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ABSTRACT 
 

The research work embodied in this thesis entitled, SYNTHESIS, 

CHARACTERIZATION OF TRANSITION METAL-DITHIOETHER 

COMPLEXES AND CATALYTIC APPLICATIONS IN ORGANIC 

REACTIONS is primarily focused on the development of new dithioether ligands, 

their transition metal complexes and the characterization of these complexes by 

various methods like NMR, HRMS and Single Crystal XRD techniques. Another 

important aspect was to introduce these transition metal‒dithioether complexes as 

catalytic system in various organic reactions. The overall work delineated herein has 

been divided into four chapters. 

As a prelude to present work, the Chapter I covers a brief review on the recent 

development and trends towards the synthesis of dithioether ligands, various 

transition metal complexes of these ligands and catalytic applications of these 

Coordination Clusters, Metal Organic Frameworks towards various organic reactions. 

1D, 2D, 3D‒frameworks of various coordination polymers of these dithioether ligands 

with copper, silver, gold etc. and their coordination architectures has been well 

discussed under this chapter. Catalytic application of these coordination polymers 

towards various organic transformation has been also illustrated. 

Chapter II depicts the preparation of a new 1D CuI‒1,3‒dithioether coordination 

polymer complex, characterization of the complex by NMR, HRMS and single crystal 

X‒ray structure determination, and finally its efficient role as catalyst in azide‒alkyne 

cycloaddition (AAC) reaction. Although few examples of other dithioether‒based 

Cu(I) complexes are known in the literature, the present 1,3‒dithioether ligand‒based 

Cu(I) complex is not known, and there is no example of such complexes used as the 

catalyst for the AAC reaction. The present study therefore establishes a new and 

convenient catalytic system for the one‒pot AAC in multi‒component manner. The 

yields of the cycloadducts are excellent in diverse array of reactants. The applicability 

of the catalyst was also extended and 1,2,3–triazole compound with sulfur 

functionalized arms was synthesized in a multicomponent approach in one–pot two–

step process. 
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Chapter III describes the synthesis of a new 2D CuI‒1,2‒dithioether coordination 

polymeric complex synthesized from CuI and 1-(1-{4-chlorophenylthio}propan-2-

ylthio)-4-chlorobenzene, ([(CuI)2{ArSCH2CH(CH3)SAr}2]n, Ar = 4-Cl-C6H4), and 

characterized by NMR, high resolution mass spectrometry (HRMS) and single crystal 

X‒Ray Diffraction technique. The complex compound has been employed as suitable 

catalyst for solvent-free one-pot three-component A3 coupling reaction. Variety of 

aromatic and aliphatic aldehydes, terminal alkynes and aliphatic cyclic secondary 

amines have been employed to prepare a library of propargylamines using the 2D‒Cu 

complex at significantly low concentration (0.2 mol%). 

 

 
 

In Chapter IV a simple and green method for the preparation of stabilized cuprous 

oxide nanoparticles (NPs) fairly dispersed and anchored with macroporous poly‒ionic 

resins is developed (named as Cu2O@ARF) and characterized by FT‒IR, PXRD, 

XPS, HRTEM and ICP‒AES. It was employed as an efficient recyclable 

heterogeneous catalyst for “on‒water” three‒component click reaction leading to the 

formation of diversely functionalized 1,2,3‒triazoles. The resins with counter formate 

anions are believed to reduce Cu(II) to Cu(I) species and also help in stabilization the 

Cu2O NPs and provide necessary immobilizing ambience on polymeric matrices thus 

negating additional reductant, ligands and capping agents. We further extended the 

reaction scope towards the synthesis of a dithiocarbamate based bio–active triazole 

compound possessing antitumor activity. 
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PREFACE 
 

Research on variety of transition metal‒dithioether complex synthesis, their 

characterization and their catalytic applications has revealed much attention now a 

days. Copper complexes of thioether‒based ligands with structural diversities like 1D, 

2D‒ and 3D‒coordination copolymer (CP) networks are of much interest. The 

copper‒dithioether coordination polymers with definite topology and geometry 

(metal‒organic frameworks, MOFs) could be used as potential catalyst in organic 

reactions.  

The present research work describes development of the transition metal‒dithioether 

based complexes and their catalytic applications in various organic transformations. 

This thesis begins with Chapter I, which introduces a brief review on synthesis, 

characterization of transition metal‒dithioether based complexes and their catalytic 

applications towards organic transformations. Chapter II describes the synthesis, 

characterization of a new 1,3‒dithioether based 1D‒Copper(I) coordination polymer 

and its catalytic activity towards one‒pot AAC reaction. Chapter III illustrates 

synthesis, characterization of another novel 1,2‒dithioether based 2D‒copper(I) 

coordination polymer and its catalytic application towards solvent‒free A3‒coupling 

reaction to synthesize propargylamines. Chapter IV deals with the synthesis and 

characterization of Cu2O@ARF nanocomposite (Cu2O nanoparticles embedded on 

polymeric macroporous resin surface) and its catalytic application in one‒pot 

three‒component click reaction in water for the regioselective synthesis of 

1,4‒disubstituted‒1,2,3‒triazoles. 
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CHAPTER I 

Brief review on synthesis, characterization of 

transition metal‒dithioether based complexes 

and their catalytic applications towards organic 

transformations 
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I.1. Dithioethers and their synthesis: 

Sulfur containing organic molecules are important constituents of various biologically active 

compounds.
1 

Versatile applications of organosulfur compounds are known in various fields of 

chemistry. That is why preparation of various dithioether ligands draw much attention to the 

field of organic synthesis. Various procedures have been developed to synthesize these 

dithioethers. Vicinal dithioethers can be synthesized by the nucleophilic substitution of 

1,2‒dihalides with suitable thiols or thiolate ions.
2‒3 

The consecutive hydrothiolation of alkynes 

either by nucleophilic or radical‒induced conditions gave vicinal dithioether.
3‒4 

These can be 

synthesized by the addition of disulfides to alkenes catalyzed by transition metal.
5‒6 

 

Kondo et al. developed a ruthenium catalyst, Cp*RuCl(cod) which catalyzed addition of 

disulfides to certain alkenes to give syn addition products with high stereoselectivity. The 

products are the corresponding vicinal dithioethers.
7
 This has been shown in scheme I.1. 

 

or

R

PhSSPh
CpRu*Cl(cod)

Toluene

100oC, 8-20 h

SPh

SPh

or

PhS
SPh

R

 

Scheme I.1. Ruthenium catalyzed synthesis of vicinal dithioethers 

 

G. B. Hammond et al. reported a reaction methodology where various thiols were reacted with 

a wide range of alkynes to produce 1,3‒dithioethers in aqueous medium and under mild 

conditions.
8
 

R1 R2 R3 SH
H2O R1

R3S SR3

R2

 

Scheme I.2. Synthesis of 1,3‒dithioethers from alkynes 
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S. Poulain et al. prepared vicinal‒dithioethers from norbornene derivatives. The sulfuration 

process of norbornene derivatives was done in presence of catalytic amount of Ni(NH3)6Cl2 in 

DMF to produce the corresponding trithiolanes selectively. The trithiolanes obtained in this 

procedure were reduced to 1,2‒dithiolate which was subsequently quenched to produce 

vicinal‒dithioethers.
9
 

R

S8

R = H, CH=CH2, COCH3

[Ni(NH3)6Cl2] 
    (2 mol%)

DMF
R

S

S
S 1. LiEt3BH, THF, 65oC

2. EX R

SE

SE

E = H, CH3, CH2Ph

 

Scheme I.3. Preparation of vicinal‒dithioethers from norbornene derivatives 

 

T. Kitamura and H. Taniguchi et al. illustrated an addition reaction of disulphide moiety with 

alkenes induced by hypervalent iodine compound, [PhIO‒TfOH] to produce certain vicinal 

dithioethers.
10

 

Alkene RSSR
PhIO TfOH

Vicinal (1,2) dithioether

Alkene = Cyclopentene,
               Cyclohexene,
               Cycloheptene,
               Hexene

R = Ph, Me

 

Scheme I.4. Hypervalent iodine catalyzed 1,2‒dithioether synthesis 

 

K. Oshima et al. reported a disulfidation reaction of PhSSPh with alkynes and alkenes 

catalysed by a transition metal catalyst gallium trichloride.
11

 Alkenes react with phenyl 

disulfide to form the trans adduct selectively. Here we represent one example in scheme I.5. 

 

PhSSPh
GaCl3

     PhH

0oC, 40 min

SPh

SPh

 

Scheme I.5. Gallium trichloride catalyzed vicinal dithioether preparation 
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N. Yamagiwa and Y. Torisawa et al. investigated about the disulfenylation of alkenes catalyzed 

by some common lewis acids such as FeCl3 and AlCl3. Cycloalkenes and other alkenes reacted 

excellently with FeCl3. The substrates for which the conversion was poor with FeCl3, obtained 

effective conversion with lewis acid catalyst AlCl3. 

 

PhSSPh
Catalyst

Toluene, RT

SPh

SPh
 

Scheme I.6. Lewis acid catalyzed disulfenylation of alkenes  

 

Silica supported highly selective synthetic procedure to synthesize 1,2 or 1,3‒dithioethers has 

been developed by our group.
13

 Reactions of an allyl bromide with excess thiol in silica at room 

temperature in solvent‒free condition leads to the formation of 1,2 or 1,3‒dithioethers. This 

method produces either 1,2 or 1,3‒dithioethers by altering the reaction condition. 

 

X 2R SH

SR

SR RS SR

1, 2-dithioether 1, 3-dithioether

Silica

 

Scheme I.7. Preparation of 1,2‒ and 1,3‒dithioether in silica support 

 

I.2. Coordination polymers or Metal Organic Framework (MOF) 

Now a days, the designs and constructions of oligo‒ and poly (nuclear) coordination 

architectures attract much attention because of their new structural topologies and fascinating 

architectures. It has been used in optoelectronic devices,
14

 microporous materials,
15 

and 

catalysis.
16 

The smart combination of organic ligand “spacers” and metal ion “nodes” has been 

considered as one of the most common strategy to synthesize various types of coordination 

polymeric networks (Figure I.1).
17
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0-D (Dot) 1-D (Chain)

2-D (Layer) 3-D (Network)

Solid Phase  

Figure I.1.Various types of metal–organic framework (MOF) 

The advantage of constructing these metal–organic framework (MOF) is to allow diverse 

electronic properties and coordination geometry of the metal ions, as well as versatile functions 

and structures of organic ligands. This is one of the interesting parts of crystal engineering 

where the control of the topology and geometry of the networks formed due to  sensible choice 

of ligand, metal salt and synthetic conditions etc.
18 

The dithioether based ligands have excellent 

capability to form various metal–complexes and metal–organic frameworks (MOFs).
19‒23

 

I.3. Synthesis of various dithioether based metal complexes  

Research on this variety of transition metal‒dithioether complex formation, their 

characterization and their applications has revealed much attention now a days.
24‒46

 Various 

transition metal based dithioether complexes and also MOFs have been synthesized and factors 

affecting their polymeric propagations are also well described by various groups. 

 

I.3.1. Iridium complex with chiral dithioether compounds 

A. Ruiz et al. prepared new type of chiral dithioether compounds. The addition of these 

dithioether compounds to [Ir(cod)2]BF4 in CH2Cl2 produced chiral complexes having formulla 

[Ir(cod){(-)‒degusme}]BF4, [Ir(cod){(-)‒deguspr
i
}]BF4. CH2Cl2 and 

[Ir(cod){(+)‒degusph}]BF4. These complexes are active to the process asymmetric 

hydrogenation at room temperature with 68% enantiomeric excess.
24
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Figure I.2. Chiral dithioether ligands for asymmetric hydrogenation. 

 

I.3.2. Zirconium(IV) and Titanium(IV) complexes with [OSSO] type ligands 

M. Kol et al. synthesized a new [OSSO]‒type ligand which represents an S analogue of the 

[ONNO]‒type ligands. The [OSSO]H2 ligand on reaction with titanium(IV) isopropoxide and 

zirconium(IV) tert‒butoxide produces the corresponding [OSSO]‒M(OR)2 type complexes. The 

reaction between the [OSSO]‒type ligand and tetrabenzyl zirconium formed a dibenzyl 

complex [OSSO]‒Zr(bn)2 that was found to be an active catalyst for the polymerization of 

1‒hexene when activated with B(C6F5)3.
25 

 

S S

OH

t-Bu

t-Bu HO

t-Bu

t-Bu

N N

OH

t-Bu

t-Bu HO

t-Bu

t-Bu

 

Figure I.3. [OSSO] type ligand and its [ONNO] Salan type analogue 

 

A. Ishii et al. synthesized a zirconium Complex of an [OSSO]‒type ligand.
26

 It possess a 

trans‒1,2‒cyclooctanediylbis(thio) core that has been given in scheme I.8.  
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SH

SH

OH

t-Bu

t-Bu

Br
2

Et3N, THF

RT, 3h

S

S

OH

OH

t-Bu
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t-Bu

89%

S

S

O

O

Zr
CH2Ph

CH2Ph

t-Bu

t-Bu

t-Bu

t-Bu

76%

Zr(CH2Ph)4

PhCH3, RT

 

Scheme I.8. Synthesis of a Zirconium complex with [OSSO]‒type ligand 

 

J. Okuda and his group synthesized and characterized enantiomerically pure [OSSO]‒type 

bis(phenolate) ligand containing titanium complexes. Complexation of the ligands ([OSSO]H2, 

R1= t‒Bu, i‒Pr, H; R2= t‒Bu, i‒Pr, Me) with the TiX4 where X= Cl, O
i
Pr occurs to produce the 

enantiomeric complexes.
27 
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OH

OH
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R2

R1

R2

S

S

OH

R1
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OH
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Figure I.4. [OSSO]‒type ligands used to synthesize enantiomeric pure Titanium complex 
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I.3.3. Ruthenium(II) dithioether complex 

J. ‒P. Collin and J. ‒P. Sauvage prepared and characterized ruthenium(II) complexes that 

possess two 1,10-phenanthroline and one di‒thioether ligand. Two complexes of that kind was 

perfectly characterized by X‒ray crystallography.
28

 Photosubstitution reaction of di‒thioether 

chelate was achieved, when the complexes were treated in presence of chloride anions. The 

preparation procedure and the photosubstitution reaction has been depicted in Scheme I.8. 

 

N

N

N

N

Ru

S

S n

2

N

N

N

N

Ru

S

S n

NCCH3

NCCH3

ethylene glycol

140oC, 2h

N

N

N

N

Ru

S

S n

2

h

ClCH2CH2Cl

N

N

N

N

Ru

S

S n

Cl

Cl

Et4NCl

 

Scheme I.9. Ruthenium(II) complexes containing 1,10‒phenanthroline and di‒thioether ligand 

 

I.3.4. Tin(IV) dithioether complexes 

G. Reid et al. prepared and characterized tin(IV) complexes of the type 

[SnCl4{MeS(CH2)2SMe)], [SnC14{o‒C6H4(SMe)2}], [SnCl4{MeS(CH2)3SMe)], [SnBr4{ 

MeS(CH2)3SMe}] and [SnCl4(PhS(CH2)3SPh)]. The compounds were obtained by the reaction 

of one mole dithioether  with SnX4 in CHCl3 to achieve the six‒co‒ordinate complexes.
29
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I.3.5. Silver(I) coordination polymers with dithioether ligands 

Xian‒He Bu et al. prepared four Ag(I) 2D‒coordination polymers by the reaction of Ag(I) salts 

with ligand L [1,4‒bis(phenylthio)butane], PhS(CH2)4SPh in various conditions. Four 

complexes, [Ag2L3(ClO4)2]∞, [Ag2L3(ClO4)2. CH3OH]∞, {[AgL2](ClO4)}∞ and [AgLNO3]∞ 

were obtained by the procedure when solvents, counter anions, metal to ligand ratios etc. 

parameters were varied. Structures of the co‒ordination polymers of silver were confirmed by 

single‒crystal XRD technique. Every AgI centre possess tetra coordination geometry in all the 

four complexes which were synthesized in this procedure. The 2D‒networks are built up with 

macro‒metallacyclic ring structures with honeycomb‒like structures or networks consisting 

large channels which can accommodate phenyl rings, solvent methanol and the corresponding 

counteranion.
30

 

 

I.3.6. Gold(I) complexes of dithioether ligands 

Awaleh et al. reported synthesis, characterization and luminescence properties of various 

gold(I) complexes produced by the reaction of gold chloride with various dithioether ligands 

like bis(phenylthio)methane, bis(methylthio)methane, 1,3–bis(phenylthio)propane, 1,2 

bis(phenylthio)‒ethane, 1,3‒bis‒(methylthio)propane 1,4‒bis(phenylthio)butane etc. Various 

polymeric complexes of gold(I) species like [Au{bis(methylthio)methane}Cl] (1), [Au2{1,2 

bis(phenylthio)ethane}Cl2] (2), [Au2{1,3‒bis(phenylthio)propane}Cl2] (3), 

[Au2{bis(phenylthio)methane}Cl2] (4), [Au2{1,4‒bis(phenylthio)butane}Cl2] (5), 

[Au{1,3‒bis(methylthio)propane}Cl] (6) were obtained in this process. The complex (1) is 

1D‒polymeric, and the complex (2) is 2D‒supramolecular polymeric in nature. Complex (3), 

(4), (5) possess nearly identical 1D‒polymeric nature as found from the single crystal XRD 

analyses.
31 

They selected dithioether ligands of the type RS(CH2)nSR, where n = no. of 

methylene group between the sulfur atoms and R is alkyl or aryl group. These ligands have the 

following advantages. First of all the soft acid Au(I) have strong tendency to coordinate with 

the soft thioether ligands. As the number of methylene group increases between the sulfur 

atoms the flexibility of the ligand increases resulting various coordination polymers. The bulk 

of the R group also controls the structure of the gold coordination polymers. Complex (1), (2) 

and (6) also showed solid‒state luminescence property. The strenghth of the Au(I)‒Au(I) 

interactions and the no. of Au‒Au bonds are the factors which control the electronic properties 

of the complexes.
32‒34
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Figure I.5. Association of discrete molecules into 1D‒ or 2D‒ networks by aurophilic interactions 
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I.3.7. Copper complexes of dithioether‒based ligands: 

The coordination polymers of CuI attract much attention now a days. Its clusters with various 

ligands are well known.
35

 Most of the widely used ligands are basically amine, phosphine 

functionalities or containing multi‒functional groups in one ligand.
36 

The coordination clusters 

exhibiting the general structure Cu4X4L4 with mono‒dentate ligand.
35a,37 

The rhombic Cu2I2 and 

closed‒cubane Cu4I4 clusters are the most encountered motifs whereas the open‒flower busket 

Cu4I4 cubane and the hexagonal Cu6I6 clusters are scare.
35a

 Apart from these structures 

step‒cubane tetramer, partially opened cubane tetramer, capped square, staircase polymer, 

flower‒basket‒shaped partially opened cubane and hexagonal prism cluster has been well 

documented.
35b 

The exact structures of the solids having stoichiometries CuxXyLz yet to be 

known. Unique 2D‒double–layered polymer containing helical chains were introduced by Dai 

and his group.
38 

 

Potenza et al. first reported the formation of coordination clusters between CuI and dimethyl 

sulfide.
39

 The sulfur or thioether based ligands attract much attention to the field of 

coordination clusters formation.
40 

Due to strong coordination power of sulfur atoms, thioether 

ligands are generally used for the preparation of Cu(I)‒coordination polymer. Coordination 

chemistry of CuI towards dithioether ligands of the type RS(CH2)nSR attracts more interest. 

 

Kim et al. prepared cyclohexyl thiol based three different complexes having different structural 

network with CuI such as descrete, 2D‒infinite brick wall, 1D‒loop chain containing Cu4I4 

cubane like coordination polymers (Scheme I.10).
41 

1,2‒Bis(cyclohexylthiomethyl)benzene, 

1,3‒Bis(cyclohexylthiomethyl)benzene, 1,4‒Bis(cyclohexylthiomethyl)benzene these three 

ligands were reacted with CuI to form the complex polymers. 
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Scheme I.10. Synthesis of different CuI‒dithioether complexes 

 

Chen and his coworkers examined the adducts between CuI and two 1,4‒dithioether ligands, 

EtS(CH2)4SEt (1) and PhCH2S(CH2)4SCH2Ph (2). The complex of ligand (1) possess 

2D‒network whereas that of (2) a 3D‒framework both containing (CuI)4 cubane unit as the 

secondary building block with dithioether as bridging unit. Different metal to ligand molar ratio 

were taken to prepare varying frameworks for the polymeric complexes.
42 

 

S
S

S
S

 

Figure I.6. 1,4‒Dithioether ligands used for synthesis of polymeric complex with CuI 
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Knorr. et al. investigated and illustrated the structure and luminescence properties of a wide 

range of coordination polymers with Cu2Br2, Cu2I2, Cu4Br4, Cu4I4 units ligated with flexible 

dithioether ligands ArS(CH2)nSAr where n = 3,5 and Ar = Ph, p‒Tol (Scheme I.11).
40a

 

 

They found that the reaction of CuI and PhS(Ch2)3Ph in a ratio 1:1 yields a 2D‒sheet‒like 

coordination polymer having formula [{Cu(µ2‒I)2Cu}{µ‒PhS(CH2)3SPh}2]n whereas a 

2D‒coordination polymer having formula [Cu4I4{µ‒PhS(CH2)3SPh}2]n with strong 

luminescence property results when two equivalent of the ligand was taken. When this ligand 

was reacted with CuBr it formed 1D‒coordination polymer 

[{Cu(µ2‒Br)2Cu}{µ‒PhS(CH2)3SPh}2]n. When CuI was mixed with PhS(CH2)5SPh in 2:1, it 

resulted 1D‒polymeric complex [Cu4I4{μ‒PhS(CH2)5Ph}2]n that possess cubane like Cu4(μ3‒I)4 

units bridged with the dithioether ligand forming 1D‒necklace‒like structure. But keeping the 

metal to ligand ratio 1:1 they prepared 1D‒coordination polymer with formula 

[{Cu(μ2‒I)2Cu}{μ‒PhS(CH2)5SPh}2]n containing rhomboid Cu2I2 units. 1D‒polymeric complex 

[{Cu(μ2‒Br)2Cu}{μ‒PhS(CH2)5SPh}2]n was produced by the reaction of CuBr with the 

1,5‒dithioether ligand. Moreover 1,5‒bis(p‒tolylthio)pentane and CuI were mixed in the ratio 

1:2 and 1:1 to form [Cu4I4{μ‒p‒TolS(CH2)5STol‒p}2]n and 2D‒polymeric 

[{Cu(μ2‒I)2Cu}2{μ‒p‒TolS(CH2)5STol‒p}2]n respectively. [Cu4I4{μ‒p‒TolS(CH2)5STol‒p}2]n 

possess strong luminescent property. 1D‒polymeric complex 

[{Cu(μ2‒Br)2Cu}{μ‒pTolS(CH2)5STol‒p}2]n was produced by the reaction of CuBr with 

1,5‒bis(p‒tolylthio)pentane keeping the reaction condition unchanged. 
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Scheme I.11. Formation of various framework depending upon the metal to ligand ratio 

 

M. Knorr and his group also synthesized and characterized 1D‒ and 2D‒Cu(I) coordination 

polymers which incorporates CuI ligated with PhSCH2SPh and PhS(CH2)2SPh type 

dithioethers. The one dimensional necklace‒like coordination framework, 

[Cu4I4{μ‒PhSCH2SPh}2]n was formed by the linking of Cu4(μ
3
‒I)4 units with dithioether 

ligands. Whereas the reaction of CuI with PhS(CH2)2SPh produces 2D‒framework of 

[(CuI)2{μ‒PhS(CH2)2SPh}2]n that contains Cu2I2 building units bridged with 

1,2‒bis(phenylthioethane) ligand. The first coordination polymer exhibits strong luminescence 

spectrum whereas the second one is weakly active (Scheme I.12).
43

 



15 
 

S S

CH3CN

Cu I

I Cu

I Cu

Cu IS

S

S

S

1D- [Cu4I4{µ-PhSCH2SPh}2]n

CuI

S
S

CH3CN

Cu Cu

I

I

S

S

S

S

2D- [(CuI)2{µ-PhS(CH2)2SPh}2]n
 

Scheme I.12. Formation of 1D‒ and 2D‒frameworks with two different dithioether ligands 

 

Thus the cluster size was controlled by changing the metal‒to‒ligand ratio, the nature of the 

halide, the number of sulfur atoms on the ligand (mono‒ vs. di‒) and the number of methylene 

groups in the alkane chain in ArS(CH2)nSAr (Ar = aromatic; n = 1‒5)
40a,42,43 

The reactivity of 

the aromatic dithioether ligands PhS(CH2)nSPh (m = 1, 2, 4) toward CuI is influenced by the 

spacer on the resulting framework.
43

 The insertion of additional spacer units between the SAr 

groups may change the dimensionality, cluster nuclearity and the luminescence properties of 

the metal‒organic framework (MOF).
40a

 

 

It has been also observed that the bulkiness of the R group in the dithioether of the type 

RS(CH2)4SR affects the luminescent properties of the resulting coordination polymers. As for 

example  a blue shift in the emission band of solid state luminescent spectra has been observed 

changing from R = n‒Bu to R = t‒Bu.
44

 

 

In a recent investigation A. Raghuvanshi et al. synthesized and characterized various Cu(I) 

coordination polymers having 0D to 3D architectures where various 1,3‒dithiane ligands were 

used with varying reaction conditions. 1D‒coordination polymer [{Cu(μ2‒I)2Cu}‒ (μ2‒L1)2]n 

(CP1) was obtained when the ligand 1,3‒dithiane (L1) was treated with CuI. Another 

coordination polymer with similar structure, [{Cu(μ2‒Br)2Cu}(μ2‒L1)2]n (CP2) resulted upon 

reaction of CuBr with the ligand L1. But 2D‒polymeric [{Cu(μ2‒Cl)2Cu}(μ2‒L1)]n (CP3) was 
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obtained on treatment CuCl with L1, where every sulfur atom works as a 4‒electron donor. 

When 2‒methyl‒1,3 dithiane (L2) was reacted with CuBr and CuCl, coordination polymers 

[{Cu(μ2‒X)2Cu}(μ2‒L2)2]n (CP7, X = Br, and CP8, X = Cl) with 1D‒architecture  resulted 

which resembles the CuI homologue [{Cu(μ2‒I)2Cu}(μ2‒L2)2]n(CP5) that has been reported 

previously. A 2D‒CP [{Cu(μ2‒CN)2Cu}(μ2‒L2)2]n (CP9) has been obtained when CuCN was 

taken. Complexation of CuI with ligand 2‒isobutyl‒1,3‒dithiane (L3) generates a new 2D‒CP 

[{Cu3(μ3‒I)(μ2‒I)2(μ2‒L3)2}]n (CP10) which contains trinuclear μ3‒I‒capped Copper centre in 

its clusters. But 2D‒coordination polymers [{Cu(μ2‒Br)2Cu}(μ2‒L3)2]n (CP11) and 

[{Cu(μ2‒Cl)2Cu}(μ2‒L3)2]n (CP12) resulted when similar ligand was treated with CuBr and 

CuCl respectively. Reaction of 2‒Me3Si‒1,3‒dithiane (L4) with CuX resulted a series of 

coordination polymers, [{Cu2(μ4‒X)(μ2‒X)}(μ2‒L4)]n (CP13−CP15). 2‒phenyl‒1,3‒dithiane 

(L5), reacted with CuI in different reaction conditions which results a 1D‒ribbon 

[{Cu(μ2‒I)2Cu}(MeCN)2(μ2‒L5)2]n (CP16) when CuI was treated with  L5 in MeCN, whereas 

2D‒CP [{Cu3(μ3‒I)(μ2‒I)2(μ2‒L5)2}]n (CP17) was obtained when CuI was treated with L5 in 

EtCN. The CP16 structure varried from triclinic to monoclinic when the same reaction was 

monitored at different temperatures range between 100 and 300 K. A 0D dinuclear coordination 

complex [{Cu(μ2‒I)2Cu}(η
1
‒L6)2(MeCN)2] was obtained when Ligand L6 with 2‒ferrocenyl 

functionality was treated with  1 equiv of CuI, whereas 2 equiv of CuI afforded an 1D‒CP 

[{Cu(μ3‒I)2Cu}(μ‒L6)]n (CP18).
45

 

Table I.1. Ligands used and Dimensionality of Coordination polymers obtained 

Ligand X of CuX Coordination 

Polymer 

Dimentionality 

S

S

L1  

I CP1 1D 

Br CP2 1D 

Cl CP3 2D 

 

 

S

S

L2  

 

I 

CP4 2D 

CP5 1D 

CP6 3D 

Br CP7 1D 

Cl CP8 1D 
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CN CP9 2D 

S

S

L3  

I CP10 2D 

Br CP11 2D 

Cl CP12 2D 

S

S

L4

Si

 

I CP13 1D 

Br CP14 1D 

Cl CP15 1D 

S

S

L5  

 

I 

CP16 1D 

CP17 2D 

Br CP18 2D 

S

S

L6

Fe

 

 

 

I 

 

D1 

 

0D 

 

CP19 

 

1D 
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 Scheme I.13. Formation of Cu(I) coordination polymers with 1,3‒dithiane ligands L1 and L2 

 

I.4. Catalytic application of transition metal dithioether complexes towards organic 

transformations 

Applications of this dithioether based transition metal coordination complex polymers are yet 

to be focused. However there are few examples where thioethers have been employed as ligand 

along with metal salt. 

Zhao and co‒workers developed a CuBr‒PhSMe catalyst which can efficiently catalyze 

cycloaddition of aliphatic or aromatic azides and alkynes (click reaction) in aqueous medium 

(Scheme I.14).
46
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Scheme I.14. CuBr with PhSMe catalyzed click reaction 

 

Basu et al. first synthesized and characterized a new 1,3‒dithioether based 1D‒coordination 

polymer having formula [(CuI)2{ArS(CH2)3SAr}2]n, Ar = 4‒F‒C6H4 and used it as an excellent 

catalyst system towards three component AAC reaction (Scheme I.15).
47

 

 

NaN3
+ +

R1

N

N
N R2

R1 X R2 H

[(CuI)2{ArS(CH2)3SAr}2]n
(Ar = 4-F-C6H4)

0.5 mg (0.1 mol%)

Acetonitrile:water (1:1)

50 oC

 

Scheme I.15. CuI‒1,3‒dithioether catalyzed AAC reaction 

 

I.5. References 

References are given in BIBLIOGRAPHY under Chapter I page no. 132‒134. 
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1D‒Copper(I) coordination polymer and its 
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II.1. Introduction  

The 1,2,3‒triazoles are very important heterocyclic compounds from various biological and 

pharmaceutical aspects. They plays vital role like H1‒antihistamine,
1
 anti‒HIV,

2
 anti‒bacterial 

activity
3
 and β3‒adrenergic receptor agonism in selective manner.

4 
Rolf Huisgen  developed the 

model reaction for the synthesis of 1,2,3‒triazole in 1984 from alkynes and organyl azides 

which is generally known as the Huisgen [3+2] cycloaddition reaction or AAC reaction 

(Scheme II.1).
5
 
 

R1 N3 R2 H+
Heating Slow

100 oC

N

N

N

R1

R2

N

N

N

R1

R2+

1, 5-isomer 1,4-isomer

 

Scheme II.1. Huisgen‟s 1,3‒dipolar cycloaddition reaction 

But high temperature requirement for the reaction and the lack of regioselectivity (as both 1,4 

and 1,5 substituted 1,2,3‒triazoles are produced in this method) are two major drawbacks of 

this method. The application of Cu(I) catalysts under mild conditions form the 

1,4‒disubstituted 1,2,3‒triazoles selectively and the formation of the mixture of 1,4‒ and 

1,5‒disubstituted 1,2,3‒triazoles can be avoided. This procedure is known as 'click reaction'. 

Various metal catalysts were introduced from last few decades to make the AAC reaction 

regioselective. Copper salts or catalysts were found to be the best catalyst for this reaction 

among these various transition metal salts/catalysts. Various methods are developed where 

copper acetate, copper chloride or simple salts of Cu(I) or Cu(II) were used as catalyst system. 

Cu(I) catalyzed triazole synthesis was simply achieved by the use of excess CuSO4 along with 

sodium ascorbate which reduces the Cu(II) species to Cu(I) species and also inhibits the aerobic 

oxidation of Cu(II) species. Various ligands like P‒, S‒ and polydentate N‒based molecules 

have been used. But unwanted Staudinger reaction was the main problem of using P‒based 

ligands.
6
 

Using polymer supported Cu(I) composite, Cu(I)‒pPDA (pPDA: polyphenylene diamine) 

Mallick and his co‒workers showed azide alkyne cycloaddition (AAC) reaction by microwave 

irradiation technique under solvent free condition. Both domestic as well as laboratory 
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microwave worked well to afford 1,2,3‒triazole derivatives. The reaction was believed to 

proceed through the formation of Cu(0) acetylide complex intermediate.
7
 

 The multicomponent approach towards the AAC reaction is more convenient over two 

component Huisgen [3+2] cycloaddition method because it avoids the direct use of toxic and 

explosive organic azides which are difficult to handle and tedious to isolate and purify.
8
 

Preformed stable Cu(I) complexes with phosphines or nitrogen ligands could be employed by 

small proportion. Many homogeneous and heterogeneous copper catalysts are reported for 

AAC reactions.
9
 But the catalytic use of polymeric Cu catalysts (coordination polymer of Cu) 

in AAC reaction is a new interesting aspect. 

II.2. Background and Objectives 

PPh3, NHC, imidazole, sulfur and nitrogen based molecules are among the most used ligands 

for various well‒defined catalyst system.
10

 The sulfur‒based ligands attract much attention in 

the vicinity of copper complex formation and subsequently on click reaction because of the 

reducing power of sulfur group. It also reduces the chance of aerobic oxidation of Cu(I) to 

Cu(II) in the absence of any kind of base.
 
Thus Cu‒thioamide catalyzed click reaction has been 

explored recently.
11  

H. Fu and his group introduced a catalytic system, CuBr and thioanisole which catalyzed 

on‒water cycloaddition of water‒insoluble aliphatic and aryl azides excellently. They tried with 

various sulfur ligands in this protocol but thioanisole was the best one under this catalytic 

condition (Scheme II.2).
12

  

N3 CuBr.PhSMe

Water, RT

N
N

N

+

 

Scheme II.2. CuBr.PhSMe‒catalyst  system for AAC reaction 

SNS ligand based copper catalysts, which have been found to be efficient for AAC reaction 

were introduced by T. S. A. Hor and his group. The hybrid SNS ligand with an amine moiety 

and two sulfur moieties can effectively form an one‒dimentional mononuclear polymer with 
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copper having formula [CuX2(SNS)]. They have synthesized four different copper complexes 

with SNS ligands and the complexes were characterized (Scheme II.3). They also studied the 

catalystic activity of these catalysts in azide‒alkyne cycloaddition reaction in a multicomponent 

approach between benzyl chloride, phenyl acetylene and sodium azide. The substrates scope is 

limited here.
13  

S
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Cl

 

Scheme II.3. Preparation of CuX2(SNS) catalysts and application towards azide‒alkyne click reaction 

A new class of NS ligands possessing excellent complex formation ability with copper were 

reported by S.‒Q. Bai and T. S. A. Hor et al. (Scheme II.4). These hybrid NS‒ligands are 

promising in catalytic reactions because of the assembling of hard and soft donors. These 

ligands were able to coordinate with CuI, CuBr and CuCl salts. The copper complexes 

appeared to be polymeric units and these catalyzed one‒pot AAC reaction very effectively.
14 
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Scheme II.4. Cu‒NS catalyst for one‒pot azide‒alkyne cycloaddition reaction 

Pyridyl and thioether hybridized 1, 2, 3‒triazole ligands were synthesized by click reaction. 

These compounds were further utilized to prepare a new type of dithioether based CuI 

coordination complexes by T. S. A. Hor and his group (Scheme II.5). The complexes obtained 

by this method were further used as catalyst in one‒pot AAC reactions. Though the reactions 

took long time for completion but this methodology opened a new dimension for the polymeric 

coordination complex catalyzed click reactions.
15
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Scheme II.5. “Click‒and‒click” –hybridised 1,2,3‒triazoles supported Cu(I) coordination polymers for 

azide–alkyne cycloaddition 

1,3‒Dithioether ligands play a vital role for the preparation of coordination clusters due to 

strong coordination power of sulfur atoms.
16

 The coordination mode of aromatic bisthioether 

ligands of the type PhS(CH2)nSPh was first illustrated by Knorr et al.
17 

 They have wide 

applications in the field of phtophysical phenomena,
16a,c

 and in bio‒inorganic chemistry.
18

 But, 

1,3‒dithioether based CuI polymeric complexes have never been used for 1,3‒dipolar 

cycloaddition reaction. Here, we describe a new methodology for the synthesis of 1,2,3‒triazole 

molecules in presence of 1,3‒dithioether based CuI polymeric coordination complex. Our 

1,3‒bis(4‒fluorophenylthio)‒propane ligand based CuI coordination complex having molecular 

formula, ([(CuI)2{ArS(CH2)3SAr}2]n, Ar = 4‒F‒C6H4) was first synthesized and characterized 

by NMR, HRMS spectroscopy and single crystal X‒ray diffraction pattern. The catalyst 

undergoes a smooth azide‒alkyne cycloaddition reaction in base–free condition in 

water‒acetonitrile (1:1, v/v) solvent mixture at 50 
o
C. It produces selectively 1,4‒disubstituted 

1,2,3‒triazole products. Only 0.5 mg (0.1 mol %) of the catalyst is required for the complete 

conversion of the product. Thus a new polymeric Cu(I) complex with SS‒based bidentate 

ligand was developed and found as an excellent catalyst in  the AAC reaction. 

II.3. Present work: Results and Discussion 

II.3.1. Synthesis of 1,3–bis(4–fluorophenylthio)–propane ligand (L) 

The ligand (L) 1,3–bis(4–fluorophenylthio)–propane was prepared by following our previously 

reported technique.
19 

It was also characterized by 
1
H– and 

13
C–NMR  spectroscopy. The 

procedure for the synthesis of the ligand has been illustrated in the experimental section.  

II.3.2. Synthesis of polymeric coordination complex catalyst CuI–1,3–bis(4–

fluorophenylthio)–propane 

The procedure for the synthesis of the polymeric catalyst is given in the experimental section in 

details.  

II.3.3. Characterization of complex catalyst 

II.3.3.1. NMR and HRMS spectroscopy 



26 
 

The polymeric complex  was characterized by several techniques such as 
1
H– and 

13
C–NMR, 

HRMS spectroscopy and by single crystal XRD techniques. 
1
H– and 

13
C–NMR spectra of the 

polymeric complex and the ligand 1,3–bis(4–fluorophenylthio)–propane (L) were taken 

separately in d6–DMSO solvent. Some changes were observed in 
1
H–NMR spectra between L 

and the polymeric complex. which indicates the complex formation between ligand L and CuI. 

The 
1
H–NMR spectra of L and the complex are given in Figure II.3 and Figure II.4. In 

1
H–

NMR spectrum of L, a clear splitting into a triplet at δ 3.02 (for 4H, 2CH2) and a quintet at δ 

1.77 (for 2H, 1CH2) are observed but in 
1
H–NMR spectrum of the complex these patterns are 

absent rather quite different pattern with a doublet δ 3.02 (for 4H, 2CH2) and a singlet at δ 1.76 

(for 2H, CH2) are observed. This indicates the coordination may happen between CuI and 

sulfur donor atoms of the ligand L.  The spectra also indicate the presence of the Cu(I) in the 

polymeric Copper complex rather than Cu(II). HRMS calculation also supports the formation 

of the complex catalyst. 

 

II.3.3.2. Single crystal X–ray diffraction 

The polymeric co‒ordination complex crystallizes in the monoclinic space group P 21/c. It also 

shows a polymeric propagation in the form of [(CuI)2{ArS(CH2)3SAr}2]n metallopolymer (Fig 

II.1). This 1D‒network of the co‒ordination polymer is built up upon dimeric Cu2I2 units and 

these units are interconnected by dithioether ligands. The framework is made of Cu2(μ‒I)2 

prismatic part which is connected with the dithioether ligands. The bond lengths of Cu─I range 

between 2.5867 (5) and 2.6443 (12) Å within the cluster core. The distance between the two 

adjacent Cu (I) centers, 2.7812 (10) Å that is significantly below the sum of the vander Waals 

radius (2.8 Å). The mean Cu─S bond length of range between 2.3339 (11) to 2.3551 (12) Å 

similar to [{Cu(μ‒I)2Cu}2{μ‒PhS(CH2)3SPh}2]n (2.3465 Å).
17a

 The angle between Cu…I…Cu 

is 64.23
°
 and I…Cu…I 115.77

°
 in the metallocluster. 

Table II.1. Crystal Data, Data Collection and Structure Refinement for the complex 

catalyst 

Formula C15H14CuF2IS2 Cell volume/Å
3
 1684.06 (12) 

Formula weight 486.83 Cell formula units Z, Z
/
 4, 0 

Temperature/K 293 (2) density (calculated) g/cm
3
 1.920 
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Description Prismatic θ range for data collection/deg 1.43–25.07 

Colour White F(000) 944.0 

Crystal system Monoclinic crystal size/mm 0.08, 0.12, 

0.24 

Space group P 21/C Absorption co–efficient (μ) 3.387 

a/Å 16.2003(7) index ranges –19 ≤ h ≤ 15 

–8 ≤ k ≤ 8 

–18 ≤ l ≤ 18 

b/Å 7.4990(3) reflections collected 20413 

c/Å 15.7177(7) independent reflections 2989 

Cell angle (α) 90
o
 refinement method full–matrix 

least–squares 

on F
2
 

Cell angle (β) 118.12
o 
(2) R–equivalents 0.0424 

Cell angle (γ) 90
 o
 Sigma I/net I 0.0265 

 

 

 

Figure II.1. View of (a) monomeric picture of the complex and (b) infinite 1‒D chain of the complex 

incorporating dinuclear Cu(μ2‒I)2Cu motifs along „b‟ axis. 

 

Selected bond lengths and bond angles are also given in the Tables below. 

Table II.2. Selected bond length 

Bond Length Bond Length 
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I1–Cu1 2.5867 (5) C10–C11 1.362 (7) 

I1–Cu1 2.6443 (6) C13–C12 1.377 (6) 

Cu1–S1 2.339 (11) C13–C14 1.384 (6) 

Cu1–S2 2.3551 (12) C14–C15 1.395 (6) 

Cu1–I1 2.6443 (6) C20–C19 1.373 (6) 

S2–C19 1.782 (4) C20–C21 1.394 (7) 

S2–C22 1.813 (4) C24–C23 1.524 (6) 

S1–C13 1.775 (4) C24–S1 1.813 (4) 

S1–C24 1.813 (4) C19–C18 1.399 (6) 

F1–C10 1.366 (5) C18–C17 1.363 (7) 

F2–C16 1.355 (6) C11–C12 1.389 (7) 

C22–C23 1.507 (7) C17–C16 1.381 (9) 

C10–C15 1.348 (7) C16–C21 1.345 (9) 

 

 

Table II.3. Selected bond angle 

Bond Angle Bond Angle 

Cu1–I1–Cu1 64.23 (2) C11–C10–F1 117.9 (4) 

S1–Cu1–S2 108.26 (4) C12–C13–C14 119.9 (4) 

S1–Cu1–I1 113.87 (3) C12–C13–S1 124.3 (3) 

S2–Cu1–I1 111.66 (3) C14–C13–S1 115.9 (3) 

S1–Cu1–I1 105.37 (3) C13–C14–C15 119.8 (4) 

S2–Cu1–I1 100.87 (3) C19–C20–C21 119.9 (5) 

I1–Cu1–I1 115.77 (2) C23–C24–S1 110.9 (3) 

S1–Cu1–Cu1 128.93 (4) C20–C19–C18 120.5 (4) 

S2–Cu1–Cu1 121.50 (4) C20–C19–S2 117.4 (3) 

I1–Cu1–Cu1 58.89 (18) C18–C19–S2 122.1 (3) 

I1–Cu1–Cu1 56.88 (18) C17–C18–C19 119.3 (5) 

C19–S2–C22 101.3 (2) C22–C23–C24 116.1 (4) 

C19–S2–Cu1 109.32 (14) C10–C11–C12 118.3 (4) 

C22–S2–Cu1 103.62 (15) C18–C17–C16 118.8 (5) 
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C13–S1–C24 102.8 (2) C13–C12–C11 120.1 (4) 

C13–S1–Cu1 104.03 (13) C10–C15–C14 118.5 (4) 

C24–S1–Cu1 110.61 (15) C21–C16–F2 118.6 (6) 

C23–C22–S2 114.7 (3) C21–C16–C17 123.4 (5) 

C15–C10–C11 123.3 (4) F2–C16–C17 117.9 (6) 

C15–C10–F1 118.8 (4) C16–C21–C20 118.1 (5) 

 

 

II.3.4. Catalytic application 

The polymeric co‒ordination complex catalyst exhibits excellent catalytic activity towards the 

one‒pot multicomponent azide alkyne cycloaddition reaction under base‒free conditions. The 

reaction condition was optimized by taking the model reaction of benzyl bromide, NaN3 and 

phenylacetylene. Various catalyst loading was checked under different temperature conditions 

and various solvents was also used as shown by Table II.4. At the very first time the reaction 

was done in neat condition and the temperature was kept as 60 °C with catalyst amount 5 mg. 

In this condition, the product yield isolated was 84% after 5 hours (entry 1). Relatively the 

conversion was less in methanol compared to the neat condition (70%, entry 2). In same 

reaction conditions when we used acetonitrile and water as solvent consecutively the yield 

found to be 87% and 80% respectively (entry 3 & 4). A (1:1) solvent mixture of acetonitrile 

and water gave excellent yield within 30 minutes (entry 5). When the same experiment was 

done in microwave reactor, the yield was less than the conventional thermal heating technique 

(entry 6). When the reaction was done keeping the temperature as 50 
o
C, the product yield was 

excellent (97%) in 3 hours (entry 7). The conversion of the triazole product was dropped to 

85% at room temperature (entry 8). The catalyst loading was also checked by taking only 0.5 

mg of the complex catalyst from entry 8 to entry 10 and the catalytic activity has been found to 

be excellent with the reaction conditions illustrated as entry 11. The yield of the product of 

same reaction was found to be decreased (83%) in the presence of   CuI (entry 12). When the 

reactants amount were doubled keeping the catalyst amount same that is 0.5 mg, the yield 

found to be poor (65%, entry 13).   

Table II.4. Optimization of reaction conditions for the one–pot azide–alkyne click reaction.  
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NaN3

Br

+ +

[(CuI)2{ArS(CH2)3SAr}2]n
Ar = 4-F-C6H4

x mg

Solvent, Temperature

N

N
N

 

Entry Solvent Complex/CuI 

in (mg) 

Temp. (
o
C) Time 

(h) 

Yield
a
 

(%) 

1 Neat 5 60 5 84 

2 Methanol 5 60 5 70 

3 Acetonitrile 5 60 5 87 

4 Water 5 60 8 80 

5 Acetonitrile: water 5 60 3 97 

6 Acetonitrile: water 5 60 0.5 92
b
 

7 Acetonitrile: water 5 50 3 97 

8 Acetonitrile: water 5 RT 5 85 

9 Acetonitrile: water 3 50 3 97 

10 Acetonitrile: water 1 50 3 96 

11 Acetonitrile: water 0.5 50 3 96 

12
c 

13
d
 

Acetonitrile: water 

Acetonitrile: water 

0.5 

0.5 

50 

50 

3 

4 

79 

65 

Reaction conditions: Phenyl acetylene (1 mmol), NaN3 (1.2 mmol) and benzyl bromide (1.1 mmol), Cu–

complex (5.0 to 0.5 mg), Acetonitrile:H2O (1:1, 2 mL). 
a
Isolated yield after purification through column 

chromatography by silica gel. 
b
Reaction tried on focused microwave reactor. 

c
CuI was used as catalyst. 

d
Phenyl acetylene(2 mmol), NaN3 (2.4 mmol) and benzyl bromide (2.2 mmol). 

The complex is found to be very much air stable and the reaction was done with a range of 

benzyl, alkyl, allyl and cinnamyl halides (Table II.5). The terminal alkynes like phenyl 

acetylene, 4‒ethanyl toluene and 2‒bromo phenyl acetylene reacted very smoothly and the 

yields were also high (entry 1 to 3). 4‒nitro‒phenyl acetylene also gave 91% yield (entry 4). 
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Alphatic alkynes also responded effectively and a significant amount of yield was isolated in 

each case (entries 5, 13 and 14). Allyl bromide reacted effectively with phenyl acetylene, 

4‒ethanyl toluene as given in entry 6 and 7 respectively. Benzyl chlorides was also reactive as 

benzyl bromides (entry 8 and 9). When the same reaction was carried out with diphenyl 

acetylene an internal alkyne, the reaction did not occur even after 12 hours (entry 10). 

Cinnamyl chloride was found to be an excellent partner of terminal alkyne for this three 

component AAC reaction (entry 11 and 12). An aliphatic halide n‒Octyl iodide also responded 

well to the AAC reaction (entry 15).  These reactions proceeded without any difficulties. All 

the products were isolated in good to excellent yields and purified through column 

chromatography. 

Table II.5. Catalytic activity of the complex in the AAC reaction.
a
 

NaN3
+ +

R1

N

N
N R2

R1 X R2 H

[(CuI)2{ArS(CH2)3SAr}2]n
(Ar = 4-F-C6H4)

0.5 mg (0.1 mol%)

Acetonitrile:water (1:1)

50 oC

 

Entry Alkyl Halide Alkyne Time 

(h) 

Product Yield
a
 (%) 
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Br

 

 

Me
 

 

3 NN

N

Me  

 

96 

 

3 

 

Br

 
Br  

 

4 NN

N

Br

 

 

96 



32 
 

 

4 
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Me
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N

Me

 

 

85 

 

13 

 

Br

 

 

O
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4 NN

N O Me

O  

 

72 

14 Br

 

Cl
 

4 

NN

N

Cl

 

81 

15 I
6  

 

4 
N

N N

Ph
Me

6

 

76 

Reaction conditions: Terminal alkynes (1 mmol), NaN3 (1.2 mmol) and benzyl/allyl/cinnamyl/alkyl 

halide (1.1 mmol), Cu–complex (0.5 mg, 0.1 mol%), Acetonitrile:H2O (1:1, 2 mL). 
a
Isolated yield after 

purification through column chromatography by silica gel. [Entries 1, 2, 3, 4, 5, 6, 12, 14, 15 were 

synthesized by presenting author and the rest of the entries were performed by the co‒author K. 

Biswas.] 

 

II.3.5. One–pot two–step process (GP4) for the synthesis of sulfur functionalized 1,2,3–

triazole derivative 

1,2,3–triazoles having various functional groups acts as steel corrosion inhibitors and these are 

used as suitable ligands for transition–metal chemistry.
30

 1,2,3–triazole compound with sulfur 

functionalized arms is synthesized by our group in a multicomponent approach by using our 

catalyst in one–pot two–step manner. At first benzenethiol (1.1 mmol) was reacted with 

propargyl bromide (1 mmol) in presence of triethyl amine (2 mmol) as base at room 

temperature using water medium. After 2 hours, benzyl bromide (1.1 mmol) and sodium azide 

(1.2 mmol) and Cu(I)–complex catalyst (0.5 mg) were added. TLC was used to monitor the 

progress of the reaction. Finally the desired triazole product was isolated through column 

chromatography in 82% yield. Scheme II.6 illustrates the preparation methodology. 
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SH

Br
Water

Et3N

RT, 2 h, Stirring+

S
Br

S
N

NN

Acetonitrile:water (1:1), 50 oC

and NaN3

[(CuI)2{ArS(CH2)3SAr}2]n
(Ar = 4-F-C6H4)

0.5 mg (0.1 mol%)

 

Scheme II.6. One–pot two–step synthesis of sulfur functionalized 1,2,3–triazole derivative 

 

II.3.6. Mechanism 

A probable mechanistic pathway for this multicomponent AAC reaction is proposed in Scheme 

II.7. Here the copper (I) species plays the vital role. At first, phenylacetylene forms copper 

acetylide in the presence of 1D–CuI dithioether polymeric complex by metallation process. 

Then, by substitution reaction between benzyl/ alkyl/ allyl/ cinnamyl halide and sodium azide 

occurs to form benzyl/ alkyl/ allyl/ cinnamyl azide in situ. In the next step, the polymeric 

copper acetylide reacts with benzyl/ alkyl/ allyl/ cinnamyl azide which was formed in situ. In 

the last step formation of the 1,4–disubstituted 1,2,3–triazoles occurs in the presence of proton 

with simultaneous elimination of the polymeric complex catalyst.
20 
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Scheme II.7. A plausible mechanistic path for the Cu(I)–complex catalyzed one–pot three–component 

AAC reaction. 

 

II.4. Conclusion 

We have synthesized SS–type bidentate dithioether ligand based Cu(I) coordination polymer, 

which is very efficient as catalyst for azide alkyne cycloaddition reaction. The new polymeric 

complex has been characterized by various techniques like 
1
H NMR, 

13
C NMR, Single Crystal 

XRD, HRMS etc. It was also applied as catalytic system in variety of substrates to produce 

various 1,4–disubstituted 1,2,3–triazole products in excellent yields. Low temperature and low 

catalyst loading are the significant features for this reaction methodology. The applicability of 

the catalyst was also extended and 1,2,3–triazole compound with sulfur functionalized arms 

was synthesized in a multicomponent approach in one–pot two–step process. This triazole 

compounds can be used to bind metal ions to synthesize new metal–complex system.  

These work has been also selected by the editorial board of  SYNFACTS for its importance 

towards synthetic organic chemistry. The electronic reprint of the article has been published in 
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SYNFACTS issue 09/2018, highlighting some aspect of our original paper Tetrahedron 

Letters, 2018, 59, 2541–2545. 

II.5. Experimental section 

II.5.1. General Information 

All the reagents required for synthesis were commercially available and employed in reaction 

without further purification. The solvents were also purchased from commercial suppliers and 

used after distillation. All the products were purified by column chromatography on 60–120 

mesh silica gels (SRL, India). Merck plates coated with silica gel 60, F254 were used for TLC. 

Single crystal XRD data were collected on a SIEMENS D5005 X–ray diffractometer with 

Cu‒Kα radiation (λ = 1.5406 Å). FT‒IR spectra were recorded with a FT‒IR‒8300 

SHIMADZU spectrophotometer using a KBr pellet for solid compounds and neat for liquid 

compounds. The 
1
H‒ & 

13
C‒NMR spectra were recorded at 300 MHz and 75 MHz respectively 

on Bruker AV 300 spectrometer in CDCl3 and d6‒DMSO. Splitting patterns of protons were 

described as s (singlet), d (doublet), t (triplet), bs (broad singlet), 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). 
13

C–NMR spectra 

were recorded with complete proton decoupling (CDCl3: δ 77.0 ppm). HRMS was performed 

by Micromass Q–TOF Spectrometer under ESI (positive mode). Atomic Absorption 

Spectroscopy (AAS) was measured by Varian Spectra AA 50B Atomic Absorption 

Spectrometer. 

II.5.2. General procedure (GP1) of preparing 1,3–bis(4–fluorophenylthio)–propane (L) 

A mixture of allyl bromide (240 mg, 2 mmol) and 4–fluorobenzenethiol (640 mg, 5 mmol) was 

mixed with silica gel with mesh size 60–120 (1 g), which was moistened with few drops of 

water and stirred magnetically by using a spin magnetic bar for 16 h. The progress of the 

reaction was monitored by using thin layer chromatography. The product was then purified by 

column chromatography after completion of the reaction. The product was eluted with light 

petroleum and we got the 1,3–bis(4–fluorophenylthio)–propane ligand (L). It was characterized 

by 
1
H– and 

13
C–NMR and compared with literature data.

20
 

II.5.3. General procedure (GP2) of preparing 1,3–bis(4–fluorophenylthio)–propane (L) 

ligated CuI–coordination complex 
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1:2 metal to ligand ratio was used to prepare 1,3–bis(4–fluorophenylthio)–propane (L) ligated 

CuI–coordination complex. CuI (190 mg, 1 mmol) was added and stirred in dry and distilled 

acetonitrile (10 mL) solvent at room temperature for 1 hour. Then the ligand L (2 mmol, 256 

mg) was added to the solution. The reaction mixture was then stirred under refluxing condition 

for 20 hours. After that the reaction mixture was kept at room temperature for a while. Finally 

distilled petroleum ether was added drop wise to the reaction mixture and it was kept into 

refrigerator. White crystals were found on the petroleum ether part. These crystals were 

separated by simple filtration and dried under vacuum. The yield of the complex was found to 

be 78%. 

II.5.4. General procedure (GP3) for one–pot three component AAC reaction 

To a solution of 0.5 mg of the complex catalyst in Acetonitrile:H2O (1:1), 1.1 mmol of benzyl/ 

alkyl/ allyl/cinnamyl halide and 1.2 mmol of NaN3 were added. The reaction mixture was then 

stirred for few minutes at room temperature. Then 1.0 mmol of terminal alkyne was added to 

the reaction mixture. The reaction mixture was then heated at 50 
o
C for 3 hours in a round–

bottomed flask fitted with condenser and maintaining gentle magnetic stirring. The progress of 

the reaction was monitored by TLC. After completion of the reaction, the mixture was diluted 

by water (2 mL) and the filtrate was extracted with ethyl acetate (4 x 10 mL) and the combined 

organic parts were washed with brine (1 x 5 mL), dried over anhydrous Na2SO4 and 

concentrated under vacuum. The residue was purified by passing through a short silica gel 

column chromatography and eluted with mixture of ethyl acetate–light petroleum to afford the 

desired triazole product. All products were characterized by spectral data as well as melting 

points and compared the same with literature. 

 

II.5.5. Characterization data of the ligand 1,3–bis(4–fluorophenylthio)–propane (L) 

 

NMR spectra of ligand (L)
19

 

F

S S

F
 

1
H NMR (d6‒DMSO, 300 MHz): δ 1.77 (quintet, J = 6.9 Hz, 2H, CH2), 3.02 (t, J = 6.9 Hz, 

4H, 2CH2, 7.11‒7.18 (m, 4H, ArH), 7.34‒7.39 (m, 4H, ArH); 
13

C NMR (d6‒DMSO, 75 
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MHz): δ 28.4, 32.3, 116.5 (d, J = 22.5 Hz, 1C, C‒C‒F coupling), 131.3‒131.4 (1C), 

131.7‒131.9 (1C), 159.7‒162.9 (d, J = 240 Hz, 1C, C‒F ipso coupling) .  

 

1
H NMR, 

13
C NMR and HRMS spectral data of the copper 1D‒polymeric complex 

 

1
H NMR (d6‒DMSO, 300 MHz): δ 1.76 (s, 2H, CH2), 3.02 (d, J = 6.0 Hz, 4H, 2CH2), 7.13 (d, 

J = 7.2 Hz, 4H, ArH), 7.37 (d, J = 4.5 Hz, 4H, ArH); 
13

C NMR (d6‒DMSO, 75 MHz): δ 28.1, 

32.9, 116.5 (d, J = 21.74 Hz, 1C, C‒C‒F coupling), 131.0, 132.1, 161.4‒163.1 (d, J = 127.5 

Hz, 1C, C‒F ipso coupling). 

HRMS:
2
 m/z [M − I−]

+
 calcd for C15H14CuF2IS2, 358.9801; found, 358.5771. 

1–Benzyl–4–phenyl–1H–1,2,3–triazole (Table II.5, entry 1): 

 

NN

N

 

 

This compound was obtained by following the general procedure GP3 in 97% yield as a white 

crystalline needle with melting point 128‒130 
o
C. The MP and NMR data obtained are in quite 

agreement with that reported in the literature previously.
21

 
1
H NMR (CDCl3, 300 MHz) δ 5.47 

(s, 2H), 7.19‒7.33 (m, 8H), 7.58 (s, 1H), 7.70‒7.72 (m, 2H);  
13

C NMR (CDCl3, 75 MHz) δ 

54.1, 119.5, 125.6, 127.9, 128.1, 128.7, 128.8, 129.1, 130.5, 134.6, 148.1; FT−IR (KBr) vmax 

3128, 3029, 2924, 1638, 1465, 1357, 1227, 1075, 767, 730, 692 cm
-1

. 

 

1‒Benzyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (Table II.5, entry 2): 

 

NN

N

Me
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Obtained by using general procedure GP3 in 96% yield as white crystalline solid with melting 

point 142‒144 
o
C as compared to 150

 o
C reported in the literature. The NMR data also agrees 

with that repoted previously.
21

 
1
H NMR (CDCl3, 75 MHz) δ 2.26 (s, 3H), 5.44 (s, 2H), 7.10 (d, 

J = 7.8 Hz, 2H), 7.18‒7.28 (m, 5H), 7.53 (s, 1H), 7.6 (d, J = 8.1 Hz, 2H); 
13

C NMR (CDCl3, 75 

MHz) δ 21.2, 54.1, 119.1, 125.5, 127.6, 127.9, 128.6, 129.0, 129.4, 134.7, 137.9, 148.2; FT‒IR 

(KBr) vmax 3144, 2921, 1631, 1496, 1431, 1224, 1047, 825, 794, 721, 510 cm
−1

.  

 

1‒Benzyl‒4‒(2‒bromophenyl)‒1H‒1,2,3‒triazole (Table II.5, entry 3): 

 

NN

N

Br

 

This compound was obtained using the general procedure GP3 as pale yellow crystal in 96% 

yield and melts at 80‒82 
o
C. The NMR data also corroborates with that previously reported 

one.
22

 
1
H NMR (CDCl3, 75 MHz) δ 5.58 (s, 2H), 7.12‒7.18 (m, 1H), 7.25‒7.39 (m, 6H), 7.6 

(d, J = 7.8, 1H), 8.07‒8.15 (m, 2H); 
13

C NMR (CDCl3, 75 MHz) δ 54.2, 121.2, 123.1, 127.7, 

127.9 128.7, 129.1, 129.4, 130.6, 131.3, 133.5, 134.7, 145.7; FT‒IR (KBr) vmax 3119, 3083, 

2950, 1632, 1496, 1460, 1418, 1227, 1026, 831, 756, 730, 700 cm
−1

.  

 

1‒benzyl‒4‒(4‒nitrophenyl)‒1H‒1,2,3‒triazole (Table II.5, entry 4): 

 

N

N N

NO2

 

 

It was obtained by following the general procedure GP3 as pale yellow crystal in 91% yield, 

having melting point 171‒172 
o
C which supports the literature data. The NMR data also 

corroborates with the literature reports.
23

 
1
H NMR (d6‒DMSO, 300 MHz) δ 5.69 (s, 2H), 

7.34‒7.38 (m, 5H), 8.11‒8.14 (m, 2H), 8.28‒8.31 (m, 2H), 8.91 (s, 1H); 
13

C NMR (d6‒DMSO, 
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75 MHz) δ 53.7, 124.1, 124.8, 126.4, 128.5, 128.7, 129.3, 136.2, 137.5, 145.2, 147.1; FT‒IR 

(KBr) vmax 3135, 3100, 2935, 2830, 2438, 2357, 1605, 1506, 1461, 1332, 1230, 1206, 1108, 

1049, 973, 821, 731 cm
-1

.  

 

1‒(1‒benzyl‒1H‒1,2,3‒triazol‒4‒yl)‒1‒phenylethanol (Table II.5, entry 5): 

 

N

N N OH

 

 

This compound was obtained by using the general procedure GP3 in 90% yield as white solid 

which melts at 133‒135 
o
C. The NMR data are in good agreement with that one reported in the 

literature.
24

 
1
H NMR (d6‒DMSO, 300 MHz) δ 1.81 (s, 3H), 5.54 (s, 2H), 5.85 (s, 1H), 

7.18‒7.21 (m, 1H), 7.26‒7.37 (m, 7H), 7.45‒7.48 (m, 2H), 7.89 (s, 1H); 
13

C NMR (d6‒DMSO, 

75 MHz) δ 31.3, 53.1, 71.4, 122.1, 125.6, 126.8, 128.2, 128.5, 128.6, 129.2, 136.6, 148.8, 

155.9; FT‒IR (KBr) vmax 3318, 3122, 2981, 2929, 1599, 1491, 1442, 1334, 1217, 1159, 1121, 

1052, 1013, 829, 729, 698, 570 cm
-1

. 

 

1‒Allyl‒4‒phenyl‒1H‒1,2,3‒triazole (Table II.5, entry 6): 

 

NN

N

 

 

Obtained by the general procedure GP3 in 81% yield as white crystalline solid with melting 

point 62‒64 
o
C. The NMR data are in agreement with those reported previously in literature.

 25
 

1
H NMR (CDCl3, 75 MHz) δ 4.96 (d, 2H), 5.26‒5.34 (m, 2H), 5.95‒6.08 (m, 1H), 7.28‒7.42 

(m, 3H), 7.76‒7.83 (m, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 52.7, 119.7, 120.1, 125.7, 128.1, 

128.8, 130.6, 131.3, 147.9; FT‒IR (KBr) vmax 3122, 3093, 2945, 1640, 1420, 1224, 1077, 991, 

943, 763, 691 cm
−1

. 
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1‒Allyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (Table II.5, entry 7): 

NN

N

Me
 

This compound was obtained following the general procedure GP3 in 83% yield as white 

crystalline solid with melting point 88‒90
 o

C. The MP and NMR data are in good agreement 

with the literature.
 26

 
1
H NMR (CDCl3, 75 MHz) δ 2.36 (s, 3H), 4.97‒5.01 (m, 2H), 5.29‒5.38 

(m, 2H), 5.98‒6.11 (m, 1H), 7.02‒7.26 (m, 2H), 7.69‒7.72 (m, 3H); 
13

C NMR (CDCl3, 75 

MHz) δ 21.3, 52.7, 119.1, 120.1, 125.6, 127.8, 129.5, 131.4, 138.0, 148.1; FT‒IR (KBr) vmax 

3102, 3043, 2945, 1644, 1630, 1457, 1433, 1226, 1050, 948, 817, 776, 513 cm
-1

.  

 

1‒(E)‒Cinnamyl‒4‒phenyl‒1H‒1,2,3‒triazole (Table II.5, entry 11): 

 

NN

N

 

 

Obtained by the general procedure GP3 in 84% yield as white solid with melting point 

136‒137
 o

C. The MP and NMR data are in agreement with the literature report.
26

 
1
H NMR  

(CDCl3, 75 MHz) δ 5.11‒5.13 (m, 2H), 6.29‒6.41 (m, 1H), 6.66 (d, J = 15.9 Hz, 1H), 

7.24‒7.47 (m, 8H), 7.79‒7.83 (m, 3H); 
13

C NMR (CDCl3, 75 MHz) 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; FT‒IR (KBr) vmax 3133, 

3023, 2951, 1608, 1465, 1448, 1220, 1076, 975, 761, 696 513 cm
-1

. 

 

1‒(E)‒Cinnamyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (Table II.5, entry 12): 
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NN

N

Me
 

 

It was obtained by following the general procedure GP3 in 85% yield as a white solid with 

melting point 145‒147 
o
C. The HRMS data obtained also corroborates the calculated value. 

1
H 

NMR (CDCl3, 75 MHz) δ 2.35 (s, 3H), 5.11‒5.14 (m, 2H), 6.30‒6.4 (m, 1H), 6.67(d, J = 15.6 

Hz, 1H), 7.19‒7.36 (m, 7H), 7.69‒7.75 (m, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 21.3, 52.4, 

119.1, 122.0, 125.6, 126.7, 127.8, 128.5, 128.7, 129.5, 135.3, 135.5, 137.9, 148.1; FT‒IR 

(KBr) vmax 3132, 2977, 1657, 1468, 1431, 1229, 1051, 823, 698 cm
-1

; HRMS: m/z [M + Na]
+
 

Calcd for C18H17N3, 298.1320; found, 298.2050. 

(1‒Benzyl‒1H‒1,2,3‒triazol‒4‒yl) methyl acetate Table II.5, entry 13): 

 

N

N N O

O

 

It was obtained by the general process GP3 in 72% yield as a light yellow viscous oil. The 

NMR data well supports that obtained from literature.
27

 
1
H NMR (CDCl3, 75 MHz) δ 2.20 (s, 

3H), 5.16 (s, 2H), 5.51 (s, 2H), 7.26‒7.36 (m, 5H), 7.72 (s, 1H); 
13

C NMR (CDCl3, 75 MHz) δ 

20.8, 54.1, 57.6, 123.7, 128.1, 128.7, 129.1, 134.5, 143.1, 170.7; FT‒IR (Neat) vmax 3143, 

2960, 1740, 1643, 1455, 1367, 1230, 1035, 722 cm
‒1

. 

 

1‒benzyl‒4‒(3‒chloropropyl)‒1H‒1,2,3‒triazole (Table II.5, entry 14): 

 

N

N N Cl

 

 

This compound was synthesized by following the procedure GP3 and obtained as Colourless 

viscous oil in 81% yield. The spectral data are in well agreement to the literature report.
28

 
1
H 
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NMR (CDCl3, 75 MHz) δ 2.09‒2.18 (m, 2H), 2.85 (t, J = 7.2 Hz, 2H), 3.55 (t, J = 6.3 Hz, 2H), 

5.49 (s, 2H), 7.26 (s, 3H), 7.35 (s, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 22.7, 31.8, 44.2, 54.0, 

121.1, 128.0, 128.7, 129.1, 134.8, 146.8; FT‒IR (Neat) vmax 3112, 3062, 2956, 2860, 2418, 

1887, 1552, 1495, 1450, 1336, 1307, 1275, 1215, 1177, 1132, 1057, 836, 765, 715, 672, 572 

cm
‒1

. 

 

1‒octyl‒4‒phenyl‒1H‒1,2,3‒triazole (Table II.5, entry 15): 

 

N

N N
6

 

 

It was obtained by using the general procedure GP3. The compound is a white solid in nature 

with melting point 70‒72 
o
C. The MP and spectral data are in well agreement with the 

previously reported literature.
29

 
1
H NMR (CDCl3, 75 MHz) δ 0.84‒0.87 (d, J = 6.9 Hz, 2H), 

1.26‒1.32 (m, 10H), 1.92 (bs, 2H), 4.63 (t, J = 7.2 Hz, 2H), 7.31 (t, J = 7.2 Hz, 1H), 7.38‒7.43 

(m, 2H), 7.75 (s, 1H), 7.83 (d, J = 7.5 Hz, 2H); 
13

C NMR (CDCl3, 75 MHz) δ 14.1, 22.6, 26.5, 

29.0, 29.1, 30.4, 31.7, 50.4, 119.5, 125.7, 128.1, 128.9, 130.8, 147.7; FT‒IR (KBr) vmax 3119, 

3090, 2952, 2917, 2847, 1609, 1464, 1356, 1215, 1191, 1078, 1052, 976, 839, 762, 724, 695, 

526 cm
‒1

. 

 

1‒benzyl‒4‒((phenylthio)methyl)‒1H‒1,2,3‒triazole (Scheme II.6, Sulfur functionalised 

triazole): 

 

S
N

NN

 

 

This triazole compound with sulfur containing pendent arm was synthesized to broaden the 

scope of the reaction as this compound may act as a good ligand for binding metal ions. It was 

obtained as white crystalline solid with melting point 75‒76 
o
C by following the general 
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process GP4. MP and NMR data supports the literature reports.
30

 
1
H NMR (CDCl3, 75 MHz) 

 4.19 (s, 2H), 5.44 (s, 2H), 7.13‒7.35 (m, 11H); 
13

C NMR (CDCl3, 75 MHz) 29.04, 29.08 

(‒SCH2), 54.1 (‒NCH2), 122.0, 126.5, 127.9, 128.7, 128.93, 128.95, 129.1, 129.8, 129.9, 134.7, 

135.4, 145.3; FT‒IR (KBr) vmax 3141, 3070, 2918, 1569, 1549, 1438, 1428, 1337, 1207, 1106, 

1046, 814, 734, 471 cm
-1

. 
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II.5.6.1. Scanned copy of HRMS spectra of polymeric copper complex 

 

 

 

Figure II.2. HRMS of 1,3–bis(4–fluorophenylthio)–propane (L) ligated CuI–coordination complex 
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II.5.6.2. Scanned copies of 
1
H‒NMR, 

13
C‒NMR of Ligand (L), complex; Table II.5, Entry 

4, 9 and HRMS of entry 9 

 

Figure II.3. 
1
H–NMR spectra of [1, 3–bis(4–fluorophenylthio)–propane] ligand(L) in d6–DMSO 
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Figure II.4. 
1
H–NMR spectra of the complex catalyst in d6–DMSO 
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Figure II.5. 
1
H NMR spectra of 1‒benzyl‒4‒(4‒nitrophenyl)‒1H‒1,2,3‒triazole 
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Figure II.6. 
13

C NMR spectra of 1‒benzyl‒4‒(4‒nitrophenyl)‒1H‒1,2,3‒triazole 
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Figure II.7. 
1
H NMR spectra of 1‒(E)‒Cinnamyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole 
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Figure II.8. 
13

C NMR spectra of 1‒(E)‒Cinnamyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole 
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Figure II.9. HRMS of 1‒(E)‒Cinnamyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole
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1,2‒dithioether based 2D‒copper(I) coordination 

polymer catalyzed A3
‒coupling reaction: 

Solvent‒free synthesis of propargylamines  
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III.1. Introduction 

Propargylamines are used in organic chemistry as precursors and versatile building blocks for 

the preparation of various nitrogen–containing heterocyclic compounds as well as key 

intermediates for the synthesis of biologically active pharmaceuticals and natural products.
1‒3

 

They also act as key intermediates for the construction of biologically active compounds like 

isosteres, β‒lactams, oxotremorine substrates, conformationally restricted peptides and 

therapeutic drug molecules.
4 

Several propargylamines such as Resagiline and Deprenyl (Figure 

III.1.) have been shown to be highly potent and irreversible selective monoamine oxidase type–

B inhibitors.
5 

Some propargylamines have been used for the treatment of neuropsychiatric 

disorders such as Parkinson‟s and Alzheimer‟s disease.
6,7 

 

 

HN

N

Me

Me

Resagiline (Azilect)Selegiline (Deprenyl)

 

Figure III.1. Structure of monoamine oxidase (MAO) type‒B inhibitors 

These alkynyl amines are also important building blocks for the synthesis of N‒bearing 

compounds such as β‒lactam,
8,9

 pyrrole,
10

 pyrrolidine,
11

 pyrrolophane,
12

 3‒amino benzofuran,
13

  

aminoindolizine,
14

 2‒aminoimidazole,
15

 oxazolidinone,
16

 quinoline,
17

 etc. Biologically active 

dibenzoazocines and dibenzoazepines have been synthesized by intramolecular A
3
–coupling 

reaction.
18  
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Figure III.2. Schematic approaches for the synthesis of various N‒containing heterocyclic molecules 

from different propargylamines 

 

Because of their immense importance, many synthetic methods have been developed so far.
19‒22 

Classically, propargylamines were synthesized by simple nucleophilic addition of a metal 

alkynylide to C=N electrophilic moiety. In this case, stoichiometric amount of highly active 

organometallic reagents viz. organolithium, Grignard reagents,
23 

and organozinc reagents
24 

are 

required. Therefore these methodologies are less attractive due to low tolerance of functional 

groups, harsh reaction conditions and operational difficulty. However, the most direct and 

efficient method for the preparation of propargylamines through transition–metal catalyzed 

three–component coupling between an aldehyde, an amine and a terminal alkyne, which is 

commonly known as A
3
–coupling reaction (Figure III.3).

25
  

R1 CHO + R2R3NH + R4
N

R1

R2
R3

R4

Aldehyde Amine Alkyne Propargylamine

 

Figure III.3. Schematic representation of A
3
–coupling reaction 

Under homogeneous or heterogeneous conditions, a wide variety of transition metal salts and 

complexes have been employed in the synthesis of propargylamine via A
3
–coupling reaction.

26
 

This three component coupling reaction is catalyzed by transition metal catalysts like 

copper,
26‒29

  silver,
26,30‒32 

gold,
26,33‒35

 iron,
 36,37

 cobalt,
38

 nickel,
39 

indium,
40,41  

zinc,
42

 

ruthenium,
43

 iridium
44 

etc. 

Out of these catalysts the copper have been most studied because of its easy availability, low 

cost, low toxicity and high reactivity. Few methodologies where Cu–catalysts have been 

employed are shown here. 

Navarro and Chen reported N‒heterocyclic carbene (NHC) complex of copper (I) as catalyst for 

A
3
–coupling reaction (Scheme III.1).

28
  

 



56 
 

R1 CHO + + R3

MeOH, 25-70 oC, 1-24 h

(1 eqv) (1.1 eqv) (1.1 eqv)

N

R1

R2
R2

R3

79-94 %
R1 =  C6H5, Et2CH 

         n-Hept, Cy, 

         4-R-C6H4

         (R = Me, Cl, 

         OMe)

including
piperidine,

morpholine,
pyrrolidine

R3 = Ph, 2-pyridyl,

        PhCH2CH2

N H

R2

R2 SIPr-CuCl (1-3 mol%)

R2 = Et, Bn

N N

Cu

Cl

SIPr-CuCl

1
3

 

Scheme III.1. SIPr‒CuCl‒catalyzed A
3
–coupling reaction 

 

A
3
–coupling reaction in ionic liquid solvent 1‒butyl‒3‒methylimidazolium 

hexafluorophosphate [bmim][PF6] using CuCN as a source of copper catalyst was reported by 

Park and Alper. The temperature of the reaction was kept 120
o
C (Scheme III.2).

27
  

 

N H

R3

R2

R1 CHO + + R4
CuCN (2 mol%)

[bmim][PF6], 120 oC

2-5 h(1 eqv) (1.2 eqv) (1.5 eqv)

N

R1

R2
R3

R4

54-95 %
R1 =  C6H5, 2-thienyl,

         4-biphenyl, 

         n-C7H15, 

         2-OMe-C6H4,

         1-naphthyl,

         4-R-C6H4 

         (R = OMe, Br, Cl)

piperidine,
morpholine,
diallyl amine,
benzyl amine

R4 = Ph, Si(CHMe2)3

        n-C5H11

 

Scheme III.2.  CuCN‒catalyzed A
3
–coupling reaction in [bmim][PF6] 

 

When CuI was used with the combination of a chiral co‒catalyst asymmetric A
3
–coupling 

reaction (AA
3
 coupling) was achieved. Enantioselective propargylamines were obtained in 

good to excellent yield with dichloromethane solvent at 0 
o
C in this procedure (Scheme III.3).

29 
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R1 CHO + + R2

CuI (4 mol%), 
chiral co-catalyst (3 mol%)

CH2Cl2, 0 oC, 12 h

(1 eqv) (1.2 eqv) (1.5 eqv)

N

R1
R2

63-97 %

R1 = C6H5, n-Bu, (E)-styryl 

        2-naphthyl, 2-R-C6H4,

        (R =  OMe, F), 3-R'-C6H4

        (R' = Me, R), 4-R''-C6H4

        (R'' = Cl, Br, R')

piperidine,
pyrrolidine,
azepane

R2 = C6H5, t-Bu, n-Oct,

        4-R-C6H4

          (R = F, Br, Me, OMe)

N H

upto 96% ee

NHO

N
H

S

N
H

CF3

Br

CF3

COOH

chiral co-catalyst

4 A MS
O

 

Scheme III.3. CuI‒catalyzed of AA
3
–coupling reaction  

 

Li et al. has shown Cu‒catalyzed A
3
–coupling reaction of salicylaldehyde and its derivatives. 

The propargylamines produced by the process contains phenolic OH group and it undergoes 

cyclization reaction when treated with potassium carbonate base and tetra‒n‒butylammonium 

bromide (TBAB).
13

  

OH

CHO

+

H
N

O

+

N

O
OH

O

84%

(A3  product)

(Cyclized product)

85%

   CuI (20 mol%), 

  toluene, 110 oC, 

            3 h

(1 eqv) (1.5 eqv)(2 eqv)

   CuI (20 mol%), K2CO3 (1 eqv), 

TBAB (1 eqv), toluene, 110 oC, 3 h

N

O

 

Scheme III.4. CuI‒catalyzed by A
3
–coupling reaction of salicylaldehyde  
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Eycken and his co‒workers used microwave irradiation technique with CuBr catalyst to 

achieve intramolecular A
3
–coupling reaction (Scheme III.5).

18  

 

H
N

R3

R1

R2

n

+ R4

(1 mmol)
(1.5 mmol)

A

N

A

R3

R1

R2

R4

CuBr (10 mol%)

MW, 15 min, 100 oC

48-91 %

R1 = H, OMe

R2 = F, OMe

R4 = Ph, p-Tol, Cy, TMS, n-C5H11,

         o-Tol, Bn, CH2NHBoc

R3 = Me,

A = Aryl, heteroaryl

(n =1, 2)

Intramolecular A3
O

n

 p-Methoxy benzyl

  

Scheme III.5. MW‒irradiated intramolecular A
3
–coupling reaction 

 

III.2. Background and Objectives 

Coordination polymers of copper halides with infinite network structures composed with 

organic ligands are widely reported due to the presence of their enthralling physical and 

chemical properties.
45 

For example, Cu(I) halides–based compounds have been widely explored 

due to their attractive structural characteristics and possible applications in luminescence–based 

sensors, photophysical phenomena and biological probes.
46 

They also find catalytic applications 

in various organic transformations.
47–51 

Apparently, Cu–complexes of N– and P–based ligands 

are employed in catalytic applications.
48–51 

Thioether based ligands are rarely synthesized and 

used as catalysts. Very recently, we demonstrated the synthesis of 1,3–dithioether ligands in 

making Cu2I2 coordination polymers and used as catalyst in AAC reaction.
52

  

Another 1,2–dithioether and Cu(I) halides based complexes have been synthesized by 

Akhmetova et al. and its catalytic application in aminomethylation of phenylacetylene was 

reported (Scheme III.6).
53 
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O

N
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O
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N

S S

NO

Cu Cu
X

X

CH3CN, 60oC

X = Cl, Br, I

Catalyst

N N

Catalyst, Toluene

60oC N

 

Scheme III.6. 1,2–dithioether based Cu(I) halide complex catalyzed aminomethylation of 

phenylacetylene 

Trivalent phosphorus ligands have been used to control the metal center, leads to metal 

catalysts with improved reactivity and stability. Garcia et al. reported a diallylphosphine–

tetramer copper(I) complex catalyzed A
3
–coupling reaction for preparing propargylamine 

(Scheme III.7).
48

 

N H

R3

R2

R1 CHO + + R4 N

R1

R2
R3

R4

15-99 %

  diallylphosphine-
tetrameric copper(I) 
catalyst (0.5 mol%)

6h, 50oC, Neat

R1 = C6H5, n-Pr, 4-OMe-C6H4, 

        4-Br-C6H4, 3-Cl-C6H4, 

        2-Cl-C6H4, 4-Cl-C6H4

pipyridine, 

pyrrolidine,

morpholine,

2,2,6,6-tetramethyl 

pipyridine, iPr2NH

phenyl acetylene,
1-hexyne, 
5-hexyne nitrile

 

Scheme III.7. Diallylphosphine‒tetramer copper(I) complex catalyzed A
3
–coupling reaction  

Apart from the phosphorous ligands, nitrogen ligated Cu(I) compounds have also been used  

for A
3
–coupling reaction. Dong et al. has synthesized and characterized a heterogeneous 1D– 

Cu(I)–coordination polymer which possess outer–hanging copper bromide moiety and it 

exhibits excellent catalytic activity for A
3
–coupling reaction (Scheme III.8).

49 
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Br Br
N NH

CuI, Cs2CO3

DMF, 120oC
NN N N

(L)

CuBr2, H2O/

THF, 150oC

(CuL)(CuBr2)

Catalyst

CH2O HN X

Catalyst (5 mol %)
    6h, RT, Neat

N

XX = O, NMe, CH2

88-94 %

 

Scheme III.8. Nitrogen ligated 1D–Cu(I)–coordination polymer catalyzed A
3
–coupling reaction 

 
I. N. Lykakis and G. E. Kostakis has synthesized a series of benzotriazole based homogeneous 

and air–stable 1D–Cu(II)–coordination polymers and found its excellent catalytic activity 

towards the formation of various propargylamines via A
3
–coupling reaction (Scheme III.9).

50
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N
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HNEt2, PhNHMe
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R3

R2
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polymeric Cu(II) catalyst( 2%)
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Scheme III.9. Benzotriazole based 1D–polymeric Cu(II) catalyzed A
3
–coupling 



61 
 

Hong–Bin Chen et al. have synthesized and characterized 2–(picolyliminomethyl)pyrrole based 

dicopper (I) complex which possess excellent catalytic activity towards A
3
–coupling reaction 

(Scheme III.10).
51

  

CuI
2(pip)2 (0.4 %)R

H
O HN

 Toluene,

110oC, 2h

N

R

81-99 %
(1 mmol) (1 mmol) (1.2 mmol)

N

N

N

N

N

N

CuI
CuI

CuI
2(pip)2

R = C6H5, 2-F-C6H4, 3-F-C6H4, 4-F-C6H4,
      3-OMe-C6H4, 2-OMe-C6H4, 4-OMe-C6H4,
      1-napthyl, 2-napthyl, C4H9, C7H15, 
       cyclopentyl, cyclohexyl, 2-furyl

 

Scheme III.10. 2–(picolyliminomethyl)pyrrole based dicopper (I) complex catalyzed A
3
–coupling 

reaction 

We have synthesized a new coordination polymer of CuI ligated with bidentate 1,2–dithioether 

[1–(1–(4–chlorophenylthio)propan–2–ylthio)–4–chlorobenzene] and found its excellent 

catalytic activity towards A
3
 coupling reaction (Scheme III.11).

53
 
1
H–NMR, 

13
C–NMR, HRMS 

and single crystal X–ray diffraction (SCXRD) patterns were used to characterize the catalyst. 

The catalyst works efficiently in A
3
–coupling reaction under solvent–free condition at 80 

o
C to 

afford propargylamines in good to excellent yields. As discussed earlier various Cu(I)/Cu(II) 

monomeric and/or polymeric complexes based on P– and N–ligands have been used as catalyst 

towards the A
3
–coupling reaction. But this is the first example of Cu(I)–1,2–dithioether 

coordination polymer that has been synthesized and used as catalyst for the synthesis of 

propargylamines. It opens a new area of research where polymeric Cu(I) complex with SS–

based bidentate ligands have been applied as the catalyst for the three component A
3
–coupling 

reaction. 
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HN
X

n

X = O, CH2

n = 1, 2

R1 O

H

R2

H

N

R1

R2

[(CuI)2{ArSCH(CH3)CH2SAr}2]n

Ar = 4-Cl-C6H4

1 mg (0.2 mol%)

Neat, 80oC, 3-4 h

X

n

R2 = C6H5, 4-Br-C6H4

 

Scheme III.11. SS–based bidentate 1,2–dithioether–Cu(I) coordination polymer catalyzed A
3
–coupling 

III.3. Present work: Results and Discussion 

III.3.1. Synthesis of 1–(1–(4–chlorophenylthio)propan–2–ylthio)–4–chlorobenzene ligand 

(L) 

The ligand (L) 1–(1–(4–chlorophenylthio)propan–2–ylthio)–4–chlorobenzene was prepared by 

following our previously reported technique.
54 

It was also characterized by 
1
H– and 

13
C–NMR  

spectroscopy. The procedure for the synthesis of the ligand has been illustrated in the 

experimental section. 

III.3.2. Synthesis of polymeric coordination complex catalyst CuI–1–(1–(4–

chlorophenylthio)propan–2–ylthio)–4–chlorobenzene 

The procedure for the synthesis of the polymeric catalyst is given in the experimental section in 

details. 

III.3.3. Characterization of complex catalyst 

III.3.3.1. 
1
H NMR, 

13
C NMR and HRMS spectroscopy 

The polymeric complex  was characterized by several techniques such as 
1
H and 

13
C NMR, 

HRMS spectroscopy and single crystal XRD techniques. 
1
H– and 

13
C–NMR spectra of the 

polymeric complex and the ligand 1–(1–(4–chlorophenylthio)propan–2–ylthio)–4–

chlorobenzene (L) were taken separately in d6–DMSO solvent. Some changes were observed in 

1
H–NMR spectra between L and the polymeric complex, which indicates the complex 

formation between ligand L and CuI. The 
1
H–NMR spectra of L and the complex are given in 

Figure III.6 and Figure III.8. The δ  values of proton and carbon in complex were shifted to 

downfield than the ligand (L) in 
1
H–NMR and 

13
C–NMR spectra, which indicates the formation 

of the complex. HRMS calculation also corroborates the formation of the complex catalyst. 
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III.3.3.2. Single crystal X–ray diffraction 

Single crystal X–ray diffraction analysis revealed that the complex crystallizes in the 

orthorhombic Pbca space group and shows a polymeric propagation in the form of 

[(CuI)2{ArSCH2CH(CH3)SAr}2]n metallopolymer. The ORTEP diagram of the complex is 

given in figure III.4a.
55–57

 The 2D–network is built up upon dimeric Cu2I2 units which are 

interconnected via dithioether ligands. Within the cluster core, the Cu–I bond lengths range 

between 2.6119(4) and 2.6182(4) Å. The interatomic distance between two Cu within the Cu2I2 

cluster is 2.8979(8) Å, significantly larger than the sum of the vander Waals radius (2.80 Å).
58

 

The mean Cu–S bond length [range between 2.3539(7) to 2.3990(7) Å] of the as-synthesized 

Cu–complex is a little excess to [{Cu(μ–I)2Cu}2{μ–PhS(CH2)3SPh}2]n (2.3465 Å) and 

([(CuI)2{ArS(CH2)3SAr}2]n, Ar = 4–F–C6H4); range between 2.3339 (11) to 2.3551 (12) Å).
52,55 

The angle between Cu…I…Cu is 67.296(15) Å and I…Cu…I is 112.705(15) Å in the 

metallocluster. The polymeric framework of the complex is formed by the connection of Cu2I2 

unit and four 1,2–dithioether linker L. Each 1,2–dithioether coordinates via its S–donor atoms 

to two Cu2I2 units, while each Cu2I2 unit connects with four 1,2–dithioether ligands (L). This 

gives rise to a 2D–shaped network matrix topology (Fig. III.4b).  

Table III.1. Crystal Data, Data Collection and Structure Refinement for the complex 

catalyst 

Formula C15H14Cl2Cu I S2 Cell volume/Å3 3661.7(4) 

Formula weight 519.73 Cell formula units Z 8 

Temperature/K 296 (2) density (calculated) g/cm
3
 1.886   

Description block θ range for data 

collection/deg 

2.42- 27.48 

Colour White F(000) 2016 

Crystal system orthorhombic crystal size/mm 0.216, 0.284, 

0.320 

Space group Pbca Absorption co-efficient (μ) 3.389 

a/Å 10.0087(5) index ranges -12 ≤ h ≤ 13 

-20 ≤ k ≤ 20 

-30 ≤ l ≤ 30 
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b/Å 15.4384(10) reflections collected 62648 

c/Å 23.6978(14) independent reflections 4182 

Cell angle (α) 90
o
 refinement method full-matrix least-

squares on F
2
 

Cell angle (β) 90
 o
 R-equivalents 0.0285 

Cell angle (γ) 90
 o
 Sigma I/net I 0.0119 

 

 

(a) 
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(b) 

Fig. III.4. a) ORTEP diagram of the ([(CuI)2{ArSCH2CH(CH3)SAr}2]n, Ar = 4–Cl–C6H4) complex, b) 

Part of the two–dimensional framework of  complex 

 

Selected bond lengths and bond angles are also given in the Tables below. 

Table III.2. Selected bond length 

Bond Length Bond Length 

I3 Cu1  2.6119(4) C9 H9  0.9300 

I3 Cu1  2.6182(4) C10 C15  1.385(4) 

Cu1 S2  2.3539(7) C10 C11  1.389(4) 

Cu1 S1  2.3990(7) C5 C6  1.381(5) 

Cu1 I3  2.6182(4) C5 H5  0.9300 

Cu1 Cu1  2.8979(8) C2 H2A  0.9600 

S1 C4  1.779(2) C2 H2B  0.9600 

S1 C1  1.828(2) C2 H2C 0.9600 

S1 Cu1  2.3990(7) C11 C12  1.387(5) 

S2 C10  1.787(3) C11 H11  0.9300 

S2 C3  1.829(2) C8 C7  1.385(5) 
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Cl1 C7  1.749(3) C8 H8  0.9300 

Cl2 C13  1.734(3) C15 C14  1.376(5) 

C4 C5  1.396(4) C15 H15  0.9300 

C4 C9  1.398(4) C7 C6  1.377(6) 

C3 C1  1.518(3) C6 H6  0.9300 

C3 H3A  0.9700  C13 C14  1.364(5) 

C3 H3B  0.9700 C13 C12  1.380(6) 

C1 C2  1.534(4) C14 H14  0.9300 

C1 H1  0.9800 C12 H12  0.9300 

C9 C8  1.368(4)   

 

Table III.3. Selected bond angle 

Bond Angle Bond Angle 

Cu1 I3 Cu1  67.296(15) C15 C10 S2  120.4(2) 

S2 Cu1 S1  96.07(2) C11 C10 S2  119.1(2) 

S2 Cu1 I3  123.28(2) C6 C5 C4  120.5(3) 

S1 Cu1 I3  110.344(19) C6 C5 H5  119.8 

S2 Cu1 I3  102.56(2) C4 C5 H5  119.8 

S1 Cu1 I3  110.42(2) C1 C2 H2A  109.5 

I3 Cu1 I3  112.705(15) C1 C2 H2B  109.5 

S2 Cu1 Cu1  133.71(2) H2A C2 H2B  109.5 

S1 Cu1 Cu1  128.94(2) C1 C2 H2C  109.5 

I3 Cu1 Cu1  56.455(13) H2A C2 H2C  109.5 

I3 Cu1 Cu1    56.249(11) H2B C2 H2C  109.5 

C4 S1 C1  104.44(11) C12 C11 C10  119.5(3) 

C4 S1 Cu1  99.81(8) C12 C11 H11  120.3 

C1 S1 Cu1  104.84(8) C10 C11 H11  120.3 

C10 S2 C3  99.43(12) C9 C8 C7  119.4(3) 

C10 S2 Cu1  117.54(9) C9 C8 H8  120.3 

C3 S2 Cu1  106.10(8) C7 C8 H8  120.3 
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C5 C4 C9  119.5(2) C10 C15 C14  119.1(3) 

C5 C4 S1  117.8(2) C10 C15 H15  120.4 

C9 C4 S1  122.6(2) C14 C15 H15  120.4 

C1 C3 S2  111.33(16) C6 C7 C8  122.0(3) 

C1 C3 H3A  109.4 C6 C7 Cl1  120.4(3) 

S2 C3 H3A  109.4 C8 C7 Cl1  117.5(3) 

C1 C3 H3B  109.4 C7 C6 C5  118.5(3) 

S2 C3 H3B  109.4 C7 C6 H6  120.8 

H3A C3 H3B  108.0 C5 C6 H6  120.8 

C3 C1 C2  111.9(2) C14 C13 C12  120.9(3) 

C3 C1 S1  110.36(16) C14 C13 Cl2  119.3(3) 

C2 C1 S1  106.14(17) C12 C13 Cl2  119.8(3) 

C3 C1 H1  109.4 C13 C14 C15  120.6(3) 

C2 C1 H1  109.4 C13 C14 H14  119.7 

S1 C1 H1  109.4 C15 C14 H14  119.7 

C8 C9 C4  120.0(3) C11 C12 C13  119.3(3) 

C8 C9 H9  120.0 C11 C12 H12  120.3 

C4 C9 H9  120.0 C13 C12 H12  120.3 

C15 C10 C11  120.4(3)   

 

III.3.4. Catalytic application 

The catalytic activity of the complex towards A
3
–coupling reaction was optimized by the model 

reaction of phenyl acetylene, benzaldehyde and morpholine with varying catalyst loading under 

different temperature and solvent conditions (Table III.4). Initially, the reaction of 

phenylacetylene (1.1 mmol), benzaldehyde (1.0 mmol) and morpholine (1.0 mmol) was 

performed in acetonitrile at 60 °C for 8 hours using 5 mg of the complex as catalyst. A trace 

amount of conversion was achieved (entry 1). Raising the temperature of the medium from 60
o
 

to 80 
o
C gave 40% yield of the product (entry 2). Under the polar hydroxylic solvents e.g. 

ethanol and water, the yield of the product was found to be 50% (entry 3 and 4) in both cases. 

Under the same condition in binary solvent mixture (Acetonitrile:water=1:1) the conversion 

was increased to 65% (entry 5). When the reaction was studied at neat condition, the yield of 
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the product was drastically increased to 91% (entry 6). Decreasing the amount of the catalyst 

from 3.0 to 1.0 mg did not affect on the overall yield of the product (90% yield in both cases; 

entries 7 and 8). Now, we have reduced the reaction time from 8 to 6 hours, 88% product was 

found with 1.0 mg of the catalyst (entry 9). Further reducing the reaction time from 6 to 4 

hours, the yield was found to be the same as entry 9 (entry 10). Reaction performed without 

any catalyst, no conversion was achieved after 24 hours (entry 11). The same reaction carried 

out under room temperature showed traces of product after 24 hours with 1.0 mg of the catalyst 

(entry 12). While using CuI as the catalyst, the product was obtained in relatively lower yield, 

69% (entry 13). 

 

Table III.4. Optimization of reaction conditions for the 2D–Cu(I)–polymeric complex 

catalyzed A
3
–coupling reaction 

[(CuI)2{ArSCH(CH3)CH2SAr}2]n

Ar = 4-Cl-C6H4

x mg

Solvent/Neat, Temperature

H O

O

N

H
N

O

 

Entry Solvent Cu-catalyst 

(mg) 

Temp.  

(
o
C) 

Time  

(h) 

Yield
a
 

(%) 

1 Acetonitrile 5 60 8 Traces 

2 Acetonitrile 5 80 8 40 

3 Ethanol 5 80 8 50 

4 Water 5 80 8 50 

5 Acetonitrile: water 5 80 8 65 

6 Neat 5 80 8 91 

7 Neat 3 80 8 90 

8 Neat 1 80 8 90 

9 Neat 1 80 6 88 

10 Neat 1 80 4 88 

11 Neat - 80 24 No reaction 

12 Neat 1 RT 24 Traces 
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13
b
 Neat 1 80 4 69 

Reaction conditions: Phenyl acetylene (1.1 mmol), Benzaldehyde (1.0 mmol) and Morpholine (1.0 

mmol), Cu–complex (5 mg to 1 mg), Neat. 
a
Isolated yield after purification through column 

chromatography by silica gel. 
b
CuI was used as catalyst. 

 

In order to explore the generality of the optimized reaction conditions, different types of 

substrates such as secondary amines with different types of aldehydes were reacted with 

terminal acetylenes. Very good to excellent isolated yields of the products have been achieved 

under this protocol (Table III.5). In table III.5, it has been clearly evident that various 

aldehydes including electron releasing or withdrawing groups such as OMe, OH, Br, Cl as well 

as benzaldehyde were reacted smoothly with terminal alkynes (phenyl acetylene and 4–

bromophenyl acetylene) and cyclic secondary amines (morpholine, piperidine and pyrrolidine). 

Furthermore reaction of alicyclic aldehyde (cyclohexane carboxaldehyde) and straight–chain 

aliphatic aldehyde (n–heptanal) with morpholine and phenylacetylene were performed 

efficiently and afforded desired products in brilliant yields (entries 9 and 10). 

 

Table III.5. Catalytic activities of the 2D–Cu(I)–polymeric complex catalyzed A
3
–coupling 

reaction 

HN
X

n

X = O, CH2
n = 1, 2

R1 O

H

R2

H

N

R1

R2

[(CuI)2{ArSCH(CH3)CH2SAr}2]n

Ar = 4-Cl-C6H4

1 mg (0.2 mol%)

Neat, 80oC, 3-4 h

X

n

 

 

E
n

tr
y

  

Aldehyde 

(1 mmol) 

 

2
o
 Amine 

(1 mmol) 

 

Alkyne 

(1.1 

mmol) 

 

Time 

(h) 

 

A
3
 Product 

(Propargylamine) 

 

Yield
a
 

(%) 

 
 

 

1 

 
CHO

O
 

 

 
 

N
H

O

 

 
 

 

 

 

 

4 

N

O
O

 

 
 

 

87 
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2 

 
CHO

Br  

 
 

N
H

O

 

 
 

 

 

 

 

4 

N

O
Br

 

 
 
 

92 

 
 
 

3 

 
CHO

Cl  

 
 

N
H

O

 

 
 

 

 
 
 

4 

N

O
Cl

 

 
 
 

96 

 
 
 

4 

 
 

CHO

Cl

 

 
 

N
H

O

 

 
 

 

 
 
 

4 

N

O
Cl
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5 

 
 

CHO

 

 
 

N
H

O

 

 
 

 

 
 
 

4 

N

O

 

 
 
 

88 

 
 
 
 

6 

 
 
 

CHO

BrBr  

 
 
 

N
H

O

 

 
 
 

 

 
 
 
 

4 

N

O

Br

Br

 

 
 
 
 

95 
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7 

 
 

CHO

O
 

 
 
 

N
H

O

 

 
 

Br  

 
 
 
 

4 

N

O
O

Br  

 
 
 
 

92 

 
 
 
 

8 

 
 
 

CHO

OH

 

 
 
 

N
H

O

 

 
 

Br  

 
 
 
 

3 

N

O

Br

OH

 

 
 
 
 

85 

 
 
 

9 

 
 

CHO

 

 
 

N
H

O

 

 

 

 
 
 

3.5 

N

O

 

 
 
 

91 
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CHO
 

 
 

N
H
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3.5 

C6H13 N

O

 

 
 
 

86 
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CHO

O
 

 
 

N
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N

O

 

 
 
 

93 
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OH

 

 
 

N
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N

OH
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13 

 
CHO

O
 

 
 
 

N
H  
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N

O
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14 

 
 

CHO

OH

 

 
 
 

N
H  

 
 

 

 
 
 

3 

N

OH

 

 
 
 

92 

 
 
 
 

15 

 
 

CHO

O
 

 
 
 

N
H  

 
 

Br  

 
 
 
 

4 

N

Br

O

 

 
 
 
 

91 

Reaction conditions: Phenyl acetylene/4–bromo phenyl acetylene (1.1 mmol), Aldehyde (1.0 mmol) and 

Morpholine/Piperidine/ Pyrrolidine (1.0 mmol), Cu–complex (1 mg, 0.2 mol%) in neat condition.  

a 
Isolated yield after purification through column chromatography by silica gel. 

 

III.3.5. Mechanism 

Since A
3
–coupling reaction is well known, the most suitable mechanism for A

3
–coupling 

reaction has been proposed in Scheme III.12. The Cu(I) species present in the coordination 

polymer plays the vital role in the mechanism. The reaction proceeds via the activation of the 

Csp–H bond of the terminal alkyne by the 2D–polymeric CuI–1,2–dithioether complex which 

forms alkynyl–Cu intermediate (copper acetylide). The copper acetylide  then reacts with the 
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iminium ion generated in situ from the reaction of aldehyde and secondary amine to produce 

the corresponding propargylamine product under solvent–free condition. In this step finally the 

2D–polymeric CuI–1,2–dithioether complex catalyst is eliminated to further act as catalyst. 

 

 

Cu
I

Cu
IS

S

S

S

H

R1

Cu
I

Cu
IS

S

S

S

H

R1

Cu
I

Cu
I

SH

S

S

R CHO NH

NCR

H

+

iminium ion

N

R

A3-Coupling

Catalytic cycle

Propargyl amine
2-D polymeric 

complex

R1

(1)

(2)

(3)

(4)

S

R1

SH

 

Scheme III.12. A plausible mechanism for the Cu(I)–complex catalyzed A
3
–coupling reaction. 

 

III.4. Conclusion 

In conclusion, we have demonstrated synthesis, characterization of a new 2D–Cu(I) 

coordination polymer of 1,2–dithioether ligands (SS, bidentate) and its successful catalytic 

applications in A
3
–coupling reaction to form various propargylamine derivatives under solvent–

free condition. Although Cu(I) complexes with various P– and N–based mono or bidentate 

ligands are known to act as the catalysts for A
3
–coupling reaction, this is the first example of 

SS, bidentate ligand–Cu(I) coordination polymer as the catalyst in A
3
–coupling reaction. As the 

reaction is carried out in solvent–free condition and high yield of the propargylamines were 

obtained under low catalytic concentrations, we believe that the present work opens up further 

development of Cu(I)–thio 2D–complexes in diverse reactions. 

 

III.5. Experimental section 

III.5.1.1. General Information 
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All the reagents required for synthesis were commercially available and employed without 

further purification or purified by standard methods prior to use. Phenylacetylene, cyclohexane 

carboxaldehyde and p–bromophenylacetylene were purchased from Sigma–Aldrich and used 

without further purification. Benzaldehyde and salicylaldehyde were purchased from Merck 

and used directly as obtained. The rest aldehydes were purchased from SD Fine Chemical 

Limited, India. 2
o
 amines such as piperidine, morpholine and pyrrolidine were purchased from 

Lancaster and used as reagent for A
3
–coupling after distillation. The solvents were purchased 

from Thomas Baker (Chemicals) Pvt. Ltd., India and served the purpose after distillation 

process. All the products were purified by column chromatography on 60–120 mesh silica gels 

(SRL, India). For TLC, Merck plates coated with silica gel 60, F254 were used. The reagents 

and the catalyst were weighed accurately by Mettler–Toledo digital balance. Single–crystal 

diffraction studies were carried out on a Bruker D8 Quest CMOS diffractometer with Mo Kα 

(λ=0.71073 Å). FT‒IR spectra were recorded with a FT‒IR‒8300 SHIMADZU 

spectrophotometer using a KBr pellet for solid compounds and neat for semi–solid or liquid 

compounds. The 
1
H– & 

13
C–NMR spectra were recorded at 300 MHz and 75 MHz respectively 

on Bruker AV 300 spectrometer in CDCl3. Splitting patterns of protons were described as s 

(singlet), d (doublet), t (triplet), bs (broad singlet), 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). 
13

C–NMR spectra were 

recorded with complete proton decoupling (CDCl3: δ 77.0 ppm). HRMS was performed by 

Micromass Q–TOF Spectrometer under ESI (positive mode) at Indian Association for the 

Cultivation of Science. 

 

III.5.1.2. Crystal structure determination of the 1–(1–(4–chlorophenylthio)propan–2–

ylthio)–4–chlorobenzene ligated CuI–coordination complex 

Suitable crystals of the compounds were obtained by slow evaporation of their saturated 

solutions in acetonitrile solvent and using the diffusion method. Single–crystal diffraction 

studies were carried out on Bruker D8 Quest CMOS diffractometer with Mo Kα (λ=0.71073 

Å). The data frames were obtained using the program APEX3 and processed using the program 

SAINT routine in APEX3. The structures were solved by direct methods and refined by the 

full–matrix least–squares on F
2
 using the SHELXTL–2014/7 program.

59–61
 All hydrogen atoms 

were included at the idealized positions, and a riding model was used. 
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III.5.2. General procedure (GP1) of preparing 1–(1–(4–chlorophenylthio)propan–2–

ylthio)–4–chlorobenzene (L) 

A mixture of 2.0 mmol of allyl bromide (240 mg) and 5.0 mmol of 4–chlorobenzenethiol 

(722.5 mg) was mixed with pre–calcined dry activated silica gel with mesh size 60–120 (1.0 g) 

and stirred magnetically by using a spin magnetic bar for 16 h. The reaction was monitored by 

tlc. The product was purified by column chromatography after completion of the reaction. The 

product was eluted with light petroleum and we got the 1–(1–(4–chlorophenylthio)propan–2–

ylthio)–4–chlorobenzene ligand (L). It was characterized by 
1
H– and 

13
C–NMR and compared 

with literature data.
54

 

 

III.5.3. General procedure (GP2) of preparing 1–(1–(4–chlorophenylthio)propan–2–

ylthio)–4–chlorobenzene (L) ligated CuI–coordination complex (1) 

The ligand L, 1–(1–(4–chlorophenylthio)propan–2–ylthio)–4–chlorobenzene was synthesized 

according to our reported procedure.
54 

The 1,2–dithioether based 2D–copper(I) co–ordination 

polymer, (1) was synthesized according to the following procedure. L (329 mg, 1.0 mmol), CuI 

(95 mg, 0.5 mmol) and acetonitrile (2 mL) were mixed in a 50 mL round bottomed flask. The 

mixture was stirred at room temperature for 4 hours followed by stirring under refluxing 

condition for 24 hours. The reaction mixture was kept at room temperature. Then distilled 

petroleum ether was added drop wise to the reaction mixture and kept it into refrigerator. A 

shining white crystal was found in reaction vessel and it was separated by simple filtration. The 

yield of the complex was found to be 74%. Finally, the crystals were dried under vacuum for 

several hours. 

III.5.4. General procedure (GP3) for A
3
–coupling reaction 

A mixture of aldehyde (1.0 mmol), secondary amine (1.0 mmol) and terminal acetylene (1.1 

mmol) was magnetically stirred at 80 °C in an open reaction vessel for hours as mentioned in 

Table III.5. The progress of the reaction was monitored by TLC. After completion of the 

reaction (disappearance of the alkyne spot on TLC), the reaction mixture was cooled to room 

temperature. 5 mL of methylene chloride was added to the reaction mixture and was adsorbed 

on column silica gel. After the evaporation of the solvent, the resulting dry mass was placed on 

a silica gel column and eluted with light petroleum–ethyl acetate (in varying proportion) which 

afforded the desired propargylamine. 
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III.5.5. Characterization data of the ligand (L) and the 2D‒polymeric complex  

NMR spectra of ligand 1‒(1‒(4‒chlorophenylthio)propan‒2‒ylthio)‒4‒chlorobenzene 

(L)
54

 

S
S

Cl

Cl

 
1
H NMR (d6‒DMSO, 300 MHz): δ 1.19 (d, J = 6.6 Hz, 3H, CH3), 2.83‒2.90 (m, 1H, CH), 

3.02‒3.27 (m, 2H, CH2), 7.09‒7.22 (m, 8H, ArH); 
13

C NMR (d6‒DMSO, 75 MHz): δ 19.8, 

40.9, 42.7, 129.4, 129.5, 130.9, 131.4, 132.7, 133.3, 133.7, 135.2. 

 

1
H NMR, 

13
C NMR and HRMS spectral data of the copper 2D‒polymeric complex

62 

1
H NMR (d6‒DMSO, 300 MHz): δ 1.21 (d, J = 6.6 Hz, 3H), 2.96‒2.99 (m, 1H), 3.04‒3.06 (m, 

2H), 7.17‒7.28 (m, 8H, ArH). 
13

C NMR (d6‒DMSO, 75 MHz): δ 20.0, 41.5, 43.0, 129.4, 

129.5, 131.3, 131.5, 132.7, 133.4, 133.9, 135.3. 

HRMS: m/z [(C15H14Cl2S2)2Cu ‒ I
−
]

+
 calcd for C15H14CuCl2IS2, 718.9124; found, 719.0043. 
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III.5.6. Physical properties and spectroscopic data of various propargyl amine products 

4‒(1‒ (4‒methoxyphenyl) ‒3‒phenylprop‒2‒ynyl)morpholine (Table III.5, entry 1)
63

 

N

O

O

 

This compound was obtained by following the general procedure GP3 in 87% yield as a sticky 

yellow solid. The NMR data obtained are in quite agreement with that reported in the literature 

previously.
63

 
1
H NMR (CDCl3, 300 MHz) δ 2.60 (m, 4H), 3.74 (m, 4H), 3.87 (s, 3H), 4.72 (s, 

1H), 6.88–6.98(m, 2H), 7.24–7.33 (m, 3H), 7.41–7.54 (m, 4H);  
13

C NMR (CDCl3, 75 MHz) δ 

49.8, 55.3, 61.4, 67.2, 85.4, 88.2, 113.6, 123.0, 128.2, 128.3, 129.7, 129.9, 131.8, 159.2; 

FT−IR (KBr) vmax 3055, 2952, 2841, 2022, 1605, 1509, 1487, 1450, 1317, 1244, 1170, 1152, 

1034, 1000, 849, 783, 691, 562 cm
−1

. 

4–(1–(4–bromophenyl)–3–phenylprop–2–ynyl)morpholine (Table III.5, entry 2)
63

 

N

O

Br

 

It was obtained by following the general procedure GP3 in 92% yield as a sticky yellow solid. 

The NMR data obtained are in quite agreement with that reported in the literature previously.
63

 

1
H NMR (CDCl3, 300 MHz) δ 2.60 (t, J = 3.9 Hz, 4H), 3.70–3.76 (m, 4H), 4.72 (s, 1H), 7.31–

7.33 (m, 3H), 7.46–7.53 (m, 6H); 
13

C NMR (CDCl3, 75 MHz) δ 49.8, 61.4, 67.1, 84.3, 88.9, 

121.7, 122.7, 128.3, 128.4, 130.3, 131.3, 131.8, 137.0; FT−IR (KBr) νmax 3047, 2841, 2000, 

1590, 1483, 1447, 1395, 1317, 1284, 1115, 1067, 967, 849, 812, 753, 687, 562 cm
−1

. 

4–(1–(4–chlorophenyl)–3–phenylprop–2–ynyl)morpholine (Table III.5, entry 3)
63
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N

O

Cl

 

This compound was synthesized by following the general procedure GP3 in 96% yield as a 

sticky  solid. The NMR data obtained are quite similar with that reported in the literature.
63

 
1
H 

NMR (CDCl3, 300 MHz) δ 2.60 (m, 4H), 3.71–3.72 (m, 4H), 4.74 (s, 1H), 7.32–7.34 (m, 5H), 

7.50–7.58 (m, 4H); 
13

C NMR (CDCl3, 75 MHz) δ 49.8, 61.4, 67.1, 84.4, 88.9, 122.7, 128.4, 

128.5, 129.9, 131.8, 133.6, 136.5; FT−IR (KBr) νmax 3040, 2929, 2856, 2000, 1594, 1483, 

1443, 1395, 1314, 1284, 1107, 1070, 967, 859, 846, 757, 687, 517 cm
−1

. 

4–(1–(2–chlorophenyl)–3–phenylprop–2–ynyl)morpholine (Table III.5, entry 4)
63

 

N

O

Cl

 

This compound was obtained by following the general procedure GP3 in 88% yield as a sticky  

solid. The NMR data obtained are in quite agreement with that reported in the literature 

previously.
63

 
1
H NMR (CDCl3, 300 MHz) δ 1.79–2.0 2 (m, 4H), 2.842 (m, 4H), 4.24 (s, 1H), 

6.38–6.53 (m, 5H), 6.61–6.88 (m, 4H); 
13

C NMR (CDCl3, 75 MHz) δ 49.2, 58.2, 66.4, 84.0, 

87.7, 122.1, 125.7, 127.7, 128.4, 129.2, 131.1, 133.9, 134.8; FT−IR (KBr) νmax 3055, 2922, 

2811, 1594, 1568, 1487, 1465, 1314, 1270, 1240, 1111, 1067, 1052, 975, 927, 864, 746, 705, 

687, 562, 525 cm
−1

. 

4–(1,3–diphenylprop–2–ynyl)morpholine (Table III.5, entry 5)
63
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N

O
 

This very compound was synthesized with the general procedure GP3 as a sticky  solid and the 

yield obtained was 88%. The NMR data obtained are in quite agreement with that reported in 

the literature previously.
63

 
1
H NMR (CDCl3, 300 MHz) δ 2.21–2.62 (m, 4H), 3.70 (m, 4H), 

4.77 (s, 1H), 7.31–7.37 (m, 6H), 7.50–7.63 (m, 4H); 
13

C NMR (CDCl3, 75 MHz) δ 49.9, 62.0, 

67.1, 66.4, 85.1, 88.5, 123.0, 127.6, 128.3, 128.4, 128.6, 131.8, 137.0; FT−IR (KBr) νmax 3055, 

2952, 2819, 1598, 1487, 1447, 1388, 1317, 1272, 1115, 1070, 1000, 860, 753, 694, 562 cm
−1

.  

4–(1–(3,5–dibromophenyl)–3–phenylprop–2–ynyl)morpholine (Table III.5, entry 6) 

N

O

Br

Br

 

This compound was obtained by following the general procedure GP3 in 95% yield as a deep 

brown solid. The compound was synthesized first with the procedure and the HRMS data 

obtained corroborates the calculated value. 
1
H NMR (CDCl3, 300 MHz) δ 2.26–2.70 (m, 4H), 

3.62 (m, 4H), 4.60 (s, 1H), 7.22–7.23 (m, 5H), 7.40–7.63 (m, 3H); 
13

C NMR (CDCl3, 75 

MHz) δ 49.8, 61.0, 67.0, 83.2, 89.7, 122.4, 122.9, 128.5, 128.7, 130.3, 131.9, 133.5, 142.2; 

FT−IR (KBr) νmax 3055, 2937, 2848, 1583, 1550, 1454, 1410, 1316, 1295, 1244, 1185, 1107, 

1067, 1000, 875, 846, 757, 687, 525 cm
−1

; HRMS m/z [M + H]
+
 calcd for C19H17Br2NO, 

433.9677; found, 433.9759. 

4–(3–(4–bromophenyl)–1–(4–methoxyphenyl)prop–2–ynyl) morpholine (Table III.5, entry 

7) 
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N

O

O

Br

 

This compound was obtained by following the general procedure GP3 in 92% yield as a deep 

yellow sticky solid. As the compound was first synthesized by this procedure, the HRMS was 

checked. The HRMS data obtained are in quite agreement with the calculated value.  
1
H NMR 

(CDCl3, 300 MHz) δ 2.37–2.60 (m, 4H), 3.49–3.80 (m, 7H), 4.70 (s, 1H), 6.87–6.90 (m, 2H), 

7.09–7.25 (m, 2H), 7.33–7.77 (m, 4H); 
13

C NMR (CDCl3, 75 MHz) δ 49.8, 55.3, 61.5, 67.1, 

86.7, 87.2, 113.6, 121.9, 122.4, 129.6, 129.7, 131.6, 133.3, 159.3; FT−IR (KBr) νmax 3065, 

2959, 2855, 1609, 1589, 1483, 1291, 1248, 1166, 1111, 1069, 1037, 997, 928, 846, 685, 605, 

570, 545, 518 cm
−1

; HRMS m/z [M + K]
+
 calcd for C20H20BrNO2, 424.0314; found, 424.0433. 

2–(3–(4–bromophenyl)–1–morpholinoprop–2–ynyl)phenol (Table III.5, entry 8)
64

 

N

O

Br

OH

 

This compound was obtained by following the general procedure GP3 in 85% yield as a yellow 

sticky solid. The NMR data obtained are in quite agreement with that reported in the literature 

previously.
64

 
1
H NMR (CDCl3, 300 MHz) δ 2.74 (s, 4H), 3.77 (s, 4H), 5.05 (s, 1H), 6.87‒6.91 

(m, 2H), 7.21‒7.27 (m, 1H), 7.37‒7.54 (m, 5H), 10.69 (s, 1H, br, OH); 
13

C NMR (CDCl3, 75 

MHz) δ 48.7, 60.4, 66.5, 82.8, 89.0, 116.4, 119.2, 120.0, 120.9, 122.8, 128.4, 129.6, 131.5, 

133.0, 156.7; FT−IR (KBr) νmax 3408, 2842, 2364, 1584, 1471, 1270, 1115, 1073, 999, 844, 

746, 584 cm
−1 
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4–(1–cyclohexyl–3–phenylprop–2–ynyl)morpholine (Table III.5, entry 9)
63

 

N

O
 

This compound was synthesized by following the general procedure GP3 in 91% yield as a 

pale yellow oil. The NMR data obtained are in quite agreement with that reported in the 

literature previously.
63

 
1
H NMR (CDCl3, 300 MHz) δ 1.06‒1.10 (m, 2H), 1.21–1.30 (m, 3H), 

1.54–1.75 (m, 4H), 1.98–2.12(m, 2H), 2.48–2.52 (m, 2H), 2.67–2.71 (m, 2H), 3.10–3.13 (m, 

1H), 3.72–3.77 (m, 4H),  7.27‒7.28 (m, 3H), 7.43‒7.45 (m, 2H); 
13

C NMR (CDCl3, 75 MHz) 

δ 26.0, 26.2, 26.7, 30.4, 31.0, 39.1, 49.9, 63.9, 67.2, 86.6, 86.8, 123.4, 127.8, 128.2, 131.7; 

FT−IR (Neat) νmax 3409, 2915, 2848, 1590, 1483, 1447, 1317, 1258, 1111, 1074, 1000, 912, 

886, 860, 757, 687, 563 cm
−1

.  

4–(1–phenylnon–1–yn–3–yl)morpholine (Table III.5, entry 10)
65

 

N

O
 

This compound was obtained by following the general procedure GP3 as a pale yellow oil. The 

yield of the product was 86%. The NMR data obtained are in quite agreement with that 

reported in the literature previously.
65

 
1
H NMR (CDCl3, 300 MHz) δ 0.96‒0.98 (m, 3H), 1.48–

1.67 (m, 8H), 1.69–1.72 (m, 2H), 2.54–2.59 (m, 2H), 2.72–2.77 (m, 2H), 3.45–3.50 (m, 1H), 

3.70–3.77 (m, 5H), 7.26‒7.44 (m, 5H); 
13

C NMR (CDCl3, 75 MHz) δ 14.0, 22.6, 26.5, 29.0, 

31.7, 32.9, 49.7, 58.1, 67.1, 86.1, 87.2, 123.2, 127.9, 128.2, 131.7; FT−IR (Neat) νmax 3476, 

2937, 2922, 2848, 2752, 1594, 1483, 1450, 1325, 1255, 1118, 1070, 1000, 912, 860, 753, 587 

cm
−1

.  
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1–(1–(4–methoxyphenyl)–3–phenylprop–2–ynyl)piperidine (Table III.5, entry 11)
66

 

 

 

This compound was obtained by following the general procedure GP3 in 93% yield as a yellow 

sticky solid. The NMR data obtained are in quite agreement with that reported in the literature 

previously.
66

 
1
H NMR (CDCl3, 300 MHz) δ 1.25‒1.58 (m, 6H), 2.54 (bs, 4H), 3.79 (s, 3H), 

4.74(m, 1H), 6.87‒6.98 (m, 2H), 7.24‒7.31 (m, 3H), 7.51‒7.54 (m, 4H); 
13

C NMR (CDCl3, 75 

MHz) δ 24.4, 26.1, 50.6, 55.3, 61.8, 86.4, 87.6, 113.4, 123.4, 128.0, 128.3, 129.7, 130.6, 131.8, 

159.0; FT−IR (KBr) νmax 3483, 3040, 2797, 1608, 1509, 1487, 1443, 1170, 1107, 1030, 823, 

753, 683, 588 cm
−1

.    

2–(3–phenyl–1–(piperidin–1–yl)prop–2–ynyl)phenol (Table III.5, entry 12)
64

 

N OH

 

Obtained by the general procedure GP3 as a yellow liquid and the yield was 90%. The NMR 

data obtained are in quite agreement with that reported in the literature previously.
64

 
1
H NMR 

(CDCl3, 300 MHz) δ 1.52 (s, br, 2H), 1.67 (s, 4H), 2.72 (t, J = 5.1 Hz), 5.09 (s, 1H), 6.83‒6.87 

(m, 2H), 7.19‒7.25 (m, 1H), 7.34‒7.38 (m, 3H), 7.52‒7.57 (m, 3H); 
13

C NMR (CDCl3, 75 

MHz) δ 24.0, 26.0, 61.1, 82.4, 89.8, 116.4, 119.0, 121.3, 122.7, 128.42, 128.45, 128.6, 129.4, 

131.9, 157.7; FT−IR (Neat) νmax 3055, 2936, 2853, 2221, 1692, 1590, 1464, 1277, 1108, 1084, 

974, 754, 691, 670, 543 cm
−1

. 

 

N

O
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1–(1–(4–methoxyphenyl)–3–phenylprop–2–ynyl)pyrrolidine (Table III.5, entry 13)
67

 

N

O

 

This compound was synthesized by following the general procedure GP3 in 82% yield as a 

yellow sticky solid. The NMR data well supports that reported in the literature previously.
67

 
1
H 

NMR (CDCl3, 300 MHz) δ 1.79‒1.81 (m, 4H), 2.69‒2.71 (m, 4H), 3.78 (s, 3H), 4.84 (s, 1H), 

6.86‒6.89 (m, 2H), 7.28‒7.30 (m, 3H), 7.45‒7.53 (m, 4H); 
13

C NMR (CDCl3, 75 MHz) δ 23.5, 

50.2, 55.3, 58.5, 86.8, 86.9, 87.6, 113.6, 123.3, 128.1, 128.2, 129.5, 131.5, 131.6, 159.1; 

FT−IR (KBr) νmax 2944, 2811, 2361, 1609, 1500, 1487, 1247, 1170, 1107, 1034, 831, 757, 

694, 584, 551 cm
−1

. 

2–(3–phenyl–1–(pyrrolidin–1–yl)prop–2–ynyl)phenol (Table III.5, entry 14)
64

 

N OH

 

This compound was obtained by following the general procedure GP3 as a pale yellow 

semisolid and the yield was 92%. The NMR data obtained are in quite agreement with that 

reported in the literature previously.
64 1

H NMR (CDCl3, 300 MHz) δ 1.87‒1.90 (m, 4H), 

2.79‒2.88 (m, 4H), 5.28 (s, 1H), 6.83‒6.87 (m, 2H), 7.19‒7.27 (m, 2H), 7.35‒7.43 (m, 3H), 

7.52‒7.55 (m, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 23.9, 48.9, 57.1, 83.0, 89.1, 116.3, 119.0, 

122.2, 122.6, 127.8, 128.4, 128.6, 129.4, 131.9, 157.6; FT−IR (Neat) νmax 3367, 3056, 2967, 

2845, 2268, 1591, 1489, 1466, 1276, 1095, 1258, 754, 691 cm
−1

.    

1–(3–(4–bromophenyl)–1–(4–methoxyphenyl)prop–2–ynyl) pyrrolidine (Table III.5, entry 

15) 
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N

O

Br

 

This compound was obtained by following the general procedure GP3 in 91% yield as a yellow 

sticky solid. 
1
H NMR (CDCl3, 300 MHz) δ 1.78 (s, 4H), 2.66 (s, 4H), 3.79‒3.86 (m, 3H), 4.78 

(s, 1H), 6.86‒6.90 (m, 2H), 7.30‒7.33 (m, 2H), 7.41‒7.49 (m, 4H); 
13

C NMR (CDCl3, 75 

MHz) δ 23.4, 50.3, 55.3, 58.6, 85.6, 88.4, 87.6, 113.6, 122.2, 122.3, 129.4, 131.3, 131.5, 133.2, 

159.1; FT−IR (KBr) νmax 3387, 2952, 2804, 1598, 1505, 1480, 1391, 1299, 1240, 1166, 1111, 

1067, 1034, 1008, 820, 772, 683, 595, 565, 517 cm
−1

. 
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III.5.7.1. Scanned copy of HRMS spectra of 2D‒polymeric copper complex 

 

 

Figure III.5. HRMS of 1–(1–(4–chlorophenylthio)propan–2–ylthio)–4–chlorobenzene (L) ligated CuI–

coordination complex 
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III.5.7.2. Scanned copies of 
1
H‒NMR, 

13
C‒NMR spectra of ligand (L), complex; Table 

III.5, Entry 6, 7 and HRMS of entry 6, 7 

 

 

Figure III.6. 
1
H NMR spectra of ligand 1‒(1‒(4‒chlorophenylthio)propan‒2‒ylthio) ‒4‒chlorobenzene 

(L) 
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Figure III.7. 
13

C NMR spectra of  ligand 1‒(1‒(4‒chlorophenylthio)propan‒2‒ylthio) 

‒4‒chlorobenzene (L) 
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Figure III.8.
 1
H NMR spectra of  1–(1–(4–chlorophenylthio)propan–2–ylthio)–4–chlorobenzene (L) 

ligated CuI–coordination complex (1) 
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Figure III.9.
 13

C NMR spectra of  1–(1–(4–chlorophenylthio)propan–2–ylthio)–4–chlorobenzene (L) 

ligated CuI–coordination complex (1) 
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Figure III.10. 
1
H NMR spectra of 4–(1–(3,5–dibromophenyl)–3–phenyl prop–2–ynyl)morpholine 
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Figure III.11. 
13

C NMR spectra of 4–(1–(3,5–dibromophenyl)–3–phenyl prop–2–ynyl)morpholine 
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Figure III.12. HRMS of of 4–(1–(3,5–dibromophenyl)–3–phenyl prop–2–ynyl)morpholine 
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Figure III.13. 
1
H NMR spectra of 4–(3–(4–bromophenyl)–1–(4–methoxyphenyl)prop–2–

ynylmorpholine 
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Figure III.14. 
13

C NMR spectra of 4–(3–(4–bromophenyl)–1–(4–methoxyphenyl)prop–2–

ynylmorpholine 
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Figure III.15. HRMS of 4–(3–(4–bromophenyl)–1–(4–methoxyphenyl)prop–2–ynylmorpholine 

 

III.6. References 

References are given in BIBLIOGRAPHY under Chapter III page no. 136–139. 
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CHAPTER IV 

Stabilized Cu2O nanoparticles on macroporous 

poly‒styrene resins (Cu2O@ARF) as 

heterogeneous catalyst towards click reaction 

for the synthesis of triazoles in aqueous medium 
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IV.1. Introduction  

1,2,3–1H–Triazoles have versatile applications in pharmaceuticals.
1
 It also possess various 

biological properties like anticancer,
2‒4

 anti‒HIV,
5,6

 antibacterial,
7,8 

antiallergic
9
 

antiplasmodial,
10

 antiviral,
11

 anti–inflammatory,
12,13

 anti–Alzheimer,
14 

H1‒antihistamine 

activity
15

 etc. The activities further include fatty acid synthase,
16

 anhydrase and protease 

inhibitors,
17,18

 Vibrio cholera
19 

inhibitors etc. 1,2,3–Triazole moieties are also found in 

herbicide, fungicide,
20

 and in α–GalCer analogue (a potent agonistic antigen of the T cell 

receptors).
21

 2–Phenyl–oxazole–4–carboxamide tethered 1,2,3−triazole molecules show 

activity against several cancer cell lines.
22

 Dithiocarbamate containing 1,2,3–triazole molecules 

possess antitumor activity.
1,23

 It has also industrial applications in various fields like 

agrochemicals, optical brighteners, dyes, photo sensitizers, corrosion inhibitiors
1
 etc. 1,4–

disubstituted–1,2,3–1H–triazole molecules possessing biological activity are depicted in Figure 

IV.1 

S
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Figure IV.1. Biologically active 1,4–disubstituted–1,2,3–1H–triazole molecules 
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IV.2. Background and Objectives  

1,2,3–triazoles was first synthesized by Han Von Pechmann during the synthesis of 

„osotetrazone‟ derivatives of osazoes.
21,24,25

 Another approach for the synthesis of 1,2,3–

triazole was by Rolf Huisgen commonly known as Huisgen [3+2] cycloaddition reaction.
26

  But 

high activation energy and slow reaction rate even at elevated temperatures are two major 

drawback of the process. Also the product possess lack of regioselectivity, both 1,4– as well as 

1,5–disubstituted–1,2,3–triazoles are obtained as a mixture. Then the CuAAC (copper–

catalyzed azide–alkyne cycloaddition) reaction was developed by Sharpless,
27,28  

and 

Meldal,
29,30

 independently which revealed that Cu(I) could assist regiospecific formation of 

1,4–disubstituted–1,2,3–triazole under milder condition (Scheme IV.1) which is widely known 

as „click‟ chemistry. 

+ R2R1 N3

N
N

NR1

R2

N
N

NR1

R2

(1,5-isomer)

Huisgen approach

(1,4-isomer)

Cu (I) catalyst

Sharpless or Meldal

(Alkyl 
azide)

(Mixture of both 1,4- & 
1,5-regioisomers)

(Terminal
alkyne)

N
N

NR1

R2

(1,4-isomer)

(1,4-isomer is formed 
with high regioselectivity)

 

Scheme IV.1. Huisgen and Sharpless or Meldal approach for 1,2,3–1H–triazole formation   

Since organyl azides are less common, toxic and hazardous organic compounds,
31

 the 

three–component approach involving alkyl halide, sodium azide and terminal alkyne 

leading to selective synthesis of 1,4–disubstituted–1,2,3–triazole has been established as 

a robust „click‟ protocol. Synthesis of triazoles both by three–component and two–

component approach have been explored largely since last decade with 

homogeneous,
32,33

 and heterogeneous
34,35 

Cu‒catalysts. However, heterogeneous copper 

catalysts are important now a days because of certain advantages like easy catalyst 

separation, recycling of the catalyst etc. Different heterogeneous nanostructured 

catalysts development is an interesting field of research.
36

 Features like easy availability, 

high catalytic efficiency, high turn-over frequency, well selectivity, good recycling 
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ability without leaching of metal ions etc are important for commercial applications of 

these heterogeneous nanocatalysts. Control of the size, shape, stability of the 

nanocomposite etc. are some important features to acieve these.
37

 On the other hand, for 

designing the nanocatalyst system the type of reaction and the reaction conditions need 

to be considered. Several heterogeneous supported Cu(I) and/or Cu(II) catalyst systems 

have been developed for the synthesis of 1,2,3–triazole.  

Movassagh et al. synthesized polystyrene resin supported Cu(I) 

iodide‒cryptand‒22‒complex (PS‒C22‒CuI) and used this heterogeneous catalyst for 

three‒component click reaction (Scheme IV.2).
38 

 

R1 X + R2 H + NaN3

PS-C22-CuI (0.6 mol%)
N

N
N

R2

R1

56-99%
R1 = C6H5CH2, PhCOCH2, Cy,

        4-Br-C6H4COCH2, n-Oct,

        4-NO2-C6H4COCH2

R2 = Ph, CH2OH, CO2CH3, n-Bu

H2O, RT

15-21 h
O

N

O

OO

N

Cu I

PS

PS-C22-CuI

(1 eqv) (1 eqv) (1.1 eqv)

 

Scheme IV.2. PS‒C22‒CuI‒catalyzed three‒component click reaction 

Lu et al. reported one–pot three–component click reaction of benzyl chloride, non activated 

terminal alkyne and sodium azide by magnetic NiFe2O4 supported glutamate–Cu catalyst at 

room temperature in water (Scheme IV.3).
39

 

Cl
+ R2 H + NaN3

NiFe2O4-glutamate-Cu (1 mol%)

H2O, RT
4-8.5 h

(1 eqv) (1 eqv) (1.1 eqv) 50-92 %

R1 = H, Me, Br R2 = C6H5, 4-Et-C6H4, 3-F-C6H4,

        4-Cl-C6H4, 4-Br-C6H4, n-Pr

        n-C5H11

R1

N

R1

N
N

R2

 

Scheme IV.3. Three–component click reaction catalyzed by NiFe2O4–supported glutamate–Cu  
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In another example three–component click reaction was achieved by water soluble copper 

N‒heterocyclic chloride complex [Cu(NHC)Cl] of vitamin B1 in water at room temperature 

and this work has been reported by Purohit et al. (Scheme IV.4).
40

 

Cl

R1

+ X
R2

+ NaN3

(1 eqv) (1.2 eqv) (1.2 eqv)

Cu(NHC)Cl (0.5 mol%)

H2O, RT

1.5-3 h N
N

N

87-92 %R1 = H, Me, NO2,

         Cl, F

R2 = H, Me

X = CH, N

N

S CuClHO

N

N NH2

Cu(NHC)Cl

R1

X

R2

 

Scheme IV.4. Three–component click reaction catalyzed by NHC‒Cu(I) complex of vitamin B1 

Using ammonium salt tagged SIPr‒Cu(I) complex Wang et al. showed click reaction for the 

synthesis of 1,4‒disubstituted‒1,2,3‒triazole under ambient reaction condition in aqueous 

medium. Water soluble NHC‒Cu(I) catalyst could be reused at least four times with good yield 

of the products (Scheme IV.5).
41
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NN

ClEt3N

NEt3Cl
Cu

Cl

Br
+

R1
R2

H

+ NaN3

(1 eqv) (1.2 eqv) (1.2 eqv)

R1 = H, Br, CN, 

        CMe3

R2 = H, Me, Et, 

        CMe3

(SIPr)CuCl (5 mol%)

Ammonium salt tagged (SIPr)CuCl

H2O, RT
3-8 h

NN

N

R2

R1

82-98 %

SIPr = 1,3-Bis(2,6-diisopropylphenyl)imidazoline-2-ylidine

 

Scheme IV.5. Three‒component azide‒alkyne click reaction catalyzed by NHC‒Cu(I) complex 

Nemati et al. have used magnetic nano bimetallic catalyst Fe3O4@TiO2/Cu2O for three–

component click reaction under refluxing condition of water (Scheme IV.6).
42
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+
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H2O
Reflux

H2O
Reflux

 Scheme IV.6. Three–component click reaction catalyzed by magnetic nano Fe3O4@TiO2/Cu2O 
 

Bhaumik et al. synthesized a new pyridine–imine functionalized mesoporus silica (SBA–15) 

heterogeneous reusable catalyst and found that the catalytic activity of Cu(II) containing 

mesoporous material, Cu@PyIm–SBA–15 was excellent towards the one pot click reaction 

between in situ formed azides from amines and acetylenes to form various 1,4–disubstituted 

1,2,3–triazoles (Scheme IV.7).
43
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Scheme IV.7. Cu@PyIm–SBA–15 catalyzed click reaction  

Pourjavadi et al. prepared heterogeneous Cu–catalyst based on poly (ionic liquid coated) 

magnetic nanoparticles and applied this heterogeneous catalyst for the synthesis of 1,4–

disubstituted–1,2,3–triazole by three–component click reaction among 1 halide, terminal 

acetylene and sodium azide at room temperature in aqueous medium (Scheme IV.8).
44 

R1 X + R2 H NaN3
+

(1 eqv) (1 eqv) (1.2 eqv)

R1 = C6H5, 4-Br-C6H4, 4-Br-C6H4CO, PhCO,         

        CO2Et, CONH2, 1-naphthyl, vinyl, n-Hept

R2 = Ph, n-C5H11,

NN

N

R1

R2

82-99 %

MNP@ImAc/Cu (0.2 mol%)

NaAsc (10 mol%), H2O, RT
1-5 h

X = Cl, Br, OTs

NaAsc = Sodium ascorbate (as reductant)

 

Scheme IV.8. Three–component click reaction by MNP@ImAc/Cu 

D. Chattopadhyay et al. synthesized and characterized a reduced graphene oxide/cuprous oxide 

(RGO/Cu2O) nanocomposite by in situ reduction method using a lactulose solution as reducing 

and stabilizing source. They found the RGO/Cu2O nanocomposite as an excellent reusable 

heterogeneous catalyst for the „click‟ reaction upto six conseceutive cycles (Scheme IV.9).
45 
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R
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RGO/Cu2O(20 mg)

H2O (4ml)

     55oC N N

N

RR = H, NO2, OCH3

 

Scheme IV.9. Three–component click reaction by (RGO/Cu2O) nanocomposite 

Mohammadsaleh et al. prepared a poly vinyl alcohol stabilized Cu2O particles. The PVA–Cu2O 

composite was found to be an effective and recyclable heterogeneous catalyst for AAC reaction 

between terminal alkynes and azides to prepare 1,2,3–triazoles (Scheme IV.10).
46 
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Scheme IV.10. PVA–Cu2O composite catalyzed three–component click reaction 

Polyvinyl poly(1–vinylpyrrolidin–2–one) (PVP), poly(4–vinylpyridine) (PVPy) supported 

Cu2O have been also synthesized and used as catalyst in multicomponent click reaction.
47

 

But most of these heterogeneous catalysts suffer from limitations like lower stability of Cu2O, 

agglomeration of Cu2O NPs, use of precious ligand–based heterogeneous supports, addition of 

extra reducing source with Cu(II) source, requirement of harsh reaction conditions, leaching of 

metal ions, lower recycling efficiency etc.
48

 Very few examples of heterogeneous catalysts that 

work efficiently in water medium for AAC reaction are reported yet.
48

 As a result, preparation 

of simple, stable and efficient catalytic system with stabilized Cu2O NPs having vast 

applicability and reusability is an important field of study. Previously our group has developed 

polymer–supported transition metal (both mono– and bimetallic) catalysts  with poly–styrene 
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resins as suitable support.
49

 In the present work we have prepared a new heterogeneous catalyst 

Cu2O@ARF which does not require such additional reagents either to stabilize Cu(I) oxide or 

to enhance its catalytic activity because here the polymeric resins with counter formate anions 

(HCOO‾) could not only reduce Cu(II) to Cu(I) species but also stabilized the Cu2O NPs. The 

catalyst has been characterized by FT–IR spectroscopy, PXRD, XPS, HRTEM and ICP–AES 

and applied for three–component click reaction for the regioselective synthesis of 1,4–

disubstituted–1,2,3–triazole. Here we have used water medium under ambient condition to 

afford triazole derivatives from alkyl halide, terminal alkyne and sodium azide (Scheme IV.11) 

The composite [Cu2O@ARF] is stable, agglomeration–free and uniformly dispersed and 

exhibits excellent catalytic activity in three component AAC reaction for regioselective 

synthesis of 1,4–disubstituted–1,2,3–triazoles in water at room temperature. The as–synthesised 

catalytic system (Cu2O@ARF) shows high TOF and efficient recyclability in on–water triazole 

synthesis, as compared to the other reported polymer–supported Cu(I) catalytic systems. Our 

work also finds application in the preparation of an antitumor drug molecule in aqueous 

medium which has significant commercial importance.
23 
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N
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1,4-disubstituted-
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R

 

Scheme IV.11. Cu2O@ARF catalyzed three–component on–water click reaction at room temperature 

IV.3. Present Work: Result and Discussion 

IV.3.1. Preparation of Cu2O@ARF 

ARF (Amberlite resin formate) was prepared according to the reported procedure.
50

 At first 

0.25 mmol Cu(OAc)2·H2O (50 mg) in 5 mL dry distilled DMF was taken in a Teflon–capped 

sealed tube and was stirred at room temperature for 30 minutes. When all the Cu(OAc)2·H2O 

was dissolved, 1 g ARF was added to it. It was then heated at 120 
o
C for 1 h with occasional 

gentle shaking. The supernatant liquid became completely colourless by this time and the white 

resin beads of ARF turned light brown. The mixture was then cooled at room temperature and 

the resin beads were filtered off and washed repeatedly with deionised water (4 x 5 mL) and 
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acetone (4 x 5 mL). After washing the resin beads were dried under vacuum before use (Figure 

IV.2). 

       
                      ARF                      ARF+Cu(OAc)2             Reaction-phase                  Cu2O@ARF 

Figure IV.2. Digital images of different steps during preparation of Cu2O@ARF 

IV.3.2. Characterization of Cu2O@ARF 

IV.3.2.1. FT–IR spectroscopy 

The FT–IR spectra of Cu2O@ARF were recorded and compared with the ARF. The peaks at 

about 1348 cm
−1 

(symmetric) and 1596 cm
‒1 

(anti–symmetric) were observed as unchanged in 

both ARF and Cu2O@ARF species. 

2000 1500 1000 500

2

4

6

8

10

12

14

16

18

20

Wavenumber (cm-1)

T
ra

n
s
m

it
ta

n
c
e

 (
%

)

ARF

Cu2O@ARF

1596

1348

1349

1591

 

 
Figure IV.3. FT–IR spectra of ARF and Cu2O@ARF 
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IV.3.2.2. Powder X–ray diffraction (P–XRD) pattern 

The powder XRD patterns of Cu2O@ARF composite (Figure IV.4) show amorphous hump, 

which indicates the presence of ARF. The presence of phase pure cuprous oxide (Cu2O) is 

indicated by the Bragg diffraction patterns. The JCPDS peak positions of the Cu2O@ARF 

composite is in the range of 30° to 80° that are nearly similar to the literature values for 

Cu2O.
51,52

 The distinguishable XRD peaks at (2θ values) 31.63°, 36.51°, 42.42°, 61.44° and 

73.69° belong to (110), (111), (200), (220) and (311) planes of Cu2O respectively (JCPDS card 

no. 01–073–6371, Phase: Cu2O). We did not observe any signals related to Cu2O in its X–ray 

diffraction as the ARF resins are amorphous in nature.
49
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Figure IV.4. P–XRD pattern of Cu2O@ARF 

 

IV.3.2.3. TEM analysis 

The presence of Cu2O NPs embedded on the poly–ionic resin surface is confirmed by the HR–

TEM analysis of the Cu2O@ARF composite (Figure IV.5a). The homogeneous distribution of 

Cu2O Nanoparticles with diameter of approximately ~5–7 nm in the Cu2O@ARF composite is 

shown by high resolution TEM image (Figure IV.5b). The lattice fringes present with d = 0.29 

nm (inset, Figure IV.5b) also confirms the (110) lattice plane of Cu2O.
53
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Figure IV.5 (a) TEM image of the composite material showing the Cu2O nanoparticles embedded in the 

resin. Inset of (a) shows the EDS pattern of the sample. It confirms presence of C, O and Cu from the 

sample; A part of C and Mo are coming from the carbon coated Mo grid used for TEM analysis. (b) 

HR–TEM showing the lattice fringes of Cu2O nanoparticles. Magnified views of (110) lattice plane is 

shown in the inset of (b). 

IV.3.2.4. ICP–AES analysis 

The copper content in resin composite, Cu2O@ARF was determined by ICP–AES (Inductively 

coupled plasma‒atomic emission spectroscopy) experiment. On analysis approximately 10.8 

mg of copper was estimated in per gram of the resin composite (~1.08 wt% Cu). It means that 1 

g resin nanocomposite (Cu2O@ARF) contains 0.1699 mmol of copper metal. 

IV.3.2.5. XPS analysis 

The XPS analysis of the fresh catalyst confirms the presence of Cu2O (Cu
+
) only. The presence 

of two distinct peaks at 932.30 and 952.12 eV without any appearance of satellite peaks is 

observed by the high resolution Cu2p spectrum (Figure IV.6a) and the corresponding binding 

energies are indicating the Cu 2p3/2 and Cu 2p1/2 of Cu
+
, respectively.

54,55
 Also the peak located 

at 529.85 eV in the deconvoluted high resolution O1s spectrum (Figure IV.6b) assures the 

presence of Cu2O state.
55,56

 Moreover the peaks at 531.22 and 532.1 eV correspond (Figure 

IV.6b) to the adsorbed oxygen which is due to the surface OH groups and oxygenated 

functional groups that is HCOO

 ions present in resin system.

55,56 
Thus the XPS study fully 

appreciates the XRD patterns, that Cu2O particles are in situ formed by the reduction of the 

soaked Cu
2+

 (Cu acetate) inside the ARF at 120 ºC. 
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Figure IV.6. XPS spectra of the fresh catalyst Cu2O@ARF. (a) high resolution Cu2p spectrum showing 

two distinct peaks for Cu
+
 and (b) deconvoluted high resolution O1s spectrum consistent with the 

presence of Cu2O chemical state 
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IV.3.3. Catalytic activity of Cu2O@ARF nanocomposite in three–component click 

reaction 

The three–component click reaction was optimized by using phenyl acetylene, benzyl bromide 

and sodium azide as the model reaction. At first the reaction was carried out in water at 60 
o
C 

in the presence of 50 mg of catalyst (Cu2O@ARF). The isolated yield of the desired triazole 

was 75% (Table IV.1, entry 1). Then we tried the same reaction in a solvent system 

water:acetonitrile (v/v 1:1), assuming the poor solubility of reactant in water. The yield was 

95% (entry 2). To overcome the solubility problem we tried a phase transfer agent, sodium 

dodecylsulfate (SDS) (entry 3). Now we tried the reaction with less quantity of the catalyst (25 

mg) which afforded the triazole in same yield (entry 4). Further decrease in the catalyst amount 

(15 mg) resulted in lower yield (81%, entry 5). When the reaction was performed for 1 h 

keeping other aspects unchanged (25 mg of catalyst and temperature 60 
o
C), the yield of 

triazole obtained was 94% (entry 6). When the reaction temperature was kept at 40 
o
C, an 

excellent yield (92%, entry 7) was obtained within 1 h. Moreover the catalytic system was 

found highly efficient in carrying out the reaction even at room temperature to afford 92% 

product yield within 1 h (entry 8). The reaction furnished the product in only 18% yield in 

absence of catalyst indicates the prominent role of the heterogeneous catalyst Cu2O@ARF 

(entry 9). 

Table IV.1. Optimization of the reaction conditions for the synthesis of triazole
a
 

H +

Br

+ NaN3

Cu2O@ARF

Temp, solvent, additive

NN

N
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Entry Solvent Amount 

of SDS 

(mol%) 

Temp 

(
o
C) 

Time (h) Catalyst 

(mg) 

Yield 

(%)
a
 

1 Water Nil 60 2 50 75 

2 Water :CH3CN 

(1:1) 

Nil 60 2 50 95 

3 Water 10 60 2 50 95 

4
 

Water 10 60 2 25 95 

5 Water 10 60 2 15 81 

6 Water 10 60 1 25 94 

7 Water 10 40 1 25 92 

8 Water 10 RT 1 25 92 

9
b
 Water 10 RT 10 Nil 18 

a
Triazole obtained after purification by column chromatography. 

b
Reaction performed without any 

catalyst Cu2O@ARF. 

Due to high catalytic activity of the Cu2O@ARF nanocomposite in three–component AAC 

reaction which leads to the 1,4–disubstituted triazoles selectively in aqueous medium, the 

optimized conditions (as in Table IV.1, entry 8) was extended to a series of terminal alkynes 

and alkyl halides. The products are presented in Table IV.2. Aromatic alkynes with benzyl 

bromide and sodium azide produced the corresponding triazole derivatives in good to excellent 

yields (1a–1c and 1e–1o). The reactivity of the aliphatic alkyne was found to be somewhat 

lower than the aromatic alkynes (1d). The variation of the alkyl halide such as allyl bromide 

and cinnamyl bromide successfully produced corresponding triazole derivatives (product 1e to 

1i). Using 2−bromo–1–(4–chlorophenyl)ethanone produced triazole derivative (1j) in 82% 

yield. In the case of 1–chloromethyl naphthalene the reaction required heating at 40 
o
C for 3 h 

(1k), as the reaction did not proceed at room temperature. Other substituted benzyl bromide 

bearing halides (bromo, iodo) in the benzene ring also produced the corresponding triazole 

derivatives in good yield (1l–1o). All triazole derivatives (1a–1o) were characterized by FT–IR, 

1
H–NMR, 

13
C–NMR spectra and also by checking melting points for solid compounds. 
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Table IV.2. Cu2O@ARF catalyzed three–component click reaction in aqueous and 

aerobic conditions at room temperature
a
 

R X + R' H NaN3+
Cu2O@ARF (25 mg)

SDS (0.1 mmol)
Water, RT

NN

N

R

R'

R = aryl, styrenyl, vinyl
X = Cl, Br, I

R' = aryl, alkyl

(1 mmol) (1.2  mmol) (1.5 mmol)
(1)

 

Entry Alkyl Halide Alkyne Time 

(h) 

Product Yield
a
 (%) 

 

1 

 

Br

 

 

 

 

1 NN

N

(1a)  

 

92 

 

2 

 

Cl

 

 

 

 

1.5 NN

N

 

 

87 

 

3 

 

Br

 

 

H3C

 

 

1 NN

N

Me(1b)  

 

87 

 

4 

 

Br

 

 

Br  

 

1.5 NN

N

Br

(1c)  

 

88 

 

5 

 

Br

 

 

O

O

 

 

8 NN

N O Me

O
(1d)  

 

68 

 

6 

 

Br  

 

 

 

1 

NN

N

(1e)  

 

83 
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7 

 

Cl  

 

 
 

 

1.5 

NN

N

 

 

82 

 

8 

 

I  

 

 

 

1 

NN

N

 

 

85 

 

9 

 

Br  

 

H3C

 

 

1 

NN

N

Me(1f)  

 

82 

 

10 

 

Br  

 

Br  

 

1.5 

NN

N

Br

(1g)  

 

86 

 

11 

 

Br

 

 

 

 

1 
NN

N

(1h)  

 

84 

 

12 

 

Br

 

 

H3C

 

 

1 
NN

N

Me
(1i)

 

 

82 

 

13 

O

Br

Cl

 

 

 

 

1 
NN

N

O

Cl

(1j)

 

 

82 

 

14
b
 

Br

 

 

 

 

3 NN

N

(1k)  

 

79 
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15 

Br

Br  

 

 

 

3 NN

N

(1l)

Br

 

 

78 

 

16 

Br

Br  

 

H3C

 

 

3 NN

N

Me(1m)

Br

 

 

76 

 

17 

Br

I  

 

 

3 NN

N

(1n)

I

 

 

76 

 

18 

Br

I  

 

H3C

 

 

 

3 NN

N

Me

I

(1o)  

 

74 

(a) Isolated yield of the product after purification through column chromatography. (b) Initially alkyl 

chloride and sodium azide were stirred at 40 
o
C for 1 h and then alkyne was added and continued the 

reaction at room temperature for 2 h. [Entries 1a, 1b, 1c, 1d, 1e, 1f, 1h, 1i was synthesized by the 

presenting author and the rest of the entries were performed by the co–author S. Ghosh. The present 

author also extended the reaction scope towards the synthesis of bio–active triazole moiety (2).] 

IV.3.4. Reusability and stability of Cu2O@ARF.  

We performed recycling experiments in the model click reaction of benzyl bromide, phenyl 

acetylene and sodium azide to check the reusability of the heterogeneous catalyst Cu2O@ARF. 

To meet the purpose the reaction was carried out under the optimized reaction conditions i.e. 

Table IV.1, entry 8. The catalyst beads was filtered off, washed with water (4 x 5 mL) and 

acetone (3 x 5 mL) and dried under vacuum after completion of the reaction. Then the catalyst 

was reused for the second run. Figure IV.7 shows no significant drop in the yield of the product 

upto four consecutive runs. The copper content in Cu2O@ARF before and after the recycle runs 

was measured by the ICP−AES analyses. Which shows the copper content in Cu2O@ARF (25 
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mg) was 0.0042 mmol before the reaction, while that was found after the 1st and 3rd run 

0.0039 and 0.0037 mmol respectively. Thus no significant leaching of copper has occurred 

from the polymeric resin surface during the reaction which supports its heterogeneous catalytic 

activity towards the reaction. 

Table IV.3. Cu–content of fresh Cu2O@ARF (25 mg) or recovered after 1
st
 and 3

rd
 run 

found by ICP−AES analyses  

Sl No Time (h) Cu–content (mmol) 

1st Run 1 0.0042 

2nd Run 1 0.0039 

3rd Run 1 – 

4th Run 1 0.0037 

 

 

Figure IV.7. Recyclability of the heterogeneous catalyst Cu2O@ARF 

 

We performed mid–way filtration tests taking the reactants benzyl bromide, phenyl acetylene 

and sodium azide to establish about leaching of metallic species during the catalysis process, as 

done in case of various heterogeneous catalysis.
57 

Here we at first carried out the reaction 

taking three sets of experiments with the catalyst for 10, 20 and 40 min. Then we filtered off 

the catalyst in each case and continued the reaction sets without the catalyst for 50, 40 and 20 

min respectively. In each experiment, aliquots were taken at different times before and after 

filtering the catalyst. These were analyzed by HPLC to find the yield of triazole in each case. It 
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was found that while there was increasing conversion of triazole 34.63% (after 10 min), 

53.80% (after 20 min) and 77.00% (after 40 min) in the presence of catalyst, whereas after 

removing the catalyst and carrying out the reaction for rest of 1h in all the three sets showed no 

appreciable changes in triazole conversion (Figure IV.8). 

 

 
 

Figure IV.8. Three sets of mid–way filtration test at different time intervals showing conversion of 

triazole with or without the catalyst 

 

The XRD pattern of the recovered catalysts after 1st and 4th run were found almost similar as 

observed in the fresh catalyst before the reaction which indicates no change in the nature of the 

composite during catalytic process (Figure IV.9). The peak positions with relative intensities of 

the recovered catalysts after 1st and 4th run are shown in blue and red lines, respectively. 

 

 

 

Figure IV.9. Comparison of Powder XRD of Cu2O@ARF before and after the reaction. 
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IV.3.5. Plausible mechanism 

The proposed mechanism of the click reaction is believed to be similar as illustrated for other 

Cu(I) catalysts.
58

 The formation of alkynyl copper intermediate from alkyne in the presence of 

Cu(I) species of Cu2O@ARF occurs which subsequently undergoes cycloaddition with the in 

situ formed alkyl azide from alkyl halide and sodium azide to form the intermediate (A) (Figure 

IV.10). Finally, the desired triazole product is formed by the protonation of C─Cu bond.
59

 

N(CH3)3
n

O

O

H

m

R' H

R' Cu

RCH2N3

RCH2X 
+ 

NaN3

NN

N R'

RNN

N R'

R

R' H

Cu2O@ARF
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H2O
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C
u
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C
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O
@
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F
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Schematic representation of resin

formate anion and Cu2O NPs

CuH

 

Figure IV.10. Proposed mechanism of the three–component click reaction using Cu2O@ARF. 

IV.3.6. Comparison of catalytic activity 

Comparison of catalytic activity in terms of turn over frequency (TOF) was done. Other 

heterogeneous catalysts that are reported, performed three‒component AAC reaction under 

same conditions (i.e, water as solvent system and room temperature). Our catalyst exhibits 

nearly double TOF (219 h
‒1

) value as compared to existing systems (maximum 120 h
‒1

) which 

is shown in Table IV.4. This is due to the availability of more active Cu2O NPs available on the 

surface of amberlite resins which is stabilized by the formate ions. 

Table IV.4. Comparison of on–water triazole synthesis using some Cu(I) catalytic systems 

and our catalyst at room temperature (without reducing source). 
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Entry Catalyst Mol% (Cu) TOF (h⁻1
) Reference 

1 PS–C22–CuI 0.6 11 38 

2 Cu(NHC)Cl 0.5 120 40 

3 H4N
+
–tagged SIPr–Cu(I) 5.0 6.53 41 

4 Cu2O@ARF 0.42 219 Present work 

 

IV.3.7. Application towards the synthesis of bio‒active 1,2,3‒triazole 

We further extended the scope of the catalyst to synthesize molecule possessing biological 

activity. Cu2O@ARF was employed in a reaction to synthesize a triazole–based 

dithiocarbamate (2) moiety, which possess antitumor activity.
23

 The reaction was conducted 

using a combination of benzyl bromide, pyrolidine‒1‒carbodithioate and sodium azide and 

Cu2O@ARF as catalyst in aqueous medium at 35 
o
C, which formed compound (2) in 82% yield 

(Scheme IV.12). Thus our catalytic system Cu2O@ARF can be also useful in the synthesis of 

triazole‒based drug molecules. 

N

S

S

+
Br

NaN3
+

Cu2O@ARF (25 mg), 
SDS (0.1 mmol)

Water, 35 oC

NN

N S N

S(1 mmol) (1 mmol) (1.5 mmol)

(Antitumor activity)

5 h

Yield: 82 %

(2)

 
Scheme IV.12.  Synthesis of pharmaceutically active triazole compound (2) catalyzed by Cu2O@ARF. 

IV.4. CONCLUSIONS 

In conclusion we have demonstrated Cu2O@ARF as an efficient heterogeneous catalyst for the 

one–pot synthesis of a wide variety of 1,4–disubstituted–1,2,3–triazole via three–component 

click reaction of alkyl halide, terminal alkyne and sodium azide in water at room temperature. 

Moreover, TOF value has been found to be significantly high for Cu2O@ARF as compared to 

other Cu(I)–based catalytic systems that worked under identical conditions to synthesize 

triazole. The enhanced catalytic performance of our catalytic system is due to the high surface 

area of Cu2O NPs of average size ~5–7 nm. Also  the counter formate anion stabilizes the 

distributions of Cu2O NPs on the macroporous resin matrices. Aqueous reaction media, 
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ambient reaction conditions, high yields, wide substrate scope, application in the  synthesis of 

dithiocarbamate based bio–active triazole compound possessing antitumor activity, easy 

recovery and recyclability of the catalyst are some notable features of the work.  

 

IV.5. EXPERIMENTAL SECTION 

IV.5.1. General information 

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

purification. The solvents were purchased from commercial suppliers and used after 

distillation. All the products were purified by column chromatography on 60–120 mesh silica 

gels (SRL, India). For tlc, Merck plates coated with silica gel 60, F254 were used. The 
1
H & 

13
C 

NMR spectra were recorded at 300 MHz and 75 MHz respectively on Bruker AV 300 

spectrometer in CDCl3. Splitting patterns of protons were described as s (singlet), d (doublet), t 

(triplet), dd (doublet of doublet) and m (multiplet). Chemical shifts were reported in parts per 

million (δ) relative to TMS as internal standard. J values (coupling constant) were reported in 

Hz (Hertz). 
13

C NMR spectra were recorded with complete proton decoupling (CDCl3: δ 77.0 

ppm). The powder X–ray diffraction (PXRD) patterns were recorded using the Rigaku Smart 

Lab (9 kW) diffractometer using CuKα radiation. ICP–AES was measured in inductively 

coupled plasma atomic emission spectrometry of Spectro Ciros Vision, Germany. X‒ray 

photoelectron spectroscopy (XPS) analysis was done with a PHI 5000 Versa probe II XPS 

system having a source of Al Kα and charge neutralizer at room temperature with a base 

pressure at 6 x 10
−10 

mbar. Transmission electron microscopy (TEM) of the samples was 

carried out with a Tecnai G2 30ST (FEI Company) operating at 300 kV and a JEOL JEM–

2100F (FEG) operating at 200 kV. To prepare the TEM sample, a small amount of grinded 

sample was first dispersed in acetone. Then one small drop of this dispersion was applied to a 

carbon–coated molybdenum grid. HPLC analyses were carried out using HPLC of Agilent 

Technologies, 1260 Infinity series.  Column: ZORBAX RX–SIL (5 m, 4.6 x 150 mm). 

Eluent: 10% ethyl acetate in n–hexane (flow rate: 2 mL/minute). 

IV.5.2. General procedure (GP1) for the synthesis of 1,2,3–triazole derivatives (1a–1o) 

In a 25 mL round bottom flask, a mixture of alkyl halide (1 mmol), terminal alkyne (1.2 mmol), 

sodium azide (1.5 mmol), SDS (0.1 mmol), Cu2O@ARF (25 mg) was taken and then 2 mL of 

water was added to it. The whole mixture was stirred at room temperature with a small 
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magnetic bar under open air. The reaction was monitored by tlc and after satisfactory 

conversion, the catalyst was filtered off, washed with ethyl acetate (3 x 5 mL). The organic part 

was separated out from the aqueous part and then collected by passing over anhydrous Na2SO4. 

Evaporation of the solvent afforded the crude product, which was purified by column 

chromatography over silica gel. 

IV.5.3. Procedure for recovery and reusability of the catalyst [Cu2O@ARF] 

After completion of the reaction the reaction mixture was filtered off to separate the resin 

catalyst. Then ethyl acetate (3 x 5 mL) was passed through the filter paper and collected in the 

filtrate. The filtrate part was taken out and kept for product isolation. The partially washed resin 

beads in the filter paper were again subjected for washing with water (4 x 5 mL) and acetone (3 

x 5 mL). The semidried resin beads were then completely dried under vacuum before applying 

in the next run. 

IV.5.4. Procedure for the synthesis (GP2) of dithiocarbamate based triazole compound 2 

In a 25 mL round bottom flask, a mixture of S‒propargyl pyrrolidine‒1‒carbodithioate (1 

mmol), benzyl bromide (1 mmol), sodium azide (1.5 mmol), SDS (0.1 mmol), Cu2O@ARF (25 

mg) was taken in water (2 mL) and stirred with bar  magnet at 35 
o
C for 5 h under open air. At 

this tlc showed disappearance of starting material and therefore the reaction was stopped and 

the catalyst was filtered off as above. The resin beads were washed with ethyl acetate (3 x 5 

mL) and combined organic layer, as above was separated out from water, dried over anhydrous 

Na2SO4. Evaporating the organic solvent afforded an oily residue which was purified by 

column chromatography over silica gel and eluting with light petroleum:ethyl acetate (4:1) 

afforded the desire triazole derivative (2) as a dark yellow solid, yield 82%, mp: 70–72 
o
C (lit.

23
 

73–74 
o
C). 
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IV.5.5. Physical properties and spectroscopic data of triazole compounds 

1‒Benzyl‒4‒phenyl‒1H‒1,2,3‒triazole (Table IV.2, entry 1a)
 60

 

NN

N

 

This compound was obtained by following the general procedure GP1 in 92% yield as a white 

crystalline product having melting point 128−130 
o
C (lit.

60 
128−129 

o
C). The NMR data 

obtained are in quite agreement with that reported in the literature previously.
60

 
1
H NMR 

(CDCl3, 300 MHz)  5.48 (s, 2H), 7.20‒7.33 (m, 8H), 7.58 (s, 1H), 7.70‒7.72 (m, 2H); 
13

C 

NMR (CDCl3, 75 MHz)  54.1, 119.5, 125.6, 128.0, 128.1, 128.70, 128.73, 129.1, 130.5, 

134.6, 148.1; FT−IR (KBr) νmax 3127, 3029, 2925, 1638, 1465, 1358, 1226, 1074, 766, 729, 

692 cm
−1

.  

 

1‒Benzyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (Table IV.2, entry 1b)
61

 

NN

N

Me
 

It was synthesized by following the general procedure GP1 as a white crystalline solid having 

melting point 152‒154 
o
C (lit.

61 
154‒155 

o
C) and the yield obtained was 87%. The NMR data 

also corroborates that found in the literature.
61

 
1
H NMR (CDCl3, 300 MHz)  2.26 (s, 3H), 

5.44 (s, 2H), 7.10 (d, J = 7.8 Hz, 2H), 7.19‒7.28 (m, 5H), 7.53 (s, 1H), 7.60 (d, J = 8.1 Hz, 2H); 

13
C NMR (CDCl3, 75 MHz)  21.2, 54.1, 119.1, 125.5, 127.7, 128.0, 128.6, 129.0, 129.4, 

134.7, 137.9, 148.2; FT−IR (KBr) νmax 3143, 2921, 1631, 1496, 1431, 1224, 1047, 825, 794, 

721, 510 cm
−1

. 

1‒Benzyl‒4‒(2‒bromophenyl)‒1H‒1,2,3‒triazole (Table IV.2, entry 1c)
 62
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NN

N

Br

 

This compound was obtained by following the general procedure GP1 in 88% yield as a pale 

yellow crystal having melting point 80‒82 
o
C. The NMR data obtained are in quite agreement 

with that reported in the literature previously.
62

 
1
H NMR (CDCl3, 300 MHz)  5.58 (s, 2H), 

7.12‒7.18 (m, 1H), 7.25‒7.39 (m, 6H), 7.60 (d, J = 7.8, 1H), 8.08‒8.15 (m, 2H); 
13

C NMR 

(CDCl3, 75 MHz)  54.2, 121.2, 123.1, 127.7, 127.9, 128.7, 129.1, 129.4, 130.6, 131.3, 133.5, 

134.7, 145.7; FT−IR (KBr) νmax 3119, 3083, 2950, 1632, 1496, 1460, 1418, 1227, 1026, 831, 

756, 730, 700 cm
−1

. 

(1‒Benzyl‒1H‒1,2,3‒triazol‒4‒yl) methyl acetate (Table IV.2, entry 1d)
 63

 

NN

N O Me

O
 

This compound was obtained by following the general procedure GP1 in 68% yield as a light 

yellow viscous oil. The spectral data obtained are also in agreement with the literature.
63

 
1
H 

NMR (CDCl3, 300 MHz)  2.20 (s, 3H), 5.16 (s, 2H), 5.51 (s, 2H), 7.26‒7.36 (m, 5H), 7.72 (s, 

1H); 
13

C NMR (CDCl3, 75 MHz)  20.8, 54.1, 57.6, 123.7, 128.1, 128.7, 129.1, 134.5, 143.1, 

170.7; FT−IR (Neat) νmax 3143, 2960, 1740, 1643, 1455, 1367, 1230, 1035, 722 cm
−1

.  

1‒Allyl‒4‒phenyl‒1H‒1,2,3‒triazole (Table IV.2, entry 1e)
 60

 

NN

N

 

This compound was obtained by following the general procedure GP1 in 83% yield as a white 

crystalline solid having melting point 62‒64 
o
C (lit.

60
 57‒58

 o
C). The NMR data obtained are in 
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quite agreement with that reported in the literature previously.
60

 
1
H NMR (CDCl3, 300 MHz)  

4.96 (d, J = 5.7 Hz, 2H), 5.26‒5.34 (m, 2H), 5.95‒6.08 (m, 1H), 7.28‒7.42 (m, 3H), 7.76‒7.83 

(m, 3H); 
13

C NMR (CDCl3, 75 MHz)  52.7, 119.7, 120.1, 125.7, 128.1, 128.8, 130.6, 131.3, 

147.9; FT−IR (KBr) νmax 3122, 3093, 2945, 1640, 1420, 1224, 1077, 991, 943, 763, 691 cm
−1

. 

1‒Allyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (Table IV.2, entry 1f)
 64

 

NN

N

Me
 

Obtained by following the general procedure GP1 in 82% yield as a pale yellow solid having 

melting point 88‒90
 o

C. The NMR data obtained are in quite agreement with that reported in 

the literature previously.
64

 
1
H NMR (CDCl3, 300 MHz)  2.37 (s, 3H), 4.98‒5.00 (m, 2H), 

5.29‒5.38 (m, 2H), 5.98‒6.12 (m, 1H), 7.21‒7.27 (m, 2H), 7.69‒7.72 (m, 3H); 
13

C NMR 

(CDCl3, 75 MHz)  21.3, 52.7, 119.1, 120.1, 125.6, 127.8, 129.5, 131.4, 138.0, 148.1; FT−IR 

(KBr) νmax 3102, 3043, 2946, 1643, 1632, 1456, 1432, 1225, 1050, 947, 816, 776, 521 cm
−1

. 

1‒Allyl‒4‒(2‒bromophenyl)‒1H‒1,2,3‒triazole (Table IV.2, entry 1g) 

NN

N

Br

 

This compound was obtained by following the general procedure GP1 as a viscous oil and the 

yield was 86%. 
1
H NMR (CDCl3, 300 MHz)  5.04 (d, J = 6 Hz), 5.29‒5.38 (m, 2H), 6.0‒6.13 

(m, 1H), 7.15‒7.20 (m, 1H), 7.36‒7.40 (m, 1H), 7.61‒7.64 (m, 1H), 8.08‒8.12 (m, 1H), 8.21 (s, 

1H); 
13

C NMR (CDCl3, 75 MHz)  52.7, 120.1, 121.2, 123.0, 127.7, 129.4, 130.6, 131.2, 

131.3, 133.5, 145.5; FT‒IR (Neat) νmax 3154, 2930, 1646, 1466, 1420, 1225, 1050, 760 cm
−1

. 

1‒(E)‒Cinnamyl‒4‒phenyl‒1H‒1,2,3‒triazole (Table IV.2, entry 1h)
 65
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NN

N

 

This compound was obtained by following the general procedure GP1 in 84% yield as a white 

solid having melting point 136‒138
 o

C (lit.
65

 132‒134
 o

C). The NMR data obtained are in quite 

agreement with that reported in the literature previously.
65

 
1
H NMR (CDCl3, 300 MHz)  5.12 

(dd, J = 0.9 & 6.3 Hz, 2H), 6.29‒6.41 (m, 1H), 6.66 (d, J = 15.9 Hz, 1H), 7.24‒7.47 (m, 8H), 

7.79‒7.83 (m, 3H); 
13

C NMR (CDCl3, 75 MHz)  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; FT‒IR (KBr) νmax 3132, 3022, 2951, 1608, 

1464, 1449, 1220, 1075, 975, 760, 695 cm
−1

.  

1‒(E)‒Cinnamyl‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (Table IV.2, entry 1i) 

NN

N

Me
 

This compound was synthesized by following the general procedure GP1 in 82% yield as a 

white solid having melting point 145‒147 
o
C. 

1
H NMR (CDCl3, 300 MHz)  2.35 (s, 3H), 5.12 

(dd, J = 0.9 & 6.3 Hz, 2H), 6.30‒6.39 (m, 1H), 6.67 (d, J = 15.6 Hz, 1H), 7.19‒7.36 (m, 7H), 

7.37‒7.75 (m, 3H); 
13

C NMR (CDCl3, 75 MHz)  21.3, 52.4, 119.1, 122, 125.6, 126.7, 127.8, 

128.5, 128.7, 129.5, 135.3, 135.5, 138, 148.1; FT‒IR (KBr) νmax 3131, 2977, 1656, 1469, 

1431, 1229, 1050, 823, 697 cm
−1

. 

1‒(4‒Chlorophenacyl)‒4‒phenyl‒1H‒1,2,3‒triazole (Table IV.2, entry 1j)
 66

 



124 
 

NN

N

O

Cl

 

This compound was obtained by following the general procedure GP1 in 82% yield as a white 

solid having melting point 104‒106 
o
C (lit.

67
 106‒109 

o
C). The NMR data obtained are in quite 

agreement with that reported in the literature previously.
66

 
1
H NMR (d

6
‒DMSO, 300 MHz)  

6.24 (s, 2H), 7.35‒7.37 (m, 1H), 7.44‒7.49 (m, 2H), 7.67‒7.69 (m, 2H), 7.86‒7.89 (m, 2H), 

8.10‒8.12 (m, 2H); 
13

C NMR (d
6
‒DMSO, 75 MHz)  56.4, 123.5, 125.6, 128.4, 129.5, 129.6, 

130.6, 131.1, 133.2, 139.7, 146.8, 191.8; FT‒IR (KBr) νmax 3147, 2953, 1710, 1587, 1400, 

1230, 1090, 818, 763, 562 cm
−1

. 

 

1‒(Naphthalen‒1‒ylmethyl)‒4‒phenyl‒1H‒1,2,3‒triazole (Table IV.2, entry 1k)
 44

 

NN

N

 

This compound was obtained by following the general procedure GP1 as a white solid having 

melting point 135 
o
C and the yield was 79%. The NMR data obtained are in quite agreement 

with the literature.
44

 
1
H NMR (CDCl3, 300 MHz)  5.96 (s, 2H), 7.22‒7.35 (m, 3H), 7.38‒7.51 

(m, 5H), 7.70‒7.72 (m, 2H), 7.87‒7.89 (m, 2H), 7.97‒7.99 (m 1H); 
13

C NMR (CDCl3, 75 

MHz)  54.4, 119.6, 123.9, 125.4, 125.7, 126.5, 127.4, 127.8, 128.1, 128.8, 129.0, 129.9, 

130.1, 130.5, 131.2, 134.0, 148.0; FT‒IR (KBr) νmax 3118, 3088, 1632, 1511, 1400, 1214, 

1083, 778, 693, 537 cm
−1

. 

 

1‒(3‒Bromobenzyl)‒4‒phenyl‒1H‒1,2,3‒triazole (Table IV.2, entry 1l)
 68

 



125 
 

NN

N

Br

 

This compound was obtained by following the general procedure GP1 in 78% yield as a light 

yellow solid having melting point 92‒94 
o
C (lit.

68
 91‒93

 o
C). The NMR data obtained are in 

quite agreement with that reported in the literature previously.
68

 
1
H NMR (CDCl3, 300 MHz)  

5.54 (s, 2H), 7.23‒7.50 (m, 7H), 7.70‒7.88 (m, 3H); 
13

C NMR (CDCl3, 75 MHz)  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; FT‒IR 

(KBr) νmax 3079, 1656, 1632, 1572, 1417, 834, 751, 693 cm
−1

. 

1‒(3‒Bromobenzyl)‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (Table IV.2, entry 1m) 

NN

N

Br

Me
 

This compound was obtained by following the general procedure GP1 in 76% yield as a light 

yellow solid having melting point 132‒134 
o
C. 

1
H NMR (CDCl3, 300 MHz)  2.37 (s, 3H), 

5.53 (s, 2H), 7.20‒7.28 (m, 4H), 7.46‒7.51 (m, 2H), 7.65‒7.71 (m, 3H); 
13

C NMR (CDCl3, 75 

MHz)  21.3, 53.4, 119.1, 123.1, 125.7, 126.5, 127.6, 129.5, 130.7, 131.0, 131.9, 137.0, 138.1, 

148.6; FT‒IR (KBr) νmax 3041, 2951, 1656, 1650, 1628, 1422, 815, 761 cm
−1

.  

1‒(3‒Iodobenzyl)‒4‒phenyl‒1H‒1,2,3‒triazole (Table IV.2, entry 1n)
 67

 

NN

N

I

 



126 
 

This compound was obtained by following the general procedure GP1 in 76% yield as a white 

solid having melting point 120‒122 
o
C (lit.

67
 122‒124 

o
C). The NMR data obtained are in quite 

agreement with that reported in the literature previously.
67

 
1
H NMR (CDCl3, 300 MHz)  5.50 

(s, 2H), 7.08‒7.13 (m, 1H), 7.24‒7.35 (m, 2H), 7.38‒7.43 (m, 2H), 7.67‒7.70 (m, 3H), 

7.79‒7.82 (m, 2H); 
13

C NMR (CDCl3, 75 MHz)  53.3, 94.8, 119.5, 125.8, 127.2, 128.3, 

128.9, 130.4, 130.8, 136.8, 136.9, 137.9, 148.4; FT‒IR (KBr) νmax 3107, 2970, 2949, 1581, 

1423, 1352, 1220, 1004, 786, 684 cm
−1

. 

1‒(3‒Iodobenzyl)‒4‒(p‒tolyl)‒1H‒1,2,3‒triazole (Table IV.2, entry 1o) 

NN

N

I

Me
 

It was synthesized by following the general procedure GP1 in 76% yield as a white solid 

having melting point 130 
o
C. 

1
H NMR (CDCl3, 300 MHz)  2.37 (s, 3H), 5.50 (s, 2H), 

7.08‒7.13 (m, 1H), 7.20‒7.26 (m, 3H), 7.65‒7.71 (m, 5H); 
13

C NMR (CDCl3, 75 MHz)  

21.2, 53.3, 94.7, 119.1, 125.7, 127.2, 127.6, 129.5, 130.8, 136.9, 137, 137. 9, 138.1, 148.5; 

FT‒IR (KBr) νmax 3132, 2975, 2940, 1570, 1421, 1344, 1225, 1081, 820, 763 cm
−1

.   

(1‒Benzyl‒1H‒1,2,3‒triazol‒4‒yl)methyl pyrrolidine‒1‒carbodithioate (Scheme IV.12, 

Triazole compound 2)
 23

 

NN

N S N

S
 

This compound was obtained by following the general procedure GP2 in 74% yield as a dark 

yellow solid having melting point 70‒72 
o
C (lit.

23
 73‒74

 o
C). The NMR data obtained are in 

quite agreement with that reported in the literature previously.
23

 
1
H NMR (CDCl3, 300 MHz)  

1.98‒2.08 (m, 4H), 3.62 (t, J = 6.6 Hz, 2H), 3.91 (t, J = 6.9 Hz, 2H), 4.67 (s, 2H), 5.48 (s, 2H), 
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7.25‒7.27 (m, 2H), 7.34‒7.37 (m, 3H), 7.63 (s, 1H); 
13

C NMR (CDCl3, 75 MHz)  24.3, 26.1, 

31.1, 50.6, 54.1, 55.2, 122.8, 128.0, 128.7, 129.1, 134.7, 144.8, 191.7; FT‒IR (KBr) νmax 3142, 

2949, 1466, 1438, 1335, 1214, 1156, 1003, 955, 712 cm
−1

.  
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IV.5.6. Scanned copies of 
1
H NMR, 

13
C NMR of Table IV.5, Entry 1d and triazole 

compound 2 

 

 
Figure IV.11. 

1
H NMR spectra of (1‒Benzyl‒1H‒1,2,3‒triazol‒4‒yl) methyl acetate 
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Figure IV.12. 
13

C NMR spectra of (1‒Benzyl‒1H‒1,2,3‒triazol‒4‒yl) methyl acetate 
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Figure IV.13. 

1
H NMR spectra of (1‒Benzyl‒1H‒1,2,3‒triazol‒4‒yl)methyl 

pyrrolidine‒1‒carbodithioate 
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Figure IV.14. 

13
C NMR spectra of (1‒Benzyl‒1H‒1,2,3‒triazol‒4‒yl)methyl 

pyrrolidine‒1‒carbodithioate 
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a b s t r a c t

A novel 1,3-bis(4-fluorophenylthio)-propane ligand based CuI 1-D polymeric coordination complex hav-
ing formula ([(CuI)2{ArS(CH2)3SAr}2]n, Ar = 4-F-C6H4) has been synthesized and characterized by 1H NMR,
13C NMR and single crystal XRD techniques. This complex has been employed for the first time as suitable
catalyst for base-free one-pot three-component regioselective azide-alkyne cycloaddition (AAC) reaction.
A novel 1,2,3-triazole compound with sulfur functionalized pendant arms has also been prepared using
our catalytic system in a multicomponent manner via one-pot two-step reaction.

� 2018 Elsevier Ltd. All rights reserved.

Introduction

The 1,2,3-triazoles are known to be an important heterocyclic
scaffolds from biological and pharmaceutical viewpoints; such as
anti-allergic,1 anti-bacterial,2 and anti-HIV activity,3 and selective
b3-adrenergic receptor agonism.4 The atom-efficient 1,3-dipolar
Huisgen cycloaddition reaction between alkynes and organyl
azides (commonly known as AAC) is one of the most straightfor-
ward methods for the synthesis of 1,2,3-triazoles.5 While AAC reac-
tion gives a mixture of 1,4- and 1,5-disubstituted 1,2,3-triazoles,
the use of Cu(I) catalysts under mild conditions selectively forms
the 1,4-disubstituted 1,2,3-triazoles in excellent yields and this is
commonly known as ’click reaction’. The simplest example of Cu
(I) catalyzed click triazole synthesis was effectively achieved by
excess of CuSO4 and sodium ascorbate, where sodium ascorbate
reduces the Cu(II) to Cu(I) and inhibits the aerobic oxidation of
Cu(II) species.6 For well-defined Cu(I) catalytic systems, various
ligands like PPh3, NHC, S- and N-based molecules have been used
so far, though P-based ligands afford unwanted Staudinger reac-
tion.6–9 The coordination chemistry of sulfur ligands has been stud-
ied extensively and their copper complexes are attractive due to
the reducing power of sulfur group as well as prevent further oxi-
dation of Cu(I) to Cu(II) in the absence of any base.10 This promoted
the synthesis and application of Copper(I)-thioamide
catalytic complex in AAC reaction.11 Mononuclear complexes like

[CuX2(SNS)] (X = Cl, Br), [Cu(OTf)2(H2O)(SNS)] and 1-D Cu(I)-coor-
dination polymer, [Cu2I2(SNS)]n have been used as effective cata-
lyst for the AAC reaction.12 Hybrid nitrogen-sulfur (NS) ligands
supported Cu(I)/Cu(II) complexes have also been used for AAC
reaction.13 But in some cases, the hybrid SNS-based Cu(I) catalyst
met with the problems of undesired alkyne-alkyne homocoupling
reaction.14

Hor et al. reported the synthesis of novel pyridyl and thioether
hybridised 1,2,3-triazole ligands based Cu(I) coordination poly-
mers and its application in azide-alkyne cycloaddition reactions.15

It opened a new dimension for the polymeric coordination com-
plex catalyzed AAC reactions. Due to strong coordination power
of sulfur atoms, sulfur containing ligands are generally used for
the preparation of Cu(I)-coordination polymer.16 Knorr et al. illus-
trated the coordination mode of aromatic dithioether ligands of the
type PhS(CH2)nSPh.16 Apart from the structural and photophysical
properties, the catalytic activity of these types of dithioether based
copper complexes in the AAC reaction has not been reported yet.
Herein we report the synthesis, characterization of a new type of
1,3-dithioether based CuI coordination polymer and find its appli-
cation to one pot azide-alkyne cycloaddition reaction in a multi-
component fashion. Our 1,3-bis(4-fluorophenylthio)-propane
ligand based CuI coordination polymeric complex having molecu-
lar formula, ([(CuI)2{ArS(CH2)3SAr}2]n, Ar = 4-F-C6H4) was first syn-
thesized and characterized by NMR and single crystal X-ray
diffraction pattern. The catalyst works efficiently in AAC reaction
under base-free condition in water/acetonitrile solvent mixture
at 50 �C to afford selectively 1,4-disubstituted 1,2,3-triazole prod-
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ucts. In Scheme 1, the AAC reaction performed by various Cu(I)
complexes with S, NS and SNS ligand is presented. NN- and SNS-
based polymeric Cu(I) complexes have been found as catalyzing
the AAC reaction but interestingly, polymeric Cu(I) complex with
SS-based bidentate ligands, used as AAC reaction is not found in
literature.

Results and discussion

Synthesis of the copper complex

The 1,3-bis(4-fluorophenylthio)-propane ligand (L) was synthe-
sized according to our previously reported procedure.17 This com-
pound was characterized by 1H- and 13C NMR spectroscopy. This
ligand has been reacted with CuI in 1:2 metal to ligand ratio in ace-
tonitrile solvent to obtain the desired 1-D polymeric CuI-1,3-
dithioether complex. The as-synthesized Cu-complex was charac-
terized by 1H NMR, 13C NMR and single crystal XRD techniques.
The NMR spectra of bare ligand and copper(I) complex are given
in Supplementary Materials.

This complex crystallizes in the monoclinic space group P 21/c,
and shows a polymeric propagation in the form of [(CuI)2{ArS
(CH2)3SAr}2]n metallopolymer (Fig. 1). The 1D-network is built up
upon dimeric Cu2I2 units which are interconnected via dithioether
ligands. The framework consists of Cu2(l-I)2 prismatic part con-
nected with the dithioether ligands. Within the cluster core, the
CuAI bond lengths range between 2.5867 (5) and 2.6443 (12) Å.
The Cu. . .Cu distance between the two Cu (I) centers, 2.7812
(10) Å falls significantly below the sum of the vander Waals radius
(2.8 Å). The mean CuAS bond length of range between 2.3339 (11)
to 2.3551 (12) Å similar to [{Cu(l-I)2Cu}2{l-PhS(CH2)3SPh}2]n
(2.3465 Å).16a The angle between Cu. . .I. . .Cu is 64.23� and
I. . .Cu. . .I 115.77� in the metallocluster. The crystal data, data
collection and structure refinement for the polymeric complex is
given in the Supplementary Materials.

The catalytic activity of the copper complex

The catalytic activity of the complex towards one-pot multi-
component AAC reaction under base-free conditions was opti-
mized by the model reaction of benzyl bromide, NaN3 and

Scheme 1. Various ligand based copper complex catalyzed AAC reaction.

Fig. 1. View of (a) monomeric picture of the complex and (b) infinite 1-D chain of the complex incorporating dinuclear Cu(l2-I)2Cu motifs along ‘b’ axis.
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phenylacetylene with varying catalyst loading under different tem-
perature and solvent conditions (Table 1). The reaction was first
studied at neat condition and higher temperature (60 �C) with 5
mg of the complex. After 5 h, 84% of the product was isolated under
this condition (entry 1). When methanol was used as solvent rela-
tively less conversion was achieved compared to the neat condi-
tion (70%, entry 2). Similarly the reactions in acetonitrile and
water gave 87% and 80% yield of the product respectively (entry
3 & 4). A binary solvent mixture of acetonitrile and water (1:1)
resulted excellent yield of the desired triazole product with lesser
time (entry 5). The same experiment on microwave reactor yielded
lesser amount of yield than conventional thermal heating (entry 6).
Decreasing the temperature to 50 �C also gave excellent yield (97%)
in 3 h (entry 7). The product conversion was dropped when the
reaction was carried out at room temperature (entry 8). The cata-
lyst loading was also performed from entry 8 to entry 10 and the
catalytic activity has been found to be very effective with only
0.5 mg of the complex catalyst for this reaction (entry 11). While
using CuI as the catalyst, the product was obtained in relatively
lower yield (entry 12). Performing the reaction by doubling the
reactants and keeping the catalyst quantity same (0.5 mg) also
afforded the desired product in poor yield (entry 13).

The complex is air stable and can tolerate a range of benzyl,
allyl, cinnamyl and alkyl halides under mild reaction conditions
(Table 2). The terminal alkynes have participated in this reaction
very smoothly (Table 2). Phenyl acetylene, 4-ethynyl toluene and
2-bromo phenyl acetylene gave excellent yield (entry 1 to 3). 4-
nitro-phenyl acetylene also gave excellent yield but slightly lesser
than the previous entries (entry 4). Apart from aromatic alkynes,
aliphatic alkynes responded also to this reaction smoothly (entries
5, 13 and 14). Allyl bromide was found to be very reactive as a cou-
pling partner in this AAC reaction (entry 6 and 7). Benzyl chlorides
have been found to be reactive as benzyl bromides (entry 8 and 9).
But the same reaction when carried out with diphenyl acetylene
(internal alkyne) no reaction occurred even after 12 h (entry 10).
This methodology has been also applied for cinnamyl chlorides

(entry 11 and 12). n-Octyl iodide, an aliphatic halide also
responded well to this cycloaddition reaction (entry 15). All the
reactions proceeded without any difficulty and the products were
isolated in good to excellent yields in high purity through column
chromatography.

Mechanism

A probable mechanism for this multicomponent azide-alkyne-
cycloaddition reaction was proposed in Scheme 2. It was presumed
that the reaction was initiated by the metalation of pheny-
lacetylene in the presence of the 1D-CuI dithioether polymeric
complex giving copper acetylide. In the next step, benzyl/allyl/cin-
namyl/alkyl azide was formed in-situ by the substitution reaction
between benzyl/allyl/cinnamyl/alkyl halide and sodium azide.
The polymeric copper acetylide moiety reacted with benzyl/allyl/
cinnamyl/alkyl azide via cycloaddition fashion followed by elimi-
nation of the complex catalyst give rise to 1,4-disubstituted
1,2,3-triazoles as the main product.

Synthesis of sulfur functionalized 1,2,3-triazole

1,2,3-Triazoles containing diverse functional groups have strong
potential as steel corrosion inhibitors or suitable ligands for transi-
tion-metal chemistry.18 We have prepared sulfur functionalized
pendant arms of 1,2,3-triazole compounds in a multicomponent
approach via one-pot two-step reaction using our catalyst. Ben-
zenethiol (1.1 mmol) was first reacted with propargyl bromide
(1 mmol) in presence of triethyl amine (2 mmol) in water at room
temperature. After 2 h, benzyl bromide (1.1 mmol) and sodium
azide (1.2 mmol) and Cu(I)-complex (0.5 mg, 0.1 mol%) were added
to the reaction mixture. The progress of the reaction was moni-
tored by TLC and finally the desired product was isolated in column
chromatography (82% yield). The preparation methodology is pre-
sented in Scheme 3.

Table 1
Optimization of reaction conditions for the Cu(I)-complex catalyzed one-pot three-component AAC reaction.

Entry Solvent Complex/CuI in (mg) Temp. (�C) Time (h) Yielda (%)

1 Neat 5 60 5 84
2 Methanol 5 60 5 70
3 Acetonitrile 5 60 5 87
4 Water 5 60 8 80
5 Acetonitrile: water 5 60 3 97
6 Acetonitrile: water 5 60 0.5 92b

7 Acetonitrile: water 5 50 3 97
8 Acetonitrile: water 5 RT 5 85
9 Acetonitrile: water 3 50 3 97
10 Acetonitrile: water 1 50 3 96
11 Acetonitrile: water 0.5 50 3 96
12c Acetonitrile: water 0.5 50 3 79
13d Acetonitrile: water 0.5 50 4 65

Reaction conditions: Phenyl acetylene (1 mmol), NaN3 (1.2 mmol) and benzyl bromide (1.1 mmol), Cu-complex [5.0 mg (1.0 mol%) to 0.5 mg (0.1 mol%)], Acetonitrile:H2O
(1:1, 2 mL).

a Isolated yield after purification through column chromatography by silica gel.
b Reaction tried on focused microwave reactor.
c CuI was used as catalyst.
d Phenyl acetylene (2 mmol), NaN3 (2.4 mmol) and benzyl bromide (2.2 mmol).
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Conclusion

In conclusion, we have synthesized a suitably designed Cu(I)
coordination polymer based on dithioether ligands (SS, bidentate),

which can be used as efficient catalyst for AAC reaction. The poly-
meric complex has been well characterized and applied in variety
of substrates and the desired 1,4-disubstituted 1,2,3-triazole prod-
ucts are obtained in excellent yields. Low temperature and low cat-

Table 2
Catalytic activities of the Cu(I)-complex catalyzed one-pot three-component AAC reaction.

Entry R1CH2X Time (h) Product Yielda (%)

1 PhCH2Br 3 97

2 PhCH2Br 3 96

3 PhCH2Br 4 96

4 PhCH2Br 4 91

5 PhCH2Br 4 90

6 4 81

7 4 83

8 PhCH2Cl 3.5 95

9 PhCH2Cl 3.5 94

10 PhCH2Br 12 NR –
11 4 84

12 4 85

13 PhCH2Br 4 72

14 PhCH2Br 4 81

15 4 76

Reaction conditions: Terminal alkynes (1 mmol), NaN3 (1.2 mmol) and benzyl/allyl/cinnamyl/alkyl halide (1.1 mmol), Cu-complex (0.5 mg, 0.1 mol%), Acetonitrile:H2O (1:1,
2 mL).

a Isolated yield after purification through column chromatography by silica gel.
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alyst loading for the reaction are noteworthy besides demonstrat-
ing the catalytic activity of S,S-based Cu(I) coordination polymer.
Further application of the polymeric complex is under active
pursuits.
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ABSTRACT
A new 2D copper(I) coordination polymeric complex has been
synthesized from CuI and 1-(1-f4-chlorophenylthiogpropan-2-
ylthio)-4-chlorobenzene ([(CuI)2fArSCH2CH(CH3)SArg2]n, Ar ¼ 4-
ClC6H4) and characterized by high resolution mass spectrometry
(HRMS) and single crystal X-ray diffraction techniques. The com-
plex has been employed as a suitable catalyst for a solvent-free,
one-pot, three-component A3-coupling reaction. A variety of aro-
matic and aliphatic aldehydes, terminal alkynes and aliphatic cyc-
lic secondary amines have been used to prepare a library of
propargylamines using the 2D-Cu complex at significantly low
concentration (0.2mol%).
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1. Introduction

Coordination polymers of copper halides with infinite network structures composed
with organic ligands are widely reported due to the presence of their enthralling phys-
ical and chemical properties [1]. For example, Cu(I) halide-based compounds have
been widely explored due to their attractive structural characteristics and possible
applications in luminescence-based sensors, photophysical phenomena, and biological
probes [2]. They also find catalytic applications in various organic transformations
[3–8]. N- and P-based ligands and Cu complexes are employed in catalytic applications
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[4–9]. Interestingly, metal complexes with 1,2-dithioether ligands are rarely synthesized
and used as catalysts except for one recent report that describes the synthesis of a 1,2-
dithioether and Cu(I) halide-based 2D complex and its catalytic application in aminome-
thylation of phenylacetylene. They have shown one example of catalytic use of the com-
plex in the synthesis of propargylamine but the catalyst loading was high (5mol%) [10].
Propargylamines are versatile building blocks for the preparation of various N-containing
heterocyclic compounds as well as key intermediates for the synthesis of pharmaceuticals
and natural products [11–13]. They also act as key intermediates for the construction of
biologically active compounds such as b-lactams, oxotremorine substrates, conformation-
ally restricted peptides, and therapeutic drug molecules [14]. Because of their importance,
many synthetic methods have been developed [15–18].

The classical methodologies are less attractive due to their low tolerance of functional
groups, harsh reaction conditions, and operational difficulty [19, 20]. However, the most
direct and efficient method for the preparation of propargylamines can be achieved
through transition-metal catalyzed three-component coupling between an aldehyde, an
amine and a terminal alkyne, which is commonly known as an A3-coupling reaction [21].
Among various synthetic methods, the copper-catalyzed A3-coupling is the most common
due to its easy availability, low cost, low toxicity, and high reactivity [22, 23].

Trivalent phosphorus ligands have been used to control the metal center that lead to
metal catalysts with improved reactivity and stability. Garcia et al. reported a diallylphos-
phine-tetrameric copper(I) complex catalyzed A3-coupling reaction for preparing propar-
gylamine [4]. Apart from the phosphorous ligands, nitrogen-based Cu(I) compounds have
also been used for A3-coupling reaction. For example, a nitrogen-based 1-D Cu(I)-coordin-
ation polymer [5], a benzotriazole-based homogeneous and air-stable Cu-coordination
compounds [6], and a dicopper (I) complex based on 2-picolyliminomethyl ligand [7] have
been used in A3-coupling reactions. A thioether-based Schiff base Cu(I) complex has been
used as the catalyst for an asymmetric type A3-coupling reaction [24]. Since the use of
only CuI as catalyst requires prolonged times to complete the reaction, the presence of a
co-catalyst or microwave irradiation is mandatory for facile A3-coupling reactions [9, 25].
Interestingly, though the S-based copper complexes are widely known, their catalytic
applications are quite limited as compared to the corresponding N- and P-based copper
complexes. We report herein the synthesis of a new coordination polymer of CuI attached
to the bidentate 1,2-dithioether [1-(1-(4-chlorophenylthio)propan-2-ylthio)-4-chloroben-
zene] and characterize it by single crystal X-ray diffraction. The 2-D Cu(I)-1,2-dithioether
coordination polymer catalyst works efficiently in A3-coupling reactions under solvent-free
condition at 80 �C to afford propargylamines in good to excellent yields. A summary of
the previous catalytic A3-coupling reactions along with the present work has been sche-
matically presented in Scheme 1. This clearly shows the catalytic application of various
Cu(I) monomeric and polymeric complexes based on P- and N-ligands in A3-coupling reac-
tions. However, to the best of our knowledge, there is no example of a polymeric 2D
Cu(I) complex with 1,2-SS-based bidentate ligands used as the catalyst for the synthesis of
propargylamines via A3-coupling reaction. The present work thus demonstrates not only a
new CuI-based complex as the catalyst for three-component reaction, but also shows the
potentiality of using 1,2-dithioethers as the chelating ligands for making metal complexes
and their catalytic applications in organic reactions.
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2. Experimental

2.1. Materials and methods

Phenylacetylene, p-bromophenylacetylene, and cyclohexylcarboxaldehyde were purchased
from Sigma�Aldrich and used directly as obtained. Benzaldehyde and salicylaldehyde
were purchased from Merck and used without purification. All other aldehydes were pur-
chased from SD Fine Chemical Limited, India. Morpholine, piperidine, and pyrrolidine were
purchased from Lancaster and used after distillation. The solvents were purchased from
Thomas Baker (Chemicals) Pvt. Ltd., India and used after distillation. All the products were
purified by column chromatography on 60–120 mesh silica gels (SRL, India). For TLC,
Merck plates coated with silica gel 60, F254 were used. The catalyst was weighed by using
a Mettler-Toledo digital balance (0.1mg sensitivity). FT-IR spectra were recorded with a
FT-IR-8300 SHIMADZU spectrophotometer using a KBr pellet for solid compounds and
neat for semi-solid or liquid compounds. 1H and 13C NMR spectra were recorded at
300MHz and 75MHz, respectively, on a Bruker AV 300 spectrometer in CDCl3. Splitting
patterns of protons were described as s (singlet), d (doublet), t (triplet), bs (broad singlet),
dd (doublet of doublet), and m (multiplet). Chemical shifts (d) 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: d 77.0ppm). HRMS was performed by a Micromass Q-TOF Spectrometer under ESI
(positive mode) at the Indian Association for the Cultivation of Science.

2.2. Crystal structure determination

Suitable crystals of the compound were obtained by slow evaporation of its saturated
solution using the diffusion method. Single-crystal diffraction studies were carried out
using a Bruker D8 Quest CMOS diffractometer with a Mo Ka (l¼ 0.71073 Å) sealed
tube. The data frames were obtained using the program APEX3 and processed using
the program SAINT in APEX3 [26]. The structures were solved by direct methods and
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Scheme 1. Various copper complexes used as catalysts in A3-coupling reaction.
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refined using the SHELXTL-2014/7 program [27]. The structures were refined by full-
matrix least-squares (SHELXL2014-7) on F2 [28]. Non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogens were positioned at their
idealized positions using a riding model. The molecular structure figures were pre-
pared using DIAMOND version 3.2 [29]. Table 1 provides the data collection and struc-
ture solving parameters for the compound. Selected bond distances and angles for
the compound are given in Tables 2 and 3.

2.3. General procedure of preparing CuI-L (1,2-bis(4-chlorophenylthio)-
propane)-coordination complex (1) Catena-poly [di-l-iodido-bis[(1,2-bis(4-
chlorophenylthio)-propane)-copper (I)]]

The dithioether ligand (L) was synthesized according to our previously reported pro-
cedure [30]. L (329mg, 1.0mmol) and CuI (95mg, 0.5mmol) in acetonitrile (2mL) were

Table 1. Crystal data, data collection, and structure refinement for the complex.
Formula C15H14Cl2CuIS2
Formula weight 519.73
Temperature/K 296(2)
Description Block
Color White
Crystal system Orthorhombic
Space group Pbca
a/Å 10.0087(5)
b/Å 15.4384(10)
c/Å 23.6978(14)
Cell angle (a) 90�
Cell angle (b) 90�
Cell angle (c) 90�
Cell volume/Å3 3661.7(4)
Cell formula units Z 8
Density (calculated) g/cm3 1.886
h Range for data collection/deg 2.42–27.48
F(000) 2016
Crystal size/mm 0.216, 0.284, 0.320
Absorption co-efficient (l) 3.389
Index ranges �12 � h� 13

�20 � k� 20
�30 � l� 30

Reflections collected 62648
Independent reflections 4182
Refinement method Full-matrix least-squares on F2

R-equivalents 0.0285
Sigma I/net I 0.0119

Table 2. Selected bond lengths.
Bond Length

I3–Cu1 2.6119(4)
I3–Cu1 2.6182(4)
Cu1–S2 2.3539(7)
Cu1–S1 2.3990(7)
Cu1–I3 2.6182(4)
Cu1–Cu1 2.8979(8)
S1–C4 1.779(2)
S1–C1 1.828(2)
S1–Cu1 2.3990(7)
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taken in a 25mL round-bottomed flask. The mixture was stirred at room temperature
for 4 h and then refluxed for 24 h. After cooling to room temperature, petroleum ether
was added dropwise to the solution and the solution kept in a refrigerator. After two
days, shining white crystals of the complex were separated by simple filtration, fol-
lowed by washing with dry petroleum ether (2� 5mL), and finally dried in a vacuum
desiccator. The 2-D polymeric complex compound (1) from CuI and 1,2-dithioether
was found in 74% yield (384mg).

2.4. General procedure for A3-coupling reaction

A mixture of aldehyde (1.0 mmol), secondary amine (1.0 mmol), terminal acetylene
(1.1mmol), and the polymer catalyst (�1.0mg) was magnetically stirred at 80 �C in
an open reaction vessel for hours. The progress of the reaction was monitored by
TLC. After completion of the reaction (disappearance of the alkyne spot on TLC),
the reaction mixture was cooled to room temperature, dichloromethane (5mL) was
added, concentrated, and adsorbed on silica gel. The dry silica-adsorbed material
was passed through a bed of silica gel in a column and elution with a light petrole-
um:ethyl acetate solvent mixture (in varying proportions) afforded the desired
propargylamine.

3. Results and discussion

3.1. Characterization of the complex

The CuI-1,2-dithioether 2-D polymeric complex (1) was characterized by 1H NMR, 13C
NMR spectroscopy, HRMS spectrometry (Supplementary Materials) and by single crystal
X-ray diffraction (XRD) techniques. The d values of proton and carbon in complex (1)
were shifted downfield compared to the ligand (L) in both 1H NMR and 13C NMR spec-
tra, indicating the formation of the complex. Single crystal XRD analysis (Table 1)
revealed that 1 crystallizes in the orthorhombic Pbca space group and shows a poly-
meric propagation in the form of the [(CuI)2fArSCH2CH(CH3)SArg2]n (Ar ¼ 4-ClC6H4)
metallopolymer (Figure 1) [31–33]. The ORTEP diagram of the complex is given in
Figure 1(a). The 2D-network is built up of dimeric Cu2I2 units which are interconnected
via dithioether ligands. Within the cluster core, the Cu–I bond lengths range between
2.6119(4) and 2.6182(4) Å. The interatomic distance between two Cu within the Cu2I2
cluster is 2.8979(8) Å, significantly larger than the sum of the van der Waals radius (2.
80 Å) [34]. The mean Cu–S bond length, range between 2.3539(7) and 2.3990(7) Å, is a

Table 3. Selected bond angles.
Bond Angle

Cu1–I3–Cu1 67.296(15)
S2–Cu1–S1 96.07(2)
S2–Cu1–I3 123.28(2)
S1–Cu1–I3 110.344(19)
S2–Cu1–I3 102.56(2)
S1–Cu1–I3 110.42(2)
I3–Cu1–I3 112.705(15)
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little in excess of that seen in [fCu(l-I)2Cug2fl-PhS(CH2)3SPhg2]n (2.3465 Å) and
([(CuI)2fArS(CH2)3SArg2]n, Ar ¼ 4-FC6H4); range between 2.3339(11) and 2.3551(12)
Å) [31, 35]. The angle Cu… I… Cu is 67.296(15)� and the angle I… Cu… I is 112.
705(15)� in the metallocluster. The polymeric framework of 1 is formed by the con-
nection of Cu2I2 unit and four 1,2-dithioether linkers L. Each 1,2-dithioether coordi-
nates via its S-donor atoms to two Cu2I2 units, while each Cu2I2 unit connects with
four 1,2-dithioether ligands (L). This gives a 2-D shaped network matrix topology
(Figure 1(b)). The crystal data, data collection, and structure refinement of the poly-
meric complex are given in Table 1. Selected bond lengths and angles of the com-
plex are also given in the Tables 2 and 3, respectively. The refined bond length
and angles are given in the Supplementary Materials (Tables S1 and S2, respect-
ively, under 2.2).

Figure 1. (a) ORTEP diagram of the ([(CuI)2fArSCH2CH(CH3)SArg2]n, Ar ¼ 4-ClC6H4) complex, 1. (b)
Two-dimensional framework of complex 1.

6 S. SAHA ET AL.



3.2. The catalytic activity of copper complex 1

The catalytic activity of the complex towards A3-coupling reactions was optimized in a
model reaction of phenyl acetylene, benzaldehyde, and morpholine under varying
catalyst loading, different temperatures and solvents (Table 4). Initially, the reaction of
phenylacetylene (1.1mmol), benzaldehyde (1.0mmol), and morpholine (1.0mmol) was
performed in acetonitrile at 60 �C for 8 h using 5mg of the complex as catalyst. A
trace amount of conversion was achieved (entry 1). Raising the temperature of the
medium from 60 to 80 �C gave 40% yield of the product (entry 2). Using polar hydrox-
ylic solvents e.g. ethanol and water, the yield of the product was �50% (entries 3 and
4). In a binary solvent mixture (acetonitrile:water ¼ 1:1), the conversion was increased
to 65% (entry 5). When the reaction was studied under neat conditions, the yield of
the product was significantly increased to 91% (entry 6). Decreasing the amount of
the catalyst from 5.0mg to 3.0 and 1.0mg (±0.1mg) (approx. 0.2mol%), respectively,
did not affect the overall yield of the product (90% yield in both cases; entries 7 and
8). Reducing the reaction time did not show any significant drop in the yield of the
desired product (entries 9 and 10). A reaction performed without any catalyst did not
produce any desired product after 24 h (entry 11). On the other hand, conducting the
experiment at room temperature showed traces of product after 24 h (entry 12). We
also performed the reaction using CuI as the catalyst under similar reaction conditions
affording the product in relatively lower yield (55%; entry 13). Among the different
conditions attempted, the best condition was optimized as the presence of 1mg

Table 4. Optimization of reaction conditions for the 2-D Cu(I)-polymeric complex catalyzed A3-
coupling reaction.

[(CuI)2{ArSCH(CH3)CH2SAr}2]n
Ar = 4-Cl-C6H4

x mg

Solvent/Neat, Temperature

H O

O

N
H N

O

Entry Solvent Cu-catalyst (mg) Temp. (�C) Time (h) Yielda (%)

1 Acetonitrile 5 60 8 Traces
2 Acetonitrile 5 80 8 40
3 Ethanol 5 80 8 52
4 Water 5 80 8 50
5 Acetonitrile:water 5 80 8 65
6 Neat 5 80 8 91
7 Neat 3 80 8 90
8 Neat 1 80 8 90
9 Neat 1 80 6 88
10 Neat 1 ± 0.1~ 1b 80 4 88
11 Neat – 80 24 No reaction
12 Neat 1 RT 24 Traces
13c Neat 1 80 4 55

Reaction conditions: phenyl acetylene (1.1mmol), benzaldehyde (1.0mmol) and morpholine (1.0mmol), Cu-complex
(5mg to 1mg), Neat.
aIsolated yield after purification through column chromatography over silica gel.
bError in the measurement of the catalyst is ±0.1mg.
cCuI was used as catalyst.
The bold values refer to the optimized reaction conditions used for the reaction.
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(±0.1mg) (approx. 0.2mol%) catalyst under solvent-free and aerobic conditions at
80 �C (entry 10).

In order to explore the generality of the optimized reaction conditions, different
types of substrates such as secondary amines with different types of aldehydes were
allowed to react with terminal acetylenes. Very good to excellent isolated yields of the
products have been achieved under this protocol (Table 5). In Table 5, it is clearly evi-
dent that various aldehydes including electron releasing or withdrawing groups such
as OMe, OH, Br, Cl as well as benzaldehyde reacted smoothly with terminal alkynes
(phenyl acetylene and 4-bromophenyl acetylene) and cyclic secondary amines (mor-
pholine, piperidine and pyrrolidine). Furthermore, the reaction of an alicyclic aldehyde
(cyclohexanecarboxaldehyde) and straight-chain aliphatic aldehyde (n-heptanal) with
morpholine and phenylacetylene were performed efficiently and afforded the desired
products in brilliant yields (entries 9 and 10).

3.3. Probable mechanism

The most possible mechanism of the A3-coupling reaction is believed to proceed via
the activation of the Csp–H bond of the terminal alkyne by the copper catalyst (here
the new coordination 2D polymer complex derived from CuI and 1,2-dithioether). The
resulting four-coordinate alkynyl–Cu intermediate (3), formed by the dissociation of
one thioether ligand, then reacts with the iminium ion generated in situ from alde-
hyde and secondary amine to produce the corresponding propargylamine product.
The proposed mechanism is outlined in Scheme 2.

Table 5. Catalytic activities of the 2-D Cu(I)-polymeric complex catalyzed A3-coupling reaction.

HN
X

n

X = O, CH2
n = 1, 2

R1 O

H

R2

H

N

R1

R2

[(CuI)2{ArSCH(CH3)CH2SAr}2]n
Ar = 4-Cl-C6H4

1 0.1 mg (approx. 0.2 mol%)

Neat, 80oC, 3-4 h

X

n+_

Sl No. Aldehyde 2o Amine Alkyne Time (h) Yielda (%)

1 4� OMe�C6H4CHO Morpholine Ph 4 87
2 4� Br�C6H4CHO Morpholine Ph 4 92
3 4� C1�C6H4CHO Morpholine Ph 4 96
4 2� C1�C6H4CHO Morpholine Ph 4 88
5 C6H5CHO Morpholine Ph 4 88
6 3; 5�Br�C6H3CHO Morpholine Ph 4 95
7 4�OMe�C6H4CHO Morpholine 4�Br�C6H4 4 92
8 2�OH�C6H4CHO Morpholine 4�Br�C6H4 3 85
9 Cy� CHO Morpholine Ph 3.5 91
10 n�C6H13 � CHO Morpholine Ph 3.5 86
11 4�OMe�C6H4CHO Piperidine Ph 4 93
12 2�OH�C6H4CHO Piperidine Ph 3 90
13 4�OMe�C6H4CHO Pyrrolidine Ph 4 82
14 2�OH�C6H4CHO Pyrrolidine Ph 3 92
15 4�OMe�C6H4CHO Pyrrolidine 4�Br�C6H4 4 91

Reaction conditions: phenyl acetylene/4-bromo phenyl acetylene (1.1mmol), aldehyde (1.0mmol) and morpholine/
piperidine/pyrrolidine (1.0mmol), Cu-complex (1 ± 0.1mg, approx. 0.2mol%) in neat condition.
aIsolated yield after purification through column chromatography by silica gel.
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4. Conclusion

We have demonstrated the synthesis and characterization of a new 2D-Cu(I) coordin-
ation polymer of 1,2-dithioether ligands (SS, bidentate) and its catalytic application in
A3-coupling reactions for the synthesis of various propargylamine derivatives under
solvent-free conditions. Easy preparation of the copper complex, low catalyst loading
(0.2mol%), mild catalytic conditions and wider applicability to different reacting part-
ners are notable features. The catalyst however performs better in the case of cyclic
secondary amines. As the dithioether-based chelating ligands and corresponding cop-
per complexes are less known in catalysis, we expect that the present work would
encourage newer S,S-based copper complexes for catalytic applications. The choice of
chloro-substituted ligands, however, does not carry any specific significance except
physical parameters, easy characterization, etc.
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Stabilized Cu2O Nanoparticles on Macroporous Polystyrene Resins
[Cu2O@ARF]: Improved and Reusable Heterogeneous Catalyst for
On-Water Synthesis of Triazoles via Click Reaction
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ABSTRACT: Amberlite resin formate (ARF) with a polyionic polar environment is successfully utilized as a unique support for
immobilization of stabilized Cu2O nanoparticles (NPs). The composite [Cu2O@ARF] is characterized by FT−IR, XRD, XPS,
HR−TEM, and ICP−AES analyses. The HR−TEM results confirm existence of fairly dispersed Cu2O NPs with average diameter
(∼5−7 nm) onto the resin surface, while ICP−AES analyses show loading of copper (10.8 mg) per gram of the resin composite
(1.08 wt % of Cu). The ionic resin with counteranions (HCOO−) could reduce precursor Cu(II) to Cu(I) and stabilize Cu2O
NPs. The as-synthesized composite acts as a robust, efficient, and recyclable catalyst for efficient construction of a 1,2,3-triazole
ring under aqueous and aerobic conditions. The TOF (219 h−1) is found significantly high as compared to that of some related
existing catalysts (120 h−1). The prowess of the catalyst is further demonstrated in the synthesis of a triazole-bearing antitumor
drug molecule.

1. INTRODUCTION

The development of heterogeneous nanostructured catalysts
for successful industrial applications is a rapidly growing field of
research.1 Primary objectives for commercial applications of
heterogeneous nanocatalysts require certain features like cost-
effective easy availability, high catalytic efficiency with turnover
frequency, selectivity, significant recycling ability without
leaching from the immobilizing surface, etc. In order to achieve
this, precise control of the shape, size, and spatial distributions
of nanoparticles (NPs) onto the surface as well as the stability
of the nanocomposite remain as subtle features.2 On the other
hand, the type of reaction and conditions, where the
nanocatalyst is being used, needs to be considered while
designing and engineering the catalytic system. For example,
the Cu-catalyzed azide−alkyne cycloaddition (CuAAC) reac-
tion leading to the synthesis of 1,2,3-triazole represents an
important reaction and finds applications in diverse techno-
logical fields including drug discovery.3 A few examples of 1,4-
disubstituted-1,2,3-1H-triazoles possessing diverse pharmaco-
logical activities are shown in Figure 1.
As a result, several heterogeneous-supported Cu(I) or Cu(II)

catalysts have been developed to perform 1,2,3-triazole

synthesis. A few among the myriad have been prepared and
used as catalysts: polystyrene resin-supported CuI-cryptand-22-
complex,4 Cu(II) anchored with SBA-15,5 Cu-loaded polymeric
magnetic nanocatalyst,6 NiFe2O4-glutamate-Cu,7 magnetic
nanobimetallic catalyst Fe3O4@TiO2/Cu2O,8 NHC-based
Cu(I) catalyst,9,10 Cu2On supported with reduced graphene
oxide (RGO),11 poly(vinyl alcohol) (PVA),12 polyvinyl poly(1-
vinylpyrrolidin-2-one) (PVP),13 poly(4-vinylpyridine)
(PVPy),13 etc. However, most of the heterogeneous catalysts
suffer from limitations. For example, lower stability of Cu2O,
agglomeration of Cu2O NPs, use of precious ligand-based
heterogeneous supports, addition of an extra reducing source
while using a Cu(II) source, requirement of harsh reaction
conditions for [3 + 2] cycloaddition, leaching of metal species,
lower efficiency in recycling, etc. remain as major limitations.14

Moreover, very few examples of heterogeneous catalysts are
reported to work efficiently for on-water triazole synthesis.14 As
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a result, the development of a simple, stable, and efficient
catalytic system involving stabilized Cu2O NPs with practical
applicability and reusability to work under on-water and aerobic
conditions is of immense interest as well as an important area of
research for technological developments.
In connection with our interest in developing polymer-

supported transition metal catalysts (both mono- and
bimetallic) with the aid of polystyrene resins as suitable
support,15 here we demonstrate that unique polymeric resins
with counter formate anions (HCOO−) could not only reduce
Cu(II) to Cu(I) species in a controlled manner but could also
render necessary immobilizing ambiance through its polar
microenvironment to stabilize Cu2O NPs. Thus, no additional
reductant, ligands, and capping agents are required. The as-
synthesized stable composite [Cu2O@ARF] with agglomer-
ation-free uniformly dispersed Cu2O NPs exhibits excellent
catalytic performance in regioselective synthesis of 1,4-
disubstituted-1,2,3-triazoles from alkyl halide, terminal alkyne,
and sodium azide in water at room temperature. The prowess
of the as-synthesized catalytic system [Cu2O@ARF] as
compared to other reported polymer-supported Cu(I) catalytic
systems used in on-water triazole synthesis shows significantly
high TOF and recyclability. The present work also demon-
strates successful application of the catalytic system [Cu2O@
ARF] in the preparation of an antitumor drug molecule in
aqueous medium, signifying commercial viability.

2. RESULTS AND DISCUSSION
2.1. Catalyst Preparation [Cu2O@ARF]. Amberlite Resin

Formate (ARF) was obtained according to a reported
procedure.15 Dry resin beads of ARF (1 g) were placed in a
Teflon-capped sealed tube, and a solution of Cu(OAc)2·H2O
(50 mg, 0.25 mmol) in 5 mL of dry distilled DMF was added to
the ARF. The mixture was then heated at 120 °C for 1 h with
occasional gentle shaking. The supernatant liquid became
completely colorless by this time, and the white resin beads of
ARF turned light brown. The color is expected because in the
solid state of Cu2O, the light of higher energy will only be
absorbed. The resin beads were filtered off and washed

repeatedly with DI water (4 mL × 5 mL) and acetone (4 mL ×
5 mL) and then dried under vacuum to afford Cu2O@ARF
(Figure 2).

2.2. Characterization of Cu2O@ARF. The FT−IR spectra
of Cu2O@ARF were recorded and compared with the ARF.
The peaks at about 1348 cm−1 (symmetric) and 1596 cm−1

(anti-symmetric) were observed in both ARF and Cu2O@ARF
species, which are attributed to the carboxylate anions
(HCOO−) of ARF (Figure S1, Supporting Information).
The powder XRD patterns of the Cu2O@ARF composite

(Figure 3) show an amorphous hump, which originated due to
the presence of ARF. The Bragg diffraction patterns indicate
the presence of phase-pure cuprous oxide (Cu2O). The peak
positions of the Cu2O@ARF composite in the range from 30°
to 80° are nearly similar to literature values for Cu2O.

16,17 The
distinguishable XRD peaks at (2θ values) 31.63°, 36.51°,
42.42°, 61.44°, and 73.69° belong to (110), (111), (200),
(220), and (311) planes of Cu2O respectively (JCPDS card no.
01-073-6371, Phase: Cu2O). The ARF resins are amorphous in
nature, and we did not observe any signals related to Cu2O in
its X-ray diffraction.15

The XPS analysis of the as-synthesized fresh catalyst confirms
the existence of Cu2O (Cu+) only. The high resolution Cu 2p
spectrum (Figure 4a) shows the presence of two distinct peaks
at 932.30 and 952.12 eV without any appearance of satellite
peaks, and the corresponding binding energies can be attributed
to Cu 2p3/2 and Cu 2p1/2 of Cu

+, respectively.18,19 Moreover,
the peak located at 529.85 eV in the deconvoluted high
resolution O 1s spectrum (Figure 4b) is also consistent with

Figure 1. Representative biologically active pharmacophores bearing 1,4-disubstituted 1,2,3-triazole.

Figure 2. Digital images of different steps during preparation of
Cu2O@ARF.
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the presence of the Cu2O chemical state.19,20 In addition to
that, peaks at 531.22 and 532.1 eV correspond (Figure 4b) to
the adsorbed oxygen (surface OH) and oxygenated functional
groups (HCOO−) present in the resin system.19,20 Thus, the
XPS analysis fully corroborates the XRD result confirming that
the Cu2O particles have been formed by in situ reduction of the
soaked Cu2+ salt (Cu acetate) inside the ARF at 120 °C.
HR−TEM analysis of the Cu2O@ARF composite confirmed

the presence of Cu2O NPs embedded on the polyionic resin
surface (Figure 5a). The high resolution TEM image (Figure
5b) shows the homogeneous distribution of Cu2O NPs with

diameters of ∼5−7 nm in the Cu2O@ARF resin composite.
Moreover, the lattice fringes present with d = 0.29 nm also
(inset, Figure 5b) correspond to the (110) lattice of Cu2O.

21

The copper content in the resin composite, Cu2O@ARF, was
determined by ICP−AES analysis and found to be 10.8 mg of
copper per gram of the resin composite (1.08 wt % of Cu).
Thus, 1 g of resin nanocomposite (Cu2O@ARF) contains
0.1699 mmol of copper.

2.3. Catalytic Activity of Cu2O@ARF Nanocomposite
in Triazole Synthesis by Three-Component Click
Reaction. The three-component reaction methodology was
optimized using benzyl bromide, phenyl acetylene, and sodium
azide as the model reaction. The initial reaction was carried out
in water at 60 °C in the presence of Cu2O@ARF (50 mg
mmol−1 of alkyl halide) to afford the desired triazole in 75%
isolated yield (Table 1, entry 1). Assuming the poor solubility

of an organic compound in water, we tried the same reaction in
a mixture of water:acetonitrile (v/v 1:1), which indeed gave
excellent conversion (95%) (entry 2). The same problem could
be overcome by using a phase transfer agent (sodium dodecyl
sulfate; SDS) (entry 3). Decreasing the quantity of the catalyst
(Cu2O@ARF) to 25 mg afforded the triazole in same yield
(entry 4). Further decreasing the amount of catalyst to 15 mg
resulted in a lower yield (81%, entry 5). A much higher yield of

Figure 3. Powder XRD patterns of Cu2O@ARF indicating the
presence of Cu2O.

Figure 4. XPS spectra of fresh catalyst Cu2O@ARF: (a) high
resolution Cu 2p spectrum showing two distinct peaks for Cu+ and (b)
deconvoluted high resolution O 1s spectrum consistent with the
presence of O associated with Cu2O and ARF resin.

Figure 5. (a) TEM image of the composite material showing Cu2O
NPs embedded in the resin. Inset of (a) shows the EDS pattern of the
sample. It confirms the presence of C, O, and Cu from the sample.
Part of C and Mo are coming from the carbon-coated Mo grid used for
TEM analysis. (b) HR-TEM showing the lattice fringes of Cu2O
nanoparticles. Magnified views of the (110) lattice plane are shown in
the inset of (b).

Table 1. Optimization of Reaction Conditions for Synthesis
of Triazole

Entry Solvent

Amount of
SDS

(mol %)
Temp
(°C)

Time
(h)

Catalyst
(mg)

Yield
(%)a

1 Water Nil 60 2 50 75
2 Water:CH3CN

(1:1)
Nil 60 2 50 95

3 Water 10 60 2 50 95
4 Water 10 60 2 25 95
5 Water 10 60 2 15 81
6 Water 10 60 1 25 94
7 Water 10 40 1 25 92
8 Water 10 RT 1 25 92
9b Water 10 RT 10 Nil 18

aTriazole obtained after purification by column chromatography.
bReaction performed without any catalyst Cu2O@ARF.
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triazole was obtained when the reaction was performed for 1 h
keeping other aspects unchanged, i.e., 25 mg of catalyst and
temperature 60 °C (94%, entry 6). Conducting the reaction at
40 °C also gave excellent yield within 1 h (92%, entry 7). The
catalytic system is highly efficient as demonstrated in carrying
out the reaction at room temperature to afford the product in
92% yield within 1 h (entry 8). In a control experiment, the
reaction furnished the product in only 18% yield, signifying the
prominent role of the heterogeneous catalyst (entry 9).
Encouraged by high catalytic activity of the resin-bound

nanocomposite [Cu2O@ARF] in the three-component reaction
that leads to the substituted triazoles selectively under mild and
aqueous conditions, we extended the optimized conditions
(Table 1, entry 8) to a series of terminal alkynes and alkyl
halides. The results are presented in Table 2 (see Experimental
Section for general procedure of triazole synthesis). Aromatic
alkynes afforded the corresponding triazole derivatives in good
to excellent yields with benzyl bromide and sodium azide (1a−
1c and 1e−1o). However, the reactivity of aliphatic alkyne was
somewhat lower than aromatic alkyne (1d). The variation of

substrates in the alkyl halide was also tested. Other alkyl halides
such as allyl bromide and cinnamyl bromide successfully
produced corresponding olefin-substituted triazole derivatives.
Another functionalized triazole derivative (1j) was prepared in
82% yield using 2-bromo-1-(4-chlorophenyl)ethanone. Besides
alkyl bromide, other organic halides such as benzyl chloride,
allyl chloride, and allyl iodide were also tested for this three-
component click reaction affording successful conversion to
triazole derivatives in good to excellent yields. In the case of 1-
chloromethyl naphthalene, the three-component reaction did
not proceed well at room temperature, which was however
circumvented by heating the reaction mixture at 40 °C for 3 h
(1k). Other representatives of benzyl bromide-bearing halides
(bromo, iodo) also afforded the desired triazole derivatives in
good yield (1l−1o) with aromatic alkyne in the presence of
NaN3. It is thus noteworthy that the catalyst was found to be
quite active to a large variety of combinations affording the
desired product in high yield under apparently mild and on-
water conditions. All triazole derivatives (1a−1o) were
characterized by FT−IR, 1H−NMR, and 13C−NMR spectral

Table 2. Cu2O@ARF Catalyzed Three-Component Click Reaction in Aqueous and Aerobic Conditions at Room Temperaturea

aIsolated yield of the product after purification through column chromatography. bInitially alkyl chloride and sodium azide were stirred at 40 °C for
1 h, and then, alkyne was added. The reaction continued at room temperature for 2 h.
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data and also by melting points for solid compounds (see
characterization data (pp S2−S6) and scanned copy of NMR
spectra of compounds 1a−1o (pp S7−S38) in the Supporting
Information).
2.4. Reusability and Stability of Cu2O@ARF. To validate

the reusability of the heterogeneous catalyst, we performed
recycling experiments in the model click reaction of benzyl
bromide, phenyl acetylene, and sodium azide. The reaction was
carried out under the optimized conditions (Table 1, entry 8).
After completion of the reaction, the catalyst (resin beads) was
filtered off, washed with water (4 mL × 5 mL) and acetone (3
mL × 5 mL), and dried under vacuum and reused for the
second run. The catalytic activity remains fairly consistent up to
consecutive fourth run as tested without any significant drop in
the yield of the product (Table 3). We measured the copper

content in Cu2O@ARF before and after the recycling runs. As
shown by ICP−AES measurements, before the reaction, the
copper content in Cu2O@ARF (25 mg) was 0.0042 mmol,
while those found after the first and third runs were 0.0039 and
0.0037 mmol, respectively. This indicates that no significant
leaching of copper occurred from the polymeric resin surface
during the reaction (see Experimental Section for recovery and
reusability of the catalyst Cu2O@ARF).
In order to further establish about leaching of metallic species

during the catalytic process, we performed midway filtration
tests using the reaction partners benzyl bromide, phenyl
acetylene, and sodium azide, as done in other reactions using a
heterogeneous catalyst.22 In this process, we carried out three
sets of experiments using the catalyst [Cu2O@ARF] for 10, 20,
and 40 min, filtered off the catalyst in each case, and continued
the reaction without the catalyst for 50, 40, and 20 min,
respectively. Aliquots were taken at different times before and
after filtering the catalyst in each experiment and analyzed by
HPLC to quantify the formation of triazole in each case. As
presented in Figure 6, it is shown that while there was

conversion of triazole 34.6% (after 10 min), 53.8% (after 20
min), and 77.0% (after 40 min) in the presence of the catalyst,
after removing the catalyst and carrying out the reaction for rest
of 1 h showed no appreciable changes in conversion to triazole.
These experiments indicate the heterogeneity of the catalyst
during catalytic process (see Figures S2−S10 in the Supporting
Information for HPLC chromatograms).
The powder XRD of the recovered catalysts after the first

and fourth runs were also undertaken to analyze any change in
the composition that occurred after catalysis. The XRD
patterns of these recovered catalysts (Figure 7) were found

to be almost similar as observed in the fresh catalyst (Figure 3)
before the reaction. This result indicates no significant change
in the nature of the catalyst during the catalytic process.

2.5. Plausible Mechanism. The proposed mechanism of
the click reaction is believed to be similar as established for
other Cu(I) catalysts.23 The formation of an alkynyl copper
intermediate from alkyne in the presence of Cu(I) species of
Cu2O@ARF undergoes cycloaddition with alkyl azide (in situ
formed from alkyl halide and sodium azide) to form the
intermediate (A). Finally, protonation of the C−Cu bond24

affords the desired triazole product (Figure 8).
2.6. Comparison of Catalytic Activity. Comparison of

catalytic activity with other reported heterogeneous catalytic
systems that performed three-component triazole synthesis
under on-water and room temperature conditions in terms of
turn over frequency (TOF) was done, as shown in Table 4. Our
catalytic system exhibits nearly double TOF (219 h−1) as
compared to existing systems (maximum 120 h−1), which is
attributed to the availability of more active Cu2O NPs on the
surface of Amberlite resins and stabilized by formate anions.

2.7. Broadening the Scope of the Catalyst. With a view
to further extend the scope of the catalyst in a synthetic
protocol, we employed Cu2O@ARF in a reaction that leads to
the synthesis of a triazole-based dithiocarbamate (2), which is
known to exhibit antitumor activity.25 We conducted the
experiment using a combination of benzyl bromide, pyrolidine-
1-carbodithioate and sodium azide in the presence of Cu2O@
ARF in aqueous medium at 35 °C, which gave rise to the
formation of compound (2) in 82% yield (Scheme 1). This
demonstrates that the present catalytic system could be
technologically viable in constructing triazole-bearing drug
molecules (see the Experimental Section for the synthesis of

Table 3. Catalyst Recycling Experiments

Sl No Time (h) Yield (%)a Cu content (mmol)b

first run 1 92 0.0042
second run 1 92 0.0039
third run 1 92 −
fourth run 1 91 0.0037

aYield represents isolated after chromatography. bICP−AES analyses
of fresh Cu2O@ARF (25 mg) or recovered after first and third runs.

Figure 6. Three sets of midway filtration tests at different time
intervals showing conversion of triazole with or without the catalyst.

Figure 7. Powder XRD patterns of the recovered Cu2O@ARF after
the first and fourth cycles.
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triazole compound (2); S2 and S3 in Supporting Information
for the characterization data and scanned copy of NMR
spectra).

3. CONCLUSIONS
In conclusion, we have developed a robust heterogeneous
catalytic system [Cu2O@ARF] and applied in the regioselective
synthesis of diversely functionalized 1,2,3-triazoles via a three-
component “click” reaction of alkyl halide, terminal alkyne, and
sodium azide in water at room temperature. Aqueous reaction
media, ambient reaction conditions, high yields, wide substrate
scope, and easy recovery of the catalyst by simple filtration are
some notable features. The catalytic system works efficiently in
the synthesis of dithiocarbamate-containing triazole, a potential
bioactive scaffold possessing antitumor activity, signifying its
prospects in technological development. Moreover, the TOF
has been found to be significantly high as compared to some
other Cu(I)-based catalytic systems that work under on-water
synthesis of triazoles. The enhanced catalytic performance and
robustness of the catalytic system are due to the high surface
area of Cu2O NPs of average size ∼5−7 nm and their stabilized

distributions on the macroporous resin matrices with the aid of
counter formate anions.

4. EXPERIMENTAL SECTION

4.1. General Information. All the reagents were purchased
from Sigma−Aldrich and used directly without further
purification. The solvents were purchased from commercial
suppliers and used after distillation. All the products were
purified by column chromatography on 60−120 mesh silica gels
(SRL, India). For tlc, Merck plates coated with silica gel 60,
F254, were used. The FT-IR spectra were recorded in Perkin
Elmer, RXI spectrometer in KBr pellet for solid samples and in
neat for liquid samples. The 1H and 13C NMR spectra were
recorded at 300 and 75 MHz, respectively, on a Bruker AV 300
spectrometer in CDCl3. Splitting patterns of protons were
described as s (singlet), d (doublet), t (triplet), dd (doublet of
doublet), and m (multiplet). Chemical shifts were reported in
parts per million (δ) relative to TMS as the 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). The powder X-ray diffraction (PXRD)
patterns were recorded using the Rigaku Smart Lab (9 kW)
diffractometer using Cu Kα radiation. ICP−AES was measured
in an inductively coupled plasma atomic emission spectrometry
of Spectro Ciros Vision, Germany. X-ray photoelectron
spectroscopy (XPS) analysis of the as-prepared catalyst was
done with a PHI 5000 Versa probe II XPS system having a
source of Al Kα and charge neutralizer at room temperature
with a base pressure at 6 × 10−10 mbar. Transmission electron
microscopy (TEM) of the samples was carried out with a
Tecnai G2 30ST (FEI Company) operating at 300 kV and a
JEOL JEM-2100F (FEG) operating at 200 kV. To prepare the
TEM sample, a small amount of grinded sample was first
dispersed in acetone. Then, one small drop of this dispersion
was applied to a carbon-coated molybdenum grid. HPLC
analyses were carried out using HPLC of the Agilent 1260
Infinity series and column: ZORBAX RX-SIL (5 μm, 4.6 mm ×
150 mm), with an eluent of 10% ethyl acetate in n-hexane (flow
rate: 2 mL/min).

4.2. General Procedure for Synthesis of 1,2,3-Triazole
Derivative. In a 25 mL round-bottomed flask, a mixture of
alkyl halide (1 mmol), terminal alkyne (1.2 mmol), sodium
azide (1.5 mmol), SDS (0.1 mmol), and Cu2O@ARF (25 mg)
was taken, and then, 2 mL of water was added to it. The whole
mixture was stirred at room temperature with a small magnetic
bar under open air. The reaction was monitored by tlc, and
after satisfactory conversion, the catalyst was filtered off and
washed with ethyl acetate (3 mL × 5 mL). The organic part
was separated from the aqueous part and then collected by
passing over anhydrous Na2SO4. Evaporation of the solvent
afforded the crude product, which was purified by column
chromatography over silica gel.

Figure 8. Proposed mechanism of the three-component click reaction
using Cu2O@ARF.

Table 4. Comparison of On-Water Triazole Synthesis Using
Some Cu(I) Catalytic Systems and Our Catalyst at Room
Temperature (without reducing source)

Entry Catalyst
Mol%
(Cu)

TOF
(h−1) Ref

1 PS−C22−CuI 0.6 11 4
2 Cu(NHC)Cl 0.5 120 9
3 H4N

+-tagged SIPr−Cu(I) 5.0 6.53 10
4 Cu2O@ARF 0.42 219 Present work

Scheme 1. Synthesis of Pharmaceutically Active Triazole Compound (2) Catalyzed by Cu2O@ARF
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4.3. Procedure for Recovery and Reusability of the
Catalyst [Cu2O@ARF]. As above, the catalyst resin beads left
on the filter paper were washed successively with water (4 mL
× 5 mL) and acetone (3 mL × 5 mL) and finally dried under a
vacuum pump for further use in a recycled run. For each
recycled experiment, a similar recovery procedure was followed.
4.4. Procedure for Synthesis of Dithiocarbamate-

Based Triazole Compound (2). In a 25 mL round-bottomedf
flask, a mixture of S-propargyl pyrrolidine-1-carbodithioate (1
mmol), benzyl bromide (1 mmol), sodium azide (1.5 mmol),
SDS (0.1 mmol), and Cu2O@ARF (25 mg) was taken in water
(2 mL) and stirred with a bar magnet at 35 °C for 5 h under
open air. With this, tlc showed a disappearance of starting
material. Therefore, the reaction was stopped, and the catalyst
was filtered off as above. The resin beads were washed with
ethyl acetate (3 mL × 5 mL) and combined with an organic
layer, then, as above, was separated out from the water and
dried over anhydrous Na2SO4. Evaporating the organic solvent
afforded an oily residue which was purified by column
chromatography over silica gel, and eluting with light
petroleum:ethyl acetate (4:1) afforded the desire triazole
derivative (2) as a dark yellow solid: yield, 82%; mp, 70−72
°C (lit.25 73−74 °C).
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