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II.B.1 Introduction 

Triazoles are ubiquitous in a wide range of biologically active compounds.1 Unsubstituted 

triazoles with the molecular formula C2H3N3 exhibit two isomeric forms, 1,2,3-triazole and 

1,2,4-triazole (Figure II.B.1). The 1,2,3-triazole further exists in three different tautomeric 

forms: 1,2,3-1H-triazole, 1,2,3-2H-triazole and 1,2,3-4H-triazole (Figure II.B.1). There are 

numerous examples of triazoles with anti-HIV, anti-inflammatory, anti-cancer, anti-microbial 

and anti-bacterial activities (Figure II.B.2).2-5 Apart from their widespread biological 

properties, functionalized triazoles are also acknowledged for their therapeutic effects and are 

extensively used as clinical drugs.2,6 Some of the commonly marketed drug molecules 

possessing triazole unit are fluconazole (anti-fungal), ravuconazole (anti-fungal), 

caboxyamidotriazole (anti-cancer), tazobactum (β-lactum antibiotic), cefatrizine (β-lactum 

antibiotic) and alprazolam (for treating anxiety disorders) (Figure II.B.3). Moreover, 3-

amino-1,2,4-triazole has been used as herbicide, cotton defoliant and as inhibitor of 

mitochondrial and chloroplast functions.7 

 

Figure II.B.1 Isomeric and tautomeric forms of various triazoles. 

 

In addition to their biological and pharmacological activities, triazole derivatives like 4-

amino-5-mercapto-3-ethyl-1,2,4-triazole (AMET) has been tested as corrosion inhibitors for 

muntz alloy in solutions.8 They are also used as water replacements in proton conductors 

used in fuel cells.9 Another important application of triazole is in the synthesis of 

dendrimers.10 Dendrimers are three dimensional branched macromolecules and are made up 

of three components, an exterior surface with functional groups, interior branched chains and 

the central core. They are radially symmetric molecules and their size typically ranges in the 

nanometer scale. The core of several dendrimers consists of triazole unit (Figure II.B.4). 

Dendrimers are used for medicinal purposes, in material science, in the stabilization of metal 

nanoparticles (NPs), etc.10 
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Figure II.B.2 Biologically active triazoles and their potential activities. 

 

 

Figure II.B.3 Clinical drugs based on triazole unit. 
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Figure II.B.4 Typical example of a triazole based dendrimer. 

 

Owing to their diverse applications ranging from medicinal chemistry to material science, the 

synthesis of this scaffold has always been a challenging task for synthetic organic chemists. 

The most common way of synthesizing 1,2,3-triazole moiety is by employing Huisgen [3+2] 

cycloaddition reaction between azides and alkynes (Scheme II.B.1).11-13  

 

Scheme II.B.1 Huisgen cycloaddition. 

 

However, Huisgen cycloaddition have certain limitations like requirement of high 

temperature and lack of regioselectivity between 1,4- and 1,5-disubstituted-1,2,3-triazoles. In 
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2002, Sharpless-Fokin from Scripps Research Institute,14 and Meldal groups from Carlsberg 

Laboratory,15 have independently reported the copper(I) catalyzed version of the Huisgen 

cycloaddition, which is popularly known as ‘click’ reaction. The advantage of their protocol 

lies in the regioselective formation of 1,4-disubstituted-1,2,3-triazole. The reaction employs 

alkyl azide and alkyne in presence of copper(I) catalyst, which is either added directly or is 

alternatively generated in situ from copper(II) salt by using a reducing agent. Owing to the 

toxicity and explosive nature of organyl azides,16 their direct use is often avoided and an 

alternative three-component approach involving alkyl halide, sodium azide and terminal 

alkyne has been adopted (Scheme II.B.2).17 The reaction between alkyl halide and sodium 

azide forms alkyl azide, which subsequently reacts with terminal alkyne, furnishing 1,4-

disubstituted-1,2,3-triazole as the ultimate product. Thus, the Cu(I) catalyzed azide alkyne 

cycloaddition (CuAAC) has emerged as one of the fundamental route for the regioselective 

formation of 1,2,3-triazole scaffolds.18,19 

 

Scheme II.B.2 Copper catalyzed three-component synthesis of 1,2,3-triazole. 

 

II.B.2 Background and objectives 

Since the discovery of copper-catalyzed click reaction, various catalytic systems 

(homogeneous or heterogeneous) have been developed.20,21 Homogeneous catalysts mainly 

include copper(I) or copper(II) salts and copper complexes.20 On the other hand, copper 

immobilized on diverse insoluble supports like magnetic nanoparticles,22-24 clay,25,26 organic 

polymers,27,28 silica,29,30 and zeolites,31,32 have been used as heterogeneous catalysts. Polymer 

blended with silica has also been used as support for the preparation of catalysts in 

CuAAC.33,34 There are also reports of bimetallic NPs in CuAAC, where one of the congeners 

acts as a support for the other metal.34,36 Carbonaceous nanomaterials like graphene oxide 

(GO),37-39 reduced graphene oxide (rGO),40-42 and charcoal,43,44 are also employed for 

immobilization of copper in CuAAC. Few representative strategies for click reactions are 

discussed below.  

The synthesis of 1,4-disubstituted-1,2,3-triazoles has been accomplished by using 2-

pyrrolecarbaldiminato-Cu(II) complex in aqueous media.45 The methodology involves three-

component reaction between alkyl halides, sodium azide and alkynes and the corresponding 
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products were obtained in 55-97% yield (Scheme II.B.3). Low catalyst loading (1 mol%), 

ambient reaction conditions and synthesis of bis-/tris- triazoles are the prominent features of 

this protocol.   

 

Scheme II.B.3 2-Pyrrolecarbaldiminato-Cu(II) complex catalyzed AAC. 

 

An amphiphilic catalyst derived from tris(triazolyl)-poly(ethylene glycol) and CuSO4·5H2O 

(PEG-tristz-CuI) has been prepared. The catalyst has been employed for the synthesis of 

1,2,3-triazoles (Scheme II.B.4). The protocol was further extended towards the synthesis of 

diverse functionalized triazoles bearing medicinal and biological importance.46 Moreover, the 

catalyst could be reused for six cycles without decomposition. 

 

Scheme II.B.4 Synthesis of 1,2,3-triazole derivatives using amphiphilic copper catalyst. 

 

A copper(II) coordinated phenanthroline complex based on SBA-15 framework 

[Cu(II)phen@SBA-15] has been prepared and characterized by different spectroscopic and 

microscopic techniques. The hybrid material was used as heterogeneous catalyst for the 

multicomponent synthesis of 1,2,3-triazoles from terminal alkynes, NaN3 and alkyl halides 

(Scheme II.B.5). Moreover, the reaction has been successfully accomplished when alkyl 

halide was substituted with aryl diazonium salts or epoxides.47  
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Scheme II.B.5 Multicomponent synthesis of triazoles using Cu(II)phen@SBA-15. 

 

Graphene oxide (GO) decorated with copper(II) porphyrin (GO-CuPPh) has been prepared by 

cross linking GO and porphyrin in the presence of Cu(OAc)2. The nanocomposite material 

has been characterized in detail by different spectroscopic techniques. The catalyst was then 

used for the synthesis of 1,2,3-triazoles under ultrasonic irradiation in aqueous ethanol 

(Scheme II.B.6).48 In another report, Reddy and co-workers37 have prepared graphene oxide 

supported copper oxide (CuO-GO) nanocomposite. The catalyst has been employed in the 

synthesis of 1,4-disubstituted-1,2,3-triazoles in water at ambient temperature (Scheme 

II.B.6). The investigators suggested that the oxygenated functional groups present on the 

surface of GO prevent the aggregation of CuO during the course of the reaction.  

 

Scheme II.B.6 Graphene based materials in the synthesis of 1,2,3-triazoles. 

 

Microwave assisted synthesis of 1,4-disubstituted-1,2,3-triazoles using copper(II) precatalyst 

in methanol has been achieved under ligand-free conditions (Scheme II.B.7). Copper(II) 

catalyzed click reactions are facile and generally requires the presence of a reducing source. 

However, the present system represents a reductant free protocol where Cu(II) species are 

efficiently reduced by methanol in presence of alkynes to form polymeric alkynylcopper(I) 

precatalyst, which subsequently reacts with azides, leading to the formation of triazoles.49  
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Scheme II.B.7 Microwave assisted synthesis of 1,2,3-triazoles. 

 

Ionic liquid mediated green synthesis of 1,2,3-triazoles has been demonstrated by using 

copper iodide as catalyst (Scheme II.B.8). The authors have employed 1-methyl-3-

butylimidazolium hydroxide [Bmim]OH, as an alternative to traditional solvents and the 

corresponding products were obtained in 30-99% yield.50 

 

Scheme II.B.8 [Bmim]OH mediated CuI catalyzed synthesis of triazoles. 

 

Copper iodide in combination with eosin Y (photoredox catalyst) has been used in the three-

component synthesis of 1,4-disubstituted-1,2,3-triazoles (Scheme II.B.9). The reaction 

conditions involve photo-irradiation using compact fluorescent lamp (CFL, 23 W) in aqueous 

ethanol as solvent. Diverse 1,2,3-triazoles were obtained in 69-87% yield and a plausible 

mechanism involving single electron transfer (SET) has been proposed.51  

 

Scheme II.B.9 Synthesis of 1,2,3-triazoles using CuI in presence of eosin Y. 

 

A four-component strategy involving sequential Ugi, cycloaddition and Knoevenagel 

condensation leading to the formation of diverse 3-triazolyl-quinolin-2-(1H)-ones has been 

accomplished by using Cu(OAc)2·H2O (Scheme II.B.10). The reaction conditions are mild 

and the products can be obtained in one-pot without isolation of intermediates.52 
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Scheme II.B.10 One-pot four-component synthesis of 3-triazolyl-quinolin-2-(1H)-ones. 

 

A series of diverse polycyclic triazoles has been synthesized by using Cu/Pd dual metal 

catalysis.53 The first step of the reaction involves CuI catalyzed azide alkyne cycloaddition, 

followed by palladium catalyzed C–H bond functionalization (Scheme II.B.11). The catalytic 

system has been successfully applied for the gram scale synthesis of polycyclic triazoles.  

 

Scheme II.B.11 Synthesis of functionalized triazoles by Cu/Pd dual metal catalysis. 

 

The use of copper based catalytic systems has been the primary choice when it comes to 

regioselective synthesis of 1,2,3-triazoles. However, copper catalysts are often associated 

with certain limitations. The mechanistic studies of CuAAC showed that the reaction 

proceeds through the formation of Cu-acetylide intermediate.19 This intermediate tends to 

polymerize, which has a detrimental effect on the rate of the reaction and overall yield of the 

product.18 Moreover, when CuAAC is carried out using Cu(II) species, the use of a reducing 

agent becomes indispensable. In view of these shortcomings, the development of new 

catalysts based on transition metals other than copper has been gaining popularity. There are 

few examples where transition metals like Ru, Ag, Au, Ir and Zn are used for azide alkyne 

cycloaddition.54-56 Ruthenium is the second most widely employed transition metal for click 

reaction.57 However, the Ru-catalyzed version, unlike, CuAAC, regioselectively forms 1,5-

disubstituted-1,2,3-triazole as the major product. Jia and co-workers58 while experimenting 

with ruthenium complexes discovered that certain complexes could efficiently catalyze the 

AAC (RuAAC). The reaction between alkyl azides and terminal alkynes using 

Cp*RuCl(PPh3)2 (1-2 mol%) affords 1,5-disubstituted-1,2,3-triazoles, in almost 100% 

regioselectivity (Scheme II.B.12). Moreover, the catalyst also proved to be effective when 
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terminal alkynes have been replaced by diphenyl acetylene leading to the formation of 1,4,5-

trisubstituted triazoles. The authors proposed a plausible mechanism involving the formation 

of ruthenacycle intermediate. This intermediate then undergoes reductive elimination to form 

the desired triazole product. Another microwave assisted protocol for the synthesis of 1,5-

disubstituted-1,2,3-triazoles has been accomplished by using the same catalyst 

[Cp*RuCl(PPh3)2].
59  

 

Scheme II.B.12 Cp*RuCl(PPh3)2 catalyzed synthesis of 1,5-disubstituted-1,2,3-triazoles. 

 

While nickel catalysts have been used in several organic reactions its application towards 

triazole synthesis via azide alkyne cyaloaddition has been less explored. Literature reports 

reveal that there are two homogeneous catalytic systems, and one heterogeneous catalytic 

system have been reported for AAC.60-63 Raney nickel has been used as catalyst for the [3+2] 

cycloaddition reaction between alkyl azide and terminal alkyne.60 However, the lack of 

regioselectivity in case of some substrates resulted in a mixture of 1,4- and 1,5-disubstituted-

1,2,3-triazoles, thereby limiting the scope of the reaction (Scheme II.B.13). Besides, Raney 

nickel contains certain amount of Al2O3, which could lead to side reactions thereby lowering 

the yield of the products.64 Moreover, its stringent storage condition and pyrophoric nature 

renders difficulty in handling this compound. The authors conducted control experiments to 

probe into the mechanistic pathway, which ruled out the formation of Ni-acetylide 

intermediate. On the basis of isotopic experiments the authors proposed a mechanism which 

involved π-complexation of alkyne with nickel followed by the formation of metallacycle 

intermediate. 

 

Scheme II.B.13 Raney nickel catalyzed azide alkyne cycloaddition. 

 

Recently, Hong and co-workers developed another Ni-catalyzed azide alkyne cycloaddition 

(NiAAC) using a combination of nickelocene (Cp2Ni) and Xantphos, which however leads to 

the formation of 1,5-disubstituted-1,2,3-triazoles as the major product.61 The actual catalyst 

in this case is Ni(Xantphos)2, generated in situ from Cp2Ni and Xantphos. Although, this 
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expensive catalytic system (Cp2Ni-Xantphos) can be used for both terminal and internal 

alkynes, its ligand-specific nature and non-recoverability limits its further uses. Besides, 

Cp2Ni is moisture sensitive and decomposes on exposure to air. In another report the same 

group reported NiAAC using the same catalyst Cp2Ni, however, in this case internal alkyne 

has been used in place of terminal alkynes (SchemeII.B.14).62  

 

Scheme II.B.14 Cp2Ni catalyzed azide alkyne cycloaddition. 

 

The heterogeneous Ni catalyst has been based on triazole linked organic polymer (Ni-

TLOP).63 This catalyst has been employed as a photocatalyst in AAC under visible light 

irradiation (Scheme II.B.15). Although the heterogeneous catalyst (Ni-TLOP) exhibits high 

catalytic performance in AAC, the catalyst preparation requires some expensive chemicals; 

the catalyst becomes active only under visible light irradiation, and studied in a two-

component AAC process. Moreover, the exact wavelength of light used during the 

photochemical reaction has not been indicated.  

 

Scheme II.B.15 Ni-TLOP catalyzed AAC. 

 

II.B.3 Present work: Results and discussions 

Graphene-based composites are often used as suitable supports to immobilize metal species 

for further uses in catalysis.65,66 On the other hand, zeolites are microporous and crystalline 

aluminosilicates with an infinite, three-dimensional framework having large surface area, 

widely used in catalysis.67 However, such composite nanomaterials with large surface area, 

rich -electron networks and/or diverse functionalities have not been explored to decorate 

with metallic species and subsequent uses in catalysis. This work is primarily aimed at 

developing new ternary composite nanomaterials for use as sustainable catalyst in organic 

transformations. The triazole synthesis via click chemistry has been a continuous field of 

development. The previously reported Ni-catalyzed AAC (NiAAC) employs two-component 

strategy for the synthesis of triazoles from azides and alkynes. Now, the synthesis of azide 
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requires and additional step, which can be subdued by employing a three-component strategy 

involving alkyl halides, NaN3 and terminal alkynes. The primary focus of this advancement 

has been directed towards easy accessibility and stability of the heterogeneous Ni catalysts 

that could eliminate the above limitations, and exhibit versatile applications in the three-

component click triazole synthesis under sustainable reaction conditions. We have prepared 

the nanocomposite from graphene oxide (GO) and NaY Zeolite, which has been subsequently 

decorated with nickel species in presence of NaBH4 resulting in situ reduction of GO to rGO 

to obtain finally a ternary composite material, designated as Ni–rGO–zeolite. The new 

ternary composite (Ni–rGO–zeolite) has been employed as an efficient and sustainable 

heterogeneous catalyst in three-component azide alkyne cycloaddition (NiAAC) in aqueous 

conditions  (Scheme II.B.16). 

 

Scheme II.B.16 Ni–rGO–zeolite catalyzed three-component click reaction. 

 

II.B.3.1 Preparation of Ni–rGO–zeolite nanocomposite 

The GO–zeolite composite was prepared by adding an aqueous suspension of sodium Y 

(NaY) zeolite (pH ~ 11.2) to an aqueous dispersion of GO (pH ~ 3.4), so as to obtain nearly 

neutral pH of the overall aqueous suspension. The aqueous suspension containing GO and 

NaY zeolite was then heated at 60 °C for 16 h under gentle magnetic stirring followed by 

evaporation of water and drying under vacuum to afford the GO–zeolite composite (details 

are in the experimental section). 

The nickel decorated rGO–zeolite material (Ni–rGO–zeolite) was then prepared by the 

addition of nickel acetate to a suspension of finely powdered GO–zeolite material in ethylene 

glycol followed by the addition of sodium borohydride. The contents were then stirred at 180 

°C for 3 h (details are in the experimental section).  

 

II.B.3.2 Characterization of Ni–rGO–zeolite nanocomposite 

The presence of nickel in the ternary nanocomposite was measured by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). For this purpose, the nanocomposite 

catalyst (5 mg) was digested with aqua regia (6 mL) and the nickel content was estimated to 

be 0.887 mmol g-1 of the Ni–rGO–zeolite nanocomposite. 
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The FT-IR spectra of Ni–rGO–zeolite, GO–zeolite, NaY zeolite and GO were recorded in the 

range 4000-400 cm-1 (Figure II.B.5). In the case of GO, the peaks at 1729 and 1627 cm-1 

were due to the stretching vibrations of C=O and C=C bonds respectively.68 The broad peak 

at around 3432 cm-1 was related to the stretching vibration of hydroxyl groups present in 

GO.68 On the contrary, GO–zeolite and Ni–rGO–zeolite, showed peaks at 1022, 578 and 454 

cm-1. These peaks were due to the internal vibrations of TO4 (T = Si, Al) tetrahedral moiety 

of NaY zeolite.69,70 Furthermore, the typical carbonyl band of GO at 1729 cm-1 also 

disappeared which indicates that the carbonyl groups might have been converted to Al/Si–O–

C band resulting in the formation of the nanocomposite.71  
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Figure II.B.5 FT-IR spectra of GO, NaY zeolite, GO–zeolite and Ni–rGO–zeolite. 

 

It is worth mentioning that transformation of GO to rGO is expected during the hydrothermal 

treatment of GO–zeolite composite. The hydrothermal treatment was performed to ensure 

incorporation of nickel into the nanocomposite material. A comparative Raman spectral 

analysis has been undertaken to get detail insight into the conversion of GO to rGO (Figure 

II.B.6). The presence of D and G band along with the 2D related bands in Raman spectrum of 

the nanocomposite conform to the transformation of GO to rGO. The Raman spectrum of 

GO–zeolite composite shows sharp 2D peak along with the obvious D and G bands. As 

expected the higher intensity of G band (IG) than that of D band (ID) has been observed here. 

Whereas, after the hydrothermal treatment not only the intensity of D band has increased 

resulting in ID/IG>1 but also the 2D band (appeared at 2705 cm-1 in case of GO–zeolite) 

slightly shifted towards lower wavenumber at 2690 cm-1 (Figure II.B.6). Such observation 

corroborated transformation of GO to rGO via reformation of graphitic regions in the 

sheet.72,73 
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Figure II.B.6 Raman spectra of Ni–rGO–zeolite catalyst and GO–zeolite (as control). 

 

The XRD (X-ray diffraction) pattern of the Ni–rGO–zeolite nanocomposite has been shown 

in the Figure II.B.7. The XRD peaks could be assigned to the reflection of NaY zeolite 

crystal planes, and thus confirm the formation of NaY zeolite phase.74,75 The diffraction 

pattern of the composite catalyst (Ni–rGO–zeolite) was also compared with that of 

GO‒zeolite control sample (Figure II.B.7) where similar pattern revealed retention of NaY 

crystal structure after incorporation of Ni moiety in GO‒zeolite composite system. Similar 

trend of I220 and I311 in both the cases also indicated that there was probably no encapsulation 

of Ni in the zeolite cage.76 However, the chemical characteristics of Ni component could not 

be recognized presumably due to the presence of NaY zeolite reflection peaks in the pattern. 

 

Figure II.B.7 XRD patterns of GO‒zeolite and Ni–rGO–zeolite composites. 
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The chemical composition of the Ni–rGO–zeolite composite was further investigated by XPS 

(X-ray photoelectron spectroscopy) analysis. The survey scan of the material in Figure 

II.B.8.1 showed binding energy peaks of Al2p, Si2p, Na1s corresponding to zeolite, C1s from 

rGO, and Ni2p from Ni NPs. For detail insight into the composition, deconvolution of high 

resolution C1s and Ni2p spectra were undertaken to check the interaction between rGO and 

Ni species. Deconvoluted C1s spectrum (Figure II.B.8.2a) showed binding energy peaks 

corresponding to C=C and C–C arising from rGO. In addition to that peaks 285.98, 287, 

287.80 and 289.04 eV indicated presence of C–OH, epoxy C–O–C, C=O and O=C–O 

functional groups on rGO, respectively.73,77,78 Moreover, the peak at 286.50 eV could be 

attributed to the Ni–C bonding. The Ni2p high resolution spectrum with Ni2p1/2 and Ni2p3/2 

core levels has been shown in Figure II.B.8.2b. In this spectrum the Ni2p3/2 and Ni2p1/2 core 

level peaks at 853.17 and 870.54 eV, respectively correspond to the free metallic Ni(0).79 

Furthermore, the pair of binding energy peaks at 856.95 (Ni2p3/2) and 874.46 (Ni2p1/2) eV, 

and 862.68 (Ni2p3/2) and 880.80 eV (Ni2p1/2) could be assigned for Ni–O–C and Ni–C bonds, 

respectively.79 Thus detailed XPS analysis confirmed an intrinsic interaction between the 

rGO and Ni species.  

The morphology and microstructure of Ni–rGO–zeolite was analyzed by scanning electron 

microscopy (SEM). By comparing the SEM images of GO–zeolite and Ni–rGO–zeolite 

nanocomposites it could be understood only the existence of crystal aggregates of zeolites 

along with the rGO plates (Figure II.B.9a and II.B.9b). In the Ni–rGO–zeolite 

nanocomposite, nickel NPs were uniformly dispersed on the surface of rGO sheets through 

chemical bonding with the functional groups and zeolite crystals (Figure II.B.9b). The SEM-

energy dispersive X-ray scattering analysis (SEM-EDS) of Ni–rGO–zeolite confirmed the 

presence of Ni along with C, O, Si and Al (FigureII.B.9c). The transmission electron 

microscopy (TEM) analysis of Ni–rGO–zeolite was also carried out to detect the presence of 

distinguishable nanoparticles. The TEM image (Figure II.B.9d), revealed uniform distribution 

of quasi hexagonal plate-like nanostructures of zeolites (a few are shown by yellow arrow in 

Figure II.B.9d),80,81 on the rGO sheets. XPS has confirmed that a major amount of the nickel 

is bonded with the functional groups (ionic state/Ni2+) and existence of small amount of 

metallic nickel (Ni0). As a result, visibility of metallic nickel in the TEM is insignificant, 

however, the SEM-EDS confirmed the existence of Ni (0.31 At%) in the nanocomposite. 
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FigureII.B.8.1 XPS survey scan of Ni–rGO–zeolite catalyst. 

 

 

Figure II.B.8.2 XPS spectra of Ni–rGO–zeolite composite: (a) high resolution C1s spectrum (b) high 

resolution Ni2p spectrum. 
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Figure II..B.9 (a) SEM image of GO–zeolite, (b) SEM image of Ni–rGO–zeolite, (c) EDS of Ni–

rGO–zeolite and (d) TEM image of Ni–rGO–zeolite. 

 

II.B.3.3 Catalytic activity of Ni–rGO–zeolite: Optimization of reaction conditions 

The catalytic activity of Ni–rGO–zeolite was examined was examined in the three-

component click reaction. For this purpose, benzyl bromide (1a) and phenylacetylene (2a) 

were selected as the model substrates (Table II.B.1). Initially, 1a, 2a and sodium azide were 

reacted in presence of Ni–rGO–zeolite (50 mg per mmol of the substrate) in CH3CN at 80 °C 

for 8 h. The desired product 1-benzyl-4-phenyl-1H-1,2,3-triazole (3a) was isolated in 67% 

yield (entry 1). We assumed poor solubility of sodium azide in CH3CN might be the cause of 

lower yield. To overcome the solubility issue, the same reaction was carried out in a mixture 

of CH3CN:H2O (1:1 v/v) and the yield of the product increased to 81% (entry 2). The catalyst 

loading was then lowered to 30 mg and the reaction was carried out in H2O at 90 °C. This 

resulted in an excellent conversion of 94% (entry 3). Further reducing the amount of catalyst 

to 15 mg and lowering the temperature to 60 °C, decreased the yield of the product to 82% 

and 69% respectively (entries 4 and 5). We even carried out a reaction in presence of an 

additive, tetrabutylammonium bromide (TBAB, 10 mol%) but did not observe any significant 
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improvement in the yield of product (entry 6, 95%). A solvent-less approach using only the 

reactants and catalyst formed the desired product in modest yield (entry 7, 77%). The reaction 

when conducted without any catalyst resulted in meagre conversion emphasizing the 

imperative role of the catalyst (entry 8, 16%). It is noteworthy to mention that 

Ni(OAc)2·4H2O also catalyzed the reaction and the triazole product was obtained in a 

relatively lower yield (entry 9, 53%). Finally, we scaled up the reaction under the optimized 

conditions which resulted in good conversion (entry 10, 89%). For comparison of the 

catalytic activity, we conducted two experiments using Ni–zeolite and Ni–rGO that resulted 

in the formation of the desired 1,4-disubstituted triazole derivative 3a in 52% and 40% yield 

respectively (entries 11 and 12). The formation of 3a was confirmed by 1H and 13C NMR 

spectroscopy. The two singlet peaks at δ 5.48 and 7.58 ppm were respectively due to the two 

benzylic Hs and the hydrogen present in the triazole unit. The same peaks appeared at δ 54.1 

and 130.5 ppm in the 13C NMR spectrum. 

Table II.B.1 Optimization of the reaction conditionsa 

 

Entry Catalyst (mg) Solvent Temp (°C) / time (h) Yield (%)b 

1 50 CH3CN 80 / 8 67 

2 50 CH3CN:H2O (1:1) 80 / 8 81 

3 30 H2O 90 / 4 94 

4 15 H2O 90 / 4 82 

5 30 H2O 60 / 4 69 

6 30 H2O 90 / 4    95c 

7 30 – 90 / 4 77 

8 – H2O 90 / 24 16 

9 – H2O 90 / 4     53d 

10 100 H2O 90 / 4     89e 

11 30 H2O 90 / 4 52f 

12 30 H2O 90 / 4 40g 

aReaction conditions: 1a (1 mmol), 2a (1 mmol), NaN3 (1.5 mmol) and solvent (2 mL). bIsolated 

yield. cTBAB (10 mol%) was used. dNi(OAc)2·4H2O (15 mol%) was used. eReaction was performed 

in 5 mmol scale. fReaction carried out using Ni–zeolite catalytic system. gReaction carried out using 

Ni–rGO catalytic system. 

 



142 

II.B.3.4 Synthesis of 1,4-disubstituted-1,2,3-triazoles 

Diverse triazole derivatives were synthesized from alkyl halides and terminal alkynes using 

Ni–rGO–zeolite catalyst. The results obtained have been presented in Table II.B.2. Initially, 

we varied the alkyl halides for the reaction, keeping the terminal alkyne fixed. Afterwards, 

we tested the effect of substituent on the alkyne partner for the reaction. Both benzyl bromide 

and benzyl chloride gave the triazole 3a in 94% and 90% isolated yield respectively (entry 1). 

Benzyl bromide bearing isopropyl, bromo and iodo groups in the ring reacted efficiently with 

phenylacetylene affording the desired products (3b-3d) in 88-91% yield (entries 2-4). When 

cinnamyl bromide was employed, the yield of the triazole 3e was comparatively low (entry 5, 

77%). We presumed that the lower yield might be due to the tendency of cinnamyl azide 

undergoing intramolecular rearrangement.82 1-Chloromethyl naphthalene also reacted under 

the standard condition furnishing the product 3f in 85% yield (entry 6). The reaction also 

went smoothly when allyl bromide was used and the desired product 3g was obtained in 83% 

isolated yield (entry 7). Further attempt with activated functionalized organic halides, such as 

4-chlorophenacyl bromide was also accomplished (entry 8, 79%). Next, terminal alkynes 

other than phenylacetylene such as 4-ethynyltoluene, 1-bromo-4-ethynylbenzene and 1-

ethynyl-4-nitrobenzene were employed. In the reaction between 4-ethynyltoluene with 

different alkyl halides, under the standard reaction conditions, the corresponding triazoles (3i-

3m) were obtained in 78-94% yield (entries 9-13). 1-Bromo-4-ethynylbenzene and 1-ethynyl-

4-nitrobenzene were also transformed into the corresponding triazoles (3n and 3o) in 87% 

and 80% yield respectively (entries 14 and 15). The catalyst thus exhibited superior catalytic 

activity regardless of the electronic nature and substitution pattern on the alkyl as well as 

alkyne moiety. The 1H NMR spectrum of 3e showed a doublet of doublet at δ 5.12 (J = 0.9, 

6.3 Hz) ppm due to the benzylic Hs. The cinnamyl sp2C–H linked with the phenyl group 

appeared as a doublet at δ 6.66 (J = 15.9 Hz) ppm. The coupling constant value of 15.9 Hz 

indicated the trans- geometry of the cinnamyl double bond. In case of compound 3g the 

peaks at δ 4.96 (d, J = 5.7 Hz) and 5.95-6.08 (m, 1H) ppm were respectively due to the due to 

the two benzylic Hs and the hydrogen present in the triazole unit. In the 13C NMR spectrum 

of the same compound the peak at δ 52.7 ppm was due to the benzylic carbon and the peaks 

at δ 119.7 and 131.3 ppm could be assigned to the allylic carbons. In compound 3h the 

benzylic Hs appeared as a singlet at δ 6.24 ppm in the 1H NMR spectrum. The same peak 

appeared at δ 56.4 ppm in the 13C NMR spectrum. 
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Table II.B.2 Ni–rGO–zeolite catalyzed synthesis of 1,4-disubstituted-1,2,3-triazoles a 

 

Entry Alkyl halide Alkyne Triazole Time (h) Yield (%)b 

 

1 

 

 

 

 

 

 

4 

 

X = Br, 94 

X = Cl, 90 

 

2 

 

 

 

 

 

5 

 

88 

 

3 

 

 

 

 

 

4 

 

90 

 

4 

 

 

 

 

 

4 

 

91 

 

5 

 

 

 

 
 

 

5 

 

77 

 

6 

 

 

 

 

 

6 

 

85 

 

7c 

 

 

 

 

 

 

4 

 

83 

 

8 

 

 

 

 

 

4 

 

79 
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9 

 

 
 

 

 

4 

 

X = Br, 87 

X = Cl, 84 

 

10 

 
 

 

 

4 

 

88 

 

11 

 
 

 

 

4 

 

90 

 

12 

 

 
 

 

 

5 

 

78 

 

13c 

 

  

 

 

4 

 

94 

 

14 

 

 

 
 

 

4 

 

87 

 

15 

 

 

 
 

 

4 

 

80 

aReaction conditions: 1 (1 mmol), 2 (1 mmol), NaN3 (1.5 mmol), Ni–rGO–zeolite (30 mg) and H2O (2 

mL) were stirred at 90 °C. bIsolated yield. cReaction was carried out at 70 °C. 

 

II.B.3.5 Recyclability of the catalyst 

We checked the recyclability of Ni–rGO–zeolite catalyst in the three-component click 

reaction between 1a, 2a and NaN3 in aqueous medium under the optimized condition. After 

the first run the catalyst was separated from the reaction mixture by simple filtration, washed 

with ethyl acetate (5 x 5 mL) and dried under vacuum for 24 h. It was then re-used for the 

second run. The catalyst was re-used for four consecutive runs without any significant drop in 

the yield of the product (Figure II.B.10). Moreover, we estimated the nickel content in Ni–

rGO–zeolite before and after the recycle runs. As could be seen from ICP-AES analysis, 
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before the reaction the nickel content in Ni–rGO–zeolite (30 mg) was 0.026 mmol, while that 

after the first and third run were 0.026 and 0.022 mmol respectively. This indicated that no 

significant leaching of nickel occurred from the nanocomposite during the course of the 

reaction. 

 

Figure II.B.10 Recyclability of Ni–rGO–zeolite in the click synthesis of triazoles. 

 

Furthermore, XPS analysis of the catalyst was also carried out after the first run to determine 

any change in the chemical state of nickel. Figure II.B.11a showed the survey scan where 

presence of binding energy peaks corroborated recyclability result. However in Ni2p high 

resolution spectrum increase in free nickel NPs related binding energy peaks were observed 

without any significant change in binding energy values (Figure II.B.11b). Whereas, the peak 

intensity of Ni–O–C and Ni–C were found to decrease, it is noteworthy that under similar 

kind of reaction condition NaN3 has the ability to modify the oxygen containing functional 

groups of rGO.83 So this might have resulted in the formation of greater number of free nickel 

NPs in the composite. However, the ICP-AES analysis confirmed the retention of total nickel 

content, so no significant loss in catalytic activity of the catalyst was observed. 

 

Figure II.B.11 XPS analysis of Ni–rGO–zeolite after first run: (a) survey scan (b) high resolution 

Ni2p spectrum. 
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II.B.3.6 Plausible mechanism for the reaction 

The copper catalyzed version of the Huisgen cycloaddition (CuAAC) involves the formation 

of copper acetylide as one of the key intermediate, which then undergoes cycloaddition with 

azide moiety leading to the formation of triazole.14,19 However, as previously reported by 

Sommer et al. when the reaction occurred in zeolite surface, it did not involve such Cu-

acetylide intermediate. The reaction proceeded through π-complexation between alkyne and 

the metal and finally via the formation of a metallacycle intermediate.32 The formation of 

similar metallacycle intermediate was also evident in Raney nickel catalyzed AAC.60 Raney 

nickel contains finely divided Ni(0) particles, so the active species in the mechanistic 

pathway might be the zero-valent state of nickel.  

 

Scheme II.B.17 Plausible mechanism for Ni–rGO–zeolite catalyzed click reaction. 

 

Based on these reports we presumed that the free nickel NPs present in Ni–rGO–zeolite 

might be responsible for exerting such catalytic activity in click reaction. Therefore, the first 

step of the reaction presumably involved a π–complex (4) formed by the reaction between 

alkyne and Ni(0) species. This was followed by coordination of the incoming azide with 

nickel leading to the formation of a new coordinated species (5), which subsequently 
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underwent cycloaddition to form the metallacycle intermediate (6). Finally, reductive 

elimination of the metallacycle intermediate led to the formation of the desired triazole 

product (3) and regenerated the Ni(0) active species to effect the next catalytic cycle (Scheme 

II.B.17). 

 

II.B.4 Conclusion  

In conclusion, we have developed a new heterogeneous ternary nanocomposite catalyst based 

on nickel (Ni–rGO–zeolite). As compared to the previously reported very few Ni-catalysts 

used in AAC and only one heterogeneous photoactive Ni catalyst, the present heterogeneous 

catalytic system offers certain advantages like easy preparation from cheap and sustainable 

materials, stable at room temperature, high catalytic efficiency in aqueous medium, 

regioselective formation of 1,4-disubstituted-1,2,3-triazoles, recovery by simple filtration and 

recyclability, etc. The enhanced catalytic performance of this heterogeneous Ni catalyst in 

AAC presumably originates from the concurrent supports and stabilization of the active Ni(0) 

species by an unique combination of π-electron rich rGO and microporous zeolitic surface. 

Among very few Ni catalysts studied in [3+2] AAC, the present catalytic system not only 

eliminates some of the shortcomings but certainly will pave the way for further applications 

of Ni-catalyzed ‘click’ reactions. 

 

II.B.5 Experimental Section 

II.B.5.1 General Information 

All reagents were purchased from Sigma-Aldrich and used directly without further 

purification. NaY zeolite was purchased from Sigma-Aldrich. The solvents were purchased 

from commercial suppliers and used after distillation. All the products were purified by 

column chromatography on 60-120 mesh silica gel (Merck, India). For TLC, Merck plates 

coated with silica gel 60, F254 were used. FT-IR spectra were recorded in FT-IR 8300 

SHIMADZU spectrophotometer. The 1H & 13C NMR spectra were recorded at 400 MHz and 

100 MHz respectively on Bruker Ascend 400 spectrometer in CDCl3 and DMSO-d6. Splitting 

patterns of protons were described as s (singlet), d (doublet), dd (doublet of doublet) and m 

(multiplet). Chemical shifts (δ) were reported in parts per million (ppm) relative to TMS as 

internal standard. J values (coupling constant) were reported in Hz (Hertz). 13C NMR spectra 

were recorded with complete proton decoupling (CDCl3: δ 77.0 ppm and DMSO-d6: 39.5 

ppm). Centrifugation was done in REMI R-8C DX centrifuge. Inductively Coupled Plasma 

Atomic Emission Spectroscopy (ICP-AES) was measured by using SPECTRO analytical 
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instruments GmbH, Germany. The X-ray diffraction studies (XRD) were done by the Rigaku 

SmartLab (9 kW) diffractometer using CuKα radiation. Raman spectra of the samples were 

obtained with Renishaw InVia micro Raman spectroscopy with 514 nm laser source. 

Scanning Electron Microscopy (SEM) and Electron-Dispersive X-ray Spectroscopy (EDS) 

were performed using JEOL JSM-IT 100 electron microscope. Transmission electron 

microscopy (TEM) measurements were carried out using a JEOL JEM-2100F high-resolution 

electron microscope. X-ray photoelectron spectroscopic (XPS) measurements were done on a 

PHI 5000 Versaprobe II XPS system with an Al Kα source and a charge neutralizer at room 

temperature. 

II.B.5.2 Preparation of graphene oxide (GO) 

Graphene oxide was prepared by following Tour’s method.68 In this method a 9:1 (v/v) 

mixture of H2SO4 / H3PO4 (180:20 mL) was added to a mixture of graphite powder (1.5 g) 

and KMnO4 (9.0 g). The mixture was then stirred at 50 °C for 12 h. After cooling the mixture 

to room temperature, it was gradually poured into crushed ice (200 g), which was followed 

by the slow addition of H2O2 (30%, 1.5 mL). The solution was then centrifuged (5000 rpm) 

and the supernatant was discarded. The residual solid material was successively washed with 

deionised water (100 mL) and then with 30% HCl (100 mL). The solid material was then 

repeatedly washed with water and centrifuged. Finally, the solid brown material was 

collected and dried at 60 °C under vacuum to obtain solid graphene oxide. 

II.B.5.3 Preparation of GO–zeolite nanocomposite 

Graphene oxide (275 mg) was dispersed in distilled water (100 mL) and ultrasonically treated 

for 1 h. Subsequently, NaY zeolite (400 mg) was proportionately added to the GO dispersion 

ensuring neutral pH of the overall dispersion. The dispersion was then placed in an oil bath at 

60 °C and stirred for 16 h. The solvent was then removed under reduced pressure and the 

solid mass was dried under vacuum for 24 h. 

II.B.5.4 Preparation of Ni–rGO–zeolite nanocomposite 

A Teflon-capped sealed tube containing GO–zeolite (500 mg) dispersion in ethylene glycol 

(10 mL) was charged with Ni(OAc)2·4H2O (124 mg, 0.5 mmol). The contents were then 

gently stirred at 60 °C for 30 minutes. After that, NaBH4 (37 mg, 1 mmol) was added to the 

mixture portion wise. The sealed tube was again Teflon capped and placed in a preheated oil 

bath at 180 °C. After stirring for 3 h, the mixture was cooled to room temperature, diluted 

with water and centrifuged at 5000 rpm. The supernatant was discarded and the solid 

composite material was washed alternatively with water and ethanol (3 times each). The solid 

composite material was then dried under vacuum for 48 h. 
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II.B.5.5 Preparation of Ni–zeolite catalyst 

Ni–zeolite composite catalyst was prepared by a literature reported method with minor 

modifications.84 A 250 mL RB flask was charged with ethylene glycol (50 mL) and 

NiNO3·6H2O (290 mg). The mixture was ultrasonicated for 30 minutes, sealed, purged with 

nitrogen and placed in an oil bath at 200 °C. This was followed by the rapid addition of 

NaBH4 (200 mg) into the flask. The mixture is then stirred at this temperature for 2 h and 

cooled to room temperature. The solid was separated by centrifugation, washed with ethanol 

and distilled water (3 times each) and dried under vacuum for 24 h. 

II.B.5.6 Preparation of Ni–rGO catalyst 

Ni–rGO catalyst was prepared by following a previously reported procedure.85 Graphene 

oxide (2.75 g) was ultrasonically dispersed in 800 mL of water. To the GO dispersion, a 

solution of NiCl2·6H2O (2.08 g, 8.75 mmol) in 600 mL water and hexamethylenetetramine 

(2.453 g, 17.5 mmol) solution in 250 mL water were added. The mixture was stirred at room 

temperature at for 10 minutes and finally sealed in 2 L Teflon-lined stainless steel autoclave 

for hydrothermal reaction at 120 °C for 4 h. The black powder was washed several times with 

water to remove excess Ni salt and hexamethylenetetramine and dried. The powder was then 

heated in air 380 °C for 1 h to obtain NiO–rGO nanocomposite. The reduction of this 

material in presence of rGO at 350 °C with a continuous flow of H2 gas gives Ni–rGO 

nanocomposite catalyst. 

II.B.5.7 Typical procedure for the synthesis of 1,2,3-triazoles 

A round bottomed flask (25 mL) equipped with a magnetic stir bar, was charged with alkyl 

halide (1 mmol), terminal alkyne (1 mmol), NaN3 (1.5 mmol) and Ni–rGO–zeolite (30 mg). 

Freshly distilled water (2 mL) was added to it and the reaction mixture was gently stirred at 

90 °C for 4-6 h. After completion of the reaction (monitored by TLC), the reaction mixture 

was cooled to room temperature. The catalyst was recovered through simple filtration and the 

reaction mixture was extracted with ethyl acetate (3 x 5 mL). The combined organic layer 

was dried over anhydrous Na2SO4 and concentrated under vacuum. The residue obtained was 

purified by column chromatography using light petroleum ether / ethyl acetate as eluent to 

afford the desired product. All products were characterized by 1H, 13C NMR data and also 

compared with reported melting points for solid compounds. 
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II.B.5.8 Characterization data of various 1,2,3-triazole derivatives 

1‒Benzyl‒4‒phenyl‒1H‒1,2,3-triazole (3a)86 

 

White crystalline solid; m.p.: 128‒130 °C (Lit. m.p.: 128‒129 °C)86; 1H NMR (400 MHz, 

CDCl3): δ 5.53 (s, 2H), 7.29‒7.37 (m, 8H), 7.67 (s, 1H), 7.78‒7.79 (m, 2H); 13C NMR (100 

MHz, CDCl3): δ 54.2, 119.7, 125.7, 128.0, 128.2, 128.8, 128.9, 129.2, 130.5, 134.7, 148.2. 

1-(4-Isopropylbenzyl) ‒4‒phenyl-1H‒1,2,3-triazole (3b)87 

 

White solid; m.p.: 177‒178 °C (Lit. m.p.: 175 °C)87; 1H NMR (400 MHz, CDCl3): δ 

1.20‒1.58 (m, 6H), 2.97‒2.99 (m, 1H), 5.52 (s, 2H), 7.00‒7.15 (m, 1H), 7.23-7.27 (m, 2H), 

7.38‒7.42 (m, 2H), 7.65 (m, 3H), 7.73-7.82 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 23.9, 

26.2, 33.9, 54.1, 119.4, 125.7, 126.9, 127.29, 128.1, 128.8, 128.9, 129.4, 131.9, 133.1. 

1‒(3‒Bromo benzyl)‒4‒phenyl‒1H‒1,2,3-triazole (3c)88 

 

Light yellow solid; m.p.: 92‒94 °C (Lit. m.p.: 91‒93 °C)88; 1H NMR (400 MHz, CDCl3): δ 

5.53 (s, 2H), 7.22‒7.25 (m, 2H), 7.32 (d, J = 7.2 Hz, 1H), 7.38‒7.49 (m, 4H), 7.69 (s, 1H), 

7.79‒7.81 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 53.5, 119.6, 123.1, 125.7, 126.6, 128.3, 

128.9, 130.3, 130.7, 131.0, 132.0, 136.9, 148.5. 

1‒(3‒Iodo benzyl)‒4‒phenyl‒1H‒1,2,3‒triazole (3d)89 

 

White solid; m.p.: 120‒122 °C (Lit. m.p.: 122‒124 °C)89; 1H NMR (400 MHz, CDCl3): δ 

5.50 (s, 2H), 7.10‒7.12 (m, 1H), 7.24 (d, J = 8 Hz, 2H), 7.32 (d, J = 7.2 Hz, 1H), 7.40 (t, J = 

7.2 Hz, 2H), 7.66‒7.70 (m, 3H), 7.79‒7.81 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 53.3, 

94.8, 119.6, 125.8, 127.2, 128.3, 128.9, 130.4, 130.8, 136.8, 136.9, 137.9, 148.4. 
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1‒Cinnamyl‒4‒phenyl‒1H‒1,2,3‒triazole (3e)90 

 

White solid; m.p.: 136‒138 °C (Lit. m.p.: 132‒134 °C)90; 1H NMR (400 MHz, CDCl3): δ 

5.15 (dd, J = 1.2, 7.6 Hz, 2H), 6.35‒6.41 (m, 1H), 6.69 (d, J = 16 Hz, 1H), 7.29‒7.43 (m, 

8H), 7.80‒7.84 (m, 3H); 13C NMR (100 MHz, CDCl3): δ 52.4, 119.5, 121.9, 125.7, 126.8, 

128.2, 128.6, 128.8, 128.9, 130.6, 135.4, 135.5, 148.1. 

1‒(Naphthalen‒1‒ylmethyl)‒4‒phenyl‒1H‒1,2,3‒triazole (3f)91 

 

White solid; m.p.: 133‒134 °C (Lit. m.p.: 135 °C)91; 1H NMR (400 MHz, CDCl3): δ 5.99 (s, 

2H), 7.26‒7.34 (m, 3H), 7.46‒7.72 (m, 5H), 7.90 (s, 2H), 7.99 (s, 2H), 8.0 (s, 1H); 13C NMR 

(100 MHz, CDCl3): δ 52.4, 119.6, 122.9, 125.4, 125.7, 126.5, 127.4, 127.9, 128.1, 128.8, 

129.0, 129.9, 130.1, 130.5, 131.2, 134.0, 148.0. 

1‒Allyl‒4‒phenyl‒1H‒1,2,3‒triazole (3g)86 

 

White crystalline solid; m.p.: 62‒64 °C (Lit. m.p.: 57‒58 °C)86; 1H NMR (400 MHz, CDCl3): 

δ 4.96 (d, J = 6 Hz, 2H), 5.26‒5.34 (m, 2H), 5.99‒6.01 (m, 1H), 7.29‒7.31 (m, 1H), 

7.36‒7.40 (m, 2H), 7.44‒7.80 (m, 3H); 13C NMR (100 MHz, CDCl3): δ 52.7, 119.6, 120.1, 

125.7, 128.1, 128.8, 130.6, 131.3, 147.9. 

1‒(4‒Chlorophenyl)‒2‒(4‒phenyl‒1H‒1,2,3‒triazol‒1‒yl)ethanone (3h)92 

 

White solid; m.p.: 104‒106 °C (Lit. m.p.: 106‒109 °C)92; 1H NMR (400 MHz, 

DMSO-d6): δ 6.24 (s, 2H), 7.33 (s, 1H), 7.44 (s, 2H), 7.68‒7.69 (m, 2H), 7.85 (s, 2H), 

8.08‒8.09 (m, 2H), 8.50 (s, 1H); 13C NMR (100 MHz, DMSO-d6): δ 56.5, 123.5, 

125.6, 128.4, 129.5, 129.6, 130.6, 131.2, 133.3, 139.7, 146.8, 191.8. 
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1‒Benzyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (3i)86 

 

White crystalline solid; m.p.: 152‒154 °C (Lit. m.p.: 154‒155 °C)86; 1H NMR (400 MHz, 

CDCl3): δ 2.35 (s, 3H), 5.52 (s, 2H), 7.19 (d, J = 8 Hz, 2H), 7.27‒7.36 (m, 5H), 7.62 (s, 1H), 

7.68 (d, J = 8 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 21.3, 54.1, 119.3, 125.6, 127.7, 

128.0, 128.7, 129.1, 129.5, 134.8, 13809, 148.3. 

1‒(3‒Bromo benzyl)‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (3j)91 

 

Light yellow solid; m.p.: 132‒134 °C (Lit. m.p.: 132‒134 °C)91; 1H NMR (400 MHz, 

CDCl3): δ 2.37 (s, 3H), 5.53 (s, 2H), 7.23‒7.26 (m, 5H), 7.46‒7.49 (m, 2H), 7.65‒7.70 (m, 

3H); 13C NMR (100 MHz, CDCl3): δ 21.3, 53.4, 119.1, 123.1, 125.7, 126.5, 127.5, 129.5, 

130.7, 131.0, 131.9, 137.0, 138.2, 148.6. 

1‒(3‒Iodo benzyl)‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (3k)91 

 

White solid; m.p.: 130‒132 °C (Lit. m.p.: 130 °C)91; 1H NMR (400 MHz, CDCl3): δ 2.37 (s, 

3H), 5.50 (s, 2H), 7.1 (m, 1H), 7.20‒7.26 (m, 3H), 7.64‒7.71 (m, 5H); 13C NMR (100 MHz, 

CDCl3): δ 21.3, 53.3, 94.8, 119.1, 125.7, 127.2, 127.6, 129.5, 130.8, 136.9, 137.0, 137.9, 

138.2, 148.5. 

1‒Cinnamyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (3l)91 

 

White solid; m.p.: 145‒147 °C (Lit. m.p.: 145‒147  °C)91; 1H NMR (400 MHz, CDCl3): δ 

2.33 (s, 3H), 5.13 (dd, J = 1.2, 8 Hz, 2H), 6.34‒6.39 (m, 1H), 6.68 (d, J = 16 Hz, 1H),  7.21 

(d, J = 8 Hz, 2H), 7.25‒7.40 (m, 5H), 7.71 (d, J = 8 Hz, 2H), 7.76 (s, 1H); 13C NMR (100 

MHz, CDCl3): δ 21.3, 52.4, 119.1, 122.0, 125.6, 126.7, 127.8, 128.6, 128.8, 129.5, 135.3, 

135.5, 138.0, 148.2. 



153 

1‒Allyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (3m)91 

 

Pale yellow solid; m.p.: 88‒90 °C (Lit. m.p.: 88‒90  °C)91; 1H NMR (400 MHz, CDCl3): δ 

2.34 (s, 3H), 4.95 (d, J = 6 Hz, 2H), 5.27‒5.34 (m, 2H), 5.97‒6.01 (m, 1H), 7.19 (d, J = 8 Hz, 

2H), 7.69 (d, J = 9.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 21.3, 52.7, 119.2, 120.1, 

125.6, 127.8, 129.5, 131.4, 138.0, 148.1. 

1-Benzyl‒4‒(4‒bromophenyl)‒1H‒1,2,3‒triazole (3n)86 

 

White solid; m.p.: 142‒143 °C (Lit. m.p.: 144 °C)86; 1H NMR (400 MHz, CDCl3): δ 5.54 (s, 

2H), 7.29 (s, 2H), 7.36 (s, 3H), 7.49 (d, J = 1.6 Hz, 2H), 7.64 (d, J = 8 Hz, 3H); 13C NMR 

(100 MHz, CDCl3): δ 54.3, 119.7, 122.0, 127.2, 128.1, 128.9, 129.2, 129.5, 131.9, 134.5, 

147.1. 

1‒Benzyl‒4‒(4‒nitrophenyl)‒1H‒1,2,3‒triazole (3o)93 

 

Yellow solid; m.p.: 166‒168 °C (Lit. m.p.: 171‒172 °C)93; 1H NMR (400 MHz, DMSO-d6): 

δ 5.66 (s, 2H), 7.34 (d, J = 6.8 Hz, 5H), 8.09‒8.10 (m, 2H), 8.26‒8.28 (m, 2H), 8.88 (s, 1H); 

13C NMR (100 MHz, DMSO-d6): δ 53.7, 124.1, 124.8, 126.4, 128.5, 128.7, 129.3, 136.1, 

137.5, 145.2, 147.0. 
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II.B.5.9 Scanned copies of 1H and 13C NMR spectra of 1‒benzyl‒4‒phenyl‒1H‒1,2,3-

triazole (3a) 

 

Figure II.B.12 Scanned copy of 1H NMR spectrum of 1-benzyl-4-phenyl-1H-1,2,3-triazole (3a) 

 

 

Figure II.B.13 Scanned copy of 13C NMR spectrum of 1-benzyl-4-phenyl-1H-1,2,3-triazole (3a) 
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