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Abstract—Synthesis and properties of 2,5-diamino-1,3,4-thiadiazole, 3,5-diamino-1,2,4-thiadiazole, 3,5-
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azolines, and 1-alkyl-3,5-diamino-1,2,4-triazoles as building blocks of macroheterocycles compounds are reviewed.
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INTRODUCTION

Five-membered heteroaromatic compounds having
no less than two heteroatoms in the ring, at least one of
which is nitrogen, as well as bi- and polycyclic
compounds containing such heteroring are commonly
named azoles [1]. Amines, amides, azoles and other
nitrogen-containing compounds plays the central role
in organic and bioorganic synthesis. As known, the fist
organic compound synthesized by Wohler in 1827
from two inorganic ones is a precursor of a number of
nitrogen-containing compounds including azoles.
Evidence for this postulate is provided by the fact that
the nature chose pyrrole and other nitrogen-containing

considered to be the building blocks for the molecules
of life: hemoglobin and chlorophyll [5-7]. The
similarity of the structures of azole-containing com-
pounds and biomolecules gave impetus to the develop-
ment of pharmaceutical and agrochemical industries.

Thus, the targeted synthesis and study of thiadia-
zoles led to the synthesis of a wide range of medicines
with diverse biological activity [8—10]. For example,
Diacarb, Ethazol, and Tizanidine contain a 1,3,4-
thiadiazole fragment; the 1,2,4-triazole fragment is the
basic structural motif of known antiviral (Ribavirin),
antifungal (Fluconazole), and sedative (Triazolam)

derivatives (amino acids and nucleotides) are  drugs[l1].
\ N
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SYNTHON-BASED APPROACH TO THE DESIGN OF MACROHETEROCYCLIC COMPOUNDS

Furthermore, nitrogen-containing five-membered
heterocycles have found application in the production
of dyes, detergents, surfactants, fabric softeners,
stabilizers, epoxide hardeners, and vulcanizing agents
and additives in petroleum industry [12—15].

The green plant pigment chlorophyll has long been
used for curing skin wounds and sores. Over the past
years new curative qualities of chlorophyll as a remedy
against infectious and cancer diseases have been
discovered [16].

At the beginning of XX century researchers found
evidence showing that blood hemoglobin is
structurally similar to chlorophyll. The only difference
is that the first, protein structure forms around iron and
the second, peptide structure forms around magnesium.
Chlorophyll was given the name “the green blood of
plants” [17].

Such natural compounds predetermine the very
possibility of the existence and development of life on
the Earth, because they are involved in photosynthesis
and breathing. Photosynthesis attracts attention of
biologists, biochemists, chemists, and physicists;
studying such processes on model compounds opens
prospects for a deeper understanding and explaining
processes that occur in a living body.
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The phthalocyanine molecule can be considered as
an aza analog of hemoglobin and chlorophyll. The
conjugated aromatic system of phthalocyanine consists
of four isoindole fragments linked to each other by aza
bridges, which form a “rigid” cavity capable to
coordinate the metal ions [18].

Design of a new complex compound synthesis is
not infrequently based on the retrospective analysis,
when the target molecule is disconnected into simple
and readily accessible synthons. Such synthon
approach allows to design macroheterocyclic systems
differing in the composition and number of small
cycles, which, unlike phthalocyanine, are isoindole
fragments and residues of aromatic carbo- and
heterocyclic diamines.

As a result, macroheterocyclic compounds (Mc)
differing in the composition and size of the
coordination cavity were synthesized [19-30].

Macroheterocyclic compounds are cyclic sequences
of 4 (*Mc) or 6 (*Mc) small cycles: carbo- and hetero-
cyclic diamine residues (A) and pyrrole or isoindole
fragments (B), linked to each other via aza bridges.
The number of A and B fragments can be different and is
used as the basis of classification of macroheterocycles:
ABAB, ABBB, AABAAB, ABBABB, and ABABAB.
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Five-member diaminoazoles are widely used as
precursors of macroheterocyclic compounds [31-39].

Taking the aforesaid into account, the development
or improvement of known methods of synthesis of
heterocyclic compounds and their alkyl derivatives to
be used as precursors of drugs [11], dyes [40], or
macroheterocyclic compounds can be considered as
actual task in terms of the synthesis of practically
important organic compounds [41].

In the present review we consider the methods of
synthesis of 2,5-diamino-1,3,4-thiadiazole, 3,5-diamino-
1,2,4-thiadiazole, and 3,5-diamino-1H-1,2,4-triazole as
the most important precursors of Mc.

2,5-Diamino-1,3,4-thiadiazole. Depending on the
positions of the nitrogen and sulfur atoms in the five-
membered ring, four thiadiazole structures are dif-
ferentiated: 1,2,3-thiadiazole (1), 1,2,4-thiadiazole (2),
1,2,5-thiadiazole (3), and 1,3,4-thiadiazole (4):

N N N-N
R LR

1 2 3 4

Thiadiazoles have a 6 m-electron aromatic system.
The physical and chemical properties of thiadiazoles
are similar to those of five-membered diazoles, where
the sulfur atom is replaced by a methylene group [42].

3,5-Diamino-1,2,4- (2) and 2,5-diamino-1,3,4-
thiadiazoles (4) are used as precursors of Mc [19-23,
25, 27-29, 36, 41-46]. At present, 2,5-diamino-1,3,4-
thiadiazole is the most studied among the isomeric
thiadiazoles [47].

1,3,4-Thiadiazoles were prepared by the cyclization
of the corresponding carbamoylthiosemicarbazides
under the action of acylating agents followed by the
dehydration of the resulting products with phosphoric
or sulfuric acid, or their anhydrides [48] (Scheme 1).

Treatment of dithiourea (5) or its derivatives with
HCI or phosgene, too, gave thiadiazoles which were

Scheme 1.
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0
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initially misidentified as triazoles [49]. Later the
products were identified as substituted 1,3,4-thiadia-
zoles 6 and 7 [50] (Scheme 2).

The above-described methods did not find practical
application, because carbamoylthiosemicarbazides are
hardly accessible and the yield of the target product is
low in both cases.

Analysis of published data showed that compound
6 is casier synthesized by oxidative condensation of
dithiourea [51] (Scheme 3).

2,5-Diamino-1,3,4-thiadiazole was prepared in a
yield of 40—43% [43]; the structure of compound 8
after this synthesis was established by X-ray analisys
analysis [36, 52].
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Scheme 3.
S S [0] N-N
H,N~ "N-N~ "NH, HN™ S "N,
H H
5 6

The use of 26% H,0, together with the analytical
control of oxidative condensation allowed the yield of
compound 6 to be increased to 79-98% [53].

In 2011-2014, Adediji et al. published a series of
works [54-56], where compound 6 was synthesized in
a yield of 96% by treatment of dithiourea with H,O,
for 1 h at 50-60°C. However, we failed to reproduce
this synthesis.

3-Alkyl-5-amino-2-imino-1,3,4-thiadiazolines. The
question of the reactivity of 2,5-diamino-1,3,4-thia-
diazole in electrophilic substitution reactions is still
under discussion.

In 1929 Stolle and Fehrebach [57] suggested that
2,5-diamino-1,3,4-thiadiazole (6) can exist in three
tautomeric forms: 2,5-diamino-1,3,4-thiadiazole (6), 2-
imino-5-amino-1,3,4-thiadiazoline (6a), 2,5-diimino-
1,3,4-thiadiazolidine (6b) (Scheme 4).

Initially it was considered that the acylation of
compound 6 involves the ring imino nitrogens in the 3
and 4 positions (6b) [58]. However, Fromm [51] ob-
tained opposite results and provided evidence that
acylation involves the primary amino groups (6).

Diazotization of 2,5-diamino-1,3,4-thiadiazole in
conc. HCI resulted in exclusive formation of a mono-
azonium salt whose coupling with phenol gave an azo-
compound [57]. As shown in [59-61], the reaction of
compound 6 with benzaldehyde also involves one
aminogroup. Al-Shammary in 2012 [62] reported the

2003

synthesis of a bisazomethine derivative by the reaction
of compound 6 with benzaldehyde in a 1 : 1 molar
ratio; however, the product was characterized only by
elemental analysis.

In 1977 [37], 2-amino-1,3,4-thiadiazole was alkylated
with methyl iodide to form 3N-methyl-2-imino-1,3,4-
thiadiazoline.

First publications on the direct 3N-alkylation of 2,5-
diamino-1,3,4-thiadiazole date back to 2004 [63].
Compound 6 was alkylated with butyl bromide in
boiling MeOH. 5-Amino-3-butyl-2-imino-1,3,4-thia-
diazoline (10) was isolated after treatment of the reaction
mixture with aqueous ammonia solution(Scheme 4).

Later we synthesized N-alkyl-1,3,4-thiadiazolines
11-15 [37, 64]. The structures of compounds 10-15
were established by elemental analysis, mass
spectrometry, and IR and 'H NMR spectroscopy.

Alk
N-N
H,N /<s)§ NH
11-15

Alk = CsHy; (11), CyoHai (12), CipHps (13), CisHzy (14),
Ci6Hs3 (15).

Evidence for the 3N-alkylation of compound 6 was
obtained from the X-ray analysis of the trimer obtained
from 5-amino-2-imino-3-pentyl-1,3,4-thiadiazoline (11)
[65]. Further evidence for the alkylation site can be
found in the work of Sano et al. [66] who isolated the
intermediate product of the reaction of 5-substituted
2-amino-1,3,4-thiadiazole with a-haloketone and
performed its X-ray analysis to establish that the
substituent entered the 3 position.

Scheme 4.

N-NH

HN-NH

N-N
H2N/<S>\NH2 T HZN/< P HNf/\S)*NH

6 6a 6b
_CH _C,H
I/\I'I\\] 1 N-NT 6Br‘ 2 I/\T‘N e
HzN/ks)\ NH, H,N S)\NHz HZN/QS/KNH
6 0a 10b

(1) n-C4HoBr, MeOH, 24 h, reflux; (2) aqueous NH;.
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Substituted thiadiazolines 10-15 are better soluble
in organic solvents: alcohols, benzene, chloroform, and
dichloromethane but insoluble in water. As known,
most 1,3,4-thiadiazole derivatives exhibit pronounced
biological activity: herbicidal, antiviral, antiparasitic,
and antitubercular [67]. 2,5-Diamino-1,3,4-thiadiazole
(6) and alkylated thiadiazolines 11-15 were tested for
antimicrobial activity on standard Escherichia Coli,
Staphylococcus aur., Staphylococcus alb. and Bacillus
sp. strains [68].

Antimicrobial activity against Staphylococcus alb.,
as measured by the diameter of the growth inhibition
zone (lysis zone dimeter d), was revealed in thiadi-
azole 6 (d = 1.55 mm) and thiadiazolines 12 and 13
containing respectively decyl (d = 1.96 mm) and dodecyl
substituents (d = 1.69 mm). The aliphatic chain length
in the alkyl substituent is one of the important activity
and toxicity factors. Usually, the effect enhances as the
number of carbon atoms in the aliphatic chain
increases to six. In our case, the effect enhances in
going to compound 12 having 10 carbon atoms in the
alkyl substituent. Further elongation of the aliphatic
chain length in going to compound 13 attenuates the
effect, and compounds 14 and 15 show no activity.

3,5-Diamino-1,2,4-thiadiazole. The synthesis of
3,5-diamino-1,2,4-thiadiazole 16 1is based on the
oxidative condensation of 2-imino-4-thiobiuret 17 [69]
(Scheme 5).

2-Imino-4-thiobiuret 17 (reference antihypoxic
agent Gutimin) and its derivatives are widely used in
medical practice [70-72]. S-Allyl derivatives of 2-
imino-4-thiobiuret were proposed as antitumor thera-
peutics [73, 74].

DANILOVA et al.

Scheme 6.
H,S
H,N—C—NH—C=N ——> H,N—C—NH—C—NH,

[ I
NH S
17

I
NH

The present interest in compound 17 is also as-
sociated with its importance for template self-assembly
processes [75, 76]. In this case this compound acts as
an organic ligand which can take part in proton trans-
fer, as well as an anion in coordination reactions [77].

Compound 17 is most commonly synthesized by
the reaction of dicyandiamide with gaseous hydrogen
sulfide [69, 78-80] (Scheme 6).

Compound 17 can also be prepared by prolong
passing H,S through a hot aqueous solution of
dicyandiamide and oxalic acid at pH 0.7-3.0 [81]. The
yield of the target product by the above-described
procedures was low (32—42%).

In 1997 Tomchin et al. patented a method which
excluded the use of hydrogen sulfide [82]. The yield of
the target product was unstable and varied from 25 to
44%. In 2008, a new method of synthesis of compound
17 was patented [83—85], which involved the reaction
of dicyandiamide with sodium thiosulfate pentahydrate
in dilute H,SO,4 (Scheme 7).

2-Imino-4-thiobiuret precipitated as colorless
transparent prismatic-shaped crystals readily soluble in
water at room temperature and in methanol under
heating. The product was identified by elemental
analysis, IR spectroscopy, mass spectrometry, and
X-ray analysis [83—85].

The last-described method of synthesis of com-
pound 17 with an average yield of 84% and excluding

the use of gaseous H,S seems technologically
acceptable [84, 88].
3,5-Diamino-1,2 4-thiadiazole 16 was earlier

prepared by the procedure described in [69] (Scheme 8).

Scheme 7.
NaZSZO3
H,0
H,S0, + NaOH
H,N—C—NH—C=N ———— H,N—C—NH—C—NHy;HSO; ———— H,N—C—NH—C—NH,
l [ Nat1S0 l [ ~hars0s l |
NH S NH S —H,0 NH S
18 17
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Scheme 8.
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The total time of the synthesis, isolation, and
purification of compound 16 was more than 55 h and
its yield was 32-50%.

We proposed a technologically convenient syn-
thesis of compound 16 [86]. The synthesis involves
only one stage, owing to which the synthesis time
could be decreased to 2 h and the yield of the target
product could be increased from 50 to 86% (Scheme 9).

3,5-Diamino-1,2,4-thiadiazole ~ (16), like 2,5-
diamino-1,3,4-thiadiazole (6), can exist in different
tautomeric forms [39], as confirmed by quantum-
chemical calculations [87], and has several
nucleophilic centers available for alkylation.

Along with compounds with N-alkyl-substituted
end amino groups, which were synthesized from alkylated
thioureas [88, 89], the structures of 3,5-diamino-2H-
1,2,4-thiadiazoles 19 and 20 established by X-ray
analysis were also reported [90] (Scheme 10).

It can be suggested that the N* atom of compound
16 is the most basic one, like that takes place in the
case of compound 6, can act as a nucleophilic center in
electrophilic substitution reactions leading to N-sub-
stituted thiadiazolines. Evidence for this suggestion is
provided by the synthesis of previously unknown N°-

NT T NH,
16

H,N

alkyl-5-amino-3-imino-1,2,4-thiadiazolines 21 and 22
(Scheme 11).

Alkylation was performed with pentyl and dodecyl
bromides in methanol. The structures of the products
were established by mass spectrometry, electronic
absorption (EA) and IR spectroscopy, and elemental
analysis [91].

The mass spectrum of compound 21 contains a
molecular ion peak (m/z 186); the observed isotopic
distribution of the molecular ion is completely
coincident with theoretical one.

The EA spectra of solutions of compounds 21 and
22 in methylene chloride contain strong absorption
bands with maxima at 261 and 263 nm, respectively.
As the alkyl chain length increases, the absorption
maximum slightly shifts to higher wavelengths site.

The IR spectra of the synthesized alkyl-1,2,4-
thiadiazolines are similar to each other. Thus, the
bands at 3428 and 3270 cm ' correspond to asym-
metric and symmetric stretching vibrations of the N—H
band son the primary amino group. The band at
3057 cm ' relates to stretching vibrations of the imino
N-H bond. The bands at 2992 and 2854 cm ' are
assignable to asymmetric and symmetric stretching

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 88 No.9 2018
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Scheme 10.
N-—S HN-—S HN-—S
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H
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Scheme 11.
Ak 7+ Alk
I/\I‘S)\ S—N 2 S—N
—_— \ B_ —_—
HZN/(N/ NH, HZN/Q\N)\NHZ ' HZN/(\N/\§ NH
16 21,22

Alk = CsHy, (21), CioHas (22); (1) n-AlkBr, MeOH, 24 h, reflux; (2) aq. NHs.

vibrations of alkyl C—H bonds, and the bands at 1616
and 1586 cm ', to skeletal deformation vibrations and
stretching vibrations of the C=N bonds.

The ">C NMR spectra show signals of alkyl carbons
atoms 47.51, 29.15, 27.89, 22.61, and 14.26 ppm, as well
as signals of thiadiazole ring carbons atoms 162.77 and
147.49 ppm.

The yield of the target products was not higher than
7-10%. The low yield of compounds 21 and 22 is
explained by the fact that the heteroring proved to be
unstable in alkaline medium and decomposed to the
starting dicyandiamide. Using metallic potassium or
lithium instead of sodium and ethanol or butanol as
solvent, as well as raising the reaction temperature,
too, did not lead to success. The starting thiadiazole
either did not react (in the case of potassium) or
completely decomposed to give thiourea (in the case of
lithium) [92].

To increase the yield of alkylthiadiazolines, we
resorted to microwave activation. The reaction of
compound 16 with dodecyl bromide in methanol in the
presence of potash and tetrabutylammonium bromide
was performed on a Discover LabMate microwave

system at a power of 5 W, synthesis time 10—-60 min.
After that, the white suspension was poured onto ice,
the precipitate that formed was filtered off, the filtrate
was extracted with chloroform, and the solvent was
removed. The product was purified and characterized
by IR spectroscopy. When the synthesis was prolonged
to 60 min, the yield of compound 22 increased from 8
to 80%.

Thus, microwave assisted direct alkylation of
diaminothiadiazole with alkyl bromides allowed to
synthesize of previously unknown N-alkyl-3,5-
diamino-1,2,4-thiadiasolines.

3,5-Diamino-1,2,4-triazoles. The high stability of
the 1,2,4-triazole core is explained by its aromatic
character. The aromatic sextet is formed by four n
electrons of from double-bonded atoms and the lone
electron pair of the secondary nitrogen atom.

3,5-Diamino-1,2,4-triazole (guanazole) (23) has a
number of useful properties.

N—NH

H,N /4 N/)\ NH,

23
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Scheme 12.
N-NH

}—NH—C—N—> HN/( )\NH

23

The 1,2,4-triazole fragment is frequently considered
as principal motif in the design of new biologically
active compounds, because it has a small size its
precence and favors higher water solubility of the
resulting structures. 1,2,4-Triazole and its derivatives
have found application as precursors in the synthesis of
macroheterocycles  [93-95], herbicides, fogging
inhibitors, drugs [47], and photoemulsion stabilizers
[96]. Cationic dyes on the basis of aminotriazoles are
light, heat, and wet fast [40].

Compound 23 was first synthesized by Pellizzari
[97] by heating dicyandiamide and hydrazine salt in
the presence of alcohol in a sealed ampule at 100°C.
Later Stolle and Krauch synthesized compound 23 by
reacting dicyandiamide with hydrazine hydrate at 60—
70°C (Scheme 12) [98].

3,5-Diamino-1H-1,2 4-triazole can exist in five
tautomeric forms: amine—imine (23¢, 23d), diimine
(23¢), and diamine (23a, 23b). Evidence for the
existence of these tautomers was obtained by UV and
IR spectroscopy [47]. Quantum-chemical calculations
[99] and X-ray analysis [100] established that a solid
compound 23 exists as the asymmetric tautomer 23b.
The triazole ring is planar, and the amino groups
deviate from the ring plane by 29.5° and 21.5°. The
hydrogen atom on N', too, deviates from the ring plane
(Scheme 13).

N'-Substituted 3,5-diamino-1H-1,2 4-triazoles: 3,5-
diamino-1-phenyl-1,2,4-triazole or phenylguanazole
(24) and 3,5-diamino-1-(1-naphthyl)-1,2,4-triazole or
1-naphthylguanazole (25) were synthesized by fusing

2007

dicyandiamide with the corresponding hydrazine
hydrochloride [97, 101].

@

H2N NH H N NH

24 25

Alkyl derivatives of 23 are used in medicine as
histamine and neurokinin receptor antagonists [47],
peroxide lipid oxidation inhibitors [102], and anti-
diabetic and other drugs [103, 104].

Compound 23 can be alkylated by a traditional
procedure involving electrophilic substitution of
hydrogen located at the endocyclic nitrogen by an
alkyl radical. The most common alkylating agents are
alkyl halides [105-110]. The most labor-consuming
stage in the synthesis of N'-alkyl-1,2,4-triazoles that
stage of isolation and purification of the target
products. Fuentes and Lenoir [105] isolated alkylguana-
zoles by treatment of the reaction mixtures with picric
acid and subsequent conversion of the resulting
picrates into free bases by ion-exchange column
chromatography. The yields of alkylguanazoles by this
procedure were dound to be not higher than 40%.

To isolate  I-decyl-3,5-diamino-1,2,4-triazole,
Yagodarova et al. [108] first removed the excess of the
alkylating agent and then extracted the target product
by an organic solvent, which allowed to increase the
yield to 73%.

Werber et al. [37] synthesized compounds 26-29
by reacting thiazole 23 with the corresponding alkyl
bromides in the presence of sodium methanolate in
methanol under reflux (Scheme 14).

Scheme 13.
R dN NN
HZN/QH)\NH = HN /QN/)\ NH, H,N /QN/KNH
23a 23b l2_l3c
HN-NH HN-NH
PN -
H N/k\ )*NH HN%N%NH
H
23d 23e
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Scheme 14.
H
i Alk
N-NH AIKBr ~N—AIk NHj, H,0 N-N
o e
H, N/k )\NH H N/4 )\NH Br _NmBr HzN/(N/)\ NH,

23

23-29

Alk = CsH, (26), C1oHa; (27), C15Has (28), CigH, (29).

Gas chromatography showed that reaction pro-
ceeded nonselectively to give di- and trialkylated
guanazoles along the target monoalkylated product [111].

Molecule 23 contains a few nucleophilic centers
which can be involved in electrophilic substitution
reactions. In this connection it was interesting to
determine the order of alkylation of compound 23.
Thus, the probable alkylation products were calculated
by DFT method using B3LYP hybrid functional with
6-31G(d,p) basis set using GAMESS V.7 [112, 113].

Selected results of calculations are presented in the
figure.

(a)

0.138
0.138

-0.396

The atomic charges showed that the most preferable
alkylation site is the endocyclic N' distribution atom
(23a). Further both nitrogens of amnogroups are
consecutively involved in alkylation, first that in the
C-NH, group (23b) and then that in the C’-NH,
group, to form trialkylated product 23c¢c. The fourth
alkylation step can involve substitution of the
remaining hydrogen atom in C’~NH, group (23d).

The alkylation of compound 23 with decyl bromide
gave mono-, di-, tri-, and tetra-alkylation products
[114]. Therefore, the alkylation products should be
separated. The best results were obtained by the

(b)

Configurations of compounds (a) 23a, (b) 23b, (c) 23¢, and (d) 23d, optimized by the DFT/B3LYP/6-31G(d,p) method.'

! The calculations were performed by the Master’s degree student A.A. Ivolin.
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extraction of alkylguanazoles with chloroform from
the reaction mixture followed by recrystallization of
the residue remaining after removal of the solvent by
distillation. By-products were then extracted with
hexane, and the solid material was recrystallized from
ethanol. Finally, monoalkylated 3,5-diamino-1,2,4-
triazoles 26-29 were purified by column chromato-
graphy on silica (hexane : ethyl acetate 1 : 3) [115].
The yield of the target products was 50-60%.

Some of the synthesized compounds were tested for
biological activity [116]. 3,5-Diamino-1,2,4-thiadi-
azole exhibited antibacterial activity against

Escherichia Coli and Staphylococcus aur. and
moderate anticancer activity on the L-1210 lymphoid
leukemia model, which prompts targeted synthesis and
search for more active derivatives among 1,2,4-triazole
derivatives.

Thus, advanced methods of synthesis of 2,5-
diamino-1,3,4-thiadiazole,  3,5-diamino-1,2,4-thiadi-
azole, 3,5-diamino-1H-1,2,4-triazole, N3—alky1—5—
amino-2-imino-1,3,4-thiadiazolines, Nz—alkyl—S—amino—
3-imino-1,2,4-thiadiazolines, and N l-alky1-3,S-diamino-
1,2,4- triazoles, described in the present review, allow
facile synthesis of diaminoazoles and are techno-
logically feasible, which opens up perspectives for
their further use in the synthesis of new drugs and
complex macroheterocyclic molecules.
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