of aminoglyoximes 10a—c followed by their cyclodehydra-
tion to furazans 11a—c (Scheme 4).77-7°

A similar two-step one-pot procedure for preparing
aminofurazan 11d from cyanoxime 9d using phosphorus
pentachloride as the dehydrating agent in the second step
afforded the target product in a moderate yield
(Scheme 5).80
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aminoglyoximes 15a—f.

(@) NH>OH, H0, 60 °C; (b) NaOH, 135 °C In 2005, Sheremetev 8¢ proposed a convenient and orig-
inal method for preparing 3-amino-4-hetarylfurazans 11a.d,
based on a cascade of conversions of hetaroyl acetic esters

Scheme 4  16a,b (Scheme 7). 1,3-Dicarbonyl compounds 16a,b are
hydrolyzed in alkaline medium to give sodium salts 17a,b,

Het NH» hich h . h R hvl
Het CN Het NH-» A which are then nitrosated at the reactive methylene group
T _ay />—/ i ;/ \( on treatment with sodium nitrite and perchloric acid, and
NOH HON NOH N2 intermediate oximes 18a,b are decarboxylated in situ. Next,
9a-¢ 10a—c a—c (16% —68%) intermediates 19a,b react with hydroxylamine to yield

Het = 2-Th (a, 68% yield), quinolin-2-yl (b, 16%), benzimidazol-2-yl
(e, 66%); (a) NH,OH, NaOH or KOH, H-0, A;
Th is thienyl

In some cases, cyanoximes themselves can be generated
in situ and then converted to aminofurazans. Scheme 6
exemplifies the implementation of this approach. The nitro-
sation of the reactive methylene group in functionalized
azabenzimidazole derivatives 12a—f gives geminal cyanox-
imes 13a—f, which are then converted to desired amino-

hetarylglyoximes 20a,b, which are then treated with urea
to give carbamoyl derivatives 21a,b, and the latter cyclize to
monosubstituted hetarylfurazans 22a,b under reflux. How-
ever, the reaction does not stop at this step, as the mono-
substituted furazan ring is opened at high temperatures in
alkaline medium to yield cyanoximes 9a.,d, which then react
with excessive hydroxylamine giving aminoglyoxime inter-
mediates 10a,d. Treatment with urea converts compounds
10a.d to intermediates 23a,b; their cyclization furnishes the
final 3-amino-4-hetarylfurazans 11a.d.8¢ The overall process
shown in Scheme 7 can be classified as a domino reaction of

Scheme 6
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R! = R2 = H: R3 = H (a, 43% yield), Br (b, 45%); R! = R3 = H: R2 = OMe (c, 25%), OCcH4sNHTs-3 (d, 37%); R! = Cl: R2 = Br,
R3 = H (e, 43%); RZ = H, R3 = Br (f, 43%): (@) NaNO,, HCI, MeOH, rt; (b) NH,OH, NaOH, H,0, 90 °C; (¢) 1) NHOH, Et;N, THF, A;
2) EtsN, THF, A; (d) 1) NH>OH, Et;N, THF — H-0, 90 °C; 2) Et;N, dioxane, 150 °C, sealed tube; Ts is p-toluenesulfonyl
h
NOH Scheme 7
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9—11: Het = 2-Th (a), 3-Py (d); 16— 23: Het = 2-Th (a), 3-Py (b); (a) 2.2 M NaOH; (b) NaNO,, 20% HCIO; (¢) H*; (d) NH,OH - HCI, 11 M NaOH;

(e) (HaN)2CO, 95 °C; (/) NaOH; (g) NHLOH; (/) (H2N)2CO



1100

L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

hetaroyl acetic esters. Recently, an environmentally friendly
method was developed for the electrochemical oxidation of
aminofurazans, specifically those containing heterocyclic
substituents in the furazan ring, to azo derivatives.?’

Heating of thienylglyoxime 20a with succinic anhydride
promotes its intramolecular dehydration to thienylfurazan
24 (Scheme 8). A similar reaction with thienylaminogly-
oxime 10a yields aminofurazan 11a. Compound 11a is also
formed when furazan 24 reacts with hydroxylamine. Under
the reaction conditions, the furazan ring in substrate 24 is
opened to yield a cyanoxime moiety. The resulting inter-
mediate 9a then adds a hydroxylamine molecule to form
aminoglyoxime intermediate 10a, which cyclizes to amino-
furazan 11a in alkaline medium.

The oxidation reactivity of the initial thienylglyoxime
20a was also studied. It was shown that treatment of
compound 20a with nitrogen(1V) oxide produces 4-thienyl-
furoxan 25. When potassium hexacyanoferrate(IIl) serves as
the oxidant, the cyclization yields 3-thienylfuroxan 25’ in
which the N-oxide group is located on the other side of the
ring. In the latter case, however, the major reaction product
is cyanoxime 9a, which results from elimination of a water
molecule. Both isomeric furoxans 25 and 25’ are converted
to aminofurazan 11a in moderate yields (57% —61%) when
treated with hydroxylamine in alkaline medium. The
authors suggest that hydroxylamine reduces the N-oxide in
the initial furoxans 25 and 25’ to furazan 24, which is then
converted to aminofurazan 11a through intermediates 9a
and 10a (see Scheme 8).77

Scheme 8
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(a) Succinic anhydride, 120 °C; (b)) NH,OH - HCI, KOH, H,0, A;
(¢) N2O4, E6,0; (d) K5[Fe(CN)g], NH3, H-O; (¢) NH-OH;
(f) NaOH, (CH,0H)», 150 °C

The oxidation of aziridinyl-substituted glyoximes 26a,b
to furoxans 27a,b proceeds smoothly under the action of
potassium hexacyanoferrate(Ill) in aqueous ammonia.
Reactions of asymmetrically substituted glyoximes 26c—e
yield mixtures of isomeric furoxans 27c—e and 27'c—e
(Scheme 9).14

Scheme 9
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/ e
HON -0

26c—e
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R = H (a), Me (b); R' = H: R2 = Me (¢), Ph (d); R! = R% = Me (e);
(@) K3[Fe(CN)gl, NH3, H>0, 15 °C

A similar oxidation of glyoxime 28 with nitrogen(IV)
oxide resulted in the synthesis of 3,4-bis(2,6-diethoxy-
pyrimidin-4-yl)furoxan (29 ) (Scheme 10).14

Scheme 10

EtO OEt EtO OEt

N —N p N —N
EtO—</ 7\ \ /%OEt — EtO{/ 7\ \ /}OEt
N N N N

7\ I\
HON/ \NOH N_ N—g-
28 0

29 (90%)

(a) N204, CHCl3, 20 °C

Bromine successfully oxidizes tetraoxime 5 simultane-
ously at two glyoxime groups to regioselectively yield 3,3'-
diamino-4,4’-bifuroxan (30). On refluxing in dioxane, both
3-aminofuroxanyl moieties isomerize to 4-aminofuroxanyl
groups, which are thermodynamically more stable, to yield
4,4'-diamino-3,3’-bifuroxan (31). The oxidation of amino
groups in compound 31 was successful only using ammo-
nium persulfate in 50% H>O» and concentrated sulfuric acid
(Scheme 11). However, even under these conditions, only
few of the isolated crystals of 4,4'-dinitro-3,3’-bifuroxan
(32) were suitable for X-ray crystallography.®®

An original two-step sequence was proposed for prepar-
ing bis(2-pyridyl)furoxan, which started with complexing
initial glyoxime 2b with Cu!! ions and was accompanied by
intramolecular electron transfer from the oxime group to
the Cu'! ion. Thus, copper(Il) perchlorate in this process
serves as an oxidant, which is reduced during the reaction to
yield the complex Cu(MeCN)4ClO4. The subsequent treat-
ment of the reaction mixture with aqueous ammonia in
order to remove residual copper ions makes it possible to
isolate furoxan 33 in a good yield (Scheme 12).89-90
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Scheme 11
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(a) 1) Cu(ClO4)> 6 H20, MeCN, rt; 2) 25% NHs, H,0

11.2. Preparation of 3,4-bis(hetaryl)furoxans by
cyclodimerization of hetarylcarbonitrile oxides
The major and widely used method for the preparation of
3,4-bis(hetaryl)furoxans is cyclodimerization of hetarylcar-
bonitrile oxides. Usually, nitrile oxides are generated as
intermediate products from various precursors; however,
there are several examples of storage-stable nitrile oxides
with heterocyclic substituents.
(5-Methyl-3-phenylisoxazol-4-yl)carbonitrile oxide (34)
has been known for a long time as the only stable nitrile
oxide of this type; upon long-term storage at room temper-
ature (for more than 30 days), it dimerized to furoxan 35
(Scheme 13).14

Scheme 13
o-
/i
/ N
Ph / rt, >30 days
B —
/A
N\O Me

34

35 (76%)

Later, a series of stable thienylcarbonitrile oxide deriv-
atives 36a—g were prepared, which could be converted to
furoxans 37a—g only by prolonged refluxing in benzene
(Scheme 14).1% 3 ,4-Bis(2-oxo0-2H-[1]benzopyran-4-yl)fur-
oxan was synthesized in the same manner.”!

Most frequently, however, nitrile oxides are generated
in situ from various precursors to be subjected to further
cyclodimerization to furoxans. Examples of nitrile oxide
precursors are hydroxamoyl chlorides, specifically, hetaryl

Scheme 14
/O_ R3 R3
/ N S S
R! 1
K / PhH, A, 6 h \ ' . / :
/A — 7\«
R2 R2
1 ; N N
R S/\Rz o~ TO-
36a—g 3Ta-g

R3 = SO,Me: R! = Me, R? = H (a, 85% yield); R! = OMe, R2 = H (b,
82%); R! = Me, R? = Br (d, 95%); R! = R? = H: R? = SO»But (¢, 58%)
SO,Et (e, 85%); R! = R = SO,Me, R? = H (f, 90%); R! = Me, R? = Br
R3 = SMe (g, 80%)

hydroxamoyl chlorides 38a—h, which are prepared by
chlorinaton of the appropriate hetaryl aldoximes 39a—h
with chlorine,”> Bu'OCl,*3 N-rert-butyl-N-chlorocyana-
mide®* or N-chlorosuccinimide (NCS).?3-%¢ On treatment
with aqueous alkali or sodium carbonate, acid chlorides
38a—h eliminate hydrogen chloride to yield nitrile oxides
40a—h, which then dimerize to 3,4-bis(hetaryl)furoxans 33,
41a—g (Scheme 15).14.92.97

Scheme 15
Het Het Cl  NaOH or Na,COs
_— =
Iy
NOH NOH
39a-h 38a-h
Het Het
4 >_<
—»[Het :NfO*}H N/ \ﬁ
40a-h No~ 0T

33,41a—g (17% - 71%)

38—-41: Het = 2-Fu (a, 53% yield), isoxazol-3-yl (b, 54%),
isoxazol-5-yl (¢, 40%), 1,2,4-triazol-3-yl (d, 71 %), 6-form-
aldoximinopyridin-2-yl (e, 46%), 3-Py (f, 25%), 4-Py (g, 17%);
33, 38h—40h: Het = 2-Py (27%)

This method was later improved by replacement of
inorganic base with triethylamine. This change resulted in
a 2.5-times higher yield of 3,4-bis(4-pyridyl)furoxan (41g),
while furoxans 41i—n (including those comprising carbohy-
drate residues) were formed in nearly quantitative yields
(Scheme 16).14.98.99

Scheme 16
Het Het
Het Cl Et:N + >—<
\H/ N [Het :NfO*} — N/ \N+
NOH 40g,i—n Noo O
38g,i—n 41g,i—n

Het = 4-Py (g, 43% yield), 2-Th (i, 97%), 5-chlorothien-2-yl (j, 99%),
D-glucopyranosyl (k, 96%), D-mannopyranosyl (I, 95%), tetra-
O-acetyl-D-glucopyranosyl (m, 96%), tetra-O-acetyl-D-manno-
pyranosyl (n, 95%)

The synthesis of bis(hetaryl)furoxans based on the
dehydrochlorination of hydroxamoyl chlorides was, in
some cases, performed as a one-pot process using aldoximes
as the initial compounds. N-Chlorosuccinimide was used to
chlorinate substrates 390,p, and then a base was added to
the resulting chloroximes 380.p to generate in situ nitrile



1102

L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

oxides 400,p, which were then dimerized to desired furoxans
410,p (Scheme 17).100. 101

Scheme 17
NOH
NOH  Ncs Y/ K>CO; or EtsN
/ = R‘< KOs or BN
r—7
3%0.p a
380.p
R R
7+
—> R—=N-0"|— N;/ ¢
400,p o~ 0~

410,p (58% —72%)
R is imidazol-2-yl (o), 2,3,5-tri-O-benzoyl-B-D-ribofuranosyl (p)

To prepare furoxans 41 that contain carbohydrate
residues in one synthetic step, another method was
employed. This method consisted of treating aldoximes
with sodium hypochlorite. In this case, NaOCI played a
dual role of the chlorinating agent and the base
(Scheme 18).98.99

Scheme 18

NOH

Gl“/<
Cl
38k,m,n,q—t

/NOH
GIJ

39k,m,n,q -t

NaOCl
—_—
—NaOH

—>

N Gl Gl
— > GI—=N-0O- e
40k, m,n,q —t N\O/N\O*

41k,m,n,q—t (75% —90%)

—

Gl is D-glucopyranosyl (k, 88%), tetra-O-acetyl-D-gluco-
pyranosyl (m, 88%), tetra-O-acetyl-D-mannopyranosyl (n, 75%),
D-galactopyranosyl (q, 90%), D-xylyl (r, 89%), tetra-O-acetyl-
D-galactopyranosyl (s, 90%), tri-O-acetyl-D-xylyl (t, 88%)

In several studies,”® 102-107 big(hetaryl)furoxans were

also formed as side products of the 1,3-dipolar cycloaddi-
tion of dipolarophiles to nitrile oxides, which were gener-
ated in situ from hydroxamoyl chlorides.

Dichloroglyoxime (42) served as the intermediate in the
preparation of cyanogen di-N-oxide (43), the simplest
bisnitrile oxide, as a solution in CH»Cl,. Compound 43
undergoes 1,3-dipolar cycloaddition on treatment with
2 moles of phenylacetylene. Most of di-N-oxide 43 reacts
with the dipolarophile at both nitrile oxide groups to give
bisisoxazole 44, but some part of intermediate 40u dimerizes
to furoxan compound 41u through the free nitrile oxide
group (Scheme 19).108

//O

(6]

O~ PhH, A O o
—_— / =N—-0

R = NOZ —HNO; N

N

NOH
46a.b K

R = H (40w, 41w, 46a), Me (40x, 41x, 46b)

40w, x

Scheme 19
cl = Na2CO + + PhC=CH
>/—\< S 0-N=—=N-0- — >
HON  NOH 43 (50— 64%)
'y}
/ \
Ph /
44 (80%)
/ —N*O*
O-N 0
N7 Ph
\
/ A\
\O/N\O,
41u (15%)

Hydroxamic acid bromides are used much less fre-
quently to prepare 3.,4-bis(hetaryl)furoxans. The only
known example is dehydrobromination of quinoxazoline
derivative 45 by triethylamine, followed by one-pot cyclo-
dimerization of the resulting nitrile oxide 40v to furoxan 41v
(Scheme 20).10°

Scheme 20

41v (88%)

Apart from hetarylhydroxamic acid halides, nitrolic
acids, which eliminate nitrous acid at elevated temperatures,
can also serve as the source of nitrile oxide moiety. In
particular, thermolysis of nitrolic acids 46a,b, which contain
the 1,4-benzoxazin-2-one moiety, yields furoxans 41w,x in
good yields (Scheme 21).14

In the same way, heating of nitrolic acids 47a—h with
1,3,5-triazine substituents induces the elimination of nitrous
acid to generate nitrile oxides 48a—h, which dimerize in situ
to 3,4-bis(1,3,5-triazin-2-yl)furoxans 49a—h (Scheme 22).110

Scheme 21

—

+/f N\
o N
41w.x (80%)
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Scheme 22
R2 RZ
Koo K
RlxNﬁﬁ%NOH —HNO; RI/QN)\\\;I
iran O 48a h "o-
R2 RZ

. N N NN
pup N
R] N N Rl
I\
N N
49a—h (82% —92%)

= OMe: R? = NMe; (a), N(CHa)4-cyclo (b), N(CH>)s-cyclo (¢),
N(CH,CH,),0-cyclo (d); R' = R? = NMe; (e), OMe (g), OPr (h);
Rl = OC6H4N02-4, R2 = NMez (f)

Attempts to conduct thermolysis of compounds 47a—d
in aliphatic nitriles in order to trap intermediate nitrile
oxides 48a—d via [3 + 2]-cycloaddition reactions were unsuc-
cessful.

In all cases, only bis(triazinyl)furoxans 49a—d were
formed in high yields (Scheme 23).!!!

Scheme 23
R R
BY a S
N N — N N
\ [
MeO)\N/ NOH eO)\N )\i
~
a7a-a O 48a-d
Ao L
/k A
A\
o~ N~ o-

49a—d (86% —93%)

R = NMe; (a), N(CH»)s-cyclo (b), N(CH>)s-cyclo (c),
N(CH>CH»)>O-cyclo (d); (@) MeCN, A or BnCN, 100110 °C

However, refluxing of compounds 47a.d,g in toluene
and acrylonitrile mixtures always gives equimolar mixtures
of furoxans 49a,d,g and triazinyldihydroisoxazoles 50a.d,g
(Scheme 24).''2 When thermolysis is performed in the
absence of an inert solvent, cyclodimerization of nitrile

R R

)\ CN
N \N PhMe,A N N N /
M«;—:O)‘\N O MeO)‘\N)\I:I
amag O 48a.d.g o

R = NMe; (a), N(CH>CH»),O-cyclo (d), OMe (g)

oxides 48a.d,g is completely inhibited, and dihydroisoxa-
zoles 50a.,d,g are formed regioselectively in good yields.

A special route to generate nitrile oxides is treating
hetaryldinitromethane salts, specifically dinitromethyltri-
azines Sla—g, with nitrogen(1V) oxide.!!> The mechanism
of this reaction was determined by dynamic NMR spectro-
scopy, and now it is generally accepted (Scheme 25).!''# The
mechanism includes nitrosation of dinitromethyl anions in
potassium salts 5la—g to give dinitronitroso derivatives
52a—g followed by elimination of nitrogen dioxide to give
iminoxyl radicals 53a—g. The subsequent elimination of a
second nitrogen dioxide molecule generates nitrile oxides
48g —m, which then dimerize to furoxans 49g—m.

Scheme 25
OR OR
N)\\N )* :
)‘\ N>O4 )\ —NO»
N _-NO; K* -
RO N)ﬁ/ N02 NO3
> NO,
Sla-g 52a-g
OR OR
)\\N -NO: N7\
‘7. ‘ —_—
NO
)\ )w/ 2 NO: RO/kN/ o
N\
53a-g 482 —m
OR OR

N

— )\ )\
VRS

\O/

~0-
49g—m (62% —85%)

48, 49: R = Me (g), Pr" (h), Pr’ (i), Bu” (j), cyclo-CsHy; (k),
C(,H4Br-4 (l), C(,H4C02Me-4 (m),

51-53: R = Me (a), Pr" (b), Pri (¢), Bu" (d), cyclo-C¢H 1 (e),
C(,H4Br-4 (f), C6H4C02Me-4 (g)

Aliphatic nitro compounds can also serve as precursors
for nitrile oxides. The dehydration of hetarylnitromethanes
54a—e with an aryl isocyanate and triethylamine mixture
yields nitrile oxides 40n,t and 55a.d,e, which dimerize to
furoxans 41n,t and 56a.d,e;®® !5 the dimerization of inter-
mediate 55a yields a mixture of diastereomers 56a and 56'a
in 56:44 ratio.''> In some cases, in particular for nitro
compound 54f, gentle heating is sufficient for generating
nitrile oxide 55f, which dimerizes, despite steric hindrance,

Scheme 24
R R R

*M*M“‘e"*ﬁ

49a,d,g (30% ~36%) 50a.d,g (39% 745%
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Scheme 26
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(79% —92%)
R is tetra-O-acetyl-D-mannopyranosyl (40n, 41n, 54b),
tri-O-acetyl-D-xylyl (40t, 41t, 54c¢), tri-O-acetyl-D-fucosyl (54d,
55d, 56d), 0,0 "-isopropylidene-D-mannopyranosyl (54e, S5e, 56e)
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Me\ Me Me Me /
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\ Me //
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Me N DMF 'O/N N
¥ <
O Me Me
57 58
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N e /N Me
>< ><Me
—
1 \+
N\O/N —0~
59 (50%)

to give 3,4-bis(imidazol-4-yl)furoxan 56f in a good yield
(Scheme 26).116

a,B-Unsaturated nitro compounds can also be employed
as nitrile oxide precursors. In particular, nitroenamine 57
generates nitrile oxide 58 in the Vilsmeier — Haack reaction,
which ultimately yields furoxan 59 (Scheme 27).117

I1.3. Dehydration of hetaryl-substituted o-nitroximes as a
route to hetarylfuroxans

One more method suitable for the design of only hetarylfur-
oxans is based on nitrosation of heterocyclic analogues of
cinnamic alcohol 60a—d. The reaction proceeds via the
addition of N»Os, formed upon the reaction of sodium
nitrite with acetic acid, to the double bond of starting
60a—d to produce isomeric pseudonitrosites 6la—d and
61’a—d, which isomerize in situ to o-nitroximes 62a—d and
62'a—d. The cyclodehydration of intermediates 62a—d and
62'a—d yields furoxans 63a—d and 63'a—d (Scheme 28).24
The main disadvantage of the method is the formation of a
mixture of isomeric hetarylfuroxans in all cases.

Scheme 28
Het OH
/:/*OH NaNO, Het>—(OH e
— +
Het AcOH, rt ON NO» O,N NO
60a—d 6la—d 61'a—d

i i

He>_( OH Het OH
e
HON  NO; 0.N  NOH
62a-d 62a—d

' |
Het OH Het OH

N No- oM N

e
63a—d 63'a—d
(43% —67%)
Het = 2-Fu (a), 5-nitro-2-furyl (b), 2-Th (¢), (3-hydroxymethyl-
furoxan-4-yl)thien-2-yl (d)

I1.4. Other synthetic routes to hetarylfuroxans from hetaryl-
containing precursors

In 2006, an original route to high-energy polynitrogen
heterocyclic structure 64, in which the furoxan ring is linked
to the 1,2,3,4-tetrazine 1,3-dioxide moiety, via the thermol-
ysis of triazidobenzotetrazine dioxide 65 was proposed.'!®
The reaction includes the initial cleavage of the benzene ring
with nitrogen elimination and the subsequent cyclization of
the azidonitroethylene moiety in intermediate 66 to give a

Scheme 29
0 o
+ [
~N. +
- ~. /N
N N NN
I+ Rﬂ
O:N N~- PhMe, 100°C |O:N N
R O —_—
*NZ ‘ CN
N3 N; Ny~ “CN
N3 66
65
o-
//1‘\1\+
-0 N
\ o
NI N~
N
O | on
N™ “CN

64 (35%)
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furoxan ring (Scheme 29). However, the authors cannot
exclude the reverse order of these two steps: the furoxan
ring formation upon the thermolysis of o-nitrophenyl azide
followed by a benzene ring bond cleavage with nitrogen
evolution.

This Section should also cover the nontrivial method for
preparing 3,4-bis(pyrimidin-4-yl)furoxan 67 by treatment of
1,2,3-triazolo[1,5-c]pyrimidine (68) with fuming nitric acid
(Scheme 30).'!"° The presence of aldehyde 69 and nitro ester
70 in the reaction mixture along with desired product 67 was
detected by IR and NMR spectroscopy and mass spectro-
metry. However, only furoxan 67 was isolated by chroma-
tography, although its yield was not reported. This
synthetic route to furoxan 67 is more of theoretical interest,
as other authors!!? failed to reproduce the preparation of
the indicated heterocyclic structure, and one of their experi-
ments was accompanied by explosion.

Scheme 30
=N 100% HNO;
N ———>
N\\/N\l\f/ 0°C
68
- N ONO,
CHO _
+ \
+/ \ N\/N Ny N
o™ \o/ 69 70
67

IL.5. Preparation of hetarylhydroxyfurazans by thermolysis
of a-hydroxyimino(hetarylmethyl)carbonyl azides

Along with the dehydration of hetarylglyoximes, there is
one more approach to the preparation of furazans with
heterocyclic substituents, which is based on the thermolysis
of a-hydroxyiminohetarylmethylcarbonyl azides 71a—¢.”®
The thermolysis of compounds 71la—c promotes the shift
of tautomeric equilibrium and generation of vicinal nitro-
soazides 72a—c¢, which cyclize to give hydroxyfurazans
73a—c¢ (Scheme 31, Table 1). However, apart from com-
pounds 73a—c, 1,2,4-oxadiazol-5-ones 74a—c were isolated
in all cases. Compounds 74a—c are formed upon competing
Curtius rearrangement, which also proceeds at high temper-
atures via isocyanate intermediates 75a—c. It is noteworthy
that conduction of the thermolysis of starting carbonyl
azides 71a,b in chloroform results in higher yields of
furazans 73a,b, whereas the use of a polar solvent (ethanol)

Table 1. Yields of hydroxyfurazans 73a—c and 1,2,4-oxadiazol-5-ones
74a—c.”

Compounds  Het Solvent Yield (%)

71-75 73 24

a N CHCl; 70 17
N EtOH 5 77

b X CHCl; 58 28
_N EtOH Traces 92

c Mo )—4 CHCL 10 76
N-N EtOH Traces 80

promotes the formation of oxadiazolones 74a,b. However,
this trend is violated for substrate 71c incorporating pyr-
idazyl substituent: in this case, oxadiazolone 74c¢ is pref-
erably formed, regardless of the reaction medium (see
Table 1).7® Attempts at preparing carbonyl azide 71a by
the nitrosation of hydrazide 76 unexpectedly resulted in
hydroxyfurazan 73a in a nearly quantitative yield.!?¢

Scheme 31
Het OH Het OH
— — ;/ \;
o ON  N; NN
Het\/H\N a T2a-c 73a—c
Il 3
NOH H
- Het~__NCO HetY
a—c¢
\H/ >7
NOH N~o
T5a—c T4a—c

(a) CHCI; or EtOH, A

X 0 \

= I NaNO,, 10% HCI N OH

N NHNH, ~alNO2 10% HCl /A
NOH N\O/N

76 73a (97%)

I11. Heterocyclization of functional groups in
functionalized 1,2,5-oxadiazoles

The group of methods discussed in this Section is fairly
diversified, as different approaches are required to form
different types of heterocycles. For this reason, the data are
arranged according to the type of the forming heterocyclic
substituent linked to 1,2,5-oxadiazole and in the order of
increasing number of heteroatoms.

II1.1. Preparation of heteronuclear heterocyclic systems
based on furazans and furoxans linked to heterocycles with
one heteroatom

Below the data related to synthetic routes to furazans that
contain a pyrrole, thiophene, indole or indolizine ring as the
heterocyclic substituent are described. Among the synthesis
of furoxans that are linked to heterocycles with one heter-
oatom, only syntheses of pyrrolylfuroxans are available
from the literature.

The Clauson—Kaas condensation of aminofurazans 11a
or 77a—k with 2,5-dimethoxytetrahydrofuran on short
refluxing with acetic acid affords pyrrolylfurazans 78a—1
(Scheme 32).121-122 The product yields depend considerably
on the nature of the second substituent in the furazan ring.
The low yields of compounds 78i.j 121122 were attributed to
the parallel oxidation processes caused by the presence of
nitro and azofurazanyl groups in substrates 77i.j. However,
pyrrolylfurazan 78k was prepared in 30% yield, apparently,
due to decomposition of the starting 1,2,4-oxadiazolylfur-
azan 77k under the reaction conditions. The reaction of
N-monoformyl-substituted diaminofurazan 771 with 2,5-
dimethoxytetrahydrofuran follows an unusual pathway.
Dipyrrolylfurazan 78n was isolated in an insignificant yield
together with expected product 78m, obviously due to the
in situ deformylation of starting compound 771 to diamino-
furazan (see Scheme 32).!2! Meanwhile, when diaminofur-
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Scheme 32

R NH, R
/2R S
N\O/N N\O/N
11a, 77a-k 78a—1
7 AN 72
! s OO0 O
OHC—N NH, OHC—N N N N

\

) A

NN NN NN
7 78m (31%) 78n (9%)

e e

77,78: R = Me (a, 67% yield), Ph (b, 87%), OMe (c, 64%), Ac (d, 74%),

I (e, 32%), CO.H (£, 80%), cone (g, 59%), CN (h, 51%), NO; (i, 16%)
MeO N=N

/| ¥ (. 13%). %/4 )\CF (k 30%);

N\O/N = 2-Th (9a; 78I, 64%);

(a) 2,5-dimethoxytetrahydrofuran, AcOH, A

azan was introduced into the Clauson—Kaas reaction, a
complex mixture of products was formed, which the authors

spectrometry (GC-MS), but was not isolated, probably,
because of its hydrolytic lability. The nitration of substrate
78a yields a mixture of mononitro-substituted pyrroles 78q
and 78r in the 2.5:1 ratio. The subsequent treatment of
compound 78q by a stronger nitrating system of 100%
HNO;3 —trifluoroacetic anhydride (TFAA) promotes the
formation of a mixture of 2,5- (78s) and 2,4- (78t) dinitro
derivatives. However, a similar nitration reaction carried
out for nitropyrrole 78r results in the formation of pyrro-
lylfurazan 78t in 69% yield. The Vilsmeier — Haack formy-
lation of compound 78a yields (2-formylpyrrolyl)furazan
78u (Scheme 33).

The three-component condensation of 3-amino-4-meth-
ylfurazan (77a) with anisaldehyde and tricarbonyl com-
pound 79 produced 1-(4-methylfurazan-3-yl)-1,5-dihydro-
pyrrol-2-one derivative 80 (Scheme 34).!24 Trimethylchloro-
silane (TMSCI) is an efficient promoter of ultrasound-
assisted cyclization, whereas refluxing in acetic acid reduces
the target product yield almost to one-half.

The bromination of 3-amino-4-(2-thienyl)furazan (11a)
yields monobromo derivative 81 as the thiophene ring is less
m-excessive than the pyrrole ring. The Suzuki—Miyaura
reaction of compound 81 with 4-methoxyphenylboronic

failed to separate. Scheme 35
The reactivity of pyrrolylfurazans towards aromatic
electrophilic substitution was studied in relation to S /
3-methyl-4-(pyrrol-1-yl)furazan (78a).'>> The reaction of Br ACOH NH,
compound 78a with N-chlorosuccinimide favours the selec- / \ 2N ]\
tive formation of dichloro derivative 780, whereas a similar N~
bromination reaction with N-bromosuccinimide (NBS) 11a 81 (30%) 82 (44%)
yields tribromopyrrolylfurazan 78p. The tetrabromo-substi- () PMPB(OH)», Pd(PPhs)s. Na>xCOs. DME, H0, A
tuted product was detected by gas chromatography/mass
Cl—F Scheme 33
/ NCS, MeCN
Me N <« o
7 NO>
I ) @ 7
o~ Me N Me N Me N
>_< 100% HNO; - Ac,0 NO >_<
780 (77%) — N/ \N T LN/
N d N\O/N N\O/N
Br— 2~ Br
/ ) 78a 78q (43%) 78r (16%)
Me N NBS, diglyme
Br o
N;/ \N< POCL. DMF, CHCl5 JIOM HNO;-TFAA
~o7 100% HNO; - TFAA
78p (820/0) (690/0 yleld)
- ) O:N
Me N
) \< CHO
\O/ \O/ \O/
78u (30%) 78s (19%) 78t (24%)
o) Scheme 34
‘ ‘ PMP N Cl
Ve N CHO aorb e
- + CO:Me A )
N N / OH
o MeO Cl 79 \07N I
77a O 80

(a) 1) TMSCI (5 equiv.), DMF, 100 °C, sealed tube; 2) US

(73% vield); (b) 1) AcOH, A; 2) US (42% yield); PMP = 4-MeOCeH,
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acid in dimethoxyethane (DME) affords cross-coupling
adduct 82 in a moderate yield (Scheme 35).12°
Indolylfurazans 83a—c (annelated analogues of pyrrol-
ylfurazans) were synthesized from pyridinium salt 84a,
which was prepared from 3-bromoacetyl-4-methylfurazan
(85) (Scheme 36).12° The use of furazan 85 or its triethyl-
ammonium salt 86 in the Bischler—Mohlau reaction with
unsubstituted aniline resulted in desired indole 83a, but in
both cases, the yields were lower (11% and 19%). Attempts
to introduce anilines bearing strong electron-withdrawing
groups (NO3z, CF3 or COxMe) in the para-position of the
benzene ring into a similar heterocyclization reaction were
not a success.
Scheme 36

PyH, Et,O
o Ny
84a (97%)
l 4-RC¢H4NH>, A
R
(i\ Me
Me PhNH,, A i
" . =
>/—\(—\Br 1\\1 / N
N\O/N O—N H
83a—c (31%—37%)
85
T PhNH>, A
(0]
Et;N, Et,O Me \ +
/ \ NEt3
N\O/N Br—
86 (97%)

R = H (a), Me (b), F (¢)

When pyridinium salts 84b—d, prepared from bromo-
acetylmethylfurazan, are refluxed in N,N-dimethylaniline,
the pyridinium moiety is no longer the leaving group (unlike
in the conversions depicted in Scheme 36), but rather is a
structural moiety necessary for building the indolizine ring.
This approach provided the route to bicyclic structures
87a—c in good yields (Scheme 37).127

Scheme 37
(0]
Me ) . Me Me N R
N PhNMe, / /
I N B — > F P
N\ N \
o —/ R O—N
84b—d 87a—¢ (67% —75%)

84: R = H (b), 3-Me (c), 5-Et (d); 87: R = H (a), 8-Me (b), 6-Et (c)

As was mentioned above, pyrrolylfuroxans 88a.b are the
only known furoxans that are linked to heterocycles with
one heteroatom.!28

These compounds were recently prepared by the Clau-
son—Kaas condensation of aminofuroxans 89a,b with 2,5-
dimethoxytetrahydrofuran. It is noteworthy that conven-
tional reaction conditions (refluxing in acetic acid) were
unacceptable in this case, unlike with aminofurazans. For
this transformation to proceed, acetic acid was replaced by

hydrochloric acid, which can additionally activate proto-
nated 2,5-dimethoxytetrahydrofuran by increasing the elec-
trophilicity of the carbon atom in position 2; this allows the
reaction to proceed with low-basicity amines such as 4-ami-
nofuroxans. In order to prevent pyrrole polymerization in
strongly acidic medium (this is the major side process in the
Clauson—Kaas pyrrole synthesis), the reaction was per-
formed in a hydrochloric acid —dichloroethane (DCE) two-
phase system. Under these conditions, the formed pyrrole
moved to the organic phase, and this made it possible to
isolate pyrrolylfuroxans 88a,b in high yields (Scheme 38).

Scheme 38
)
H>oN R
: \/ \/ MeO/Q\OMe N R
O\ *+ T e e >/—\<
N. No HCI, DCE, 20 °C
~o7 (02 N /N\ _
O (0]
89a.b

88a,b (78% — 86%)
R = Ac (a), CO;Me (b)

II1.2. Preparation of hetarylfurazans and hetarylfuroxans
linked to heterocycles with two heteroatoms
The preparation of this type of structure is mainly exempli-
fied by hetarylfurazans. The known synthetic approaches to
furoxans that are linked to heterocycles with two hetero-
atoms are considered at the end of this Section.
Nitrofurazanylacetic acid 90 serves as the initial com-
pound in the three-step synthesis of 3-nitro-4-(1 H-pyrazol-
4-yDfurazan (91a).'?° The first two steps are implemented as
a one-pot process: compound 90 is introduced into the
Vilsmeier — Haack reaction to give tetramethylpropanedi-
amine, which can be isolated as salt 92 upon addition of
an aqueous solution of sodium perchlorate to the reaction
mixture. The subsequent treatment of salt 92 with hydrazine
hydrate induces cyclization to desired pyrazole 91a. The
nitration of heterocyclic system 91a by a 100%
HNO3-20% oleum mixture yields either nitro pyrazolyl-
furazan 91b or dinitro derivative 91¢, depending on the
reaction conditions (Scheme 39).

Scheme 39
O:N—Z""\y
5h 0,N —
N, /N
~ NH N
R \0/
0:N .
— 91b (35%)
N
\O/ OzN /N\NH
91a (78%) 12h 0O>N —
L—»
/A NO,>
NA7
91c (33%)

(a) 1) POCl;3, DMF, 100 °C; 2) NaClO4, H>O; (b)) NH>NH> - H»O,
NaOAc, EtOH; (¢) 100% HNO3—-20% oleum
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Due to the active hydrogen atom in the pyrazole ring,
compound 91c was used to prepare a set of high-energy salts
93-97 in high yields.'?®

Structures 93-97

HZN‘\% NHNH,

N. Catt = (93, 92% yield),
OoN— 2~ N- NH,
.
OzN ITIH.?
/ MO NN N
N\O/N Cat* o} I O (94, 96%),
\N/ \N/
9396 N
NH,
HN—N HoN NH,
0N ososwy. N 96.91%)
N NS
| N
NH, H
NoH;
N~
NN
NO» N~ N
> NoHy
97 (94%)

The cyclization of enaminoketone 98 with hydrazine
hydrate furnishes 3-methyl-4-(1 H-pyrazol-3-yl)furazan (99)
in high yield, and the latter can be used to prepare diverse
pyrazole derivatives that contain the furoxan ring along
with the nitro group.'3® In particular, the nitration of
compound 99 by concentrated nitric and sulfuric acid
mixture on heating yields 4-nitropyrazole 100a. Treatment
with 100% HNOs; mixed with acetic anhydride and tri-
fluoroacetic acid (TFA) selectively yields N-nitropyrazole
100b. The same mixture efficiently nitrates nitropyrazole
100a to dinitro derivative 100c. The thermal rearrangement
of compound 100b selectively yields 3-nitropyrazole 100d,
which is then nitrated to 1,3-dinitro (100e) or 3,4-dinitro
derivative (100f) depending on reaction conditions
(Scheme 40).

OzN / NH OzN = /I\T/NOZ
/
, Me =N Me =N
¢
> I\ > /A
N\O/N N\O _N

Furazanyl- and furoxanylpyrazole dioximes 101a,b were
prepared by the reaction of 3,4-bis(furazanoyl)- and 3,4-
bis(furoxanoyl)furoxans 102a,b with hydrazine hydrate.!3!
The authors suppose that the first step gives hydrazones
103a,b, which eliminate furazan(furoxan)carboxylic acid
hydrazide under the action of a second hydrazine hydrate
molecule. This transformation is accompanied by opening
of the central furoxan ring to give hydroxyiminoacetonitrile
oxides 104a,b, which undergo ring transformation to afford
final pyrazoles 101a,b (Scheme 41). Unfortunately, the
authors cited 13! did not report the yields of compounds
101a,b.

Scheme 41
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The reaction of o,pB-unsaturated aminofurazanyl ketones
105a,b with hydrazine hydrate resulted in the synthesis of
pyrazolinylfurazan derivatives 106a,b in quantitative yields.
A similar reaction of compound 105a with phenylhydrazine

Scheme 40

NO,
AN
o) ~ NH -
Me N\ \ Me -N 100a (81%) 100¢ (71%) Me N\
a C
WNMGZ — / \ I NO> N/ \N NO,
N\O/N N z N/N02 N ~o”
0 o \ 100e (65%)
98 99 (91%) . Me N L Me Nu NO,
;N\ I\
O,N N
N\O/N N\O/N b \ }\I
Me NH
100b (92%) 100d (81%)
N/ \
(a) NHoNH, - H,0, EtOH, A; (b) 100% HNO3—93% H,SO4; ~o”
(¢) 100% HNO3, Ac,0, TFA, 5—10 °C; (d) CoCly, A 100f (89%)
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led to heterocyclic system 107a in a low yield
(Scheme 42).132
Scheme 42
Ph
N O /R §
N( RopN D N R
HoN b 7\ a  H,N
N N
! \N ~o” /A
N N
~o”7 105a.b o~
107a (26%) 106a,b (92% —99%)

R = 2-Fu (a), cyclo-CsHs (b); (¢) NH2NH» - H,O, THF, rt;
(b)) PANHNH,, THF, EtOH, rt

The only known example of the synthesis of furazanyl-
indazole 108 (which is a benzo-annelated analogue of
furazanylpyrazole) represents a two-step transformation of
hydrazone 109.133 The reaction of compound 109 with lead
tetraacetate produces azoacetate 110, which undergoes
intramolecular cyclization in the presence of a Lewis acid
(AICl3) to give indazole 108 in a nearly quantitative yield
(Scheme 43).

Scheme 43
Ph ph_QAC
—N N
Me>_(L \ PbOAC) ¢ \ AICk
I\ NHPh 5 7\ NPh ppyy
109 110 (90%)
l‘:’h
_N.
s N\
Me
[\
N_ N
108 (97%)

The reactions of aminofurazanylamidine derivative 111
with electrophilic agents were utilized to develop a micro-

Scheme 44
Me
HN  Bu N D
\
HoN N Ac” (I, K,CO;  HoN >_(LN\
—_— .
I\ DMF, MW, 180 °C I\ Bu'
111 112a (25%)
By
CN,
PriNEts, THF, MW, 160 °C
CN CN
N\& 3 h@
H,N N\ MnO,, PhMe, 85 °C H,N N\
A ;N B
\O/ \O/
113 (50%) 112b (19%)

wave-assisted (MW) method for preparing imidazolylfura-
zans.!3* The cyclization of compound 111 with 1-
chloropropanone yields imidazole 112a in a low yield.
Amidine 111 reacts with 2-chloroacrylonitrile to afford
heterocyclic structure 113 incorporating imidazoline ring,
which is oxidized to the imidazole one by manganese(IV)
oxide, thus yielding compound 112b (Scheme 44).
Iminoester 114 is more reactive towards cyclization: it
reacts with phenylacetamide at lower temperature to pro-

duce imidazolylfurazan 112¢ in satisfactory yields
(Scheme 45).134
Scheme 45
Ph
HN, N .
HzNw OMe g, c(O)NH, Acon H2N NH
/N o I\
NN EtOH, MW, 100 °C NN
(6] O
114 112¢ (31%)

Iminoester 114 can also serve for efficient synthesis of
benzimidazolylfurazans 115. Twenty such derivatives were
prepared by reactions of compound 114 with o-phenylenedi-
amine derivatives (Scheme 46).134, 135

Scheme 46
i OMe _ N
N 2
/ | /
N O-N
\o
114 115 (68%7 2%)

X = H, OH, NH»; R = H, Alk, Ar; (a) EtOH or AcOH, A

An alternative synthetic route has recently been pro-
posed to prepare heterocycles of type 115, using furazan-
derived chloroximes 116 as precursors. In the condensation
of compounds 116 with o-phenylenediamines, the best
product yields were achieved for chloroximes with R!=H
(see Scheme 47; the substituent positions in the initial
diamine are indicated).?¢

Scheme 47
HON NHR! R2
R'HN Cl _ N
a N 2
/ — | /
O-N N
\ NHR3 /
R3
116

115 (59% —90%)

R! = H, C4H,0Me-4, Bn; R2 = H, 3-Me, 4-Me, 3,4-Mes, 4-F, 3-Cl, 4-Cl,
4-OMe, 3,6-(OMe),, 4-CO>H, 4-CO>Me, 4-CN, 4-CF3; R? = H, Me, Et,
CsH4OMe-4; (a) EtOH, A

Benzimidazolylfurazan 115a was prepared by the reac-
tion of bicyclic furazanopyrimidine 117 with substituted
o-phenylenediamine 118. The yield of final compound 115a,
however, was only 17% (Scheme 48).8!
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Scheme 48

NHEt

OH
N7 /N\ F NHBoc ACOH, A
)\\ - O+
Me” N N
117 118

HoN

\
Et

115a (17%) Boc = CO,But

The reactions of o,B-unsaturated aminofurazanyl
ketones 105b,c with various dinucleophiles, e.g., amidines
and guanidines, give rise to pyrimidinylfurazans 119a—f,

although they are formed in moderate yields
(Scheme 49).132
Scheme 49
1
O\ / R
H>N NH
A\ " /H\
N R
\O/
105b.c

119a—-f

R! = cyclo-C5Hs (105b, 119a—¢), CsHsOMe-4 (105¢, 119f);
119: R2 = Me (a), Ph (b), C¢HsOMe-4 (¢), NHPh (d), NHBn (e)
(14% —29% yields), NHCsHaMe-3 (f, 56%)

It was shown 3¢ that nitrile oxide 120a, which can be
generated in the reaction of triethylamine with hydroxa-
moyl chloride 121a in the presence of methyl acrylate or
ethyl propiolate, undergoes [3+ 2]-cycloaddition reaction
with dipolarophiles to furnish isoxazolylfurazans (122a,b)
or isoxazolinylfurazan (123) (Scheme 50). The ratio
between regioisomers 122a and 122b was 3:2, as indicated
by 'H NMR spectroscopy, but only isoxazole 122a was
isolated. The product of cyclodimerization of nitrile oxide
120a [3,4-bis(furazanyl)furoxan] was not detected.

The generation of nitrile oxide 120b from hydroxamoyl
chloride 121b on treatment with hexa-n-butyldistannane
proceeds relatively slowly.!37 Addition of alkynes to the
reaction mixture, induces 1,3-dipolar cycloaddition to 1,3-

(Scheme 51). Since the concentration of alkynes is signifi-
cantly higher than the concentration of intermediate 120b
and due to the presence of the strong electron-withdrawing
furazan substituent in nitrile oxide 120b, its cyclodimeriza-
tion is noticeably inhibited, like in the previous case (see
Scheme 50), and a furoxan product is not formed.

Scheme 51

R2 122: R! = R? = CH,OH (c);
R!' = H: R?2 = CH,Br (d), Bu! (e),
CH,CI (f), CH,OH (g);

122¢-g (65%—73%) (a) Bu§SnSnBu3, hv

/N

The cyclization of bromoacetylaminofurazan 124 with
thioamides was utilized 32 for developing a convenient and
efficient method for the preparation of amino(thiazolyl)fur-
azans 125a—d and amino(aminothiazolyl)furazans 126a—j
(Scheme 52).

Scheme 52
Rl
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S N S
Py H>N —
R! NH»
PhH, A N/ \N
O\\ Br \O/
HoN 125a—d
7\ NHR?
N N
o~ j\ N%S
2
124 RPHNT "NH, —
EtOH, A /R
N\O/N

126a—j (70% —99%)

125: R! = CH,CN (a, 60% yield), 3-Py (b, 26%), Me (¢, 34%),
Ph (d, 93%): 126: R2 = H (a), Me (b), Bn (¢), CH>CsH4Cl-2 (d),
CH,C6H3(CF3)2-3,5 (), CsHaCl-2 (f), CsH3Cl2-2,6 (g), CsH3Clb-2,4 (h),

dipole  120b  yielding isoxazolylfurazans 122¢—g  CeHi(CF3)2-2.4 (i), 3-Py (j)
Scheme 50
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. CO-Et 4
=—CO,Et @ N\ / 2 O/\ N\ /
=con ) @
Q i CO,Et
o/\ cl ) I\ I\
NAS NAT
bN NOH ¢ N N o 0 0
> = + 122a (32%) 122b
/ \N Eo | N7 —{o-
~o~ O~y
1212 120a

(6]
s
Z C0Me O/\ >—?—7/cone
L - 5 \
LN
N
)

/ \N
NS0T 123 (64%



L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

1111

NH S Scheme 53
0 Br S /f NH,-HBr
R \ J\ (1 equiv.) O\\ S \ z/
H:NT NH, NH, R
/N > -/
N_ N /N “HB —H-0
~ N_ N r N NN
O\&O \OX \OX
(o) [6)
127ab 128a,b 129a,b (55% —61%)
Br 0 o) Br S HN /NH S S
\ . \ o0 O s HBr-H,N NH>"HBr
¢ ) HzNJLNHz (2 equiv.) %S 7N/ N \ /) \ W/
/ \ H)N NH; - > N N
+ —2H,
N_ Ne,_ HBr 1 \+ HBr - [ \+
o O N N_ N
Nod ~0- N d 0~
127¢
128¢ 129¢ (60%)
R = C(,H4NH2—4 (a), C6H4Me—3 (b)
In the same manner, bromoacetylfuroxan derivatives to afford N-substituted bicyclic structures 138a.,b

127a—c react with thiourea in acetone at room temperature
yielding isothiouronium salts 128a—c, which are further
cyclodehydrated according to the Hantzsch reaction path-
way to give 2-aminothiazole derivatives 129a—c
(Scheme 53).13% The reaction proceeds regardless of the
position of the N-oxide oxygen atom with respect to the
bromoacetyl moiety in the initial furoxan.!3?

There is only a single example of the synthesis of
unsymmetrically substituted furoxan with heterocyclic sub-
stituents based on the 1,3-dipolar cycloaddition of substi-
tuted furoxancarbonitrile oxides to dipolarophiles. For
example, thermolysis of the pre-synthesized nitrolic acid
130a in the presence of phenylacetylene completely sup-
presses the dimerization of nitrile oxide 131a and promotes

[3+2]-cycloaddition to yield isoxazolylfuroxan 132
(Scheme 54).13°
Scheme 54
0 Ph
N ph N
Ph NOH . Ph
a N— _ _ b
A BNNY e N Y
N\ /N\O, O\N ~
O \ \O/ O,
O~ 13la
130a 132 (60%)

(@) PhH, A (— HNO,); (b)) PhAC=CH

I11.3. Preparation of furazans with bi- and tricyclic
heterocyclic substituents

This Section covers the routes to furazans that are linked to
bicyclic heterocyclic systems in which each ring contains
two to four heteroatoms. There are no analogues of such
structures in the furoxan series. Several examples of syn-
thesis of furazans with tricyclic heterocyclic substituents
will also be presented.

Refluxing of pyrazolylfurazan 101a in acetic anhydride
in the presence of sodium acetate induces intramolecular
dehydration of the glyoxime moiety to form N-acetylpyr-
azolofurazan 133, which is treated with aqueous alkali to
remove the acetyl protecting group.'3! The resulting hetero-
cyclic system 134, being an NH-acid, is efficiently nitrated
at the pyrazole ring nitrogen to yield nitro derivative 135
and also reacts with adamantan-1-ol (AdOH) in concen-
trated H>SOy4 to give N-(1-adamantyl)pyrazolofurazan 136.
Treatment of compound 134 with aqueous alkali yields
stable sodium salt 137, which can react with alkyl halides

(Scheme 55).

The synthetic sequence shown in Scheme 56 was devel-
oped for the construction of high-energy heterocyclic sys-
tems based on furazans containing the 1,2,3-triazolo[4,5-c]-
1,2,5-oxadiazole bicyclic substituent at the furazan ring.'4?
At the first step, diaminofurazan 139 is oxidized by ammo-
nium persulfate. The resulting diaminoazofurazan 140 is
subjected to nitrosation followed by the treatment of the

Scheme 55

101a 134 (90%)

137 (82%)

138a,b (77% —87%)

138: R = Me (a), CH>CO:H (b);

(a) NaOAc, Acx0, A; (b) NaOH, H>O; (¢) 100% HNOs3, 98% H»SO4;
(d) AdOH, 94% H>SOy4; (¢) NaOH, H>O, 50 °C;

(f) RHal, KOH, EtOH or H,0, A
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in situ formed diazonium salts with an aqueous sodium
azide solution to yield highly unstable diazidoazofurazan
141. When the latter is refluxed in acetonitrile, the triazole
ring is closed with elimination of nitrogen. Azidofurazan
142a, formed in a nearly quantitative yield, can further be
modified by means of chemical conversion of the azide
group: it reacts with triphenylphosphine to form imino-
phosphorane 143 in a low yield and can be reduced to
aminofurazan 144 on treatment with tin dichloride. The
subsequent oxidation of the amino group in compound 144
requires a relatively strong oxidizing system, namely, a
mixture of hydrogen peroxide and concentrated sulfuric
acid with addition of ammonium persulfate, as the basicity
of this amino group is significantly decreased by the strong
electron-withdrawing substituent. This also accounts for the
rather low yield of nitrofurazan 145.

Nonetheless, aminofurazan 144 can participate in the
Mannich reaction with paraformaldehyde to give methyl-
ene-bis(amino) derivative 146.141 Both NH groups in dimer
146 are efficiently nitrated by a mixture of fuming nitric
acid with acetic anhydride to produce compound 147 in
nearly quantitative yield (Scheme 57).

Aminofurazan 144 is also capable of oxidative conden-
sation with nitrosofurazan 148 induced by dibromoisocya-
nurate (DBI).'*> The treatment of azoxy derivative 149
with trifluoroacetic acid removes trifluoroacetyl protecting
group from the aminofurazanyl moiety, which allows com-
pound 150 to undergo oxidation affording polyheterocyclic
structure 151 in nearly quantitative yield (Scheme 58).

Furazan derivatives 152a—c¢, comprising the 1,2,4-tria-
zolo[4,3-b]tetrazine bicyclic moiety, were prepared by the
intramolecular  dehydration of furazanoylhydrazines
153a—d.'*? The latter were obtained by nucleophilic dis-
placement of one of the dimethylpyrazole moieties in sym-
tetrazines 154a,b with furazancarboxylic acid hydrazides

Scheme 56
HoN NH, HoN N=N NH»
a b

;/ \{ — ;/ \{ ;/ \( —

N\O/N N\O/N N\O/N

139 140 (49%)

0—N
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N3 N=N N3 N N-

— )/ \< s _ s —
N N N N N N*N\/ \/N3
NAT NA7 <

141 (46%) N_ N
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O—N O—N
N N
R N
N=N" NH, —> N=N" NO,
;/ \( ;/ \(
N\ /N N\ /N
— 144 (74%) 145 (31%)
O—N
1\1\/\\
e N N—
Ley N
N=N N=PPh;
[\
NA7
143 (24%)

(@) (NH4)28,05, H>0, 70 °C; (b) 1) NaNO,, H,SO4— AcOH, 05 °C;
2) NaN3, H>0, 0-5 °C; (¢) MeCN, A; (d) SnCl,, MeOH, rt;
(6) PPhj,, THF, HzO; (f) (NH4)2SzOg, H202, conc. HzSO4

Scheme 57
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Scheme 59
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Scheme 60
I Ph
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155a,b (Scheme 59). The cyclization proceeds in polyphos-
phoric acid (PPA) at temperatures above 150 °C, which is
responsible for the low yield of amino derivative 152b (2%)
and total decomposition of thermally unstable compound
153d under the reaction conditions.

Sheremetev et al.'** unexpectedly isolated heterocyclic
system 156 in which the nitrofurazanyl moiety was linked to
the previously unknown 4H-furazano[3,4-¢]-1,3,4-oxadia-
zine bicyclic system, which formed in the reaction. The
authors intended initially to obtain tetrazolylfurazan 157
by nucleophilic displacement of the fluoride anion in nitro-
fluorofurazan 158a on treatment with phenyltetrazole
sodium salt 159. It is likely that tetrazolylfurazan 157 is
formed as an intermediate under these conditions and then
spontaneously eliminates a nitrogen molecule to give nitrile
imine 160. Dipole 160 reacts with a second molecule of

N.

NAT

(158b)

N

II

TBAF, MeCN, 7080 “C N

A
N N—O 163
H,N N }\I M=Li, Na,
N—O 164a (85%)

substrate 158a to yield carbocation 161, in which one of the
nitro groups undergoes the nitro —nitrite rearrangement. At
the final step, the oxadiazine ring in intermediate 162 is
closed with simultaneous elimination of an NOF molecule
and formation of final structure 156 (Scheme 60).

The nucleophilic displacement of fluoride anions in
fluorofurazans 158b,c by bisfurazano[3,4-5;3',4’-e]pyrazine
dianion 163 was used to obtain heterocyclic structures
164a.b (Scheme 61).'%5 The presence of tetra-n-butylammo-
nium fluoride (TBAF) exerts the crucial effect on the
selectivity: the reaction of fluorofurazan 158b with dianion
163 produces disubstituted product 164a in high yield,
whereas in the absence of a phase transfer catalyst, the
reaction furnishes a mixture of mono- and disubstituted
adducts.

Scheme 61
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TBAF, MeCN, 70-80 °C
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I11.4. Preparation of furazans and furoxans linked to
heterocycles with three nitrogen atoms in the ring

This Section focuses on the preparation and some chemical
properties of 1,2,3-triazolylfurazan derivatives. Then, the
known approaches to prepare 1,2,4-triazolylfurazans will be
discussed and, by the end, the preparation methods of a
very narrow circle of isomeric 1,2,3- and 1,2,4-triazolylfur-
oxans will be presented.

The most widely used method for preparing 1,2,3-
triazolylfurazans is based on the 1,3-dipolar cycloaddition
of various dipolarophiles to azidofurazans. The reaction of
starting azides 142a,b with terminal and internal alkynes
yields mono- and disubstituted 1,2,3-triazolylfurazans
165.14¢ The triazolylfurazan yields are appreciably influ-
enced by both the structure of acetylene derivatives (the
triple bond position) and the nature of the substituent. In
general, final product yields are higher for internal alkynes;
only the yield of compound 165, where R? = CO,H, was
30%, obviously due to possible decarboxylation. Terminal
alkynes provide mixtures of regioisomeric triazoles 165’
and 165" in the 1:1 ratio in a total yield of 5% to 87%;
the highest yield is achieved when R3 = CMe,OH (87%),
and the lowest yield is for R3 = CO,Me or COEt
(Scheme 62).

Scheme 62

165 (57% ~92%)

R3 R3
R! \/ R! <
Z N N / N
0 — N
— 07
O—N s N

B 165"

142a.b +

N
142:R' = O, I ,/N% (a), NH» (b); R2 = CH,OH, CMe(Et)OH,
N N
COzH, CO-Me; R?* = CH,OH, CH(Me)OH, CMe,OH, CMe(Et)OH,
CHQCL Ph, COzH, COzMC, COzEt, Solv = Etzo, CHzC]g, CHCI},
MeOH, EtOH, PhH

The use of 1-n-butyl-3-methylimidazolium hexafluoro-
phosphate ([bmim]PF¢) ionic liquid as a solvent in a similar
reaction enhances the yield of target triazolylfurazan 165a,
increases the ratio of regioisomers 165’a: 165 "a in favour of
the former and decreases 3—5-fold the reaction time
(Scheme 63).147

The [3 + 2]-cycloaddition reaction of morpholinonitro-
ethylene 166 with azidofurazans 142a—c¢ occurs as the
regioselective  formation of  4-nitrotriazolylfurazans

[bmlm |PFs, 80 °C

Vit

165'a (58%) 165”a(13%)

167a—c accompanied by elimination of a morpholine mol-
ecule (Scheme 64).142-148 Thus, dipolarophile 166 acts in
this process as a synthetic equivalent of nitroacetylene.
Compound 167b was also obtained using the [bmim]PFs
ionic liquid as the reaction medium, which made it possible
to appreciably shorten the reaction time, but the product
yield decreased to 35%.147

Scheme 64
(0]
R! N3 < >
; ; 4 a or b, or ¢
/ /
142a c
167a—c¢ (59% —87%)
B -0
N N + H>N \1\;:N>\
7 ~ \
Rt =0 I N (@), NH. (b, T (©);
N N N N
NAS
O

(a) MeCN, A; (b) PhMe, A; (¢) HC(OEt);, PhH, A

Owing to the free amino group, triazolylfurazan 167c is
oxidized by dibromoisocyanurate to yield polyheterocyclic
system 168. Meanwhile, aminofurazan 167b is converted to
azoxyfurazan 169 upon oxidative condensation with nitro-
sofurazan 148; with subsequent removal of the trifluoro-
acetyl protecting group from the amino group that is linked
to the furazan ring. In addition, in this case, bis(azoxy)
product 170 was isolated in a trace amount (Scheme 65).'42

Azidofurazans 142b,d—g undergo [3 + 2]-cycloaddition
reaction with enolate anions of B-dicarbonyl compounds,
which are generated in situ in the presence of a substoichio-
metric amount of an organic or inorganic base (B). This is a
general approach; it was used to obtain 27 triazolylfurazans
171 with aliphatic, aromatic and heterocyclic substituents
both in the furazan and triazole rings, in most cases, in high
yields (Scheme 66).149- 155

3-Azido-4-(pyrrol-1-yl)furazan (142h) prepared by Clau-
son—Kaas condensation reacts with acetylacetone and ace-
toacetic ester by the [3+2]-cycloaddition pathway to
produce triazolylfurazans 171a,b in 55% —65% yields.!>3
The same products can be prepared in higher yields
(74% —82%) from aminofurazans 171c,d and 2,5-dimeth-
oxytetrahydrofuran (Scheme 67).

In the 1,3-dipolar cycloaddition to B-dicarbonyl com-
pounds,  N,N’-bis(4-azidofurazan-5-yl)methylenediamine
(142i) reacts by both azide groups to yield symmetric
heterocyclic assemblies 171e —g (Scheme 68).15¢

The amino groups in triazolylfurazans 171h,i are con-
verted to azide groups in a two-step cascade, the mechanism
of which is shown in Scheme 69.153 The first step is nitro-
sation of the amino group of 171h,i to generate diazonium

Scheme 63
OH OH
-
OHHNN %
N7
7 N
AN / [bmlm]PFf, so°c N |
NN
142b (0]

165a (75%)
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azol-3-yl (g); R? = Alk, Ar, Het; R3 = Alk, Ar, OAlk; ]\{ \—R! N Ny—R!
(a) B, H,O or EtOH \NfN NH, > N—N N _b
;/ \( /N
® Scheme 67 N\O N o
HoN N N N, 171h.i 172a.,b
a b -
N?/ \<N . N/ \N . COR COzEt CO,Et
~o” o~ N Me oy N\/S/R‘ NX—R!

\ \ ,
142b 142h (88%) Q L ~ N-N N N3 ~ ~ N-N N3 ¢
COR | —» 7—< NX NN | N,

T /o N /N

N N N N
Me-_~ /N \O/N Ned Nod
/ a
HN NN 171a.b 173a,b | 142k (88% —99%)
N>/ \N\ EtO,C Ph Me  C(OR?
~07 171ed . — —
. N. N N
171: R = Me (a, ¢), OEt (b, d); (@) 2,5-dimethoxytetrahydrofuran, N7 \/ \/ “N”
AcOH, A; b— AcCH,C(O)R, K>CO3, Me,CO, H,0 N/ \N
hod

Scheme 68
C(O)R C(O)R
DN Me Me 7
& " N
>—< )—< / >_<N—N
142i N__N
171e—g

171: R = Me (e), OEt (f), NEt: (g);
(a) AcCH>C(O)R, K»>COj or EtsN, Me>CO or EtOH, A

cations 172a,b, which add the azide anion under the action
of an aqueous solution of sodium azide with generation of
pentazene intermediates 173a,b. Intermediates 173a,b are

174a,b (70% —84%)

R' = Ph (142j, 171h, 172a, 173a), CH,CI (142k, 171i, 172b, 173b);
R2 = Me (174a), OEt (174b); (a) NaNO», H,SO4, H3PO4; (b) NaNs,
H,0; (¢) for R' = Ph: AcCH,C(O)R2 (R? = Me, OEt), E;N, EtOH

Utilization of azidofurazan 142k, incorporating a chlo-
romethyl substituent in position 5 of the triazole ring, in a
similar cycloaddition reaction yields only amine 171i via
diazo transfer.!>®> The mechanism of this unusual trans-
formation comprises the initial addition of the anion of a
1,3-dicarbonyl compound to the azide group of substrate
142k followed by base-catalyzed proton transfer in triazenes
175a—c¢ and the generation of intermediates 176a—c. The
electron transfer, accompanied by N—N bond cleavage in
structures 176a—c, gives aminofurazan 171i and diazo
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COLEL Scheme
\ ‘ ‘ K>CO3, Me,CO, H.O
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R! R?
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EtO,C CH»Cl
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H H . B
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;/ \; 2
N_ N C(O)R
O
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EtO,C CH,Cl
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O
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CO>Et

175-177: R! = R? = Me (a); R' = CH,Cl: R? = Me (b), OEt (¢)

o™ mgco,, PN
NeA e 0 0 EoHA NN
! + M - [+
N=N" N3 Me Me N=N NH,
7/ \< N;/ \{N
N\O/N \O/
142a 144 (83%)

compounds 177a—¢;'37 however, the latter were not isolated
(Scheme 70). A similar situation is observed in the reaction
of furazanyl azide 142a with acetylacetone: only amino-
furazan 144 was isolated in this case.'*® Intermediates
175a—c¢ are apparently formed also in the [3+2]-cyclo-
addition, but then 1,2,3-triazole derivatives are produced
via intramolecular attack of the negatively charged nitrogen
atom on one of the carbonyl groups followed by elimination
of water.

The result of the [3 + 2]-cycloaddition of azidofurazans
to dicarbonyl compounds also strongly depends on the

structures of dipolarophiles, which can reveal dual reactiv-
ity. In particular, cyclohexane-1,3-dione can successfully
react with azidoaminofurazan 142b to form bicyclic system
171j. However, when indanedione (another cyclic diketone)
reacted with the same substrate 142b, only diazo compound
178 was isolated (Scheme 71).'*° Compound 178 was
formed upon self-condensation of the initial diketone fol-
lowed by the diazo-transfer reaction induced by azidofur-
azan 142b. The formation of diaminofurazan 139 and
diazoindanedione 179 was also detected by chromatography
and mass spectrometry (see Scheme 71).

1,3-Dipolar cycloaddition involving azidoaminofurazan
142b can also successfully proceed at the C—C bonds of
nitriles possessing an active methylene group to yield
aminotriazolylfurazans 180a —e (Scheme 72).158

Scheme 72
R
HZN\%\
H,N Ni N
>/_\< RCH,CN H,N N—N
N_ N Hy0or MeOH, 20-55 °C ;/ \;
N. N
NAS
142b O

180a—e (30% —95%)

180: R = CN (a), C(O)NH_ (b), CsH4sNO»-4 (c), CsH,Cl-4 (d),
C(S)NH: (e)

The reaction of N,N’-bis(4-azidofurazan-3-yl)methyl-
enediamine (142i) with malononitrile proceeds in a similar
way at both azide groups (compound 180f), whereas the
reaction of ethyl cyanoacetate or cyanoacetic acid diethyl-
amide yields exclusively diamino derivative 181 as a result
of diazo transfer (Scheme 73).15¢

Scheme 73
CN CN
X NH, H2N Z
\\ H //
N N N N
N
’ ~~ >_< ’ 180f(75%)
)/ W AR
Mo N\O/N HoN N E NH
142i p 2 N 2
;/ \( ;/ \(
N\O/N N\O/N

181 (76% —96%)
(a) NCCH,CN, K,CO3, MeOH;
(b)) NCCH,C(O)R (R = OEt, NEt), EtN, EtOH

0]
I H,N NH, /
—N; + H + —
N
N\O/N )\ J o
179 O O

178 (75%)

Scheme 71
0]

CE/éH

MgCOs, EtOH, A \ /

—O0
NH;

o

N N
MgCO; EtOH, AN\)/Y \N//
142b

1715 (75%)



L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

1117

The ester group in triazolylfurazans 171h,k—s is easily
hydrolyzed in alkaline medium to give carboxylic acids
182a—j, which are then decarboxylated upon refluxing in
acetic acid to yield monosubstituted triazoles 183a-—j
(Scheme 74).151:152 Compounds 183c—i were then con-
verted to 3-(pyrrol-1-yl)-4-(1,2,3-triazol-1-yl)furazans
184c¢—i via Clauson—Kaas condensation.!>?

Scheme 74
C(O)R2 R!  CO.H
NH; NH,
NaOH N> — <N AcOH, A
> 2 N >
HzO,A N / N
O,
171h,k—s 182a—j (54% —93%)
NH, R! MeO/D\OMe, C j R!
;*\ AcOH A > \
— N. N
1\\I/ DG (R‘;éPh Bu!, 2-Th) N
07

1832 j (53% — 88%) 184c—i (64% —98%)
= Ph (171h, 182a, 183a), Bu' (171k, 182b, 183b), CsH,OMe-4 (1711,

182¢ — 184c), CoH3(OMe),-3.4 (171m, 182d — 184d), C¢Ha(OMe)s-3,4,5

(171n, 182¢ — 184e), C¢H3(OCH-0)3-3,4 (1710, 182f — 184f), CsH,OEt-4

(171p, 182 — 184g), CoH4F-4 (171q, 182h— 184h), CcH,Cl-4 (171r,

182i — 184i), 2-Th (171s, 182, 183j); R2 = OMe, OEt

Some triazolylaminofurazan derivatives were studied in
oxidation reactions. The amino group basicity in such
heterocyclic systems is noticeably reduced due to the strong
electron-withdrawing character of the furazan ring. A
rather severe oxidizing system consisting of concentrated
hydrogen peroxide, sulfuric acid and sodium tungstate was
required to oxidize the amino groups in compounds 165a,
165’'a, 165"a and 183k to nitro groups to form nitro
derivatives 185a—d.!>® The oxidation of compound 167b
to nitrofurazan 185e by a similar reaction was performed
using trifluoroperoxyacetic acid, which was generated in situ
from hydrogen peroxide and trifluoroacetic anhydride
(Scheme 75).

Scheme 75
R2
N)le
i\
a N—-N NO,
2 ;/ \(
R N\ /N
. O
]}{ SR _ 185a—d (52% —89%)
NN NH NO,
/N
\O/N N N
b N—N NO»
165a, 165'a, 165" a, —
167b, 183k N_ N
O
185e (70%)

R' = CH,OH: R? = CH,OH (165a, 185a), H (165'a, 185b); R' = H:
R2 = CH,OH (165"a, 185¢), Ph (183k, 185d); () 85% —90% H,0»,
98% H,S04, NayWOy; (b) for 167b (R! = H, R2 = NO,):

85% H,0,, TFAA

The treatment of amino derivatives 171d.t,u and
183b,I,Lm with NaNOsj in 98% sulfuric acid yields nitro-
amines 186a—f; triazolylfurazans containing aromatic sub-
stituents also undergo benzene ring nitration in the meta-
position to the triazole ring. Compounds 186b.,e were then
converted to sodium salt 187 and ammonium salt 188,
respectively (Scheme 76).151

Scheme 76

171d,t,u; 183b,1,m 186a—1£(33% —89%)

EtO,C
b, 1}1\ N NO;
NNOz
;/ \;
\O/
— 187 (94%)
NO;
c 1}] AN NHI
NNOZ
;/ ;
188 (82%)

R2 = CO-Et: R! = Me (171d, 186a), CH4NO,-3 (171t, 186b),
C¢H3NO,-3-Cl-4 (171u, 186¢); R2 = H: R! = Bu' (183b, 186d),
CeH4NO,-3 (1831, 186¢), CoH3NO,-3-Cl-4 (183m, 186f);

(a) NaNOs, 98% H,SO4; (b) for 186b: NaHCO3, H20 — Me>CO;
(¢) for 186e: NH3, H,0, EtOH

1,2,4-Triazolylfurazans are far less accessible than
their 1,2,3-triazolyl analogues, as they cannot be obtained
by dipolar cycloaddition. One of the few methods known
for the preparation of 5-substituted 1,2,4-triazolylfura-
zans 189a—g is based on the intramolecular cyclodehydra-
tion of N-acylamidrazones 190a—g, which are heated to
temperatures 2—10 °C above their melting points
(Scheme 77).133-160 The second approach to the synthesis

Scheme 77
H
(0]
H / N
R2
HoN /N‘<2 \ W/
R! N R* A, R N
—
[\ /A
N\O/N N\O/N
190a—g 189a—g (60% —84%)

R! = Me: R? = Me (a), CH>CI (b), Ph (¢); R' = NH:
= CH»>OMe (d), (CH»)sOH (e), (4-aminofurazan-3-yl)methyl (f);
4-methylfurazan-3-yl (g)
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of 1,2,4-triazolylfurazans is based on the condensation of
furazanylamidrazones 191 with electrophilic reagents. In
particular, the heterocyclization of amidrazone 191a with
cyanogen bromide yields 3-amino-4-(5-amino-1H-1,2,4-
triazol-3-yl)furazan (192) (Scheme 78).'6!

Scheme 78
N
HzNN\ N( W/NHZ
H>N H
2 2 BrCN. KHCOs, 1,0 12N N
- >
[\ [\
191a 192 (43%)
N
RHZNN\\ NH N \7/Me
>_( 2 Ac:0,H:SOs(cat) R " NH
N/ \N 50-60 °C —
O
191b—-d

193a—¢ (73% —82%)

R = NMe; (191b, 193a), N(CH,CH,),0O-cyclo (191c, 193b),
OMe (1914, 193c)

N.
< Me
HaNN RN Y
RHN NH2 400, 1,504 (cat) 26 N NH
- =
/ N\ 5060 °C /N
NN N
191a.e

194a.b (74% —91%)
R = H (a), Me (191, 194b)

The 1,2,4-triazole ring can also be formed in the
reaction of amidrazones 191b—d with acetic anhydride in
the presence of a catalytic amount of sulfuric acid with the
formation of compounds 193a—c.!°2 In the case of sub-
strates 191a,e, acylation of free NH moieties also takes
place, resulting in the formation of N-acetylfurazanyl-
1,2,4-triazoles 194a,b (see Scheme 78), followed by the
acetyl deprotection by concentrated hydrochloric acid in
methanol.

Stepanov er al.'®? also synthesized the first representa-
tives of 1,2,4-triazinylfurazans 195 via the condensation of
amidrazone 191a with glyoxal (Scheme 79).

Scheme 79
N
HANN NN
H,N NH -
2 >_( 2 (CHO)s, K>COs (cat.) HZNM N
(O, BT ety
N/ \ MeOH, H,0, 3540 °C / N\
NS N
O \0/
191a 195 (71%)

Recently, a method was proposed for preparing 1,2,3-
triazolylfuroxans by means of azide—alkyne cycloaddition
in ionic liquids.!®? The reaction of 4-azidofuroxans 196a,b
with symmetrically disubstituted acetylenes resulted in (1 H-
1,2,3-triazol-1-yl)furoxan 197a—d formation in moderate
yields (Scheme 80).

Scheme 80
RZ
R! N3 RZ\%\N
_ //
+>/ \< R—=—R? Rt N—N
*O/N\O/N [bmim]BF,, 80 °C >/—\<
N
196a.b

el Nod
197a—d (41% — 64%)

R' = Ph (196a; 197a.,b), Pr" (196b; 197¢.d);
R2 = CO,Et (197a.c), CH,OH (197b.d)

A similar reaction of azidofuroxans 196a,b with terminal
acetylenes proceeds regioselectively to yield preferably 1,4-
disubstituted triazoles (Scheme 81). The ratio of regioiso-
mers 197’a—h and 197”a—h was determined from the
integrated intensity ratio of the '"H NMR signals for the
CH groups of triazole rings and ranged from 3:1 to 6:1.163

In common organic solvents, the reaction of azidofur-
oxans with acetylenes did not occur even under prolonged
heating.

Scheme 81

%\N Rz\(\N
// //

N—N R! N—N
* +>/ \<
O/N\O/N

R! N3
— _=r "
B

~6—N_ _N [bmim|BF4 80 °C  +// \
07 o7 “o-N_N _
0
196a,b
197'a-h 197"a~h

(24% — 57%)

197,197": R! = Ph (a—d), Pr" (e—h); R2 = CO>Me (a, e),
CH,OH (b, f), Ac (¢, g), Ph (d, h)

Some synthetic routes to 1,2,3-triazolylfuroxans are
based on substrate-specific approaches. One of these
approaches implies the azole—azole rearrangement of one
of the furoxan rings in diacetamido- and di(N-methylaceta-
mido)azofuroxans 198a,b to give heterocyclic system 199a
and a mixture of isomers 199b and 199'b (1:2, 38% yield)
(Scheme 82).1%4 The acetamide groups in compound 199a
are then additionally oxidized to obtain a mixture of
polynitro derivative isomers 200a and 200'a in the 8 : 1 ratio.

In the authors’ opinion,'®* the presence of acetamide
groups in starting azofuroxans 198a.b is the key condition
for the rearrangement to occur. According to this, they
proposed a tandem reaction mechanism composed of two
consecutive rearrangements. The first rearrangement com-
prises the conversion of one acetamide moiety in com-
pounds 198a,b to the 1,2,4-oxadiazole ring upon
O(1)—N(5) bond cleavage in the furoxan ring with the
simultaneous release of the nitrohydrazone moiety in inter-
mediates 201a,b. The second rearrangement includes ther-
mal cleavage of the O(1) —N(2) bond in the 1,2,4-oxadiazole
ring, followed by the attack of the acyclic nucleophilic
nitrogen atom of the nitrohydrazone moiety on the nitrogen
atom of the heterocycle to yield 1,2,3-triazole furoxan
derivatives 199a, 199b and 199'b (Scheme 83).

Later, another type of rearrangement of azofuroxans
under oxidizing conditions was discovered.!'®> During the
reaction, one of the furoxan rings in compounds 202a—d is
thermally opened to yield vicinal dinitrosoethylene inter-
mediates 203a—d in which one of the nitroso groups is then
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Scheme 82
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condensed with the azo group to yield triazole N-oxide
derivatives 204a—d. At the final stage, the remaining
nitroso group in compounds 204a—d is oxidized under
those conditions to the nitro group to yield nitro derivatives
205a—d (Scheme 84). To perform the rearrangement, azo-
furoxans 202a—c were subjected to reaction with the in situ
generated trifluoroperacetic acid, whereas for diphenylazo-
furoxan 202d, peracetic acid was employed in both cases,
the reaction gave a mixture of isomeric furoxans 205d and
205'd.

A series of 1,2,4-triazolylfuroxans were prepared by
reactions of furoxan amidrazones 206a —d with electrophilic
agents. The cyclization of substrates 206a—d with cyanogen
bromide and trifluoroacetic anhydride proceeded selectively
under mild conditions to yield 5-amino- (207a—d) and
5-trifluoromethyl-1,2,4-triazoles (208a—d), respectively.
The reaction of amidrazones 206a—c with acetic anhydride
yielded a mixture of NH-acetyltriazoles (209a—c¢) and
N-acetyltriazoles (209'a—c); amidrazone 206d, which con-
tains the amino group at the C(4) atom of the furoxan ring,
was also acylated to yield a mixture of derivatives 209d and
209'd. Mixtures of compounds 209 and 209’ were not
separated, but treated with sodium bicarbonate in aqueous
alcohol to remove the acetyl protecting group
(Scheme 85).1%¢ The yields of compounds 209a—c¢ and
209d were 64% —86% and 81%, respectively.

II1.5. Preparation of furazans and furoxans with tetrazolyl
substituents

Apart from the preparation of 1,2,3-triazolyl-1,2,5-oxadi-
azoles, 1,3-dipolar cycloaddition is also used to obtain
tetrazolyl-1,2,5-oxadiazoles. Furazancarboxylic acid nitriles
210a—e reacted successfully with sodium azide to
yield furazanyl-substituted 1 H-tetrazoles 211a—e
(Scheme 86).167-16% With a higher molar excess of sodium
azide, the addition occurred at both nitrile groups of
dicyanofurazan 210c to yield bis(tetrazolyl)furazan 211£.167

N Scheme 86
HN }\J

—N

NN

210a-e 211a—e (74% —91%)

R = Me (a), NH; (b), CN (c), C(NH»)NOH (d),
C(=NH)NHNH (e)

NC CN

NaN3;, DMF

_—

NA N e
0] O

210c

CN N

N = N NaN;

EE—
N > \/ ZnBro, H:0,A ¢ 7 Q
7\ N

211g (56%)

To perform cycloaddition with dicyanofurazanyl ether
210g, Lewis acids were required.!7°

Another two-step approach to the preparation of tetra-
zolylfurazans 211a—d,f,h—k is based on the nitrosation of
available amidrazones 191a—i (Scheme 87).162.167.168

Scheme 87
/N\\N
H.NN HN
R )>—NH, RWN
NaNOs, H*,0°C
Mo o
191a-h 2U1a—dh—k (62%—77%)

R = Me (191f, 211a), NH; (191a, 211b), CN (191g, 211¢),
C(NH>)NOH (191h, 211d), NHMe (191e, 211h), NMe, (191b, 211i),
N(CH-CH,),0-cyclo (191c, 211j), OMe (191d, 211K)
No

NH, NH, 1\( \/N HN N
R~ HN —N
HzNN/ NNH;
/ NaNO,, H*, 0°C 7\
N. N —_—
N NN
191i 2111 (78%)

The precursors in the synthesis of N-hydroxy-substi-
tuted tetrazoles 212a—d are hydroxyiminocarbazides 213a—d,
which cyclize in high yields in acidic medium.!3¢171-172 The
hydroxy group in compounds 212a,b can be acylated by acetic
anhydride to give structures 214a.b (Scheme 88).!7!

Scheme 88
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OH HO
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Nz E— N\ ~ X~ /
/A Et,O N N
/N
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O N\O/N
213d
212d

N-Furazanyl-substituted tetrazoles are far less accessi-
ble. One of the methods for the synthesis of this type of
heterocyclic assembly is outlined in Scheme 89. In alkaline
medium, difurazanyltriazenes 215a,b undergo the Boul-
ton—Katritzky  rearrangement to  tetrazolylfurazans
216a,b.173

Scheme 89

R
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N D N l\{ W)\ NOH

H
R Noz R
KOH N—N
i ) \< 2R
NN NN HO

215a,b

[\
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07 216a,b (74% - 86%)
R = Me (a), NHa (b)
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The presence of a tetrazole ring and a furazan ring,
which are Dboth electron-withdrawing, significantly
decreases the reactivity of the amino group in aminofurazan
211b. Nevertheless, this compound is capable of acting as
the substrate in aromatic nucleophilic substitution reac-
tions; in particular, the reaction with 2,4,6-trinitrochloro-
benzene yields secondary amine 217. In the presence of 3-(3-
dimethylaminopropyl)-1-ethylcarbodiimide (EDC) and cat-
alytic amounts of 4-dimethylaminopyridine (DMAP), ami-
nofurazan 211b reacts with pentafluorosulfonylacetic acid
to yield amide 218 (Scheme 90).174

Scheme 90
cl
O,N NO,
0,N NO; N,
NO, HN N
- NH =N
KzCO}, MeCN
N.
HN N No,
_ N
HoN N Y
— 217 (65%)
I\ N,
Nod FsS HN /N
211p }NH N
FsS«__-CO-H
L o} A\
EDC, DMAP, THF N\O/
218 (35%)

Until recently, only two representatives of tetrazolylfur-
oxans were synthesized based on the [3 + 2]-cycloaddition of
cyanofuroxans to sodium azide. The reaction of amino-
cyanofuroxan 219a or dicyanofuroxan 219b with sodium
azide in the presence of zinc bromide or ammonium chloride
yielded tetrazolylfuroxans 220a,b (Scheme 91).175-177

Scheme 91
/N\\
HN °N
H>N CN _
NaNj3 H>oN N
> < —_—
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A NG
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NC  CN NNy ! HN 1\fN
;/ \<+
N\ /N\07 NH,4Cl, DMF 7\
0 N_ N-
N O~
219b Y
220b (60%)

A wider use of this reaction was obviously hampered by
high sensitivity of furoxan derivatives to alkaline agents.
However, a recent modification of this method with the use
of trimethylsilyl azide and ammonium fluoride makes it
possible both to perform the cycloaddition reaction under
mild conditions and to prepare ammonium salts of tetrazo-
lylfuroxans 221a—Kk in a one-pot process.!”® The reaction of
4-nitro-3-cyanofuroxan (219k) also resulted in nucleophilic
substitution of azide group for the nitro group and selec-
tively gives 4-azido-3-(1 H-tetrazol-5-yl)furoxan ammonium
salt (221k) in a high yield (Scheme 92). All of the salts

prepared in this way are hydrolyzed to free NH-tetrazoles
under mild conditions.
Scheme 92
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219i
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0N CN N

N N0 /

N
/ _
N
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NN~ —
219k o° 0
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(a) TMSN3, NH4F, MeCN, rt

The cyclization of bis(hydroxyiminocarbazide) 222
induced by gaseous HCI yields bis(1-hydroxytetrazolyl)fur-
oxan 223 (Scheme 93).172

Scheme 93
OH HO\
NOH NOH NN NN
| HCl N < N
N3 Ny — > SN
M/ S 1) T
—N N
0™ Ny *O/N\O/N
222 223

5-Methyl-1-(4-nitrofuroxan-3-yl)tetrazole (224) formed
unexpectedly in an insignificant yield in an attempt to
perform the Schmidt rearrangementent of 3-acetyl-4-nitro-
furoxan (225).!7° The reaction mechanism includes migra-
tion of the furoxanyl moiety to the electron-deficient
nitrogen atom to generate iminocarbenium intermediate
226 and the subsequent addition of the azide ion
(Scheme 94).

The oxidation of amino(tetrazolyl)furazan 211b by a
single-electron oxidant (KMnQ4) yields polyheterocyclic
system 227 in high yield.'6%-180 At the same time, the
amino groups of 1,2,5-oxadiazoles 211b and 220a are
oxidized to nitro groups by 50% hydrogen peroxide and
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e COMe Scheme 94  lowed by cyclization of the amidoxime moiety to dimethyl-
: NaNj, HoSO4 aminomethyler}eaminofurazan 229b. W.i'[h trim§thy1
A\ or HN- HLSO. HNa, HoSOs orthoformate in the presence of Lewis acid (82% yield).
N\O/N\O* - The acid hydrolysis of compound 230b produces
225 amino(1,2,4-oxadiazolyl)furazan 230a in 74% yield
N (Scheme 96).162.185
+ Me—¢ N Scheme 96
_r Iy cheme
0N N=C—Me 0N N—N
—> Me:N HON, HON
A\ - N
N, N—q- ¥ N=NC N, HN —NH,
o Toon =i
O \O/ O c
226 /N -~ /N
224 (12%) NN NN

sodium tungstate in sulfuric acid to yield nitro derivatives
228a.b (Scheme 95).175: 180

Scheme 95
//N /N\\
1\{ NH HN
_ o _
a N N=N N
=0
N Y AR
HNil\{N Nod Nod
HaN ] 227 (94%)
T N
\O/Nfo)n HN N
211b, 220a 02N N
b
- N/ \
\O/N\éol
228ab

n = 0 (211b; 228a, 45% yield), 1 (220a; 228b, 83%);
(a) for 211b: KMnO4, HC]; (b) 50% H202, Na2WO4, HzSO4

The NH moiety in tetrazolyl-substituted furazans and
furoxans has a relatively high acidity, and this is used to
prepare high-energy salts based on these compounds. There
are many examples of syntheses of ionic structures where
tetrazolyl-1,2,5-oxadiazoles act as anions and protonated
polynitrogen-containing organic bases are the cations (e.g.,
guanidine and its mono-, di- and triamino derivatives; 3-
amino-, 3,5-diamino-  and 3,4,5-triamino-1,2,4-tria-
zoles).170- 175177180 184

I11.6. Heterocyclic assemblies of 1,2,4- and
1,2,5-oxadiazoles
The preparation of heterocyclic assemblies comprising two
or more consecutively linked 1,2,4-, 1,3,4- and 1,2,5-oxa-
diazole rings in various combinations is important in the
context of practical application. Structures of this type were
mostly designed based on furazans; however, new method-
ologies have recently been proposed for preparing relevant
furoxan derivatives.

1,2,4-Oxadiazolylfurazans were obtained using the strat-
egy based on heterocyclization of 1,2,5-oxadiazole amidox-
imes with electrophilic agents. For example, the reaction of
amidoxime 229a with orthoesters catalyzed by boron tri-
fluoride etherate yields heterocyclic structure 230a. Under
the Vilsmeier — Haack reaction conditions, amidoxime 229a
cyclizes to 1,2,4-oxadiazole, but along with this, the amino
group is modified to give product 230b in 72% yield.
Compound 230b can also be prepared in the two-step
cascade that comprises the reaction of aminofurazan 229a
with dimethylformamide dimethylacetal (DMF-DMA) fol-

229h 229a
oo
(0]
/O 4
N ) N W
MezN \ H-N N
/R /N
N N
N\O N Ned
230b 230a (90%)

(a) HC(OMe)s, BF;- Et,0, A; (b) POCl3, DMF, 100 °C;
(¢) DME-DMA; (d) 5% HCI, H,0

A similar two-step process using amidoxime 229a was
utilized to prepare 1,2,4-oxadiazolylfurazan 230c. The first
step provided iminoester 229¢ under the action of triethyl
orthoacetate, and then the amidoxime moiety of the imi-
noester cyclized to structure 230¢ (Scheme 97).185

Scheme 97
EtO HON EtO N/OW
o )N TN, J=N_ N
2292 —> Me N —> Me /A
\O/ \O/
229¢ (56%) 230c (60%)

(a) MeC(OEt)3; (b) HC(OEt), BF3- Et,0

The cyclization of amidoximes with orthoesters is suit-
able for the synthesis of only monosubstituted 1,2,4-oxa-
diazoles with hydrogen atom as the substituent at the 1,2,4-
oxadiazole ring C(5) atom. In order to introduce an ali-
phatic, aromatic or heterocyclic substituent into this posi-
tion of oxadiazole, carboxylic acids or their derivatives are
cyclized with amidoximes of the furazan series. Thus, the
total synthesis of 1,2,4-oxadiazolylfurazans comprises two
consecutive steps: the acylation of amidoxime by electro-
philic agents and cyclodehydration. For example, refluxing
of methylfurazanylcarboxamidoxime 229d in acetic acid
results in 1,2,4-oxadiazole ring closure and gives compound
231a (Scheme 98).153

Scheme 98
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HON\ N~ W/Me
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N Scheme 99
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VA —
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229¢ 232a (84%) 233 (88%)

The reaction of amidoxime 229e with 4-methylfurazan-
3-carboxylic acid in the presence of 3-(3-dimethylamino-
propyl)-1-ethylcarbodiimide yields O-acylated adduct 232a.
Upon short refluxing in DMF, the adduct cyclizes to
heterocyclic assembly 233, which contains two furazan
rings linked via a 1,2,4-oxadiazole bridge (Scheme 99).136

However, carboxylic acids are rarely used as acylating
agents because of their low reactivity, so in most cases,
carboxylic acid anhydrides or chlorides are employed in the
reactions with amidoximes. The formation of the 1,2,4-
oxadiazole ring proceeds at both functional groups of
bis(amidoxime) 8 under reflux in acetic anhydride giving
bis(1,2,4-oxadiazolyl)furazan 234 (Scheme 100).7°

Scheme 100
0 0
NOH NOH Mej( N N W/MC
\ N \
HoN NH> Ac,0
/\ g T
N. N A
8 234 (22%)

Heating of amidoxime 229d with succinic, glutaric or
phthalic anhydride in a solid-phase variant provides 1,2,4-
oxadiazolylfurazans 231b—d in satisfactory yields. How-
ever, attempts to prepare S-chloromethyl-1,2,4-oxadiazole
231e in the same way were unsuccessful, because of decom-
position of the final product under the reaction conditions.
Therefore, compound 231e was obtained using a two-step

Scheme 101
4 0
- XCOH
HON X o N e
Me W NH; NO Me>—2*N
/N 130°C N
N\O/N \O/N
229d 231b—d (40% —60%)
a oy a
O O
PhMe, rt
Cl 0.

CT

/O \\ N\
N O PhMe, A MGWN a
Me NH> —
W .
[\

N
N N o~

NAT

Y 231e (48%)
232b (55%)

231: X = (CHa2)2 (b), (CH2)3 (¢), o-phenylene (d)

strategy based on acylation of starting amidoxime 229d by
chloroacetic anhydride followed by refluxing of the result-
ing acylated adduct 232b in toluene (Scheme 101).186

The treatment of amidoxime 229a with trifluoroacetic
anhydride or trichloroacetyl chloride yields N,O-diacylated
adducts 235a,b, which are thermally cyclized to 1,2,4-
oxadiazolylfurazans 236a,b with simultaneous removal of
the trihaloacetyl protection from the amino group.!32 185
Meanwhile, heating of furazan amidoximes 229e—g with
trichloroacetyl chloride in butyl acetate immediately yields
5-trichloromethyl-1,2,4-oxadiazole 236¢c—e (Scheme 102).
The treatment of 1,2,4-oxadiazolylfurazans 236b,c with
aqueous alkali or ammonia results in hydrolysis of the
trichloromethyl moiety to yield furazanyl-1,2,4-oxadiazol-
5(4H)-ones 237a,b.132.136

Scheme 102
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X = F (235a, 236a), Cl (235, 236b —e); R = NH, (236a.b),
N(CHCH,),0-cyclo (229, 236¢), NHCsH,OMe-4 (229f, 236d),
NHCH,CsH4OMe-4 (229g, 236e); (a) TFAA, 120 °C; (b) CLCC(O)CL,
120 °C; (¢) (C1sCCO),0, 120 °C; (d) PhMe, A; (¢) 4-HNCsHsMe,
EtOH, A; (f) CCC(O)CL, Bu"OAc, A

The reactions of compounds 236b—e with aliphatic, aro-
matic or heterocyclic amines lead to nucleophilic substitu-
tion of the CCls group, resulting in the synthesis of a series
of N-substituted 5-amino-1,2,4-oxadiazolylfurazans 238
(Scheme 103).136.187

Heating of mixtures of aminofurazanylamidoxime 229a
with carboxylic acid amides to 160—180 °C in the absence
of a solvent affords 1,2,4-oxadiazolylfurazans 239a—c. In
the same manner, compound 229a and 2-cyanopyridine are
converted to structure 239d (Scheme 104).161

To increase the efficiency of reactions between amidox-
ime 229a and nitriles, the reactions are carried out in the
presence of an equimolar amount of zinc chloride and
gaseous HCI; this provides 5-aryl- and S5-hetarylamino-
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Scheme 103
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237: R! = NH> (a), N(CH,CH,),0-cyclo (b); 238: R' = NHa,
N(CH2CH2)20-CyC10, NHC6H4OMB-4, NHCH2C6H4OME-4;
R2 = H, Alk, Ar, Het

Scheme 104
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1,2,4-oxadiazolylfurazans 239e.f in 65% —67%
yields. 88190 N_.Mono- and N,N-disubstituted amidoximes
240 react successfully with benzonitrile under the same
conditions to give in all cases heterocyclic system 239e in
40% —47% yield (Scheme 105).188

Scheme 105
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The reaction of amidoxime 229a with cyanoguanidine in
acetonitrile furnished not only 5-guanidino-1,2,4-oxadiazo-
lylfurazan 239g, but 5-methyl-1,2,4-oxadiazolylfurazan
239a is also formed (in a minor yield) upon reaction of
starting compound 229a with acetonitrile (Scheme 106).1%°

Scheme 106
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Cyanogen bromide can be used as the electrophilic agent
in reaction with amidoxime 229a, providing 3-amino-4-(5-
amino-1,2,4-oxadiazol-3-yl)furazan (239h) in high yield.
Compound 239h is oxidized to azo derivative 241 on
subsequent treatment with potassium permanganate in
hydrochloric acid (Scheme 107).161

Scheme 107
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Reactions of N-hydroxyamidoxime 242 with aldehydes
or ketones under very mild conditions provide the forma-
tion of the 4-hydroxy-1,2,4-oxadiazoline ring to yield het-
erocyclic compounds 243 (Scheme 108).19!

Scheme 108
o MR
HOI\{ N 7LR2
H,N  —NHOH HoN N
>—( O MeOH, rt \
/A + /H\ —_— 7\ OH
N\O/N R! R2 N\O/N
242 243 (67% —98%)

R!, R%? = H, Alk (13 examples)

N-Arylamidoximes 244 are precursors in the synthesis of
an extensive series (comprising 40 compounds) of 4-aryl-3-
(furazan-3-yl)-1,2,4-oxadiazolones 245 via condensation
with the CO moiety, the synthetic equivalent of which is
1,1’-carbonyldiimidazole (CDI) (Scheme 109).192-195
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Scheme 109
HON N/O\/éo
H2N>_% NHAT 1 EtOAc or THE H2N>_(L N\A
N/\ OEN 60-70°C N/\O}N )
244 245 (73% —92%)

When a furoxanylamidoxime of series 246a, containing
an amino group at the C(4) atom of the furoxan ring,
participates in a similar cyclization with an orthoester, the
product is a mixture of two regioisomers, namely, expected
1,2,4-oxadiazolylfuroxan 247a and pyrimidofuroxan 248.

The formation of bicyclic structure 248 can be attributed
to interaction of the electrophilic carbon atom of the
orthoester with two amino groups. To avoid this competing
process, the amino group linked to the furoxan ring can be
selectively converted to the dimethylaminomethylene moi-
ety. The amidoxime 246b thus formed is readily converted
to desired 1,2,4-oxadiazolylfuroxan 247b (Scheme 110).1%¢

Sc(OTf); (where OTf stands for trifluoromethanesulfo-
nate, triflate) turned out to be a more efficient Lewis acid as
a catalyst in the reactions of furoxanyl amidoximes with
orthoesters. In its presence, substrates 246¢,d reacted with
trimethyl orthoformate in few minutes to give 1,2,4-oxadi-

azolylfuroxans 247¢ and 249a in high yields
(Scheme 111).197
Scheme 111
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Fershtat er al.'®7 also proposed a general and efficient
method for preparing 1,2,4-oxadiazolylfuroxans that con-
tain an aliphatic, aromatic or heterocyclic substituent at the
C(5) atom of the 1,2,4-oxadiazole ring. This method com-

246¢,d, which were prepared from cyanofuroxans 219c¢,b,
by carboxylic acid chlorides followed by caesium carbonate-
promoted cyclodehydration under mild conditions.
3-Methyl-4-(1,2,4-oxadiazol-3-yl)furoxans 247 and
bis(1,2,4-oxadiazol-3-yl)furoxans 249 were prepared within
10-24 and 24—48 h, respectively, in good or high yields
(Scheme 112).

Scheme 112
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R = CH,OMe, CH,OBn, Ph, CcH4OMe-4, CdH4NO»-2, CsH4NO»-3,
C¢H4NO»-4, 2-Fu, 4-Py, 5-methyl-1-phenylpyrazol-4-yl, 3-methyl-
furoxan-4-yl; («) NH>OH - HCl, K,COs, H»O; (b) RC(O)Cl,

C82CO3, MCCN, rt

Another approach to prepare 1,2,4-oxadiazolylfurox-
ans, which is rarely encountered, consists of the cyclo-
addition of furoxancarbonitrile oxides to dipolarophiles.
Nitrolic acid 250 generates thermally nitrile oxide 251,
which is so reactive that undergoes 1,3-dipolar cycloaddi-
tion even with acetonitrile to yield 1,2,4-oxadiazolylfuroxan
252.19% Along with compound 252, however, 4-nitro-3-
cyanofuroxan 253 was formed as a result of oxygen atom
elimination from intermediate 251 under the action of
nitrogen(I111) oxide (N»Os3), which was present in the reac-
tion medium due to the decomposition of nitrous acid
(Scheme 113).

The furoxan ring can also be contained in a dipolar-
ophile molecule. Cyanoformonitrile oxide (254) generated
in situ from cyanoacetic acid, adds to dicyanofuroxan 255 at

prises the one-pot acylation of furoxanylamidoximes one of its nitrile groups.!®®
Scheme 110
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Scheme 113
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Isomeric cyanofuroxans 256 and 256 were separated by
HPLC, but they were used as a mixture in the reduction
reaction to obtain furazan derivative 257 (Scheme 114).

Scheme 114
NC CN
~ HNO; >/—\<+ 254
HOzC CN NC*N o~ — N N E—
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CN CN CN
N7 N N7 N
N/ Y/
0 CN O CN _ POE);
e
N/ * (. PhH.30-40°C
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IIL.7. Heterocyclic assemblies of 1,3,4- and
1,2,5-oxadiazoles

The published data on the preparation of heterocyclic assem-
blies consisting of 1,3,4- and 1,2,5-oxadiazole rings are scarce
for both furazans and furoxans. The only approach used to
design this type of heterocyclic system is based on the hetero-
cyclization of hydrazides of furazan- and furoxancarboxylic
acids with electrophilic agents.

The reaction of furazancarboxylic acid hydrazides
155b,c with cyanogen bromide results in the formation of
5-amino-1,3,4-oxadiazolylfurazans 258a,b in good yields
(Scheme 115).161,200

Scheme 115
N
(@) N X—NH:
R N NHNH, \
>_(— BrCN, KHCO; R o
—_—
N/ \N EtOH, H,O i\
hod N
(0]
155b,¢ 258a.b

R = NH> (155b; 258a, 84% yield), NHCO,Bu' (155c; 258b, 50%)

Hybrid molecules consisting of furoxan and 1,3,4-oxa-
diazole rings were recently prepared by two methods where

furoxancarboxylic acid hydrazides 259 were also employed
as precursors. One approach is an analogue of the conver-
sion depicted in Scheme 115; it consists of the heterocycli-
zation of compounds 259a—c with cyanogen bromide in
aqueous ethanol in the presence of potassium hydrogencar-
bonate (Scheme 116).2°! (5-Amino-1,3,4-oxadiazol-2-yl)fur-
oxans 260a—c are thus produced in high yields. The
nitramino derivative (the furazan analogue of product
260b) prepared from compound 258a was used to produce
a series of high-energy salts.?0?

Scheme 116
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Recently,?°! one more method for the formation of
assemblies that contain two furoxan rings linked by a
1,3,4-oxadiazole bridge in one molecule has been described.
In this case, the initial compounds were 1,2-bis-(furoxa-
noyl)hydrazines 261a,b. They were obtained by acylation of
furoxancarboxylic acid hydrazides 259a,b with carbonyl
azides 262a,b in DMSO (Scheme 117). Compounds 261a,b
were dehydrated to yield 2,5-disubstituted 1,3,4-oxadiazoles
263a,b. SOCl,, conc. H>SO4, POCI; and 1,3-dimethyl-2-
chloroimidazolium chloride were tested as dehydrating
agents. The most successful dehydration was achieved by
refluxing compounds 261a,b in an excess of POCIs;. The
yield of final 1,3,4-oxadiazole derivative 263b decreased
appreciably because of the presence of an amino group in
starting 1,2-bis(furoxanoyl)hydrazine 261b.

3-Methylfuroxan-4-carboxylic acid hydrazide (259a)
served as the starting compound for generating assemblies
where three furoxan rings are linked via two 1,3,4-oxadi-
azole bridges. Its reaction with bis(azidocarbonyl)furoxan
262c¢ yielded furoxandicarboxylic acid dihydrazide 264 acy-
lated by the 3-methyl-4-furoxanoyl moiety at both amino
groups. The prolonged refluxing of compound 264 in an
excess of POCI; led to the isomerization of furoxan rings
and yielded a mixture of isomers 265, which could not be
separated (Scheme 118).20!

In order to provide a wider range of assemblies of
furoxan and 1,3,4-oxadiazole rings, hydrazide 259a was
introduced into POCI3-induced condensation with carbox-
ylic acids. In the course of this reaction, carboxylic acids
were converted to acid chlorides, which acylated initial
hydrazide 259a through the generation of 1,2-diacylhydra-
zine intermediates 266a—h. Intermediates 266a—h were
cyclodehydrated in situ to desired 1,3,4-oxadiazolylfuroxans
267a—h in moderate yields (Scheme 119).'2% This is a
general approach to prepare assemblies of furoxan and
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Scheme 117
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1,3,4-oxadiazole rings, as the reaction can involve aliphatic,
aromatic or heterocyclic carboxylic acids.

Scheme 119
RCOH

POCI3

0
Me>—?—NHNHz [Reo)1]
R —

o NN POCI, PhH, 60 °C
259a
N
- R
N
Q //o \ 7/
Me N N—N—X Me (0)
H H
. H R| — /7 \
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266a—h 267a—h (19% —61%)

266, 267: R = Bn (a), CH,Cl (b), Ph (c), C¢H4NO2-3 (d), CeHsNO,-4 (e),
CeH4OMe-4 (f), CsH3(OMe)-3.,4 (g), 2-Fu (h)

An alternative route to prepare this type of compound
was utilization of carboxylic acid chlorides rather than
carboxylic acids. The condensation was performed for a
number of substituted aromatic and aliphatic acid chlorides
(Scheme 120).128 With the use of carboxylic acid chlorides,
the required amount of dehydrating agent was decreased.

Scheme 120

N
(0] - R
N AN
Me AN NHNH>» M \ 7/
>_( RC(0)CI e Y
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_N__N . +
-0 o7 POCI;, PhH, 60 °C ey \O/N
259a o

267e,i—k (33% —43%)

267: R = C¢H4NO2-4 (e), CsH2(OMe)3-3,4,5 (i),
CH,OMe (j), CH>Th-2 (k)

II1.8. Heterocyclic assemblies of 1,2,5-oxadiazoles
This Section presents data pertaining to the preparation of
heterocyclic assemblies that comprise two or three of
furazan and furoxan rings consecutively linked to one
another in various combinations. The focus will be on
difurazanylfuroxan derivatives for the reason that such
structures are of great interest as potential high-energy
compounds.

3,4-Bis(hydroxyiminomethyl)furoxan 268 (its trivial
name is a-isocyanilic acid) serves as a substrate in the
domino reaction of the synthesis of 4,4'-diamino-3,3’-bifur-
azan (7) under the action of hydroxylamine in alkaline
medium.?%3 The first step of this process is the Boulton—
Katritzky rearrangement of compound 268 to give furaza-
nylglyoxime intermediate 269, which is then dehydrated to
bifurazan 270 under the reaction conditions. Further, inter-
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—O/N\O/

NH,OH - HCl
_— >
KOH, DMSO

268

HON  NH, N
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e —— \\ — -
I NOH T NH: A
NN N_ _N N. N

272

mediate 270 undergoes opening of one furazan ring to yield
cyanoxime 271, which then adds a hydroxylamine molecule
to afford aminoglyoxime 272; dehydration of the latter
gives aminofurazanylfurazan 273. Repeating the last three
steps with the second monosubstituted furazan ring produ-
ces desired compound 7 in 18% yield (Scheme 121). The
researchers cited 203 mention that the use of bifurazan 270 in
the domino reaction, instead of «-isocyanilic acid (268),
increased the yield of final product 7 to 39%.

The first example of heterocyclic assembly comprised of
furazan and furoxan rings is 3-furazanylfuroxan 274, which
can be produced from B-isocyanilic acid (275) under the
action of thionyl chloride. Compound 275 is obtained upon
the alkali-induced hydrolysis of a-isocyanilic acid (268) to
give cyclic intermediate 276 in which the glyoxime moiety is
closed to form a furazan ring and the furoxan ring is
constructed upon dehydration of the «-nitro oxime group
(Scheme 122).14

Scheme 122
HON= —NOH HON NOH
HO- = =
A mopmoN=y o
N\ /N\ — / \
o O HON NO-H
268 276
7O\+/O\
O>N NOH N
/) \
SOCl»
—> /I \ I I\
No ™ NN
275 274

The oxidation of glyoxime 277 by nitrogen(1V) oxide was
used to prepare representatives of isomeric furazanylfurox-
ans, but the yields of compounds 278 and 278" were not
reported (Scheme 123).14

Scheme 123

(0]

O\ /O\ Ve AN

N? /N N\ ! A Ph )

Ph\—)—< N204 Ph +
Ph +// \ Ph /o A\ + Ph
HON  NOH o o Noo™Mo-
277 278 278’

The oxidation of aminoglyoxime 279, which was pre-
pared via the three-step conversion of furazanyl amidoxime
229a in a one-pot variant, Yyields 3-amino-4-(3-aminofur-

$ - ﬁ ~

Scheme 121

HON
3 CN

NH>OH

270

7 (18%)

azan-4-yl)furoxan (280) which is then refluxed in dioxane to
isomerize into thermodynamically more favourable 4-ami-
nofuroxan 280'. The dehydration of aminoglyoxime 279
under heating in aqueous alkali yields 4,4'-diamino-3,3'-
bifurazan (7) in 56% yield (Scheme 124).204 Recently,?%4 12-
and 18-membered macrocyclic systems, in which bifura-
zanyl or furazanylfuroxanyl moieties were linked through
an azo group, 280 and 280’, were prepared by dibromoiso-
cyanurate-induced oxidative cyclocondensation of com-
pounds 7

Scheme 124

HON

ﬁ
279 (39%)
S l
c
N N N N N N
H,N \ H,N \ HoN \
I\ NHz Y/ NH, d 7" \+ NH>
NN o NN N Ney

280 (30% —66%)

HON
H.N  —NH»
=l
NN

229a

7 (56%) 280' (83%)

(a) 1) NaNO,, HCI; 2) KCN, EtOAc, H>0; 3) NH,OH-HCl,
NaHCO3;, MeOH, H-O; (b)) NaOH, H»0, A; (¢) K3Fe(CN)g or Br,, HCI;
(d) dioxane, A

Derivative 7 can serve as the precursor for high-energy
compounds. Klapdtke and co-workers?%% recently showed
that the nitration of compound 7 by fuming nitric acid gives
4,4'-dinitramino-3,3’-bifurazan, which reacts with inorganic
or organic bases to yield a large series of metal salts and
salts of polynitrogen high-energy cations with 4,4'-dinitra-
mino-3,3" -bifurazanyl dianion.

One of the first methods used to prepare derivatives of
bifuroxan systems is based on transformations of benzotri-
furoxan 281. The thermolysis of compound 281, in which
positions of all three N-oxide groups are unfixed, gives
bis(nitrile oxide) 282, which participates in the [3 + 2]-cyclo-
addition reaction in the presence of benzonitrile as the
dipolarophile to yield two 1,2,4-oxadiazole rings at the
ends of bifuroxan system 283. At high temperatures, the
nitrile oxide moiety of intermediate 282 tends to isomerize
to isocyanate 284, which cannot be isolated in an individual
form but can be detected by reaction with methanol giving
dimethyl ester of dicarbamic acid 285 (Scheme 125).20¢
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Scheme 125
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Trimethylsilyldimethylfurazan derivative 286 was used
in the synthesis of heterocyclic oligomer 287. The deproto-
nation of the methyl group in starting 286 induced by
n-butyllithium and followed by passing gaseous carbon
dioxide results in lithium furazancarboxylate 288 in a nearly
quantitative yield. Nitrogen(IV) oxide treatment of salt 288
promotes the formation of dinitrolic acid 289, which then
eliminates nitrous acid in situ to afford bisnitrile oxide 290.
The intermolecular dimerization of nitrile oxide moieties in
intermediate 290 yields poly(furazanylfuroxan) 287 with
alternating positions of furazan and furoxan rings
(Scheme 126).2°7 When compound 286 participates in a
similar synthetic sequence consisting of nitrosation and
N>Og4-induced substitution nitration, bis(4-methylfurazan-
3-yDfuroxan 291 can be prepared in a commensurate
yield.2%7 Obviously, this reaction also involves the gener-
ation of a methylfurazanylcarbonitrile oxide intermediate.

Hydroxamoyl chlorides serve as precursors for 1,2,5-
oxadiazoles in the synthesis of 3,4-bis(4-aminofurazan-3-
yDfuroxan (292a), an important high-energy compound
having low sensitivity, good thermal stability and high
detonation performance.?’® In the publication describing
compound 292a for the first time, 2% initial hydroxamoyl
chloride 121b was prepared by chlorinating furazan aldox-
ime 293a. Treatment of the chloride with Na,COs in diethyl
ether yielded nitrile oxide 120b, which dimerized in situ to

0 +,0\ T™S T™S
N\ / Me LiO-C
Me Me b a
<~ J N\ —
[\ 7\ N
N_ N N\O/N 0]
286 288 (96%)

291 (30%)

(a) 1) BurLi, 2) COy; (b) N2Os, CHoCl,

|
, \

/ \ —> | 02N / \ NOz
N_ N N_ _N

Y 0]

final furoxan 292a (Scheme 127). In later studies,?!0-212
chloride 121b was generated in a one-pot process by the
reaction of sodium nitrite in hydrochloric acid with malo-
nonitrile  through  4-aminofurazan-3-carboxamidoxime
intermediate (229a). However, the conversion of chloride
121b to nitrile oxide 120b can yield symmetric dioxadiazine
adduct 294a as a minor product. Furoxan 292a is the major
product under heterogenecous conditions (in the presence of
sodium or potassium carbonate in diethyl ether, methylene
chloride or ethyl acetate), whereas in a homogeneous
medium (triethylamine in diethyl ether or acetonitrile), an
inverted regioselectivity is observed and dioxadiazine 294a
is formed.?!® The dimerization regiochemistry of amino-
furazanylcarbonitrile oxide 120b also strongly depends on
the solvent: potassium carbonate in THF promotes the
formation of only 294a, despite the heterogeneity of the

medium.2!!
Scheme 127
H>N =NOH
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a
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(a) 1) NaNO,, HCI; 2) NH>OH - HCI, Na,COs3; (h) NaNO», HCI;
(C) NB.QCO3, Etzo; (d) K2C03, THF; ((’) Et3N, MeCN

An improved synthetic scheme for bis(aminofurazanyl)-
furoxan 292a was proposed more recently (see
Scheme 128).2!3 The yield of amidoxime 229a increased
due to the replacement of hydrochloric acid with acetic

Scheme 126
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acid in the first step and of sodium carbonate with alkali in
the second one. At the final stage of synthetic strategy, the
formation of the second regioisomer upon dimerization of
nitrile oxide 120b (dioxadiazine 294a) was completely
avoided by using silver carbonate as the dehydrohalogenat-
ing agent. The overall yield of desired compound 292a was
54%. When stored at room temperature, acid chloride 121b
spontaneously eliminates an HCI molecule to give furoxan
292a in 35% yield.?!0

Scheme 128
HON HON
CN H,N \ NH> HaN W Cl
e (o
CN N\O/N N\O/
229a (85%) 121b (80%)
/?7 AUN AN
/}\J N\ /N N\ /N
_ » [H2N .
>/—\( HZNWNHz
o \O/N\O*
120b 292a (80%)

(a) 1) NaNO,, AcOH, H»0; 2) NH,OH, NaOH; (b) NaNO,, HCI;
(C) AgZCOg, THF

The chlorination of aldoxime 293b followed by treat-
ment of hydroxamoyl chloride 121c¢ with a base yields
azidofurazanylcarbonitrile oxide 120¢, which dimerizes to
give very labile 3,4-bis(4-azidofurazan-3-yl)furoxan (292b)
(Scheme 129).209

Scheme 129
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N — NOH N, —al
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293b 121c (80%)
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N\O/N N\O N\07
120c¢ 292b (70%)

An alternative route to prepare compound 292b consists
of nitrosating bis(aminofurazanyl)furoxan 292a through a
bisdiazonium salt intermediate, which reacts (without being
isolated) with sodium azide in a sulfuric acid solution
(Scheme 130).214

Scheme 130
/O\ /O\ /O\ /O\
N N N N N N N N
\ \ NOHSO, \ \
_—
H-N NH, NaNs, H,SOs N3 N3
/\+ I \+
Noo N0~ N\O/N\07
292a 292b (55%)

Chloroximes 121a,d —f, which are derived from furazans
linked to saturated nitrogen-containing heterocycles, are
also converted in the presence of a base to nitrile oxides
120a,d —f, which then dimerize in situ to furoxans 292c¢—f
(Scheme 131).13¢

Scheme 131
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The use of nitrolic acid as the key intermediate served to
prepare 3.,4-bis(4-nitrofurazan-3-yl)furoxan 292g, one more
important high-energy derivative. Compound 292g attracts
attention owing to its good thermal stability, low melting
point (110 °C) and high density (1.875 g ml—1).213.215,216
Aminomethylfurazan 295 was chosen as the starting com-
pound to prepare furoxan 292g; compound 295 was sily-
lated by hexamethyldisilazane (HMDS) to give
mono(trimethylsilyl) derivative 296,%!7 which was intro-
duced into the lithiation—silylation tandem process to
afford tris(trimethylsilyl) derivative 297; this product can
be regarded as the C,N,N-silylation product of starting
aminomethylfurazan 295 (Scheme 132). The subsequent
nitration of compound 297 with N>Os in the presence of a
catalytic amount of sodium fluoride yields nitrolic acid 298,
which then eliminates nitrous acid to generate nitrile oxide
120g, subsequently dimerizing to furoxan 292¢g in an overall
yield of 23%.

3,4-Bis(4-nitrofurazan-3-yl)furoxan (292g) can also be
prepared via the oxidation of both amino groups in 3,4-
bis(4-aminofurazan-3-yl)furoxan (292a) by a mixture of
trifluoroacetic anhydride and 60% H»0,.2!! To oxidize
bis(aminofurazanyl)dioxadiazine 294a to dinitro derivative
294b, a stronger three-component system of oxidants was
required, which consisted of ammonium persulfate or

Scheme 132
o-
TMS 0,-N N/+ N/O\N N™ °N
H2N>—<Me TMSHN  Me  (TMSLN ) 0,N —NOH  O.N >—// W
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N T NN T NN NN —HNo NN ’ N ol iof ’
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(a) HMDS; (b) 1) BurLi; 2) TMSCI; (¢) N»Os, NaF (cat)
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sodium tungstate, 60% —90% H>O»> and concentrated sul-
furic acid (Scheme 133).212.218

Scheme 133
/O\ /O\ /O\ /O\
N N N N N N N N
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60% H>O
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(a) (NH4)25205 or Na;WO4, 60% —90% H202, 98% H2SO4

The nitro groups in compound 292g are very susceptible
to nucleophilic substitution by N- and O-nucleophiles due
to the strong electron-withdrawing effect of the heterocyclic
assembly composed of two furazan rings and one furoxan
ring. 3,4-Bis(4-nitrofurazan-3-yl)furoxan (292g) possesses
high reactivity towards nucleophilic substitution; the proc-
ess cannot be stopped after the monosubstitution, so the
nucleophilic agent is used in excess to obtain disubstituted
products in higher yields. In addition, dibasic nucleophiles
(like primary amines) offer a means to prepare difurazano-
furoxanoazepine heterocyclic systems, and heating of com-
pound 292g with potassium carbonate in anhydrous
acetonitrile yields similar annelated oxepine struc-
tures 214.219-221

Other nitrofuroxans and nitrofurazans can also take
part in nucleophilic substitution reactions owing to the
electron-withdrawing effect of the 1,2,5-oxadiazole ring.
So, the 4-nitro group in dinitrofuroxan 299a can efficiently
be displaced by piperidine, whereas the 3-nitro group is
retained in final structure 300a.222 To accomplish a similar
conversion in 4-nitro-3-chlorofuroxan (299b), N-trimethyl-
silyl-substituted piperidine and morpholine were required;
the reactions gave heterocyclic assemblies 300b,c, respec-
tively (Scheme 134).223,224

Scheme 134
R! NO, R! NR;
N R3NH or RINTMS _ +>/—\<
N
70/ \O/ 70/ \O/
299a,b 300a—c (30% —41%)

R' = NO; (299a, 300a), CI (299b, 300b.c); NR2 = N(CH>)s-cyclo
(300a,b), N(CH-CH»)>O-cyclo (300c)

In the same manner, various nitrofurazans undergo
nucleophilic substitution reactions induced by cyclic secon-
dary amines to yield heterocyclic assemblies of the furazan
series linked to saturated nitrogen-containing heterocyclic
moieties. 36130

Furoxan rings in bis(aminofurazanyl)- and bis(nitrofur-
azanyl)furoxans 292a,g can be selectively reduced to fur-
azans by various agents [palladium on coal, formamidine
sulfinic acid (thiox) or tin dichloride in hydrochloric acid] to
yield assemblies 301a,b (Scheme 135).223-226

Scheme 135
N/ \N /O\ /O\ /O\
\ N/ \ Pd/C, MeOH \
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R T R orthiox, NaOH, R — R
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R = NH> (a), NO (292g, 301b)

However, Stepanov et al.??” failed to reduce the furoxan
ring in compounds 292a,c¢.d,f,h—j to furazan ring by palla-
dium on carbon or in the presence of hydrazine. In all cases,
they obtained glyoximes 302a,c.d,f ,h—j instead of difura-
zanylfurazans, and the dehydration of compounds
302a,c,d,h,j yielded 3,3":4' 3"-terfurazans 30la,c,dh,j. At
the same time, glyoximes 302a,j react with aromatic (includ-
ing heterocyclic) ortho-substituted diamines to yield bicyclic
structures 303 (Scheme 136).
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PON O 0N
N N N °N N N N N
N/ aorb \ / \ ¢
R N\ R R 7 X\ R
N_ UNC HON NOH
o O~
. 302a,¢,d,£,h—j (40% —90%)
292a.c,d.f,h—j
O, O,
N/ \N N/ \N
\ o/ \
—
R i R
N__N
(0]

301a,c,d.£.h.j (45% —90%)

R = NH> (a), N(CH,CH>),O-cyclo (¢), N(CH»)s-cyclo (d),
1,2,3,4-tetrahydroisoquinolin-2-yl (f), NHAc (h),
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On treatment with trichloroisocyanuric acid, bis(amino-
furazanyl)furazan 301a and bis(aminofurazanyl)furoxan
292a are converted to 16-membered macrocyclic systems.
In these systems, two heterocyclic sequences, each consist-
ing of three 1,2,5-oxadiazole rings, are linked by azo
bridges.??8

One of the amino groups in heterocyclic structures 292a
and 301a can be functionalized by a pentafluorosulfanyl
group. In the presence of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide and a catalytic amount of 4-dimethyl-
aminopyridine, compounds 292a and 301a react with penta-
fluorosulfanylacetic acid to yield amides 304a,b
(Scheme 137).174
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Scheme 137  II1.9. Preparation of furazans and furoxans linked to other
azole substituents
NN NN oSN NN 3-Amino-4-(5-amino-1,3,4-thiadiazol-2-yl)furazan  (309),

/

\ \ . \ \ -
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292a, 301a 304a,b (35% —45%)

n = 1(292a, 304a), 0 (301a, 304b);
(a) FsSCH>CO:H, EDC, DMAP, THF

There are only few studies dealing with the synthesis of
heterocyclic assemblies that consist of three consecutively
linked furoxan rings. The reactions of furoxanyl aldoximes
305a—g and 305'a—e with N,Oy yield nitrolic acids 306a—g
and 306'a—e, which can be converted to nitrile oxides
307a—g and 307'a—e upon refluxing in diethyl ether or
chloroform in a one-pot process. The dimerization of
intermediates 307a—g and 307'a—e yields furoxan assem-
blies 308a—g and 308'a—e (Scheme 138).42

Isomeric 3(4)-bis[chloromethylfuroxan-4(3)-yl)furoxans
308d and 308'd undergo SN2 reaction under the action of
bromide anion. The resulting bromomethyl derivatives 308h
and 308'h can be efficiently converted to tertiary amines
308i, 308'i and nitro esters 308j, 308'j in the course of similar
transformations (Scheme 139).4?

the only currently known representative of 1,3,4-thiadi-
azolyl-substituted furazans, was prepared by cyclization of
aminocyanofurazan 210b with thiosemicarbazide in the
presence of trifluoroacetic acid (Scheme 140).22°

Scheme 140
N
e N
HoN CN \
— 1)H:NT > NHNH,., TFA, 100 °C H2N>_k5
N\O/N 2)25% NH;, H20 Ni EN
0
210b 309 (75%)

The unique feature of dinitrofuroxan 299a consists in its
ability to exist at room temperature in equilibrium with its
monomeric form, i.e., nitroformonitrile oxide 310. This fact
was used to prepare the first 1,4,2-dioxazolylfuroxan 311 by
the [3 + 2]-cycloaddition of intermediate 310 to 4-amino-3-
acetylfuroxan (312) catalyzed by an ionic liquid
(Scheme 141).23% The ability of dinitrofuroxan 299a to
cycloreversion also served as the basis to develop a general
synthetic strategy for the preparation of 3-nitroazoles via
the cycloaddition of nitrile oxide 310 to various dipolaro-
philes.?3!
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(0] o 0 O
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1) Me>NH, \ \
THF, H,O
———>  MeN e NMe
o 0 2) HC1 | N N HCI
&O O/{ fe) 0 HC N 0™
N s 0 0
NN NN N 0 ,
\ \ LiBr N\ /N N\ /N 308i (70%), 308'i (80%)
> ]
Cl Cl PhsPBu"Br, CHCl; 0 [e)
/oW Br e Br X0, 0z
< N=0- NN NN
O \O/ ~0- \ \
, AgNOs3
308d, 308'd 308h (76%). 308/11 (80%) W 0,NO W\ ONO>
N\ /N\O*

Isomers: furoxan-3-yl (308), furoxan-4-yl (308 ")

308j (94%), 308'j (95%)
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Scheme 141

311 (24%)

(a) CCly, [bmim]BF. (40 mol.%), rt

IV. Synthesis of 1,2,5-oxadiazoles linked by
heteroatomic bridges to other heterocycles

IV.1. Synthesis of furazans linked by NH bridges to other
heterocycles

There are very few publications pertaining to the synthesis
of heterocyclic assemblies where NH bridges link 1,2,5-
oxadiazole rings to other heterocycles. Furthermore, all
compounds prepared hitherto contain exclusively furazan
rings as structural elements, and there are no furoxan
analogues.

One approach to the synthesis of title systems is to
use 3-amino-4-(5-amino-4-R-1H-1,2,3-triazol-1-yl)furazans
180a—d as the starting compounds. The Dimroth rearrange-
ment of heterocycles 180a—d on heating in dipolar aprotic
solvents yields N-triazolyl-substituted diaminofurazans
313a—d (Scheme 142); however, the process does not pro-
ceed when the substrate has a thioamide moiety (triazole

170°C. /O
N N N

77a b
314a,b

R = Me (77a; 314a, 70% yield; 316a, 66%), Ph (77b; 314b, 87%; 316b,

DMF 120-130 °C

70%)

Scheme 142
H>N H R

a / -

<y \
R N\O/N HN\I\?/N
HN—” N 313a—d (52% —87%)
H>N N-N | -
N=y
n NS Am
N. N HN g
NA7
0 N
180a—d b =
R=CN) \._ —/
( ) No-N HNo(
313e (67%)

R = CN (a), C(O)NHz (b), C6H4N02-4 (C), C6H4Cl-4 (d);
(a) DMF, 90 °C; () for 180a: NaN3, ZnBr», 130 °C, sealed tube

180e).138 The Dimroth rearrangement of aminotriazole 180a
in a sealed tube at 130 °C in the presence of sodium azide
and ZnBr, promotes tetrazole ring formation at the free
nitrile group of compound 313a to yield heterocyclic
313e.232

The key step of another synthetic strategy to prepare
furazans linked to heterocyclic substituents vie NH bridges
is the nucleophilic displacement of the halogen atom in a
2-halo-substituted heterocycle by aminofurazans 77a,b at
high temperatures, resulting in quinolinylaminofurazans
314a,b and pyridylaminofurazans 315a,b.233 Under the
action of a strong base, heterocyclic system 314a,b is
rearranged with furazan ring cleavage to give the 1,2.,4-

Scheme 143

Bu‘OK

MC 2 R2 H HzN H
170—190°C R2 N M Pd/C
e QN Me KOH _ \ \/
N EOH i Eom, EIOH. A
N N
\ / 7
315ap O 315cd O 3 17a’b
= NO,, R2 = H (315a, 58% yield); R! = H, R? = NO> (315b, 53%); Hal = Cl, Br;
NHa position: 3 (315¢, 92%), 5 (315d, 90%), 8 (317a, 68%), 6 (317b, 32%)
Scheme 144
Me N-N N Me
IR R
139 % L N N_
(05€qu1v) N=N
—>
N Me Me \O/ Me
H N Hu Me N
N N )N NH 13 _N -N ~ 319 (45%)
_ (4 equiv.) N / \ N
N=N 4
7\ /N I — = _ \N/ Me
N. N N. N a N=N M N N-N o
NS NA (& = N\
O sisew  © M 139 N%/ \%N NH>
° 154a (2 equiv.) = N=N \/ <
e » - /
(@) NaH, DMF Me N_ N

320a (73%)
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triazole ring in compounds 316a,b. However, this reaction
does not proceed for pyridylaminofurazans 315a.,b, as the
nucleophilicity of the pyridine nitrogen atom is lowered due
to the presence of the nitro group. This drawback can be
avoided by the nitro group reduction. The resulting
amino(furazanylamino)pyridines 315¢,d rearrange under
milder conditions to yield triazolopyridines 317a,b
(Scheme 143).

The reaction of 3,4-diaminofurazan (139) with 3,6-
bis(3,5-dimethyl-1 H-pyrazol-1-yl)-1,2,4,5-tetrazine  (154a)
results in the nucleophilic displacement of one or two
dimethylpyrazole moieties involving one or two amino
groups depending on the reactant ratio. This reveals the
route to the regioselective synthesis of polynitrogen hetero-
cyclic structures 318, 319 and 320a (Scheme 144).234

3,6-Bis(3,5-dimethyl-1 H-pyrazol-1-yl)-1,2,4,5-tetrazine
(154a) can successfully react with other aminofurazans
(77a—c,g,i, 139, 140 and 142b) in the presence of alkali
metal carbonates allowing a selective displacement of only
one dimethylpyrazole moiety to yield heterocyclic structures
320 (Scheme 145).233

Scheme 145
Me
Me NCN NH,
— N\ ~I
/ \ ;/ \; a
N=N N Me hed
Me 154a 77a—c,g.i;
139; 140; 142b
Me ' N N-N

Me N N
320 (73% —92%)

R = Me, OMe, CO>Me, Ph, NH,, NO,, N3, (4-aminofurazan-3-yl)diazenyl,
(4-aminofurazan-3-yl)diazenoxido; (a¢) K2COj3 or Cs,CO3, MeCN, A

It was shown later that 6-(3,5-dimethyl-1H-pyrazol-1-yl)-
1,2,4-triazolo[4,3-b]-1,2,4,5-tetrazines 321a—c [R' = H (a),
CF3 (b) and 4-methylfurazan-3-yl (¢)] also undergo nucleo-
philic substitution under the action of aminofurazans 7, 11c,
77a —c,g—i, 139, 140, 142b, 144, 211b and 292a in the
presence of potassium carbonate as the base.?3® This

Scheme 146

K2C03, MeCN A

H

R2la-c 7, llc, 77a—c.g—i; 139;
140; 142b; 144; 211b; 292a

H N=N
RN )=
. NNCK
» Y

N N
R!

322 (30-96%)

Me
N=N —
= N
1\‘1\ N—N N

R!

R! = H, CF3, 4-methylfurazan-3-yl; R2 = Me, OMe, CO>Me, CN,
NHo, N3, NO», Ph, CcH4sMe-2, CcH4F-4, 3-Py, tetrazol-5-yl,
4-methylfurazan-3-yl, (4-aminofurazan-3-yl)diazenyl,
(4-aminofurazan-3-yl)diazenoxido, etc.

approach is general and can be used to prepare a library
of high-energy compounds 322 (33 compounds) comprising
a furazan heterocycle and a triazolotetrazine heterocycle
linked via an NH bridge (Scheme 146).

An alternative approach to prepare this type of com-
pound was the cross-coupling of iodofurazans 77e, 323a—f
with aminotriazolotetrazine 324 and aminotetrazine 325.237
The authors cited 237 utilized copper acetate in combination
with acetylcyclohexanone as the chelating agent to yield
heterocyclic structures 320a—g and 322a—g (Scheme 147).
More frequently used palladium-based catalysts were
unsuitable for this reaction. Attempts at functionalizing
the amino group in compound 322g to the tetranitroethyl-
amine moiety did not lead to the desired result.?38

Scheme 147
g N=N
R N{\ =N
-N
324 — N (N
N__N
R [ Y
H a 322a—g (18% —57%)
N\O/N g NNON Me
R N~ YN
77e; 323a—f 325 N=N =
7 \<
N N Me
\O/
320a—g (12%—61%)
N=N Me. N N-N
= NH -ON<N .
324 = I/"{N,I\?‘ s = N'<N7N%NH2'
N\\/ -

Me

320, 322, 323: R = Me (a), OMe (b), Ph (¢), N3 (d), NO> (e),
4-iodofurazan-3-yldiazenyl (f); R = NH, (77e, 320g, 322¢g);
(a) 2-acetylcyclohexanone, Cu(OAc),, K.CO3, PhMe, DME, 50 °C

Furazanopyrazines 326a,b can in some cases serve as the
starting compounds in the synthesis of (furazanylamino)-
benzofurans 327a—e.23° Substrates 326a,b react with 2,4-di-
tert-butylphenol (328a), 2-isobornyl-4-methylphenol (328b)

H O\(> Scheme 148
o j j/ _(328a-¢) I
—
326a.b 3292
Ar
H Ar
NN o H 7~o
o I H:N N
\N/ — >_< —
N /N
H H N\O/N
330a-—e

327a-e (68% —78%)
Ar = Ph (326a), 3-Th (326b); 327, 329, 330: Ar = Ph (a—c), 3-Th (d, e);

ut

Bu'

IBn is isobornyl
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or B-naphthol (328¢) in trifluoroacetic acid generating the
expected SH adducts 329a—e, which are then cyclize under
the reaction conditions to tetracyclic systems 330a-—e.
However, due to instability of the intermediates 330a—e in
acid media, the pyrazine ring is opened to yield final
structures 327a—e (Scheme 148).

The nucleophilic substitution involving two acetoxy
groups in imidazolidine (331a) and piperazine (331b) deriv-
atives on treatment with aminophenylfurazan 77b yielded
heterocyclic systems 332a,b incorporating furazan moieties

linked to saturated nitrogen-containing heterocycles
through NH bridges (Scheme 149).240
Scheme 149
Ph Ph
Ph NH> AcQ OAc N H H N
R Ca W
N_ _N N N N~

N N ~

331a,b !
332a,b (89%)

331,332 1 = 1 (a), 2 (b); (@) TSOH, MeCN, rt

IV.2. Synthesis of furazans and furoxans linked by O bridges
to heterocyclic substituents

Most papers concerning the preparation of 1,2,5-oxadia-
zoles with heterocyclic substituents linked via oxygen
bridges deal with hetaryl furazanyl and difurazanyl ethers.
Publications concerning hetaryl furoxanyl ethers appeared
only in the last decade.

The key route to prepare difurazanyl ethers 333a—h is
based on the use of nitrofurazans 145 and 334a—g as the
precursors. On heating in anhydrous acetonitrile in the pre-
sence of sodium or potassium carbonate, these precursors
are converted to target ethers 333a—h (Scheme 150).241-246
The 4H,8 H-bisfurazano[3,4-b;3',4'-e]pyrazine dianion (163)
can also serve as the base.!*> In some cases, hydroxyfur-
azans 335a—d,h were isolated as side products. The amount
of hydroxyfurazans was increased because of the presence
of trace wate. In addition, hydroxyfurazans formed regio-
selectively when crystalline hydrates of inorganic salts were
used.?4’

The conversion of nitrofurazans to difurazanyl ethers
under the action of a weak base is not a trivial process. A
suggested mechanism of this reaction is depicted in
Scheme 151. Sheremetev er al.?*! suggest that a base induces

ON  O-
N=—N NOz O>N 0 N02
N32CO3
/ o\ —— /N / o\
N N MeCN, 50 °C N\ /N N\ /N
o’ (0] (0]
334h 333a (6%)
/O\ /O\
O:N b NaOH ~ HO -
T NO:2 H,0, MeCN T OH
N. _N N N
(6}
334i 335§ (45%)

Scheme 150
R NO, R 0 R R OH
M,CO
. Mo >/—\( o+ ) %
N_ N MeCN.60-80°C N_ N N_ N __N
O (6] (6] O
145;334a ¢ 333a-h (24% -85%) 335a-dh

(20% —31%)

NN
R =0 | N—{ (145 333h, 335h): 333-335: R = NO: (a),
N N

O;N O M
CN (b). Ac (¢), N(O)=NBu'(d), . ‘>< Y (@),
o 2—N:N 0 Me
Ve N \

N\ /N o~
= N:N: \Nﬂ (f), N=N(O)C(NO2)>F (g); M = Na, K
>/—\< NMe,
N N

\O/

the nitro—nitrite rearrangement of nitrofurazan 334 to
nitroso ester 336 through the generation of oxaziridine
spirocyclic intermediate 337. Nitroso ester 336 further
reacts with the second molecule of nitrofurazan 334 to
yield desired difurazanyl ether 333 with simultaneous elim-
ination of an N>O3 molecule.

Scheme 151
-0
¢ 0 R ONO
R N=0 R g
A
/7 — /';\ —> /I \
N\ /N N\\\’///N N\ /N
O O O
334 337 336
//V\,
< J
R O 0= R R o R
}/ \< +\/’>/ \< ?/ \ /A
N\ /N N\ /N —N,O N N N N
O O 2V3 \O/ \O/
336 334 333

The reaction of nitrofurazan 334h containing an
N-nitroazoxy group with sodium carbonate resulted in a
mixture of four products: two difurazanyl ethers (333a,i)
and two hydroxyfurazans (335a,i).24> Notably, the treat-
ment of dinitrobifurazan 334i with aqueous alkali yields not
only the dihydroxy derivative, but also a mixture of two
polyfurazanyl ethers 333j,k (Scheme 152).243 Similar trends

Scheme 152
/NOZ OzN\ N /0
N=N OH O2N OH
+ ;/ \( + >/ \(
N\ /N N\ /N
O (0]
335i (14%) 335a (6%)
NO;

333j,k (6% —9%)
n = 2(333j), 3 (333k)
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were observed in the reaction of dinitroazoxyfurazan?4® or
4-nitro-3-[4-chlorofurazanyl-3-N(O)N-azoxy]furazan.>*°
The conversion of dinitroazofurazan 334j in a basic
medium followed a peculiar pathway. Regardless of the
type of base, the reaction resulted in a mixture of four
products, namely difurazanyl ether 3331, dihydroxy deriva-

Scheme 153
O,N N=N NO, B
; /A ( ; /A (
N N N. N MeCN, A
\O/ O/
334j

—

0,N N=N o N=N NO>
>/ N iy W 7 \< L
N, N N_ N N_ N N_N

o 0 0 ¢}

3331 (1% —18%)

-0,
| N
/)
N=N OH W
HO =
N O /N\
n I I\ N . 0
N\ /N N, /N * O\ — N N +
O O N O Il
335k (5% —48%) N
N
\
N/O\N O/N
)‘\/< N—O 338 (17% —31%)
N
I o~ N

N-O

N-0
339 (15% —26%)

B = LigCO}, N32C03,
K2C03, CSzCO3, NaF,
KF, NaOAc, KOAc

tive 335k and two macrocyclic structures 338 and 339
formed upon linking of two or three substrate molecules
via oxygen bridges (Scheme 153).250

In some cases, an approach based on the reaction of
nitrofurazans 334a.b,j with hydroxyfurazan salts 340a—c is
used for the regioselective preparation of difurazanyl ethers.
This modification can provide heterocyclic assemblies
333m—o in good yields (Scheme 154).251.252

Dinitrofurazan 334a reacts with dihydroxyfurazan diso-
dium salt 340b to furnish a mixture of a linear product and a
cyclic product resulting from nitro group displacement,
namely compounds 333p and 341.>°! This reaction also
produced a small amount of dinitrofurazanyl ether 333a
owing to compound 340b functioning as the base
(Scheme 155).

An intriguing feature was found in an attempt to dis-
place nitro groups in dinitrofurazanyl ether 333a under the
action of hydroxycyanofurazan sodium salt 340¢.?53 The
starting furazanyl ether 333a was trans-etherified under the
reaction conditions to yield unsymmetrically substituted
derivative 333q, with subsequent replacement of remaining
nitrofurazanyloxy group under the action of a second
molecule of salt 340c¢ providing dicyano derivative 333b
(Scheme 156). Mixed difurazanyl ethers 333r—u were pre-
pared in the same way.

Difurazanyl ethers, especially containing explosophoric
groups (NO2, N=N or CN), are regarded to be potential
components of high-energy formulations. Some difurazanyl
ether derivatives are wused to prepare high-energy
salts 254.255

O-Nucleophiles can substitute the phenylsulfonyl group
in furazan derivatives (e.g., in compound 342). In partic-
ular, this method was used to prepare quinuclidinyloxyfur-
azan 343 (Scheme 157).2%¢

The first representative of hetaryl furoxanyl ethers was
prepared in 2004.257 The 3,4-bis(phenylsulfonyl)furoxan
(344) served as the initial compound. The phenylsulfony
group at the C(4) atom of 344 was efficiently substituted

Scheme 154
02N NO, O:N N=N ONa LN N=N 0 NO>
\/ < > < diglyme, 50—70 °C \/ \/
7\ + 7\ I _— AR I I\
o NN NN NN NN NN
334a 340a 333m (51%)
NC  NO, NaQ  ONa NC o o CN
/ n 7 digyme. 30°C ) T
N\O/N N\O/N N\O/N N\O/N N\O/N
334b 340b 333n (89%)
0O,N N=N NO, NC ONa NC o N=N o CN
\adh R SR S e
I R + R i 7\ I\ R R
N\O NN N N\O/N Nog N NN N NN N
334j 340c 3330 (72%)
Scheme 155
02N NO, NaO ONa 0N o o NO, 0] 02N NO»
. ° N. N O
diglyme, 30 °C by =
N>/ \(N + N?/ \<N deyme. 7 S N}/ \KN g/—\( I + Oi :[ I /\O + N?/ \KN N7/ \<
o7 o7 o o Mo N7 >o7 °N o o
334a 340b 333p (43%) 341 (12%) 333a (10%)
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Scheme 156
R ONa NC ONa NC ONa
;/ \; / /7 \
oY N NN
H H <340d 9 H 7—( (340c> >—( 7—( G >—( 7—(
o 0/ MeCN 40°C \ MeCN, 40 °C \O o' MeCN. d0°C \O/

333r—u (69% —83%) 333a

R = Me (333r, 340d), NHMe (333s, 340e), N(CH,CH,),0-cyclo (333, 340f),

333q (75%) 333b (6%)

1,2,3,4-tetrahydroxyisoquinolin-2-yl (333u, 340g)

Scheme 157

O-Li+ Bu"O

Bu"O SO,Ph

/n N

Bu"Li, THF, 50 °C

/N
N_ N
0

342 N
343 (33%)

under the action of hydroxy nucleophiles 345a—e. As a

result, tetrahydrofuranyl furoxanyl ethers 346a—e were
formed in high yields (Scheme 158).
Scheme 158
R
PhO,S  SO:Ph  TBDMSO Q — a
>_</ \ . N¥ —0 —>
N
SN N HO /am
0~ o o H
344 345a—e
TBDMSO
(6]
PhO-S O R
— N™ X
—> +// \ k/j/
/N\ /N /
o) (6) o~ N Qo
H

346a—e (79% —92%)

R =H (a), Me (b), [ (¢), F (d), CF3 (e);
(@) 50% NaOH, H,0, THF, 0 °C; TBDMS = SiMe,Bu*

A similar reaction of 4-hydroxypiperidine (347) pro-
ceeds regioselectively with displacement of the sulfonyl
group in position 4 of the ring to yield piperidinyloxyfur-
oxan 348 (Scheme 159).258 Recent studies showed the feasi-
bility of nucleophilic displacement of the nitro group in
4-nitrofuroxans 349a—c¢ under the action of hydroxy-sub-
stituted heterocycles 350a—e in the presence of 1,8-diazabi-
cyclo[5.4.0Jundec-7-ene (DBU) as the base. 2>°

Scheme 159
H
N
PhO-S SO-Ph
a
{\Z/ \<N . HO@NH —> PhO,S O
o Nor +7—</ )
344 347 *o/N\o’N
348 (61%)

(a) 30% NaOH, H,0, THF, rt

Nitrofuroxans bearing an aliphatic or aromatic substitu-
ent at the C(3) atom of the furoxan ring were studied in this
reaction.?®® A series of hetaryl furoxanyl ethers 351a—j,
which contained a pyridine, quinoline or pyrazole moiety,
were thus obtained (Scheme 160).

Scheme 160
R NO, R O—Het
T 4 HotOH —o2 » )
_N N MeCN N N
07 o 350a-e oM 07 o7
349a.b 351a—g (54%—90%)
+_ 0~ 0\1:1/07 Het,
/ e}
\ N |
+ HetoH —22Y y \
\ 5
‘ N MeCN, rt ‘ N
+ +
NIy 350a.d.e O\ - NIy
Het 0]
349¢ 351h—j (61% —78%)
R = Ph (349a, 351a—e), Bn (349b, 351f,g);

Me

Me
N N>~
et = I _J (350a, 351a,L,h), 0N =
Br
P (350c, 351c), || (350d, 351d.i), N\N (350e, 351e.g.j)

N N H

NP

(350b, 351b),

IV.3. Synthesis of furazans and furoxans linked by S bridges
to heterocyclic substituents
The reaction of dinitrofurazan 334a with sodium sulfide
offers a means to prepare difurazanyl thioether 352a along
with a monosubstituted side product, furazanylthiol 353.26!
Aminonitroazofurazan 334k reacts in the same manner to
yield thioether 352b.?** Dinitrobifurazan 334i, however,
reacts with sodium sulfide to yield a mixture of four
products 352¢—f, ecach containing a bridging sulfur atom.
The highest yield is achieved for oligomer 352e
(Scheme 161).2%1 One of the nitro groups in dinitrofurazan
334a can also be displaced under the action of benzimida-
zole-2-thiol in alkaline medium to yield heterocyclic struc-
ture 354.261

Dinitrofurazanyl thioether 352a is oxidized by Caro’s
acid to yield a mixture of sulfoxide 355 (in 52% yield) and
sulfone 356 (23%).2°! The use of fuming nitric acid produ-
ces a mixture of the same products but in appreciably lower
yields of 7% and 5%, respectively (Scheme 162).262

Not only nitrofurazan 357, but also nitrofuroxan 349a is
capable of the nucleophilic substitution with 4-sulfanylpi-
peridine to yield heterocyclic assemblies 358a,b, which
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Scheme 161
0N NO, 0-N S NO, O:N SH
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X =OMe:n=1(c),2(d), 3(e); X = NOzy 1 =2 (f)

H
" N
0N s—
N 334a 2 \/ \/ \Nj©
N

NaOH, H,0, Me,CO

N __N
O 354 (47%)
Scheme 162
e
No / or 100%HNO3
352a
H ﬁ i OZN%(\\ <
O
355 356

comprise S-bridged 1,2,5-oxadiazole and piperidine rings.
Phenylsulfonyl furoxan 359 undergoes a similar conversion
to compound 358¢ (Scheme 163).263

Scheme 163

ats

oo™

349a, 357
n somh (Orf
N>i ilﬁ\ ) 358a—c (63% —80%)
0] O
359

n = 0(357, 358a), 1 (349a, 358b,c); isomers 358: 2-oxido (b), 5-oxido (¢);
(a) Aliquat 336 [methyltri(n-octyl)ammonium chloride], NaOH, PhH,
H>O

The nucleophilic displacement of a nitro group in nitro-
furoxans 349a—c¢ under the action of hetarylthiols 360
recently served to prepare a library of hetarylsulfanylfurox-
ans 361 (38 compounds) and 362 (11 compounds)
(Scheme 164),25%-264 which contained a heterocyclic (indo-
lotriazine, pyrimidine or aminothiadiazole) pharmaco-
phoric moiety.

Scheme 164
R NO, R S—Het
DBU
/1N + HetSH ———> SO
*O/N\o/ w60 MeON.rt *O/N\O/N
349a.b 361 (53% —84%)
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O-NT NO: N s
NG DBU A
g i \N + HetSH 4>M N 5 ‘ \N
eCN, 11 L
0N - _NLy 360 S, ~ _Niy
o) Het O
349¢

362 (42% —70%)

349: R = Ph (a), Bn (b);

N+ = n i n
360—362: Het = m ;N\ (X = H, Me, Et, Pr", Pri, Bu", Bn,
]‘\1 N~ CH,Bn, All);

X

\\ ‘o by
N (Y = NO,, Br);W(Z = NHa, Me); N7 g
/ T N
|
NH»

The behaviour of 4-nitrofuroxans with the electron-
withdrawing substituents at the C(3) ring atom differed

from the behaviour of furoxans 349a—c. 3,4-Dinitrofuroxan
299a reacted with hetarenethiol 360a to generate bis(hetar-

Scheme 165
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299c¢ Prn
360b
N.
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—_—
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ylsulfanyl)furoxan 363 in low yield. The major product of
this reaction was disulfide 364a; that is, dinitrofuroxan 299a
acted as an oxidant in the reaction. 4-Nitrofuroxan-3-
carboxylic acid amide (299¢) behaves in a similar manner
in reaction with indolotriazinylthiol 360b: instead of the
expected nitro-group substitution product, only disulfide
364b was obtained (Scheme 165).25%:264

V. Pharmacological activity of polynuclear
heterocyclic structures based on 1,2,5-oxadiazoles

Among the heterocyclic systems containing the 1,2,5-oxa-
diazole ring considered in this review, there are compounds
that have various types of pharmacologic activities, primar-
ily anticancer activity. 3-(Pyrrol-1-yl)-4-(1 H-1,2,3-triazol-1-
yDfurazans 184c,g in relatively low concentrations showed
antitumour activity against leukaemia SR cells, melanoma
MDA-MB-435 cells and colon cancer cells.!3?> Aminofur-
azanylazabenzimidazoles 14 were capable of inhibiting a
family of protein kinases B (including those encoded by
AKTI1, AKT2 and AKT3 genes), and, hence, they could be
useful for cancer therapy.®+ 85 N-Substituted 5-amino-1,2,4-
oxadiazolylfurazans 238a—d showed antitumour properties
in in vivo studies on sea urchin embryos.!87 Piperidinyloxy-
furoxan 348 was used to design new antiproliferative agents
against liver cancer and non-small cell lung cancer.?38-265

In addition, aminofurazanylazabenzimidazole deriva-
tives 14 constitute a new class of inhibitors of mitogen-
activated protein kinase 1 (MSK-1), which is responsible for
the destruction of hippocampal neurons and leads to
cerebrovascular ischemia.®!-82 One 1,2,3-triazolylfurazan
derivative, namely compound 171v, was shown to be a
highly efficient inhibitor of the severe acute respiratory
syndrome (SARS) coronavirus cysteine protease in micro-
molar concentrations.!>> Quinuclidinyloxyfurazan 343
showed a moderate activity against neurotoxins.?>°

Structures of active compounds

COEt OR
Me ©
NN € N\
\ H
N-N N
K
N\O/N
171y AcHN 184c (R = Me);
o H 184g (R = Et)
. N
N\ W/ R
H2N>_(LN o D
NH
I R /
N. N H o N D
o d MeO N>_(LN
238a (R = 3-OMe); A
238b (R = 4-OMe) N\o/N

Bu"O 238¢ (R = 3,4-(McO)>CoHy):
/Z:N 2384 (R = 3-Py)
~ O
O N/
PhO,S O NH
+;/ \l
N. N
[N -07 Mo
343 348

VI. Conclusion

The data summarized in this review demonstrate the great
interest of researchers in the chemistry of non-annelated
polynuclear heterocyclic systems comprising 1,2,5-oxadia-
zole (furazan and furoxan) rings. This interest is due to high
application potential of these systems, primarily, as physio-
logically active compounds and as components of high-
energy formulations. Both conventional methods and new
strategies were used in recent years to prepare these systems,
including most efficient one-pot processes which can be
conducted under mild conditions without isolating inter-
mediate products.

One of the conventional methods used to synthesize
heterocyclic furazan derivatives is dehydration of mono-
and disubstituted glyoximes that are formed in situ from
available initial compounds. Most of the new approaches to
the synthesis of hetaryl-substituted furazans discovered in
recent years are based on transformations of functional
groups in appropriate furazan derivatives. In particular, the
pyrrole, dihydropyrrole, 1,2,3-triazole or 1,2,3-triazolo[4,5-
c]-1,2,5-oxadiazole moiety can be added to the furazan ring
of aminofurazans. However, most new methods for prepar-
ing hetarylfurazans are based on reactions of available
derivatives of alkyl furazanyl ketones and furazancarbox-
ylic acids. Indolyl-, indolizinyl- and thiazolylfurazans were
prepared from bromoacetylfurazans. Nitrofurazanylacetic
acid is a suitable precursor for the preparation of pyrazo-
lylfurazans. Furazanylamidrazones served to prepare (1,2,4-
triazol-3-yl)furazans, tetrazolyl- and triazinylfurazans,
while furazanylamidoximes can be converted to (1,2,4-
oxadiazolyl)furazans. A unique reaction of nitrofurazans
under the action of weak inorganic bases was unexpectedly
discovered to yield difurazanyl ethers. A method has been
developed to prepare difurazanyl thioethers. New hetero-
cyclic systems have been synthesized on the basis of 1,2,5-
oxadiazoles (e.g., 4H-furazano[3,4-¢]-1,3,4-oxadiazine), as
well as polycyclic structures and unique heterocyclic assem-
blies that contain up to 5—7 heterocycles in one molecule.

The earlier popular approach to furoxan ring formation
via the oxidation of hetaryl-substituted glyoximes has
recently been employed only rarely to prepare hetarylfur-
oxans as the appropriate glyoximes are hardly available.
These compounds were more frequently prepared by the
heterocyclization of hetarylcarbonitrile oxides, which
yielded symmetrically substituted 3,4-bis(hetaryl)furoxans.
Along with well-known methods for generation of nitrile
oxides, a new approach was proposed to generate these
intermediates in situ by reactions of hetaryl-substituted
dinitromethane salts with N>Oy.

To construct a furoxan ring with the goal of preparing
unsymmetrically substituted hetarylfuroxans, new methods
have been developed comprising the transformations of
functional groups in furoxan derivatives. These methods
were, however, less useful than for similar furazan deriva-
tives. This was due to the lower availability of the relevant
functional derivatives, the synthesis of which has started to
be developed only recently, and to a considerable difference
between the reactivities of furazan and furoxan derivatives
caused by the effect of the N-oxide moiety. So, the methods
for the synthesis of amino-substituted furoxans have been
created quite recently, and the reactivities of amino and
other functional groups linked to the C(3) and C(4) atoms
of the furoxan ring are strongly dependent on conditions.
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For example, the [3+2]-cycloaddition of azidofuroxans
with acetylenes to form (1,2,3-triazolyl)furoxans was
accomplished only in ionic liquids. Efficient methods for
preparing tetrazolylfuroxans and their ammonium salts,
1,2,4-triazolylfuroxans, 1,2,4- and 1,3,4-oxadiazolylfurox-
ans have recently been developed at the Zelinsky Institute of
Organic Chemistry of the Russian Academy of Sciences,
and relevant studies are now in progress.2°

The synthesis of structures based on 1,2,5-oxadiazoles
receives currently great attention with the view of preparing
new high-energy compounds. Among these compounds,
worth noting are dinitrobifuroxanyl- and 3,4-bis(nitrofur-
azanyl)furoxans, a series of polyheterocyclic structures in
which two, three or more furazan rings are linked via azo or
azoxy bridges, as well as difurazanyl ethers and assemblies
of five heterocycles containing three furoxan rings bridged
by 1,2,4- and 1,3,4-oxadiazole rings. Pyrazolylfurazans
unsubstituted at the pyrazole nitrogen atom and tetrazolyl-
furazans and tetrazolylfuroxans unsubstituted at the tetra-
zole nitrogen atom were used to prepare a series of high-
energy salts containing an ammonium cation, a guanidine
cation or its mono-, di- and triamino derivatives. In addi-
tion, 3-amino-, 3,5-diamino- and 3,4,5-triamino-1,2,4-tria-
zolyl analogues of these compounds were synthesized, and
high-energy structures were found among them.

Furazan rings can be linked to other heterocycles
through NH bridges. A library of high-energy compounds
where the furazan and triazolotetrazine ring are linked by
this bridge have been prepared. Heterocyclic systems in
which furoxan rings are combined with other heterocycles
via S and O bridges have been prepared only recently, while
difuroxanyl ethers and difuroxanyl thioethers, like also
their analogues with NH bridges, remain unknown. Com-
pounds with diverse pharmacological activities have been
found among the obtained structures.

The data presented in this review clearly demonstrate
that the chemistry of non-annelated polynuclear heterocy-
clic systems comprising 1,2,5-oxadiazole rings is far from
being exhausted. The great contribution of Russian chem-
ists to the development of synthetic methods and studies of
these structures deserves special mention. The set of studies
performed in recent years gives hope for new results that
would be of scientific and applied value.

This review was prepared with financial support from
the Russian Science Foundation (Project No. 14-50-00126).

References

1. VP Ananikov, E A Khokhlova, M P Egorov, A M Sakharov,
S G Zlotin, A V Kucherov, L M Kustov, M L Gening,
N E Nifantiev Mendeleev Commun. 2575 (2015)
2. V P Ananikov, L L Khemchyan, Yu V Ivanova,
V I Bukhtiyarov, A M Sorokin, I P Prosvirin, S Z Vatsadze,
A V Medved’ko, V N Nuriev, A D Dilman, V V Levin,
1 V Koptyug, K V Kovtunov, V V Zhivonitko,
V A Likholobov, A V Romanenko, P A Simonov,
V G Nenajdenko, O I Shmatova, V M Muzalevskiy,
M S Nechaev, A F Asachenko, O S Morozov,
P B Dzhevakov, S N Osipov, D V Vorobyeva,
M A Topchiy, M A Zotova, S A Ponomarenko,
O V Borshchev, Yu N Luponosov, A A Rempel,
A A Valeeva, A Yu Stakheev, O V Turova, I S Mashkovsky,
S V Sysolyatin, V V Malykhin, G A Bukhtiyarova,
A O Terent’ev, I B Krylov Russ. Chem. Rev. 83 885 (2014)

3. H C Kolb, M G Finn, K B Sharpless Angew. Chem., Int. Ed.
40 2004 (2001)

4. B M Trost Acc. Chem. Res. 35 695 (2002)

5. K C Nicolaou, C R H Hale, C Nilewski, H A IToannidou
Chem. Soc. Rev. 41 5185 (2012)

6. E Ruijter, R Scheffelaar, R V' A Orru Angew. Chem., Int. Ed.
50 6234 (2011)

7. N Isambert, R Lavila Chem.— Eur. J. 14 8444 (2008)

8. V Jeena, R S Robinson RSC Adv. 440720 (2014)

9. N Arumugam, R S Kumar, A I Almansour, S Perumal
Curr. Org. Chem. 17 1929 (2013)

10. M S Shaikh, M B Palkar, H M Patel, R A Rane, W S Alwan,
M M Shaikh, I M Shaikh, G A Hampannavar,

R Karpoormath RSC Adv. 4 62308 (2014)

11. P L Bosquesi, T R F Melo, E O Vizioli, J L Dos Santos,
M C Chung Pharmaceuticals 4 1450 (2011)

12. R C Maia, C A M Fraga Curr. Enzyme Inhib. 6 171 (2010)

13. C Viegas-Junior, A Danuello, V da Silva Bolzani,

E J Barreiro, C A M Fraga Curr. Med. Chem. 14 1829 (2007)

14. L T Khmel’nitskii, S S Novikov, T I Godovikova Khimiya
Furoksanov. Stroenie i Sintez (The Chemistry of Furoxans.
Structure and Synthesis) (Moscow: Nauka, 1996)

15. L I Khmel’nitskii, S S Novikov, T I Godovikova Khimiya
Furoksanov. Reaktsii i Primenenie (The Chemistry of
Furoxans. Reactions and Application) (Moscow: Nauka,
1996)

16. A B Sheremetev, N N Makhova, W Friedrichsen
Adv. Heterocycl. Chem. 78 65 (2001)

17. N N Makhova, A S Kulikov Russ. Chem. Rev. 821007 (2013)

18. G Nikonov, S Bobrov, in Comprehensive Heterocyclic
Chemistry 111 (Eds A R Katritzky, C A Ramsden,

E F V Scriven, R J K Taylor) (Amsterdam: Elsevier, 2008)
p- 315

19. H Cerecetto, M Gonzalez Top. Heterocycl. Chem. 10 265
(2007)

20. N N Makhova, I V Ovchinnikov, A S Kulikov,

S I Molotov, E L Baryshnikova Pure Appl. Chem. 76 1691
(2004)

21. N N Makhova, T I Godovikova Mendeleev Chem. J.

(Engl. Transl.) 41 81 (1997) [Ros. Khim. Zh. 41 (2) 54 (1997)]

22. R M Paton, in Science of Synthesis Vol. 13 (Eds R C Storr,
T L Gilchrist) (Stuttgart: Thieme, 2003) p. 185

23. S Kanemasa, in Science of Synthesis Vol. 19
(Ed. S I Murahashi) (Stuttgart: Thieme, 2004) p. 17

24. G Rai, CJ Thomas, W Leister, D J Maloney Tetrahedron
Lett. 50 1710 (2009)

25. S Guglielmo, D Cortese, F Vottero, B Rolando,

V P Kommer, D L Williams, R Fruttero, A Gasco Eur. J.
Med. Chem. 84 135 (2014)

26. A 1Stepanov, A A Astrat’ev, A B Sheremetev, N K Lagutina,

N V Palysaeva, A Yu Tyurin, N S Aleksandrova,

N P Sadchikova, K Yu Suponitsky, O P Atamanenko,

L D Konyushkin, R V Semenov, S I Firgang, A S Kiselyov,
M N Semenova, V V Semenov Eur. J. Med. Chem. 94 237
(2015)

27. J Zhao, S Gou, Y Sun, L Fang, Z Wang Inorg. Chem. 51
10317 (2012)

28. K Chegaev, C Riganti, L Lazzarato, B Rolando,

S Guglielmo, I Campia, R Fruttero, A Bosia, A Gasco
ACS Med. Chem. Lett. 2 494 (2011)

29. Y Lai, L Shen, Z Zhang, W Liu, Y Zhang, H Ji, J Tian
Bioorg. Med. Chem. Lett. 20 6416 (2010)

30. X Li, X Wang, C Xu, J Huang, C Wang, X Wang, L He,

Y Ling Med. Chem. Commun. 6 1130 (2015)

31. W Duan,J Li, E S Inks, C J Chou, Y Jia, X Chu, X Li,
W Xu, Y Zhang J. Med. Chem. 58 4325 (2015)

32. K Chegaev, L Lazzarato, Y Tamboli, D Boschi, M Blangetti,
A Scozzafava, F Carta, E Masini, R Fruttero, C T Supuran,
A Gasco Bioorg. Med. Chem. 223913 (2014)



L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

1141

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

M L Lolli, S L Hausen, B Rolando, B Nielsen, P Wellendorph,
K Madsen, O M Larsen, U Kristiansen, R Fruttero,

A Gasco, T N Johansen J. Med. Chem. 49 4442 (2006)

J L Dos Santos, C Lanaro, R C Chelucci, S Gambero,

P L Bosquesi, J S Reis, L M Lima, H Cerecetto,

M Gonzalez, F F Costa, M C Chung J. Med. Chem. 55 7583
(2012)

L Y Huang, D Y Tsui, C M Williams, B D Wyse,

M T Smith Clin. Exp. Pharmacol. Physiol. 42 921 (2015)

K Chegaev, A Federico, E Marini, B Rolando, R Fruttero,
M Morbin, G Rossi, V Fugnanesi, A Bastone, M Salmona,
N B Badiola, L Gasparini, S Cocco, C Ripoli, C Grassi,

A Gasco Bioorg. Med. Chem. 23 4688 (2015)

A Nortcliffe, N P Botting, D O’Hagan Org. Biomol. Chem.
11 4657 (2013)

M F Buonsanti, M Bertinaria, A Di Stilo, C Cena,

R Fruttero, A Gasco J. Med. Chem. 50 5003 (2007)

A Ya Kots, M A Grafov, Yu V Khropov, V L Betin,

N N Belushkina, O G Busygina, M Yu Yazykova,

1 V Ovchinnikov, A S Kulikov, N N Makhova,

N A Medvedeva, T V Bulargina, I S Severina

Br. J. Pharmacol. 129 1163 (2000)

I T Schiefer, L VandeVrede, M Fa’, O Arancio,

G R J Thatcher J. Med. Chem. 55 3076 (2012)

R Ferioli, G C Folco, C Ferreti, A M Gasco, C Medana,

R Fruttero, M Civelli, A Gasco Br. J. Pharmacol. 114 816
(1995)

A M Gasco, C Cena, A Di Stilo, G Ermondi, C Medana,

A Gasco Helv. Chim. Acta 79 1803 (1996)

A M Gasco, D Boschi, A Di Stilo, C Medana, A Gasco,

P A Martorana, K Schoénafinger Arzneim.-Forsch. 48 212
(1998)

L Boiani, G Aguirre, M Gonzalez, H Cerecetto,

A Chidichimo, J J Cazzulo, M Bertinaria, S Guglielmo
Bioorg. Med. Chem. 16 7900 (2008)

V G Granik, N B Grigor’ev Oksid Azota (NO). Novyi Put’ k
Poisku Lekarstv [Nitric Oxide (NO). A New Path to Drug
Discovery)] (Moscow: Vuzovskaya Kniga, 2004)

A Wang, J van der Vlies, H Uyama, U Hasegawa

Polym. Chem. 6 7737 (2015)

S Anand, G R J Thatcher, in Nitric Oxide and Cancer
Prognosis, Prevention and Therapy (Ed. B Bonavida)

(New York: Springer, 2010) p. 361

C M McCrudden, H O McCarthy, in Nitric Oxide and
Cancer Pathogenesis and Therapy (Ed. B Bonavida) (New
York: Springer, 2015) p. 203

W Tang, J Xie, S Xu, H Lv, M Lin, S Yuan, J Bai, Q Hou,
S Yu J. Med. Chem. 57 7600 (2014)

C Cena, M L Lolli, L Lazzarato, E Guaita, G Morini,

G Coruzzi, S P McElroy, I L Megson, R Fruttero, A Gasco
J. Med. Chem. 46 747 (2003)

K Chegaev, C Cena, M Giorgis, B Rolando, P Tosco,

M Bertinaria, R Fruttero, P-A Carrupt, A Gasco J. Med.
Chem. 52 574 (2009)

L Lazzarato, C Cena, B Rolando, E Marini, M L Lolli,

S Guglielmo, E Guaita, G Morini, G Coruzzi, R Fruttero,
A Gasco Bioorg. Med. Chem. 19 5852 (2011)

Y Tamboli, L Lazzarato, E Marini, S Guglielmo, M Novelli,
P Beffy, P Masiello, R Fruttero, A Gasco Bioorg. Med.
Chem. Lett. 22 3810 (2012)

E Borretto, L Lazzarato, F Spallotta, C Cencioni,

Yu D Alessandra, C Gaetano, R Fruttero, A Gasco ACS
Med. Chem. Lett. 4994 (2013)

M Bertinaria, P Orjuela-Sanchez, E Marini, S Guglielmo,

A Hofer, Y C Martins, G M Zanini, J] A Frangos, A Gasco,
R Fruttero, L J M Carvalho J. Med. Chem. 58 7895 (2015)
A E Prota, F Danel, F Bachmann, K Bargsten, R M Buey,
J Pohlmann, S Reinelt, H Lane, M O Steinmetz J. Mol. Biol.
426 1848 (2014)

58.

59.

60.
61.

62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.

75.

76.
77.
78.
79.

80.

81.

82.

83.

84.

. B M Kenwood, ] A Calderone, E P Taddeo, K L Hoehn,
W L Santos Bioorg. Chem. Lett. 25 4858 (2015)

J P Agrawal, R Hodgson, in Organic Chemistry of Explosives
(New York: Wiley, 2007)

T M Klapltke, T G Witkowski Propell. Explos. Pyrotech. 40
366 (2015)

J Zhang, J M Shreeve J. Am. Chem. Soc. 136 4437 (2014)

H Li, Q-Q Yu, F-Q Zhao, B-Z Wang, T An J. Anal. Appl.
Pyrol. 110 333 (2014)

Y Tang, H Yang, X Ju, C Lu, G Cheng J. Energ. Mater. 33
145 (2015)

Q Yu, Z Wang, B Wu, H Yang, X Ju, C Lu, G Cheng

J. Mater. Chem. A 3 8156 (2015)

Y Zhang, C Zhou, B Wang, Y Zhou, K Xu, S Jia, F Zhao
Propell. Explos. Pyrotech. 39 809 (2014)

L Zhai, X Fan, B Wang, F Bi, Y Li, Y Zhu RSC Adv. 5
57833 (2015)

H Gao, J] M Shreeve Chem. Rev. 111 7377 (2011)

A B Sheremetev Russ. Chem. Rev. 68 137 (1999)

A B Sheremetev, I L Yudin Russ. Chem. Rev. 72 87 (2003)

C Jovene, E A Chugunova, R Goumont Mini-Rev. Med.
Chem. 13 1089 (2013)

E Buncel, F Terrier Org. Biomol. Chem. 8 2285 (2010)

C V Banks, C I Adams J. Org. Chem. 21 815 (1956)

C Richardson, P J Steel, D M D’Alessandro, P C Junk,

F R Keene J. Chem. Soc., Dalton Trans. 2775 (2002)

K Pattarith, N Pungwiwat, S Laosooksathit J. Korean Chem.
Soc. 55279 (2011)

A B Zaitsev, E Yu Schmidt, A M Vasil’tsov, A I Mikhaleva,
O V Petrova, A V Afonin, N V Zorina Chem. Heterocycl.
Compd. 42 34 (2006) [Khim. Geterotsikl. Soedin. 39 (2006)]

V N Britsun, A N Borisevich, L S Samoilenko, M O Lozinskii
Russ. J. Org. Chem. 41 745 (2005) [Zh. Org. Khim. 41 759
(2005)]

M D Coburn J. Heterocycl. Chem. 5 83 (1968)

A B Sheremetev, I V Ovchinnikov Heteroat. Chem.87(1997)
M Iwao, T Kuraishi J. Heterocycl. Chem. 16 689 (1979)

T W Moore, K Sana, D Yan, S A Krumm, P Thepchatri,

J P Snyder, J] Marengo, R F Arrendale, A J Prussia,

M G Natchus, D C Liotta, R K Plemper, A Sun ACS Med.
Chem. Lett. 4762 (2013)

P Sauerberg, P H Olesen, S Nielsen, S Treppendahl,

M J Sheardown, T Honore, C H Mitch,J S Ward, A J Pike,
F P Bymaster, B D Sawyer, H E Shannon J. Med. Chem. 35
2274 (1992)

M J Bamford, M J Alberti, N Bailey, S Davies, D K Dean,
A Gaiba, S Garland, J D Harling, D K Jung, T A Panchal,
C A Parr, J G Steadman, A K Takle, J T Townsend,

D M Wilson, J Witherington Bioorg. Med. Chem. Lett. 15
3402 (2005)

M J Bamford, N Bailey, S Davies, D K Dean, L Francis,

T A Panchal, C A Parr,S Sehmi,J G Steadman, A K Takle,
J T Townsend, D M Wilson Bioorg. Med. Chem. Lett. 15
3407 (2005)

R A Stavenger, H Cui, S E Dowdell, R G Frangz,

D E Gaitanopoulos, K B Goodman, M A Hilfiker, R L Ivy,
J D Leber, J P Marino Jr, H-J Oh, A Q Viet, W Xu, G Ye,
D Zhang, Y Zhao, L J Jolivette, M S Head, S F Semus,

P A Elkins, R B Kirkpatrick, E Dul, S S Khandekar, T Yi,
D K Jung, L L Wright, G K Smith, D J Behm, C P Doe,

R Bentley, Z X Chen, E Hu, D Lee J. Med. Chem. 502 (2007)
D A Heerding, N Rhodes, J] D Leber, T J Clark,

R M Keenan, L V Lafrance, M Li, I G Safonov,

D T Takata, ] W Venslavsky, D S Yamashita,

A E Choudhry, R A Copeland, Z Lai, M D Schaber,

P J Tummino, S L Strum, E R Wood, D R Duckett,

D Eberwein, V B Knick, T J Lansing, R T McConnell,

S Y Zhang, E A Minthorn, N O Concha, G L Warren,

R Kumar J. Med. Chem. 51 5663 (2008)



1142

L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

85.

86.
87.
88.

89.
. O Das, T K Paine J. Chem. Sci. ( Bangalore, India) 124 1269

90

91.

92.
93.

94.
9s.
96.
97.
98.
99.
100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

M B Rouse, M A Seefeld, J D Leber, K C McNulty, L Sun,
W H Miller, S Y Zhang, E A Minthorn, N O Concha,

A E Choudhry, M D Schaber, D A Heerding Bioorg. Med.
Chem. Lett. 19 1508 (2009)

A B Sheremetev Russ. Chem. Bull., Int. Ed. 54 1057 (2005)
[Izv. Akad. Nauk, Ser. Khim. 1030 (2005)]

A B Sheremetev, B V Lyalin, A M Kozeev, N V Palysaeva,
M I Struchkova, K Yu Suponitsky RSC Adv. 537617 (2015)
D Fischer, T M Klapétke, J Stierstorfer Eur. J. Inorg. Chem.
5808 (2014)

O Das, S Paria, T K Paine Tetrahedron Lett. 49 5924 (2008)

(2012)

D N Nicolaides, K C Fylaktakidou, K E Litinas,

G K Papageorgiou, D J Hadjipavlou-Litina J. Heterocycl.
Chem. 35 619 (1998)

R Wiley, B J Wakefield J. Org. Chem. 25 546 (1960)

A Liu, X Wang, X Ou, M Huang, C Chen, S Liu, L Huang,
X Liu, C Zhang, Y Zheng, Y Ren, L He, J Yao J. Agric.
Food Chem. 56 6562 (2008)

V Kumar, M P Kaushik Tetrahedron Lett. 47 1457 (2006)

K E Larsen, K B G Torssell Tetrahedron 40 2985 (1984)

A V Dubrovskiy, R C Larock Org. Lett. 12 1180 (2010)

Y Li, Z Zhang, Z Ge, B Wang, W Lai, Y Luo Chin. J. Chem.
31520 (2013)

K W J Baker, A Gibb, A R March, R M Paton Tetrahedron
Lett. 42 4065 (2001)

K W J Baker, A R March, S Parsons, R M Paton,

G W Stewart Tetrahedron 58 8505 (2002)

T K Kim, B W Lee, H W Lee, K-H Chung, J S Kim

Bull. Korean Chem. Soc. 34 1864 (2013)

I A S Smellie, R M Paton ARKIVOC (ix) 49 (2012)

P Zhang, C Wei, E Wang, W Wang, M Liu, Q Yin, H Chen,
K Wang, X Li, J Zhang Carbohydr. Res. 351 7 (2012)

J A Bull, E P Balskus, R A J Horan, M Langner, S V Ley
Chem.— Eur. J. 13 5515 (2007)

S Krompiec, M Filapek, I Grudzka-Flak, A Slodek, S Kula,
J G Malecki, J] Malarz, G Szafraniec-Gorol, M Penkala,

E Schab-Balcerzak, M Paluch, M Mierzwa, M Matussek,

A Szlapa, M Pajak, D Blach, B Marcol, W Danikiewicz,

B Boharewicz, A Iwan Molecules 20 4565 (2015)

A Dondoni, P P Giovannini, A Massi Org. Lett. 6 2929
(2004)

K W J Baker, K S Horner, S A Moggach, R M Paton,

I A S Smellie Tetrahedron Lett. 45 8913 (2004)

P-Z Zhang, X-L Li, H Chen, Y-N Li, R Wang Tetrahedron
Lett. 48 7813 (2007)

C Grundmann, V Mini, ] M Dean, H-D Frommeld Liebigs
Ann. Chem. 687 191 (1965)

L S Postnikov Chem. Nat. Compd. 46 72 (2010) [Khim. Prirod.
Soedin. 64 (2010)]

V V Bakharev, A A Gidaspov, E V Peresedova, V G Granik,
N B Grigor’ev, V I Levina, I S Severina, A Yu Shchegolev,
D E Dmitriev, A B Sheremetev Russ. Chem. Bull., Int. Ed. 58
1962 (2009) [Izv. Akad. Nauk, Ser. Khim. 1900 (2009)]

V V Bakharev, A A Gidaspov, E V Selezneva, V E Parfenov,
I V Ul'yankina, I S Nazarova, Yu T Palatova, O S El'tsov
Chem. Heterocycl. Compd. 47 1258 (2012) [Khim. Geterotsikl.
Soedin. 1521 (2011)]

V V Bakharev, A A Gidaspov, E V Selezneva, O S El'tsov
Chem. Heterocycl. Compd. 48 912 (2012) [Khim. Geterotsikl.
Soedin. 982 (2012)]

V V Bakharev, A A Gidaspov, E V Peresedova Chem.
Heterocycl. Compd. 42 557 (2006) [Khim. Geterotsikl. Soedin.
635 (2006)]

N N Makhova, I V Ovchinnikov, V G Dubonos,

Yu A Strelenko, L I Khmel’nitsky Russ. Chem. Bull. (Engl.
Transl.) 42 131 (1993) [Izv. Akad. Nauk, Ser. Khim. 147 (1993)]

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

A J Blake, E C Boyd, R O Gould, R M Paton J. Chem. Soc.,
Perkin Trans. 12841 (1994)

V A Reznikov, L A Vishnivetskaya, L B Volodarsky Russ.
Chem. Bull. (Engl. Transl.) 43 275 (1994) [Izv. Akad. Nauk,
Ser. Khim. 295 (1994)]

C S Becker, G I Roshchupkina, T V Rybalova, Yu V Gatilov,
V A Reznikov Russ. Chem. Bull., Int. Ed. 56 1210 (2007)
[Izv. Akad. Nauk, Ser. Khim. 1165 (2007)]

A Yu Tyurin, AM Churakov, Yu A Strelenko, M O Ratnikov,
V A Tartakovsky Russ. Chem. Bull., Int. Ed. 55 1648 (2006)
[Izv. Akad. Nauk, Ser. Khim. 1589 (2006)]

B Abarca, R Ballesteros, M Chadlaoui, J Miralles,

J V Murillo, D Colonna Tetrahedron 57 10111 (2001)

P Kolar, A Petric, M Tisler J. Heterocycl. Chem. 28 1715
(1991)

A B Sheremetev, S M Konkina, I L Yudin, D E Dmitriev,
B B Averkiev, M Yu Antipin Russ. Chem. Bull., Int. Ed. 52
1413 (2003) [Izv. Akad. Nauk, Ser. Khim. 1337 (2003)]

A B Sheremetev, J L Shamshina, D E Dmitriev,

D V Lyubetskii, M Yu Antipin Heteroat. Chem. 15 199
(2004)

A B Sheremetev, S M Konkina, D E Dmitriev Russ. Chem.
Bull., Int. Ed. 56 1575 (2007) [Izv. Akad. Nauk, Ser. Khim. 1516
(2007)]

S V Ryabukhin, D M Panov, A S Plaskon, O O Grygorenko
ACS Comb. Sci. 14 631 (2012)

A A Vasil’ev, M I Struchkova, A B Sheremetev, F S Levinson,
R V Varganov, K A Lyssenko Russ. Chem. Bull., Int. Ed. 60
2306 (2011) [Izv. Akad. Nauk, Ser. Khim. 2262 (2011)]

A B Sheremetev, I L Yudin, D E Dmitriev Russ. Chem. Bull.
(Engl. Transl.) 48 398 (1999) [Izv. Akad. Nauk, Ser. Khim. 400
(1999)]

I L Yudin, A B Sheremetev, S Yu Shakarvis, D E Dmitriev
Russ. Chem. Bull. (Engl. Transl.) 48 2349 (1999) [/zv. Akad.
Nauk, Ser. Khim. 2375 (1999)]

L L Fershtat, A S Kulikov, I V Ananyev, M I Struchkova,
N N Makhova J. Heterocycl. Chem. 53 102 (2016)

A B Sheremetev, I L Yudin, N V Palysaeva, K Yu Suponitsky
J. Heterocycl. Chem. 49 394 (2012)

I L Dalinger, I A Vatsadze, T K Shkineva, A V Kormanov,
A M Kozeev, BB Averkiev, A 1 Dalinger, M K Beklemishev,
A B Sheremetev Chem. Heterocycl. Compd. 51 545 (2015)
[Khim. Geterotsikl. Soedin. 545 (2015)]

S D Shaposhnikov, S V Pirogov, S F Mel’'nikova,

I V Tselinsky, C Nither, T Graening, T Traulsen,

W Friedrichsen Tetrahedron 59 1059 (2003)

R Beaudegnies, S Wendeborn Heterocycles 60 2417 (2003)

N Vivona, V Frenna, S Buscemi, M Condo J. Heterocycl.
Chem. 2229 (1985)

U Bandarage, B Hare, J Parsons, L Pham, C Marhefka,

G Bemis, Q Tang, C S Moody, S Rodems, S Shah,

C Adams, J Bravo, E Charonnet, V Savic, ] H Come,

J Green Bioorg. Med. Chem. Lett. 19 5191 (2009)

A V Sergievskii, S V Pirogov, S F Mel’nikova, I V Tselinskii
Russ. J. Org. Chem. 37 717 (2001) [Zh. Org. Khim. 37 755
(2001)]

A B Sheremetev, V G Andrianov, E V Mantseva,

E V Shatunova, N S Aleksandrova, I L Yudin, D E Dmitriev,
B B Averkiev, M Yu Antipin Russ. Chem. Bull., Int. Ed. 53
596 (2004) [Izv. Akad. Nauk, Ser. Khim. 569 (2004)]

Y Luo, B Wang, G Zhang, Y Zhou, P Lian J. Heterocycl.
Chem. 50 381 (2013)

A S Kulikov, N N Makhova Russ. Chem. Bull. (Engl.
Transl.) 48 139 (1998) [Izv. Akad. Nauk, Ser. Khim. 137 (1998)]
A M Gasco, A Di Stilo, R Fruttero, G Sorba, A Gasco,

P Sabatino Liebigs Ann. Chem. 441 (1993)

A Gunasekaran, J H Boyer Heteroat. Chem. 4 521 (1993)

A Gunasekaran, T Jayachandran, J H Boyer, M L Trudell
J. Heterocycl. Chem. 32 1405 (1995)



L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

1143

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

L V Batog, V Yu Rozhkov, E V Shatunova, M I Struchkova
Russ. Chem. Bull., Int. Ed. 57 165 (2008) [Izv. Akad. Nauk,
Ser. Khim. 159 (2008)]

A B Sheremetev, N V Palysaeva, K Yu Suponitskii,

M I Struchkova Russ. Chem. Bull., Int. Ed. 61 121 (2012)
[Izv. Akad. Nauk, Ser. Khim. 119 (2012)]

A B Sheremetev, N S Aleksandrova, K Yu Suponitsky,

M Yu Antipin Mendeleev Commun. 19 89 (2009)

A B Sheremetev, V O Kulagina, I L Yudin, N E Kuzmina
Mendeleev Commun. 112 (2001)

L V Batog, L S Konstantinova, V Yu Rozhkov,

Yu A Strelenko, O V Lebedev, L I Khmel’nitskii Chem.
Heterocycl. Compd. 36 91 (2000) [Khim. Geterotsikl. Soedin.
100 (2000)]

I V Seregin, L V Batog, N N Makhova Mendeleev Commun.
83 (2002)

L V Batog, V Yu Rozhkov, Yu A Strelenko, O V Lebedev,
L I Khmel’nitskii Chem. Heterocycl. Compd. 36 343 (2000)
[Khim. Geterotsikl. Soedin. 406 (2000)]

L V Batog, V Yu Rozhkov, M I Struchkova Mendeleev
Commun. 159 (2002)

V Yu Rozhkov, L V Batog, M I Struchkova Russ. Chem.
Bull., Int. Ed. 541923 (2005) [Izv. Akad. Nauk, Ser. Khim. 1866
(2005)]

V Yu Rozhkov, L V Batog, M 1 Struchkova Russ. Chem.
Bull., Int. Ed. 60 1712 (2011) [Izv. Akad. Nauk, Ser. Khim. 1687
(2011)]

A S Kulikov, M A Epishina, L V Batog, V Yu Rozhkov,

N N Makhova, L D Konyushkin, M N Semenova,

V V Semenov Russ. Chem. Bull., Int. Ed. 62 836 (2013)

[Izv. Akad. Nauk, Ser. Khim. 835 (2013)]

V Yu Rozhkov, L V Batog, M I Struchkova Mendeleev
Commun. 18 161 (2008)

P H Olesen, A R Sorensen, B Urso, P Kurtzhals,

A N Bowler, U Ehrbar, B F Hansen J. Med. Chem. 46 3333
(2003)

M F Schmidt, A Isidro-Llobet, M Lisurek, A El-Dahshan,
J Tan, R Hilgenfeld, ] Rademann Angew. Chem., Int. Ed. 47
3275 (2008)

L V Batog, V Yu Rozhkov, M I Struchkova, A S Kulikov,
N N Makhova Russ. Chem. Bull., Int. Ed. 62 1391 (2013)
[Izv. Akad. Nauk, Ser. Khim. 1391 (2013)]

A K Pandiakumar, S P Sarma, A G Samuelson Tetrahedron
Lett. 552917 (2014)

V Yu Rozhkov, L V Batog, E K Shevtsova, M 1 Struchkova
Mendeleev Commun. 76 (2004)

L V Batog, L S Konstantinova, V Yu Rozhkov Russ. Chem.
Bull., Int. Ed. 54 1915 (2005) [1zv. Akad. Nauk, Ser. Khim. 1859
(2005)]

T I Godovikova, S K Vorontsova, L D Konyushkin,

S 1 Firgang, O A Rakitin Russ. Chem. Bull., Int. Ed. 59 483
(2010) [Izv. Akad. Nauk, Ser. Khim. 473 (2010)]

S D Shaposhnikov, N V Korobov, A V Sergievskii,

S V Pirogov, S F Mel’'nikova, I V Tselinskii Russ. J. Org.
Chem. 38 1351 (2002) [Zh. Org. Khim. 38 1405 (2002)]

A I Stepanov, V S Sannikov, D V Dashko, A G Roslyakov,
A A Astrat’ev, E V Stepanova Chem. Heterocycl. Compd. 51
350 (2015) [Khim. Geterotsikl. Soedin. 350 (2015)]

L L Fershtat, S S Ashirbaev, A S Kulikov, V V Kachala,

N N Makhova Mendeleev Commun. 25 257 (2015)

N N Makhova, A N Blinnikov Mendeleev Commun. 17
(1999)

1V Ovchinnikov, M A Epishina, S I Molotov, Yu A Strelenko,
K A Lyssenko, N N Makhova Mendeleev Commun. 272
(2003)

L L Fershtat, M A Epishina, I V Ovchinnikov, V V Kachala,
N N Makhova Chem. Heterocycl. Compd. 51 754 (2015)
[Khim. Geterotsikl. Soedin. 7154 (2015)]

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.
192.
193.
194.
195.
196.
197.

198.

T I Godovikova, S K Vorontsova, L D Konyushkin,

S I Firgang, O A Rakitin Russ. Chem. Bull., Int. Ed. 58 406
(2009) [Izv. Akad. Nauk, Ser. Khim. 400 (2009)]

V G Andrianov, A V Eremeev Chem. Heterocycl. Compd. 30
608 (1994) [Khim. Geterotsikl. Soedin. 693 (1994)]

P W Leonard, D E Chavez, P E Pagoria, D L Parrish
Propell. Explos. Pyrotech. 36 233 (2011)

L Liang, H Huang, K Wang, C Bian, J Song, L Ling,

F Zhao, Z Zhou J. Mater. Chem. 22 21954 (2012)

I V Tselinskii, S F Mel’'nikova, T V Romanova Russ. J. Org.
Chem. 37 1638 (2001) [Zh. Org. Khim. 37 1708 (2001)]

D Fischer, T M Klapétke, M Reymann, J Stierstorfer,

M B R Volkl New J. Chem. 39 1619 (2015)

S D Shaposhnikov, S F Mel’'nikova, I V Tselinsky

Russ. Chem. Bull., Int. Ed. 53 1121 (2004) [Izv. Akad. Nauk,
Ser. Khim. 1077 (2004)]

H Martinez, Z Zheng, W R Dolbier Jr J. Fluorine Chem. 143
112 (2012)

L Liang, K Wang, C Bian, L Ling, Z Zhou Chem.— Eur. J. 19
14902 (2013)

H Huang, Z Zhou, L Liang, J Song, K Wang, D Cao,

W Sun, C Bian, M Xue Chem.— Asian J.7 707 (2012)

H Huang, Z Zhou, L Liang, J Song, K Wang, D Cao,

C Bian, W Sun, M Xue Z. Anorg. Allg. Chem. 638 392 (2012)
L L Fershtat, M A Epishina, A S Kulikov, I V Ovchinnikov,
1 V Ananyev, N N Makhova Tetrahedron 71 6764 (2015)

N N Makhova, A N Blinnikov, L I Khmel'nitskii Mendeleev
Commun. 56 (1995)

B Wang, G Zhang, H Huo, Y Fan, X Fan Chin. J. Chem. 29
919 (2011)

R Wang, Y Guo, Z Zeng, B Twamley, ] M Shreeve

Chem.— Eur. J. 15 2625 (2009)

R Wang, Y Guo, R Sa,J M Shreeve Chem.— Eur. J. 16 8522
(2010)

B Wu, Z Wang, H Yang, Q Lin, X Ju, C Lu, G Cheng

RSC Adv. 4 58243 (2014)

B Wu, Z Wang, H Yang, Q Lin, X Ju, C Lu, G Cheng

New J. Chem. 39 893 (2015)

V G Andrianov, E N Rozhkov, A V Eremeev Chem.
Heterocycl. Compd. 30 470 (1994) [Khim. Geterotsikl. Soedin.
534 (1994)]

T I Godovikova, S K Vorontsova, L D Konyushkin,

S I Firgang, O A Rakitin Russ. Chem. Bull., Int. Ed. 57 2440
(2008) [Izv. Akad. Nauk, Ser. Khim. 2390 (2008)]

A B Sheremetev, D E Dmitriev, N K Lagutina, M M Raihstat,
A S Kiselyov, M N Semenova, N N Ikizalp, V V Semenov
Mendeleev Commun. 20 132 (2010)

V N Yarovenko, V K Taralashvili, I V Zavarzin,

M M Krayushkin Tetrahedron 46 3941 (1990)

V N Yarovenko, V Z Shirinyan, I V Zavarzin,

M M Krayushkin Bull. Acad. Sci. USSR, Div. Chem. Sci. 40
1924 (1991) [Izv. Akad. Nauk, Ser. Khim. 2166 (1991)]

V N Yarovenko, V Z Shirinyan, I V Zavarzin,

M M Krayushkin Russ. Chem. Bull. (Engl. Transl.) 43 114
(1994) [Izv. Akad. Nauk, Ser. Khim. 118 (1994)]

N Liu, L-J Zhai, P Lian, H Li, B-Z Wang Eur. J. Org. Chem.
2965 (2015)

X Huang, R J Gillies, H Tian J. Label. Compd. Radiopharm.
58 156 (2015)

Patent WO 2014066834A1 (2014)

Patent US 20100015178A1 (2010)

Patent US 20070185165A1 (2007)

V G Andrianov Chem. Heterocycl. Compd. 33 973 (1997)
[Khim. Geterotsikl. Soedin. 1115 (1997)]

L L Fershtat, I V Ananyev, N N Makhova RSC Adv. 5
47248 (2015)

O A Rakitin, V A Ogurtsov, E A Khaibullina,

T I Godovikova, L I Khmel'nitskii Chem. Heterocycl.
Compd. 29 1099 (1993) [Khim. Geterotsikl. Soedin. 1283 (1993)]



1144

L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.
216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

M Barbieux-Flammang, S Vandevoorde, R Flammang,

M W Wong, H Bibas, C H L Kennard, C Wentrup J. Chem.
Soc., Perkin Trans. 2 473 (2000)

Patent WO 2005019190A1 (2005)

A O Finogenov, A S Kulikov, M A Epishina,

1V Ovchinnikov, Yu V Nelyubina, N N Makhova

J. Heterocycl. Chem. 50 135 (2013)

Y Tang, C He, L A Mitchell, D A Parrish, ] M Shreeve

J. Mater. Chem. A 323143 (2015)

A B Sheremetev, E V Mantseva Mendeleev Commun. 246
(1996)

M A Epishina, A S Kulikov, N N Makhova Russ. Chem.
Bull., Int. Ed. 57 644 (2008) [Izv. Akad. Nauk, Ser. Khim. 631
(2008)]

D Fischer, T M Klapétke, M Reymann, J Stierstorfer
Chem.— Eur. J. 20 6401 (2014)

L L Gumanov, B L Korsunskii Bull. Acad. Sci. USSR,

Div. Chem. Sci. 40 1700 (1991) [Izv. Akad. Nauk, Ser. Khim.
1914 (1991)]

A B Sheremetev, E A Ivanova Russ. Chem. Bull., Int. Ed. 52
2017 (2003) [Izv. Akad. Nauk, Ser. Khim. 1910 (2003)]

W Zheng, ] Wang, X Ren, Z Chen, J Tian, Y Zhou

J. Hazard. Mater. 177 738 (2010)

J Wang, J Li, Q Liang, Y Huang, H Dong Propell. Explos.
Pyrotech. 33 347 (2008)

C H Lim, T K Kim, K H Kim, K-H Chung, J S Kim Bull.
Korean Chem. Soc. 31 1400 (2010)

T K Kim, B W Lee, K-H Chung Bull. Korean Chem. Soc. 32
3802 (2011)

1 V Tselinskii, S F Mel'nikova, T V Romanova,

N P Spiridonova, E A Dundukova Russ. J. Org. Chem. 37
1355 (2001) [Zh. Org. Khim. 37 1419 (2001)]

P Pagoria, M Z A DeHope, G Lee, A Mitchell, P Leonard
New Trends in Research of Energetic Materials ( Proceedings of
15th Seminar), Pardubice, Czech Republic, 2012 Part 1, p. 55
A I Stepanov, A A Astrat’ev, D V Dashko,

N P Spiridonova, S F Mel’'nikova, I V Tselinskii

Russ. Chem. Bull., Int. Ed. 61 1024 (2012) [Izv. Akad. Nauk,
Ser. Khim. 1019 (2012)]

R Liu, T Zhang, Z Zhou, L Yang RSC Adv. 49810 (2014)
S M Aldoshin, Z G Aliev, A A Astrat’ev, T K Goncharov,
D V Dashko, Yu M Milekhin, A I Stepanov, N I Shishov
J. Struct. Chem. 54 462 (2013) [Zh. Strukt. Khim. 54 399
(2013)]

A B Sheremetev, E A Ivanova, N P Spiridonova,

S F Melnikova, I V Tselinsky, K Yu Suponitsky,

M Yu Antipin J. Heterocycl. Chem. 42 1237 (2005)

P W Leonard, C J Pollard, D E Chavez, B M Rice,

D A Parrish Synlett 2097 (2011)

A I Stepanov, D V Dashko, A A Astrat’ev

Chem. Heterocycl. Compd. 49 1068 (2013) [Khim. Geterotsikl.
Soedin. 1145 (2013)]

Y Zhou, K Xu, B Wang, H Zhang, Q Qiu, F Zhao

Bull. Korean Chem. Soc. 33 3317 (2012)

A A Astrat’ev, D V Dashko, A I Stepanov Centr. Eur.

J. Chem. 10 1087 (2012)

T I Godovikova, O A Rakitin, S P Golova, S A Vozhchikova,
M V Povorin, L I Khmel’nitskii Chem. Heterocycl. Compd.
30 465 (1994) [Khim. Geterotsikl. Soedin. 529 (1994)]

O V Zavarzina, O A Rakitin, L I Khmel’nitskii Mendeleev
Commun. 135 (1994)

O V Zavarzina, O A Rakitin, L I Khmel’nitskii Chem.
Heterocycl. Compd. 30 979 (1994) [Khim. Geterotsikl. Soedin.
1133 (1994)]

T K Kim, J H Choe, B W Lee, K-H Chung Bull. Korean
Chem. Soc. 332765 (2012)

P V Anokhina, T V Romanova, S F Mel’nikova,

I V Tselinskii Russ. J. Org. Chem. 47 1606 (2011) [Zh. Org.
Khim. 47 1575 (2011)]

227.

228.
229.

230.

231.

232.

233.

234.
235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.
251.

252.

A 1 Stepanov, D V Dashko, A A Astrat’ev

Chem. Heterocycl. Compd. 49 776 (2013) [Khim. Geterotsikl.
Soedin. 830 (2013)]

D E Chavez, D A Parrish, P Leonard Synlett 23 2126 (2012)
I V Tselinskii, S F Mel'nikova, S V Pirogov, A V Sergievskii
Chem. Heterocycl. Compd. 34 1220 (1998) [Khim. Geterotsikl.
Soedin. 1430 (1998)]

L L Fershtat, D V Khakimov, N N Makhova Russ. Chem.
Bull., Int. Ed. 64 415 (2015) [Izv. Akad. Nauk, Ser. Khim. 415
(2015)]

L L Fershtat, I V Ovchinnikov, N N Makhova Tetrahedron
Lett. 552398 (2014)

C Bian, K Wang, L Liang, M Zhang, C Li, Z Zhou

Eur. J. Inorg. Chem. 6022 (2014)

G Cusmano, G Macaluso, M Gruttadauria Heterocycles 36
1577 (1993)

D E Chavez, D A Parrish J. Heterocycl. Chem. 46 88 (2009)
A B Sheremetev, N V Palysaeva, M 1 Struchkova,

K Yu Suponitsky Mendeleev Commun. 22 302 (2012)

N V Palysaeva, K P Kumpan, M I Struchkova, I L Dalinger,
A V Kormanov, N S Aleksandrova, V M Chernyshev,

D F Pyreu, K Yu Suponitsky, A B Sheremetev Org. Lett. 16
406 (2014)

A B Sheremetev, N V Palysaeva, M 1 Struchkova,

K Yu Suponitsky, M Yu Antipin Eur. J. Org. Chem. 2266
(2012)

A B Sheremetev, N S Aleksandrova, N V Palysaeva,

M I Struchkova, V A Tartakovsky, K Yu Suponitsky
Chem.— Eur. J. 19 12446 (2013)

E V Verbitskiy, Yu A Kvashnin, P A Slepukhin, A V Kuchin,
G L Rusinov, O N Chupakhin, V N Charushin Russ. Chem.
Bull., Int. Ed. 60 919 (2011) [Izv. Akad. Nauk, Ser. Khim. 898
(2011)]

E V Sizova, V V Sizov, I V Tselinskii Russ. J. Org. Chem. 43
596 (2007) [Zh. Org. Khim. 43 599 (2007)]

A B Sheremetev, O V Kharitonova, T M Mel’nikova,

T S Novikova, V S Kuz’'min, L I Khmel'nitskii Mendeleev
Commun. 141 (1996)

A B Sheremetev, S E Semenov, V S Kuzmin, Yu A Strelenko,
S L loffe Chem.— Eur. J. 4 1023 (1998)

A B Sheremetev, O V Kharitonova, E V Mantseva,

V O Kulagina, E V Shatunova, N S Aleksandrova,

T M Mel'nikova, E A Ivanova, D E Dmitriev, B E Eman,

I L Yudin, V S Kuz’'min, Yu A Strelenko, T S Novikova,

O V Lebedev, L I Khmel'nitskii Russ. J. Org. Chem. 35 1525
(1999) [Zh. Org. Khim. 35 1555 (1999)]

A B Sheremetev, E A Ivanova, D E Dmitriev, V O Kulagina,
B B Averkiev, M Yu Antipin J. Heterocycl. Chem. 42 803
(2005)

V V Parakhin, O A Luk’yanov Russ. Chem. Bull., Int. Ed. 62
516 (2013) [Izv. Akad. Nauk, Ser. Khim. 514 (2013)]

V V Parakhin, O A Luk’yanov Russ. Chem. Bull., Int. Ed. 62
2007 (2013) [Izv. Akad. Nauk, Ser. Khim. 2007 (2013)]

A B Sheremetev, N S Aleksandrova Mendeleev Commun. 238
(1996)

A B Sheremetev, N S Aleksandrova, T M Melnikova,

T S Novikova, Yu A Strelenko, D E Dmitriev Heteroat.
Chem. 11 48 (2000)

A B Sheremetev, N S Aleksandrova, E V Mantseva,

D E Dmitriev Chem. Heterocycl. Compd. 39 1357 (2003)
[Khim. Geterotsikl. Soedin. 1541 (2003)]

A B Sheremetev, V O Kulagina J. Org. Chem. 61 1510 (1996)
A B Sheremetev, V O Kulagina, N S Aleksandrova,

D E Dmitriev, Yu A Strelenko Propell. Explos. Pyrotech. 23
142 (1998)

B B Averkiev, M Yu Antipin, A B Sheremetev, T V Timofeeva
Acta Cryst., Sect. C59 0383 (2003)



L.L.Fershtat, N.N.Makhova Russ. Chem. Rev., 2016, 85 (10) 10971145

1145

253. A B Sheremetev, E V Mantseva, D E Dmitriev, F S Sirovskii
Russ. Chem. Bull., Int. Ed. 51 659 (2002) [Izv. Akad. Nauk,
Ser. Khim. 609 (2002)]

254. H Li, F-Q Zhao, H-X Gao, J-F Tong, B-Z Wang, L-J Zhai,
H Huo Inorg. Chim. Acta 423 256 (2014)

255. H Li, F-Q Zhao, B-Z Wang, L-J Zhai, W-P Lai, N Liu
RSC Adv. 521422 (2015)

256. J S Ward, L Merritt, D O Calligaro, F P Bymaster,

H E Shannon, C H Mitch, C Whitesitt, D Brunsting,
M J Sheardown, P H Olesen, M D B Swedberg, L Jeppesen,
P Sauerberg J. Med. Chem. 41 379 (1998)

257. S Moharram, A Zhou, L I Wiebe, E E Knaus J. Med. Chem.
47 1840 (2004)

258. Y Ling, X Ye, Z Zhang, Y Zhang, Y Lai, H Ji, S Peng,

J Tian J. Med. Chem. 54 3251 (2011)

259. L L Fershtat, M A Epishina, A S Kulikov, M I Struchkova,
N N Makhova Chem. Heterocycl. Compd. 51 176 (2015)
[Khim. Geterotsikl. Soedin. 176 (2015)]

260. L L Fershtat, M I Struchkova, A S Goloveshkin,

I S Bushmarinov, N N Makhova Heteroat. Chem. 25 226
(2014)

261. A B Sheremetev, E V Mantseva, N S Aleksandrova,

V S Kuz’min, L T Khmel’nitskii Mendeleev Commun. 25
(1995)

262. A B Sheremetev Russ. Chem. Bull., Int. Ed. 53 722 (2004)
[Izv. Akad. Nauk, Ser. Khim. 689 (2004)]

263. R Fruttero, D Boschi, A Di Stilo, A Gasco J. Med. Chem. 38
4944 (1995)

264. L L Fershtat, M A Epishina, A S Kulikov, N N Makhova
Mendeleev Commun. 25 36 (2015)

265. C Han, Z Huang, C Zheng, L Wan, L Zhang, S Peng,

K Ding, H Ji, J Tian, Y Zhang J. Med. Chem. 56 4738 (2013)

266. S G Zlotin, A M Churakov, O A Luk’yanov, N N Makhova,
A Yu Sukhorukov, V A Tartakovsky Mendeleev Commun.
25399 (2015)



	I. Introduction
	II. Formation of the 1,2,5-oxadiazole ring from precursors containing heterocyclic moieties
	II.1. Preparation of furazans and furoxans with heterocyclic substituents via the dehydration or oxidation of mono- and dihetarylglyoximes
	II.2. Preparation of 3,4-bis(hetaryl)furoxans by cyclodimerization of hetarylcarbonitrile oxides
	II.3. Dehydration of hetaryl-substituted a-nitroximes as a route to hetarylfuroxans
	II.4. Other synthetic routes to hetarylfuroxans from hetaryl-containing precursors
	II.5. Preparation of hetarylhydroxyfurazans by thermolysis of a-hydroxyimino(hetarylmethyl)carbonyl azides

	III. Heterocyclization of functional groups in functionalized 1,2,5-oxadiazoles
	III.1. Preparation of heteronuclear heterocyclic systems based on furazans and furoxans linked to heterocycles with one heteroatom
	III.2. Preparation of hetarylfurazans and hetarylfuroxans linked to heterocycles with two heteroatoms
	III.3. Preparation of furazans with bi- and tricyclic heterocyclic substituents
	III.4. Preparation of furazans and furoxans linked to heterocycles with three nitrogen atoms in the ring
	III.5. Preparation of furazans and furoxans with tetrazolyl substituents
	III.6. Heterocyclic assemblies of 1,2,4- and 1,2,5-oxadiazoles
	III.7. Heterocyclic assemblies of 1,3,4- and 1,2,5-oxadiazoles
	III.8. Heterocyclic assemblies of 1,2,5-oxadiazoles
	III.9. Preparation of furazans and furoxans linked to other azole substituents

	IV. Synthesis of 1,2,5-oxadiazoles linked by heteroatomic bridges to other heterocycles
	IV.1. Synthesis of furazans linked by NH bridges to other heterocycles
	IV.2. Synthesis of furazans and furoxans linked by O bridges to heterocyclic substituents
	IV.3. Synthesis of furazans and furoxans linked by S bridges to heterocyclic substituents

	V. Pharmacological activity of polynuclear heterocyclic structures based on 1,2,5-oxadiazoles
	VI. Conclusion
	References

