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Abstract: The copper-catalyzed cycloaddition of alkynes and azides (CuAAC) to give the corre-
sponding 1,4-disubstituted-1,2,3-triazoles is the most successful and leading reaction within the click
chemistry regime. Its heterogenization stands out as the innovative strategy to solve its environmental
concerns and toxicity issue. In this report, magnetically retrievable activated carbon produced from
biomass Persea Americana Nuts was loaded with a catalytically active copper(I) catalyst, resulting
into a heterogeneous nanocatalyst, namely Cu-Fe3O4-PAC. This new compound was fully character-
ized using several techniques such as Powder X-ray diffraction (PXRD), Fourier-transform infrared
spectroscopy (FI-IR), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray diffraction
(EDX), Brunauer-Emmett-Teller (BET) analysis, and Raman spectroscopy. Cu-Fe3O4-PAC catalyzed
the cycloaddition of a variety of substituted terminal alkynes and organic azides in water at room tem-
perature with excellent yields and in a regioselective manner. The hot filtration test demonstrated that
no significant leaching of catalytically active copper particles took place during the CuAAC process, a
feature that supports the stability of Cu-Fe3O4-PAC and its heterogeneous action way. Cu-Fe304-PAC
was magnetically separable by applying an external magnetic field and was recyclable up to five runs,
with only an 8% decline in its activity after the 5th catalytic test. The hot filtration experiment heavily
suggested that the present catalytic system would proceed in a heterogeneous manner in CuAAC.
The electronic characteristics, nature of the intermediate complexes, and type of ligand-to-copper
bonding interactions were studied by using quantum theory of atoms in molecules (QTAIM) and
natural bond orbital (NBO) calculations, which enabled the confirmation of the proposed binuclear
mechanism.

Keywords: magnetic nanoparticles; activated carbon; copper; heterogeneous catalysis; CuUAAC;
QTAIM; NBO analysis

1. Introduction

The copper-catalyzed [3+2] cycloaddition of azides and alkynes (CuAAC) is the most
popular and leading click chemistry concept [1], and has been successfully applied for the
synthesis of 1,2,3-triazoles and is widely used in drug discovery, pharmaceutical and agro-
chemical technology [2-6] as well as in biology and material sciences [7-11]. CuAAC has
the power to afford 1,4-disubstituted-1,2,3-triazole derivatives in a fast and regioselective
manner under mild reaction conditions [12-14]. The in situ generated copper(l), either from
copper(II) salt precursors, such as CuSO4-5H0, in the presence of a reducing agent, such
as sodium ascorbate, or from a mixture of copper(0) and copper(Il) species usually in the
presence of a stabilizing ligand and/or a base, is the catalytically active agent that mediates
the azide-alkyne ligation process [15]. The use of the copper catalyst, in particular, in the
click of the 1,2,3-triazole derivatives with biological attributes has been largely questioned
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due to environmental concerns and toxicity issues raised from the contents of copper
species in such biological compounds [16]. This has led to the development of heteroge-
neous catalytic systems, which have allowed for efficient copper removal often through
filtration or decantation methods. Most of the heterogeneous approaches of CuAAC click
chemistry consists of immobilizing the copper species by employing microporous organic
or inorganic solids [17-23]. In this context, activated carbon was found to be an efficient
support in heterogeneous CuAAC click chemistry due to many chemical-specific features,
including its inexpensive cost, availability, large surface area, porous structure, ample
surface functional groups, and facile scalable synthesis [21-24]. However, the impractical
work-up procedures such as filtration and centrifugation—decantation, which are required
for the final separation of the source of heterogeneous copper(I) from the reaction medium,
lead to the waste of the catalyst and/or reagents for their subsequent use. To overcome
this problematic experimental issue and open the way to heterogeneous CuAAC click
chemistry as a practical industrial chemical process, recent strategies have focused on the
use of magnetically separable catalysts by using ferric oxide magnetic nanoparticles, such
as Fe, O3, Fe;Oy4, and Fe3O4. They are easily separable by using an external magnetic field
and are further recyclable in subsequent catalytic runs [25-27] (Figure 1).

Previous works:

Cu/actlcated carbon NiN\
R—N; + R'———
organic solvent or water
Cu/magnetic
- N—N
metal nanoparticles \
R7N3 + R' p— R ———— N
solvent RN ~R
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Cul/activated carbon-magnetic
. N—N
metal nanoparticles \
R—N3 + R'—— N
water, rt N
R = alkyl, aryl R' = alkyl, aryl 1,4-disubstituted-1,2,3-triazoles

Figure 1. Click CuAAC performed under heterogeneous catalysis.

In the context of our main efforts to develop and add value to the benign heteroge-
nization of CuAAC click chemistry [24], herein we report an ecofriendly heterogenization
approach to the click of triazoles. It consists of the combination of activated carbon made
up from agricultural wastes biomass such as Persea Americana Nuts with magnetic metal
nanoparticles, followed by its loading with copper(I). This newly characterized source of
heterogeneous copper(I) catalysts, namely (Cu-Fe304-PAC), exhibits an excellent catalytic
performance in azide-alkyne cycloaddition processes in water at room temperature. The
Cu-Fe304-PAC catalyst can be easily recovered by applying an external magnetic field and
it can be recycled for additional runs without any loss of its selectivity.

2. Results and Discussion
2.1. Synthesis and Characterization of the Catalyst

The synthetic procedure used to prepare the Cu-Fe304-PAC catalyst is illustrated in
Scheme 1. In the first step, the Powdered Activated Carbon (PAC) was prepared from the
agricultural wastes biomass Persea Americana Nuts via the chemical activation method using
orthophosphoric acid as the activating agent. In the second step, the prepared activated
carbon was partially covered by FesO4 magnetic nanoparticles using the co-precipitation
method of ferric ions (Fe>*/Fe3*) on the surface of the carbon. Finally, the magnetic carbon
was impregnated with a copper(I) chloride solution to afford the final Cu-Fe3O4-PAC as a
magnetic nanocomposite.
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Scheme 1. Stepwise synthesis of Cu-Fe3O4-PAC.

The composition of the synthesized material was firstly analyzed with Powder X-
ray diffraction (PXRD). As depicted in Figure 2, the obtained PXRD patterns displayed
the following diffractions peaks (26 [°]): 30.5, 35.9, 43.6, 53.9, 57.6, and 62.7. They were
identified as the (220), (311), (400), (422), (511), and (440) crystalline planes of the cubic
structure of Fe3O4 (JCPDS: 19-629) (Figure 2b,c) [28]. In addition, the presence of a low-
intensity peak at 28.2° corresponded to the (111) crystalline plane of CuCl (JCPDS: 01-
081-1841), which could be the predominance of the amorphous carbon in Cu-Fe304-PAC
(Figure 2c) [29]. The presence of two peaks around 26 and 43° corresponding to the (002)
and (100) crystalline planes were attributed to the microcrystalline graphitic structures
present in amorphous carbon [30]. The decrease in or disappearance of the intensity
peaks when these graphitic structures were covered with CuCl and/or Fe3O4 suggests that
copper and/or iron oxide particles were formed on the carbon [30]. The same results were
observed using Raman spectroscopy, as shown in Figure 3. The occurrence of two bands
around 1320 and 1590 cm~! indicated the presence of crystalline and amorphous carbon,
respectively. The ratios between the D and G bands (Ip/Ig) confirmed the presence of a
crystalline graphite part in amorphous carbon (Figure 3a) [31]. Furthermore, the decrease
in the intensity of both the D and G bands in Fe3O4-PAC and Cu-Fe3O4-PAC confirmed
that both Fe304 and Cu species were loading on the carbon surface (Figure 3b,c).
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Figure 2. XRD spectra of PAC (a), Fe304-PAC (b), and Cu-Fe3O4-PAC (c).
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Figure 3. Raman spectra of PAC (a), Fe304-PAC (b), and Cu-Fe304-PAC (c).

The functional groups present in the PAC, Fe304-PAC, and Cu-Fe304-PAC samples are
illustrated by their FT-IR spectra (Figure 4). The results showed the existence of absorption
bands at 3409, 1558, 1391, 1158, and 1043 cm~!, which correspond to the O—H, C=0, C=C,
and C-O stretching vibrations from the surface of the carbon, respectively [32]. The occur-
rence of two broad bands at 631 and 561 cm ! that are attributed to the stretching vibration
of the Fe-O bonds confirm the formation of iron oxide (Fe3Oy4) [33]. The appearance of
another weak absorption at 514 cm~!, which are assigned to Cu-O bonds, suggests that
copper is supported on the Fe;04-PAC by the coordination of carbonyl groups (acetate
or phosphate) with copper. In addition, the slight shift from 1558 cm ™! in Fe;O,4-PAC
to 1629 cm ! in Cu-Fe;04-PAC is mainly due to the coordination of the oxygen with the
copper atom [34,35].
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Figure 4. FT-IR spectra of PAC (a), Fe304-PAC (b), and Cu-Fe304-PAC (c).

The measurement of the porosity and surface area of the PAC, Fe304-PAC, and Cu-
Fe304-PAC materials was carried out through the Brunauer-Emmett-Teller (BET) analysis
as shown in Figure 5 and Table 1. The N; adsorption—desorption isotherm of all the
carbon materials show a typical IV type pattern, according to the International Union of
Pure and Applied Chemistry (IUPAC) classification, suggesting that these materials have
mesoporous structures (Figure 5) [36]. Furthermore, the isotherms chang in a relatively
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slight range of pressure, which further indicates that the pore structure of these materials is
regular and the pore size distribution is uniform [37,38].
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Figure 5. N, adsorption-desorption isotherm of PAC (a), Fe304-PAC (b), and Cu-Fe304-PAC (c).

With the N, adsorption-desorption measurements presented in Figure 5, the specific
surface area and pore size distribution were calculated using the classic theory model
of Barrett, Joyner, and Halenda (BJH) and the Brunauer-Emmett-Teller (BET) method,
respectively (Table 1). As shown in Table 1, the results reveal that the pore diameters are
within 2-50 nm, which further confirms that the materials are generally mesoporous. In
addition, the specific surface area and total pore volume of the PAC materials decrease after
impregnation with CuCl and/or Fe3O,4 nanoparticles. This reduction could be explained by
the fact that the copper and/or oxide iron nanoparticles occupy parts of the pores [39,40].

Table 1. Structural and textural characteristics of carbon materials calculated from dinitrogen sorption

isotherms.
Material Surface Area (m?/g)  Pore Volume (cm®/g) Pore Size (nm)
PAC 5535.55 3.70 2.69
Fe304-PAC 4748.18 3.20 2.69
Cu-Fe304-PAC 3800.95 2.69 2.83

For further characterization, the surface morphology and chemical purity of the PAC,
Fe304-PAC, and Cu-Fe304-PAC composites were determined using Scanning Electron Mi-
croscopy (SEM) and Energy-dispersive X-ray (EDX) analysis, respectively (Figures 6 and 7).
The SEM images show general views of the composites, an irregular surface, and different
size pores on the surface (Figure 6), features which agree with the BET analysis. The EDX
analysis show the presence of carbon, oxygen, phosphorus, iron, chlorine, and copper
(Figure 7). A weight percentage of copper of 1.01 wt% was determined with an Atomic
Absorption Spectroscopy (AAS) analysis of the Cu-Fe304-PAC composites.
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Figure 6. SEM images of PAC (a), Fe304-PAC (b), and Cu-Fe304-PAC (c).
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Figure 7. EDX spectrum of the Cu-Fe304-PAC catalyst.

2.2. Catalytic Studies

Once prepared and fully characterized, the catalytic activity of Cu-Fe3O4-PAC was
tested in the click approach synthesis of 1,4-disubstituted-1,2,3-triazoles with copper-
catalyzed azide-alkyne [3+2] cycloaddition reactions. Aiming at optimizing the synthesis
of 1,4-disubstituted-1,2,3-triazoles under the click chemistry regime, the reaction between
benzyl azide and phenylacetylene was selected as a model reaction. Initially, the reaction
was carried out in the absence of a copper catalyst, and as expected, no product was formed
(entry 1, Table 2). The same result was obtained when the PAC, Fe304, and Fe3O4-PAC
were used (entries 2—4, Table 2). We next investigated the catalyst amount in the model
catalytic cycloaddition reaction (entries 5-7, Table 2). As shown in Table 2, the decreasing
of the Cu-Fe304-PAC amount to 50 mg did not modify the yield of the reaction (entries
5-6, Table 2). However, further decreasing of the Cu-Fe304-PAC amount to 30 mg caused a
downturn in the yield to 64% (entry 7, Table 2). Thus, 50 mg of the Cu-Fe3O4-PAC catalyst
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was found to be the optimum amount to catalyze the click synthesis of 1,4-disubstituted-
1,2,3-triazole from the cycloaddition of benzyl azide and phenylacetylene. The solvent
effect was also investigated (entries 8-14, Table 2). The results showed that the use of water
and acetonitrile as solvents resulted in higher yields than those with other organic solvents,
such as dichloromethane, THF, hexane, and EtOH (entries 6,8-12, Table 2). Furthermore,
a good yield was also achieved by working in EtOH/H,O and CH3CN/H;0O as mixed
solvents within the same reaction time (entries 13-14, Table 2). Therefore, we selected water
as the ideal benign solvent to carry out the click synthesis of 1,4-disubstituted-1,2,3-triazoles
under Cu-Fe304-PAC-catalyzed azide-alkyne [3+2] cycloaddition reactions. Consequently,
2.2 mol% of the Cu-Fe3O4-PAC catalyst in water as a solvent at room temperature were
indeed the optimal reaction conditions for the synthesis of 1,4-disubstituted-1,2,3-triazoles.

Table 2. Optimization studies “.

[

N
@/\N3 . X Catalyst g\N\_fN
Solvent, Time, r.t. b
3a

1a 2a
Entry Catalyst Col:?éu]?;;;ig;t:iygs;t;?:%) Solvent Time (h) Yield (%) ?
1 - - H,O 48 Trace
2 PAC® 30;0 H,O 48 Trace
3 Fe304 € 30;0 H,O 24 Trace
4 Fe304-PAC € 30;0 H,O 48 Trace
5 Cu-Fe30O4-PAC 70; 3.2 H,O 22 99
6 Cu-Fe304-PAC 50; 2.2 H,O 22 99
7 Cu-Fe304-PAC 30; 1.3 H,O 22 64
8 Cu-Fe30O4-PAC 50; 2.2 EtOH 22 57
9 Cu-Fe304-PAC 50; 2.2 CH;3CN 27 98
10 Cu-Fe304-PAC 50; 2.2 Hexane 23 62
11 Cu-Fe30O4-PAC 50; 2.2 THF 46 55
12 Cu-Fe304-PAC 50;2.2 Dichloromethane 24 30
13 Cu-Fe304-PAC 50; 2.2 EtOH/H,0 (1:1v/v) 22 95
14 Cu-Fe30O4-PAC 50; 2.2 CH3CN/H,0 (1:1v/v) 22 93

? Reaction conditions: benzyl azide (0.376 mmol), phenylacetylene (0.352 mmol), solvent (5 mL), and catalyst were
mixed and stirred at room temperature. ¥ Isolated yield. ¢ Reaction performed in the absence of copper salts.

After optimizing the conditions of the Cu-Fe3O4-PAC-catalyzed azide-alkyne [3+2]
cycloaddition reaction, the scope and generality of this new protocol were investigated
by using several organic azides and terminal alkyne derivatives to regioselectively afford
1,4-disubstituted-1,2,3-triazoles (Scheme 2). The results revealed that the reactions of
terminal alkynes and organic azides with both electron-donating and electron-withdrawing
substituents did not have any particular effect, with most of them being completed within
23 h as a maximum time and resulting in one regioisomer in high to excellent yields
of the final 1,2,3-triazole products (Scheme 2). All the 1,4-disubstituted 1,2,3-triazole
isomers were characterized by melting points and NMR spectroscopy. Some of them were
purified by recrystallization from a mixture of dichloromethane /hexane when necessary
(see Supplementary Materials).
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Scheme 2. Azide-alkyne [3+2] cycloaddition reactions catalyzed by Cu-FezO4-PAC. Abbreviations:
TON = Turnover number (moles substrate/moles of catalyst), TOF = Turnover frequency (TON/time
of reaction).

The recyclability of heterogeneous catalysts is an important issue from different points
of view, such as environmental concerns and commercial applicability. To examine this
issue, the recovery and reusability of Cu-Fe3O4-PAC were studied in the selected model
reaction in the same conditions as the reactions. The catalyst was separated very easily by
applying an external magnetic field, as shown in Figure 8, and then it was recovered and
reused several times without adding further fresh catalyst.

Before After
separation separation

Figure 8. Magnetic separation of the Cu-Fe3O4-PAC catalyst with an external magnetic field.
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After the completion of the reaction, the catalyst was separated from the reaction
mixture, washed with dichloromethane and ethanol several times, dried in air overnight,
and then reused in the next run. The results are presented in Figure 9, demonstrating
that the catalyst was successfully reused for five cycles with only an 8% decline in its
activity after the fifth test. This observation indicated the good stability and reusability of
the Cu-Fe304-PAC catalyst. Furthermore, the percentage of copper particles in the final
clickable triazole product was determined with an AAS analysis, and we found that they
were present in a very low concentration (less than 0.3 ppm).

N
. N™ N
@/\N3 X Cu-Fe;04-PAC @‘ )
+
water, r.t. @
1a 2a 3a

100

90

Yield (%)

80 -
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Figure 9. Yields of the Cu-Fe304-PAC catalyst in the cycloaddition of benzyl azide (1a) and pheny-

lacetylene (2a) after five cycles of recovery/reuse.

To further confirm the stability of the catalyst under the heterogeneous phase, a hot
filtration test was conducted (Figure 10). The reaction of benzyl azide (1a) and pheny-
lacetylene (2a) was initiated at 50 °C in water under air atmosphere. After 2 h, the catalyst
was recovered with an external magnet at the reaction temperature and the filtrate was
allowed to react under the same catalytic reaction conditions. A slight conversion was
observed after 10 h, indicating that the copper contents remained intact in the magnetically
activated carbon, with slight leaching in the aqueous medium, as found by the click of the

1,2,3-triazole product.

100

80
- 60
3& 3
e Y
o .
2 \ .
= 404 —— Separation of the catalyst

20 1 —=— Control reaction

Hot filtration test
0t T T T T T T
0 2 4 6 8 10 12 14

Time (h)
Figure 10. Hot filtration test in the azide-alkyne cycloaddition reaction catalyzed by Cu-Fe3O4-PAC.

2.3. Comparison of the Cu-Fe304-PAC Catalyst with Other Heterogeneous Catalysts

The comparison of the catalytic activity of the prepared CuCl-Fe30O4-PAC catalyst
versus other heterogeneous catalysts in the click [3+2] cycloaddition reaction of benzyl
azide (1a) and phenylacetylene (2a) is summarized in Table 3. Although CuAAC mediated
by the CuCl-Fe30O4-PAC catalyst took longer compared with CuAAC mediated by other
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heterogenous copper-based catalysts, with either carbon support or magnetic nanoparticles,
in addition to having the lowest TON and TOF values, this new heterogeneous catalyst still
has several advantages, including the occurrence in a quantitative yield, benign catalytic
protocol, and easy separation from the liquid reaction phase via the application of an
external magnetic field (Table 3).

Table 3. Comparison of the catalytic activity of the Cu-Fe3O4-PAC catalyst with other heterogeneous
copper-based catalytic systems reported in the literature.

E Catalyst @ o . . o
ntry . Solvent/T (°C) Base Time Yield (%) TON/TOF Ref.
(Copper Loading)
1 Cu-Fe304-PAC (2.2 mol%) H,O/r.t. - 22 h 99% 45/2.04h~1 This work
2 Cu-CANS (1 mol%) H,O/r.t. - 6h 98% 190/31.66 h~1 [24]
3 Cu/C (10 mol%) Dioxane/60 °C Et;N 10 min 99% - [21]
4 CuyO/C (5 mol%) i-PrOH:H,O/r.t. EtzN 2h 82% 1957/13.5h~1 [41]
5 Cu@FeNP (5 mol%) H,O/r.t. - 12h 93% - [42]
6 CS-Fe;04-Cu (1.54 mol%) DCM/rt. - 12h 92% 59.7/4.98 h~1 [27]
7 Cu(OH)y /Al,O3 (1.5 mol%) Toluene/60 °C - 30 min 95% - [43]

2 Abbreviations: PAC = Powdered Activated Carbon; CANS = Carbon Argan Nut Shells; C = charcoal;
CS = chitosan; r.t. = room temperature.

2.4. Mechanistic Insight

The most likely mechanistic CuAAC pathways for the formation of the regioselec-
tive 1,4-disubstituted-1,2,3-triazoles by using the Cu-Fe304-PAC as a catalyst is proposed
based on our previous work [44] (Scheme 3) with a QTAIM and NBO analysis (see the
Supplementary Materials). In this respect, the strength of the studied N,,;ge—Cu and
Calkyne—Cu interactions were investigated by means of the second-order stabilization

energy E@, given that a high value of this parameter indicates a greater intensity of the
donor-acceptor interaction. The acceptor orbital, electron donor orbital, and the possible
high interactions are listed in Table 4. In the first step, the catalytically active copper(I)
species binds to the terminal alkyne to form the dinuclear copper-acetylide intermediate
(4), with the anti-bonding BD*(C—C) of the alkyne acting as a donor and the LP*(Cu) of the
catalyst being an acceptor. The calculated value of this interaction was 4.34 kcal/mol. Then,
the organic azide coordinates with the copper atom by means of the nitrogen atom, which
is proximal to carbon atom, forming a reactive complex RC (5), with the lone pair of azide
(LP(Nazide)) acting as a donor and the LP*(Cu) acting as an acceptor, with a stabilization
energy E@ of 12.95 kcal/mol. Afterwards, the distal nitrogen of the azide in RC can coordi-
nate with the C-2 carbon of the acetylide, producing an intermediate of a six-membered
copper-metalated triazolide (6). The last step is a protonation of the copper triazolide (7) to
afford the final 1,2,3-triazole product as 1,4-regioisomer (8).

Table 4. NBO analysis for the intermediate complexes in the CuAAC reaction.

E® Energy (kcal/mol)

Complex
BD*(C_C)—LP*(Cu) LP(Nige) —LP*(Cu)
4 4.34 -
5 5.86 12.95
6 2.69 30.72

A supporting view to that given by the NBO computations can be provided by the
topology analysis of the electron density in the framework of the Quantum Theory of Atom
in Molecules (QTAIM) suggested by Bader [45]. The topological analysis of the electron
density distribution was carried out by means of Bader’s theory, as implemented in the
Multiwfn 3.3.9 software [46]. The topology analysis of the electron density was used to
search the critical points. As can clearly be seen from molecular graphs of the studied
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complexes (Figure 11), the BCPs and bonding lines were clearly found in addition to the
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Scheme 3. Proposed mechanism of the Cu-Fe304-PAC-catalyzed azide-alkyne cycloaddition.

In order to figure out the nature of the ligand-to-copper interactions, Bader’s QTAIM
analysis [45] was used. Topological analyses of the electron density and its Laplacian
were carried out at the bond critical points. The indicators of the copper-ligand bond that
were applied were the electron densities p(r), the Laplacians V?p(r), the potential energy
density v(r), and the local kinetic electron energy density G(r), which was computed at
the bond critical points (BCPs) [47]. Depending on the sign of the V2(r), the ligand-to-
metal interactions were covalent (shared shell) or electrostatic (closed shell) if V?p(r) was
negative or positive, respectively. Furthermore, the —G(r)/v(r) ratio was used for a further
evaluation of the nature of the metal-ligand bonds. In this respect, the nature of the metal—-
ligand interaction was noncovalent or partly covalent if —G(r)/v(r) > 1 and 0.5 < —G(r) /v(r)
< 1, respectively. This ratio combined with the electron density (V2(r)) is applicable to
determine the intermediate interactions and closed-shell interaction: (—G(r)/v(r) <1 and
V2p(r) < 0) and (—G(r)/v(r) > 1 and V?p(r) < 0), respectively.

-
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Figure 11. Molecular graphs of the computed intermediate complexes based on their gas phase
optimized geometries at the M06-2X/6-311G(d,p), (LANL2DZ for Cu) level of theory. The BCPs
are the small orange spheres around the center of the bond paths. The bond paths are the brown

colored lines.
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The calculated parameters at some BCPs in the studied complexes are summarized in
Table 5. One can see therein that all V2(r) values were negative, a feature that indicated
that all of the interactions were shared shell for both the Cu—Ng;ige and Cu—Cyne
interactions. Moreover, all the p(r) values of the Cu—N and Cu—C bonds were in the
range 0.11 to 0.98 au. This means that all of the interactions had some degree of an ionic,
or rather polar ionic, character. In addition, the values of —G(r)/v(r) for Cu—Ngyige
and Cu—Cykyne were in the range 0.81-0.96, pointing out that these interactions were
partly covalent. This conclusion was further supported by the medium (—40.78 kcal/mol)
and high (—307.48 kcal/mol) values of the energy for the Cu—Cjjiyne and Cu—Nazige
interactions, respectively. The fact that the computed values of ELF were in the range
0.11-0.97 supports the occurrence of metallic bonding [48].

Table 5. Topological parameters of the copper-ligand interaction for the optimized structures of the
intermediate complexes at M06-2X/6-311G(d,p) LANL2DZ for Cu.

Complex Bonding Interaction p(r) V2(p(r) G(r) v(r) —G@®)/v(r) n@)® Eint ?
4 Cu—Caliyne 0.98 —0.92 0.11 ~0.13 0.84 0.22 —40.78
5 Cu—N_yide 0.66 —0.64 0.95 —0.98 0.96 0.97 —307.48
6 Cu—N, g 0.87 ~0.87 0.13 ~0.14 0.92 0.11 —43.92
7 Cu—Crrinole 0.11 —0.11 0.13 ~0.16 0.81 0.26 5020

2 Eie = 0.5 v(r) (Kcal/mol); ® the ELF n(r) values are evaluated at the BCP.

3. Materials and Methods
3.1. Materials and Instrumental Facilities

Solvents and starting materials were used directly as purchased from commercial
sources without further purification. The organic azide derivatives were synthesized ac-
cording to the literature [24]. The reactions were carried out with continuous stirring under
ambient conditions. Organic phases were dried using anhydrous MgS0O, and were con-
centrated under reduced pressure. Thin-layer chromatography (TLC) was performed on
commercial aluminum-backed plates of silica gel (Merck Kieselgel 60 Fy54, Madrid, Spain)
to determine the purity of the synthesized products. The visualization was performed
under UV light at A = 254 nm. The melting points of the final organic products were
determined by means of an Electrothermal IA9100, France), employing the capillary tubes.
'H NMR and '3C NMR spectra were recorded on a spectrometer Brucker AC-300 MHz,
Ettlingen, Germany (300 and 75 MHz for proton and carbon, respectively) in CDCl; as a
solvent. The high-resolution mass spectra (HR-MS) were registered in the EI (70 eV) or
FAB mode at the mass spectrometry service of the University of Valencia. The Scanning
Electron Microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX) analysis were
performed on a VEGA3 TESCAN microscope and a high-resolution JEOL Field Emission
Gun-Scanning Electron Microscope (FEG-SEM). Raman spectra were obtained by using a
microscope confocal Raman spectrometer “SOL Instruments Confotec MR 520”. FT-IR spec-
tra were carried out on a FT-IR spectrophotometer (FI-IR Nicolet 5700). A Micromeritics
3-FLEX instrument (Haan, Germany) was used to examine the dinitrogen adsorption and
desorption properties for all the samples. Specific surface areas were calculated with the
Brunauer-Emmett-Teller (BET) method whereas the pore size distribution was estimated
from the dinitrogen adsorption isotherms with the classic theory model of Barrett, Joyner,
and Halenda (BJH). Atomic Absorption Spectroscopy (AAS) (Aurora AI800, Vancouver,
Canada) was used to determine the copper contents in the synthesized materials.

3.2. Computational Details

All molecular geometries reported in this contribution were fully optimized by using
the M06-2X functional with the 6-311G (d,p) basis set for the C, N, and H nuclei. Ad-
ditionally, the LANL2DZ basis set was used for Cu and included in the GAUSSIAN 09
package [49]. A comprehensive analysis of the natural bond orbitals was performed for
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all complexes and intermediates via NBO calculations in order to understand the various
second-order interactions between the filled orbital of one subsystem and the empty one
of another subsystem, which are measures of the intermolecular delocalization or hyper-
conjugation. The donor-acceptor interactions in the NBO basis were investigated by using
the second-order Fock matrix [50]. For each donor (i) and acceptor (j), the stabilization
energy E? associated with i—j delocalization for a donor NBO(i) and an acceptor NBO())
was calculated using the following equation:
2 F2(i, )
E* = g; W @M
In this expression, g;; represents the ith donor orbital occupancy, F; and F; are diagonal
elements, and F(i,j) stands for the off-diagonal elements linked to the NBO Fock matrix.

3.3. Preparation of the Powdered Activated Carbon (PAC)

The Persea Americana Nuts (PAN) were collected, cut, rinsed several times with double-
distilled water to remove impurities, and then dried at room temperature for several days.
The raw material was crushed to fine powder with a plunger ball mill. Then, it was mixed
with phosphoric acid in a 1:1 H3PO,4/PAN weight ratio by the plaster mill with a speed
of 400 rpm/min for 10 min. The obtained mixture was then dehydrated at 120 °C for 4 h.
After drying, the resulting material was carbonized in a muffle furnace at 500 °C for 1 h
in an air atmosphere. The activated solid was crushed to a fine powder, and then it was
washed several times with an aqueous solution of 0.1 M HCJ, then with hot double-distilled
water, and then finally with cold distilled water until neutralization (pH = 7). The washed
material was dried completely, crushed, and kept in a hermetic glass bottle in a desiccator
for further use.

3.4. Preparation of the Magnetically Powdered Activated Carbon (Fe3O4-PAC)

A total of 0.5 g of FeCl3-6H,0 and 0.25 g of FeCl,-4H,O were dissolved in 40 mL
of double-distilled water and stirred magnetically at room temperature. After stirring
for about 10 min, an aqueous solution of 1 M NaOH was added dropwise to the stirring
solution until pH = 10. Then, 2 g of PAC was dispersed into the mixture solution under
ultrasonic stirring for 30 min and the solution was stirred for an additional 2 h at room
temperature. The final product was recovered and washed several times using double-
distilled water and was dried in the oven overnight at 180 °C.

3.5. Synthesis of the Cu-Fe304-PAC Catalyst

A total of 1 g of Fe30,4-PAC was added to a solution of copper(l) chloride (250 mg) in
ethanol (40 mL), and the solution was stirred with a mechanical stirrer overnight at room
temperature. The resulting material was recovered by using an external magnetic field,
washed with ethanol as well as double-distilled water several times, and dried under a
vacuum overnight.

3.6. General Procedure for the Synthesis of 1,2,3-triazole Derivatives

Azide (0.376 mmol, 1.07 equivalent), alkyne derivative (0.352 mmol, 1 equivalent), and
Cu-Fe304-PAC (2.2 mol%) were placed in a reaction tube, and 5 mL of water were added.
The mixture was stirred at room temperature and was monitored with TLC using ethyl
acetate/hexane as an eluant. After the completion of the reaction, the reaction mixture
was diluted by dichloromethane and the catalyst was separated by an external magnetic
field, washed several times with dichloromethane and ethyl acetate, and dried under a
vacuum. Then, organic solvents were evaporated under reduced pressure to give the
corresponding 1,2,3-triazole derivative. The final product was further purified, when
necessary, via recrystallization from dichloromethane/n-hexane or ethyl acetate/n-hexane
solvent mixtures.
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4. Conclusions

A new magnetically separable heterogeneous catalyst, Cu-Fe3O4-PAC, for CuAAC
click chemistry was successfully prepared, fully characterized, and efficiently applied for
the “click” regioselective synthesis of 1,4-disubstituted 1,2,3-triazoles in water at room
temperature. This catalyst can easily be separated with an external magnetic field and can
be reused at least five times. Its stability was proven with a hot filtration test that confirmed
the stability of the catalyst. The electronic and energetic stabilities of the intermediate
species that take place in the mechanistic pathway of this approach were addressed by
means of QTAIM and NBO analyses.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/catal12101244/s1. References [41,51-54] are listed in Supplementary Materials.
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