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The preparation and characterization of four new copper(II) complexes supported by click generated 

mixed NN, NO, and NS 1,2,3-triazoles is reported. The four complexes display a 1:2 copper/ligand ratio 

and give monomeric units in solid state. Crystal structures demonstrate that depending on the flexibility 10 

of the ligand NX (X = O, N, S) pendant arm, the coordination environment around the metal center can 

feature square planar or octahedral geometries. All four complexes are catalytically active at room 

temperature in a copper-catalyzed alkyne-azide cycloaddition (CuAAC) reaction using sodium ascorbate 

as a reducing agent and water/ethanol as solvents mixture. Complex 8 supported by the NS ligand 

displayed the best catalytic performance of the series allowing for the easy and high yielding preparation 15 

of a variety of mono-, bis- and tris-1,2,3-triazoles under low catalyst loadings.     

Introduction 

Transition metal catalysis is a key instrument for both academia 
and industry as it provides an efficient and sustainable pathway to 
organic synthesis and the preparation of fine chemicals.1 Because 20 

most of the transition metal catalysis is based in precious and 
highly expensive metal sources, an intensive search for their 
replacement with cheaper and readily available metals is an 
important topic currently.2 Ligand design has emerged as the 
most powerful tool in transition metal catalysis as fundamental 25 

features such as activity, selectivity, and stability can be tuned 
taking advantage of the steric and electronic properties of the 
ligands that coordinate to the metal centers .3 Consequently, 
many efforts have been directed toward the discovery, tailoring, 
and development of new ligands for metal based catalysis.4      30 

Functionalized 1,2,3-triazole derivatives have emerged as 
interesting ligands for transition metals and organometallic 
species due to their potential of acting as N donors.5 A wide range 
of mono-, bis-, tris-, and polydentate ligands containing the 1,2,3-
triazole skeleton has been synthesized and studied for their 35 

coordination chemistry.6 The preparation of this type of ligands 
has become more accessible due to the discovery of the 1,3-
dipolar Cu(I) catalyzed alkyne-azide cycloaddition (CuAAC) 
reaction which yields 1,4-disubstituted 1,2,3-triazoles.7 This 
multicomponent one-pot process offers great advantages such as 40 

simplicity, reliability and high atom economy. Ligands 
synthesized through the CuAAC reaction have found extensive 
use in coordination chemistry recently.8 Their corresponding 
metal complexes have been studied for their electron transfer and 
magnetic properties,9 and used as metallo-supramolecular 45 

assemblies10 and as homogeneous catalysts.11 
Development of hybrid NX triazole (X = N, O, S) ligands has 
attracted recent attention due to the enhanced coordination 
capability offered by the heteroatom pair of electrons which is 
available for donation to the metal center.12 Due to the 50 

prospective bi-, or multidendentate coordination of the mixed NX 
(X = N, S) triazoles, the stability and catalytic properties of the 
metal derivatives are usually improved when compared to 
monodentate systems.13         
As part of our interest in developing the coordination chemistry 55 

of various click-derived ligands and exploring the application of 
the respective metal complexes, we present herein the synthesis 
and characterization of four new copper(II) complexes of the 
form [Cu(L)2Cl2] supported by click synthesized mixed NN, NO, 
and NS 1,2,3-triazole ligands. Solid state characterizations are 60 

presented to illustrate the effect of the heteroatom of the triazole 
N-pendant arm in the coordination environment of the metal 
center. The four new complexes showed activity as catalysts in 
the CuAAC process using sodium ascorbate as reducing agent.  
The complex supported by the mixed NS triazole displayed the 65 

best catalytic performance of the series, allowing for the easy and 
high yielding preparation of a variety of mono-, bis- and tris-
1,2,3-triazoles under low catalyst loadings.   

Results and discussion 

Synthesis and characterization 70 

 
The substituted 1,2,3-triazoles used as ligands in this work were 
prepared through a Cu(I) catalysed process as described in the  
literature.14,15 The click reaction of the appropriate alkyne and 
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sodium azide in the presence of 4-chlorobenzyl chloride, 
Cu(OAc)2·5H2O and sodium ascorbate, provided                         
ligands 1-4 in good yields (Scheme 1). 
 
 5 

 
 
 
 
 10 

 
           
Scheme 1 Synthesis of mixed ligands 1-4 

 
Stirring of ligands 1-4 with equimolar amounts of CuCl2·5H2O in 15 

methanol or ethanol at room temperature, yielded blue 
precipitates in case of ligands 1 and 2 and green precipitates in 
the case of 3 and 4. The copper(II) complexes were purified by 
filtration and washing with cold methanol. Under the above 
reaction conditions, we were expecting complexes with 20 

ligand/copper 1:1 ratios and with a [Cu[L]Cl2] formula (Scheme 
2). However, the low yields (~ 25%) and the large amount of 
residual copper chloride indicated incomplete consumption of the 
starting materials. As no NMR data were available (paramagnetic 
complexes), elemental analyses were obtained, and the results 25 

unveiled a 2:1 ligand/metal ratio for all the complexes (Scheme 
2).  
 
 
 30 

 
 
 
 
 35 

 
 
 
 
 40 

 
 
 
 

Scheme 2 Synthesis of complexes 5-8. 45 

 
Having confirmed the actual ligand/metal ratio of the synthesized 
complexes, we modified the reaction conditions by using two 
equivalents of the ligand and stirring for 12 h. The precipitates 
were formed, and the yields of the isolated products were 50 

increased in a range of 71 to 82%. Complexes 5-8 were 
characterized by melting point, FT-IR and UV-vis. The 
thermogravimetric (TG) curves over 25-800oC for complexes 5-8 
are given in Figure 1. Complexes 5 and 6 are stable to 191 and 
198 oC respectively, while 7 and 8 maintain its original 55 

composition up to 251 and 215 oC. A steady decline until 
reaching a residual weight for 5-8 is observed between the range 
of ~600 to 650 oC. As noted in Figure 1, all the complexes 

display similar thermal decomposition patterns.  
 60 

 
 
 
 
 65 

 
 
 
 
 70 

 

 

 

Figure 1 TGA curves for 5-8. 

  75 

In order to gain further insight on the copper(II) complexes 
structures, we focused next on the preparation of X-Ray quality 
single crystals. Complex 5 was crystallized by slow evaporation 
of a concentrated DCM solution at room temperature and the 
solid state structure is depicted in Figure 2. Complex 5 80 

crystallizes in a Triclinic P-1 space group as a monomeric unit 
and confirms the 1:2 metal/ligand ratio previously assumed. The 
copper(II) center is coordinated to a single nitrogen of each of the 
two 1,2,3-triazole ligands with N(1)-Cu(1) and N(1A)-Cu(1) 
bond distances of 1.9976(16) Å and to two chlorine atoms with 85 

Cu(1)-Cl(1) and Cu(1)-Cl(1A) bond distances of 2.2504(5) Å. An 
overall square planar geometry around the metal center is 
observed. Interestingly, the O(1) and O(1A) atoms are located far 
away from the Cu(1) center [3.1570 Å] deterring  a possible 
bidentated coordination of each 1,2,3-triazole ligand. 90 

Figure 2 ORTEP drawing of complex 5. Hydrogen atoms have been 

omitted for clarity. Thermal ellipsoids are shown at 50% probability.  

 
Single crystals of complex 6 were prepared by diethylether 
vapour diffusion into a chloroform saturated solution. Complex 6 95 

crystallized in the Triclinic P-1 spatial group as a monomeric 
unit, and the solid state structure is shown in Figure 3. The copper 
center presents a coordination number of six with an octahedral 
geometry. Each triazole ligand coordinates the metal center in a 
bidentate fashion through the N(1), O(1) and N(1A)-O(1A) atoms 100 

and the two chlorine atoms complete the coordination sphere at 
the apical positions. The highly symmetric structure of 6 features 
in a C2 axis drawn through the two Cl(1)-Cu(1)-Cl(1A) atoms. 
The Cu(1)-N(1) and Cu(1)-N(1A) bond lengths are 1.9902(16) Å 
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+

Catalyst

Na-ascorbate I

and the Cu(1)-O(1) and Cu(1)-O(1A) bond distances are 
2.2701(6) Å, falling all in the standard distances for triazole 
complexes.16 The bidentate fashion of the 1,2,3-triazole ligands in 
complex 6 may be related to the more rigid structure and 
proximity of the ArO- moiety instead of the more flexible 5 

ArCH2O- moiety displayed in complex 5. The Cu(1) center forms 
a five-membered ring with O(1), C(10), C(9) and N(1) with an 
overall conformation best described as envelope.   

 
Figure 3 ORTEP drawing of complex 6. Hydrogen atoms are omitted for 10 

clarity. Thermal ellipsoids are shown at the 50% probability. 

 

Despite the various attempts to crystallize complexes 7 and 8, we 
were not able to obtain appropriate X-Ray quality samples. The 
best set of single crystals for complex 8 was obtained by slow 15 

evaporation of a methanol solution at room temperature yielding 
needle shaped green samples. Although full refinement could not 
be obtained due to the crystal quality,17 the molecular structure 
and the atom connectivity of complex 8 (Figure 4) is 
unambiguous and allows its discussion and solid state 20 

comparison. Complex 8 resembles the molecular structure of 6 
featuring a monomeric unit that present a C2 axis drawn through 
the Cl(1)-Cu(1)-Cl(1A) atoms. Each triazole ligand displays a 
bidentate coordination through the N(1) and S(1) atoms providing 
a hexacoordinated copper center with and overall octahedral 25 

geometry. The five membered ring formed by the S(1), C(9), 
C(10), N(1) and Cu(1) atoms also resembles the envelope shape 
displayed in complex 6.  

 
Figure 4 Molecular structure of complex 8 shown to illustrate atom 30 

connectivity. Hydrogen atoms are omitted for clarity.  

 

The d9 electronic configuration of the metal center does not affect 
the almost perfect square planar geometry in complex 5 (torsion 
angle of 0.03°). However, in complexes 6 and 8, a tetragonal 35 

compression due to the Jahn-Teller effect is appreciable due to 
the elongation of the bonds in the z-axis drawn by the apical 
chlorine atoms (z-out distortion).   
Although the crystal structure of complex 7 could not be 
achieved, its structure can be correlated to 8 based on the 40 

following arguments. The hard and soft (Lewis) acid and bases 
concept indicates that the Cu(II)-S and Cu(II)-N interactions are 
stronger than Cu(II)-O. This feature enforces the idea that 
complexes 7 and 8 display a bidentate coordination fashion 
towards the metal center. In ligands 1-4, there are distinct 45 

structural differences because of the lone pair on X to the aryl-π 
system interactions; this leads to the monodentate N-bonding in 5 
whereas in 6-8, the conformation about the C-X-C(aryl) has a 
preferred planar orientation facilitating the X-Cu(II) interaction. 
This effect will be even more pronounced in ligand 3 due of the 50 

role of the N-aryl lone pair π-aryl-C(6) interaction. Additionally, 
the hardness of the ((aryl)C)-X (X = O, N or S) will be different 
from the possible CH2-O-CH2 to copper. 
 
CuAAC activity of complexes 5-8 55 

  
Copper(I) complexes of 1,2,3-triazoles are potential catalysts for 
the [2+3] cycloaddition reaction between azides and alkynes 
(CuAAC). In recent years, several hybrid NS ligands have been 
tested as catalyst for click reactions showing an improved 60 

performance compared to standard monodentate systems such as 
triazoles, phosphines, and imidazoles.12,13 Knowing that our 
copper(II) complexes could be reduced with sodium ascorbate to 
render Cu(I) active species, we decided to use these in situ 
generated catalysts for the preparation of monotriazoles.   65 

As a first target, we tested complexes 5-8 in the three component 
preparation of I and we compared their performance with the 
previously reported methodology that employed Cu(OAc)2·5H2O 
as the metal source.   
 70 

 
 
 
     
  75 

 
 

Catalyst mol % Na ascorbate  Time (h) *Yield (%) 

Cu(OAc)2 5 ------ 16  43 

Cu(OAc)2 5 5 mol% 16  70 

Cu(OAc)2 5 1.0 equiv 16  83 

5 5 5 mol% 16 73 

6 5 5 mol% 16 81 

7 5 5 mol% 16 88 

8 5 5 mol% 16 95 

Scheme 3 Catalytic performance of complexes 5-8 in the synthesis of 
monotriazole I. *Isolated Yield. 

As depicted in Scheme 3, complexes 7 and 8 showed the best 80 

catalytic performance of the series and they even improve the 

reported literature procedure yield (88 and 95% yields, 

Page 3 of 9 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

[L2CuCl2]   +  nTriazole [Triazolen-CuCl2]   +  2L

+

Cl
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O

O

O

N
N

N
Bn

O

N N

N

Bn+

Catalyst

II

[L2CuCl2]   +  nTriazole [Triazolen-"Cu(I)"]   +  2L
Na ascorbate

respectively). Complexes 5-8 displayed good solubility in water 

and ethanol mixture, and inert conditions were not required. The 

reactions proceeded smoothly at room temperature in all cases 

and the amount of sodium ascorbate necessary for good Click 

reaction performance was only 5 mol%. The synthesized 1,2,3-5 

triazole can be easily purified by chromatographic column on 

silica gel using DMC and methanol (99:1) and the presence of the 

catalyst 1,2,3-triazole ligand represent no problem during 

purification. 

Pleased by these results, we decided to challenge the capabilities 10 

of complexes 5-8 in the preparation of bis-1,2,3-triazoles of the 
type II. Using similar reaction conditions as those reported for 
the synthesis of II,15 we carried out the CuAAC reaction of 1,3-
bis(prop-2-ynyloxy) benzene with sodium azide in presence of 
benzyl chloride and 5 mol% of the catalyst. We observed that the 15 

performance of complexes 7 and 8 was better than Cu(OAc)2 
under similar reaction conditions (Scheme 4). 
 
 
  20 

 

 

 
 

 25 

Catalyst mol % Na ascorbate  Time (h)  *Yield (%) 

Cu(OAc)2 5 ------- 16  38 

Cu(OAc)2 5 5 mol % 16  64 

Cu(OAc)2 5 1.0 equiv 16  71 

5 5 5 mol% 16 56 

6 5 5 mol% 16 67 

7 5 5 mol% 16 74 

8 5 5 mol% 16 83 

Scheme 4 Catalytic performance of complexes 5-8 in the synthesis of 
bistriazole II. *Isolated yield. 

The formation of bis-triazole II under catalytic 5-8 is shown in 
Figure 5. Conversions after four reaction hours are similar for all 
the catalysts. Nevertheless, as reaction time increases, the higher 30 

efficiency of catalyst 8 is appreciable reaching conversions up to 
90% in 10 h and full conversion in 12 h.   
 
 
 35 

 
 
 
 
 40 

 
 
 
 
 45 

Figure 5 Formation of II under catalytic 5-8 (determined by GC-MS)  

In bases of the kinetic data and the isolated yields of I and II, the 
catalytic performance of the complexes reported in this paper can 
be ordered as 5 < 6 < 7 < 8. To get more insight on the factors 
leading catalytic performance and bearing in mind that 1,2,3-50 

triazoles were prepared from complexes that contain the same 
type of ligands, the study of the catalysts stability toward 
ligand/product exchange reactions was imperative. 
Table 1 show the results of the reactions of 5-8 with triazoles I 
and II in ethanol/water (4:1) solvent mixture. The reactions were 55 

performed at room temperature stirring equimolar amounts of the 
catalyst and the respective triazole for 16 h, and purification of 
products was performed by column chromatography. The results 
indicate the amount of released ligand that was originally 
contained in the copper catalyst.  60 

 
 
 
Catalyst Triazole Ligand:Yield(%)* Triazole Ligand:Yield(%)* 

5 I 1 : 49 II 1 : 61 

6 I 2 : 32 II 2 : 39 

7 I 3 : 19 II 3 : 25 

8 I 4  : 9 II 4 : 12 

Table 1 Ligand exchange reactions of 5-8 with triazoles I and II.*Based 
in the theoretical amount of ligand contained in the original complex.   65 

 
Two main aspects from the data of Table 1 can be settled. First, 
the ligand displacement percentages of complex 5 are the larger 
from the series reaching up to 61% with triazole II. Second, the 
exchange percentages in 5-8 are larger with II likely due to a 70 

chelate effect exerted by the bis-triazole. Remarkably, the amount 
of released ligand 4 from complex 8 is not larger than 12% in 
both cases.  
As the active catalysts for the click process are obtained after 
reduction with sodium ascorbate, we studied ligand exchange 75 

reactions using this in situ reduced “Cu(I)” species. Table 2 
shows the ligand displacement percentages obtained after the 
reaction of the reduced 5-8 with triazoles I and II. 
 
 80 

 
Catalyst Triazole Ligand:Yield(%)  Triazole Ligand:Yield(%) 

5 I 1 : 55 II 1 : 66 

6 I 2 : 41 II 2 : 48 

7 I 3 : 25 II 3 : 31 

8 I 4  : 13 II 4  : 17 

Table 2 Ligand exchange reactions of reduced 5-8 with triazoles I and II. 
*Based in the theoretical amount of ligand contained in the original 
complex. 
 85 

According to the ligand displacement percentages shown in Table 
2, the reduced species are slightly more unstable in solution than 
the parent complexes 5-8. Nonetheless, their overall solution 
behaviour is similar displaying the reduced complex 5 as the 
more labile while, reduced 8 features the higher stability of the 90 

series (no more than 17% of ligand displacement).   
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+

Complex 8
Alkyne Triazole

With the overall results, it is arguable that the 
stability of the metal complex in solution is a key 
factor for the catalytic performance of 5-8. For 
instance, complex 5 that in solid state displayed 
monodentate coordination and allowed easier 5 

ligand exchange in solution, results in the less 
effective catalyst. On contrary, the lesser ligand 
exchange observed in complexes 6-8 increases 
the conversion to products due to a more effective 
coordination capacity and solution stability. 10 

Particularly, the sulphur atom being the largest 
and softer of the heteroatoms, results in a highly 
stable complex in solution which provides the 
best catalytic copper species of the series. 
Once established that complex 8 (NS mixed 15 

ligand) was the most efficient catalyst of the 
series, we decided to perform next a substrate 
screening. As observed in Scheme 5, complex 8 is 
capable of catalysing the formation of a series of 
mono-, bis- and tris-1,2,3-triazoles featuring a 20 

variety of functional groups and topologies. 
The optimized synthesis of monotriazoles 
required only of 1 mol% of the catalyst and the 
respective reducing agent, and no longer than 12 
h was necessary to achieve good to excellent 25 

yields (82-92%).  In the case of the preparation of 
bis-triazoles, the amount of catalyst and reducing agent only 
increases to 3 mol% (1.5 mol% of catalyst per triazole unit) and 
18 to 24 h of stirring at room temperature are necessary to reach 
yields from 68 to 79 %. It is important to mention that even 1,2,3-30 

triazoles based on biologically active thymine and uracil 
compounds can be prepared. 
. 
 
 35 

 
 
 
 
 40 

 
 
 
 
 45 

 
 
 
 
 50 

 
 
 
Scheme 5 The range of substrates catalysed by complex 8 
 55 

The most challenging example of the substrate screening 
involved the preparation of a tris-1,2,3-triazole based on 
phloroglucinol. In this trial, 5 mol% of the catalyst and the  

reducing agent and 24 h of stirring at room temperature rendered 
the highly functionalized product in 82% of isolated yield. 60 

A plausible reaction mechanism for the synthesis of 1,2,3-
triazoles using complex 8 is depicted in Scheme 6. Once 8 is 
reduced to Cu(I) with sodium ascorbate, the mechanism is 
probably started by the coordination of the alkyne to the soft 
cationic Cu(I) center in a η2 mode. The metal enhanced acidity of 65 

the -CH group in the alkyne moiety favours its deprotonation by 
one of the copper coordinated 1,2,3-triazole ligands resulting in 
the formation of a triazolium salt and the generation of a Cu(I)-
acetylide complex. The in situ formed organic azide then 
coordinates to the highly electrophilic cationic Cu(I)-acetylide 70 

complex, and the cycloaddition takes place through the formation 
of a five membered ring metallo-cycle which after a 
rearrangement yields a copper-triazolide intermediate. The 
subsequent protonation of the triazolide moiety by the triazolium 

salt releases the desired 1,2,3-triazole and the regeneration of the 75 

active catalyst takes place to finish the cycle. 
 
Conclusions 
 
We have reported the synthesis and characterization of four new 80 

copper(II) complexes supported by click synthesized mixed NX 
(X = N, O, S) 1,2,3-triazoles. The crystal structures of complexes 
5, 6, and 8, display monomeric units and ligand-metal ratio of 
2:1. Complex 5 presents a square planar geometry around the 
metal center while complexes 6 and 8 feature octahedral 85 

coordination environments. For complexes 6 and 8 the triazole 
ligands coordinate the metal center in a bidentate fashion forming 
a five membered metallacycle with an envelope-like 
conformation. The four copper(II) complexes were reduced with 
sodium ascorbate and then tested in the CuAAC reaction.  90 

 Complexes 5-7 show moderate to good catalytic activity in the 

NN

N

Bn(Cl)

S

H
Cu

N N

N

(Cl)Bn

S

H

R H

NN

N

Bn(Cl)

S

H

Ph

R N3

H

NN

N

Bn(Cl)

S

H

Ph

H

N

N
N

R

R

H

Cu

N
N

N

(Cl)Bn

S

H

R

N
N

N

Bn(Cl)

S

H

Cu

N
N

N

(Cl)Bn

S

H

Ph

R

H

Cu

N
N

N

(Cl)Bn

S

H
N

R

N N

R

Cu

N
N

N

(Cl)Bn

S

H
C

R

N

R

N

N

Cu

N
N

N

(Cl)Bn

S

H
N

N
N

R

R

Scheme 6 Proposed reaction Mechanism of complex 8 in the click process.
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synthesis of mono and bis-triazoles while complex 8 (supported 
by a NS mixed triazole) provided the best catalytic performance 
of the series allowing for the synthesis of a variety of mono-, bis- 
and tris-1,2,3-triazoles under low catalyst loadings. The present 
catalytic studies are appealing because the preparation of 1,2,3-5 

triazoles could be achieved from a series of complexes that 
contain click produced ligands as well. The use of mixed NX 
1,2,3-triazoles as ligands for various transition metals and their 
catalytic applications are under current investigation in our 
laboratory. 10 

Experimental Section 

General information 

Commercially available reagents and solvents were used as 

received. Ligands 1-4 were synthesized as reported in the 

literature.14,15 Flash column chromatography was performed on 15 

Kieselgel silica gel 60 (230-400 mesh). Melting points were 

determined on a Fisher-Johns apparatus and are uncorrected. IR 

spectra were recorded on a Bruker Alpha FT-IR/ATR 

spectrometer. UV-vis analyses were obtained with an Agilent 

8453 Spectrophotometer. Elemental analyses were obtained with 20 

a Thermo Finnegan CHNSO-1112 apparatus. All thermograms 

were performed in a  SDTQ600 equipment 20°C/min from room 

temperature to 700°C under nitrogen flow of 5 mL/min using 

alumina pan. GC-MS analyses were performed in an Agilent GC 

model HP 5890 coupled with a mass detector model 5973. X-Ray 25 

diffraction analyses were collected in an Agilent Gemini 

Diffractometer using Mo Kα radiation (l = 0.71073 Å). Data were 

integrated, scaled, sorted, and averaged using the CrysAlisPro 

software package. The structures we solved using direct methods, 

using SHELX 97 and refined by full matrix least squares against 30 

F2.18 All non hydrogen atoms were refined anisotropically. The 

position of the hydrogen atoms were kept fixed with common 
isotropic display parameters. The crystallographic data and some 

details of the data collection and refinement are given in Table 3. 

The programs ORTEP19 and POV-Ray20 were used to generate 35 

the X-ray structural diagrams pictured in this article.  

 

Synthesis of complexes 5-8  

Complex 5. A 3 mL methanol solution of copper chloride 

pentahydrate (54 mg, 0.318 mmol) was added slowly to a 40 

solution of ligand 1 (200 mg, 0.637 mmol) in 5 mL of methanol 

and the reaction turned blue immediately. The reaction was 
stirred for 12 h at room temperature and a blue precipitate 

appeared. The solid was collected by vacuum filtration and 

washed three times with 2 mL portions of cold (0 oC) methanol. A 45 

final washing with diethyl ether and vacuum drying yielded the 

title product as a blue solid in 71% yield (0.226 mmol, 172 mg). 

Single crystals were obtained by the slow evaporation of a 

concentrated ethanol solution.  mp = 165-167 °C. FT-IR/ATR 

νmax cm−1: 3149, 3115, 3058, 3032, 2997, 2940, 2882, 2863, 50 

2846, 1655, 1573, 1483, 1469, 1454. UV/vis (MeOH) λmax/nm 

(ε/dm3 mol-1 cm-1): 269 (6.62 x 103) 323 (1.25 x 103) 456 (2.60 x 

102). Found: C, 53.42; H 4.26, N 11.07; Calc for: 

C34H32Cl4CuN6O2 C, 53.59; H, 4.23, N 11.03. 

Table 3 Crystallographic Data and Summary of data Collection and 55 

Structure Refinement 

 5 6 

Formula C34H32Cl4CuN6O2 C32H28Cl4N6O2 

Fw 762.00 733.94 

cryst syst Triclinic Triclinic 

Space group P-1 P-1 

T, K 293(2) 293(2) 

a, Å 7.2326(3) 7.1710(3) 

b,  Å 8.3664(4) 8.3954(3) 

c, Å 15.0156(5) 14.3714(5) 

α, deg 97.304(3) 75.138(3) 

β, deg 102.771(3) 81.275(3) 

γ, deg 98.187(3) 79.855(3) 

V, Å3 865.186(6) 818.01(5) 

Z 1 1 

dcalc g.cm-3 1.463 1.490 

µ, mm-1 4.063 1.034 

refl collected 19934 24061 

Tmin/Tmax 0.734 0.937 

Nmeasd 3441 2861 

[Rint] 0.0414 0.0527 

R [I > 2sigma(I)] 0.0350 0.0335 

R (all data) 0.0451 0.0394 

Rw[I > 2sigma(I)] 0.0899 0.1226 

Rw (all data) 0.0970 0.1297 

GOF 1.029 1.045 

   

Complex 6. A 3 mL methanol solution of copper chloride 

pentahydrate (57 mg, 0.333 mmol) was added slowly to a 

solution of ligand 2 (200 mg, 0.667 mmol) in 5 mL of methanol 60 

and the reaction turned blue immediately. The reaction was 

stirred for 12 h at room temperature and a blue precipitate 

appeared. The solid was collected by vacuum filtration and 

washed three times with 2 mL portions of cold (0 oC) methanol. A 

final washing with diethyl ether and vacuum drying yielded the 65 

title product as a blue solid in 74% yield (0.246 mmol, 181 mg). 

Single crystals were obtained by the diethyl ether vapour 

diffusion into a concentrated chloroform solution of the product.  
mp = 177-179 °C. FT-IR/ATR νmax cm−1: 3150, 3112, 3064, 1597, 
1584, 1495, 1455, 1386, 1334, 1289, 1232. UV/vis (MeOH) 70 

λmax/nm (ε/dm3 mol-1 cm-1): 250 (6.20 x 103) 328 (4.18 x 103) 453 

(1.18 x 102). Found: C, 52.22; H 3.96, N 11.73. Calc for: 

C32H28Cl4CuN6O2 C, 52.37; H, 3.85, N 11.45. 

Complex 7. A 3 mL methanol solution of copper chloride 

pentahydrate (55 mg, 0.319 mmol) was added slowly to a 75 

solution of ligand 2 (200 mg, 0.639 mmol) in 5 mL of methanol 

and the reaction turned green immediately. The reaction was 

stirred for 12 h at room temperature and a green precipitate 

appeared. The solid was collected by vacuum filtration and 

washed three times with 2 mL portions of cold (0 oC) methanol. A 80 

final washing with diethyl ether and vacuum drying yielded the 

title product as a blue solid in 77% yield (0.245 mmol, 187 mg).  
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mp = 156-158 °C. FT-IR/ATR νmax cm−1: 3161, 3215, 3168, 3042, 

3000, 2974, 2788, 2633, 2122, 1675, 1612, 1584, 1488, 1457.  

UV/vis (MeOH) λmax/nm (ε/dm3 mol-1 cm-1): 254 (5.63 x 103) 

317 (3.14 x 103) 455 (1.34 x 102). Found: C, 53.41; H 4.17, N 

14.98. Calc for: C34H34Cl4CuN8 C, 53.73; H 4.51, N 14.74. 5 

Complex 8. A 3 mL methanol solution of copper chloride 

pentahydrate (54 mg, 0.316 mmol) was added slowly to a 

solution of ligand 2 (200 mg, 0.633 mmol) in 5 mL of methanol 

and the reaction turned green immediately. The reaction was 

stirred for 12 h at room temperature and a green precipitate 10 

appeared. The solid was collected by vacuum filtration and 

washed three times with 2 mL portions of cold (0 oC) methanol. A 

final washing with diethyl ether and vacuum drying yielded the 

title product as a blue solid in 82% yield (0.259 mmol, 198 mg). 

Samples for X-ray diffractions were obtained by the slow 15 

evaporation of a concentrated methanol solution of the product.  
mp = 191-193 °C. FT-IR/ATR νmax cm−1: 3129, 3079, 3058, 3020, 

2927, 1998, 1974, 1581, 1558, 1488, 1438, 1408, 1346, 1256, 

1228.  UV/vis (MeOH) λmax/nm (ε/dm3 mol-1 cm-1): 275 (5.98 x 

103) 311 (3.45 x 103) 459 (1.82 x 102). Found: C, 50.30; H 3.68, 20 

N 11.00. Calc for: C32H28Cl4CuN6S2 C, 50.17; H 3.68, N 10.97. 

 

General procedure for the CuAAC catalysis trials 
 
Monotriazole preparation. To a 20 mL round-bottom flask 25 

equipped with a magnetic stirrer, were charged the appropriate 
catalyst and sodium L-ascorbate in equal mole percentages. After 
addition of 7 mL of a mixture EtOH-H2O (4:1 v/v), the resulting 
suspension was stirred for five minutes at room temperature. 
Subsequently, 1.14 mmol of the ligand, 1.40 mmol of sodium 30 

azide, and 1.40 mmol of benzyl chloride were added to the 
reaction mixture, which was stirred during 12 h at room 
temperature. 5 mL of H2O were added to the reaction mixture and 
the precipitate was filtered off, washed thoroughly with H2O, 
petroleum ether, and dried under vacuum. The crude products 35 

were purified by column chromatography and their 
characterization is consistent with literature reports.14,15,21,22  
 
Bis-triazole preparation. To a 20 mL round-bottom flask 
equipped with a magnetic stirrer, were charged the catalyst and 40 

sodium L-ascorbate in equal mole percentages (according to 
Scheme 4). After addition of 5 mL of a mixture EtOH-H2O (4:1 
v/v), the resulting suspension was stirred for five minutes at room 
temperature. Subsequently, 0.70 mmol of the alkyne, 1.54 mmol 
of sodium azide, and 1.54 mmol of benzyl chloride were added to 45 

the reaction mixture, which was stirred at room temperature 
(Refer to Scheme 4 for reaction times). 5 mL of H2O were added 
to the reaction mixture and the precipitate was filtered off, 
washed thoroughly with H2O, petroleum ether, and dried under 
vacuum. The crude products were purified by column 50 

chromatography and their characterization is consistent with the 
literature reports. 14,15,23 
 
Tris-triazole preparation. 
To a 20 mL round-bottom flask equipped with a magnetic stirrer, 55 

were charged 16 mg (0.021 mmol, 5 mol%) of complex 8 and 4 

mg (0.021 mmol, 5 mol%) of sodium L-ascorbate. After addition 

of 10 mL of a mixture EtOH-H2O (4:1 v/v), the resulting 

suspension was stirred for five minutes at room temperature. 

Subsequently, 107 mg (0.42 mmol) of 1,3,5-tris(prop-2-60 

ynyloxy)benzene, 90 mg (1.39 mmol) of sodium azide, and 0.16 

mL (1.39 mmol) of benzyl chloride were added to the reaction 

mixture, which was stirred during 24 h at room temperature. 10 

mL of H2O were added to the reaction mixture and the precipitate 

was filtered off, washed thoroughly with H2O, petroleum ether, 65 

and dried under vacuum. The crude product was purified by 

column chromatography (CH2Cl2-MeOH 96:4 v/v) and its 

characterization is consistent with the literature. 14,24  

 

Ligand exchange reactions 70 

To a 20 mL round-bottom flask equipped with a magnetic stirrer, 
were charged 0.5 mmol of the copper complex and the 

stoiquiometric amounts of the respective triazole I or II. After 

addition of 10 mL of a mixture EtOH-H2O (4:1 v/v) the resulting 

suspension was stirred for 16 h at room temperature. The 75 

resulting mixture was extracted with DCM, dried over MgSO4 

and dried under vacuum. The residue was purified by column 

chromatography starting with 100% CH2Cl2 and gradually 

increasing the polarity of the eluent by adding MeOH. The 

purified triazoles were characterized by 1H and compared to the 80 

synthesized ligands 1-4. 

Ligand exchange reactions with reduced complexes 

To a 20 mL round-bottom flask equipped with a magnetic stirrer, 

were charged 0.5 mmol of the copper complex and 0.55 mmol of 

sodium ascorbate. 10 mL of a mixture EtOH-H2O (4:1 v/v) were 85 

added and the resulting suspension was stirred for 15 min. 0.5 

mmol of triazole I or II were added to the catalyst solution and 
the reaction was stirred for 16 h at room temperature. The 

resulting mixture was extracted with DCM, dried over MgSO4 

and dried under vacuum. The residue was purified by column 90 

chromatography starting with 100% CH2Cl2 and gradually 
increasing the polarity of the eluent by adding MeOH. The 

purified triazoles were characterized by 1H and compared to the 

synthesized ligands 1-4. 

    95 
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Graphical Abstract 

Four copper complexes supported by mixed NO, NN and NS-1,2,3-triazoles is reported. Their catalytically activity in the 

CuAAC process is demonstrated. 
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