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E-mail: lhoussainiblah@gmail.com
dCentre d'Analyse et de Caractérisation, U
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sed superporous hydrogel
catalyst for click chemistry azide–alkyne
cycloaddition type reactions in water†
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Miguel Julvee and Salah-Eddine Stiriba be

A novel sustainable hydrogel catalyst based on the reaction of sodium alginate naturally extracted from

brown algae Laminaria digitata residue with copper(II) was prepared as spherical beads, namely Cu(II)-

alginate hydrogel (Cu(II)-AHG). The morphology and structural characteristics of these beads were

elucidated by different techniques such as SEM, EDX, BET, FTIR and TGA analysis. Cu(II)-AHG and its

dried form, namely Cu(II)-alginate (Cu(II)-AD), are relatively uniform with an average pore ranging from

200 nm to more than 20 mm. These superporous structure beads were employed for the copper

catalyzed [3 + 2] cycloaddition reaction of aryl azides and terminal aryl alkynes (CuAAC) via click

chemistry at low catalyst loading, using water as a solvent at room temperature and pressure. The

catalytic active copper(I) species was generated by the reduction of copper(II) by terminal alkyne via the

oxidative alkyne homocoupling reaction. The prepared catalysts were found to be efficient (85–92%) and

regioselective by affording only 1,4-disubstituted-1,2,3-triazoles. They were also recoverable and reused

in their dried form for at least four consecutive times without a clear loss of efficiency. A mechanistic

study was performed through density functional theory (DFT) calculations in order to explain the

regioselectivity outcome of Cu(II)-alginate in CuAAC reactions. The analysis of the local electrophilicity

(uk) at the electrophilic reagent and the local nucleophilicity (Nk) at the nucleophilic confirms the polar

character of CuAAC. This catalyst has the main advantage of being sustainably ligand-free and recyclable.
1. Introduction

In modern drug research technology, the synthesis of most
active organic molecules is necessitated in short time and effi-
cient manner, under mild conditions. Click chemistry is one of
the modern concepts based on chemical reactions that take
place with high yields and high regio- and stereo-selectivity
outcome, in low reaction time, affording new carbon-
heteroatom and carbon–carbon bonds.1 The most representa-
tive and popular click chemistry reaction is the copper catalyzed
[3 + 2] cycloaddition reaction of azides and alkynes (CuAAC).2,3
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niversité Cadi Ayyad, 40000 Marrakech,

versidad de Valencia, C/Catedrático José
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f Chemistry 2020
This synthetic methodology is now considered an aesthetic and
convenient route for the regioselective synthesis of 1,4-
disubstituted-1,2,3-triazoles from simple and structurally
diversied starting materials.4–6 In fact, 1,2,3-triazole derivatives
are known by their application in biorthogonal chemistry,7

material science,8 andmedicinal chemistry.9–14 In addition, they
are important because of their application as precursors for the
preparation of mesoionic carbenes (MICs), suitable employ-
ment in the preparation of metal complexes with several metal
ions (Au, Ag, Ir, Rh, and Ru), and their use in transition-metal-
mediated catalysis.15–19

In the context of designing and preparing copper catalysts
for CuAAC, a variety of homogenous and heterogeneous cata-
lytic systems were used for the selective synthesis of 1,4-disub-
stituted-1,2,3-triazoles.20–26 Taking into account the green
chemistry principles, the quest for heterogeneous catalysts for
CuAAC has led to several cheap, facile and reusable catalysts.27,28

In addition, the immobilization of metal catalysts on biocom-
patible supports is one of the best methods to improve effi-
ciency, recovery and sustainability of catalysts.29–32

The great interest in setting-up sustainable catalysts leads to
the use of naturally occurring polymers such as alginate
because of their low cost, chemical stability, biocompatibility,
and biodegradability.33 This biopolymer constitutes an excellent
RSC Adv., 2020, 10, 32821–32832 | 32821
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polymeric backbone for the coordination of copper(II) and other
transition metal ions due to the presence of functional groups
in their structure, which act as donors towards metal ions. In
addition, the sodium alginate biopolymer is characterized by
a broad chemical modication capacity and a high surface area,
making it an interesting biodegradable polymer to support
metal catalysts.34,35 In line with their application in technolog-
ical elds such as agriculture, tissue engineering and drug
delivery, superporous hydrogels (SPHs) may constitute excellent
supports for the heterogenization of catalysts.36,37

As a continuation of our research efforts in designing and
preparing sustainable catalysts in click chemistry,38–40 we now
report the preparation of a superporous hydrogel bead-based
catalyst for CuAAC through the coordination of copper(II) to
a naturally-occurring alginate biopolymer. The resulting Cu(II)-
alginate hydrogel bead catalytic system exhibits high activity
and regioselectivity for the click chemistry of 1,4-disubstituted-
1,2,3-triazoles in aqueous solution at room temperature. Its
recovery/recyclability was also evaluated. Additionally, Density
Functional Theory (DFT) calculations were performed to
account for the regioselectivity outcome of this catalyst in the
CuAAC-type reaction.
2. Experimental
2.1. Materials and methods

Sodium alginate was obtained from Moroccan Laminaria dig-
itata brown seaweed according to the procedures detailed
elsewhere.41 Copper(II) chloride (99.0%) was purchased from
Analar Normapur. All other abovementioned reagents were
purchased from Sigma-Aldrich, Alfa Aesar and Acros, and were
used as provided by the manufacturer without any further
purication. Thin-layer chromatography (TLC) plates (Merck
Kieselgel 60 F254) were used to monitor the reactions, and they
were observed under UV light at 254 nm. A Bruker DRX-300
Avance spectrometer was used to record the 1H and 13C NMR
spectra using CDCl3 as the solvent. An electrothermal 9100
apparatus measured the melting points.

The surface morphology of the Cu-alginate catalyst was
conducted using TESCAN-VEGA3 SEM at an accelerating voltage
of 20 kV. An energy-dispersive X-ray (EDAX) analyser was
employed to identify the specic elemental composition and
mapping. The functional groups of sodium alginate and the Cu-
alginate catalysts were analysed using FTIR (Bruker VERTEX
70), operating at 4 cm�1 over a range of 4000–400 cm�1. The
thermal properties of the prepared catalyst were also studied
using thermogravimetric analysis (TA-TGA55). Atomic absorp-
tion spectroscopy (Aurora AI800) was used to determine the
copper loading.
2.2. Preparation of the Cu(II)-alginate hydrogels

Sodium alginate solution was prepared by pouring 2.0 g of
sodium alginate into 200mL of deionized water with stirring for
2 hours to obtain a homogeneous gel solution. The Cu(II)-algi-
nate beads were prepared by using a syringe pump with a ow
rate of 15 mL h�1. Then, the sodium alginate solution was
32822 | RSC Adv., 2020, 10, 32821–32832
added dropwise into a solution of CuCl2 (0.1 M) under slow
stirring at 25 �C. The fast complex formation between the cop-
per(II) ions and the carboxylate groups on the surface of the
sodium alginate polymer led to freezing the spherical beads of
the drop within the solution. Aerwards, the obtained spherical
beads were allowed to stand in the copper(II) solution for 24
hours. Aer maturation time, the beads were washed several
times with deionized water. The loading amount of copper(II)
was measured using atomic absorption spectrometry, and it was
found to be 9.35% (w/w). The catalytic applications were
immediate in the case of the Cu(II)-alginate hydrogel beads (Cu-
AHG) or dried bead form using a freeze dryer (Cu-AD).

2.3. Characterization

2.3.1. Specic surface area measurement. The surface area
of the Cu(II)-alginate hydrogel beads was measured using
a surface area analyzer (Micromeritics, ASAP 2010) at 77 K.
Samples were degassed at 120 �C for 24 h under nitrogen ow to
remove the moisture adsorbed on the solid surface. The mono-
point BET method was used to evaluate the specic surface area
(SBET).

2.3.2. Swelling experiments. The swelling ratio (Qm), cor-
responding to the change in mass of the prepared Cu(II)-algi-
nate hydrogel beads in water at 25 �C, was calculated using eqn
(1):

Qm ¼ Ws

Wd

(1)

where Ws and Wd are the initial weights of the wet and dried
beads, respectively. Briey, the dry beads were pre-weighed (0.1
� 0.001 g) and then immersed in 100 mL of deionized water.
The weight of the wet beads was recorded aer 10 h.

2.4. General experimental methods for the synthesis of 1,4-
triazoles

Azide (0.6 mmol) and alkyne derivatives (0.5 mmol) and 2 mol%
of Cu(II)-alginate beads were placed in a reaction tube, and 3mL
of deionized water was added. The reaction tube was placed on
a magnetic stirring plate at room temperature. Aer completion
as determined by TLC, the reaction mixture was diluted with
diethyl ether. Then, the catalyst was recovered by simple ltra-
tion. The diethyl ether solvent phase was removed under
vacuum to afford the pure product, which was puried by
recrystallization if needed. The recovered catalyst was dried and
reused at least four times without losing its activity.

2.5. Computational methods

The optimizations of the geometries were performed using the
Perdew and Wang function (PW91) as implemented in the
DmoL3 code.42–44 The d-polarization included basis set (DNP)
was employed, which is comparable to that of Pople's 6-
31G(d,p) basis set, and used an effective core potential (ECP) for
the copper atoms.45,46 The adsorption energies (Eads) were
dened by eqn (2):

Eads ¼ ECu-alginate+adsorbate � ECu-alginate � Eadsorbate (2)
This journal is © The Royal Society of Chemistry 2020
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where ECu-alginate and Eadsorbate are the energies of Cu-alginate
and free adsorbate, respectively. ECu-alginate+adsorbate is the total
energy of the adsorbate on the Cu-alginate. The effect of the
solvent (water) on the Eads of all intermediates was also studied
at the same level of theory using the conductor-like screening
model (COSMO) implemented in DMol3.47

The global electrophilicity (u) and nucleophilicity (N)
indexes were measured at the same level, and are given by the
following simple expressions: u ¼ m2/2h and N ¼ EH (our
molecule or complex) � EH (tetracyanoethylene (TCE)).48,49 The
values of the energy of the frontier molecular orbitals HOMO
and LUMO, EH and EL, were calculated to identify the electronic
chemical potential m and chemical hardness h using the
expressions m ¼ (EH + EL)/2 and h ¼ (EL � EH), respectively. The
local reactivity index was calculated using the Fukui function
implemented in DMol3 (see ESI for more information†).50
3. Results and discussion
3.1. Characterization of the Cu(II)-alginate hydrogel beads

The surface and chemical structural properties of the prepared
Cu(II)-alginate hydrogel beads were examined by BET, SEM,
EDX, TGA and FTIR analysis. Aqua spherical beads were ob-
tained by the crosslinking process of sodium alginate (SA) with
Cu2+. Aer the freeze-drying step, the resulting material con-
sisted of blue coloured beads. Digital images of the Cu-AHG and
Cu-AD beads were taken to determine their mean diameter by
the least-squares method, allowing us to draw up a histogram
that reected the distribution of the beads (Fig. 1). The
comparison of the mean size beads was done by calculating the
average diameter whose values were 2.75 and 2.82 mm for the
Cu-AHG and Cu-AD beads, respectively. These results indicate
that the difference is signicant, a feature that is probably due
to the freeze-drying process. The stability of the cross-linked
alginate hydrogels beads was greater at pH values below 7,
and also in the absence of univalent cations such as K+ and Na+,
which can be involved in ion exchange with copper.51,52

More specically, the scanning electron micrographs of
dried copper(II)-alginate (Cu-AD) beads in the dry state show
a similar size, and kept their spherical shape with porous
Fig. 1 Size distribution histograms determined from the digital images ta
AD).

This journal is © The Royal Society of Chemistry 2020
structures. In addition, SEM images of the surface beads show
a relatively smooth surface, and had a regular homogeneous
shape with some wrinkles and pores (Fig. 2a and b). The
morphological analysis of the bead section shows a porous
structure. As one can observe at high magnication (Fig. 2d),
cross-linked copper-alginate forms a porous structure that can
be related to an abundant porosity. The pore sizes are relatively
uniform with an average pore ranging from 200 nm to more
than 20 mm. A loose network of interconnected brils forms this
superporous structure.53 Therefore, the Cu(II)-AD catalyst pres-
ents an important macroporosity due to the removal of absor-
bed water in wet beads and the formation of extensively
interconnected brils with the successful freeze-drying process
and thus dry beads are obtained. On the other hand, the
prepared Cu-AD beads were dried in freeze-drying conditions to
achieve the corresponding aerogel catalyst with increased
surface areas, which conferred effective catalytic properties. The
surface area for Cu(II)-AD, examined using the BET method, was
261 m2 g�1.

The swelling experiment was used as a simple and basic
method to investigate the water uptake of the prepared hydro-
gels beads.54 The result shows that the water-swelling ratio of
the Cu(II)-alginate hydrogel beads was found to be 13.7 g g�1

(the swelling ratio (g g�1) was measured by dividing the weight
of the swollen gel by the weight of the initial dried sample),
relating to its high porosity and the more hydrophilic structure
of alginate biopolymer. Furthermore, BET, swelling and
microstructural analysis suggested that the Cu(II)-alginate
hydrogel beads were more suitable for catalytic activity.

To conrm the successful cross-linking of the alginate
polymer with copper(II) ions, the structures of the starting
material (sodium alginate) and dried Cu(II)-alginate beads were
examined by FTIR spectroscopy. It was also used to identify and
compare the functional groups present in both materials
(Fig. 3). The FTIR spectrum of sodium alginate and dried Cu(II)-
alginate beads showed several peaks with the same wave-
number around 3435, 2929, 1414, 1030 and 882 cm�1, corre-
sponding to O–H antisymmetric stretching vibrations, C–H
stretching vibrations, symmetric –COO� stretching vibrations,
symmetric C–O–C stretching vibrations and C–H deformation
ken for the Cu–SA beads before (Cu-AHG) and after freeze-drying (Cu-

RSC Adv., 2020, 10, 32821–32832 | 32823
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Fig. 2 SEM micrographs of the Cu(II)-AD bead surface (a and b) and Cu(II)-AD bead cross-section (c and d).

Fig. 3 FTIR spectra of sodium alginate (SA) and dried Cu(II)-alginate beads (Cu(II)-AD).
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vibrations of the b-mannuronic acid residues, respectively,
according to the literature data.55,56

Aer the cross-linking process with the copper(II) ions, the
band assigned to the asymmetric elongation vibration of COO�

was signicantly downshied to 1618 cm�1, conrming that the
alginate chains interacted more effectively with copper(II) ions
through a strong electrostatic attraction.57 Additionally, the
copper(II) ions act as cross-linking agents to form the beads
because the guluronic units in the alginate polymers can
capture divalent cations.58 This interaction can be the conse-
quence of the coordination with copper(II) ions forming super-
porous hydrogel beads (Scheme 1).
32824 | RSC Adv., 2020, 10, 32821–32832
EDX analysis revealed that the Cu(II)-alginate beads were
composed of C, O, and Cu atoms, which indicated that the
copper element was successfully incorporated into the prepared
material. Compared with the naturally-occurring sodium algi-
nate used in this study, the Cu(II)-AD bead material does not
contain any sodium atom due to the ion exchange with cop-
per(II) ions during the cross-linking process.59,60 In addition, we
should note that the atomic ratio of copper on the surface of the
bead (surface-section) was almost the same as that inside the
bead (cross-section) (Fig. 4).

The distribution of copper is one of the main factors that
affect the catalytic activity performance. To qualitatively
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Proposed structure of the cross-linked Cu(II)-alginate hydrogel beads.

Fig. 4 EDX spectra and chemical composition of the Cu(II)-AD
surface.

This journal is © The Royal Society of Chemistry 2020
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conrm the presence and good dispersion of the required
elements, EDX mapping can help in determining the distribu-
tion of copper on the surface by analyzing the copper contents
of the Cu(II)-AD bead material. The EDX mapping images show
that the copper element is homogeneously distributed over the
surface of the prepared beadmaterial (Fig. 5). This suggests that
these beads are good candidates for the copper catalyst reac-
tions, as well as for the synthesis of 1,2,3-triazoles.

The thermal properties of sodium alginate (SA) and cross-
linked alginate [Cu(II)-AD] were investigated by TGA analysis
(Fig. 6). The presence of copper in the SA matrix should change
the thermal behaviour of the gel, which could be identied by
TGA. The analysis shows that the Cu-alginate beads are more
stable than the sodium alginate polymer. About 10% of weight
loss occurs in the rst stage in the temperature range 50–200 �C
RSC Adv., 2020, 10, 32821–32832 | 32825
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Fig. 5 Energy-dispersive X-ray mapping images of the Cu(II)-AD surfaces.
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due to the evaporation of absorbed water present in the
samples. The second stage (ca. 42% of mass loss) with
a maximum at 240 �C is assigned to the removal of the side –OH
groups of the alginate polymer by chain-stripping, leading to
a polyene formation. Finally, the decomposition of carbona-
ceous materials would account for the last weight-loss stage (ca.
65%) at 350 �C.61
Fig. 6 TGA analysis of the sodium (SA) and cross-linked [Cu(II)-AD]
alginates.

32826 | RSC Adv., 2020, 10, 32821–32832
3.2. Catalytic activity

To investigate the catalytic activity of the prepared catalysts for
click reactions, phenylacetylene (1a) and benzyl azide (2a) were
selected as model substrates for the reaction using water as
solvent at room temperature (Scheme 2). It was observed that
the use of CuSO4 only led to poor yields of the desired product
(3a) at room temperature (Table 1). Importantly, both Cu(II)-
alginate beads led to a regioselective synthesis of 1,4-
disubstituted-1,2,3-triazole in a very good yield (98%) within
24 h for Cu(II)-AHG and 48 h for the dried Cu(II)-AD beads. The
inuence of the amount of the catalyst on the yield of the
Scheme 2 Cu(II)-alginate bead catalyzed [3 + 2] cycloaddition reac-
tion of benzyl azide and phenylacetylene.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Optimization of the Cu(II)-alginate bead catalysts for the
synthesis of 1,4-disubstituted-1,2,3-triazoles

Catalyst Loading coppera (mol%) Time (h) Yieldb (%)

CuSO4 5 24 30
Cu(II)-AHG 0.5 24 33

1 24 54
1.5 24 68
2 24 95

Cu(II)-AD 0.5 48 30
1 48 41
1.5 48 62
2 48 98
2.5 24 69

a (Loading of copper used for reaction/number of moles of alkyne) �
100. b Reaction conditions: benzyl azide (0.6 mmol), phenylacetylene
(0.5 mmol), water (3 mL), Cu-catalyst, room temperature.
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reaction was also investigated (Table 1). In the case of Cu(II)-
AHG, the use of 2 mol% resulted in excellent yields aer 24 h of
reaction time and the decrease of catalyst loading decreased the
yield of the reaction. The reaction in the presence of 2 mol% of
Table 2 [3 + 2] cycloaddition reaction of different alkyne derivatives wit

Entry Alkyne Azide

1

2

3

4

5

6

7

8

9

a Reaction conditions: azide (0.6 mmol), alkyne (0.5 mmol), water (5 mL), c
for Cu(II)-AHG. c Isolated yield aer 48 h for Cu(II)-AD.

This journal is © The Royal Society of Chemistry 2020
Cu(II)-AD also led to excellent yields aer 48 h (Table 1).
Increasing the amount of Cu(II)-AD to 2.5 mol% [Cu] changed
the yield and reaction times. However, upon further decreasing
the amount of the Cu(II)-AD catalyst to 1 mol% [Cu], the rate of
the reaction was reduced. Thus, we decided to use 2 mol% for
both catalysts of Cu(II)-alginate beads for subsequent studies
(Table 1). Once the optimum conditions for the CuAAC between
phenylacetylene and benzyl azide of the copper(II)-supported
alginate catalysts were determined, a variety of alkynes and
azides were reacted using the Cu(II)-AHG and Cu(II)-AD beads as
catalysts in water under mild conditions (Table 2). In all cases,
the substituents (electron-rich, electron-withdrawing, and
heterocycle) did not have any particular effect when using both
catalysts, as most of the reactions were completed affording the
corresponding 1,4-isomer 1,2,3-triazole in good to excellent
yields (85–92%). It should be noted that the use of the Cu(II)-
AHG beads as a catalyst in CuAAC gave excellent yields in most
cases in 24 h, compared with the Cu(II)-AD beads that required
almost 48 h to do so. This fact could be explained by the facile
accessibility of both reactants into the Cu(II)-AHG beads. Most
of the reactions can be monitored visually as the product
h azides catalyzed with Cu(II)-alginate beadsa

Product Yieldb (%) Yieldc (%)

3a 93 90

3b 90 92

3c 96 90

3d 97 88

3e 94 94

3f 96 90

3g 96 89

3h 96 85

3i 95 92

atalyst (4 mg, 2 mol% Cu) at room temperature. b Isolated yield aer 24 h

RSC Adv., 2020, 10, 32821–32832 | 32827
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Fig. 7 Pictures of the reaction mixture before (left) and after (right)
completion of the reaction using Cu(II)-AD beads.
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crystallized out from the aqueous reaction media (Fig. 7).
Moreover, all corresponding 1,2,3-triazoles were obtained in
excellent yields in both cases, and the nal product did not
require any further purication by conventional methods.

In order to prove the efficiency of our catalytic system with
respect to the other reported catalytic ones in the context of
CuAAC, comparative results of the copper-catalyzed phenyl-
acetylene (1a) and benzyl azide (2a) cycloaddition reaction
chosen as model reaction are compiled in Table 3. The illus-
trated results show that Cu(II)-AHG and Cu(II)-AD are largely
superior to the Cu(II)-alginate [as indicated by the catalyst
turnover number (TON)], as well as to the Cu(II)-
Table 3 Comparison of the click chemistry of 1,4-disubstituted-1,2,3-tr

Entry Catalyst
[Cu] loading
(mol%) Conditions

1 Cu(II)-AHG 2 H2O, r.t.
2 Cu(II)-AD 2 H2O, r.t.
3 Cu(II)-alginate 21 H2O, r.t.
4 Cu(II)-cellulose 1.2 H2O, r.t.
5 Cu(I)-cellulose 0.14 H2O, r.t.
6 Cu(II)-poly(hydroxamic acid) 0.1 H2O, 50 �C
7 CuSO4-chitosan n.d.a H2O, r.t.
8 Cu(II)-polyethylenimine 5 H2O, r.t.
9 CuSO4-PEG-PS

b 5 H2O, N2, r.t., sod

a Not determined in mol%, given as CuSO4-chitosan (5 mg). b PEG-PS: po

32828 | RSC Adv., 2020, 10, 32821–32832
polyethylenimine and CuSO4-PEG-PS systems. Similar to Cu(II/
I)-cellulose, CuSO4-chitosan and CuSO4-cellulose-
poly(hydroxamic acid) were observed in terms of their reac-
tivity and sustainable reaction conditions. Remarkably, fCu(II)-
AHG and its dried form (Cu(II)-AD) did not require external
reducing reagents for the generation of the copper(I) species,
and were easily separated from the nal triazole products.
3.3. Mechanistic studies

To achieve a better understanding of the experimentally
observed regioselectivity, Density Functional Theory (DFT)
calculations were carried out by choosing an appropriate model
of the Cu(II)-alginate catalysts, as illustrated in Scheme 3. First,
the catalytic copper(I) species was generated by the reduction of
copper(II) by the terminal alkyne via oxidative alkyne homo-
coupling reaction, known as the Glasser reaction.67,68 The
cycloaddition [3 + 2] azide–alkyne starts through the formation
of the copper-acetylide complex by the in situ coordination of
the terminal alkyne to the copper(I) species.69–77 Furthermore,
a six-membered copper-containing intermediate complex (IC)
was formed in the presence of azides, which led a conducting
path to the triazolide ring (AT) along with the Cu–C bond
formation. Finally, the 1,4-disubstituted-1,2,3-triazole was
formed under slightly acidic conditions from the triazolide ring,
and the catalyst was regenerated (Scheme 3).78

Recently, the [3 + 2] cycloaddition azide–alkyne reactions
(AAC) was analyzed using local reactive indexes dened in the
context of conceptual DFT (CDFT), which showed that the
analysis of the local electrophilicity (uk) at the electrophilic
reagent and the local nucleophilicity (Nk) at the nucleophilic
one were enabled for understanding the behaviour of polar
cycloaddition.79–81 Based on this, the Fukui functions were used
to calculate the local electrophilicity and nucleophilicity of the
iazoles by our protocols with other catalytic methods

Time (h) Yield (%) TON Ref.

24 95 24 This work
48 93 23
18 98 4.6 62
12 96 40 38
4 93 332
4 91 910 63
4 99 — 64

24 98 12 65
ium ascorbate (10 mol%) 12 97 9.7 66

ly(ethylene glycol)-polystyrene.

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Proposed mechanism of the CuAAC catalyzed by Cu-alginate catalysts.

Fig. 8 Local nucleophilicity (Nk) of the azide and local electrophilicity (uk) of the reactants, and reactive complex (RC) calculated with the Fukui
function.

Table 4 Recycling of the Cu(II)-AD catalyst

Run Yielda %
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methyl azide, copper-acetylide and reactive complex (RC) (see
Fig. 8). The results indicated that the Cu6 atom was the more
electrophilic centre (uk) at the copper acetylide intermediate
(uCu6 ¼ 0.17 eV), whereas the N1 nitrogen was the more
nucleophilic centre (NN1 ¼ 1.41 eV). These ndings conrmed
that the most favorable single bond formation corresponded to
N1 / Cu6, leading to the formation of the reactive complex
(RC). The formation of RC is highly exothermic computationally
by 3.84 kcal mol�1, using eqn (2) (Fig. S1, see ESI†). Accordingly,
the analysis of uk and Nk at the RC complex indicates that the
C4 and N3 atoms are the most nucleophilic (NC4 ¼ 0.17 eV) and
most electrophilic (uN3 ¼ 0.14 eV) centres, respectively (Fig. 8).
These results show that the most favorable bond formation
would correspond to the C4/ N3 pair, which would lead to the
formation of the intermediate reaction complex (IC).82–84 In the
next step, a triazolide ligand is formed by reductive elimination,
leading to the corresponding 1,4-disubstituted-1,2,3-triazole
(Scheme 3). All of the abovementioned results are in agree-
ment with the experimentally observed regioselectivity.85
1 98
2 89
3 78
4 62

a Isolated yield aer 48 h.
3.4. Recovery and reusability of the catalyst

The recyclability and stability of both Cu(II)-alginate catalysts
were also investigated for the reaction of the cycloaddition
This journal is © The Royal Society of Chemistry 2020
between phenylacetylene (1a) and benzyl azide (2a) in water at
room temperature (Scheme 2). Aer completion of the reac-
tion, the reaction mixture was diluted with diethyl ether. The
catalyst was then collected by ltration, washed with diethyl
ether, dried and used for the next run. In the case of Cu(II)-
AHG, it was observed that the catalyst gave a poor yield (ca.
30%) aer one cycle. Importantly, the catalytic activity and
selectivity did not signicantly decrease for the next four
consecutive uses of the dried Cu(II)-AD beads (Table 4). The
structure of the recycled catalyst was investigated by SEM and
EDX analysis (Fig. 9 and 10). The SEM analyses of both fresh
and recycled catalysts for the Cu(II)-AD beads were almost
RSC Adv., 2020, 10, 32821–32832 | 32829
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Fig. 9 SEM analysis of the Cu(II)-AD recycled catalyst surface (a and b) and cross-section (c and d).
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similar. In addition, the EDX data showed a small decrease in
the copper percentage of the catalyst aer 4 cycles. Aer the
rst run, the copper loading for the reused catalyst was found
to be 9.23% (w/w) through atomic absorption spectrometry.
Fig. 10 EDX analysis of the Cu(II)-AD catalyst surface (a), Cu(II)-AD recycle

32830 | RSC Adv., 2020, 10, 32821–32832
The high catalytic activity, simple separation, and recyclability
of the Cu(II)-AD hydrogel make this catalyst more environ-
mentally benign.
d catalyst surface (b), and Cu(II)-AD recycled catalyst cross-section (c).

This journal is © The Royal Society of Chemistry 2020
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4. Conclusion

In summary, herein we report the design, preparation and
characterization of copper(II)-alginate beads as novel heteroge-
neous catalysts for the azide–alkyne cycloaddition click chem-
istry. Cu(II)-alginate hydrogel beads were successfully
synthesized through the coordination of copper(II) with the
naturally-occurring alginate hydrogel. Different characteriza-
tion techniques conrmed the immobilization of copper(II) into
the alginate hydrogels, inuencing the morphology, swelling
and thermal properties of the prepared beads as compared to
the parent alginate hydrogel. SEM/EDX analyses demonstrated
that the Cu(II)-alginate beads exhibited an excellent super-
porous structure, where the copper(II) ions were homogeneously
distributed throughout the hydrogel surface. The prepared
catalysts showed high catalytic activity and regioselectivity for
the click reaction of 1,4-disubstituted-1,2,3-triazoles in water at
room temperature. The catalyst was separated by simple ltra-
tion and reused for four cycles of reaction, with a decrease of its
catalytic activity and maintenance of their regioselectivity.
Moreover, a mechanistic study using DFT calculations allowed
for explaining the regioselectivity outcome of the Cu-alginate
hydrogel catalysts in the AAC reaction.
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Competitividad (MINECO) (Project CTQ2016-75068P) is grate-
fully acknowledged.
References

1 H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem., Int.
Ed., 2001, 40, 2004–2021.

2 J.-F. Lutz and Nanotechnology for Life Science Research
Group, Angew. Chem., Int. Ed. Engl., 2007, 46, 1018–1025.

3 C. R. Becer, R. Hoogenboom and U. S. Schubert, Angew.
Chem., Int. Ed. Engl., 2009, 48, 4900–4908.

4 C. W. Tornøe, C. Christensen and M. Meldal, J. Org. Chem.,
2002, 67, 3057–3064.

5 V. V. Rostovtsev, L. G. Green, V. V. Fokin and K. B. Sharpless,
Angew. Chem., Int. Ed., 2002, 41, 2596–2599.

6 M. Meldal and C. W. Tornøe, Chem. Rev., 2008, 108, 2952–
3015.
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