
Citation: Gümüş, M.K.; Gorobets,

M.Y.; Uludag, N. Microwave-Assisted

Synthesis of 5-Substituted

3-Amino-1,2,4-triazoles from

Aminoguanidine Bicarbonate and

Carboxylic Acids. Processes 2024, 12,

573. https://doi.org/10.3390/

pr12030573

Academic Editors: Giancarlo Cravotto,

Jose V. Garcia-Perez and Zhen Fang

Received: 7 February 2024

Revised: 9 March 2024

Accepted: 10 March 2024

Published: 14 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Microwave-Assisted Synthesis of 5-Substituted
3-Amino-1,2,4-triazoles from Aminoguanidine Bicarbonate
and Carboxylic Acids
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Abstract: The effect of the molar ratio between reagents, reaction time and temperature on the yield
of 5-substituted 3-amino-1,2,4-triazoles obtained by the direct condensation of carboxylic acids with
aminoguanidine bicarbonate under acid catalysis conditions was studied. As a result, a general
green straightforward synthesis of the title compounds bearing aliphatic substituents or a phenyl
ring was developed using sealed reaction vials under controlled microwave synthesis conditions that
are suitable for the application of volatile starting carboxylic acids. Our straightforward synthetic
method proposed in this work increases the synthetic accessibility of these widely used building
blocks and therefore is able to significantly expand the structural diversity of compounds containing
a triazole moiety for the needs of drug discovery.
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1. Introduction

Among five-membered heterocycles, 1,2,4-triazole can be described as one of the most
important pharmacophores. It is bioisosteric to the amide bond and thus can be used in
rational drug design for the creation of metabolically stable analogs of biologically active
peptides. The compounds with this ring are known to reveal multidirectional biological
activity [1]. This characteristic has been determined through a large body of studies on
triazole derivatives that showcased their considerable antifungal [2], antibacterial [3], anti-
tubercular [4] and anticancer properties [5], as well as other types of activities [6–9]. This
potential drew considerable attention to 1,2,4-triazoles, particularly over the past few
decades, especially because these compounds have found applications beyond the drug
discovery field, also in material science [10–14].

Notably, a 3-Amino-1,2,4-triazole core possesses four nonequivalent nucleophilic
reaction centers. Regardless of its virtually ambiguous reactivity, 3-amino-1,2,4-triazole
is applied widely in organic synthesis as a building block for introducing the triazole
moiety into the desired molecule. Its molecular weight is only 84 Da, which leaves some
room for loading it with various substituents while remaining within the permissible
limits imposed on molecular diversity by the Lipinski rule of five (molecular weight of
potential drug candidate should be not greater than 500 Da). Therefore, this synthetic
strategy has high relevance and importance, especially for diversity-oriented synthesis and
medicinal chemistry [15]. In general, 3-amino-1,2,4-triazole may act as a mononucleophile,
an 1,3- or an 1,1-binucleophile (Figure 1) depending on the nature of the electrophile
and the applied reaction conditions. Nevertheless, numerous publications show the high
selectivity of its transformations in many types of reactions with various electrophiles [16].
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Strong interest in 3-amino-1,2,4-triazole derivatives in recent years can be highlighted by
its use in multicomponent reactions [17], including modified Biginelli [18] and isocyanide-
based [19] condensations.
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Figure 1. Schematic reactivity profile of 5-R-3-amino-1,2,4-triazoles (3-R-1H-1,2,4-triazol-5-amine)
towards electrophiles: The potential formation of novel bonds as a result of reaction is shown for
major (with solid lines) and for minor or unusual (with dashed lines) reaction directions. Their ability
to form Schiff bases upon reaction with aldehydes and their synthetic equivalents is presented with a
bold double bond [20].

Moreover, numerous studies have described substituted 3-amino-1,2,4-triazoles (Figure 2)
as exhibiting various biological activities [21–25]. Amitrol is a non-selective systemic herbi-
cide broadly used for weed control in agriculture. The EPA revoked approval for Amitrol’s
use in food products due to its carcinogenic effects observed in animal studies. Due to its
high solubility in water, it can cause contamination of drinking water, resulting in leakage
and contamination of groundwater and surface water, which can lead to contamination of
drinking water and agricultural foods. The World Health Organization has determined the
maximum limit of amitrol in drinking water to be 1 µgL−1 [21]. The related compound has
potent anticonvulsant activity [ED50 = 1.4 (1.0–2.2) mg/Kg] compared to diazepam (Sigma)
[ED50 = 1.2 (0.5–1.9) mg/Kg] [22]. Related triazoles showed dose-dependent activity in the
aortic ring tissue model of angiogenesis, highlighting the potential benefit of methionine
aminopeptidase-2 (MetAP2) inhibitors as anticancer agents [23]. Loxtidine, a selectively
acting histamine H2-antagonist, causes a much longer-lasting inhibition of gastric acid se-
cretion in rats and dogs. Both the insurmountable blockade and the long duration of action
are due to the prolonged but gradually reversible occupation of the affected receptors [24].
JNJ-39393406 was suggested for add-on therapy to antipsychotics. This positive allosteric
modulator of the α7 receptor shows promising potential as a treatment for schizophrenia,
as demonstrated in the Phase I trials and a proof-of-mechanism study. However, while it
demonstrates favorable safety and pharmacokinetic profiles, its efficacy in addressing the
core deficits of schizophrenia warrants further investigation in larger clinical trials [25].
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Recent studies have also explored the anticorrosion properties of 3-amino-1,2,4-
triazoles [26–28]. These compounds are of interest for their potential application in the
creation of energetic materials [29] and have been investigated as fluorescence probes for
trace analyses of silymarin, a natural product [30].

It is interesting that more than 11,000 reactions using parent 3-amino-1,2,4-triazole as a
reactant are currently described in the literature in 1748 sources (Figure 3), according to CAS
SciFindern [31]. This fact demonstrates the great utility of this small building block. Con-
trarily, there are more than an order of magnitude fewer examples described with the use of
5-alkyl substituted derivatives of 3-amino-1,2,4-triazole, which is reflected in the numbers
of the reactions and the references (compare R = H and R = Ak in Figure 3A,B). Moreover,
the 5-alkyl derivatives are represented mainly with a methyl substituent (compare R = Ak
and R = Me in Figure 3A,B), perhaps because the latest is commercially available. For
cyclic substituents R, a similar situation is observed, with the vast majority of examples
being represented by R = Ph. Therefore, a considerable gap exists between the utility of the
parent 3-amino-1,2,4-triazole and its 5-R-derivatives as building blocks, with the structural
variability being somewhat limited. This limitation can, at least partially, be attributed to
the limited availability of substituted derivatives.
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Figure 3. Reaction search results, where 3-R-1H-1,2,4-triazol-5-amine (see Figure 1 for its structure)
was used as a starting reactant (A) and the numbers of literature courses, where these reactions are
described (B). Here, the designations of the variable substituents are used as in the search engine:
Q—any atom except C or H, Ak—any carbon chain, Cb—any carbon cycle, Hy—any heterocycle.
Data according to CAS SciFindern [31], as of 11.01.2024.

In our research program, we also use 3-amino-1,2,4-triazole [32–36] and its 5-substituted
derivatives [37] as starting materials for multicomponent synthesis of different heterocycles.
This determines our interest in expanding the synthetic availability of these building
blocks. Thus, considering the general importance of these compounds, our aim here was
to develop a straightforward and general protocol for their synthesis and assess their
laboratory scalability.

Over the last few years, numerous synthetic approaches toward 3-amino-1,2,4-triazoles
have been reported in the literature (Table 1). A commonly used method is represented by
a reaction of carboxylic acid chlorides with corresponding aminoguanidines to produce N-
acyl aminoguanidine derivatives that, upon heating, undergo the ring closure [38]. An effi-
cient procedure for the synthesis of 5-substituted 3-amino-1,2,4-triazoles involves a one-pot
reaction of thiourea, dimethyl sulfate and various hydrazides [39]. Another way is through
a synthetic method for polysubstituted amino-1,2,4-triazoles via the formation of unsym-
metrically substituted thioureas followed by their one-pot S-alkylation with 1,3-propane sul-
tone and condensation with various hydrazides, leading to the desired 1,2,4-triazoles [40].
An elegant approach was suggested for the synthesis of N-substituted 3-(5-amino-1H-1,2,4-
triazol-3-yl) propanamides via acylation of aminoguanidine hydrochloride with succinic
anhydride, followed by a recyclization of the obtained N-guanidinosuccinimide with an
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amine under microwave irradiation to form a 1,2,4-triazole ring [41]. Another novel two-
step one-pot approach to 3-amino-1,2,4-triazoles consists of the interaction of cyanamide
with hydroxylamine followed by an iron (III) chloride catalyzed reaction with various alkyl
and arylnitriles [42].

Table 1. Synthetic approaches toward 3-amino-1,2,4-triazoles.

Entry Starting Material Conditions Yields (%) Reference

1 Carboxylic acid
chloride

Aminoguanidine, reflux, 4–6 h or
MW 100 W, 2.5–3 h, in water 92–98 [38]

2 Benzohydrazide Thiourea, dimethyl sulfate, water,
50 ◦C, 15–20 h 83–95 [39]

3
Unsymmetrically

substituted
thiourea

1,3-Propane sultone, 16 h; NEt3,
30 min; hydrazide, 100 ◦C, 16 h 15–55 [40]

4 Aminoguanidine
hydrochloride

Succinic anhydride; amine, MW,
180 ◦C, 15 min 48–88 [41]

5 Cyanamide Hydroxylamine, 100 ◦C, 12 h; iron
(III) chloride, nitriles, 100 ◦C, 12 h 59–94 [42]

Ideally, one would aim to minimize the number of synthetic stages and avoid the use of
such hazardous and air-unstable reagents as acyl chlorides, being able to exchange them into
much “greener” synthetic equivalents, carboxylic acids. Also, due to the wide commercial
availability of diverse carboxylic acids, and since aminoguanidine hydrochloride is about
10 times more expensive than aminoguanidine bicarbonate (the prices were compared in
Eur per mol for Germany, according to available packages on www.sigmaaldrich.com),
we were interested in developing a straightforward synthetic method for 3-amino-1,2,4-
triazoles starting from carboxylic acids and aminoguanidine bicarbonate.

We were also encouraged by such a possibility due to previously published work by
Chernyshov’s group [43] where the desired triazoles were obtained by heating a mixture of
aminoguanidine bicarbonate and pyridinecarboxylic acids by up to 185 ◦C in the presence
of HCl solution in an open vial. However, this method is largely restricted by the application
of not volatile carboxylic acid since its procedure includes heating the reaction mixture at
high temperatures in an open vessel that is accompanied with evaporation of all the volatile
components. Therefore, it is not applicable for small aliphatic acids, as well as for benzoic
acid and many of its derivatives, due to their sublimation ability under high temperatures.
In this work, we plan to solve this issue by using a microwave-assisted synthesis technique
applying sealed vials. Since we plan to use these building blocks in our ongoing research,
we are interested in the possibility of laboratory scaling up of such a synthetic method. A
recent work also suggests a straightforward microwave-assisted method for the synthesis
of polymethylene-bridged bis (1,2,4-triazol-3-amines) in a closed vial under microwave
irradiation starting from dicarboxylic acids and aminoguanidine chloride in an aqueous
medium [44].

2. Materials and Methods

The NMR spectra of compounds 4a–g were recorded on a Bruker, Avance III-500
Plus spectrometer (500 MHz for 1H and 125 MHz for 13C, solvent DMSO-d6, internal
standard TMS). 13C NMR spectra were registered in the APT mode. IR spectra were
measured on a Shimadzu IR Prestige-21 Fourier spectrometer using the ATR mode with a
single ATR accessory (prism material diamond), and elemental analyses were performed
on a vario MACRO cube CHNS elemental analyzer. Melting points were determined
on a WRS-1B Digital Melting-point apparatus and were measured as “not corrected”.
Analytical samples were taken directly from the final products and used without additional
purification. Small-scale microwave experiments were carried out using a monomode
Anton Paar Monowave 300 microwave reactor (2.45 GHz) for the optimization experiments
and microwave synthesis of compounds 4a–h. The reaction temperature was monitored

www.sigmaaldrich.com
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by an external IR sensor. The pressure inside the sealed vials was also controlled with an
external pressure sensor to ensure the safe pressure level. All the small-scale reactions
were carried out using sealed microwave process vials G10 (10 mL). For the scale-up
synthesis of 4a we used a sealed 100 mL vial in a multimode Anton Paar Multiwave
5000 microwave reactor operating with internal temperature and pressure sensors. In both
cases, after the completion of the set reaction time, the vial was cooled to 50 ◦C by air jet
cooling. Aminoguanidine hydrocarbonate with the main substance content of not less
than 98% (Alfa Aesar), carboxylic acids with the main substance content of not less than
99% (Sigma Aldrich), and the rest of the reagents of chemically pure grade were used. All
reagents and solvents were purchased from commercial suppliers and used without further
purification. The copies of NMR spectra for compounds 4a, 4b, 4d, and 4f can be found in
Supplementary Materials.

Synthesis of compounds 4a–h (General method for a small scale synthesis): A mixture
of 1.36 g (0.01 mol) of aminoguanidine hydrocarbonate (compound 1), 1.25 mL (0.015 mol)
of a 37% solution of HCl, was mixed under agitation for 1 h, water was evaporated, and
thus 1.3 g dry solid (compound 2) was collected and mixed with organic acid 3 (0.012 mol)
in a G10 microwave process vial. The mixture was irradiated at 180 ◦C for 3 h in the
monomode Anton Paar Monowave 300 microwave reactor. The resulting melt was cooled
and neutralized with 10% water solution of NaOH to achieve pH 8, and the solvent was
evaporated in vacuum and crystalized from 5 mL of ethyl acetate. Compounds 4a–h
were obtained in the form of white solids and further characterized without additional
purification. 5-Subsituted 1,2,4-triazoles (4a–g) were synthesized without the use of the
solvent, with the exception of 4h where i-PrOH was used as solvent since benzoic acid (3h)
is solid.

Synthesis of compound 4a, scaling-up: A mixture of 13.6 g (0.1 mol) of aminoguanidine
hydrocarbonate (compound 1) and 12.5 mL (0.15 mol) of a 37% solution of HCl was mixed
under agitation for 2 h. Water was evaporated, and thus 13 g dry solid (compound 2)
was collected and mixed with propionic acid 3a (0.12 mol, 8.89 g) in a 100 mL microwave
process vial. The mixture was irradiated at 180 ◦C for 3 h in a multimode Anton Paar
Multiwave 5000 microwave reactor. The resulting melt was cooled and neutralized with a
10% water solution of NaOH to achieve pH 8, and the solvent was evaporated in a vacuum
and crystalized from 50 mL of ethyl acetate. In this way, compound 4a was successfully
obtained with 87% yield by direct scaling up the small scale synthesis.

3-Amino-5-ethyl-1,2,4-triazole (4a): Previously described [45]. Yield 86% (87% for
the scale-up procedure), mp 132–134 ◦C. IR (ATR), ν (cm−1): 3425, 3329, 3232, 2978, 2939,
2831, 2792, 2719, 2654, 1627, 1581, 1543, 1462, 1427, 1392, 1292, 1064, 968, 840, 802. 1H
NMR spectrum, δ, ppm: 1.14 t (J = 7.5 Hz, 3H, CH3), 2.44 q (J = 8.3 Hz, 2H, CH2), 5.66 br.
(2H, NH2), 11.86 br. (1H, NH) (Figure 4). 13C NMR spectrum, δ, ppm: 12.28 (CH3), 20.70
(CH2), 153.41 (C-3 of triazole), 161.18 (C-5 of triazole). Found (%): C 42.72, H 7.18, N 49.84;
C4H8N4. Calculated (%): C 42.84, H 7.14, N 49.96.

3-Amino-5-propyl-1,2,4-triazole (4b): Previously described [40]. Yield 83%, mp
142–145 ◦C. IR (ATR), ν (cm−1): 3410, 3321, 3213, 2958, 2931, 2870, 2839, 2781, 2650,
1620, 1546, 1481, 1462, 1404, 1342, 1265, 1080, 1056, 1033, 898, 759. 1H NMR spectrum, δ,
ppm: 0.88 t (J = 7.5 Hz, 3H, CH3, A and B), 1.59 m (2H, CH2, A and B), 2.38 br. (2H, CH2,
A), 3.48 br. (2H, CH2, B), 5.20 (2H, NH2, B) and 5.73 br. (2H, NH2, A), 11.59 br. (1H, NH, A)
and 12.29 br. (1H, NH, B) Two tautomers exist in the ratio A:B = 3:1, see (Figure 5). 13C
NMR spectrum, δ, ppm: 13.66 (CH3), 20.86 (CH2), 34.60 (CH2), 162.45 (C-3 of triazole),
164.52 (C-5 of triazole). Found (%): C 47.54, H 7.88, N 45.04; C5H10N4. Calculated (%): C
47.60, H 7.99, N 44.41.

3-Amino-5-butyl-1,2,4-triazole (4c): Previously described [46]. Yield 85%, mp 123–125 ◦C.
IR (ATR), ν (cm−1): 3448, 3325, 3228, 3167, 2962, 2931, 2858, 1681, 1631, 1573, 1543, 1465,
1450, 1427, 1396, 1319, 1238, 1064, 1006, 848, 736. 1H NMR spectrum, δ, ppm: 0.87 t
(J = 7.5 Hz, 3H, CH3), 1.29 m (2H, CH2), 1.56 m (2H, CH2), 2.42 m (2H, CH2), 5.61 br. (2H,
NH2). 13C NMR spectrum, δ, ppm: 13.59 (CH3), 21.67 (CH2), 26.86 (CH2), 29.65 (CH2),
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158.65 (C-3 of triazole), 161.96 (C-5 of triazole). Found (%): C 50.98, H 8.82, N 39.53;
C6H12N4. Calculated (%): C 51.41, H 8.63, N 39.97.
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3-Amino-5-iso-butyl-1,2,4-triazole (4d): Yield 76%, mp 125–127 ◦C. IR (ATR), ν (cm−1):
3309, 3163, 2962, 2927, 2873, 1681, 1635, 1589, 1539, 1458, 1395, 1377, 1338, 1311, 1261, 1087,
1014, 960, 798, 744, 677. 1H NMR spectrum, δ, ppm: 1.03 d (J = 5 Hz, 3H, CH3), 1.14 d
(J = 5 Hz, 3H, CH3), 2.22 m (1H, CH), 2.52 m (2H, CH2), 5.58 br. (2H, NH2). 13C NMR
spectrum, δ, ppm: 11.45 (CH3), 11.63 (CH3), 19.98 (CH), 28.28 (CH2), 158.38 (C-3 of triazole),
158.77 (C-5 of triazole). Found (%): C 51.87, H 8.98, N 40.25; C6H12N4. Calculated (%): C
51.41, H 8.63, N 39.97.

3-Amino-5-tert-butyl-1,2,4-triazole (4e): Previously described [47]. Yield 72%, mp
120–122 ◦C. IR (ATR), ν (cm−1): 3298, 3136, 2966, 2931, 2858, 1666, 1627, 1589, 1504, 1450,
1384, 1319, 1265, 1165, 1114, 1037, 987, 952, 810, 759, 594. 1H NMR spectrum, δ, ppm: 1.21
s (9H, CH3), 5.59 br. (2H, NH2), 11.11 br. (1H, NH). 13C NMR spectrum, δ, ppm: 29.20
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(3 × CH3), 31.91 (CH), 158.77 (C-3 of triazole), 166.02 (C-5 of triazole). Found (%): C 50.81,
H 8.51, N 39.35; C6H12N4. Calculated (%): C 51.41, H 8.63, N 39.97.

3-Amino-5-cyclo-butyl-1,2,4-triazole (4f): Yield 70%, mp 173–174 ◦C. IR (ATR), ν
(cm−1): 3414, 3321, 3213, 2970, 2939, 2858, 2781, 2704, 2638, 1620, 1543, 1469, 1411, 1342,
1303, 1249, 1080, 991, 914, 902, 763, 748. 1H NMR spectrum, δ, ppm: 1.83 m (1H, CH2),
1.92 m (1H, CH2), 2.18 m (4H, CH2), 3.34 m (1H, CH), 5.67 br. (2H, NH2), 11.90 br. (1H,
NH). 13C NMR spectrum, δ, ppm: 18.11 (CH2), 27.36 (2×CH2), 39.24 (CH), 158.97 (C-3 of
triazole), 162.43 (C-5 of triazole). Found (%): C 51.88, H 7.03, N 39.97; C6H10N4. Calculated
(%): C 52.16, H 7.29, N 40.55.

3-Amino-5-pentyl-1,2,4-triazole (4g): Previously described [46]. Yield 85%, mp 129–131 ◦C.
IR (ATR), ν (cm−1): 3410, 3321, 3213, 3143, 2954, 2920, 2854, 2785, 2723, 2692, 2654, 1620,
1546, 1481, 1404, 1342, 1269, 1087, 1057, 899, 760. 1H NMR spectrum, δ, ppm: 0.85 t
(J = 7.5 Hz, 3H, CH3), 1.27 m (4H, 2XCH2), 1.57 m (2H, CH2), 2.40 m (2H, CH2), 5.55 br.
(2H, NH2), 11.75 br. (1H, NH). 13C NMR spectrum, δ, ppm: 13.83 (CH3), 21.82 (CH2), 27.21
(CH2), 30.84 (CH2), 152.21 (C-3 of triazole), 161.06 (C-5 of triazole). Found (%): C 54.13, H
8.96, N 35.97; C7H14N4. Calculated (%): C 54.52, H 9.15, N 36.33.

3-Amino-5-phenyl-1,2,4-triazole (4h): Previously described [46]. Yield 85%, mp
185–187 ◦C. IR (ATR), ν (cm−1): 3360, 3321, 3078, 2978, 2935, 2862, 2800, 2758, 1666,
1604, 1558, 1489, 1419, 1350, 1311, 1211, 1157, 1107, 1049, 1002, 837, 686. 1H NMR spectrum,
δ, ppm: 6.12 br. (2H, NH2), 7.32–8.02 m (5H, aromatic H), 12.60 br. (1H, NH). 13C NMR
spectrum, δ, ppm: 125.33 (aromatic CH), 128.39 (aromatic CH), 128.46 (aromatic CH), 129.24
(aromatic CH), 131.06 (aromatic C), 132.67 (aromatic CH), 157.60 (C-3 of triazole), 158.14
(C-5 of triazole). Found (%): C 59.27, H 4.85, N 34.26; C8H8N4. Calculated (%): C 59.99, H
5.03, N 34.98.

3. Results and Discussion

We started our experiments by using initial representative propionic acid (3a). In the
first stage, aminoguanidine carbonate (1) was neutralized by aqueous hydrogen chloride,
acid 3a was added to a vial, and the sealed vial was heated at 180 ◦C for several hours;
however, the isolated yields of 4a were negligible. Application of higher temperatures
slightly incised the isolated yields. Additionally„ the yields were still limited to 20–25%
almost independently on the increased reaction temperature and time. Such reaction
behavior is typical for equilibrium processes, and in this case, and further increasing
the temperature and reaction time will not increase the product yield. The increasing
temperature also resulted in the rise of the internal pressure to an unsafe level, perhaps
due to the elimination of the residual carbon dioxide left dissolved in the reaction mixture
after the neutralization step.

Two molecules of water are formed during both the initial acylation and the final
cyclization steps. Due to the use of volatile starting carboxylic acids, it was impossible to
eliminate the water from the reaction mixture during the process by using an open reactor.
Thus, to minimize the water content in the reaction mixture and to shift the equilibrium
to the products’ side, after the aminoguanidine bicarbonate neutralization step, the water
was removed in vacuum and the obtained hydrochloride 2 was dried in a drying oven
at 45 ◦C in air. This stage also made negligible the undesired process of the additional
pressure increase inside the vial due to residual carbon dioxide. It should be noted here
that the neutralization stage can be easily omitted by the immediate use of more expensive
aminoguanidine hydrochloride as starting material.

For the condensation the initial solid reagent 2 (1.0 mmol) and liquid propionic acid
3a (1.2 mmol) were heated under microwaves in a sealed vial. It was observed that
the amounts of hydrochloric acid left form the neutralization step, which influenced
significantly the isolated yields (compare Entry 2 and Entry 4, Table 2) and thus required
additional optimization, as well as reaction temperature and time of the interaction. Since
aqueous phase is removed before the condensation, we can assume that some amount
of HCl, additional to 1:1 stichometry of salt 2, can remain in the solid residue due to the
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partial formation of aminoguanidine dihydrochloride. Thus, we observe the effect of this
additional amount of acid in the reaction medium on the final product yield (Table 2). This
salt has been previously described in the literature [48].

Table 2. Optimization of reaction conditions.
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Entry Amount of HCl, mmol (n) T ◦C/t, h Yield 1 (%)
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1 The isolated product yields of 4a.

As one can see from Table 2, the maximal isolated yield is achieved through the use of
1.5 equiv of HCl under microwave heating at 180 ◦C for 3 h (Entry 7). For the isolation, the
resulting reaction mixture was neutralization with 10% water solution of NaOH to achieve
pH 8. The solvent was evaporated in a vacuum, and the pure product was extracted from
the solid residue by hot ethyl acetate.

With the use of this procedure, we were able to synthesize a row of 5-substituted
3-amino-1,2,4-triazoles (4a–g) without any changing in the procedure, with the exception
of 4h, where i-PrOH was used as a solvent since benzoic acid (3h) is solid (Scheme 1). The
synthesis of 2-methylpropyl (4d) and cyclobutyl (4f) derivatives has not been previously
described in the literature; however, their use as building blocks is known [49,50].
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For the pilot scaling-up, we increased the amounts of starting materials by 10 times
and used a large multimode Anton Paar Multiwave 5000 reactor with its 100 mL vial.
For the tested case of the product 4a from our first attempt, we succeeded in obtaining a
87% yield of the desired compound, which was 9.7 g of substance from one production
cycle. Thus, the laboratory scaling-up of the process was quite achievable, indicating good
perspectives for further development of an industrial procedure if necessary.

Spectra 1H and 13C NMR of all the obtained products contained the expected proton
and carbon peaks found in their characteristic areas (see, for example, Figure 4). Occa-
sionally, the 1H NMR spectra may contain two ranges of proton signals, as one can see in
Figure 5 with the 1H NMR spectrum of n-propyl derivative 4b. This behavior is in good
agreement with previous studies on the tautomerism of 3-amino-1,2,4-triazoles, where it
was shown that the main tautomers observed in the spectra are forms A and B (Figure 5).
The ratio of the integral intensities for the NH and NH2 proton signals of these forms and
their relative position on the ppm scale also correlates well with the previous data [38]. The
presence or absence of signals of tautomeric forms and their relative intensity depends
on the conditions of NMR spectra measurement and the rate of equilibrium formation
between tautomers. However, a more detailed study of this aspect is beyond the scope of
the routine characterization of the compounds in this work.

As previously reported [43], the cyclization ability of guanyl hydrazides 5 to amino-
triazoles 7 was significantly influenced by the acyl group structure and the acidity of the
medium (Scheme 2). The cyclization rate of guanyl hydrazides in the form of free bases
appears to be substantially higher than that of salt forms. In this case, the additional
amount of acid may slow down the rate of the cyclization step (although perhaps it is
required to accelerate the first acylation stage). As a result, the acid-base properties of these
intermediates (5) can be considered as an additional factor influencing the synthesize of
aminotriazoles from guanidine and carboxylic acids.
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Scheme 2. Plausible reaction mechanism.

Previous studies have shown that the crucial stage in the synthesis of 3-substituted
5-amino-1,2,4-triazoles from aminoguanidine and carboxylic acids is the one in which
guanyl hydrazides are formed. Due to the fact that the guanyl hydrazide (5) formation step
is acid-catalyzed and reversible, its success is highly dependent on the reaction conditions.
In this regard, the following points are important: (i) reaction medium pH ≤ 1, (ii) to
ensure rapid equilibrium attainment (it is necessary to use a concentrated solution with
minimal water content), (iii) the application of an optimized excess of HCl acid as also
shown previously [43,51].

Chernyshov’s group has presented the guanyl hydrazides of aliphatic carboxylic acids
being synthesized as salts by heating the corresponding carboxylic acids with aminoguani-
dine bicarbonate and concentrated hydrochloric acid by reflux, a process which was fol-
lowed by distillation of the water and carboxylic acid excess in a vacuum. Attempts to
isolate and characterize aliphatic carboxylic acid guanyl hydrazides in the form of free bases
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proved unsuccessful. The treatment of salts with aqueous ammonia or sodium hydroxide
succeeded by purification resulted in the cyclization of aliphatic carboxylic acid guanyl
hydrazides to the corresponding aminotriazoles [43,51,52]. Thus, there are reasons to as-
sume that the most difficult, and the rate determining stage in our process, is the acylation
of guanidine to produce 5, which requires such a high temperature (180 ◦C), under which
both stages with the elimination of water (2 to 5 and 5 to 7) can be effectively accomplished.
The excessive water is undesirable in the reaction mixture, as it decreases dramatically the
reaction yield independently on the increased reaction time and temperature.

As a result of this work, we have presented here an efficient microwave-assisted
method for the straightforward synthesis of 3-amino-1,2,4-triazoles directly from volatile
aliphatic carboxylic or benzoic acids. The high reaction yields were obtained due to the
minimal amount of water in the reaction media and the optimized amount of HCl as a
catalyst (1.5 equiv), while the high reaction temperature of 180 ◦C was achieved using the
technology of controlled microwave synthesis in sealed reaction vessels of volumes ranging
from 10 to 100 mL. The application of microwaves to accelerate this reaction is well-suited
to the process considering the high polarity of the reaction mixture, which enables rapid
attainment of the required high temperature in the sealed vessels.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/pr12030573/s1.

Author Contributions: Conceptualization, M.K.G. and M.Y.G.; methodology (scale up experiments),
M.K.G. and N.U.; lab-scale experiments and characterization of the products, M.K.G. and M.Y.G.;
writing—original draft preparation, review and editing M.K.G. and M.Y.G.; funding acquisition
and project administration, M.K.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Artvin Coruh University research project (2018.F34.02.03).
Authors thank the National Academy of Sciences of Ukraine for financial support in the frame of the
project 0122U002386, the Ministry of Education and Science of Ukraine for financial support within
the project 0121U112886 and all brave defenders of Ukraine who allow us to fulfill our scientific work.

Data Availability Statement: Data are available upon request to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Moulin, A.; Bibian, M.; Blayo, A.-L.; El Habnouni, S.; Martinez, J.; Fehrentz, J.-A. Synthesis of 3,4,5-trisubstituted-1,2,4-triazoles.

Chem. Rev. 2010, 110, 1809–1827. [CrossRef]
2. Kazeminejad, Z.; Marzi, M.; Shiroudi, A.; Kouhpayeh, S.A.; Farjam, M.; Zarenezhad, E. Novel 1,2,4-triazoles as antifungal agents.

BioMed Res. Int. 2022, 2022, 4584846. [CrossRef]
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35. Gümüş, M.K.; Gorobets, N.Y.; Sedash, Y.V.; Shishkina, S.V.; Desenko, S.M. Rapid formation of chemical complexity via a modified
Biginelli reaction leading to dihydrofuran-2 (3H)-one spiro-derivatives of triazolo [1,5-a] pyrimidine. Tetrahedron Lett. 2017,
58, 3446–3448. [CrossRef]

36. Komykhov, S.A.; Bondarenko, A.A.; Musatov, V.I.; Diachkov, M.V.; Gorobets, N.Y.; Desenko, S.M. (5S,7R)-5-Aryl-7-methyl-4,5,6,7-
tetrahydro-[1,2,4]triazolo[1,5-a]pyrimidin-7-ols as products of three-component condensation. Chem. Heterocycl. Comp. 2017,
53, 378–380. [CrossRef]

https://doi.org/10.3390/polym3041750
https://doi.org/10.1016/S0010-8545(00)00266-6
https://doi.org/10.1016/j.ccr.2010.10.038
https://doi.org/10.1007/s11030-021-10197-4
https://www.ncbi.nlm.nih.gov/pubmed/33608844
https://doi.org/10.1007/s10593-012-1030-2
https://doi.org/10.3389/fchem.2018.00527
https://doi.org/10.1039/D3OB01861J
https://doi.org/10.1007/s00044-015-1322-z
https://doi.org/10.2174/1570179416666181207145951
https://doi.org/10.1002/jmr.2929
https://doi.org/10.1021/jm061182w
https://doi.org/10.1111/j.1476-5381.1985.tb11083.x
https://doi.org/10.1007/s40263-015-0260-0
https://doi.org/10.1016/j.electacta.2019.04.014
https://doi.org/10.1016/j.corsci.2018.08.056
https://doi.org/10.1515/corrrev-2018-0006
https://doi.org/10.1016/j.tetlet.2018.12.014
https://doi.org/10.1016/j.saa.2018.06.042
https://scifinder-n.cas.org/
https://doi.org/10.1016/j.tetlet.2010.02.045
https://doi.org/10.1039/c2ra20195j
https://doi.org/10.3390/M898
https://doi.org/10.1016/j.tetlet.2017.07.071
https://doi.org/10.1007/s10593-017-2059-z


Processes 2024, 12, 573 12 of 12
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