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Abstract: A new sustainable heterogenous catalyst for copper-catalyzed azide-alkyne cycloaddition
reaction (CuAAC) was investigated. The preparation of the sustainable catalyst was carried out
through the complexation reaction between the polysaccharide cellulose acetate backbone (CA) and
copper(ll) ions. The resulting complex [Cu(Il)-CA] was fully characterized by using different
spectroscopic methods such as FTIR, SEM, EDX, UV-Vis, and ICP analyses. The Cu(II)-CA complex
exhibits a high activity in the CuAAC reaction for substituted alkynes and organic azides, leading
to a selective synthesis of the corresponding 1,4-isomer 1,2,3-triazoles in water as solvent and
working at room temperature. It is worth noting that this catalyst has several advantages from the
sustainable chemistry point of view including no use of additives, biopolymer support, reactions
carried out in water at room temperature, and easy recovery of the catalyst. These characteristics
make it a potential candidate not only for the CuAAC reaction but also for other catalytic organic
reactions.

Keywords: cellulose acetate; biopolymers; catalyst immobilization; CuAAC; 1,2,3-Triazoless

1. Introduction

Recently, the preparation, characterization, and catalytic activity of heterogeneous catalyzed
reactions have been reviewed focusing on their positive and negative points as well as on using bio-
heterogeneous catalytic systems that involve biological macromolecules, such as cellulose, alginate,
chitosan etc, as biosupports for metal catalysts [1,2]. The great interest in sustainable chemistry has
led to the investigation of natural resources such as biopolymers. Among the most abundant
naturally-occurring  and biodegradable polymers, cellulose known by its large number of
interesting structure related properties was utilized in various industrial applications, specifically in
water treatment, cosmetics, and the industry of paper [3-5]. The introduction of functional groups on
the cellulose structure has attracted great attention due to the possibility of modification of the
chemical and physical properties of the cellulose surface [6-8], and their ability to catch metal ions
being one of the best methods to introduce the eco-friendly character of the heterogeneous catalysts
[9-12]. Since its introduction by Sharpless, the click chemistry concept is reported to feature a high
regioselectivity, high yields, and only low reaction times for the synthesis of a great variety of organic
molecules with a potential application [13]. The copper-catalyzed azide-alkyne cycloaddition
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reaction (CuAAC) is the well-known reaction in the click chemistry regime. It is an excellent ligation
process for the selective synthesis of 1,4-disubstituted-1,2,3-triazoles [14,15]. Triazole derivatives are
excellent candidates in medicinal chemistry [16], biological science [17], and material chemistry [18].
In this regard, the development of new catalysts to afford 1,2,3-triazole moiety with high yields under
sustainable conditions has increased in recent decades [19-21]. We report here the heterogenization
of copper(ll) ions on cellulose acetate (CA) via the coordination of copper(Il) by carbonyl and other
oxygen-containing groups on the CA surface. The obtained catalyst (Cu(I)-CA) is highly active and
regioselective in synthesis of the corresponding 1,4-disubstituted-1,2,3-triazoles at room temperature
using water as solvent. The heterogeneity and reusability of the prepared sustainable catalyst have
also been investigated.

2. Results

The immobilization of copper(Il) ions on the cellulose acetate (CA) surface was conducted via a
simple complexation process by using copper(Il) chloride dihydrate as a source of copper(Il) and
water as solvent at room temperature. In fact, this immobilization reaction occurs through a
complexation reaction between Cu(Il) ions and both carbonyl oxygen and hydroxyl groups as donors
on the CA surface (Scheme 1). The ICP analysis was performed to determine the contents of copper(Il)
ions in the Cu(II)-CA catalyst that was found to be 0.72 % w/w. The morphology and structural
investigations of the prepared Cu(I)-CA catalyst were carried out by means of FTIR, UV-Vis,
Scanning Electronic Microscopy (SEM), and Energy dispersive X-ray (EDX) spectroscopy.
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Scheme 1. Preparative route of the Cu(II)-CA catalyst.

2.1. Characterisation of the Cu(Il)-Catalyst

Cellulose acetate (CA) before and after its complexation reaction with copper(Il) ions was
analysed by FTIR in order to get more insights on the chemical structure of the prepared catalyst. The
obtained results are summarized in Figure 1. The FTIR spectrum of the pure CA in the high frequency
region shows a broad band centred at ca. 3500 cm™ which is related to OH groups plus other
absorption peaks at 2948 and 2880 cm™ due to C-H stretching vibrations. The peaks at 1733 and
1431cm are assigned to the C=O stretching and C-O-H in-plane bending at C6, respectively. Other
absorptions around 1366 cm™ are attributed to C-O-H bending at C2 or C3. Finally, the absorption
peaks at 1215 and 902 cm are attributed to C-O-C stretching of the [3-(1-4) glycosidic linkage, which
is the characteristic link in the cellulose structure. As far as the infrared spectrum of Cu(Il)-CA is
concerned, no new bands appeared, the only change being the intensity of all characteristic bands of
CA, confirming the interaction of functional ester and hydroxyl groups from CA with copper(Il) ions,
see Figure 1.

doi:10.20944/preprints202304.0462.v1
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Figure 1. FTIR spectra of (a) the pure cellulose acetate (CA) and (b) Cu(II)-CA catalyst.

The morphology and surface analysis of the obtained Cu(Il)-CA catalyst was performed through
SEM and EDX techniques (see Figure 2). The SEM image for the pure cellulose acetate shows no
homogeneous surface with the presence of a microporous pattern, indicating the ability of this
material to adsorb metal ions (Figure 2a) [22-24]. In the case of the Cu(II)-CA catalyst, the SEM image
shows a low dispersity of copper (Figure 2b), and the absence of the metal aggregate which is due to
the high solubility of copper(Il) chloride in water, reducing the interaction of copper(Il) ions with the
functional groups on the cellulose acetate surface. The amount of copper on the surface of the
polysaccharide cellulose acetate was examined by EDX analysis. The obtained result confirms the
presence of copper in the Cu-CA catalyst and the copper loading of 1.87 wt% (Figure 2c). The
difference between the obtained copper loading by ICP and EDX analyses is that EDX analysis can
measure only the copper which is present on the surface of the cellulose acetate but it is unable to
detect the copper loading inside of this polysaccharide polymer.
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Figure 2. SEM images of the (a) cellulose acetate (CA) and (b) Cu(II)-CA. (c) EDX analysis of the Cu(II)-
CA catalyst.

The optical characteristics of the Cu(ll)-CA catalyst were also investigated by UV-Vis
spectroscopy in the solid state. As shown in Figure 3, no absorption was located in the case of the
pure cellulose acetate between 200 to 1000 nm. Meanwhile, the UV-Vis analysis of the Cu(II)-CA
catalyst shows the occurrence of two new bands. The first one which is located in the UV domain at
around 290 nm (Figure 3) is attributed to the presence of the Cu-O bond. [25-27]. The other one is a
broad band located around 800 nm and it is attributed to d-d transitions of copper(ll) ions
immobilized on the cellulose acetate polysaccharide.
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Figure 3. UV-Vis spectra of the pure CA (red trace) and Cu(II)-CA catalyst (black trace).

2.2. Catalytic tests

The prepared material, Cu(Il)-CA, was then tested in CuAAC reactions under strict click reaction
conditions. As a model reaction, the one between phenylacetylene (1a) and benzyl azide (2a) was
selected for a systematic evaluation under various conditions (Scheme 2).
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1,4-disubstituted 1,2,3-triazole (3a)

Scheme 2. The CuAAC reaction of phenylacetylene and benzyl azide catalyzed by Cu(II)-CA. .

The experimental results show that the use of CuClz only affords a moderate yield of the desired
product (3a) after 24 h at room temperature (Table 1). Importantly, the Cu(II)-CA catalyst leads to a
selective synthesis of one regioisomer triazole derivative, 1,4-disubstituted 1,2,3-triazole, in an
excellent yield (99%) at room temperature using water as solvent. Subsequently, the effect of the
amount of the catalyst on the efficiency of the catalyzed CuAAC reaction was also investigated (Table
1). The use of 3 mol% of Cu(II)-CA leads to an excellent yield after only 8 h, and the decreasing of
catalyst loading is not good for CuAAC reactions. However, no significant promotion in the yield
was observed increasing the amount of catalyst to 10 mol%. Also, when the reaction temperature was
increased to 60 °C, the results show that this Cu(II)-CA catalyst led to an excellent yield (> 90%) within
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4 h (Table 1, entries 16-21). The long reaction time (~ 8 h) in the CuAAC reaction using Cu(Il)-CA
catalyst is due to the reaction rate for the formation of copper(l), the catalytic species for CuUAAC
reaction, which is pgenerated by the reduction of Cu(ll) by terminal alkyne via the oxidative alkyne
homocoupling reaction [28]. Alkyne and azide derivatives were then investigated in the CuAAC
reaction by using the Cu(Il)-CA catalyst in water at room temperature (Table 2). In all cases, the
different azides and terminal alkynes bearing either electron-donating, electron-withdrawing, or
heterocycle substituents have not any significant effect using this catalyst, and the desired products
are well achieved in excellent yields. Moreover, the obtained 1,2,3-triazoles did not require any
further purification by conventional methods as confirmed by their analysis by 1H and 13C NMR
spectroscopy (see Supporting Information).

Table 1. Scope of click reaction catalyzed by Cu(Il)-CA=.

Entry Catalyst Loading (mg) Time (h) Yield (%)®
1 Neat - 24 0
2 CuCl22H0 5 24 52
3 CA 20 24 0
4 Cu(Il)-CA 5 24 99
5 Cu(II)-CA 5 12 96
6 Cu(II)-CA 5 8 93
7 Cu(II)-CA 10 8 94
8 Cu(Il)-CA 3 8 91
9 Cu(II)-CA 1 8 68
10 Cu(Il)-CA 3 0.5 50¢
11 Cu(Il)-CA 3 2 78¢
12 Cu(II)-CA 3 4 98¢

2 Reaction conditions: phenylacetylene (0.5 mmol); benzyl azide (0.6 mmol); H20 (3 mL); room temperature. >
Isolated yields; <Reaction temperature equal to 60 °C.

Table 2. Synthesis of the 1,2,3-triazole derivatives 3a-i using the Cu(II)-CA catalyst =

Entry Alkynes Azides Product Yield (%)®
2 ©/\ Ns 3b 93
FZ
3 @ ©/\ Ns 3¢ 97
=z O
0}
4 N 7
/\O)‘\Q ©/\ 3 3d 9
O
5 :—/{ ©/\ N3 3e 90
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aReaction conditions: azide (0.6 mmol), alkyne (0.5 mmol), H20O (3 mL), catalyst (3 mol% Cu), room temperature.
b Isolated yield.

2.3. Reusability of Cu(I)-CA catalyst

To examine the recyclability and stability of the prepared catalyst in the CuAAC reaction, a
model reaction was chosen between phenylacetylene (1a) and benzyl azide (2a) under the optimized
reaction conditions (Scheme 3). The results show that a moderate yield was obtained after three cycles
(62%) and also a lack of non-change selectivity (Table 3). The morphology of the reused catalyst was
examined by SEM and EDX analyses after four cycles (Figure 4). The results show that the
morphology of the fresh and reused Cu(I)-CA catalyst are almost similar. Moreover, the copper
percentage in the reused catalyst was also investigated by EDX analysis and the results show a low
amount of copper on the surface of the recovered Cu(Il)-CA catalyst which can explain the low yield
achieved after 4 cycles. The reusability, catalytic activity, and biocompatibility of this Cu(Il)-CA
catalyst make it a potential candidate not only for CuAAC reactions but also for other copper-
catalyzed organic reactions.

P -N
Z \ Cu(ll)-CA g,\j N
+ 3 - . =~

H,0, 8 h, r.t.
1a 2a 3a
Scheme 3. Reusability test of the Cu(II)-CA catalyst in the CuAAC reaction.

Table 3. Reusability test of the Cu(II)-CA catalyst in the CuAAC reaction.

Run Cu(IN)-CA=
1 91
2 85
3 78
4 62

a]solated yield after 8 h.
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Figure 4. (a) SEM and (b) EDX analyses of the recovered Cu(II)-CA catalyst after 4 cycles.

2.4. Heterogeneity test

The heterogeneity test of the prepared catalyst for the CuAAC reaction was also investigated
through a hot filtration test (Figure 5). The cycloaddition reaction between benzyl azide and
phenylacetylene in the presence of the prepared catalyst was performed in a reaction tube at 60 °C
using water as solvent. At reaction halftime; the CuAAC reaction was stopped and then the catalyst
was removed by hot filtration. The reaction filtrate was then stirred at the same reaction temperature
for a further reaction time of 2 h. The results confirm that no corresponding 1,2,3-triazole was
obtained after the hot filtration of the catalyst, unveiling the heterogeneous nature of the Cu(II)-CA
catalyst.

©—= Control reaction ©— Hot filtration test
120

100 ©®

80 o
60

YIELD (%)

40
20

TIME (h)

Figure 5. Heterogeneity test via hot filtration of the Cu(II)-CA catalyst in the CuAAC reaction.
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2.5. Comparison with other catalytic methods

To illustrate the merits of the Cu(II)-CA catalyst in the CuAAC reaction, its catalytic activity was
compared with other reported catalytic systems. The CuAAC reaction between phenylacetylene (1a)
and benzyl azide (2a) was chosen as the model reaction to get more light on the efficiency of our
catalytic system. As shown in Table 4, the Cu(II)-CA catalyst is similar to the Cu(II) ions complexed
with the naturally occurring biopolymers as well as with the modified biopolymer. Excellent results
were observed compared to the Cu(ll)-polyethyleneimine both in the reactivity and reaction time.
Moreover, the formation of copper(I), which is the catalytic species for the CuAAC reaction, does not
require an external reducing reagent in our case. All these qualities confirm that this catalyst is a good
eco-friendly candidate for other organic synthesis reactions catalyzed by Cu(II)/Cu(I) ions.

Table 4. Comparison of the Cu(II)-CA catalyst with other catalytic systems.

Nan
e N
—
d . ©/\ N3 Catalyst
Reaction conditions
1a 2a 3a
[Cu] Loading .. Time Yield
E 1 T d TOF e Ref.
ntry Catalyst (mol%) Conditions (h) ON (@) %) e
1 Cu(Il)-AHG = 2 HO, r.t. 24 24 1 95 [29]
2 Cu(Ill)-AD ® 2 H20, r.t. 48 23 048 93
3 Cu(Il)-Alginate 21 H20, r.t. 18 46 026 98 [30]
4 Cu(Il)-Cellulose 1.2 H0, r.t. 12 40 3.33 96 [31]
5 Cu(ll)- Poly(hydroxamic acid) 0.1 H20, 50°C 4 910 2275 91 [32]
6 CuSOs-Chitosan n.de H0, r.t. 4 - - 99 [33]
7 Cu(Il)- Polyethylenimine 5 H20, r.t. 24 12 05 98 [34]
Thi
8 Cu(ID)-CA 3 HO,rt. 8 23 288 91 1
work

aAlginate hydrogel. PAlginate dried. ‘Not determined in mol%, given as CuSOs-Chitosan (5 mg). ¢ TON:
Turnover number. ¢ TOF: Turnover frequency.

3. Materials and Methods

3.1. General experimental information

All used reagents in this investigation were purchased from Sigma-Aldrich. The thin layer
chromatography (TLC) plate (Merck Kieselgel 60 F254) was used to monitor the catalytic reactions.
All obtained products were characterized through 'H and *C NMR analysis by using the BRUKER
DRX-300 AVANCE spectrometer and CDCls as solvent. FT-IR spectra were taken on a Nicolet
spectrophotometer 5700. The scanning electron microscopy (SEM) images were obtained by means
of an electron microscopy Philips XL-30 ESEM coupled to Tescan Vega-3 w/ EDX.

3.2. Preparation of the Cu(1)-Catalyst

The complexation process between cellulose acetate and copper(Il) ions was achieved by the
addition of cellulose acetate (1 g) to an aqueous solution of copper(Il) chloride dihydrate ([CuClz] =
0.093 mol/L in 10 mL of water). The resulting mixture was stirred overnight at room temperature and
the obtained biomaterial was filtered off, washed with water, and then dried overnight. The
copper(ll)-containing cellulose acetate was characterized by FT-IR, SEM-EDX, UV-Vis, and ICP
spectroscopy.

doi:10.20944/preprints202304.0462.v1
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3.3. Catalytic synthesis of 1,2,3-triazole derivatives

The corresponding azides(0.6 mmol) and alkyne (0.5 mmol) derivatives plus 3 mol% of Cu(Il)-
CA catalyst were added to 3 mL of water under continuous magnetic stirring at room temperature
and the reaction was monitored by TLC. After the reaction completion, the resulting mixture was
then diluted by adding ethyl acetate. The catalyst was recovered by simple filtration and then
washed, dried, and stored for the next cycle. The solvent of the organic phase was then removed
under vacuum to afford the pure corresponding 1,2,3-triazole derivatives (3a-i).

4. Conclusion

In conclusion, the preparation and the characterization via the immobilization of copper(Il) ions
on the cellulose acetate (CA) (Cu(II)-CA) were investigated. The Cu(Il)-CA catalyst was characterized
by FT-IR, UV-Vis, SEM, EDX, and ICP analyses. Such a catalyst exhibits high catalytic activity and
selectivity for the synthesis of 1,4-disubstituted-1,2,3-triazoles via CuAAC reaction using water as
solvent at room temperature. The stability and heterogeneity of this catalyst were explained by the
coordination of carbonyl and hydroxyl groups of the cellulose acetate with copper(ll) ions. The
simple separation of 1,2,3-triaoles, the t reusability and heterogeneity of this catalyst, the various
substrate scope, and the use of water as reaction medium make this catalyst more competitive for
sustainable CuAAC reactions. In the light of these features, one can anticipate that this Cu(II)-CA
material will be a very useful catalytic material in others copper-mediated organic reactions under
mild eco-friendly reaction conditions.
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