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a b s t r a c t

Various copper-containing MOF catalysts, i.e., [Cu(2-pymo)2], [Cu(im)2], [Cu3(BTC)2] and [Cu(BDC)] (2-
pymo: 2-hydroxypyrimidinolate; im: imidazolate; BTC: benzene tricarboxylate; BDC: benzene dicarbox-
ylate), have shown to be highly active and fully regioselective for ‘‘click” reactions (1,3-dipolar cycload-
dition reactions). The activity of the best MOF catalyst is comparable to homogeneous Cu catalysts. It has
been found that the activity of Cu changes with the organic linker in the MOF, being those containing
CuN4 more active than CuO4 centers. The controlling step of the reaction is the formation of an adduct
between Cu and phenylacetylene. When using MOF catalysts, the use of alcohol or alcohol–water sol-
vents is not required, and the catalysts can be fully recovered and recycled. Finally, Cu-MOF catalysts
allow to design a one-pot two-step process, where the azide is formed ‘‘in situ” and reacted immediately
with phenylacetylene.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Metals in solution, either as metal salts or transition metal com-
plexes, have been widely used as homogeneous catalysts with
extraordinary success. They are able to catalyze a large number
of organic reactions, in many cases with extraordinary chemo, re-
gion and enantioselectivities. Homogeneous catalysts, however,
are most of the times difficult to be recovered, and/or they decom-
pose during the reaction. In an attempt to overcome those limita-
tions, researchers have developed methods to heterogenize
homogeneous catalysts. In some cases, the objective was simply
to anchor it on a solid carrier to achieve well-isolated, uniform sin-
gle sites that will not interact between them and decompose. How-
ever, in other cases the heterogeneization went further in such a
way that the solid also intervenes in the catalytic process, either
by stabilizing transition states or by introducing additional active
sites [1,2]. Then, heterogeneization of homogeneous transition me-
tal catalysts has been achieved by grafting and even impregnation
on solid carriers, by intercalation within layered compounds, by
introducing them in zeolite cavities by ‘‘ship in a bottle” technique
or by forming structured or non-structured mesoporous organic–
inorganic hybrid systems. More recently, heterogeneous catalysts
have been developed based on metal organic frameworks where
the active sites were the metal atoms located at the nodes of the
crystalline structure, metal complexes that were part of the organ-
ic linkers or even supported metal nanoparticles [3–5]. When the
ll rights reserved.
catalysis is based on metal activity at the nodes or at the ligands
forming the walls, the microporous MOF catalysts, also known as
porous coordination polymers, appear directly as a solid counter-
part of homogeneous catalysts.

The Huisgen 1,3-dipolar cycloaddition of alkynes and azides af-
fords a means for the facile preparation of 1,2,3-triazoles deriva-
tives, through the direct reaction of the two molecules (‘‘click”
chemistry). This reaction can be carried out either thermally or
in the presence of a copper catalyst [6,7]. In this latter case, the
reaction is known to be fully regioselective to the 1,4-substituted
triazole. In this work, we show that different copper-containing
MOFs can be used as efficient and regioselective heterogeneous
catalysts for the ‘‘click” reaction between azides and alkynes.
2. Materials and methods

2.1. Preparation of the MOFs

Copper hydroxypyrimidinolate, [Cu(2-pymo)2], copper imidaz-
olate, [Cu(im)2], copper trimesate, [Cu3(BTC)2], and copper tere-
phthalate, [Cu(BDC)], were prepared according to the reported
procedures [8–11]. X-ray diffraction (Phillips X’Pert diffractome-
ter) showed good crystallinity for all materials.

[Cu(2-pymo)2] is a distorted 3D sodalite framework, formed by
a-cages accessible through hexagonal windows of about 8 Å. Cop-
per ions are in square planar coordination, surrounded by 4 N
atoms from four different 2-hydroxypyrimidine molecules. Similar
to this structure, the ‘‘blue” copper imidazolate polymorph,
[Cu(im)2], is also related to a highly distorted sod-type framework,
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Table 1
Results obtained for the 1,3-dipolar cycloaddition reaction catalyzed by various
copper-containing MOF catalysts

N3

N
N N N

N N

+

cat.

EtOH, 70ºC
+

1 2

3a 3b

. Entry Catalyst Yield of 3ab (%) Reaction time (h)

1 [Cu(2-pymo)2] >99 4
2 [Cu(im)2] >99 1
3 [Cu3(BTC)2] 37 8
4 [Cu(BDC)] 42 8

a Reaction conditions: benzyl azide (1 mmol) and phenylacetylene (1.2 mmol) in
ethanol (6 ml), copper MOF (0.1 mol% Cu), 70 �C, N2 atmospheric pressure.

b Determined by GC using hexadecane as external standard. The reaction is
regioselective to product 3a: no traces of 3b were detected.
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with pores accessible through similar hexagonal windows. In this
material, copper ions are in a highly distorted four coordination,
with trans N-Cu-N angles of ca. 140� and 155�. The well-known
HKUST-1 copper trimesate, [Cu3(BTC)2], forms a face-centered cu-
bic crystal lattice with main pores of about 9 Å in diameter, as well
as a set of additional tetrahedral pockets having windows of about
3.5 Å in diameter. Copper is coordinated to four O atoms from four
trimesate molecules and an additional water molecule in the apical
position, forming Cu2(COO)4(H2O)2 paddle wheel dimmers. Finally,
copper terephthalate is a lamellar material featuring also the same
copper paddle wheel dimmers but having an apical DMF molecule
instead of water. These 2D sheets are stacked through weak inter-
actions. DMF molecules can be eliminated through thermal treat-
ments, leading to a porous desolvated structure, which is
believed to possess square channels, similar to those found in cop-
per trans-1,4-cyclohexanedicarboxylate [12].

2.2. Computational details

Calculations were carried out by means of the Gaussian03 pro-
gram package [13] using the density functional B3LYP method
[14,15] and a LANL2DZ effective core potential basis set for Cu
[16] and the standard 6-311G(d,p) basis set for C, O, N and H atoms
[17]. Atomic charges were produced by natural bond orbital (NBO)
methods [18]. The MOF materials were modeled by means of three
clusters of atoms that were cut out from the experimental crystal
structure and are depicted in Fig. S1 in Supplementary material.

2.3. Catalysis

The general reaction procedure for 1,3-dipolar cycloaddition of
benzyl azide to phenylacetylene (‘‘click” reaction) was as follows.
Copper-MOF catalyst (0.1 mmol Cu) in ethanol (6 ml) was placed
inside a round bottom flask connected to a reflux condenser, and
the temperature was set to 70 �C under N2 atmosphere. Benzyl
azide (1 mmol) and phenylacetylene (1.2 mmol) were then added
with a syringe. Aliquots were taken during the course of the reac-
tion and analyzed by GC using hexadecane as external standard.
The reaction was confirmed to be quantitatively regioselective to
the 1,4-substituted triazole (3a) by means of 1H and 13C NMR anal-
ysis of the isolated product.

Compound 3a (Table 1).

N
N N

1H NMR (300 MHz, [D1] chloroform, 25 �C, TMS): d 5.57 (s, 2H),
7.27–7.44 (m, 8H), 7.76–7.84 (m, 2H), 7.68 (s, 1H). 13C NMR
(75.5 MHz, [D1] chloroform, 25 �C, TMS): d 54.7, 120.1, 126.2,
128.6, 128.7, 129.3, 129.4, 129.7, 131.1, 135.3, 148.7.

3. Results and discussion

3.1. 1,3-Dipolar cycloaddition reaction

Different copper-containing MOFs were found to be active cat-
alysts for 1,3-dipolar cycloaddition reactions (‘‘click” reaction).
Thus, for instance, when benzyl azide (1) was contacted with phen-
ylacetylene (2) in the presence of [Cu(2-pymo)2] in ethanol at
70 �C, complete conversion of the benzyl azide was observed after
4 h (Table 1, entry 1). Meanwhile, the only product obtained was
the 1,4-substituted triazole (3a), being the reaction regioselective,
as expected for a copper-catalyzed 1,3-dipolar cycloaddition
[6,19,20].

After the catalytic reaction, the solid MOF was recovered by fil-
tration and thoroughly washed with ethanol. According to the X-
ray diffraction patterns of [Cu(2-pymo)2] before and after the cat-
alytic reaction, (see Fig. S2 in Supplementary material), the crystal-
line structure of the material was preserved. The copper-
containing MOF can be reused for at least six consecutive runs
without loss of activity and selectivity.

The heterogeneous nature of the catalytic process was demon-
strated by a hot filtration test. Thus, the reaction was stopped at
partial conversion (�40%), and the catalyst was quickly removed
by filtration at the reaction temperature, to avoid re-precipitation
from the solution of eventually leached species. After filtration,
the reaction filtrate was allowed to react at 70 �C, but the conver-
sion did not increase further (see Fig. S3 in Supplementary mate-
rial). According to chemical analysis (as determined by ICP-AES),
the filtrate did not contain appreciable amounts of copper leached
from the solid. Moreover, the contribution of the thermal 1,3-dipo-
lar cycloaddition (i.e., uncatalyzed reaction) to the overall conver-
sion was found to be negligible; i.e., less than 1–2% conversion
after 12 h under the present reaction conditions.

Besides [Cu(2-pymo)2], other copper-containing MOFs were
also found to be active, regioselective and reusable [21] for 1,3-
dipolar cycloaddition reactions, although different performances
were observed for each material. Copper trimesate, [Cu3(BTC)2],
and copper terephthalate, [Cu(BDC)] (Table 1, entries 3 and 4),
showed lower activities than [Cu(2-pymo)2] and copper imidazo-
late, [Cu(im)2] (entries 1 and 2). Kinetic curves for the reaction over
the four catalysts are shown in Fig. S4 in Supplementary material.
Thus, our findings indicate that Cu-MOFs are active and selective
catalysts for ‘‘click” reaction. Moreover, MOFs featuring copper(II)
sites surrounded by four diazaheterocyclic nitrogen atoms (CuN4)
are generally more active catalysts than those having copper cen-
ters surrounded by four carboxylate oxygen atoms (CuO4). The dif-
ferences in activity cannot be explained based on pore dimensions,
since all the MOFs tested have channel dimensions larger than the
substrates and products of the ‘‘click” reaction. So, diffusion limita-
tions can, in principle, be ruled out. Nevertheless, when the kinetic
evolution of products was closely analyzed, a clear reaction induc-
tion period could be observed with all MOF catalysts, being the



Fig. 1. Time–conversion plots of benzyl azide (1) over (a) [Cu(2-pymo)2] and (b) [Cu3(BTC)2]. In both parts, the numbers of each curve indicate the time of pre-treatment with
phenylacetylene before adding benzyl azide. Curve 1: no pre-treatment; curve 2: 15 min; curve 3: 30 min; curve 4: 4 h. The inset in part (a) shows an expanded view of the
first 60 min of reaction to appreciate better the induction period.
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induction period much longer for MOFs containing CuO4 centers;
i.e., [Cu3(BTC)2] and [Cu(BDC)]. We also observed that when the
catalysts were pre-treated with the alkyne for a certain time period
(up to 4 h) before adding the azide, the induction period gradually
disappeared in all cases. To illustrate this point, Fig. 1 shows the re-
sults obtained for [Cu(2-pymo)2] and [Cu3(BTC)2], while analogous
results were obtained for the other two MOFs, [Cu(im)2] and
[Cu(BDC)].

The marked differences observed between MOFs containing
CuN4 and CuO4 centers prompted us to analyze in detail the coor-
dination environment around copper in different materials as a
possible cause for the differences in reactivity observed. Reactivity
differences could be related to a different electron donation ability
of the diazaheterocyclic N atoms with respect to the carboxylate O
atoms, thus resulting in different charge densities on the central
copper ions. However, this hypothesis was discarded at the light
of first principle calculations performed on MOF cluster models,
which in all cases evidenced almost identical charge densities on
the copper ion: +1.28 for [Cu(2-pymo)2]; +1.27 for [Cu(im)2] and
+1.30 for [Cu3(BTC)2] and [Cu(BDC)]. Alternatively, a feasible expla-
nation for the observed differences could be the accessibility of the
reaction substrates to the catalytic center. The interaction of the
copper sites with water molecules adsorbed in the pore system
of the solid is stronger in the case of MOFs having CuO4 centers.
For instance, the Cu–Owater distance in the case of [Cu3(BTC)2] is
2.165 Å [10], while it is larger than 2.5 Å for [Cu(2-pymo)2] [22].
Furthermore, the higher catalytic activity of [Cu(im)2] with respect
to [Cu(2-pymo)2] (compare entries 1 and 2 in Table 1) could be re-
lated to the fact that in the latter material, copper ions are in
square planar coordination, while in the former, copper ions are
displaced out of the plain, in a highly distorted tetrahedral coordi-
nation (trans N–Cu–N angles of ca. 140� and 155� [9]). Thus, the
deformation energy necessary to allow the interaction between
the copper site and the reaction substrate is probably lower in
the case of [Cu(im)2]. Further theoretical calculations with periodic
models for both materials are currently underway to evaluate this
point.
3.2. Nature of the active sites

It is interesting to see that Cu(II) MOFs were active for this reac-
tion, while it is generally accepted, with the sole exception of the
report by Reddy et al. [23], that the active species for the ‘‘click”
reaction between azides and terminal acetylenes are Cu(I) species.
In the case of homogeneous catalysts, Cu(I) species are either
added directly or formed in situ from Cu(II) salts by the action of
a reducing agent, such as ascorbate [6]. In the case of solid cata-
lysts, there is a widespread use of Cu(I) salts anchored on different
solid supports [7,24–32], along with other materials having copper
in a different oxidation state. For instance, when copper was in
metallic Cu(0) state, such as metallic copper turnings [6] or in
the form of supported copper metallic nanoparticles [33], the reac-
tion was assumed to be mediated by Cu(I) ions present on the sur-
face of the metal [33]. In the case of Cu(II)-containing solid
catalysts, Yamaguchi et al. [34] have reported the existence of an
induction period during the reaction between benzyl azide and
phenylacetylene when using Cu(II) hydroxide particles supported
on alumina and titania. The authors observed that the induction
period disappeared when the catalyst was pre-treated with the
acetylene before adding the azide. From these results, the authors
concluded that the induction period corresponds to the time re-
quired for the formation of Cu(I) by reduction of the starting Cu(II)
ions. During the pre-treatment of the catalyst with the acetylene,
formation of the alkyne–alkyne homocoupling product (2b) was
observed, almost in stoichiometric amounts with respect to the
copper content of the catalyst. This was accompanied by the reduc-
tion of Cu(II) to Cu(I) following the process shown in Eqs. (1) and
(2) in Scheme 1 [34]. According to this mechanism, an unstable
derivative of Cu(II) acetylide would initially form, which would
decompose into the phenylacetylene radical and a Cu(I) species.
This would be followed by condensation of the two phenylacety-
lene radical species (the well-known Glaser reaction [35]). The
resulting Cu(I) species formed in this process were proposed as
the active catalytic sites for the ensuing 1,3-dipolar cycloaddition.
Overall, the process consisted in the in situ generation of Cu(I) spe-
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cies by the alkyne, without the need of adding external (sacrificial)
reducing agents, such as ascorbate.

Given the similarities between the report by Yamaguchi et al.
and our present results, concerning the presence of an induction
period and the effect of acetylene pre-treatments, a similar mech-
anism can be thought for the Cu-MOF catalysts; i.e., in situ gener-
ation of Cu(I) sites mediated by the acetylene. However, all our
attempts to detect the Cu(I) species eventually generated during
this process failed. First of all, traces of the phenylacetylene homo-
coupling product (2b), which would indicate that reactions (1) and
(2) are operating, were not detected. When EPR spectroscopy was
used to study both the pre-treatment of the copper MOFs with
phenylacetylene and the overall 1,3-dipolar cycloaddition reaction,
it was not possible to detect any decrease in the signal due to
Cu(II). Since formation of Cu(I) sites through reaction (2) implies
the homolytic cleavage of the Cu(II)AC bond, the reaction was also
carried out in the presence of a radical scavenger (TEMPO), but we
failed to detect formation of radical species during the ‘‘click” reac-
tion. Finally, the attempts to detect by UV–Vis spectroscopy the
disappearance of the corresponding d–d transition bands of Cu(II)
sites of the MOF, or the formation of Cu(I) phenylacetylide species
[34], do not allow us to gather any evidence in favor of the forma-
tion of Cu(I). Therefore, although we cannot completely exclude
generation of Cu(I) in our MOF systems, we did not observe any
of the expected spectroscopic features or side product formation
that, unambiguously, would confirm the formation and reactivity
of Cu(I) as active sites [34]. Given the lack of direct or indirect evi-
dences for Cu(I) formation, we thus must hypothesize that the ac-
tive species for the 1,3-dipolar cycloaddition reaction over the
copper-containing MOFs studied here consist of Cu(II) sites. If this
is so, then we can better think on a reaction mechanism for Cu-
MOFs, analogous to that proposed by Sharpless [19], but being
the active species Cu(II) instead of Cu(I), as shown in Scheme 2.
In that mechanism, formation of Cu(II) acetylide species would
be the rate-determining step of the reaction, and this would ex-
plain the observed effect of catalyst pre-treatment with acetylene
on the disappearance of the induction period. In order to check this
possibility, the ‘‘click” reaction was carried out at different initial
concentrations of phenylacetylene, and the results obtained are gi-
ven in Fig. 2a. It can be seen there that the induction period de-
creases upon increasing phenylacetylene concentration. The
result supports the reaction mechanism given in Scheme 2, where
the controlling step should be the formation of the Cu(II)–phenyl-
acetylide adduct. Indeed, when the concentration of phenylacety-
lene was kept constant and the initial concentration of the azide
was varied (see Fig. 2b), changes in the induction period were prac-
tically negligible.
3.3. Comparison with homogeneous catalysts

In order to study the potential of copper-containing MOFs as
heterogeneous catalysts for 1,3-dipolar cycloaddition reactions,
their activity has been compared with that obtained with different
Cu(II) and Cu(I) homogeneous catalysts, such as CuCl2, CuI, Cu(II)–
phthalocyanine and Cu(CH3COO)2. Among the different homoge-
neous catalysts, the best results were obtained with copper(II) ace-
tate, which was found to be only slightly more active than
[Cu(im)2] under the same experimental conditions (see curves 1
and 2 in Fig. 3). The catalytic activity of copper acetate for the click
reaction has already been described by Reddy et al. [23]. However,
we noticed that during the course of the reaction in the presence of
copper acetate, an insoluble yellow solid was formed. This corre-
sponds to the well-known copper(I)–phenylacetylide coordination
polymer, [Cu(C„CAPh)], as confirmed by X-ray diffraction [36]
(see Fig. S5 in Supplementary material). Formation of this Cu(I)
coordination polymer indicates that reactions 1 and 2 of Scheme 1
take place when phenylacetylene reacts with copper acetate and,
indeed, it was possible to detect the formation of the phenylacety-
lene coupling product, 2b. This is a completely different behavior
with respect to copper MOFs, for which we did not detect any
reduction of copper or concomitant formation of product 2b. Nev-
ertheless, the yellow solid poly-copper(I)–phenylacetylide, which
irreversibly formed from copper acetate, was recovered and reused
as catalyst in a successive run. This polymer was also found to be
active for the ‘‘click” reaction (see curve 3 in Fig. 3), although it
was considerably less active than the copper acetate precursor or
[Cu(im)2] MOF.
3.4. Solvent-free 1,3-dipolar cycloadditions with [Cu(2-pymo)2] and
[Cu(im)2]

Since MOFs containing CuN4 centers were solid and stable cat-
alysts, they offer the possibility to perform the ‘‘click” reaction in



Fig. 2. Comparative time–conversion plots of benzyl azide over [Cu(2-pymo)2]. In (a), the reaction was carried out at different initial concentration of phenylacetylene: 1, 3, 5
and 10 equivalents (with respect to benzyl azide). In (b), the amount of phenylacetylene was kept constant, and the initial concentration of benzyl azide was varied: 1, 2 and 4
equivalents (with respect to phenylacetylene). In all cases, the amount of Cu used was 0.1 equivalents with respect to the limiting substrate.

Fig. 3. Comparative time–conversion plots of benzyl azide (1) over: (1) copper
acetate; (2) [Cu(im)2] and (3) poly-copper(I) phenylacetylide, [Cu(C„CAPh)] (see
text for details).

Fig. 4. Time–conversion plots of benzyl azide (1) over [Cu(2-pymo)2] under
solvent-free conditions. Square symbols correspond to the fresh catalyst, while
open circles correspond to the second run. The inset shows a comparison of the
kinetic data obtained with (start symbols) or without (square symbols) solvent.
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absence of ethanol solvent and even could be used in fixed bed
continuous reactors, if required. Therefore, we also studied here
the possibility of performing ‘‘click” reactions without any extra
solvent. Since the triazole product is a solid, we performed the
reaction using an excess of phenylacetylide. These experimental
conditions have, a priori, a number of advantages with respect to
the conventional ‘‘click” reaction in alcoholic (or water/alcoholic)
media reported so far: (1) The use of solvents and the necessity
to treat additional wastes are avoided; (2) Continuous operation
is very feasible. In fact, the reaction product can be separated at
the end of reaction by simple filtration, since we observed that tri-
azole crystallizes in phenylacetylene when the reaction medium is
cooled to room temperature. Then, the excess phenylacetylene can
be recycled and fed again to the reactor. Nevertheless, working in
solventless conditions can also introduce additional problems
(such as instability of the MOF under these new conditions or
occurrence of unwanted side reactions), which have to be carefully
examined. To check this point and to analyze the possibility of
using the cooper MOFs as solvent-free ‘‘click” catalysts, we per-
formed the reaction in a batch reactor under the following condi-
tions: benzyl azide (131 mg, 1 mmol), phenylacetylene (1320 ll,
12 mmol) and [Cu(2-pymo)2] (24 mg, 0.1 mmol Cu) at 70 �C. After
the reaction, the catalyst was quickly recovered by filtration at the
reaction temperature, and the filtrate was allowed to cool to room
temperature, and then crystallization of the triazole product oc-
curs. After recovering the triazole by filtration, the MOF and the ex-
cess of phenylacetylene were introduced again in the batch reactor,
and 1 mmol of fresh benzylazide was added to start a second cat-
alytic cycle. The results obtained are shown in Fig. 4. As it can be
observed, when no solvent was used the reaction was much faster
and the induction period was much shorter, when compared to the
reaction performed in ethanol (see inset in Fig 4). This is not sur-
prising, given the large excess of phenylacetylene used in the reac-
tion. When the catalyst was reused in a second cycle, a decrease in
activity was not observed, but rather a small increase in the initial



Scheme 3.

Fig. 5. Yield of 1,4-triazole (3a) over [Cu(2-pymo)2] when benzyl azide (1) was
formed in situ from benzyl bromide and sodium azide (square symbols), in
comparison with the reaction starting directly from benzyl azide (open circles).
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reaction rate (compare open circles and squares in Fig. 4). This
probably indicates that the recovered catalyst contains some
remaining phenylacetylide species adsorbed on the copper sites,
which accelerate the reaction in the second catalytic run.

It is worth noticing that we did not observe side products, such
as phenylacteylene polymerization or homocoupling products, and
the reaction under solvent-free conditions is also completely selec-
tive to the 1,4-triazole regiosiomer, 3a. The MOF recovered after
two catalytic runs maintained the original crystallinity.

3.5. One-pot formation of the azide followed by ‘‘click” reaction
through a cascade reaction

Process intensification by performing multistep reactions in a
one-pot system is of economical and environmental interest, since
it avoids costly separation and purification of intermediate prod-
ucts, while involving lower process investment and energy con-
sumption [37]. Taking this into account, we explored here the
possibility to form in situ the azide from the corresponding haloge-
nated compounds and sodium azide, which will be successively re-
acted with the acetylene to form the 1,4-triazole. This can be
considered a one-pot two-step domino reaction [38], as shown in
Scheme 3.

The advantage of this method is the larger commercial avail-
ability and generally lower cost of the halo compounds with re-
spect to the azido compounds. Additionally, the procedure avoids
isolating the organic azides which, in certain cases, can be poten-
tially unstable. We then studied the process in the presence of
[Cu(2-pymo)2] (or [Cu(im)2]) in one-pot batch reactor. In a typical
reaction, benzyl bromide (119 ll, 1 mmol), phenylacetylene
(132 ll, 1.2 mmol) and sodium azide (71 mg, 1.1 mmol, dissolved
in the minimum amount of water) were dissolved in ethanol
(6 ml), and [Cu(2-pymo)2] (24 mg, 0.1 mmol Cu) was added at
70 �C. When the reaction was completed, the solids (containing
the MOF and NaBr) were separated by filtration and washed with
water to eliminate NaBr. The recovered catalyst was used in a sec-
ond catalytic cycle. The kinetic data are shown in Fig. 5. As it can be
seen, the reaction with the fresh catalyst proceeds smoothly, at a
rate comparable with the case in which the azide was directly
used. However, the observed induction period was longer than
when reacting the azido compound. Nevertheless, the catalytic
activity of the recovered [Cu(2-pymo)2] was maintained (full con-
version of benzyl bromide was achieved after 4 h), and the X-ray
diffractogram of the solid recovered after two catalytic cycles
showed no evidences of crystallinity loss. This demonstrates the
suitability of using [Cu(2-pymo)2] as a catalyst for ‘‘click” reaction,
even when the azide is formed in situ from the corresponding halo
derivative. Also in this case, the results with [Cu(im)2] were com-
pletely analogous to those obtained with [Cu(2-pymo)2].
4. Conclusions

We have shown for the first time that Cu-MOFs are active and
regioselective catalysts for ‘‘click” reactions (1,3-dipolar cycloaddi-
tion reactions) with activities and selectivities as high as when
using homogeneous catalysts.

The organic component of the hybrid material can play an
important role on the final activity, and it is shown that MOFs con-
taining CuN4 are more active than those with CuO4 centers.

In the case of MOF catalysts, we were not able to detect the for-
mation of Cu(I) species, which are believed to be the active ones for
‘‘click” reactions.

Cu-MOFs allow to propose a new process that does not require
ethanol or water–alcohol solvent. Working in an excess of the al-
kyne, the reaction is highly effective, catalyst and products can
be easily separated, and the excess of alkyne can be recycled.

Finally, the Cu-MOF catalysts are effective for the one-pot two-
step domino reaction that forms first the azide that reacts with the
acetylene to form the 1,4-triazole.
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