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Abstract:

Background: Chemical industry has increased the investment and innovation capacity to supply
chemicals from safe and sustainable sources, which will be essential to offer new solutions and sup-
port the green transition of the global economy and society. In this sense, the use of green solvents
and reusable heterogeneous catalysts have emerged as a promising sustainable process strategy for
engineering, chemistry and the environment. In this work, different homogeneous (copper bromide,
CuBr and copper(II) acetate, Cu (CH3COO)2-H20) and heterogeneous (Cu Wire, Cu Plate, Cu/f3-SiC,
pre-treated Cu Wire and pre-treated Cu Plate) copper catalysts have been tested for the copper(I)-
catalyzed alkyne-azide cycloaddition (CuAAC) reaction. In addition, the influence of different re-
action media has been analyzed, comparing the use of an organic solvent like toluene and a green
solvent like supercritical COz (scCO2).

Methods: Characterization of the catalysts include X-ray diffraction (XRD), Scan Electron Micro-
scope (SEM), Atomic absorption spectrophotometry (AA) and Temperature Programmed Reduc-
tion (TPR). Parameters such as catalyst loading, reaction time, reusability and leaching of the cata-
lysts were studied to obtain more information on the CuAAC reaction in scCOz.

Results: Pre-treated copper plate achieved a 57 % increase in reaction yield compared to non pre-
treated copper plate. However, the recovery and reuse of pre-treated copper plate showed a severe
deterioration and a considerable change in its surface. Cu Wire (without pre-treatment) achieved
yields of up to 94.2 % after reusing it for five cycles.

Conclusions: These results open the possibility to exploit the combination of heterogeneous cata-
lysts and scCO:z and justify further research to highlight green solvents and simultaneously address

the challenges of reaction, purification and recycling.

Keywords: CuAAC; Copper catalysts; scCO2, green chemistry, heterogeneous catalyst, reusability.

1. Introduction.

Cycloaddition using azides and alkynes is an important method for the synthesis of
1,2,3 triazoles, which was firstly reported by Huisgen et al. in 1960 [1]. A particular case
of this process is the copper-catalyzed alkyne-azide cycloaddition (CuAAC). The reaction
kinetics and mechanism for the CuAAC reaction have been studied in detail since its dis-
covery in 2002 [2,3]. The Cu (+1) catalysis has transformed this cycloaddition into an es-
sentially quantitative and regioselective click reaction, as developed by the Sharpless and
Meldal laboratories [2-5]. The CuAAC reaction is generally considered as the most pro-
lific and successful click reaction in drug discovery, bioconjugation applications, and
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polymer chemistry. CuAAC reaction has found wide application due to its simplicity, ap-
plicability and efficiency and is based on the formation of 1,4-disubstitued 1,2,3-triazoles
between a terminal alkyne and an aliphatic or aromatic azide in the presence of copper
[5-8].

The first example of CuAAC was carried out in water/t-BuOH at room temperature
[9]. However, CuAAC reaction is habitually carried out with organic solvents in terms of
polymer and organic chemistry as reaction media, such as N, N dimethylformamide
(DME), toluene or tetrahydrofuran (THF) [10-11]. Traditional organic solvents could po-
tentially cause various health and environmental issues due to their volatility and toxicity,
so the reduction of its use is encouraged by the nowadays social concern and political
regulations. In the past few decades, the use of supercritical fluids (SCFs) as an alternative
to the use of traditional organic solvents for chemical synthesis has attracted huge atten-
tion [12,13]. Among all SCFs, scCO: has received special interest as it is nontoxic, non-
flammable, inexpensive and easy to dispose and recycle [14,15].

CuAAC click reactions have been explored and analyzed in many different green
solvents and reaction media, including scCO2. In 2009, Grignard et al. [16,17] reported the
first example of modification of aliphatic polyesters via CuAAC in scCO:z and the removal
of the catalyst (Cul) using scCO2 extraction. Later, the same authors prepared a polymer
with a chain-end functionality through CuAAC in scCOz. In 2015, Zhang et al. [18] devel-
oped an efficient protocol for the CuAAC catalyzed by Cu(CHsCOO)2-H:0 in supercritical
carbon dioxide in absence of ligand. A recent work from our group [19] showed the via-
bility of CuAAC with a polyether in scCO: using acetate of copper monohydrate as cata-
lyst. To the best of our knowledge, only four papers can be found in literature where the
CuAAC reaction is studied using scCO2 as reaction media.

Regarding the catalyst, a wide variety of copper catalysts can be used in CuUAAC re-
action as long as Cu (+1) ion species are generated [10,20-22]. There are three general meth-
odologies to ensure the presence of Cu (+1) ions in the reaction medium, that can be se-
lected depending on the experimental conditions of the reaction. The first one of these
strategies is in-situ reduction of copper (II) salts, commonly using copper sulphate pen-
tahydrate and sodium ascorbate as a reducing agent [23,24]. The second strategy is the
oxidation of metallic copper and the last one is the addition of copper (I) salts directly.
Sometimes, this last strategy is coupled with the addition of certain nitrogen bases or lig-
ands such as N, N-diisopropylethylamine (DIPEA) or N,N,N’,N”,N"-Pentamethyl dieth-
ylenetriamine (PMDTA), which are able to stabilize the oxidation state +1 of the copper
and promote the reaction by reducing the formation of by-products [25,26]. Patricia L.
Golas et al. [27], studied different catalyst and ligands, observing that tridentate amine
ligands produced faster reaction rates than pyridine-based ligands, being the first ones
the most effective ligands in CuAAC.

A new catalysis strategy is currently being developed and studied in the green chem-
istry context: heterogeneous catalysis in CuAAC. The main benefits attributed to this
mode of reaction are the simplicity of processing, recyclability (catalysts preserve their
activity throughout several reaction cycles) and minimization of waste, which means a
reduction in environmental concerns [21].

There are a great variety of works that have studied different heterogeneous copper
catalysts using organic solvents and high temperatures in the CuAAC reaction [11,28-31].
However, there are only two recent papers where a heterogeneous copper catalyst was
used in the CuAAC reaction in scCOz; and a copper wire was selected as catalyst for both
studies [32,33]. Nevertheless, these works did not study in depth the behavior of this cat-
alyst in scCOz. Therefore, the CuAAC reaction in scCO: is yet far from being fully under-
stood.

In this study the reaction between methoxy polyethylene glycol (mPEG-alkyne) and
coumarin with azide group was selected as a model of the cycloaddition reaction in order
to study the influence on CuAAC of different catalysts and reaction media (Scheme 1).
This conjugate can be used in pharmaceutical applications, as it was found to be able to
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form nanoaggregates to form micelles and also exhibits anti-oxidative capacity and fluo- 9
rescent characteristics for monitoring of disease treatment provided by coumarin [34]. Op- 97
timal conditions of pressure and temperature of scCO: for the CuA AC reaction were fixed 98
after the previous optimization study [35]. Both homogeneous and heterogeneous cata- 99
lysts were considered for this work. The homogeneous catalysts selected were CuBr and 100
Cu(CHsCOO)2-H20 and the heterogeneous catalysts were Cu Wire, Cu Plate, Cu/B-SiC, 101
Pre-treated Cu Wire and Pre-treated Cu Plate. Silicon carbide pellets (3-SiC) have been 102
widely employed as catalytic support for heterogeneous catalysis, as it exhibits a high 103
thermal conductivity, a high resistance towards oxidation, a high mechanical strength, 104
chemical inertness, and average surface area [35-37]. In addition, this work also reports 105
the reusability of the tested catalyst after several cycles in the CuAAC reaction in scCO2. 106

N=N

N, A

o scCO, or Toluene N \/\/O{\/\O%
A * /\ 0{/\/ %\
Different catalysts N
~o 00 -

O (0] O
107
Scheme 1. Model CuAAC reaction. 108
2. Results and Discussion. 109

In this research, the reaction between mPEG-alkyne and coumarin-azide was selected 110
as a model of the CuAAC, in order to study the influence of different copper catalysts and 111
solvents. The results have been divided in four main sections. In the first place, mecha- 112
nism of heterogeneous catalysts in scCO2 was analyzed at 13 MPa. In the second place, the 113
influence of a catalyst pre-treatment was reported here in order to produce a new alterna- 114
tive to chemical synthesis routes. In the third section, we report a comparison of the yield 115
values obtained for the click chemistry at atmospheric and high pressure with different 116
copper catalyst. Finally, the recyclability and leaching were studied for heterogeneous 117

catalysts. 118
119
2.1. Behaviour of copper catalyst in scCO.. 120

In this section, effect of scCO: in the oxidation state of the catalysts were evaluated 121
with XRD in order to better understand their behavior in the CuAAC reaction. Cu (+1), 122
Cu (+2) oxides and Cu (0) species were observed in the copper catalysts, and their inten- 123
sities compared for the different samples. 124

Figure 1 shows XRD spectra of acetate of copper monohydrate and copper bromide, 125
before and after being exposed in scCO: at 13 MPa and 24 hours. The peak positions of 126
Cu(CHsCOO)2-H20 at 12.56°, 14.20°, 16.30°, 20.34°, 24.84°, 25.64°, 33.27°, 34.79°, 36.49°, 127
38.72°, 40.88°, 44.37°, 46.39° , 50.92° , 55.97°, 58.19° , 63.97°, 66.4° and 69.73° are indexed 128
as (110), (002), (11-2), (020), (202), (20-4), (312), (42-3), (13-3), (33-3), (42-5), (22-6), (53-3), 129
(404), (045), (13-7), (060), (641) and (262) hkl planes having space group symmetry of C2/c 130
(15) [37]. The peaks are in good conformity with the pure phase of the Joint committee on 131
powder diffraction standards (JCPDS, PDF-14-0811). When the Cu(CHsCOO)>H20 was 132
exposed to supercritical medium, the XRD profile changed (Figure 1 (a)). The exposure of 133
Cu(CHsCOO)2-H20 to scCO2 leads to the formation of several coexisting phases (Cu20O 134
and CuO). XRD showed the appearance of peaks at 29.46°, 36.29°, 42.15°, 61.13° attributed = 135
to Cu20 and 25.68°, 57.89° attributed to CuO. 136

This fact indicates that scCO2 at 35 °C and 13 MPa modified the initial structure of 137
Cu(CHsCOO)2-H20 giving rise to copper species with different oxidation state which in 138
very interesting result in order to achieve excellent yields of CuAAC reaction. In addition 139
Cu(CHs3COO)2-H20 has been used in scCO2 as catalyst [18,41]. 140

Figure 1. (b) shows the XRD spectrum of the CuBr, which contains seven peaks that 141
are clearly distinguishable. The prominent XRD peaks at 27.06°, 44.9°, 53.26°, 65.46°, 142
72.26°,83.02° and 89.34° are indexed as (111), (220), (311), (400), (331), (422) and (481) hkl 143
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planes having space group symmetry of F-43m (216) [39]. The peaks positions are in good
agreement with those for CuBr powder obtained from the International Center of Diffrac-
tion Data card (ICDD, formerly JCPDS, 06-0292). All of them can be perfectly indexed to
crystalline y-CuBr, not only in peak position, but also in their relative intensity [42]. In
this case, no variation in the XRD profile was observed when copper bromide is exposed
to scCO2 at 13 MPa.
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Figure 1. XRD spectra of fresh catalysts and after scCO2 at 13 MPa and 35 °C (a) Cu(CHsCOO)2-H20
and (b)CuBr.

Figure 2 (a), (b) and (c) showed XRD spectra of Cu Wire, Cu Plate and Cu/(-SiC, fresh
catalysts and after being exposed in scCO: at 13 MPa, 35 °C and 24 hours. Cu Wire fresh
catalyst diffractogram illustrates that the peaks positions are in good conformity with the
pure cubic copper phase from the Joint Committee on Powder Diffraction Standards
(JCPDS, PDF-14-0811). No peaks attributable to possible impurities is observed. The XRD
peaks at 43.54°, 50.44°, 74.04°, 90.25° and 95.03° are indexed as (111), (200), (220), (311) and
(222) hkl planes having space group symmetry of Fm3m (225). After exposure to scCO»,
new peaks appear at 36.76° 42.15° and 77.05° that correspond to Cu20 and at 66.13° and
84.82° corresponding to CuO. Since the scCO:z has been used in numerous works as an
oxidizing agent for heterogeneous catalyst [38,42], the formation of Cu20 and CuO phases
on the surface of the copper wire could be explained by the effect of the exposure to this
compound.

The Figure 2 (b) shown the XRD of Cu Plate. The peaks at 43.54°, 50.44°, 74.04° and
90.25° are indexed as (111), (200), (220) and (311) hkl planes of Cu (0). No variation in the
XRD profile was observed when copper plate is exposed to scCOz2 at 13 MPa, thus scCO:
was not capable of oxidizing to oxidise the copper plate at these conditions, and therefore
did not generate the Cu (+1) ions, which are considered the most active copper specie for
the CuAAC.

Regarding to Cu/$-5SiC, it was also evaluated its oxidation stability in scCO: (Figure
2 (c)). After the exposure to scCOz at 13 MPa and 35 °C for 24h, XRD patterns illustrate the
same crystalline structure of the SiC support, with peaks at 35.5°, 59.7°, 71.4°, 75.1° and
89.5° indexed as (111), (220), (311), (222) and (400) hlk planes having space group sym-
metry of F43m (216). After impregnation of Cu species, the cubic SiC remains the main
peaks. The diffraction peaks of related with copper species catalyst were located at 43.3°,
50.4° and 74.1° coincide with the (111), (200) and (220) reflections of CuO respectively ac-
cording to JCPDS fiche 04-0836, verifying the presence of this element. Differences in the
XRD before and after scCO:z exposure were not observed (Figure 2 (c)).
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Therefore, it can be concluded that XRD of CuBr, Cu/p-5iC and Cu Plate catalysts did
not reveal any variation in their structure after exposure to scCO2. However, XRD profiles
of Cu(CH3COO)2-H20 and Cu Wire changed after contact with scCO2 at 13 MPa and 35 °C
for 24 h, giving rise to Cu20 in Cu(CH3COO)2-H20 and Cu20 and CuO in Cu Wire, which
indicates the ability of scCO: to modify the oxidation state of copper in these catalysts.
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Figure 2. XRD spectra of fresh catalysts and after scCO2 at 13 MPa and 35 °C (a) Cu Wire (b) Cu
Plate and (c) Cu/p-SiC.

2.2. Pre-treament of Cu Wire and Cu Plate.

The pre-treatment was carried out with the main objective of undertaking the exist-
ence of copper with the oxidation state (+1) on the surface of these catalysts, in order to
accelerate the reaction rate and to maintain the Cu (+1) concentration at a sufficient level
during reaction. In this section, a simple and inexpensive synthesis approach was de-
scribed for direct growth of Cu20 and CuO in Cu Wire and Cu Plates.

In a first step, the pre-treatment conditions were settled according to temperature
programmed reduction (TPR) test on Cu metal catalysts, which yielded information about
the temperature for the transition from one copper oxide specie to another during the
reduction process. Figure 3 shows the TPR profiles of Cu Wire and Cu Plate after previous
oxidation.
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Figure 1. TPR profiles of Cu Wire and Cu Plate. 202

For both catalysts, it can be observed at low temperatures, between 200 °C and 400 203
°C, two reduction peaks. The first peak corresponds to the reduction of Cu (+2) to Cu (+1) 204
and the second peak correspond to the reduction of Cu (+1) to Cu (0) [49,50]. The TPR 205
curve of copper wire shows a higher intensity peak at 284.4 °C with a shoulder at 250 °C 206
whereas for copper plate, the reduction profile shows a higher intensity peak at 245 °C 207
with a shoulder at 285 °C. The two reduction peaks overlap in both catalysts, which im- 208
plies that the transition from one specie to another occurs in a short temperature range. 209

Once the TPR was carried out, the pre-treatment protocol was stablished as follow. 210
After loading the sample, an initial oxidation of the catalysts was carried out using syn- 211
thetic air (10 mL/min) and heating the sample from room temperature up to 400 °C, ata 212
rate of 6.67 °C/min. After reaching 400 °C, the sample was kept at these conditions for 120 213
minutes in order to oxidase most of the metal surface and produce CuO [50]. Secondly, 214
with a stream of inert N2 (50 mL/min) the temperature was reduced to 200 °C with a rate 215
of 10 °C/min. Finally, the reduction of CuO to Cu20 with H2 (10 mL/min) took place at200 216
°C for 30 minutes. The aim of this last step was to reduce the copper (+2) oxide species to 217
copper (+1) according to the results of TPR. Figure 4 shows the XRD profile of Cu wire 218
and Cu plate before and after pre-treatment. 219
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Figure 2. XRD spectra Cu Plate (a) fresh and (b) after pre-treated and Cu Wire (a) fresh and (b) after 221

pre-treated. 222

XRD profiles of Cu Wire and Cu Plate before pre-treatment showed the peaks centred 223
at about at 43.54°, 50.44°, 74.04° and 90.25°, attributed to the (111), (200), (220) and (311) 224
hkl reflection planes respectively of pure metallic copper. It can be seen how the intensity 225
corresponding to the pure copper peaks decreases after pre-treatment in both catalysts. 226

In the Figure 4 (d), Pre-treated Cu Wire, new peaks were identified at 36.7°, 42.78°, 227
65.74° and 76.9° assigned to Cu20 and 44.95°, 81.09°, 82.17 and 92.92° assigned to CuO. 228
Regarding to Pre-treated Cu Plate (Figure 4 (b)), it showed new peaks at 36.28° 42.3°, 229
65.04° and 77.04° which are indexed as (111), (200), (220) and (311) hkl planes which cor- 230
respond to Cu20 and 44.35 and 82.62° which are attributed to CuO. Therefore, it is possible 231
to confirm that the pre-treatment process contributes to the formation of Cu20 and CuO 232
species. Scan Electron Microscopy (SEM) characterization was carried out in order to 233

study the morphology changes (Figure 5). 234
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Fresh Catalyst

235

Figure 3. SEM images Cu Plate (a) fresh and (b) after pre-treated and Cu Wire (c¢) 236
fresh and (d) after pre-treated. 237

238

In the SEM photographs, it is possible to observe that the surface of Cu Plate and Cu 239
Wire were oxidized to form appreciable Cu20 and CuO crystals. However, the effect of 240
the pre-treatment was not uniform over the whole surface of the catalysts. Thus, it can be 241
concluded that both Cu (0), Cu2O and CuO species coexist within the oxidized copper 242
plate and copper wire, being Cu20 the dominant oxide after this pre-treatment. However, 243
it is quite clear from the comparison of both (pre-treated Cu Wire and Cu Plate), that in 244
the oxidation-reduction process of Cu Wire much species of CuO were generated com- 245

pared to copper plate. 246
247
2.3. CuAAC model reaction with different copper structures. 248

The activity of different copper catalysts in CuUAAC with toluene and scCO: as sol- 249
vents was evaluated, as indicated the Figure 6, and the results obtained appear in this 250
section. 251
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using Toluene as solvent, different catalyst (CuBr and Cu Wire) and ligand or absence of

ligand was studied in the first place, and a summary of yield results is given in the Table

Organic
Solvent
(Toluene)

Catalysis in
CuAAC

Homogeneous

-

CuBr ]

Heterogeneous

Copper Wire ]

\

Powder
Catalysts

. ( Pre-treated
Copper Wire Copper Wire]
( ) ( Pre-treated
Heterogeneous Copper Plate Copper Plate]
Cu/p-SiCu

Figure 4. Chart of catalysts used in Toluene and scCO.

The coupling of mPEG alkyne with 4-azidomethyl-7-methoxycoumarin (AMMC)

1.
Table 1. Yield of CuAAC reaction with different catalyst using an organic solvent
Entry Copper Source PMDTA (mmol) Time (h) Yield (%)

1 CuBr - 6 0
2 CuBr - 12 0
3 CuBr - 24 0
4 CuBr - 48 0
5 CuBr 0.05 6 33.6
6 CuBr 0.05 12 34.2
7 CuBr 0.05 24 43.18
8 CuBr 0.05 48 63.7
9 CuBr 0.025 24 11.48
10 Cu Wire - 6 0
11 Cu Wire - 12 0
12 Cu Wire - 24 0
13 Cu Wire - 48 0
14 Cu Wire 0.05 6 32.55
15 Cu Wire 0.05 12 4291
16 Cu Wire 0.05 24 78.76
17 Cu Wire 0.05 48 91.92
18 Cu Wire 0.025 24 33.63

Coumarin Azide (0.05 mmol), mPEG-alkyne (0.05 mmol), CuBr (0.05 mmol), Cu Wire (100 mmol)

at 80 °C, anhydrous toluene and under inert atmosphere.

252

253

254
255
256
257
258
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259

Using toluene as reaction media, the CuAAC reaction with CuBr as catalyst and no 260
addition of PMDTA did not take place. The addition of PMDTA ligand significantly in- 261
creased the conversion, reaching a yield of 63.7 % after 48 h at the considered conditions. 262
The addition of half of the previous amount of PMDTA produced a slower rate of click 263
product formation with a reduction in the yield values. The use of CuBr as catalyst could 264
offer the potential to avoid the necessity of reducing agents, as in this salt copper is in the 265
oxidation state +1 However, the Cu (+1) present in this catalyst needs to be stabilized 266
against moisture and to be efficiently solubilized in the reaction media, requiring in addi- 267
tion to avoid the disproportionation towards Cu (0) and Cu (+2). For this reason, the reac- 268
tion was carried out under inert conditions and in the presence of an amine-based ligand 269
such as PMDTA, whose main function is to stabilize the copper complex and increase the 270
reaction rate. CuBr in combination with PMDTA ligand has been commonly used in ap- 271
plications of CuAAC in polymer chemistry [44]. 272

Trace copper was removed with heterogeneous adsorbent (silica gel), reaching a final =~ 273
Cu concentration of 2 ppm (detected by AA), which is well below the concentration al- 274
lowed by the European Medicines Agency (EMEA) pharmaceutical industry (15 ppm) 275
[45]". 276

Cu Wire overcomes some of the limitations of CuBr because it provides a simple way 277
of removing copper from the final product and can be used in subsequent reactions, which 278
has a great importance for biological systems where high levels of copper are not allowed. 279
In addition, the yield results obtained using Cu Wire as catalyst in our experiments, as 280
reported in Table 1, were more promising than the ones obtained for CuBr in toluene, 281
reaching a yield of 91.92 % at 48 h. Diaz et al. [46] reported that the terminal alkynes and 282
internal triazoles could bind to the copper wire surface through o or m bonding and 283
thereby enhance the CuAAC yield values. 284

However, as was the case with CuBr, PMDTA was necessary in order to lead the 285
regioselective formation of 1,4-triazol. A possible explanation for the necessity of PMDTA 286
when using the Cu wire catalyst could be that this compound promotes the compropor- 287
tionation of Cu(+2) and Cu (0) towards the active Cu (I) specie in toluene [46].The residual 288
concentration of copper in the final click product is very low, since the solid catalyst can 289
be removed with simple work-up techniques. 290

Traditional organic solvents, as toluene [27,47], could potentially cause various 291
health and environmental problems due to their volatility and toxicity. Significant efforts 292
have been devoted toward the development of environmentally benign process using 293
green solvents. PEGs with MW>2000 are hard crystalline solids with melting points 294
around 63 °C at atmospheric pressure. Sorption of scCO: into a polymer can reduce its 295
melting temperature (Tm) significantly below the one observed at atmospheric pressure. 296
The Tm of the mPEG-alkyne in scCO2 was between 37-43 °C, implying that at 35 °C the 297
CO2 is starting to act as a lubricant facilitating friction between the polymer chains and 298
softening the polymer, allowing the mPEG-alkyne to start turning into a viscous liquid 299
without the need for organic solvents or elevated temperatures [48]. In this sense, mPEG- 300
alkyne could as main reagent and co-solvent when using scCO: as reaction media. 301

Considering the good physical and toxicological properties of scCO2, we studied the 302
CuAAC reaction between PEG and coumarin using different catalysts at different times 303
and in absence of ligand or base using scCO: as reaction media, as shown Table 2. 304

305
306
307
308
309
310
311
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Table 2. Yield of CuAAC reaction with different catalysts in supercritical media.

Entry Copper Source C/A Molar Catalyst Loading Time Yield %)
Ratio® (mg) (h)

1 CuBr 1 7.17 24 0

2 CuBr 1 7.17 48 0

3 Cu(CH3;COO)2-H20 0.5 5 6 11.74
4 Cu(CHsCOO)2-H20 0.5 5 12 14.20
5 Cu(CHsCOO)2-H20 0.5 5 24 82.32
6 Cu(CHsCOO)2-H20 0.5 5 48 90.12
7 Cu Wire 1 3.177 24 11.60
8 Cu Wire 10 31.77 24 84.54
9 Cu Wire 100 317.73 6 18.26
10 Cu Wire 100 317.73 12 56.78
11 Cu Wire 100 317.73 24 95.96
12 Cu Wire 100 317.73 48 97.80
13 Cu Plate 10 31.77 24 15.70
14 Cu Plate 100 317.73 6 0

15 Cu Plate 100 317.73 12 13.20
16 Cu Plate 100 317.73 24 23.07
17 Cu Plate 100 317.73 48 32.66
18 Cu/B-SiC 0.1 0.32 24 16.15
19 Cu/B-SiC 0.5 1.59 6 35.20
20 Cu/B-SiC 0.5 1.59 12 82.30
21 Cu/p-5iC 0.5 1.59 24 82.59
22 Cu/B-SiC 0.5 1.59 48 90.90
23 Cu/pB-SiC 1 3.2 24 91.94
24 Pre-treated Cu Wire 100 317.73 24 97.14
25 Pre-treated Cu Plate 100 317.73 24 89.70

Coumarin Azide (0.05 mmol), mPEG alkyne (0.05 mmol) at 13 MPa, 35 °C. *Catalyst/Alkyne molar ratio.

The entries 1-6 correspond to the powder catalysts used in scCO; CuBr and
Cu(CHsCOO)2-H20. CuBr did not show activity in the conditions studied, probably due
to the mild reaction conditions and the absence of ligand. However, Cu(CHsCOO)2-H20
exhibited an efficient behavior in the same operative reactions conditions and with half
the amount of catalyst. The C/A molar ratio of Cu(CHsCOO)2-H20 was optimized in a
previous work [35] and was therefore set at a ratio of 0.5. The molar ratio for CuBr was 1.
As the reaction was not carried out within 48 hours, the amount of catalyst was not further
increased due to the difficulty in purification. This fact indicates that scCO:2 at 35 °C and
13 MPa lead to the decomposition of Cu(CH3COO)2-H20 to different copper species
with different oxidation state, such as Cu, Cu20 and CuO, including the catalytically ac-
tive specie Cu(I) in CuAAC that arises from Cu20.

Subsequently, three heterogeneous catalysts were employed in the CuAAC reaction
in scCOz, copper wire, copper plate and copper impregnated in silicon carbide pellets. The
proposed mechanism for CuAAC with scCO: catalyzed by metallic copper was from Cu(I)

312
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320
321
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324
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327
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as could be seen in section 2. 2 and the formation of Cu(I) from metal copper is also due 328
to the unfilled valences of the surface atom. 329

Both heterogeneous catalysts used in the CuAAC reaction, in scCO2 and in absence 330
of ligand showed good catalytic behavior. The entries (7-8-11, 13-16, 18-21-22) were pre- 331
vious experiments used to determine the optimal amount of heterogenous catalyst based 332
on the yield obtained after 24 h. As it could be noticed in Table 2, when the amount of Cu 333
Wire, Cu Plate and Cu/(3 was increased the reaction yield valued increased too. For Cu 334
Wire and Cu Plate, the C/A molar ratio to get the maximum yield value was 100. However, 335
for Cu/p-SiC pellets, the reaction could be optimized for a catalyst load of 0.5 C/A molar 336
ratio, as the yield was higher than 90 %. As expected, an increase in catalyst loading is 337
translated into an increase in the yield. 338

The results in Table 2 reveal that Cu Wire, Cu Plate and Cu/B-SiC were more active 339
than Cu(CHsCOO)2-H20 and CuBr. The yield obtained in the presence of Cu Wire was 340
higher than those obtained with Cu Plate and Cu/p-SiC pellets. However, the amount of 341
copper required to achieve approximately 90 % of yield was much less in Cu/f3-SiC pellets 342
than in Cu Wire. The method of purification of the residual copper in the final click prod- 343
uct, using the heterogeneous catalyst, was a simple work-up technique (laboratory twee- 344
zers) and the residual copper in the sample did not exceed 1 ppm. 345

Cu Plate was even less active than Cu(CH3COO)2-H20, this may be due to the fact 346
that the operating conditions using scCO: as solvent were not selective to oxidize the cop- 347
per plate and therefore did not generate the Cu (+1) ions, as could be verified by the XRD 348
in Figure 2 (b). Nevertheless, the use of the pre-treated Cu Plate improved the reaction 349
yield. The pre-treatment for Cu Wire did not have such a significant effect on the yield of 350
reaction. Therefore, it is concluded that the three heterogeneous catalysts considered and 351

scCO:z as reaction media offer a very promising result in the CuAAC model reaction. 352
353
2.4. Reusability of heterogeneous copper structures in scCOz. 354

The recyclability of the heterogeneous catalyst was examined in the CuUAAC model 355
reaction as shown in Table 3. In addition, the copper leaching calculated from the weight 356
difference was also studied. All the reactions were carried out at 35 °C and 13 MPa for 24 357
h in order to achieve the highest possible conversion. After each cycle the surface of the 358
catalysts was cleaned by rinsing with Milli-Q water. The study of the lifetime and level of 359
reusability was considered for the copper plate without pre-treatment due to the low 360
yields obtained in the previous section. 361

According to Table 3, copper leaching was observed each cycle, however the leaching 362
did not affect substantially to the CuAAC reaction yield. With respect to the Cu/B-5iC, it 363
was only possible to reuse this catalyst up to a second cycle because the product remained 364
attached to the pellets, blocking the access of fresh reactants to the active centres. In order 365
to wash the catalytic surface, organic solvents (ethyl acetate) and water had to be used 366
under an ultrasonic bath at room temperature for 30 minutes. However, from the third 367

cycle onwards, the catalytic activity was negligible. 368
Table 2. Reusability of heterogenous catalyst in scCOz. 369
Cycle 1 2 3 4 5
) Yield (%) 95.9 94.7 951 954 942

Copper Wire .

Copper Leaching (%) - 1.2 6 5 3.4

) Yield (%) 82.9 79.6

Cu/B-SiC ) - - -

Copper Leaching (%) - 2

Yield (%) 97.1 86.6 862 251 -

Pre-treated CW .
Copper Leaching (%) - 24 5.8 7

Pre-treated CP Yield (%) 89.7 90.1 73.3 13.4 -
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Copper Leaching (%) - 79 121 5.6

370

The cleaning of the pre-treated catalysts was done with considerable caution because 371

the oxide layer formed in the pre-treatment disappeared after washing, although they 372

showed a high catalytic efficiency up to the third cycle. From this cycle onwards, the struc- 373

tural stability of both pre-treated catalysts was affected. In the third cycle, based on the 374

AA analysis the amount of copper in the clicked product was 16.7 ppm, so the sample was 375

purified using a chromatographic column of silica gel in order to remove residual copper. 376

To identify the stability of heterogeneous catalyst, SEM images were also obtained, 377

as shown in Figure 7. Photographs suggest a slight but visible morphological change after 378

five cycles, but despite these changes the overall activity of the Cu Wire still remains rel- 379

atively high, not showing visible changes in catalyst structure. 380
Copper Wire

3 eycle 4t cycle

1t cycle 2" eycle

5t cyele

Cu/ B-SiC
1t cycle 2" eycle

5t cycle

Copper Wire Pre-treated
1t cycle 2" eycle 3 eycle 4t cycle 5t cyele

Copper Plate Pre-treated

1*tcycle 27 cycle

381

Figure 5. SEM Images of heterogeneous catalyst in scCO2 as solvent after five cycles. 382

The images of Cu/B-SiC pellets shown how the product adheres to the pellet making 383
it hard to clean the catalyst for another cycle. The pre-treated catalysts exhibited severe 384
weathering and considerable changes in their structures. In fact, the SEM images showed 385
the weathering and fracture of copper plate from the second cycle onwards and from the 386
third cycle for copper wire. 387

3. Materials and Methods 388
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3.1. Materials. 389

The following materials were used to carry out the different synthesis: AMMC (syn- 390
thesis was published in literature [49-52]) and methoxy mPEG-alkyne 2000 g/mol (Specific =~ 391
Polymers, France) were used without further purification. Copper wire with a diameter 392
0.25 mm, plate of copper with a thickness of 2 mm, copper (II) acetate monohydrate and 393
copper (I) bromide were obtained from Sigma Aldrich. Silicon carbide pellets were pur- 394
chased of SICAT (France). The solvents used were THF, toluene, and PMDTA which were 395
obtained from Sigma Aldrich. Carbon dioxide was provided by Air Liquide, Spain, with 396

a purity of 99.8 %. 397
398
3.2. Synthesis of click product in scCOx. 399

0.05 mmol of mPEG-alkyne and 0.05 mmol of AMMC were introduced together with 400
the corresponding amount of catalyst in a high-pressure reactor, in absence of ligand. 401
Once the reactor was hermetically sealed, scCO2 was pumped out until reaching a pres- 402
sure of 13 MPa and the reactor was heated until 35 °C. Once the reaction was complete, 403

the heating was switched off and the reactor depressurized with a flow rate of 3 L/min. 404
405
3.3. Synthesis of click product at atmospheric pressure. 406

The procedure for synthesizing the click product at atmospheric pressure starts with 407
the introduction of the reagents into a 250 mL flask and then the mixture was stirred at 80 408
°C. The reagents added were coumarin azide (0.05 mmol), mPEGalkyne (0.05 mmol) and 409
PMDTA (0.05 mmol), using 20 mL of anhydrous Toluene as solvent under nitrogen inert 410
atmosphere. Catalyst/alkyne molar ratio was fixed at 1 for the CuBr catalyst and at 100 for 411
the Cu Wire catalyst. Once the reaction is finished, a purification of the final product was 412

carried out. 413
414
3.4. Click product characterization. 415

Gel permeation chromatography (GPC) analyses were performed with a Viscotek 416
chromatograph with two columns (Styragel HR2 and Styragel HRO0.5) at 35 °C with a flow 417
of 1 mL/min and THF as eluent. The calibration curves for GPC analysis were obtained 418
with poly (ethylene glycol) standards (from Waters). All reactions were monitored by 419
GPC, from which the rate of loss of starting reagents was determined and yield of reaction 420
for each particular CuAAC reaction were calculated based on the normalized weight dis- 421
tribution form GPC traces (GPCs are included in Supplementary Material, Figure 54-57). 422
In addition, to characterise the final product, nuclear magnetic resonance (NMR), matrix- 423
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI TOF) and 424
Fourier-transform infrared spectroscopy (FTIR) were carried out and the spectra were in- 425
cluded in the Supplementary Material (Figure S1-S3) [33]. The amount of copper in the 426
product after reaction and after purification was determined by atomic absorption spec- 427

trophotometry (AA), with an error of +1 %. 428
429
3.5. Synthesis Cu/p-SiC. 430

Cu/B-SiC was prepare by the traditional impregnation method. Firstly, the support 431
was placed in a glass vessel and kept under vacuum at room temperature (~25 °C) for2h 432
to remove water and other impurities adsorbed on the structure. Secondly, an aqueous 433
solution of Cu(CHsCOO)2-H20 was poured drop by drop over the support, with the ap- 434
propriate amount of metal precursor in order to obtain catalysts with Cu loadings of 6, 3 435
and 0.6 wt. %. Thirdly, the solvent was removed under vacuum at 90 °C for 2 h and the 436
pellets were dried at 120 °C overnight. After drying, the samples were calcined under N2 = 437
(10 °C/min) at 600 °C for 4 h. 438

439
3.6. Pre-treatment of Cu Wire and Cu Plate. 440
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Previously to the pre-treatment, the sample reducibility was studied by Hx-TPR. 441
Analyses were conducted in a commercial Micromeritics AutoChem 2950 HP analyser 442
unit with a thermal conductivity detector (TCD). After loading 0.13 g, the sample was 443
reduced by a 5 v/v. % H2 (10 mL/min) at a heating rate of 5 °C/min up to 900 °C. Then, the 444
sample was cooled down and an oxidation step started, using synthetic air (10 mL/min) 445
and a heating rate of 5 °C/min up to 900 °C. After oxidation, the reduction step was re- 446
peated to check the formation of the different copper oxides. 447

Pre-treatment of copper wire and copper plate was carried out with the main objec- 448
tive to increase the reaction rate by generation of Cu (I) species on the surface of the wire 449
and plate. Samples were pre-treated in a tubular quartz reactor (75 cm length divided at 450
the middle into two parts with two different diameters, 1.5 and 0.7 cm, respectively). The 451
feed systems consist in three lines, for the feeding of O2/N2 (synthetic air, 99.99 % purity) 452
used for oxidizing the sample, H2(99.99 % purity) used to reduce the sample and N2 (99.99 453
% purity) used to keep inert the sample. After loading the sample, the sample is heated 454
from room temperature to 400 °C at 6.67 °C/min in a continuous flow of synthetic air 455
stream. After reaching 400 °C, the sample was kept at these conditions for 120 minutes 456
with a synthetic air stream (10 mL/min). In the third stage the temperature is decreased to 457
200 °C while a stream of nitrogen (50 mL/min) is passed through the reactor with a rate of 458

10 °C/min. Finally, a hydrogen stream (10 mL/min) is passed through for 30 min. 459
460
3.7. Catalyst characterization. 461

The amount of copper in the catalyst was determined by AA, with an error of +1 %, 462
using a SPECTRAA 220FS. All catalysts were also characterized before and after reactions 463
by X-ray diffraction (XRD), with a Philips PW-1710 instrument, using Ni-filtered Cu Ka 464
radiation (A =1.54056 A). The samples were scanned at a rate of 0.02°'step'! over the range 465
20° <20 < 100° (scan time 4 s-per step) and the diffractograms were compared with the 466
JCPDS-ICDD references. In addition, the Cu Wires, the Cu plates and the synthesized cat- 467
alyst were depicted by means of scanning electron microscopy (SEM) by using a FEI = 468
QUANTA 250 with a wolfram filament operating at a working potential of 10 kV (FEI = 469

Company). 470
471
3.8. Purification steps. 472

The purification process of the final product depended on the solvent (Toluene or 473
scCO2) and catalyst (Cu Wire, Cu Plate, CuBr, Cu(CHsCOO)>H:20 and Cu/B-SiC). The pu- 474
rification of the product obtained using Toluene as reaction media started with the solvent 475
removal using a rotary evaporator. Once click product has been removed from the solvent 476
traces, the next steps focused on the elimination of the catalyst. CuBr and 477
Cu(CH3COO)2-H20 were removed through a chromatographic column whereas copper 478
wire, copper plate and Cu/$3-SiC were removed from the final product using laboratory 479
tweezers. When scCO2 was used as solvent only the catalyst elimination step was needed 480
in the purification process. 481

4. Conclusions 482

The CuAAC reaction has been widely used in the synthesis of polymers. In this work, 483
it has been demonstrated that the ligand, solvent, copper catalyst and the interaction be- 484
tween catalyst and solvent had a significant effect on the CuAAC reaction. XRD showed 485
the modification of the oxidation state of Cu(CH3CQOO)2-H20 and Cu Wire in scCO2, how- 486
ever CuBr, Cu Plate and Cu/p-SiC suffer no change. In addition, a pre-treatment proce- 487
dure for Cu Wire and Cu Plate was developed based on TPR results, what increase the 488
amount of Cu (+1) species on the surface of both catalysts, whats were confirmed byXRD 489
spectra and SEM images. 490

Activity in the CuAAC reaction has been compared using toluene and scCO: as reac- 491
tion media and different types of catalysts. From the study of this comparison, it can be 492
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concluded that when toluene is used as solvent the yield values exhibited significant in-
crease using Cu Wire instead of CuBr. In addition, PMDTA was necessary in order to
carried out the reaction. In the case of using scCO2 as reaction media, CuAAC was carried
out properly with Cu(CHsCOO)2-H20, Cu Wire, Pre-treated Cu Wire, Pre-treated Cu Plate
and Cu/p-SiC as catalysts. However, with Cu Plate the yield value was low and with CuBr
there was not conversion at all.

The recovery of the catalysts was studied, and it was found that Cu Wire could be
used up to 5 cycles, Pre-treated Cu Wire up to 3 and Pre-treated Cu Plate and Cu/p-5SiC
up to the second cycle without important decrease of the activity. The relationships of
various aspects such as solvents and catalyst proposed here suggest further modifications
that can be made to improve the performance of the CuAAC reaction, confirming that the
use of eco-friendly scCO: as reaction media the most interesting alternative to organic
solvents.

Supplementary Material: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1. Figure S 1. (up) FTIR: (a) BMMC, (b) AMMC (down) 'H-NMR Spectrum of
AMMC. Figure S 2: FTIR comparative between starting reagents mPEG-alkyne and AMMC (azido-
coumarin) and click product, coumarin-PEG (CouPEG). Figure S 3: "H NMR of coumarin azide and
click product. Figure S 4: MALDI TOFF MS of a) starting mPEG-alkyne and b) click product
CouPEG. Figure S 5: GPC of CuAAC reaction at 80 °C, inert atmosphere and Toluene with Cu Wire.
Figure S 6: GPC of CuAAC reaction at 80 °C, inert atmosphere and toluene with CuBr. Figure S 7:
GPC of CuAAC reaction corresponding to the preliminary study in scCO2 at 13 MPa and 35 °C. a)
Cu Wire at C/A=1, 10 and 100, b) Cu Plate C/A=10, 100, Cu/B-SiC, C/A=0.1, 0.5 and 1. Figure S 7:
GPC of CuAAC reaction corresponding to the assess of different catalysts in scCO:z at 35 °C and 13
MPa. a) Cu Wire (6, 12, 24, 48 h), b) Cu Plate (12, 24, 48 h), ¢) Cu/p-SiC (6, 12, 24, 48 h), d) Pre-treated
Cu Wire (24 h), e) Pre-treated Cu Plate (24 h) and f) Cu(OAc)2-H20 (6, 12, 24 and 48 h).
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