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A B S T R A C T

Reactions of CuX (X=Br or I) and [Cu(MeCN)4][BF4] with the neutral C-scorpionates HC(3,5-Me2pz)3 and
HC(3-Phpz)3 (Tpm∗ and TpmPh, respectively) proceed readily at room temperature to give the neutral copper(I)
complexes [CuBr(TpmPh)] (1), [CuI(TpmPh)] (2), [CuBr(Tpm∗)] (3), [CuI(Tpm∗)] (4) and the cationic [Cu
(TpmPh)(NCMe)][BF4] (5), [Cu(Tpm∗)(NCMe)][BF4] (6) and [Cu(Tpm∗)2][BF4]2 (7), the latter also obtained
from 6 after some time in air. Compounds 1–7 act as homogeneous catalysts for the low-power microwave-
assisted three component (alkyne, bromobenzyl, sodium azide) cycloaddition reaction (CuAAC) to afford 1,4-
disubstituted-1,2,3-triazoles, with 7 as the best catalyst. The catalytic reaction evolves well in ROH/H2O solu-
tion, depends on the R group and proceeds better when R=Me, here achieving yields up to 94%. The alcohol
plays a role in the Cu(II)-to-Cu(I) Glaser-type induction period, therefore avoiding a reducing agent in the
system.

1. Introduction

Copper species play a very essential role in several enzymes and
catalytic systems, which leads to a significant interest to develop new
copper models for catalysis [1–4]. Among the most interesting copper
species applications in catalysis is the copper catalyzed azide-alkyne
cycloaddition reaction (CuAAC, Scheme 1). Since its discovery [5,6],
this reaction has become the most genuine example of “click chemistry”
[7] and constituted a powerful tool for the synthesis of 1,2,3-triazoles
with growing applications in materials science, molecular biology,
polymer and medicinal chemistry [8–10].

Due to the explosive nature of organic azides, their isolation and
purification can be problematic [11,12]. Therefore, intensive attention
has been devoted to a new one-pot procedure of three components
reaction (alkyne, organic halide and sodium azide) [13–16], which
involves in-situ generation of organo azides followed by addition to an
alkyne to produce the corresponding 1,2,3-triazole (Scheme 2).

The most common procedure for CuAAC is the in situ generation of
Cu(I) from a mixture of Cu(II) salt (e.g., CuSO4) and sodium ascorbate as
reducing agent in aqueous medium [6,17,18]. Other catalytic systems
have been developed including the use of (a) Cu(I) salts with addition of

a ligand [16,19], (b) electrochemically generated Cu(I) species [20], (c)
supported Cu(I) on an immobilized phase [21,22], (d) Cu-containing
nanoparticles [23] and, to a lower extent, (e) well-defined Cu(I) com-
plexes [15,24–31] where the main role of the ligand is to stabilize the
Cu(I) centres. In this respect, tris(triazoles) [15,24], phosphines
[25–28], tetramines [29], and N-heterocyclic carbenes [30,31] are
successfully used ligands under different conditions.

In 2006 [32], Kantam et al. reported the first example of using so-
lely a Cu(II) salt (i.e., Cu(OAc)2, OAc= acetate) without reducing
agents or additional bases for the CuAAC reaction, in aqueous medium,
and postulated a direct participation of Cu(II) in the catalytic process.
Considering the extremely high efficiency of Cu(I) for the CuAAC re-
action at less than 0.01 equiv., as well as many studies providing the
essentiality of the presence of Cu(I) for the catalysis process
[5,6,25,26,29–31,17–24], it is more persuasive to ascribe catalysis to
small amounts of Cu(I) present or somehow generated in the reaction
mixture. Brotherton et al. [33] suggested that, in the presence of Cu(II),
Cu(I) may be generated during an oxidative homocoupling of terminal
alkynes (Eq. (1)), the process then pursuing as Glaser reaction [34].
This assumption has been confirmed by several spectroscopic, me-
chanistic and computational studies on different Cu(II) salts and
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complexes, clearly revealing that Cu(I) species are generated in a short
induction period from alkyne-alkyne homocoupling [33,35,36].
Thereafter, Cu(II) salts [37] or complexes [35,38,39] and immobilized
Cu(II) species [36,40] have been successfully applied for reducing
agents free ACC reaction.

Since the discovery of tris(pyrazol-1-yl)methane (Tpm) compounds
(C-scorpionates) [41] and the improvement of their synthetic proce-
dures [42,43], a significant number of copper complexes bearing these
ligands have been synthesized, used as catalysts for several processes
and, most notably, in CeH bond activation methods [44]. Due to the
ability of Tpm ligands to form stable copper complexes [45–49], they
would be promising candidates for CuAAC processes. However, to our
knowledge, the reported CuAAC processes catalyzed by Cu-Tpm com-
pounds is limited to just one Cu(I) example [50]. Herein we report the
catalytic performance of well-defined Cu(I) and Cu(II) complexes with
Tpm ligands, viz tris(3,5-dimethyl-1-pyrazolyl)methane, HC(3,5-
Me2pz)3 or Tpm*, and tris(3-phenylpyrazolyl)methane, HC(3-Phpz)3 or
TpmPh, (pz= pyrazol-1-yl; Fig. 1) for three-components CuAAC pro-
cess. The microwave assisted efficiency of such catalytic systems was
also investigated, confirming the already proven [14,15] great increase
of the CuAAC reaction rate under such experimental conditions.

2. Results and discussion

Reaction of Cu(I) bromide or iodide with TpmPh or Tpm* in an
equimolar amount proceeds readily at room temperature to give the
respective [CuBr(TpmPh)] (1), [CuI(TpmPh)] (2), [CuBr(Tpm*)] (3) and
[CuI(Tpm*)] (4) colourless complexes in good yield (Scheme 3). Com-
plexes 1, 2 and 4 are air stable both in solid state and in solution, but 3
is stable in air only in the solid state since its solution changes to green

in a few hours, a colour which is typical of a Cu(II) derivative. Com-
plexes 1–4 are soluble in MeCN, CH2Cl2 and DMSO, 3 and 4 also having
good solubilities in MeOH. They present a half-sandwich structure with
one κN3-coordinated TpmPh (1, 2) or Tpm* (3, 4) ligand, their for-
mulations being confirmed by spectroscopic and analytical data (see
below). The structures of 1 and 4 have also been established by single
crystal X-ray diffraction. However, since the structure of the former is of
very low quality (see Supplementary Information) and the structure of
4 has already been reported [46], none will be discussed.

The coordination of TpmPh and Tpm* ligands to the Cu(I) centre in
1–4 was confirmed by the downfield shift of resonances for the pyr-
azolyl ring protons of the ligands in their 1H NMR spectra (see the
Experimental Section, and Figs. S1 and S2). Both their 1H NMR and 13C
NMR spectra show the equivalence of the three pyrazolyl rings by ex-
hibiting a single resonance for each type of protons or carbons, ac-
cording to the N,N,N– coordination mode to the Cu(I) centre. The IR
spectra of the compounds exhibit a set of bands with diverse intensities
typical of TpmPh and Tpm* ligands [42,48], in particular the C]N
stretching vibrations at 1532, 1524, 1562 and 1557 cm−1. The co-
ordination of the halide (Br− or I−) was confirmed by the typical bands

in the 213–224 cm−1 range.
ESI(+)MS spectra for 1–4 were obtained in acetonitrile solution,

showing in all cases the base peak corresponding to the
[M− X+MeCN]+ fragment.

Reaction of [Cu(MeCN)4][BF4] with TpmPh in air, under mild con-
ditions, yields the Cu(I) complex [Cu(TpmPh)(NCMe)][BF4] (5)
(Scheme 4). By mixing equimolar amounts of [Cu(MeCN)4][BF4] and
Tpm* in degassed CH2Cl2, under inert N2-atmosphere, [Cu(Tpm*)
(NCMe)][BF4] (6) was afforded as an off-white powder in high yield
(Scheme 4, route 1). Compound 6 is stable as a solid in air, but is un-
stable in solution as it is oxidized to the green coloured Cu(II) complex
[Cu(Tpm*)2][BF4]2 (7) in a few hours (Scheme 4). Compound 7 can also
be obtained following the same procedure as for compound 6 synthesis,
using CH2Cl2 solvent in open air (Scheme 4, route 2). This compound
has already initially been obtained [51] following a 1:2 reaction of the

Scheme 1. Copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction.

Scheme 2. Three components catalyzed CuAAC reaction.

Fig. 1. Structures of C-scorpionate ligands employed in this work: (a) tris(3-
phenylpyrazolyl)methane HC(3-Phpz)3 (pz=pyrazol-1-yl), TpmPh; (b) tris(3,5-
dimethyl-1-pyrazolyl)methane HC(3,5-Me2pz)3, Tpm*.

Scheme 3. Synthesis of Cu(I) complexes [CuBr(TpmPh)] (1), [CuI(TpmPh)] (2),
[CuBr(Tpm*)] (3) and [CuI(Tpm*)] (4).

(1)
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Cu(BF4)2 hydrated salt and Tpm*. Compounds 5–7 display a good so-
lubility in MeOH, DMSO, MeCN, and chlorinated solvents such as
CH2Cl2 and CHCl3.

The cationic complexes 5–7 were characterized by ESI-MS spec-
trometry, elemental analysis, FT-IR and NMR (1H and 13C{1H}, except
for 7) spectroscopies, which support the proposed formulations (see
experimental section) and the results are consistent with the data al-
ready reported when [PF6]− is the counter anion (i.e., [Cu(TpmPh)
(NCMe)][PF6] and [Cu(Tpm*)(NCMe)][PF6]) [47]. The crystal struc-
ture of 7 agreed with the already established one [51].

Azide-alkyne cycloaddition in aqueous-three component catalytic
system

The catalytic performances of compounds 1–7 were investigated
towards the three component CuAAC reaction. Under low power (10W)
microwave (MW) irradiation and in homogeneous conditions, taking
the reaction between phenylacetylene, benzyl bromide and sodium
azide to afford 1-benzyl-4-phenyl-1H-1,2,3-triazole as a model (see
Table 1, inset reaction). The reaction product could be easily isolated by
filtration and no byproducts were identified. In order to optimize the
reaction conditions a series of experiments was performed to study the
influence of variables such as type and amount of catalyst, solvent and
reaction time (Table 1).

The catalytic reactivity of compounds 1–7 for the indicated CuAAC
reaction was initially tested (Table 1, entries 1–7), using 1.5mol% of
catalyst, in water:MeCN (1:1) mixture, under MW irradiation (10W) for
30min, to produce 1-benzyl-4-phenyl-1H-1,2,3-triazole as unique pro-
duct with yield in the 18–88% range. Compound 7 revealed the highest
activity and was thus used for the optimization of the reaction condi-
tions.

Increasing the catalyst loading from 0.5 mol% to 1.5mol% raised
the isolated yield sharply from 36% to 88% (Table 1, compare entries 7
and 8). However, a further increase in the amount of catalyst did not
have a significant effect on the yield (Table 1, entries 9 and 10, Fig. 2-
a). Extending the reaction time from 15 to 30min increased the yield
from 56% to 88%, and no significant change in yield was observed with
further extending the reaction time up to 90min (Table 1, compare

entries 7, 11–13, Fig. 2-b).
The effect of temperature has also been studied (Table 1, entries 7

and 14–16). With 10W of microwave power, raising the temperature
from 75 °C up to 125 °C increased the yield from 78% to 88% (Table 1,
entries 7, 14 and 15). Higher temperature of 150 °C resulted in di-
minished yield of 84% (Table 1, entry 16).

The reaction was also carried out in various solvents used in-
dividually (Table 1, entries 17–21) or as 1:1 mixtures with water
(Table 1, entries 22–25), the former giving significant lower product
yields than the latter. Since water is necessary to dissolve NaN3 and the
organic solvent is vital for solubilization of the other reactants as well
as the catalyst, using mixtures of water and an organic solvent enhance
the homogeneity of the reaction system and the efficiency of the cata-
lysis. When mixtures of water with different alcohols were employed
(Table 1, entries 22–25), the obtained yields using oxidizable alcohols
(i.e., iPrOH, EtOH or MeOH) are higher than that obtained using tBuOH.
According to the literature [33,52], the presence of oxidizable alcohols
may enhance the reduction of Cu(II) to Cu(I) species (the Glaser in-
duction period), which is necessary for the catalytic CuAAC reaction to
proceed (Eq. (2)).

(2)

Consequently, the best experimental conditions for the three-com-
ponent CuAAC reaction to afford 1,4-disubstituted-1,2,3-triazoles in-
volve using 1.5mol% of Cu(II)-compound 7 as pre-catalyst, in (1:1)
H2O:MeOH mixtures, under microwave irradiation at 125 °C in air for
30min. Using these conditions, the scope of our catalytic system with 7
as pre-catalyst for one-pot three-component cycloaddition reaction was
expanded to several other terminal alkynes (Table 2). In all cases, the
reaction proceeded to afford the corresponding triazoles with yields
ranging from 68 to 95%.

Complex 7 displays a relatively high activity for the CuAAC reaction
as, e. g., a yield up to 94% could be achieved in water:methanol medium
under microwave irradiation (table 1, entry 25), which is similar to
other reported catalytic systems [14,15]. However, our experimental
conditions are comparatively milder since only 10WMW radiation was
used, in a relatively short reaction time (30min.) and in the absence of
reduction agents. In addition, our complex reveals a higher selectivity
when compared to a reported system for catalytic AAC reaction be-
tween phenylacetylene and N-sulfonyl azide using a Cu(I)-Tpm*Br

complex [Tpm*Br=HC(4-Br-3,5-Me2pz)3] [50]. Yet, in this case,
chloroform was used as solvent and tosylamide was a byproduct the
concentration of which increased considerably upon addition of water.

By analogy with previous reports [6,17], a plausible mechanism for
the Cu(II)-catalyzed cycloaddition to the synthesis of 1,2,3-triazoles is
depicted in Scheme 5. The reaction begins with Cu(II) promoted alkyne-
alkyne homocoupling to generate the Cu(I) catalytic active species [34].
Then the reaction proceeds in a stepwise manner as described by
Sharpless and coworkers [6], which involves the coordination of the
alkyne to the Cu(I) species to form the Cu(I)-acetylenide complex, fol-
lowed by its cyclization with the in situ generated organic azide to
produce the Cu(I)-tryazolyl intermediate. Finally, the 1,4-disubstituted
1,2,3-triazole product is afforded by protonation of the the Cu(I)-trya-
zolyl intermediate to complete the catalytic cycle.

3. Conclusions

A set of well-defined scorpionate copper complexes 1–7 were pre-
pared by direct reaction of commercially available Cu(I) salts with
neutral HC(3,5-Me2pz)3 (Tpm*) and HC(3-Phpz)3 (TpmPh) under mild
conditions. The possibility of employing such complexes as catalyst
precursors for the three-component (alkyne, organic halide and sodium
azide) CuAAC in aqueous medium was investigated. The obtained
copper complexes, in particular [Cu(Tpm*)2][BF4]2 (7), act as

Scheme 4. Synthesis of compounds [Cu(TpmPh)(NCMe)][BF4] (5), [Cu(Tpm*)
(NCMe)][BF4] (6) and [Cu(Tpm*)2][BF4]2 (7).
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homogeneous catalysts for the reaction under low power (10W) mi-
crowave irradiation to afford, in 30min., the 1,4-disubstituted-1,2,3-
triazoles in pure form with yields up to 94%.

A comparison of our catalytic system with already reported similar
ones proved that it was highly efficient under milder conditions and in
the absence of added reducing agent. In addition, it also showed that
the properties of the C-scorpionate compounds are easily tunable and
their usage as ligands can contribute for the optimization of the cata-
lytic behaviour of their metal complexes, a research route that deserves
to be further explored.

4. Experimental

4.1. General procedures and instrumentation

All operations were carried out in open air, unless stated otherwise.
All solvents and reagents were obtained from commercial sources and
used without further purifications. Tris(3-phenylpyrazoyl)methane
[42], tris(3,5-dimethyl-1-pyrazoyl)methane [48] and complex 4 [46]
were prepared according to literature procedures. Synthesis under mi-
crowave irradiation were carried out in an Anton Paar (Monowave 300)
apparatus. The reactions were performed in 10mL cylindrical pyrex

Table 1
Three-component catalytic CuAAC reaction of phenylacetylene, benzyl bromide and sodium azide to produce 1-benzyl-4-phenyl-1H-1,2,3-triazole, under microwave
irradiation, catalyzed by 1–7.a

Entry Catalyst Cat. loadb

(mol%)
Solvent Temperature

(oC)
Time (min) Yieldc (%) TONd

1 1 1.5 H2O:MeCN 125 30 18 12
2 2 1.5 H2O:MeCN 125 30 22 15
3 3 1.5 H2O:MeCN 125 30 64 42
4 4 1.5 H2O:MeCN 125 30 81 54
5 5 1.5 H2O:MeCN 125 30 65 43
6 6 1.5 H2O:MeCN 125 30 27 18
7 7 1.5 H2O:MeCN 125 30 88 59
8 7 0.5 H2O:MeCN 125 30 36 73
9 7 3 H2O:MeCN 125 30 90 30
10 7 5 H2O:MeCN 125 30 90 18
11 7 1.5 H2O:MeCN 125 15 56 37
12 7 1.5 H2O:MeCN 125 60 89 59
13 7 1.5 H2O:MeCN 125 90 89 59
14 7 1.5 H2O:MeCN 75 30 78 52
15 7 1.5 H2O:MeCN 100 30 79 52
16 7 1.5 H2O:MeCN 150 30 84 56
17 7 1.5 DMSO 125 30 14 9
18 7 1.5 DMF 125 30 17 11
19 7 1.5 MeCN 125 30 22 15
20 7 1.5 MeOH 125 30 27 18
21 7 1.5 H2O 125 30 63 42
22 7 1.5 H2O:tBuOH 125 30 82 55
23 7 1.5 H2O:iPrOH 125 30 87 58
24 7 1.5 H2O:EtOH 125 30 89 59
25 7 1.5 H2O:MeOH 125 30 94 63

a Reaction conditions: phenylacetylene (0.33mmol), benzyl bromide (0.3 mmol, limiting reactant), sodium azide (0.33mmol), 1.5mL of solvent (1:1 in case of
solvent mixtures), MW irradiation (10W), 125 °C.

b Calculated on the basis of benzyl bromide.
c Isolated yield; calculated on the basis of benzyl bromide.
d Number of moles of product (1-benzyl-4-phenyl-1H-1,2,3-triazole) per mol of catalyst.

Fig. 2. Plots of yields of 1-benzyl-4-phenyl-1H-1,2,3-triazole vs. catalyst amount (a) and reaction time (b) for the CuAAC reaction in (1:1) water:MeCN mixtures using
1.5 mol% of catalyst 7 at 125 °C under microwave irradiation (10W).
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tubes, sealed using a teflon crimp top. After the reaction, the vail was
cooled rapidly to ambient temperature by gas jet cooling.

1H and 13C NMR spectra were obtained using a Bruker Advance
300MHz spectrometer, at ambient temperature. All chemical shifts are

reported in δ (ppm). All spectra were internally referenced to residual
protio-solvent resonance and are reported relative to SiMe4.
Assignments of some 1H and 13C signals rely on g-COSY and g-HSQC
experiments. Elemental analyses (C, H, and N) were obtained by the
microanalytical services of the Instituto Superior Técnico. Infrared
spectra (4000–400 cm−1) were obtained in a Cary 630 FTIR spectro-
meter; wavenumbers are in cm−1; abbreviations: s, strong; m, medium;
w, weak. Far infrared spectra (400–180 cm−1) were recorded on a
Vertex 70 spectrophotometer in CsI pellets. Electrospray mass spectra
(ESI-Ms) were obtained on a Varian 500- MS LC Ion Trap Mass spec-
trometer equipped with an electrospray ion source. For electrospray
ionization, the drying gas and flow rate was optimized according to the
particular sample with 35p.s.i. nebulizer pressure. The scanning was
performed from m/z 100–1200 in acetonitrile solution. All compounds
were observed in the positive mode (capillary voltage= 80–105 V).

4.2. Synthesis of complexes 1 and 2

In a round bottom flask, copper(I) halide (0.1 mmol, CuBr for 1 or
CuI for 2) was dissolved in 2mL of MeCN. Under continuous stirring, a
5mL MeCN:EtOH (3:2) solution of HC(3-PhPz)3 (0.11mmol, 50mg)
was added dropwise. The produced light brown solution was stirred at
room temperature for 3 h, then its volume was reduced by evaporation
to ca. 2mL. Hexane (10mL) was added and the obtained precipitate
was filtered off, recrystallized from a mixture of CH2Cl2 and hexane
(1:1) to afford complexes 1 or 2 as colourless crystals.

[CuBr(TpmPh)] (1): Yield (45.9mg) 78%. Elemental analysis calcd
(%) for C28H22BrCuN6·CH2Cl2: C 51.92, H 3.61, N 12.53; found: C
51.51, H 3.70, N 12.64. FTIR (KBr): ν (cm−1)= 1532m, 1491 w,
1442m, 1391 w, 1342 w, 1324 w, 1299 w, 1268 w, 1242m, 1209m,

Table 2
One-pot multicomponent catalytic cycloaddition of benzyl bromide with several terminal alkynes and NaN3 catalyzed by 7 under optimized reaction conditions.a

Entry Alkyne Product Yieldb TONc

1 72 48

2 78 52

3 68 45

4 79 53

5 86 57

6d 95 63

a Reaction conditions: alkyne (0.33mmol), benzyl bromide (0.3mmol, limiting reactant), sodium azide (0.33mmol), 1.5 mL of solvent (H2O:MeOH, 1:1), under
MW irradiation (10W) at 125 °C, 30min.

b Isolated yield; calculation based on benzyl bromide.
c Number of moles of the 1,2,3-triazole product per mol of catalyst.
d Benzyl bromide (0.6mmol, limiting reactant), 1,4-diethynylbenzene (0.33mmol) and sodium azide (0.62mmol).

Scheme 5. Postulated mechanism of the Cu(II) catalyzed reaction.
Bn=Benzyl.
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1095m, 1077m, 1038m, 798m, 756 s, 688 s. Far IR (CsI): ν
(cm−1)= 221m ν(Cu-Br). 1H NMR (300MHz, DMSO‑d6, δ): 9.10 (s,
1H, HC(3-PhPz)3), 8.11 (br, 3H, 5-H-pz), 7.85 (br, 6H, o-H-Ph), 7.42
(br, 9H, m,p-H-Ph), 6.95 (br, 3H, 4-H-pz). 13C{1H} NMR (300MHz,
DMSO‑d6, δ): 152.14 (3-C-pz), 132.20 (Cquat-Ph), 131.82 (5-C-pz)),
128.76 (m-C-Ph), 128.32 (p-C-Ph), 125.53 (o-C-Ph), 104.57 (4-C-pz),
82.09 (HC(3-Phpz)3). ESI(+)MS in MeCN (m/z assignment, % in-
tensity): 546 ({[HC(3-Phpz)3]Cu+MeCN}+, 100), 505 ({[HC(3-
Phpz)3]Cu}+, 23).

[CuI(TpmPh)] (2). Yield (51.7mg) 82%. Elemental analysis calcd
(%) for C28H22CuIN6: C 53.13, H 3.50, N 13.28; found: C 52.84, H 3.62,
N 12.78. FTIR (KBr): ν (cm−1)= 1525m, 1496 w, 1450m, 1398 w,
1352 w, 1323 w, 1302 w, 1277 w, 1239m, 1202m, 1098m, 1072m,
1046m, 796m, 752 s, 692 s. Far IR (CsI): ν (cm−1)= 224m ν(Cu-I). 1H
NMR (300MHz, DMSO‑d6, δ): 9.10 (s, 1H, HC(3-Phpz)3), 8.12 (d,
JHH=3Hz, 3H, 5-H-pz), 7.86 (m, 6H, o-H-Ph), 7.43 (m, 6H, m-H-Ph),
7.34 (m, 3H, p-H-Ph), 6.96 (d, 3H, JHH=3Hz, 4-H-pz). 13C{1H} NMR
(300MHz, DMSO‑d6, δ): 152.13 (3-C-pz), 132.19 (Cquat-ph), 132.07 (5-
C-pz), 128.75 (m-C-Ph), 128.32 (p-C-Ph), 125.52 (o-C-Ph), 104.56 (4-C-
pz), 82.09 (HC(3-Phpz)3). ESI(+)MS in MeCN (m/z assignment, % in-
tensity): 546 ({[HC(3-Phpz)3]Cu+MeCN}+, 100), 505 ({[HC(3-
Phpz)3]Cu}+, 10).

4.3. Synthesis of complex 3

In a round bottom flask, copper(I) bromide (0.3 mmol, 0.043 g) was
dissolved in 5mL of degassed MeCN. Under continuous stirring and in a
N2-atmosphere, a 2mL degassed NCMe solution of HC(3,5-Me2pz)3
(0.33 mmol, 0.1 g) was added dropwise. The mixture was stirred at
room temperature for 3 h, then its volume was reduced to ca. 2mL by
evaporation. Hexane (10mL) was added, and the obtained precipitate
was filtered off and recrystallized from a mixture if CH2Cl2 and hexane
(1:1) to afford complexes 3 as off-white powder.

[CuBr(Tpm*)] (3): Yield (108.9mg) 82%. Elemental analysis calcd
(%) for C16H22BrCuN6: C 43.49, H 5.02, N 19.02; found: C 43.45, H
5.51, N 19.62. FTIR (KBr): ν (cm−1)= 3397m, 2962m, 2925m,
1562 s, 1455 s, 1412 s, 1383 s, 1303 s, 1239 s, 1153 w, 1112 w, 1035m,
980m, 905m, 845 s, 824m, 796m, 695 s. Far IR (CsI): ν
(cm−1)= 216m ν(Cu-Br). 1H NMR (300MHz, DMSO‑d6, δ): 7.83 (s,
1H, HC(3,5-Me2pz)3), 6.04 (s, 3H, 4-H-pz), 2.40, 2.22 (s, s, 9H, 9H, 3,5-
Me). 13C{1H} NMR (300MHz, DMSO‑d6, δ): 149.12 (3-Cquat-pz), 140.28
(5-Cquat-pz), 106.44 (4-C-pz), 70.67 (HC(3,5-Me2pz)3), 13.48,10.37
(3,5-Me). ESI(+)MS in MeCN (m/z assignment, % intensity): 204
({[HC(3,5-Me2pz)3]Cu+MeCN}+, 100), 361 ({[HC(3,5-
Me2pz)3]Cu}+, 26).

4.4. Synthesis of compound 5

A round bottom flask was charged with [Cu(MeCN)4][BF4]
(0.12 mmol, 0.038 g), HC(3-PhPz)3 (0.11 mmol, 50mg) and 2mL of
CH2Cl2. The produced yellow solution was stirred at room temperature
for 1 h, then 10mL of hexane were added and the obtained precipitate
was filtered off and recrystallized from a mixture of CH2Cl2 and hexane
(1:1) to afford 5 as an off-white powder.

[Cu(TpmPh)(NCMe)][BF4] (5): Yield (61mg) 80%. Elemental
analysis calcd (%) for C30H25BCuF4N7: C 56.84, H 3.98, N 15.47; found:
C 55.91, H 4.14, N 14.97. FTIR (KBr): ν (cm−1)= 1531m, 1496m,
1462m, 1430m, 1367m, 1341m, 1300 w, 1280 w, 1237 s, 1070 s,
1012 s, 856m, 796 s, 752 s, 686 s. 1H NMR (300MHz, DMSO‑d6, δ):
9.18 (s, 1H, HC(3-Phpz)3), 8.16 (s, 3H, 5-H-pz), 7.86 (m, 6H, o-H-Ph),
7.43 (m, 9H, m,p-H-Ph), 6.95 (s, 3H, 4-H-pz), 2.06 (s, 3H, NCCH3).
13C{1H} NMR (300MHz, DMSO‑d6, δ): 151.89 (3-C-pz), 132.04 (Cquat-
ph), 131.41 (5-C-pz), 128.26 (m-C-Ph), 128.01 (p-C-Ph), 125.23 (o-C-
Ph), 115.05 (NCCH3), 104.20 (4-C-pz), 80.88 (HC(3-Phpz)3), 1.44
(NCCH3). ESI(+)MS in MeCN (m/z assignment, % intensity): 546
({[HC(3-Phpz)3]Cu(MeCN)}+, 100), 505 ({[HC(3-Phpz)3]Cu}+, 10).

4.5. Synthesis of compound 6

Under a N2-atmosphere, a round bottom flask was charged with [Cu
(MeCN)4][BF4] (0.33 mmol, 0.1 g), HC(3,5-Me2Pz)3 (0.33mmol, 0.1 g)
and 2mL of degassed CH2Cl2. The produced yellow solution was stirred
under N2 at room temperature for 3 h, then 10mL of hexane were
added, and the obtained precipitate was filtered off and washed re-
peatedly with hexane to afford 6 as an off-white powder.

[Cu(Tpm*)(NCMe)][BF4] (6): Yield (140.1mg) 87%. Elemental
analysis calcd (%) for C18H25BCuF4N7: C 44.14, H 5.14, N 20.02; found:
C 44.63, H 5.41, N 19.86. FTIR (KBr): ν (cm−1)= 3582m, 2962m,
2928m, 1559m, 1450m, 1412m, 1389m, 1300 s, 1245 s, 1032 s,
894m, 847 s, 802m, 698 s. 1H NMR (300MHz, DMSO‑d6, δ): 7.84 (s,
1H, HC(3,5-Me2pz)3), 6.14 (s, 3H, 4-H-pz), 2.43, 2.24 (s, s, 9H, 9H, 3,5-
Me), 2.09 (s, 3H, NCCH3). 13C{1H} NMR (300MHz, DMSO‑d6, δ):
149.62 (3-Cquat-pz), 140.71 (5-Cquat-pz), 115.31 (NCCH3), 106.37 (4-C-
pz), 70.24 (HC(3,5-Me2pz)3), 14.20,10.74 (3,5-Me), 1.27 (NCCH3). ESI
(+)MS in MeCN (m/z assignment, % intensity): 402 ({[HC(3,5-
Me2pz)3]Cu(MeCN)}+, 100), 361 ({[HC(3,5-Me2pz)3]Cu}+, 31).

4.6. Synthesis of compound 7

A round bottom flask was charged with [Cu(MeCN)4][BF4]
(0.33 mmol, 0.1 g), HC(3,5-Me2Pz)3 (0.33 mmol, 0.1 g) and 2mL
CH2Cl2 and stirred in open air, at room temperature, overnight. 2 mL of
MeOH were then added to the produced green solution and left for slow
evaporation in open air. Green crystals of 7 suitable for single crystal X-
ray diffraction analysis were obtained after 2 days.

[Cu(Tpm*)2][BF4]2 (7): Yield (103.4 mg) 38%. Elemental analysis
calcd (%) for C32H44B2CuF8N12: C 46.09, H 5.32, N 20.16; found: C
45.90, H 5.16, N 19.75. FTIR (KBr): ν (cm−1)= 3141 w, 2923 w, 2966
w, 1561m, 1460m, 1444m, 1413m, 1386m, 1312m, 1257m, 1027 s,
906m, 855 s, 816m, 699 s. ESI(+)MS in MeCN (m/z assignment, %
intensity): 745 ({[HC(3,5-Me2pz)3]2Cu[BF4]}+, 100). The crystal
structure of the compound agrees with the already reported one [51].

4.7. General procedure for three-component azide alkyne cycloaddition
reaction

A mixture of benzyl bromide (0.3 mmol, 1 equiv.), acetylene deri-
vative (0.33mmol, 1.1 equiv.), NaN3 (0.33 mmol, 1.1 equiv.) and
1.5 mL of solvent was charged to a 10mL pyrex vial equipped with a
magnetic stirring bar. The catalyst (0.5–5mol%) was then added, the
vial tightly sealed, placed in the microwave reactor and irradiated
(10W) at 125 °C for the periods of time indicated in Tables 1 and 2. A
precipitate was formed, the reaction mixture was cooled to ambient
temperature and 5mL of water were added to force a complete pre-
cipitation of the triazole product. The product was filtered off, washed
repeatedly with petroleum ether and dried in vacuum.

1,4-bis(1-benzyl-1H-1,2,3-triazol-4-yl)benzene (Table 2, entry 6)
was prepared according to the general procedure described above ex-
cept 0.6mmol of benzyl bromide, 0.33mmol of 1,4-diethynylbenzene
and 0.62mmol of sodium azide were used.

The 1H and 13C NMR spectroscopic data of all 1,2,3-triazol products
are in agreement with those already reported [14,25,29,53–56].
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Appendix A. Supplementary data

Proton NMR spectra (selected region) of 1-6 and triazole products are
presented, as well as the crystal structure (low quality) of complex 1.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ica.2018.08.052.
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