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Abstract

1,2,4-Triazole-containing scaffolds are unique heterocyclic compounds present in an array of pharmaceuticals and biologi-
cally important compounds used in the drug-discovery studies against cancer cells, microbes, and various types of disease in
the human body. This review article summarizes the pharmacological significance of the 1,2,4-triazole-containing scaffolds
and highlights the latest strategies for the synthesis of these privileged scaffolds using 3-amino-1,2,4-triazole. This review
stimulates further research to find new and efficient methodologies for accessing new 1,2,4-triazole-containing scaffolds
which would be very useful for the discover of new drug candidates.

Graphic abstract

Pharmacological significance of triazole: Synthetic approaches of amino triazole R2
triazole derivatives in clinical use

P
N R
bittertanol /

fluconazole

Keywords Heterocycles - Multicomponent reaction - Triazole - 3-Amino-1,2,4-triazole

1,3-binucleophile

N-N

BN

N NH
Rl

H

L~ NH,

N

1,3-binucleophile

N-NH
MN)\NHZ

RZ
N-—

mononucleophile

Introduction these compounds are extensively observed in nature and

metabolic systems which are vital for living creatures

It has been demonstrated that nitrogen-containing heterocy-
cles have a significant effect on the process of discovering
new structures for pharmaceutical applications. In addition,
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[1-3]. Among the various nitrogen-containing heterocycles,
1,2,4-triazoles especially with unique structure and prop-
erties have usages in various fields such as pharmaceutic
chemistry, agrochemistry, materials sciences, and organic
catalysts. 1,2,4-Triazoles operate as main pharmacophores
through hydrogen-bonding and dipole interactions with
the biological receptors [4, 5]. The various 1,2,4-triazole
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products due to having N-C-S linkage in the skeleton have
been introduced as an antimicrobial agent and various med-
icines such as Fluconazole, Flupoxam, and Anastrozole
which containing 1,2,4-triazole group are common and well
known [6, 7]. Among the different heterocyclic compounds,
1,2,4-triazoles attracted remarkable attention especially in
the last two decades due to its widespread potential phar-
maceutical activity including antibacterial, antifungal, anti-
inflammatory, antioxidant, analgesic, and anticancer activi-
ties [8—11].

The biological importance of 1,2,4-triazole has led to the
design of many methods for the synthesis of this scaffold
that exhibits biological activity. Synthetic methods reported
to date provide access to a wide range of 1,2,4-triazole via
multistep synthetic routes [12—16]. In view of the increas-
ing demand for the convenient and rapid synthesis of het-
erocycles with biological activities, surveys of the effective
synthetic methods to products containing 1,2,4-triazole sys-
tems have increasingly raised in recent articles. The estab-
lished previous methods demonstrate that multicomponent
reactions (MCRs) are a direct and powerful process for the
synthesis of different functionalized heterocyclic structures
including triazoles [17-19]. Given the growing importance
of 1,2,4-triazole in emerging sciences, it is necessary to pro-
vide a comprehensive review of this distinguished heterocy-
clic scaffold using 3-amino-1,2,4-triazole.

The Chemistry of triazole

One of the important heterocyclic products containing three
nitrogen atoms in a five-membered ring is known as tria-
zole with molecular formula C,H;N; operates as isosteres of
amide, ester and carboxylic acid. According to the position
of the nitrogen atom in the five-membered ring, there are two
possible isomers of triazole for instance, 1,2,3 and 1,2,4-tria-
zoles (1 and 2) are numbered as illustrated in Fig. 1 [20, 21].
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1,2,3-triazole 1,2,4-triazole

Fig.1 Chemical structure and numbering of 1,2,3-triazole and
1,2,4-triazole
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Triazole, also introduced as pyrrodiazole with a five-
membered di-unsaturated ring skeleton consists of two car-
bon atoms and three nitrogen atoms at non-adjacent sites.
Each of these has three tautomers (la-c and 2a-c) which
vary due to the fact that which nitrogen has hydrogen bonded
that for 1,2,4-triazole, 1H-1,2,4-triazole (2a) is more stable
than 4H-1,2,4-triazole (2b) as demonstrated in Fig. 2 [22].

Pharmacological significance of triazole
scaffold

1,2,4-Triazole is one of the most significant scaffolds that
can meet the needs of pharmaceutical chemistry and offers
a variety of biological activities: for example, antihyper-
tensive [23], anti-inflammatory [24], anticancer [25],
antibiotic [26], anti-HIV [27], antioxidant [28], antileish-
manial [29], and anticonvulsant [30]. This heterocyclic
structure is the main component of a diverse kind of drugs
available in clinical therapy, such as terconazole 3, itra-
conazole 4, fluconazole 5, bittertanol 6, cyproconazole
(fungicides) 7, trazodone 8 (anti-depressant) and triazolam
9 (sedative and hypnotic), etc., represented in Fig. 3 which
are frequently used in the pharmaceutical domain [4, 11,
31]. Triazole derivation is introduced according to the
concept of bioisosterism, in which the oxygen exchange
of the oxadiazole cores with the nitrogen atom happens
and generates the triazole analogue. [21].

This wide range of biological and pharmaceutical prop-
erties has been facilitated by the synthetic diversity of tria-
zole, which provides structural diversity and this has been
surveyed by a number of synthetic researchers [32]. On the
other hand, among other heterocyclic structures containing
nitrogen, triazole derivatives were introduced as the most
promising option for anti-tuberculosis properties [33].

The use of triazole-based drugs is the main method for
the treatment of fungal diseases in both human and agricul-
ture [34]. Triazole-based antifungals have been introduced
as the third generation of antifungal drugs that have a broad
range of antifungal properties in the treatment of a diversity
of pathogenic fungi (Fig. 4) [5]. Also, triazole antifungal
drugs are the first choice to treat infections due to Aspergil-
lus Fumigatus [35].

In 2015, the group of Miceli and Kauffman defined the
function of novel triazoles in the treatment of infections
caused by invasive fungi. Isavuconazole 10 is a novel tria-
zole with a wide range of therapeutic activity against dimor-
phic fungi, molds and yeasts. The use of this compound has
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Fig.3 A number of triazole derivatives in clinical applications

also been verified as a therapeutic agent for mucormycosis
and invasive aspergillosis (Fig. 5). The benefits of this tria-
zole-based compound consist of the excellent bioavailability
of the oral formulation, water-soluble formulation, availabil-
ity, and expected pharmacokinetics in adults’ people [36].
Oral triazole efficiency is fully verified for the therapy
of chronic (CPA), invasive (IPA), and allergic (ABPA)
pulmonary aspergillosis that is often longtime. Micro-
biological recognition of aspergillosis is restricted by
poor culture yield, result into indeterminacy about the
frequency of triazole resistance. In 2011 Denning et al.

found further indications for the stability of triazole for
human antifungal treatment [37].

Although triazole derivatives are functional synthetic
targets, some triazole-based drugs are not soluble in water
and most other suitable medicinal solvents, so this leads to
their negligible bioaccessibility and restricts their use in
many drug release systems [38]. Some solubility modifica-
tion attempts have been developed in recent years, includ-
ing the use of microemulsion systems, polymer-based solid
dispersions, and the formation of complex structures with

@ Springer



720 Molecular Diversity (2022) 26:717-739
Cl ; \ Cl Cl
O O S
Cl N
N OH
N\ ;’ </ N
N _ N,
0 N Cl Cl W N
N—7
difenoconazole penoconazole diniconazole
F
/N

N )
[ ~ ,
AL -0

posconazole

0]
Ao O

pramiconazole

O
OO

itraconazole

N )
S

N
R g
/’<\)) F OH
o 0O =

cl

N
- —_
OH g /> < > =N

N
N\\’W .
F N 1savuconazole
7\ AN
/N N » « 7
N N-N
o
(0]
Cl
F Cl
voriconazole propiconazole
/TN /—_:N

N
/R
N N

Cl fluconazole

Fig.4 Triazole-based antifungal medications for the treatment of serious fungal infections in human and plants

F -
HO N =N

10

Fig.5 The structure of Isavuconazole as a new triazole to treat the
invasive fungal infections

@ Springer

crown ethers to increase the solubility of a triazole-based
drug in water [39].

In order to solve this problem, in 2013 Kumar et al. pre-
pared acid addition salts of itraconazole as a triazole-based
antifungal agent to improve the water solubility and drug
dissolution properties. Sulfuric, nitric, and p-toluenesul-
fonic acid addition salts were produced via straightforward
preparation methods [40].

In 2010 Jubie et al. designed some new ciprofloxa-
cin analogues 11 as antimicrobial agents (Fig. 6).
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Fig.6 Several novel ciprofloxa-
cin analogues 11 as antimicro-
bial agents

Ciprofloxacin participates in the Mannich reaction to
produce a novel class of 1,2,4-triazole Schiff bases. The
novel products have been examined in vitro for their anti-
microbial properties in order to eliminate B. subtilis, K.
pneumoniae, and P. aeruginosa at 10 pg/ml concentration.
Almost all the synthesized products demonstrated in vitro
gram-positive and gram-negative properties that are gener-
ally analogous to ciprofloxacin or even better [41].

General procedures for the synthesis
of 3-amino-1H-1,2,4-triazoles

Various methods have been reported for the formation of
3-amino-1H-1,2,4-triazoles 12, and most of these methods
are based on the combinatorial synthesis, solid-phase reac-
tion, and using microwave [42]. Some of these methods are
described below. The first procedure, proposed by Bozo,
including a two-step mechanism: first opening of 1,3,4-oxa-
diazolium perchlorate motifs 13 by the nucleophile cyanamide
and subsequent recyclization (Scheme 1) [43].

The second procedure, introduced by Meng is based
on a robust, regioselective method for the formation of

3-amino-1,2,4-triazoles 12. This method used a basic inter-
mediate 15, which is reacted with carboxylic acids in good
efficiency to proposed intermediates 16. In the following,
these intermediates, interact with a diversity of hydrazines
or hydrazine hydrochlorides to generate offered interme-
diates 17, which using microwave-assisted heating under
controlled conditions to produce 3-amino-1,2,4-triazoles
12 (Scheme 2). This method provided the rapid synthesis
of regioselective N1-substituted 3-amino-1,2,4-triazoles and
obtained different products with structural diversity.

The third procedure was recently described by Bogoly-
ubsky and coworkers, presenting an interesting one-pot
synthetic procedure for the fast formation of a class of
3-amino-1,2,4-triazoles 12 with structural diversity of
products. In the main steps, the formed thioureas under-
goes S-alkylation with 1,3-propane sultone and sub-
sequential ring closure led to the synthesis of expected
1,2,4-triazoles (Scheme 3). Parallel synthesis generates
many 1,2,4-triazoles with structural diversity in a cost-
and time-effective process from simple and commercially
available materials [45].

The next synthesis method includes the development
of a straightforward and suitable new methodology for the

Scheme 1 Synthesis of CH3 N
1,5-diphenyl-1H-1,2 4-triazol- 1
3-amine 0"\ Ar \(/ W/NHz
< AN + HN—CN ——— N-N
Ar! N\® e Ar?
2
Art 1o, 12
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formation of 3-amino-1,2,4-triazoles 12 that illustrated
in Scheme 4. This process includes a one-pot reaction of
aminonitrile 18 with various alkyl and aryl nitriles that
catalyzed with iron (III) chloride. Trimethylphosphine is
applied as a ligand without the use of any further additive.
This one-pot reaction takes place under mild conditions
for the synthesis of various types of aryl-3-amino-1,2,4-
triazoles with excellent efficiencies. This new proce-
dure is highly sustainable in comparison with previously
reported methodologies. Rohand and coworkers’ research
team suggested that these processes could be used to syn-
thesize the 3-amino-1,2,4-triazole required for new drug
synthesis [46].
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Strategies for synthesis
of triazole-containing scaffolds using
of 3-amino-1,2,4-triazole

One of the suitable procedures to produce nitrogen-con-
taining heterocycles is the use of 3-amino-1,2,4-triazole
12 as an effective mono-, bi- and polynucleophile with dif-
ferent electrophiles in two, three or multi-component and
one-pot reaction. 3-Amino-1,2,4-triazoles 12 are beneficial
reagents in controlled multidirectional reactions because
they have multiple alternative reaction centers, makes it
possible to synthesize a variety of chemical types of het-
erocyclic products (some examples in Fig. 7) [47].

Fig.8 Variety and complexity
of Biginelly-type MCRs of car-
bonyl compounds, aminoazoles,

Multicomponent reactions (MCRs) containing
3-amino-1,2,4-triazoles 12 and aldehydes with diverse CH-
acids are analogous to the classic Hantzsch or Biginelly con-
densation reactions. In previous literature these reactions
had mostly led to the generation of mixtures of positional
and regioisomers, accordingly, several effective procedures
were found and developed for adjustment chemo- and regi-
oselectivity of these reactions which heterocycle formed
via cyclization, containing strategies for changing reaction
conditions such as temperature, type of solvent and type of
energy source required for activation; microwave irradiation
(MW) and ultra-sonication (US), type of catalyst and, etc.,
for switching their directions of heterocyclization [47].

In 2012, Sedash and coworkers published a review arti-
cle that completely justified the structural diversity and
complexity of the MCRs of 3-amino-1,2,4-triazoles 12 as
1,3-binucleophiles with carbonyl compounds and non-cyclic
CH-acids on the Biginelly-type reaction. It was displayed
that the step-by-step properties of the MCRs and the exist-
ence of various nucleophilic sites on the 3-amino-1,2,4-
triazoles 12 could result in at least eight plausible structural
diverse compounds A—H from the similar precursors. Reac-
tion conditions and also the type of precursors’ structure
determine which of these products can be the major product.
The pairs A-B, C-D, E-F, and G-F could be demonstrated
as positional isomers while the pairs A-C, B-D, E-G, and
F-H as regioisomers. Due to such a possible structural vari-
ety in obtained products, it is most difficult to determine the
structure of the final product (Fig. 8).

They studied the literature related to these kind of reac-
tions and found that the available information about the
structure of the products A—H obtained from these reactions
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was not always reliable and concluded that structure A as
the most usual product in most articles which described
Biginelli-like MCRs containing 3-amino-1,2,4-triazoles 12
using really harsh conditions and various precursors. The
product C is sometimes created as a by-product along with
the generation of the major product A. Only the reaction of
3-amino-1,2,4-triazoles 12 with acetylpyrazole precursor led
to the synthesis of compound C as the sole product. Synthe-
sis of tetrahydro derivatives F were reported in the reactions
with phenyl pyruvic acid or ethyl acetoacetate in mild condi-
tions. The product E could be acquired in kinetic conditions
from the reaction of fluorinated esters of acetoacetic acid
and further converted to type A heterocycles in thermody-
namically controlled conditions. Products with structure B
could only be obtained if two molecules of acetophenone
or cyclohexanone involved with 3-amino-1,2,4-triazole 12.
The compound D is synthesized by methods other than the
Biginelli-like MCRs method, and also, the synthesis of prod-
ucts with G and H structure has not been reported so far. The
facts about the dominant product formation with structure A
in the multicomponent reactions containing 3-amino-1,2,4-
triazole that suggested by Sedash et al. were verified by the
other subsequent literature [48].

This section presents research into the expansion of new
methods for the formation of triazole-containing scaffolds
using 3-amino-1,2,4-triazole 12 in multi-component reac-
tions as follows:

In 2005 Chebanov et al. developed three-component
reaction of aromatic aldehydes with pyruvic acid 19 and

3-amino-1,2,4-triazole 12 as starting materials for the forma-
tion of 5-aryl-5,8-dihydroazolo[1,5-a]pyrimidine-7-carbox-
ylic acids 20 in glacial AcOH. They realized that refluxing
of pyruvic acid with aldehydes and 3-amino-1,2,4-triazole
in DMF results in the synthesize of two isomers 20 and 21
(Scheme 5). The structure of the obtained products depends
on the type of solvent used in the reaction [49].

Later Parchinsky and co-workers examined the three-
component condensation between aromatic aldehydes, isoni-
triles 22, and 3-amino-1,2,4-triazole 12 in order to conveni-
ently synthesize structural diversity ranges of imidazo[1,2-b]
[1,2,4]triazoles 23. They found when benzylic isonitriles are
used; the obtained heterocyclic products can be produced
in an oxidized form in moderate to good yields. Oxida-
tion process happened at the benzylic moiety to synthesize
N-alkylidene-4H-imidazo[1,2-b][1,2,4]triazol-6-amines
24 that confirmed the unusual resistance to reduction and
acid hydrolysis (Scheme 6). It is thought that the attend-
ance of a readily oxidized benzyl moiety in final structures
is a prerequisite for the success of Groebke-type MCR of
3-amino-1,2,4-triazole [50].

In 2008 Sakhno and coworkers studied the multicompo-
nent condensation of 3-amino-1,2,4-triazoles/5-aminotetra-
zole with phenyl pyruvic acids 25 and aromatic aldehydes in
different conditions including, ultrasonication, microwave-
assisted heating, and thermal heating. In kinetic or thermo-
dynamic control conditions, the type of obtained product
and the reaction pathways for cyclocondensations depend on
the reaction temperature and the type of precursors. In the

Scheme 5 Synthesis of R
two isomers of 5-aryl-
HOAC, heat -
5,8-dihydroazolo[1,5-a] e N o
pyrimidine-7-carboxylic acids N
o H o on
N—NH 0 20
§ /)\NHZ " i s v ]
N o OH
R R
12 19
DMF N—
heat </ j\ \ o N//\j\ \ 0
NT N NN
H o on H o on
20 21
Scheme 6 GBB condensation H R! ) )
between 3-amino-1,2,4-triazole, HN/\ R air N//\ R
L N air
aldehyde and isonitriles 1\/] > . MeOH, NH,CL, ) N/ﬂ (oxidation) y N/IT\{I
reflux, 15h R! R! >
H,N N ? — Y 32-62% — 7
2 H NC_\R2 N/‘\N o N/‘\N
12 22 23 24

R'= Ph, 4-OMe-CgHy, 4-NMe,-CgHy, 3,4--(Me),-CgHs, 3,4-(OMe),-CeHj, 3,4-OCH,0-CoH
R2= Ph, 2-OMe-CgH,, 2-Me-CgH,, 4-F-CgH, 6-(Me),-CgHj
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case of amino triazole, they realized that an unprecedented
reaction route resulted in the synthesize of 5-aryl-7-hydroxy-
6-phenyl-4,5,6,7-tetrahydro[ 1,2,4]triazolo[1,5-a]pyrimidine-
7-carboxylic acids.

The outcomes reported above verify their supposition
about thermodynamic and kinetic control in the reactions
illustrated in Scheme 7 and therefore provide an easy adjust-
ing of chemoselectivity through alteration of the medium
temperature. The kinetic triazolopyrimidine derivatives 26
obtained when the precursors undergo sonication for 30 min
at ambient temperature or heating at 120 °C in acetic acid
solvent for 2 min, while pyrrolones 27 obtained as thermo-
dynamically control products in microwave-assisted con-
ditions at 150 °C for 180 min or refluxing conditions at
120 °C for 180 min. Furthermore, it was confirmed when
the reaction of Schiff bases 28 and phenyl pyruvic acid
25 irradiated with sonication source in HOAc solvent and
ambient temperature for 30 min or heated with a thermal

Scheme 7 Two different reac-
tion pathways for the synthesis
of triazolopyrimidine and

source for 2-5 min also provided triazolopyrimidines 26 as
selective product (Scheme 8) [51].

In 2009 Chen and coworkers studied the three-com-
ponent reaction of 3-amino-5-alkylthio-1,2,4-triazoles 12
with f-ketoester 29 and aromatic aldehydes to introduce a
Biginelli-analogous reaction with the regioselective man-
ner for the synthesize of 30 and 31 (Scheme 9). The results
demonstrated that the solvent type of reaction and the
structure of the f-ketoester material showed a significant
effect on the regioselectivity. This reaction, for the first
time, shows the regioselectivity of a Biginelli reaction that
uses aminotriazole as one of the starting materials [52].

In 2009 Lipson et al. found the reaction of
3-amino-1,2,4-triazoles 12 with cinnamaldehyde 32 pro-
ceeds through two directions and resulted in 5-[N-(3-
phenylpropenylideneamino)]-1H-1,2,4-triazoles 33 and
5-phenyl-4,5,6,7-tetrahydro[ 1,2,4]triazolo[1,5-a]pyrimidin-
7-ols 34 (Scheme 10) [53].
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In 2010 Gorobets et al. understood that using
3-amino-1,2,4-triazole in Biginelli-like three-component
condensation led to synthesis of tetrahydro pyrimidone ring
via an unexpected alternative direction. They concluded that
the 3-amino-1,2,4-triazole operates in a different way in com-
parison to other aminoazoles in the Biginelli-analogous multi-
component condensation. The aldehyde precursor interacted
with the exocyclic amino group of the 3-amino-1,2,4-triazole
12 instead of the endocyclic nitrogen of the triazole ring and
results in the product 35. The conventional and microwave
heating were identified as optimized reaction conditions using
salicylic aldehydes as a model reaction. Also, in order to form
the related oxygen-bridged compounds 36, they developed
an efficient microwave-assisted procedure (Scheme 11) [54].

In 2011 Rudenko et al. reported the reaction of N-arylma-
leimides 37 with 3-amino-1,2,4-triazole 12 in various sol-
vents including dioxane in heating condition, in n-pentanol,
acetic acid and ethanol and also without solvent by melting
together by 150-160 °C that compounds 38 and 39 were
obtained (Scheme 12). It has been confirmed that performing
the reaction under dioxane or isopropanol solvent condi-
tions results in the regioselective generation of product 38.
product 39 can be prepared selectively by heating 37 and
12 in acetic acid solvent for not more than 1 h; performing
this reaction under these conditions for a longtime results in
mixture of products 38 and 39 [55].

O N
N
Ar
reflux o~
R ——— N/ N
'dloxane \N;k
or isopropanol E o}
,Ar
</N\NH o N 38
i\ﬁ/o
S s )
NH, o) N
12 37 SAr
AN
7
reflux < _
N
acetic aced E o
or DMF
39

Scheme 12 Reaction of N-arylmaleimides with 3-amino-1,2,4-tria-
zole in different solvents

In 2012 Gladkov and coworkers investigated two kinds
of heterocyclization reactions between 4-amino-5-car-
boxamido-1,2,3-triazole 40 and cyclic ketones 41 under
normal thermal heating, using the microwave as well as
ultrasonic irradiation. ABB'-type MCR carrying out with
chemo-differentiation of cyclopentanone or cyclohexanone
precursors and obtains 4,5,6,7-tetrahydrospiro{cyclopent
a[d][1,2,3]triazolo[1,5-a]pyrimidine-8,1'-cyclopentane } -
3-carboxamide 42a or 5,6,7,8-tetrahydro-4H-spiro{[1,2,3]

Scheme 10 Reaction of _ CgH4R,
3-amino-5-methylthio-1,2,4- I I‘/] S //\/\
triazoles with cinnamaldehyde ? /L V. N
—0 R N
I/\T‘NH N — 33
R1/< /)\ R,CeHy 11
N” NH —— 33 + 34
12 32 OH
111 AN
7
L R1_< /J\
N™ "N7 “CHyR,
R! = H, SMe, R?=H, 4NO, 34

i. PriOH or DMF; ii. PriOH—piperidine; iii. Me,CO—piperidine

Scheme 11 Direction of the
tetrahydropyrimidine ring

formation depending on the OH
applied conditions 0 ~
HN MW O] heat
)\ - —_
22N b N« + o) a
N , ~NH
/ Me <
= N N ;k Me)J\Me
36 NH,

12 35

(a) MeOH, HCI, (4N in dioxane), 40 0C, 16 h, (b) EtOH, HCI, (4N in dioxane), MW 150 0C, 30 min.
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Nw (CHy),
X (CH),
—
—A— N
H
o
N-NH o} NH,
1
N/ —NH
2,2 écm
NH (CHy),
(¢] 2 N\N
41 a-b Z
40 LI or 11T Neo
e — (CH,),
-2H,0 o
I - EtOH, reflux, 3h or -~ NH
0 an=1 2
11 - MEOH, MW, 120 °C or 42a + 42b

bn=2
III - HOAc, US, r.t

Scheme 13 Reaction of 4-amino-5-carboxamido-1,2,3-triazole and
cyclic ketones under microwave assisted conditions

triazolo[5,1-b]quinazoline-9,1'-cyclohexane}-3-
carboxamide 42b in all tested conditions (Scheme 13). The
use of methanol as solvent with microwave irradiation con-
ditions at 120 °C were reported as optimal conditions [56].

Another example of the direct relationship between
reaction path and applied conditions reported in the paper
published by Muravyova et al. (2011) and illustrated in
Scheme 14. By changing the temperature of the reaction
system and using ultrasonic, the direction of reaction includ-
ing aromatic aldehydes, acetoacetamides 43, and substituted
3-amino-1,2,4-triazole 12 switches between kinetically and
thermodynamically controlled paths and selectively gener-
ate tetrahydro- or dihydro derivatives 44 or 45, respectively
(Scheme 14) [57].

In 2011 Kolos et al. found that cyclocondensation of
esters 46 was also done with the 3-aminotriazole 12. It
has already been explained that the synthesis of [1, 2, 4]
triazolo[1,5-a]pyrimidine compounds using a,f-unsaturated
ketones, and amine 12 requires really harsh conditions,
including using of DMF or butanol as solvent under reflux
condition. Because the reaction of esters 46 and amine 12
in DMF under reflux conditions resulted in the tarring of

Scheme 14 Condition-depend-

ent multicomponent reactions of

3-amino-1,2,4-triazoles, alde-

hydes, and acetoacetamides o o

N—NH 4
3L R
R ’<N/)\NH2 /)

12

products, so they used of ethanol and reflux conditions that
led to the formation of the triazolo[1,5-a]pyrimidines 47
with good efficiencies (Scheme 15) [58]. Optimization of
the ester functional group was performed by the involving
of compounds 47 with hydrazine hydrate. But, reported in
the literature that 6-arylpyridazin-3(2H)-ones acquired as
products of this reaction instead of the expected hydrazides.

To improve the triazolopyrimidine classes to clinical
application, it was essential to recognize and synthesize an
optimized product that exhibits both ability and good phar-
macokinetic characteristics. The application of 1,3-dielec-
trophiles in the azoloazine formation is not restricted to the
enones. For example, in 2011 Gujjar and coworkers used
p-dicarbonyl compounds, such as substituted ethyl acetoac-
etate 48 for the synthesis of the pyrimidine core with sub-
stituents in C4 and C6 of 49a-c (Scheme 16). The asymmet-
ric p-dicarbonyl precursors can provide positional isomers,
while most processes show only one of the isomers. The
aminoazoles-containing pyrrole N-atom in the a-position
relative to the NH,-group are often applied as 1,3-binucleo-
philes [59].

In 2011 Saito et al. replaced easily acetoacetic esters
using sodium nitromalonaldehyde monohydrate or malonic
ester. The malonic ester 50 was applied as impressive pre-
cursor for the formation of the azoloazines 51 with substitute
in the C5 (Scheme 17) [60].

In 2013 Petrova and coworkers reported a new three-
component condensation between cyclic 1,3-diketones,
3-aminotriazole 12, and glyoxal for the formation of a new
series of indolo[1,2-c]azolo[1,5-a]quinazoline-8,10-diones.
In these MCRs, if glyoxales and arylglyoxales 52 are used
instead of aldehyde, the reaction can proceed via a variety
of routes. Therefore, Petrova and coworkers examined the
reactions of a broad range of aminoazoles with glyoxales
52 and 1,3-diketones under refluxing condition in ethanol
solvent and the new heterocyclic compounds indolo[1,2-
c]polycyclic compounds 53 were obtained (Scheme 18)
instead of expected 4,5,6,7,8,9-hexahydro-8-oxoazolo[5,1-
b]quinazoline-9-carbaldehyde products [61].

HO 0
EtOH Ne !
Us, rt. R3_</ j\ R
_
R2=Me N E R2
44
R= Alk, Ar, HetAr,
B R!= OAIk, NH,, NHAr, NHHetAr
- R3= H, NH,,COOAIk, SCH,CONH,,
z SCH,COOEL, SCH,CH,NHCOOCH,Ph.
R O
N~ 1
DME, heat sy N R
R~ L |
R?=Me N N
H
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Scheme 15 Synthesis of [1,

2, 4]triazolo[1,5-a]pyrimi- | AN
dine compounds using a,- R'-F
unsaturated ketones, and amine = X COzEt
in refluxing ethanol o
46

R! =H, 3, 4-di-Cl, 4-Br, 4-Cl

N~

\E

OH
0
N
_N R\
0" Me T 1 S
_ o U=
t =y RTONT TN
R (6] H,N
48 12 49a
R =Me, C,Hs CF3; OC,Hs l 10
Rl
“NH Gl
N
NN i Z°N S
N )Q \> > /L\N
R N N R N
49¢ 49b

Reagents and condition:

(I) AcOH, 3,5-8h, reflux 45-55% / NaOEt, EtOH, 8h 50%,

(II) POCls, 30-45 min, reflux, 50-65% / POCl3, FMA, 1.5 h, reflux, 68%,
(I1) R'-NH,, EtOH / DMF, K,COj5, 2-20 h, r.t, 50-90%.

Scheme 16 Synthesis of triazolopyrimidine compounds based on
asymmetric f-dicarbonyl compounds

0
N CH500C EtOH, EtONa  N~xN R
\> y
=7 * R ¢ =
H,N C,H;00C N N"T0
12 50 51

Scheme 17 Use of malonic esters for the synthesis of the azoloazines

In 2014 Niu and coworkers developed a new method for
the synthesis of tricyclic systems named 1,2,4-triazoloqui-
noxalines 55 via a transition metal-free tandem method and
in a one-pot condensation/nucleophilic aromatic substitution
process. This protocol used to a wide spectrum of precursors
such as 2-halogenated or 2-nitro aryl aldehydes and ketones

@ Springer
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Scheme 18 MCRs involving aminoazole, 1,3-diketones, and glyoxal
using as a carbonyl-containing precursor

RZ
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N 2 a0 DMEF, 100 °C N~ \
4A° MS =X,
12 54 55 R

Scheme 19 Synthesis of 1,2,4-triazoloquinoxaline in a one-pot tran-
sition metal-free tandem process

54 (Scheme 19). In addition to aldehydes, ketones also react
well, resulting in tricyclic products [62].

In 2015 A Farghaly and coworkers introduced a method
for the formation of pyrido[4,3-d]triazolo[1’,5'-a]pyrimi-
dines 57 7 via in situ oxidized triazolopyrimidine process,
using 1-ethyl-4-piperidinone 56 as a cyclic ketone in the
condensation with two equivalents of aromatic aldehyde and
3-amino-1,2,4-triazole 12 with convenient thermal heating
(acetonitrile-I,, 10% mol, 100 °C) (Scheme 20) [63].

In 2015 Shaabani et al. described a green multi-component
procedure for the formation [1, 2, 4]triazolo[1,5-a]pyrimi-
dine-6-carboxamides 60 using a one-pot reaction involving
an aldehyde, 3-amino-1,2,4-triazole 12, a primary aliphatic or
aromatic amines 58, and 2,2,6-trimethyl-4H-1,3-dioxin-4-one



Molecular Diversity (2022) 26:717-739

729
Scheme 20 Synthesis of
pyrido[4,3-d]triazolo[1',5"-a] _ 0
pyrimidines by condensation I/\I NH I, (10 mol %)
of 1-ethyl-4-piperidinone as a / + 2Ar-CHO
cyclic ketone N MeCN
12 Et
56 N"\\
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/
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Scheme 21 A green one-pot R'-NH,
multi-component procedure
for the formation [1, 2, 4] 41/\1—32 S8 j R 0 1
triazolo[1,5-a]pyrimidine-6-car- _ 1) neat, 150 °C, 30min N- _R
boxamide products N NH; + R N | E
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59 (Scheme 21). The first step is performed in solvent-free
conditions and heating at 150 °C for 30 min, then the second
step is followed using a catalytic amount of p-toluene sul-
fonic acid in water for 4-6 h [64].

In 2015 Karami et al. developed a novel, environmentally
friendly formation of 5,9-dihydropyrimido[5,4-¢][1,2,4]
triazolo[1,5-a]pyrimidine-6,8(4H,7H)-diones 62 by using
a one-pot condensation of 1,3-dimethylbarbituric acid 61,
3-amino-1H-1,2,4-triazoles 12, and aromatic aldehydes
(Scheme 22). The reactions follow the principles of green
chemistry without using any catalysts or solvents throughout
the processes.

An acceptable mechanism for the synthesis of derivatives
62 is illustrated in Scheme 23. It is plausible that arylidene-
1,3-dimethyl barbituric acid 63 is formed via Knoevenagel
condensation between 1,3-dimethyl barbituric acid 61 and
aldehyde. Then 3-amino-1H-1,2,4-triazole 12 can be attacked
to intermediate 63 to generate intermediate 64, which trans-
formed into 65 via an N-cyclization, in following, dehydra-
tion leads to generate the expected compound [65].

In 2015 Murlykina et al. developed techniques for
determination of the selectivity of MCRs containing
3-amino-1,2,4-triazole 12 and pyruvic acids 19. The route
of the reaction depends on the temperature and structures

Scheme 22 Regioselective (0] Ar
synthesis of pyrimido triazolo R Me . N
pyrimidine diones >—N o —> N | N \>
N/ »\ 41\ )\\ ¢
\N NH, Ar H (6] I\II g N
H + solvent-free Me
62
12 0 0 120 °C
W O Ar
No _N.
= Me” M Me
R=H,SMe Me \”/ e N NH
° 7 A LA
0~ "N” °NTN
61 | v N
Me N:<

R

Scheme 23 The rational HO 0 0 H
mechanism for the formation of o )]\ _
compound 62 Me Me < N Ar q Me < N Ar
N — = )\ - )\
)\ N 0o -H,0 0 N o
o I\lI 0 (0] \ 2 I\l/[
Me Me e
61 63
R
R N
N \
>/- W HN—{[ '\ 0 Ar
N NH o N
E 2 Me \N _N
Me< Z Ar \>_R
12 E—— ~
- A TN,
o~ N 0 .
Me
64 65
O Ar
Me _N
-H;0 02 >N N7 N
| H
Me
62
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of the starting materials, so it is possible to switch between
alternative pathways and synthesize several structural varie-
ties of products.

Accordingly, the product 66 named 7-hydroxy-5-aryl-
4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidine-7-car-
boxylic acids obtained from three-component condensation
of 3-amino-1,2,4-triazole 98 and pyruvic acid 99 with sali-
cylic aldehydes and anisaldehydes in mild heating condition.
But when reaction carried out in reflux condition or micro-
wave irradiation, the condensation of the similar precursors
provides 7-aryl-4,7-dihydro-[1,2,4]triazolo[1,5-a]pyrim-
idine-5-carboxylic acids with a free carboxylic group 67,
that could potentially create complexes with various metals
(Scheme 24). When they used arylpyruvic acids 25, the reac-
tion in sonication condition results in compounds analogous
to products synthesized with pyruvic acid, i.e., 7-hydroxy-
5,6-diaryl-4,5,6,7-tetrahydro-[1,2,4]triazolo[1,5-a]pyrim-
idine-7-carboxylic acids 68. But using heating to reflux
temperature or microwave irradiation condition, the similar
precursors results in 3-hydroxy-4,5-diaryl-1-(1H-1,2,4-tria-
zol-5-yl)-1H-pyrrol-2(5H)-ones 69 (Scheme 25) [66].

In 2015 Aouali and coworkers reported a rapid and effec-
tive microwave-assisted procedure for the formation of a
spectrum of fused imidazo-5-amino-1-phenyl-1,2,4-triazoles
70 in good to excellent efficiencies through Groebke—Black-
burn—Bienaymé three-component reaction (GBB-3CR) with
involving of 3-amino-1,2,4-triazoles 12, aromatic or ali-
phatic aldehydes and substituted isocyanides (Scheme 26).
This protocol should be effective for the formation of classes
of these products with modified yield and high-throughput
synthetic procedures. In GBB-3CR and sometimes in Ugi-
4CR, Brgnsted or Lewis acids are mostly applied to activate
intermediate imine. In this GBB-3CR, in order to optimize
the reaction conditions, almost all types of solvents such
as water and ionic liquids, different catalysts, and different

Rl HOAC HO. | R?
Heat N-
| \/\>R2 — </ N
/ —
N N \
H poll —R!
\O 66 \/

NH, R*;- R
12 0 Z
OH HOAC N H R
MW N
3_ 7
19 R3=H > < /J\ | o
i

67 OH

Scheme 24 Heterocyclizations of 3-aminopyrazoles with salicylic
aldehydes and pyruvic acids
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3
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X ((Grt N
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3
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o
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Scheme 25 MCRs containing 3-aminopyrazoles and arylpyruvic acid

temperature treatments (thermal heating or microwave irra-
diation) were examined.

A plausible mechanism for this scandium triflate trig-
gered Groebke—Bienayme —Blackburn reaction is illustrated
in Scheme 27. In this case, the reaction of the amine group
with aromatic aldehyde provides an intermediate imine. The
use of a broad range of aromatic aldehydes provides structur-
ally diverse iminium intermediates. The trapping of these
more electrophilic iminium intermediates using the isocya-
nide produced imidazo[2,1-c][1,2,4]triazoles 70 in middle
efficiency [67].

In 2015 Karami and coworkers described a novel method
involving a one-pot reaction of 3-amino-1H-1,2,4-triazole
12, dimethyl acetylenedicarboxylate (DMAD) 71, and aryl
aldehydes applying silica sodium carbonate (SSC) as a
solid base catalyst for the synthesis of dimethyl 4,5-dihy-
dro-5-aryl-[1,2,4]triazolo[1,5-a]pyrimidine-6,7-dicarboxy-
lates 72 (Scheme 28). Using of heterogeneous solid base
(SSC), provides the possibility of the separation of dimethyl
4,5-dihydrotriazolopyrimidine-6,7-dicarboxylates 72 in this
reaction. The authors proposed that the use of base assist the
synthesis of an intermediate due to reaction between NH
group in C2 of 3-amino-1,2,4-triazole 12 and active carbon

N - -
NH
2 2 DMF
+ 9 GBB-3CR
® @ AN
R3-N=C | H
[
RZ

Scheme 26 GBB-3CR containing 3-amino-1,2,4-triazoles, aromatic
or aliphatic aldehydes, and substituted isocyanides

@ Springer



732

Molecular Diversity (2022) 26:717-739

Scheme 27 Proposed mecha- ll’h
nism for the formation of Ph R? _N
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Scheme 28 Regioselective formation of triazolo pyrimidine dicarbo-
xylates catalyzed by SSC

of dimethyl acetylenedicarboxylate 71 that in the continua-
tion of the reaction, the involving of aldehyde, cyclization
and dehydration process occurs.

A rational mechanism for the formation of product 72
is illustrated in Scheme 29. At first step, intermediate 73 is
formed through the reaction of 3-amino-1H-1,2,4-triazole
98 and DMAD 71 using SSC. In the following, intermediate
73 attacks the aldehyde to generate intermediate 74. Eventu-
ally, heterocyclization and dehydration processes occurred
on intermediate 75 led to formation 152 [68].

In 2017 Moustafa and coworkers found an impressive and
green method for the formation of novel classes of nitrogen
bridgehead [1, 2, 4]triazolo[5,1-c][1,2,4]triazepine deriva-
tives 77 via one-pot three-component condensation of poly-
functional triazole 76 with aromatic aldehydes and acetophe-
none in alcoholic sodium hydroxide solution (Scheme 30)
[69].

In 2017 Komykhov and coworkers developed a
three-component reaction of 1H-1,2,4-triazol-3-amine
12, aromatic aldehydes and acetone in the presence
of TsOH as a Brgnsted—Lowry acid for the synthesis
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Scheme 29 The rational mechanism for the synthesis of product 72
in the presence of SSC

of (5S,7R)-5-Aryl-7-methyl-4,5,6,7-tetrahydro[1,2,4]
triazolo[1,5-a]pyrimidin-7-ols 78 (Scheme 31). They stud-
ied the antimicrobial and antifungal properties of these
novel compounds in vitro tests [70].

In 2017 Miszczyk and coworkers investigated the reac-
tion of 3-amino-1,2,4-triazole, triethyl orthoformate and
diethyl phosphite led to the synthesis of the anticipated
1,2,4-triazoly-3-ylaminomethylenebisphosphonic acid
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Scheme 30 Formation of a NN Ny An N—N NH,
novel nitrogen bridgehead | \>—N /M \ N Ar, Ar,
triazolo triazepine via one-pot N HS” "N H W
) HS | \
three-component reaction of NH, Ar, NH, _N N
polyfunctional triazole 76 Nl >=N/
OR - - HS/\\N
\
(0} + )(J)\ NH,
NH
NI ’N\ 2 Ary” TCH; YN 77
N Ary Method A:60-80%
HS
\ Method B:60-81%
N
Ar,
Me characteristics of both obtained products 79 and 80 were
ey specified applying potentiometry, UV and NMR titrations.
e . . o
s N 8 Although there is a potential for substitution of the ethyl
« /N . TsOH = functional group in the 1,2,4-triazole scaffold, it was con-
N‘( o Acetone N firmed that product 80 similar to compound 79, contained
NH, ( MW 125 °C H an acidic CH on the triazole scaffold that be able to create
12 ’ .
AT 45 min34-% 78 H-bonding [71].
In 2018 Gladkov et al. prepared a new spiro derivative of
Ar dihydro-1,2,3-triazolo[ 1,5-a]pyrimidine 84 by three-compo-

0 11QH
Me

Nox
<N/J\N
H

Scheme 31 Formation of tetrahydro triazolo pyrimidin in the pres-
ence of TsOH

79; although, in this reaction, remarkable quantities of
N-ethylated products (80-83) was synthesized which these
structures verified by isolation (Scheme 32). Acid-base

/: N HC(OEt) HCl
3
HN\N/)\ NHQ >
HP(O)(OEt), H,0
12
PO;H,

N
N/i_N»\E)\ PO;H, 7

)81

nent condensation of 3-amino-1,2,4-triazole 12 and various
amines with malononitrile and cyclohexanone (Scheme 33).
The activation of precursors by microwave irradiation and
thermal heating led to the synthesis of a single product that
follows a similar heterocyclization pathway [72].

In 2018 El-Saghier et al. synthesized novel
3-(2-hydroxyphenyl)-3H-imidazo[2,1-c][1,2,4]triazol-
6(5H)-one 86, 87, 88 and 3-N-arly(alkyl) amino acid con-
nected triazoles 89, 90 as potential antileishmanial agents
using from 3-amino-5-(2-hydroxyphenyl) amino acid con-
nected triazoles 85 as starting substance (Scheme 34) [73].

PO;H, PO;H,

=N
N L =\ L

> HN_ /)\N POH, + \_-N_ /)\N PO,H,
N H N H

79 80

> PO;H, > PO3H,
BN B I}\ P&
N\N/)\E PO, N, S\ TPOMM,

82 ) 83

Scheme 32 Reaction of 3-amino-1,2,4-triazole with tetraethyl orthoformate and diethyl phosphite

@ Springer



734

Scheme 33 Three-component
condensation between amines,
cyclohexanone, and malononi-
trile N

(¢}
CN
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N |
—
N NH,
H
o
NH,

A more effective multi-component one-pot procedure
for the formation of imidazo[2,1-c][1,2,4]triazole-5-amine
products 92 has been reported based on the reaction of eas-
ily accessible aromatic aldehydes, benzoyl cyanide 91 and
3-amino-1,2,4-triazole 12 in pyridine undergo controlled
microwave irradiation condition (Scheme 35). This protocol
has some advantages including; environmentally friendly,
simple operation, short reaction time and excellent efficien-
cies [74].

In the view of above-mentioned points about the bio-
logical importance of triazole containing scaffolds, in 2020
Safari and coworkers described an interesting one-pot
three-component condensation for the formation of novel
triazolo pyrimidine compounds introduced as N-methyl-
6-nitro-5-phenyl-[1,2,4]triazolo[1,5-a]pyrimidine-7-amine
95 using condensation of 3-amino-1,2,4-triazole 12, ali-
phatic or aromatic aldehydes 93 or 93" and N-methyl-
1-(methylthio)-2-nitroethenamine 94 using trichloro-
acetic acid (TCAA) as a Brgnsted—Lowry acidic catalyst
in acetonitrile (for aryl aldehydes) or water (for hetero-
cyclic aldehyde) as reaction solvent and at ambient tem-
perature (Scheme 36). In the case of using heteroaromatic
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aldehydes, this method usually results in oxidized [1, 2,
4]triazolo[1,5-a]pyrimidine 96, but in other cases where
aromatic aldehydes were used, the last dehydration process
did not occur and the reaction stopped on the synthesis of
the corresponding dihydro[1,2,4]triazolo[1,5-a]pyrimidine
95. The attendance of five nitrogen heteroatoms in these
products leads to an increase in the potential of biological
values that has attracted considerable attention of chemists
and biologists [75].

A rational mechanism for the synthesis of compound 95
is illustrated in Scheme 37. At the first step, the reaction
of 3-amino-1,2,4-triazole and aldehyde in the presence of
TCAA led to form an imine (Schiff base) 97. The impor-
tant point is that aldehyde precursor condensed with the
3-amino-1,2,4-triazole 12 via the exocyclic amino group not
the endocyclic nitrogen of the triazole moiety. In the follow-
ing, the reaction of N-Methyl-1-(methylthio)-2-nitroethena-
mine 94 as an enamine type with intermediate 97 carried
out through an aza-ene addition continues by imine—enam-
ine tautomerism to produce open-chain intermediate 98.
Then two processes including N-heterocyclization and the
removal of thiol occur on intermediate 99 and the product
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Scheme 34 Synthesis of new amino acid coupled triazoles as potential antileishmanial agents
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Scheme 36 One-pot procedure for the synthesis of compounds 95
and 96

98 is generated. Finally, the proton transfer of intermediate
99 led to final compound 95. In the case of the formation of
compound 96, the generation of these heterocycles can be
justified using the oxidation process through the air stream.
Indeed, the resonance of the new double bond with low-
electron-ring of pyridine leads to the stabilization of prod-
uct 96, therefore product 96 tends to oxidize and generate a
double bond [75].

Conclusions

1,2,4-Triazole is a significant nitrogen-based heterocycle
in the organic chemistry and pharmaceutical field because
of its biological activities, potential therapeutic applica-
tions and chemotherapeutical values. In this review, we
have highlighted some recent synthetic approaches for
the synthesis of versatile 1,2,4-triazole heterocycles using
3-amino-1,2,4-triazole. 3-Amino-1,2,4-triazole is an effec-
tive mono- or bi-nucleophile in controlled multidirectional
reactions that lead to the synthesis of a variety of heterocy-
cles with a high number of heteroatoms. Overall, we hope
that this review will assist the chemists in choosing the
appropriate methodology for the formation of 1,2,4-triazole
based scaffolds and motivate the creation of new synthetic
methods in this field.
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