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1,2,4-TRIAZOLES: SYNTHETIC APPROACHES
AND PHARMACOLOGICAL IMPORTANCE. (REVIEW)

I. A. Al-Masoudi', Y. A. Al-Soud’, N. J. Al-Salihi’, and N. A. Al-Masoudi*

The synthetic routes of 1,2,4-triazole compounds as well as their pharmacological properties have been
described. The review focuses intensively on two methods: cycloaddition reaction in the syntheses of
various 1,5-dialky-1H-1,2,4-triazole derivatives from the reactive cumulenes with the nitrile precursors
as well as the microwave irradiation method.
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1. PHARMACOLOGICAL PROPETIES

The 1H-1,2,4-triazole compounds are considered interesting heterocycles since they possess important
pharmacological activities such as antifungal and antiviral activities. Examples of antifungal drugs [1, 2] are
fluconazole 1 [3, 4], itraconazole 2 [5], ravuconazole 3 [6], voriconazole 4 [7-9], ICI 153066 5 [10], and
posaconazole 6 [11]. The action of these compounds is based on the inhibition of biosynthesis of ergosterol, the
major steroid in fungal membranes, by blocking 14-a-demethylation, which occurs with accumulation of
14-a-methyl-steroids and disruption of the fungal membranes [12-14]. Fluconazole 1 causes second bronchial
arch anomalies in mice [15].
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Some 3-amino-1H-1,2,4-triazoles have been used as herbicides and defoliants; meanwhile they were
described as catalase inhibitors [16] and blockers for certain ethanol-induced behavior effects [17]. It has been
reported that only certain enantiomers of triazoles containing oxazolidine rings (e.g., 7, 4(R), 5(R)) are active
against Candida albicans infections in mice [18].

Ribose N-glycoside 8 [19-23] is a broad spectrum antiviral agent containing the 3-aminocarbonyl-
triazole moiety. It is active against both RNA and DNA viruses and is used in an aerosol for lower respiratory
tract viral disease as well as in the treatment of influenza, Lassa fever, and Hantaan virus [24, 25]. Amidine and
guanidine derivatives 9 (R = H-HCI, Me, CN) exhibiting a broad spectrum of antiviral activity [26] have been
prepared.
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Some triazole derivatives are considered as angiotensin II receptor antagonists [27-31]. These
compounds, such as 10 and 11, are used to increase the blood pressure. Furthermore, various 1,2,4-triazole
derivatives have been reported as fungicidal [32], insecticidal [33], antimicrobial [34, 35], and antiastmatic [36]
agents, anticonvulsants [37], antidepressants [38], and plant growth regulators [39]. In addition, it was reported
that compounds having triazole moieties, such as vorozole 12, letrozole 13, and anastrozole 14, appeared to be
very effective aromatase inhibitors, which in turn prevented breast cancer [40-42]. It is known that 1,2,4-triazole
moieties interact strongly with heme iron, and aromatic substituents on the triazoles are very effective for
interacting with the active site of aromatase [43]. Other laboratories reported the same biological activity of the
triazole family [44-46].
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The derivatives of s-triazolo[1,5-c]pyrimidines are important as potential therapeutic agents [47, 48];
some 3-amino-1,2,4-triazole (ATZ), 3-mercapto-1,2,4-triazole (MTZ), and 3-nitro-1,2,4-triazole (NTZ)
derivatives showed antithyroid activity [49]. In recent work [50] thienopyrimido-1,2,4-triazoles 15 have been
synthesized as pharmacologically interesting compounds. Some acyclic 1,2,4-triazole C-nucleosides [51] lacked
antiviral properties against herpes simplex virus 1 and 2 (HSV-1 and -2) along with other viruses.
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2. SYNTHESIS OF 1H-1,2,4-TRIAZOLE COMPOUNDS

There are five methods to buildup the 1,2,4-triazole ring.
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2.1. Methods employing hydrazine derivatives

The reaction of hydrazine or substituted hydrazines with suitable electrophiles is the most common
method for the preparation of the triazoles. Examples where hydrazines provide the triazole ring [52-54] are
described in Scheme 1.
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Another example of such type of reaction is the interaction of ethyl N-cyanoformimidate with the
hydrazine derivative 23 in triethylamine to give the corresponding 5-aminotriazole 24 [55, 56] (Scheme 2).
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3-Alkylthio-1,2,4-triazole derivatives 28a,b are produced [57] by the reaction of phenyl isothiocyanate
with 2-cyanoacetohydrazide (25) via intermediate 26 and cyclization of 27. The structures of 28a,b were proved
by an independent synthesis involving the treatment of 26 with 29a,b to yield 28a,b (Scheme 3).
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Scheme 3
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Dimova et al. [58] recently synthesized a series of 4-substituted 5-aryl-1,2,4-triazoles by cyclization of
the corresponding substituted thiosemicarbazides.

Carlsen et al. [59] have prepared triazoles 34 and 35 from earlier described unsymmetrical bis(p-
alkylaminobenzylidene)hydrazines 32 [60] using a modified procedure outlined in Scheme 4.
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A series of neat unsymmetrically substituted 3,5-diaryl-4-methyl-4H-1,2,4-triazoles 34 were next
thermolyzed at 330°C for 30 min to investigate the regioselectivity as a function of the electronic conditions
induced by the para-substituents in one of the phenyl rings. These results were also compared with those
obtained upon alkylation of the corresponding unsymmetrical 3,5-diaryl-1H-1,2,4-triazoles 35 with Mel. The
general reactions are shown in Scheme 5.

Scheme 5
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The rearrangement of 3,5-diaryl-4-methyl-4H-1,2,4-triazoles to the corresponding 3,5-diaryl-1-methyl-
1H-1,2,4-triazoles exhibited a regioselectivity comparable to that for alkylation of 3,5-diaryl-1H-1,2,4-triazoles,
providing further support to the previously proposed mechanism for the rearrangement [61], which would
involve consecutive nucleophilic displacement steps (Scheme 6).
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Nair et al. [62] recently reported an extensive review on the synthesis of 1,2,4-triazoles and thiazoles
from thiosemicarbazide and its derivatives.
2.2. Methods employing nitrile imines and triazines

1,3-Dipolar cycloaddition has been extensively used for the synthesis of triazoles. An example of this
method is the reaction of nitrile imine 37 with the tetrazole (36, X = NH) to give triazole 38. Reaction of 37 with

the tetrazole (36, X = O) gave 39, which on treatment with a base afforded triazolinone 40 [63] (Scheme 7).
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Scheme 7
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An improved synthesis of 1,3,5-trisubstituted 1,2,4-triazoles 42 has been reported [64] via 1,3-dipolar
cycloaddition of nitrile imine, generated in situ from 41 in the presence of Ag,CO; and Et;N. In an alternative
two-step approach, Buzykin et al. [65] first prepared intermediate 43 from the reaction of 41 with a primary
amine and Et;N, which was then treated with a solution of 30% H,0, / aqueous KOH to yield 42 (Scheme 8).
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2.3. Synthesis of triazoles by transformation of other heterocyclic systems

The conversion of a non-triazole ring system into a triazole usually included the substitution of nitrogen
for another heteroatom in a five-membered ring. The process usually involved nucleophilic ring opening of the
heterocycle followed by ring closure and loss of the other atom. Little new material in this area has appeared
after it was reviewed by Polya [66] in 1984, and only a few typical examples [67-69] are illustrated in Scheme 9.
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Scheme 9
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There are, so far, only a few published studies about the solid-phase synthesis of substituted
1,2,4-triazoles. Katritzky reported the synthesis of tri-substituted 1,2,4-triazoles on a solid support based on the
condensation reaction between an acyl hydrazide and substituted amidines [70]. The yields were 37-90% and the

purities depended on the substituents of the triazole core.

This procedure enables the alkylation of the 1-position, giving the trisubstituted 1,2,4-triazoles, but
suffers from the nontraceless nature of the reaction sequence. Hence, the synthesized 1,2,4-triazoles contain the
4-hydroxyphenyl linker of the starting Wang resin. 3,4,5-Trisubstituted 1,2,4-triazoles were also prepared on

solid supports [71].

A traceless synthesis of 3,5-disubstituted 1,2,4-triazoles has been developed on polymeric supports [72],
using immobilized mesoionic 1,3-oxazolium 5-oxides (miinchnones) as key intermediates in the 1,3-dipolar

cycloaddition reaction, as shown in Scheme 10.
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2.4. Synthesis of particular classes of compounds and critical comparison of methods

Triazolium salts 56 and 57 can be prepared [73] from methylthiadiazolium salt 55 by treatment with
butylamine and aniline, respectively. The proposed mechanism of transformation of mesoionic 1,3,4-thiadiazole
55 to mesoionic 1,2,4-triazole 56 by the action of primary amine is explained in terms of the intermediate a ring
opening by butylamine to give the iminium salt b, which is subsequently deprotonated to the intermediate ¢, and
by delocalization of the unpaired electrons of the nitrogen, allowing the butyliminium group to attack the C=S
bond to give the protonated cyclic d, followed by lose of the proton and SMe group to give 56. Thiadiazolium
salt 58 reacts similarly with phenyl hydrazine [74] to give the triazolium salt 59, as shown in Scheme 11.
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2.5. Synthesis of 1,2,4-triazoles under microwave irradiation

Microwave irradiation has become a widely used method to synthesize many useful organic chemicals
rapidly, with good yields and high selectivity [75-89]. A great many relevant works suggest only a thermal
nature of the microwave action, which means that microwaves are considered to be a method to heat chemical
reagents rapidly and without any overheating. Some other works describe specific nonthermal effects, and these
effects are likely to exist. Sometimes the effects are thought to be only specific forms of heat effects, but not
always.

Kappe et al. [90-92] have used this method extensively for the synthesis of their organic molecules;
meanwhile Molteni and Ellis [93] reviewed the work carried out since 1994 in the field of microwave-assisted
synthesis of heterocyclic compounds and reactions in which a heteroatom is directly participating in the bond
forming process that gives rise to a heterocyclic core.
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By applying the microwave irradiation method, several 1,2,4-triazole derivatives were recently reported.
Bentiss et al. [94] have synthesized 3,5-disubstituted 4-amino-1,2,4-triazoles 61 from the reaction of aromatic
nitriles 60 with NH,NH,-2HCI in the presence of NH,NH,-2H,O excess in ethylene glycol under microwave

irradiation (Scheme 12).

Scheme 12
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A novel one-step synthesis of thiazolo[3,2-b]-1,2,4-triazoles 64 was reported from the reaction of

chalcones 62 with bis(1,2,4-triazolyl)sulfoxide 63 [95] (Scheme 13). Symmetrical 3,5-substituted 4-amino-1,2,4-
triazoles 67 are quickly prepared from aromatic aldehydes 65 via nitriles 60 by two-step reactions without any

separation under microwave irradiation for each several minutes [96] (Scheme 14).
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Condensation of acid hydrazide 68 with S-methylisothioamide hydroiodide 69 and ammonium acetate
on the surface of silica gel under microwave irradiation afforded 1,2,4-triazoles 70 [97] (Scheme 15).
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Scheme 15
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An efficient microwave-assisted one-pot and three-component synthesis of substituted 1,2,4-triazoles 73
has been achieved utilizing substituted primary amines [98] (Scheme 16).

Scheme 16

N
MW
AcNHNH, + Me,NCH(OMe), + RNH, ———> « »\

71 72

A recent publication by Yeung et al. [99] described a convenient and efficient one-step, base-catalyzed
synthesis of 3,5-disubstituted 1,2,4-triazoles 76 by the condensation of nitriles 74 and hydrazides 75 under
microwave irradiation (Scheme 17). Under the reaction conditions, a diverse range of functionality and
heterocycles are tolerated. The reactivity of the nitrile partner is relatively insensitive to electronic effects.

Scheme 17
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A new protocol for Biginelli reaction microwave irradiation in the synthesis of some 1,2,4-triazoles 77
as a potential antifungal agents against Candida albicans and Aspergillus niger has been reported recently [100].
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Kidwai et al. [101] have synthesized new antifungal azoles including 1,2,4-triazole derivatives from
substituted hydrazide 78 using various solid supports under microwave irradiation, as shown in Scheme 18.
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Scheme 18
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A simple and fast synthesis of 6-aryl-3-substituted SH-[1,2,4]-triazolo-[4,3-b][1,2,4]triazoles 81 in high
yields has been developed by microwave assisted heterocyclization of N-(3-methylthio-5-substituted
4H-1,2,4-triazol-4-yl)benzenecarboximidates 80 [102] (Scheme 19).
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2.6. Dipolar cycloaddition of 1-aza-2-azoniaallene salts with nitriles

Recently, Jochims et al. [103] described a synthesis of a new class of carbenium ions, heterocumulenic
cations, namely, 1-aza-2-azoniaallene cations 83, which was prepared from (£)-1-(2-chloroalkan-2-yl)-2-
alkyldiazenes 82 and a Lewis acid, such as SbCls. Although the positive charge of 83 is stabilized by the
adjacent atom, the salts are short lived, making their separation impossible. However, the heterocumulenes salts
83 were found to undergo cycloadition to the multiple bonds of alkenes, alkynes, isocyanates, carbodiimides,
and nitriles to furnish pyrazolium ions 84, which in most cases undergo a spontaneous successive transformation
[103-109] to afford different heterocycles, including 1,2,4-triazole derivatives 85, as shown in Scheme 20.
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The mechanism for the formation of the triazole derivatives 85 is explained in terms of the characteristic
features of cations 83, which favored the rearrangements in most reactions [110]. Most important are Wagner—
Meerwein rearrangements, which are defined as migration of a C-atom to a vicinal electron-deficient carbon
atom, the carbonium center [111]. An example is the well-known pinacol/pinacolone rearrangement. Equally
important are [1,2] shifts of a hydrogen atom (often referred to as hydride shifts). Transformation 84 — 85
resembles Wagner—Meerwein rearrangements. However, in most of these cases the migration takes place to an
electron-deficient nitrogen atom. A ring expansion using this reaction has been described [112].

Al-Masoudi et al. [113] have used the cycloaddition of cations 83 with sugar nitriles as a novel method
to prepare the C-nucleosides, since a few 1,2,4-triazole C-ribonucleosides were prepared [114-119]. Thus,
cycloaddition of the peracylated p-D-ribofuranosyl nitrile 86 [120] with 83a-¢, formed from (chloroalkyl)azo
compounds 82 in the presence of SbCls, afforded iminium salts 87a-c. These salts were directly subjected to
hydrolysis with aqueous sodium bicarbonate to give, after loss of the CO,Et group, 1,2,4-triazole nucleosides of
peracylated B-D-ribofuranoside 88a-c. Similarly, the B-D-galactopyranosyl-1,2,4-triazole nucleosides 89 were
prepared [113] (Scheme 21).
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The formation of the triazolopyridine 88b can be explained in terms of the ring expansion of
intermediate 83b, formed from 1-chloro-1-cyclopentylazocarboxylate 82b in the presence of SbCls, during
cycloaddition with nitrile 86 followed by the [1,2] shift, as shown in Scheme 22. Similarly, triazoloazepine
derivative 88c is prepared from intermediate 83c formed from 1-chloro-1-cyclohexylazocarboxylate 82¢
(Scheme 21).

Scheme 22
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o,a'-Dichloroazoalkanes 92 were prepared by chlorination of ketazines 91 [121-130], which were
obtained by reaction of 2 eq. of ketone 90 with 1 eq. of hydrazine [131-136]. The azo compounds 92 have been
converted at low temperature (~ -60°C) to the reactive intermediates (chloroalkyl)azohexachloroantimonates 93
in the presence of SbCls. During the addition of the nitrile compounds at ~ -30°C the color changed from orange
to brown, indicating that 93 undergoes cycloaddition with the nitrile compounds to give inseparable 5-alkyl-3H-
1,2,4-triazolium hexachloroantimonates 94. When the temperature is raised to ~ 0°C, 94 furnishes the protonated
triazoles 95 by [1,2]-migration [103, 106] of the alkyl group R* of 94 from C-3 to N-2 associated with
elimination of the (CCIR'R?) group from N-1. Hydrolysis of 95 in situ with sodium hydrogen carbonate and
ammonia solution afforded the 1,2,4-triazole derivatives 96 (Scheme 23).
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Scheme 23
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Several potentially bioactive 1,2,4-triazole compounds have been synthesized by Al-Masoudi et al.
applying the above 1,3-cycloaddition method from different nitriles with the 1-(chloroalkyl)azo salts 93 in the
presence of SbCls as a Lewis acid [137-140]. Examples of these triazoles are 88 [138], which were prepared
previously from chlorocarbazate 82, whereas the potentially interesting acyclic C-nucleosides 99 and homo-C-
analogues 100 [139] were synthesized from the cycloaddition of the reactive intermediates 93 with the
2-acetoxyethoxyalkyl cyanides 97 [140] and 98 [139], respectively (Scheme 24). The formation of these
nucleosides proceeds by a similar mechanistic pathway, described for the formation of 88a-c. The free acyclic
nucleosides of these derivatives showed potential activity as herbicides, fungicides, and insecticides.
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Scheme 24
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Since some successful attempts in the synthesis of several 1H-1,2,4-triazole derivatives have been made,
the chemistry of their nucleosides has been explored, such as the synthesis of acyclic nucleosides [141],
1,3-dialkyl-(D-mannopentitol-1-yl)-1H-triazole nucleosides, 102, derived from 1-(chloroalkyl)-1-aza-2-
azoniaallene salts 93 and the penta-O-benzoyl-D-mannonic acid 101 [142]. Deblocking of 102 with NaOMe in
MeOH at room temperature proceeded smoothly to give the free nucleosides 103; their structures were
confirmed by 2D-NMR spectroscopy (Scheme 25).
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A new 5'-acetyl-3'-(1,3,4-thiadiazolimino)thymidine, 105, was prepared [143] via spontaneous
rearrangements by cycloaddition of 5'-acetyl-3'-isothiocyanatothymidine 104 [144, 145] with the reactive
cumulene 93a. Although the concerted cycloaddition to isothiocyanates is known to occur both on the C=S and
the C=N bond in a competitive manner [146], the cycloaddition in such reaction occurred via the C=S and not
the N=C bond. The isothiocyanate group of compound 104 reacts as an S-nucleophile, resulting, via the
intermediates 104a and 104b, in 2,5-dihydro-1,3,4-thiadiazole 105, and not as an N-nucleophile. These findings
are consistent with the results obtained by Jochims ef al. [147, 148]. Similarly, 3'-cyano analogue 107 was
reacted with the reactive cumulenes 93 to furnish 3'-(1,2,4-triazolo)thymidines 108, which both gave the free
nucleosides 106 and 109, respectively, on deblocking with NaOMe in MeOH, as shown in Scheme 26.
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Scheme 26
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Recently, 1,2,4-triazole nucleosides 113 bearing an unusual thiosugar have been synthesized [149] from
cycloaddition of the 1,5-dithio-1-thiomethyl-arabinopentulopyranose 112 with the cumulenes 93. Deblocking of
113 with NaOMe in MeOH afforded free thionucleosides 114, as shown in Scheme 27.
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Scheme 27
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Extensive work has demonstrated the feasibility of using synthetic nucleoside and non-nucleoside
analogues as anticancer and antiviral chemotherapeutic agents, and some of them are anti-HIV drugs, with
1-substituted pyrimidines being among the most widely studied [150]. Based on these biological data, the 1-
[(1,5-dialkyl-1H-1,2,4-triazol-3-yl)methylthymines 116 [151] have been prepared from cycloaddition of the
I-cyanothymine 115 [152] with the reactive cumulenes 93, as potential anti-HIV agents since some acyclic
1,2,4-triazole C-nucleosides [153] showed remarkable antiviral properties against HSV-1 and -2 along with other
viruses (Scheme 28).

Scheme 28
(0]
(0] HN )‘j/Me
Me |
HN 93
)\)‘E/ > O)\N
07 N SbCl,, CH,Cl,, —60°C N
30°C, then 23°C e
CN N—N\
R2
115 116
Tumor necrosis factor alpha (TNF-a) is an important cytokine secreted by activated

monocytes/macrophages and possesses favorable biological activities, including direct tumor toxicities [154,
155]. Phthalimide derivative, Thalidomide® [N-(a)-phthalimidoglutarimide] 117 was selected as a potential
inhibitor of TNF-a production [156, 157]. A series of new 1,2,4-triazoloalkylphthalimides 121-123 [158] has
been synthesized from cycloaddition of the cyanoalkylphthalimides (alkylmethyl, ethyl, propyl) 118-120,
respectively, with the reactive cumulenes 93, as promising inhibitors of TNF-a production (Scheme 29).
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Scheme 29
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The use of synthetic quinolones as antibacterial [159], antiviral [160], or anticancer agents [161], and
dehydrogenase inhibitors [162] as well as indole compounds such as the antibiotic rebecamycin as an anticancer
agent [163], has stimulated extensive research in the synthesis of this class of compounds. The quinolone and
indole moieties bearing substituted 1,2,4-triazoles 127 and 129 have been synthesized [164] from coupling of the
1,2,4-triazolylbenzyl chloride 125 with 126 and 128, respectively, in the presence of hydride ions, where 125
was prepared from cycloaddition of the reactive intermediates 93 with 4-cyanobenzyl chloride 124, as shown in
Scheme 30. Compound 127a exhibited a remarkable toxicity against nine tumor cell lines.
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The 1H-benzotriazole compounds possess important pharmacological activities such as anti-
inflammatory [165], antiviral [166], antineoplastic [167], and antidepressant [168] effects. With respect to the
biological activity of these molecules and the structurally related benzo-fused imidazoles (rifaximin [169] as
antineoplastic and anticancer agent), attention was focused on the design of a novel type of trisubstituted 1,2,4-
triazoles [170] bearing methyl benzotriazole residues in positions 2 and 3. Thus, cycloaddition of
1-(cyanomethyl)benzotriazole 130 [171] with 93 afforded, after spontaneous rearrangements, the N-1-
triazolylmethylbenzotriazoles 131, where the compound 131a showed a remarkable potential activity against
leukemia. Similarly, the N-2 isomer [172] gave the analogue 133 (Scheme 31), while 133a showed a high
potency against Mycobacterium tuberculosis growth inhibitor (99%).

Scheme 31
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More examples of 1,2,4-triazole derivatives carrying different alkyl groups have been prepared [173]
such as 1,5-dialkyl-1,2,4-triazole derivatives of acetic acid alkylidene hydrazides 136 from coupling of the
hydrazides 135 with carbonyl compounds. The hydrazides 135 were synthesized from cycloaddition of ethyl
cyanoacetate 134 with the intermediates 93. The key intermediates 135 were used in the synthesis of
5-((5,6,7,8-tetrahydro[1,2,4]triazolo[ 1,5-a]pyridin-2-yl)methyl)-4-(4-methoxyphenyl)-2H-1,2,4-triazole-3-thione
137, and 5-((1,5-dimethyl-1H-1,2,4-triazol-3-yl)methyl)-4-phenyl-2H-[1,2,4]triazole-3-thione 138, by reaction
with p-methoxyphenyl isothiocyanate and phenyl isothiocyanate respectively, followed by treatment with
sodium hydroxide. Treatment of 135 with carbon disulfide in basic medium resulted [174] in the formation of
5-(6,7,8,9-tetrahydro-5SH-[1,2,4]triazolo[ 1,5-a]azepin-2-yl)methyl-[ 1,3,4Joxadiazole-2-thione 139, while
treatment of 135b with cyanobromide afforded the 5-((1,5-diethyl-1H-1,2,4-triazol-3-yl)methyl)-1,3,4-
oxadiazole-2-thione 140. The alkaline hydrolysis of 135a, followed by acidification with HCI, furnished the
2-(6,7,8,9-tetrahydro-SH-[1,2,4]triazolo[ 1,5-aJazepin-2-yl)acetic acid 141. It is noteworthy that compounds 136a
existed as two isomers (E/Z-isomers) at 30°C, whereas it existed as one isomer at 130°C, as proved by '"H NMR
spectroscopy, thus establishing the effect of free rotation around the double bond between 30°C and 130°C
(Scheme 32).
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Scheme 32
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During the last decade, several piperazine derivatives were synthesized as useful chemotherapeutic
agents for various diseases, such as Crivixan® (Indinavir sulphate) [175-177] and delaviridine (Rescriptor)
[178], powerful inhibitors for the protease and reverse transcriptase inhibitor of HIV enzymes, respectively. On
the basis of the exciting biological results of the piperazine derivatives, several substituted 1,2,4-triazole
derivatives carrying piperazine residue, 143 and 145 [179], have been synthesized from cycloaddition of 93 with
the 1,4-bis(cyanomethyl)piperazine 142 [180] and 1-cyanomethyl-4-methylpiperazine 144 [181], respectively
(Scheme 33).
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Compounds 143 and 145 were screened against breast, lung, and CNS cancers, as well as their DNA

affinity assay. More derivatives of 1,2,4-triazoles, such as 146 and 147 [181], have been synthesized from the
precursor 125, which was prepared previously in our laboratory [163].
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