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S1A. Preparation of 1,4-disubstituted-1,2,3-triazoles. (a) CuI (5 mol%), Na-ascorbate, tBuOH/H2O, rt, 12-72 h; (b) CuSO4.5H2O (5 mol%), Na-ascorbate (10 mol%), aq. PEG400/H2O, rt, 1-8 h.


S1B. Synthesis of benzimidazole linked 1,2,3-triazoles.


S1C. Synthesis of benzimidazole linked 1,2,3-triazoles.
FIGURE S1 | Synthetic Schemes for 1,2,3-triazole analogues.



	

S2A. Metal-free three-component protocol for the preparation of 1,2,3-triazoles.


S2B. Metal-free synthesis of 1-substituted-1,2,3-triazoles.


S2C. Metal-free synthesis of 1,4-di-substituted-1,2,3-triazoles.


S2D. Organocatalytic (DBU) strategy with β-keto amides forming trisubstituted triazoles.
FIGURE S2 | Schemes for the synthesis of 1,2,3-triazole analogues.



	

S3A. One-pot synthetic strategy for 1-amino-1,2,3-triazoles.



S3B. Organocatalytic synthesis of C/N-di-vinyl-1,2,3-triazoles.



S3C. IL (ChCl-CuCl) catalyzed three-component cycloaddition reaction.



S3D. 1,5-Disubstituted-1,2,3-triazoles synthesis catalyzed by [mPy]OTf/FeCl3.



S3E. [mPy]OTf catalyzed formation of 1,4,5-trisubstituted-1,2,3-triazoles.

FIGURE S3 | Synthetic methods for 1,2,3-triazole analogues.





	

S4A. [Bmim][CuCl3] catalyzed formation of 1,4-disubstituted-triazoles.



S4B. MW assisted formation of 1,4-disubstituted-triazoles.



S4C. CuIL1PPh3 catalyzed and US assisted triazole synthesis.

FIGURE S4 | Synthetic preparation of 1,2,3-triazole analogues.




	

S5A. Cu-catalyzed one-pot preparation of 3,5-disubstituted triazoles.



S5B. Base-promoted preparation of 3,5-disubstituted-triazoles 46a-c.



S5C. Conversion of 5-mecapto-triazoles to fused triazolo-trizines.

FIGURE S5 | Synthetic Schemes for 1,2,4-triazole analogues.




	

S6A. MW assisted condensation of nitrile with hydrazide to produce 1,2,4-triazoles.



S6B. Synthesis of spiro triazoles 53.



S6C. Synthesis of imidazo triazole thioethers 54a-m.



S6D. Synthesis of trisubstituted triazoles 56 and 57.

FIGURE S6 | Synthetic methods for 1,2,4-triazole analogues.







	







 
FIGURE S7 | Therapeutically important 1,2,3- and 1,2,4-triazole analogues.
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2 Synthetic method for 1,2,4-triazole analogs
The 1,2,4-triazole-based biologically potential compounds have found enormous applications, which led to the development of different synthetic routes for their preparation. Most of the preparations are based on cyclizations from the necessary starting materials to form the target triazole ring(s).  The synthetic routes employed since 2015, so far, are described here under the following categories.
a) Cu catalyzed synthesis
Cu-catalyzed stepwise cycloaddition of azides to terminal alkynes i.e. Cu-catalyzed azide-alkyne cycloaddition (CuAAC) is very common in the construction of both the 1,2,3- and 1,2,4-triazoles. Apart from CuAAC, different copper catalysts are used in several reaction conditions such as three-component cyclization reaction, [3+2] cycloaddition reaction, etc. leading to the formation of different substituted triazoles.
Copper-catalyzed three-component reaction among aryldiazonium salts, fluorinated diazo compounds, and nitriles is also reported (Peng et al., 2020). The reaction proceeds via [1+2+2] annulation protocol with in situ generations of nitrile ylide with the aryldiazonium salt S1 under simple conditions (Scheme S1). The scope of this protocol provides a synthesis of divergent drug-like trifluoromethylated N1-aryl-1,2,4-triazoles S2. Later on, the same research group (Zhou et al., 2021) also extended a similar technique to get a wide variety of 1-aryl-5-cyano-1,2,4-triazoles S3 (Scheme S1).
	

Scheme S1. Cu-catalyzed three component annulation reactions provided fluoroalkyl-substituted N1-aryl-1,2,4-triazoles.


In another method, Cu(II) catalyzed [3+2] cycloaddition between aryl diazonium salts S1 and ethyl cyanoacetate is conducted (Liu et al., 2018). In such a method, the selectivity of the position of substituents is controlled by the choice of catalyst and the yield is high. For example, the use of the Cu(II) catalyst selectively furnished 1,5-disubstituted-1,2,4-triazoles S4, whereas the use of the Ag(I) catalyst provided 1,3-disubstituted-1,2,4-triazoles S5 (Scheme S2).
	

Scheme S2. Highly regioselective substituted synthesis of 1,2,4-triazoles.


Cu(II) catalyzed C–N bond-forming ability over C–S was utilized arylidene-aryl thiosemicarbazides S6 to prepare 4,5-disubstituted-1,2,4-triazole-3-thiones S7 (Scheme S3). In this method, the in situ formed thiones are transformed into S7 via desulfonation after a longer reaction time (Gogoi et al., 2015). The S7 compounds possess antimicrobial potentiality.
	

Scheme S3. Cu(II) catalyzed oxidative-heterocyclization for the synthesis of 1,2,4-triazoles.


Heterogeneous copper(I)-catalyzed practical and efficient technique for the preparation of 1,2,4-triazoles are described by Xia et al. (2019). They used a recyclable and inexpensive heterogeneous catalyst namely 1,10-phenanthroline-functionalized MCM-41-supported copper(I) complex [Phen-MCM-41-CuBr] (MCM-41 = Mobil Composition of Matter No. 41). Thus, nitriles underwent addition-oxidative cyclization with amidines (2-aminopyridines) S8 in DMSO or 1,2-dichlorobenzene at 120–130 °C employing Phen-MCM-41-CuBr catalyst and normal air oxidant (Scheme S4) to yield 1,2,4-triazole derivatives S9 in acceptable yields.
	

Scheme S4. Heterogeneous Cu(I) catalyzed addition-oxidative cyclization for the preparation of 1,2,4-triazoles.


Very recently, Zhang et al. (2022) developed Cu-catalyzed decarbonylative cyclization technique to get fluorinated and trisubstituted triazole S12 from isatins S10 and trifluoroacetimidohydrazides S11 (Scheme S5). The synthesis proceeds via a cascade condensation followed by hydrolysis, decarboxylation, and intramolecular C−N bond formation. More advantageously, the products S12 with an amino group can further be modified to incorporate pharmacophoric groups. 
	

Scheme S5. Cu-catalyzed three component annulation reactions provided fluoroalkyl-substituted N1-aryl-1,2,4-triazoles S12.


b) Base catalyzed synthesis
Sonawane et al. (2017) reported the preparation of 1,2,4-triazole-3-thione analogues S14 using base (KOH/EtOH) catalyzed cyclization of aroyldithiocarbazate S13 (Scheme S6).
	

Scheme S6. Base-catalyzed cyclization of aroyldithiocarbazate.


A weak organic base like triethylamine (TEA) is also used as a catalyst in the cyclization process to generate 1,2,4-triazoles (Aly et al., 2019). Thus, the treatment of amidrazones S15 with ethyl azodicarboxylate in the presence of TEA (triethylamine, Mitsunobu reagent) in EtOH formed regioselective 1,3,5-trisubstituted-1,2,4-triazoles S16 (Scheme S7).
	

Scheme S7. Regioselective formation of 1,2,4-triazoles catalyzed by TEA.


c) MW-assisted method
There are very few microwave-assisted methods available for the synthesis of 1,2,4-triazoles. We have already discussed one such method in the main article. 
Microwave-assisted catalyst-free, mild, efficient, and very simple conditions for the preparation of 1-substituted-1,2,4-triazoles are reported (Shelke et al., 2015). MW irradiation at 160 °C between hydrazines and excess formamide in absence of catalyst furnished 1,2,4-triazole S17 in 54-81% yields (Scheme S8).
	

Scheme S8. MW-assisted preparation of 1-substituted-1,2,4-triazoles S17.


In addition, environmentally benign microwave (MW) conditions were applied for the derivatization of ester triazoles to amide triazoles (Jaisankar et al., 2015). Initially, cyclization of amine S18 with phenylacetyl chloride under reflux in toluene gave triazole S19 (Scheme S9). Compound S19 was then converted into triazole amides S20.
	

Scheme S9. MW-assisted preparation of 1,2,4-triazole-3-carboxamides S20.


d) Miscellaneous methods
In addition to the previously mentioned methods, several other cyclization conditions for the synthesis of 1,2,4-triazoles are reported. Many metal-free conditions are reported which led to the formation of substituted 1,2,4-triazoles. For example, aerobic oxidative conditions for C–H functionalization followed by double C–N bonds formation, and oxidative aromatization were achieved by treating with molecular iodine and t-butylhydroperoxide (TBHP) of a mixture of hydrazones S21 and aliphatic amines S22 (Chen et al., 2016) and ultimately produced 1,3,5-trisubstituted-1,2,4-triazoles S23 (Scheme S10).
	

Scheme S10. Metal-free I2-catalyzed oxidative coupling between of hydrazones and amines.


In a similar style, I2 catalyzed oxidative C-N and N-S bond formations in aqueous media are developed (Jatangi et al., 2018). As shown in Scheme S11, a mixture of N-arylbenzamidrazone S24 and phenyl isothiocyanates S25 on treatment with molecular iodine (oxidant) in H2O furnished 4,5-disubstituted-3-amino-1,2,4-triazoles S26. This facile method showed several advantages like high product yields, substrate tolerance, and being environmentally benign.
	

Scheme S11. I2-Catalyzed synthesis of 4,5-disubstituted-3-amino-1,2,4-triazoles S26.


A novel electrochemical one-pot multicomponent reaction method for substituted 1,2,4-triazole synthesis is reported by Yang and Yuan (2018). In recent years, synthetic organic electrochemistry is getting more interest. Of the electrochemical techniques, the reactive iodide radical or iodine electrogenerated in situ at an anode can effectively catalyze some transformations. Thus, the multicomponent treatment/reaction among aryl hydrazines S27, paraformaldehyde, ammonium acetate, and alcohols under electrolysis in a cell constructed with a graphite rod anode and a Ni plate cathode mediated by TBAI and in presence of base KOtBu furnished 1,5-disubstituted-1,2,4-triazoles S28 (Scheme S12). This method advantageously avoids the use of transition-metal catalysts and hazardous oxidant reagents.
	

Scheme S12. Electrochemical route for the synthesis of 1,5-disubstituted-1,2,4-triazoles S28.


3 Therapeutic application of triazoles
Triazole-based many drugs (such as fluconazole, triazolam, alprazolam, Rufinamide, itraconazole, lamtidine, ribavirin, rassinazole, and sitagliptin) are already in clinical treatment. The excellent aromatic character and richness of electrons of triazole structures enable them to bind with many types of enzymes and receptors. They are able to bind with weak interactions like coordination bonds, hydrogen bonds, ion-dipole, hydrophobic effect, pi-pi interaction, non-bond interaction, and van der Waals forces. Due to multidrug resistance in several cases, new and efficient drugs are extremely essential. Thus, a plethora of triazole derivatives have been designed and synthesized in the last couple of years. Investigation of the pharmacological effects (pharmacophore, binding interactions with enzyme, ADMET, etc.) of new triazole derivatives helped to develop novel drugs.
Brief biological and therapeutic applications of some newly synthesized triazoles are presented below. 
a) Antimicrobial agents
Triazoles like fluconazole, itraconazole, voriconazole, and posaconazole (Figure 1) are used in the therapy of Candida infections. Many substituted triazoles are reported to show inhibition against drug-resistant microorganisms, which disrupts the eﬀectiveness of the available drugs. For example, isavuconazole, the newest triazole, is active against broad-spectrum organisms including Mucorales and dimorphic fungi. It is an alternative first-line drug for the treatment of pulmonary aspergillosis (Miceli and Kauffman, 2015).
Ellouz et al. (2018) synthesized and evaluated antibacterial activity in vitro of 1,2,3-triazolylmethyl-2H-1,4-benzothiazin-3(4H)-one analogue where compound S29 exhibited promising activities against Pseudomonas aeruginosa ATCC 27853 and Acinetobacter ESBL (MIC= 31.2 μg/mL) (Ellouz et al., 2018). Some triazole-thiazole hybrids S30 are found to possess promising inhibitory activity against the bacterial strains (IC50 = 2.8 to 15.7 µM) (Gondru et al., 2021). Especially these compounds are highly active against B. subtilis, Candida strains, and S. aureus.
	



Several novel S-substituted 4-alkyl-5-((3-(pyridin-4-yl)-1H-1,2,4-triazole-5-yl)thio)methyl)-4H-1,2,4-triazole-3-thiol are synthesized and antimicrobial activities are tested (Karpun et al., 2021). Encouragingly, synthesized triazole S31 exhibited strong sensitivity against four pathogenic strains (S. fecalis, S. pullorum, S. typhimurium, and K. pneumonia) with very low MBC (15.6 µg/mL).
	



b) Anti-tubercular triazoles
The causative agent of Tuberculosis (TB) is a pathogenic bacteria named Mycobacterium tuberculosis (MTB). This contagious and infectious disease emerges as the deadliest disease. Both the 1,2,3- and 1,2,4-triazole derivatives have shown potentiality against TB both in vitro and in vivo, and are considered an effective anti-TB agents. The most important triazoles with anti-TB activities are discussed here along with the structure-activity relationship (SAR).
Three series 1,2,3-triazole-based quinoxaline-1,4-di-N-oxide derivatives were synthesized and tested anti-tubercular activities in vitro against H37Rv strain isolated from clinical samples (Srinivasarao et al., 2020). Most of the compounds are active against this strain and the SAR study revealed that compound S32 is the best active against TB with MIC 30.35 µM and less kidney toxicity.
	



Instead of quinoxaline-1,4-di-N-oxide, phthalimide bearing 1,2,3-triazoles S33a-b are prepared and are found very effective against M. tuberculosis (MTB) H37Rv (MIC 12.5 µg/mL) (Phatak et al., 2019). It is also reported that 1,2,3-triazole S34 linking saccharin and usnic acid moieties is a highly active MTB agent with MIC 2.5 μM (Bangalore et al., 2020).
	



The anti-tubercular activity of pyridin-4-yl-pyrimido-triazolo-triazine-6-carboxylic acid S35a-g against bacterial strain MTB H37Rv ATCC by microplate alamar blue assay method indicated that all the compounds are sensitive at 50 g/mL concentration (Babu et al., 2020). However, triazoles with R = phenyl, 2-nitrophenyl, and 4-fluorophenyl substituents are active against MTB at very low concentrations (6.25µg/mL). All these results indicated that the triazole derivatives have attracted great interest in searching for novel anti-MTB agents.
	



c) Anticancer therapy
Anticancer drug (oncology field) discovery is a top priority in medical science. Triazole scaffolds with different substituents (pharmacophores) are being widely synthesized and extensively tested. Many of them showed significant antiproliferative activities in cancer treatments both in vitro and in vivo. 
Recently, a novel series of 1,2,3-triazole hybrids based on myrrhanone B (28 compounds) were synthesized, and their antiproliferative potentiality against several cell lines (A549, DU145, MDA-MB-231, SiHa, U87MG, PC-3, HT-29, etc.) was assessed (Madasu et al., 2020). Compound S36a (IC50: 6.57±0.62 µM) and S36b (IC50: 10.85±0.90 µM) showed almost identical inhibitory properties with the standard anticancer drug doxorubicin (IC50: 5.05±0.25 µM).
	



Chromene containing 1,2,3-triazoles S37 have also shown broad-spectrum activity against six human cancer cell lines (Luan et al., 2020). The structure-activity relationship study indicated that the fluoro atom joined to the aromatic (phenyl) ring mostly added the efficacy against the A549 lung cancer cell line (IC50: 1.02-74.27 μm, an MTT assay). In addition, 1,2,3-triazole hybrids S38-41 possess broad-spectrum anticancer activity (IC50 values at nM scale) (Irfan et al., 2016; Amdouni et al., 2017).
	





As described in the main manuscript, many S-substituted 3-aryl-5-mercapto-1,2,4-triazoles 46a-c (Figure S5b) are highly active in the HT-29 cancer cell line. Again, using MTT assay El-Sherief et al. (2018) showed that 1,2,4-triazoles S42 have remarkable antiproliferative potentiality against a panel of cancer cell lines including EGFR, BRAF, and Tubulin anticancer targets.
Maddali et al. (2021) synthesized several novel 4,5-diphenyloxazol-1,2,4-triazole derivatives S43a-c and conducted their anticancer activities against prostate lung cancer cell lines viz., PC-93 and HBT-55. Encouragingly, S43a-c showed excellent antiproliferative activity against the HBT-55 cell line (IC50 = 17.28, 16.48, and 15.12 μM respectively) and comparable to the doxorubicin.
	

  


In general, during anticancer activity, the triazole unit acts as a linker between two anticancer pharmacophores or hybridizes with other pharmacophores of anticancer potential.
d) Anti-inflammatory agents
Angajala et al. (2016) synthesized several 1,2,3-triazoles S44a-q linked to the ibuprofen unit via an aromatic linker. Anti-inflammatory (AI) activities (in vivo) of all 1,2,3-triazoles indicated that S44a possesses better efficacy than ibuprofen (reference AI drug). Compound S44a might be used as a nonsteroidal anti-inflammatory drug (NSAID) in analgesic, antipyretic, rheumatic arthritis therapy.
	



Novel aryl-substituted 1,2,4-triazole compounds S45, S46a,b, and S47 are reported as potential/excellent anti-inflammatory agents (Al-Turki et al., 2015; Khan et al., 2018). S45 is found selective cyclooxygenase-2 (COX-2) inhibitor at low concentration compared to the standard drug celecoxib (Al-Turki et al., 2015). Also, compound S46a,b exhibited antiproliferative activity and diverse effects on cytokine production with very low toxicity (Paprocka et al., 2015).
	



e) Antiviral treatment
In search of triazole-based effective viral therapy resulted in the establishment of several antiviral drugs. In this regard, sugar moieties and substituted pyridines linked by 1,2,3-triazoles are synthesized, and subjected for MTT cytotoxicity assay against H5N1 influenza virus (El-Sayed et al., 2017). Of the novel triazole conjugates compound S48 exhibited high activity with low toxicity.
Again, ribavirin (RBV) having broad-spectrum antiviral activities are found to inhibit coronaviruses related in Vero and LLC-MK2 cells, although at high concentrations (Falzarano et al., 2013). However, RBV in combination with interferon-α2b is now in clinical use and might be a drug of choice against COVID-19 infections (Hung et al., 2020).
	



In an aim to interactions at the hydrophobic channel of NNIBP, Zhou et al. (2019) discovered three novel diarylpyrimidine-based 1,2,3-triazoles S49a-c with superior activity against wild-type and K103N mutant virus. These triazoles have higher potency and lower cytotoxicity compared to the first-line antiretroviral HIV drug efavirenz.
	




f) Trizoles as antioxidants
Incorporation of 1,2,3-triazoles with starch (e.g. 6-hydroxyethyltriazole-6-deoxy starch, 6-hydroxymethyltriazole-6-deoxy starch, 6-hydroxypropyltriazole-6-deoxy starch, etc.) increased its antioxidant activity significantly (Tan et al., 2016). Also, the electron-donating capability of various substituted groups of the triazole ring increases their antioxidant property. Chromene-based 1,2,3-triazole derivatives are reported to possess strong scavenging properties (Ihnatova et al., 2021). In addition, 1,2,4-triazole derivatives are found to exhibit a stabilizing effect on cell membranes. Also, these compounds displayed antioxidant activity with respect to erythrocytes under oxidative stress related-conditions (Kochikyan et al., 2011).
g) Other therapeutic applications
More therapeutic applications of triazole derivatives are uncovered in recent years. For example, Deferasirox (DFX), a trisubstituted-1,2,4-triazole, is the newest oral iron chelators (binder) available worldwide to treat chronic iron overload in iron-loading anemia (Piolatto et al., 2021). However, DFX activity can be further enhanced with the intake of vitamin E, and omeprazole (Hamed et al., 2020).
Several S-substituted 1,2,4-triazol-3-thiols derivatives S50a,b was found to be potent inhibitors of α-glucosidase enzyme and even better than acarbose (standard α-glucosidase inhibitor for type II diabetes) (Ur-Rehman et al., 2018). The low hemolytic activity of these triazoles indicated their prospect as new antidiabetic drug candidates.
	




4 Physicochemical properties of some important triazoles
To rationalize the promising biological/therapeutic actions of triazole compounds several researchers reported their physicochemical properties (ADMET, binding sites, etc.) in addition to synthetic techniques (Nehra et al., 2021).  
The most widely used triazole, fluconazole has excellent oral absorption, high penetration in the cerebrospinal and ocular fluids, and higher renal excretion.  Advantageously, it isn’t affected by food consumption. Among the physicochemical properties, the water solubility of the drug molecules is very important and related to their bioactivities and application. Due to the superior potency of S49a-c, Zhou et al. (2019) reported their physicochemical properties (especially drug-likeness properties) and water solubility. All these compounds S49a-c have good water solubility in different pH levels due to the presence of triazole unit. Also, the other physicochemical parameters related to drug-likeness (MW, HBD, HBA, LogPo/w) permits Lipinski’s rule-of-five. In addition, their topological polar surface area (TPSA) is found below 127 Å2 (<140 Å2), and hence should have better intestinal absorption with reduced central nervous toxicity.
As shown in Scheme 22 (original article), the promising antimicrobial and anticancer agents 57 (20 compounds) are solid (mp 121-214 °C) and mostly colored (Kumari et al., 2021). According to their SAR study, biological activities are dependent on aryl substituents. For example, the presence of CHO group at p-position increased antifungal, trimethoxy groups at m,p-positions enhanced antibacterial, and o-OH and p-CHO increased antiproliferative (anticancer) properties.  
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