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Abstract: Copolymers are valuable supports for obtaining heterogeneous catalysts which allow 11 

their recycling and therefore substantial savings, particularly in the field of asymmetric catalysis. 12 

This contribution reports the use of two comonomers; Azido-3-propylmethacrylate (AZMA) bear-13 

ing a reactive azide function was associated with 2-methoxyethyl methacrylate (MEMA), used as a 14 

spacer, for the ATRP synthesis of copolymers, then post-functionalized with a propargyl chromium 15 

salen complex. The controlled homopolymerization of MEMA by ATRP is firstly described and 16 

proves to be more controlled in molar mass than that of AZMA for conversions up to 63 %. The 17 

ATRP copolymerization of both monomers made it possible to control the molar masses and the 18 

composition, with nevertheless a slight increase in the dispersity (from 1.05 to 1.3) when the in-19 

corporation ratio of AZMA increases from 10 to 50 mol%. These copolymers were 20 

post-functionalized with chromium salen units by click chemistry and their activity was evaluated 21 

in the asymmetric ring-opening of cyclohexene oxide with trimethylsilyl azide. At equal catalytic 22 

ratio, a significant increase in enantioselectivity was obtained by using the copolymer containing 23 

the largest part of salen units, probably allowing in this case a more favorable bimetallic activation 24 

of both the engaged nucleophile and electrophile. Moreover, the catalytic polymer was recovered 25 

by simple filtration and re-engaged in subsequent catalytic runs, up to seven times, without loss of 26 

activity or selectivity. 27 

Keywords: Copolymerization; ATRP; Post-modification; Salen; Heterogeneous asymmetric cataly-28 

sis 29 

 30 

1. Introduction 31 

Chiral salen-type metal complexes are known for their catalytic activity allowing the 32 

preparation of scalemic building blocks. Associated with many metals (Cr, Cu, Co, Mn, 33 

Fe, …), they promote the enantioselective catalytic formation of carbon-carbon or car-34 

bon-heteroatom bonds with excellent efficiency both in terms of activity and selectivity 35 

[1]. The immobilization of such catalysts is currently particularly under study [2] to solve 36 

two problems; the anchoring of such complexes on a support allows on the one hand 37 

their easy separation at the end of the reaction with minimal contamination of the target 38 

products in metallic traces. On the other hand, their recovery being greatly facilitated by 39 

simple filtration, these robust salen complexes can be engaged again in asymmetric cat-40 

alytic transformations, leading to an important increase of TON (turn over number). 41 

Beyond these two objectives, these immobilization procedures also target the association 42 

of these catalytic species in a controlled manner to favor, for example, reactions for which 43 

the excellence of the activity and of the enantioselectivity of the process is intimately 44 
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linked to the efficiency of the cooperativity of two metallic salt centers [3]. In these cases, 45 

indeed, a precise location of the active sites is foreseen to favor the activation of both the 46 

engaged electrophiles and nucleophiles by two metallic centers, to yield an intermediate 47 

possessing the optimized shape in the selectivity-determining transition state for the 48 

formation of enantioenriched products [4]. Towards this end, we wanted to exploit the 49 

controlled atom transfer radical polymerization (ATRP) process [5] implying 50 

salen-containing monomers to target uniform chain growth. A styrenyl-modified salen 51 

derivative has thus been prepared and engaged in ATRP to aim at controlling the co-52 

polymerization of this monomer with styrene, in variable ratios between the two species 53 

[6]. Unfortunately, the control of the synthesis could only be obtained when the level of 54 

incorporation of the salen comonomer remained below 10%. After complexation with 55 

cobalt, these copolymers were able to achieve efficient cooperative activation, leading to 56 

the target product in high yields and enantioselectivities, when used as catalysts in the 57 

dynamic hydrolytic kinetic resolution of epibromohydrin. Despite its uncontrolled molar 58 

mass character, the copolymer containing the highest fraction of the salen unit showed to 59 

be the most effective in terms of enantioselectivity values, in accordance with easier ac-60 

cess to cooperative catalysis under these conditions. The resulting catalytic materials 61 

were recycled to promote the same reaction, showing stability during their reuse for five 62 

cycles. 63 

A different methodology is proposed here to master the control of polymerization 64 

with higher active species content for catalysis; the ATRP process is carried out in the 65 

presence of suitable monomers. This way, simple analytical techniques demonstrate the 66 

polymerization control whatever the proportion of catalytic monomers and the integra-67 

tion of active enantioselective catalytic species by post-modification. 68 

2. Results and Discussion 69 

Our goal is to manage the synthesis of a functionalized polymer in a controlled way 70 

which can then be straightforwardly post-functionalized to deliver an active, 71 

enantioselective and heterogeneous catalyst to promote asymmetric transformations. A 72 

reaction of choice to study the influence of the controlled ATRP on a catalytic transfor-73 

mation is the ring-opening reaction of meso-epoxides with trimethylsilylazide [7], a reac-74 

tion for which dual bimetallic activation of each reactive partner is known to be of high 75 

importance to reach excellent activity and enantioselectivity. This demanding transfor-76 

mation leads indeed interestingly to precursors of cyclic 1,2-amino alcohols and has been 77 

efficiently promoted by chiral chromium salen complexes [8] both in homogeneous and 78 

heterogeneous processes [9]. Such a strategy to use polymer methodologies to target the 79 

best composition and location of the catalytic entities has been investigated by the group 80 

of Jones for the preparation of polystyrene brushes containing cobalt salen complexes 81 

grafted either on silica or on superparamagnetic iron oxide nanoparticles, to evaluate the 82 

hydrolytic kinetic resolution of epibromohydrin [10]. Nevertheless, the expected con-83 

trolled character of ATRP could not be definitely achieved. In this context, the proposed 84 

synthetic scheme (see Scheme 1) includes two steps: the first one is a copolymerization 85 

controlled by ATRP using a functional monomer, azido-3-propylmethacrylate (AZMA), 86 

in the presence of a spacer comonomer, 2-methoxyethyl methacrylate (MEMA). In a se-87 

cond step, the chiral chromium salen complex carrying a propargyl function will then be 88 

directly incorporated by post-modification by click chemistry using the reactive azide 89 

functions of the AZMA units. Post-functionalization on 4-azidomethyl substituted poly-90 

styrene by click chemistry with chiral N-salicylidene vanadyl(V) tert-leucinates has been 91 

previously reported by the group of Chen, with the resulting polymeric catalyst pro-92 

moting the asymmetric aerobic oxidation of α-hydroxy acid derivatives with both high 93 

efficiency and recycling ability [11]. 94 
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 95 

Scheme 1. Synthetic route towards chiral chromium salen-containing controlled polymers. 96 

2.1. ATRP homopolymerization 97 

The copolymerization of AZMA and MEMA by ATRP was preceded by a kinetic 98 

study of the ATRP homopolymerization of each of the two aforementioned comonomers. 99 

The reaction conditions chosen are those used by Sumerlin et al. for the polymerization of 100 

AZMA with ethyl 2-bromoisobutyrate (eBiB) as initiator and anhydrous acetone con-101 

taining 5 vol% diphenyl ether (DPE) as solvent at 50°C with [AZMA]:[eBiB]:[CuBr]:[bpy] 102 

= 200:1:1:2 [12]. 103 

We have first reproduced a kinetic study of the synthesis of polyAZMA between 1 h 104 

and 7 h and the criteria of controlled radical polymerization were indeed verified up to a 105 

monomer conversion of 51% (figures S3 and S4 in SI). A linear increase of -Ln(1-p) (with 106 

p, the monomer conversion in %) as a function of time was obtained with an apparent 107 

rate constant of 0.11 h-1 (figure S4 in SI). The experimental number-average molar mass 108 

Mn increased linearly as a function of the conversion p (%). But as observed on figure S3 109 

in SI, these experimental Mn values are systematically higher than the theoretical Mn data, 110 

calculated thanks to the conversion determined by NMR. This can be explained by a 111 

possible side chain reaction of the azide function, giving rise to a wider distribution of 112 

molar masses. This is corroborated by the dispersity values obtained by SEC between 113 

1.28 and 1.33 (figure S3 in SI), higher than those obtained by typical ATRP as previously 114 

reported [12]. 115 

A kinetic study of the ATRP synthesis of polyMEMA was then realized under the 116 

same conditions as those used for polyAZMA. To the best of our knowledge the kinetics 117 

of the controlled homopolymerization of MEMA has never been reported up to now 118 

despite the frequent use of this monomer in copolymerization reactions [13]. The kinetic 119 

results indicate that the polymerization satisfies all the criteria of a controlled polymeri-120 

zation in molar mass for polymerization times ranging from 1 h to 7 h up to a monomer 121 

conversion of 63%. The semi-logarithmic kinetic representation indicates an increase in 122 

Ln [M]0/[M] = -Ln(1-p) as a function of time with an apparent rate constant of 0.13 h-1 123 

(figure S4 in SI). Absolute number-average molar masses Mn obtained by SEC-MALS are 124 

close to the theoretical Mn calculated thanks to the conversion determined by NMR (see 125 

figure 1). As expected, the number-average molar mass Mn obtained by SEC linearly in-126 

creases as a function of the conversion p (%). Finally, the SEC profiles (Figure 2.) show 127 

monomodal and narrow molar mass distributions with dispersities ᴆ (Mw/Mn) varying 128 



Molecules 2021, 26, x FOR PEER REVIEW 4 of 16 
 

 

between 1.04 and 1.14, characteristic of a controlled polymerization in molar mass for a 129 

conversion up to 63 %. 130 

 131 

Figure 1. Experimental (Mn SEC) and theoretical (Mn calc) number-average molecular mass, and 132 

dispersity versus conversion for polyMEMA. 133 

 134 

Figure 2. SEC profiles of polyMEMA. 135 

Figure S4 in SI represents the semilogarithmic kinetic plots for the ATRP 136 

homopolymerizations of MEMA and AZMA with [monomer]:[eBiB]:[CuBr]:[bpy] = 137 

200:1:1:2, in anhydrous acetone (with 5 vol% DPE) at 50 °C. This figure demonstrates that 138 

the apparent rate constants are very close (Kapp = 0.13 h-1 and 0.11 h-1). This indicates that 139 

both comonomers should be incorporated at the same rate during the copolymerization 140 

reaction, considering that the reactivity ratios of AZMA and MEMA are similar. This 141 
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must actually be the case given the fact that these two monomers have an identical 142 

chemical structure at the level of the polymerizable methacrylate function. 143 

2.2. ATRP copolymerization 144 

Considering these data, three copolymerizations were performed during 6 h under 145 

the same experimental conditions as before, with initial comonomer loadings 146 

MEMA/AZMA (mol %) of 90/10, 70/30 and 50/50 targeting approximately the same final 147 

comonomer incorporation in the copolymers. The obtained polymers are designated as 148 

Copo1, Copo2 and Copo3 in the remainder of the text, respectively. 149 

 150 

 151 

 152 

Figure 3. NMR spectra of copolymers. 153 

NMR spectra (Figure 3) clearly demonstrate the difference in composition of the 154 

three copolymers. The complete assignment of the signals corresponding to the protons 155 

of each comonomer is to be found in figure S5 in the SI. Thus, the calculation of the ratio 156 

of the intensities of the two signals corresponding to the chemical shifts of the protons 157 

belonging respectively to AZMA (c = 4.02 ppm) and to MEMA (i = 4.10 ppm) leads to 158 

a percentage of AZMA incorporation of 6, 24 and 53%, close to the percentage of the 159 

comonomer feed composition which was 10, 30 and 50%, respectively. The signals lo-160 

cated around 2 ppm correspond to the two methylene groups of each monomer in the 161 

backbone (Ha and Hg for AZMA and MEMA, respectively), together with the methylene 162 

(Hd) in the substituent of the AZMA monomer. The calculation made from the evolution 163 

of their intensities leads to similar results. 164 

As can be observed in table 1, the composition of the copolymers obtained by NMR 165 

is also in agreement with the initial comonomer feed with values of 7, 22 and 40 %, re-166 

spectively. There is an increase of 8, 11 and 20% in the incorporation of MEMA compared 167 

to its initial feed. This greater incorporation of MEMA relative to AZMA in the copoly-168 

mer increases with conversion. 169 

 170 

Table 1. Copolymerization of MEMA and AZMA in anhydrous acetone at 50 °C with 5 vol% DPE 171 

with [M]:[eBiB]:[CuBr]:[bpy] = 200:1:1:2 for a polymerization time of 6 h. 172 

 
Comonomer feed Conversionsa Mn calc 

b MnSEC
c ᴆ c CompositiondM
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MEMA/AZMA 

(%/%) 

pMEMA/pAZMA 

(%/%) 

  

(g/mol)  

(g/mol) EMA/AZMA 

(%/%) 

Copo1 90/10 73/71 21300 22500 1.05 93/7 

Copo2 70/30 64/61 19200 25700 1.20 78/22 

Copo3 50/50 66/63 21200 30800 1.28 60/40 
a Obtained from 1H-NMR (see in SI, figure S1 (PAZMA) and figure S2 (PMEMA)). 173 
b Calculated from NMR conversions : Mn calc = MEtBriBu + pMEMA*M0 MEMA*DPtarget(MEMA) + pAZMA*M0 174 

AZMA*DPtarget(AZMA). 175 
c Obtained from SEC analysis. 176 
d Obtained from NMR analysis of the copolymers (see SI, figure S5). 177 

 178 

This observation is validated by the kinetic results obtained for the two 179 

homopolymers (see figure S4 in the SI). The increase in dispersity ᴆ from 1.05 to 1.28 is 180 

correlated with the composition of AZMA. The copolymerization reaction is indeed less 181 

controlled in molar mass when the initial percentage of AZMA is higher, which is con-182 

sistent with homopolymerization results. The broader molar mass distributions of Copo2 183 

and Copo3 are compared to the narrower molar mass distributions of Copo1 as observed 184 

by SEC profiles on figure 4. SEC profiles of all copolymers were unimodal, assessing the 185 

efficiency of the copolymerization versus homopolymerization. The discrepancy between 186 

the calculated number-average molar masses and the number-average molar masses 187 

obtained by SEC for Copo2 and Copo3 in table 1 can also be explained by the higher 188 

dispersity values obtained for higher AZMA content. 189 

 190 

 191 

Figure 4. Evolution of SEC profiles of copolymers. 192 

2.3. DOSY NMR experiments 193 

DOSY experiments were also performed to provide further evidence for the effi-194 

ciency of the copolymerization. In this type of experiment, a single translational diffusion 195 

coefficient is obtained if the copolymerization is quantitative. Otherwise, several diffu-196 

sion coefficients would be found. For example, if two homopolymers are synthesized 197 

then two diffusion coefficients should be observed by DOSY NMR. 198 
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 199 

Figure 5. DOSY NMR of copolymers: A. Copo1, B. Copo2 and C. Copo3. 200 

Figure 5 shows for each copolymer that all the NMR signals are correlated to a single 201 

value of the translational diffusion coefficient D. The values of D are identical for Copo1 202 

and Copo2: D = 1.18x10-10 m2.s-1. For Copo3, the value of D decreased down to D = 203 
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1.12x10-10 m2.s-1. These values are not significantly different (considering a precision of 10 204 

% on the value of D). This result is not surprising given that the diffusion coefficient de-205 

pends on the molar mass of the polymer: D ~ M- (with  a scaling law coefficient) and 206 

that in our case all three copolymers are expected to have a very similar molar mass (See 207 

Mn calc, table 1). 208 

2.4. IR Characterization 209 

Chemical composition of the synthesized copolymers was also assessed by FTIR 210 

spectroscopy in the range of 4000 to 600 cm-1 (figure 6). Mainly, the bands at 2950 and 211 

2900 cm-1 were associated with the stretching vibration modes of the CH2 from aliphatic 212 

moieties. A strong azide stretching mode is observed at 2090 cm-1, and the C=O stretching 213 

mode is observed at 1725 cm-1 and C-O at 1130 cm-1. The intensity of the azide band is 214 

clearly increasing with the AZMA content in the copolymers. To determine the AZMA 215 

content, the ratio of the transmittance of the azide band to the transmittance of the C=O 216 

band at 1725 cm-1 can be considered because this last band is present in all methacrylate 217 

units (neglecting the C=O contribution of the initiator). Therefore, the ratio of the peaks 218 

intensities I(N3)/I(CO) leads to a percentage of AZMA of 13:32:55 almost similar to the 219 

AZMA feed 10:30:50. 220 

 221 

 222 

 223 

Figure 6. ATR-IR spectra of copolymers. 224 

2.5. Preparation of the chromium salen copolymer catalysts 225 

With these three azide-functionalized copolymers in hands, a “clickable” 226 

enantioselective chromium catalyst was thus synthesized, following a two-step proce-227 

dure. The procedure described by Weck et al. was reproduced to afford the enantiopure 228 

unsymmetrical salen ligand A [14]. This implies the prior preparation of the 229 

(1S,2S)-cyclohexane-1,2-diamine monoammonium salt [14] and of the 230 

3-tert-butyl-2-hydroxy-5-((prop-2-ynyloxy)methyl)benzaldehyde [11]. The novel targeted 231 
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salen derivative was then isolated in 68 % yield (see Scheme 2). Insertion of chromium in 232 

the coordinating sites was finally performed from CrCl2 in THF under argon atmosphere 233 

and then oxidation in air [15]. 234 

 235 

 236 

Scheme 2. Chromium salen complex synthesis and click reactions with Copo1-3. 237 

Subsequent azide-alkyne Huisgen cycloadditions promoted by Cu(I) salts were 238 

conducted to react the propargyl-tagged chromium salen complex with the azide groups 239 

of all three copolymers [9f, 11], delivering in high yield the corresponding supported 240 

salen catalysts, as brown powders. Completion of this reaction was verified by FTIR 241 

spectroscopy, since the typical strong azide band at 2090 cm-1 fully disappeared, at least 242 

for Copo1 and Copo2, after 36 hours of stirring at 40 °C (see figure 7 as illustration for 243 

Copo1, and figures S6 and S7 in SI). A residual band at 2090 cm-1 is nevertheless still 244 

present for Copo3 indicating an incomplete Cr-salen addition. However, in each case, a 245 

peak at 1538 cm-1 appears clearly, characteristic of a triazole-cycle deformation mode [16]. 246 

A new peak at 1622 cm-1 is, moreover, visible, which can be attributed to the υC=N 247 

stretching vibration of the salen complex [7a]. The three supported catalysts were then 248 

recovered and thoroughly washed with an aqueous ethylenediamine tetraacetic acid 249 

solution to remove residual copper salts, dried and further used as catalysts to promote 250 

the ring opening of cyclohexene oxide with trimethylsilylazide. 251 
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 252 

Figure 7. ATR-IR spectra of Copo1 (in blue) and Copo1-Cr (in red). 253 

2.6. Asymmetric heterogeneous catalysis 254 

This catalytic reaction was performed in the presence of the supported catalysts 255 

containing 2 mol% of active sites relative to the engaged substrate, in diethylether, sol-256 

vent in which the polymeric complexes are almost insoluble. When performed in our 257 

hands with the classical Jacobsen chromium catalyst, the ring-opened product was ob-258 

tained with 88 % ee, but full conversion was not achieved after 24 h of reaction. This was 259 

further confirmed during the preparation of a racemic sample of 260 

((2-azidocyclohexyl)oxy)trimethylsilane with a racemic Jacobsen chromium catalyst 261 

which only led to a conversion of 27% after 8 h of reaction. On the contrary, all attempts 262 

involving the use of the three Copo-Cr polymer complexes reached full conversion in 263 

only 8 h of reaction, under the same dilution conditions, indicating an efficient acceler-264 

ating effect which is not usual in heterogeneous catalysis (Scheme 3) [17]. 265 
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 266 

Scheme 3. Asymmetric ring opening of cyclohexene oxide in the presence of Copo-Cr catalysts. 267 

This high activity was accompanied with variations in terms of enantioselectivity 268 

values, according to the composition of the catalyst. Indeed, the copolymers for which 269 

the catalyst is diluted by the presence of the MEMA units (Copo1-Cr and Copo2-Cr), de-270 

livered the ring-opened product in 57-58 % ee. Conversely, Copo3-Cr, which is supposed 271 

to contain an equivalent amount of MEMA units and catalytically active sites afforded 272 

the product with 74 % ee. We assume that this higher enantioselectivity is due to the en-273 

hanced possibility of performing a bimetallic activation, with two Cr-active sites placed 274 

in proximity to activate both the epoxide and the nucleophile. 275 

The recyclability of this catalyst giving the best activity and selectivity values was 276 

then explored. As all the Copo-Cr species were insoluble in the reaction solvent, they 277 

were easily filtered from the reaction mixture, to be engaged in a next run with renewed 278 

addition of both substrates. This procedure was in particular tested in the presence of 279 

Copo3-Cr, for which the supernatant solution was recovered after a first run, carried out 280 

at room temperature for 6 h of reaction time, sufficient to obtain complete conversion. 281 

The catalyst was washed with diethylether at 0 °C, dried and reused in subsequent addi-282 

tional six runs (see table in Scheme 3). The second use of this recovered supported cata-283 

lyst was also very efficient, as were subsequent ones, allowing 7 uses of the same batch of 284 

catalyst. Delightfully, both the activity of the catalyst and the enantioselectivity values of 285 

the recovered product have remained stable, at the exact level of the first cycle, i.e. a total 286 

conversion and an enantiomeric excess stable at 75 %. 287 

3. Materials and Methods 288 

3.1. General Information 289 

3-tert-butyl-2-hydroxylbenzaldehyde, trioxane, (1S,2S)-1,2-cylohexanediamine, HCl 290 

1M in diethyl ether, tetrabutylammonium iodide (TBAI), sodium hydride (NaH) were 291 

purchased from Aldrich and used as received. 292 

3-(Tert-butyl)-5-(chloromethyl)-2-hydroxylbenzaldehyde[6] and 293 

(1S,2S)-1,2-cyclohexanediamine mono (hydrogen chloride)[13] were synthesized as de-294 

scribed in previous published work. Dichloromethane, methanol, ethanol, diethyl ether 295 

were dried before use. Copper bromide was purified by treating it with glacial acetic acid 296 

and washed several times with ethanol absolute and diethyl ether. Diphenyl ether was 297 

dried on molecular sieves. The AZMA synthesis was performed according to a described 298 

procedure [12]. 299 
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1H and 13C NMR was recorded on Bruker AV360 spectrometer, operating at 360 300 

MHz for 1H NMR, and 90 MHz for 13C NMR. Chemical shifts are reported downfield 301 

from CDCl3 (δ: 7.26 ppm, for 1H NMR and δ: 77.0 ppm for 13C NMR) used as an internal 302 

reference. Data are represented as follows: chemical shift, multiplicity (br = broad, s = 303 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants in Hertz 304 

(Hz), integration. ESI-HRMS was detected on Bruker MicroTOF-Q daltonics spectrome-305 

ter by electrospray ionization (ESI). GC analyses were performed on a Shimadzu GC 306 

2010-plus using chiraldex β-PM column (50m*0.25mm*0.12µm) and hydrogen as carrier 307 

gas (isothermal 110 °C). Conversion was calculated using dodecane as internal standard. 308 

Attenuated Total Reflectance (ATR) FTIR was carried out on fine powder of the studied 309 

copolymers. Basically, the copolymer powder was deposited on the diamond crystal of 310 

an ATR module of Pike technologies and the infrared spectrum was recorded using a 311 

Bruker IFS 66 spectrometer. 200 scans of resolution 4 cm-1 were recorded between 600 312 

cm-1 to 4000 cm-1. Spectra visualization and treatment were done using OPUS software; 313 

spectra integration was done using the built-in integration function of Origin® v8.0724. 314 

Size Exclusion Chromatography (SEC) analysis of polymers was carried out at 35°C us-315 

ing THF as eluent. Typically, the polymer solution was prepared at 4 mg.mL-1 and then 316 

filtered through 0.45 m PTFE filter to remove insoluble residues. The separation system 317 

includes one guard column (Malvern TGuard) and two separation columns: 1) Viscotek 318 

LC3000L (300 x 8.0 mm) and 2) ViscoGELTM GMHH r-H (300 x 7.8 mm). The intensities 319 

were recorded using a refractive index (RI) detector (Walter 410) and a multi-angle light 320 

scattering (MALS) detector (Viscotek SEC-MALS 20). Absolute number and 321 

weight-average molar masses were calculated using OmniSec™ 5.12.467 software dis-322 

tributed by Malvern Panalytical. The refractive index increment (dn/dC) of 0.078 mL.g-1 323 

determined by Stejskal et al. for polyMEMA in THF at 546 nm was also used for 324 

polyAZMA based on roughly similar chemical structures [18]. 325 

3.2. Method for the synthesis of the alkyne-modified salen ligand and the corresponding chromium 326 

complex 327 

Synthesis of 3-tert-butyl-2-hydroxy-5-((prop-2-ynyloxy)methyl)benzaldehyde 328 

In a three-necked bottom flask, sodium hydride (60% dispersion in mineral oil, 1.5 329 

eq, 7.96 mmol, 0.316 g) was suspended in 15 mL of dry THF under argon atmosphere. 330 

The solution was cooled down at 0°C in an ice bath. Propargyl alcohol (1.5 eq, 7.96 mmol, 331 

463 µL) in 15 mL of dry THF was added dropwise, and the mixture was stirred at ambi-332 

ent temperature for 4 hours. The reaction mixture was cooled at 0°C and then 333 

3-(tert-butyl)-5-(chloromethyl)-2-hydroxybenzaldehyde (1 eq, 5.30 mmol, 1.2 g) in 15 mL 334 

of dry THF was added dropwise and TBAI (0.03 eq, 0.16 mmol, 0.058 g) was added under 335 

argon atmosphere. The reaction mixture was allowed to stir while refluxing for 16 hours 336 

and was then cooled down at 0°C. Deionized water (2 mL) was slowly added. Solvents 337 

were removed under reduced pressure. The obtained residues were partitioned in di-338 

chloromethane (30 mL) and deionized water (30 mL). The aqueous layer was extracted 339 

two times by DCM (30 mL). The organic phase was combined, washed with brine solu-340 

tion (2 x 60 mL) and dried over MgSO4. After filtration and removal of solvents under 341 

reduced pressure, the crude product was purified by column chromatography (hexane/ 342 

AcOEt; 19/1). The product was obtained as a brown viscous liquid (320 mg, 24 % yield). 343 

1H NMR (360 MHz, CDCl3): δ 11.80 (s, 1H), 9.87 (s, 1H), 7.51 (d, 1H, J = 2.0 Hz), 7.41 (d, 344 

1H, J = 2.0 Hz), 4.56 (s, 2H), 4.20 (s, 2H), 2.49 (s, 1H), 1.42 (s, 9H). These data are identical 345 

to those previously described [11]. 346 

Synthesis of the salen ligand bearing a propargyl moiety 347 

(1S,2S)-1,2-cyclohexanediamine mono(hydrogen chloride) (1 eq, 1 mmol, 150.6 mg), 348 

3,5-di-tert-butyl-2-hydroxylbenzaldehyde (1 eq, 1 mmol, 234.3 mg) and molecular sieve (4 349 

Å, 0.83 g) were charged into a Schlenk tube. The tube was then evacuated three times and 350 
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filled with argon. Under argon atmosphere, 9 mL of anhydrous methanol were added, 351 

and the mixture was stirred at room temperature for 4 hours. A solution of 352 

3-tert-butyl-2-hydroxy-5-((prop-2-ynyloxy) methyl)benzaldehyde (1.1 eq, 1.1 mmol, 273 353 

mg) in 9 mL of dried dichloromethane and 0.42 mL of anhydrous triethylamine (3 eq, 3 354 

mmol) was added to the above mixture and was stirred at room temperature for 18 355 

hours. The reaction mixture was filtered through a short pad of celite and flushed with 356 

anhydrous dichloromethane. After removal of the solvent under reduced pressure, the 357 

crude product was purified by column chromatography on silica gel (hex-358 

ane/AcOEt/Et3N: 95/5/1) to afford the title product as a yellow powder (382 mg, 68% 359 

yield). 1H NMR (360 MHz, CDCl3): δ 14.02 (s, 1H), 13.69 (s, 1H,), 8.31 (s, 1H), 8.30 (s, 1H), 360 

7.33 (d, J = 2.5 Hz, 1H), 7.25 (d, J = 2.1 Hz, 1H), 7.03 (d, J = 2.1 Hz, 1H), 6.99 (d, J = 2.5 Hz, 361 

1H), 4.47 (s, 2H), 4.11 (d, J = 2.4 Hz, 2H), 3.34 (m, 2H), 2.45 (t, J = 2.4 Hz, 1H), 2.00-1.87 (m, 362 

4H), 1.81-1.71 (m, 2H), 1.55-1.46 (m, 2H), 1.44 (s, 9H), 1.43 (s, 9H), 1.25 (s, 9H). 13C NMR 363 

(90 MHz, CDCl3): δ 166.01, 165.38, 160.44, 158.05, 140.03, 137.44, 136.46, 130.14, 129.93, 364 

126.95, 126.10, 126.07, 118.40, 117.86, 79.89, 74.63, 72.56, 72.48, 71.56, 56.76, 35.08, 34.89, 365 

34.14, 33.28, 31.54, 29.55, 29.43, 24.44. FTIR (cm-1): 3299; 2952; 2865; 2093; 1627; 1448; 1360; 366 

1263; 1206; 1168; 1087; 1036; 979; 936; 870; 776; 708; 652. HRMS (M+H+): calc for 367 

C36H51N2O3; 559.3894 found for C36H51N2O3: 559.3864. 368 

Synthesis of the chromium salen complex bearing a propargyl moiety 369 

A solution of the salen ligand (1eq, 0.358 mmol, 200 mg) in dry, degassed THF (5 370 

mL) was assessed to a solution of anhydrous CrCl2 (1,15 eq, 0.538 mmol, 66 mg) in dry, 371 

degassed THF (8 mL). The resulting brown solution was stirred under argon for 2 hours 372 

and then in air for additional 18 hours. The solution was then diluted with dichloro-373 

methane and washed with saturated NH4Cl and brine. The organic phase was dried over 374 

anhydrous MgSO4, and filtered. The solvent was removed under reduced pressure to 375 

afford the salen complex as a brown powder (213 mg, 92 % yield). FTIR (cm-1): 3306, 2950, 376 

2868, 2093, 1622, 1538, 1440, 1392, 1350, 1319, 1250, 1203, 1166, 1078, 1031, 971, 924, 871, 377 

828, 787, 742, 665. HRMS (M-Cl): calc for C36H48CrN2O3; 608.3070; found for C36H48CrN2O3 378 

608.3029. 379 

3.3. General procedure for the homopolymerization: Poly(MEMA) synthesis 380 

A mixture of dry acetone (3 mL) and diphenyl ether (DPE) (0.2 mL) was deoxygen-381 

ated in a Schlenk tube by 5 freeze-pump-thaw cycles. CuBr (0.005 eq, 0.15 mmol, 21.4 mg) 382 

and 2,2′-bipyridine (bpy) (0.01 eq, 0.30 mmol, 46.8 mg) were added under argon atmos-383 

phere. Vacuum was applied followed by 3 freeze-pump-thaw cycles. Concomitantly, 384 

2-methoxyethyl methacrylate (MEMA) was passed through an Al2O3 column to remove 385 

inhibitors, then, degassed by argon gas bubbling followed by 3 freeze-pump-thaw cycles. 386 

To the mixture containing acetone/DPE/CuBr/bpy, MEMA (1 eq, 30.00 mmol, 4.3 g) was 387 

added using inert syringe techniques. Two cycles of vacuum and argon flow were ap-388 

plied and the mixture was placed to a preheated oil bath at 50 °C. While stirring, ethyl 389 

2-bromoisobutyrate (eBiB) (0.005 eq, 0.125 mmol, 18 μL) was added. The mixture was 390 

allowed to stir for 6 hours and periodically samples were taken in between for kinetics 391 

study. After completion of the reaction, the mixture was dissolved in DCM and filtered 392 

through a short column of Al2O3. The solvent was then removed under reduced pressure 393 

and the polymer was precipitated in cold methanol under stirring. For the NMR studies, 394 

the sample taken from the reaction was immediately solubilized in CDCl3 and then fil-395 

tered in a small pipette plugged with cotton and filled with Al2O3 to remove the CuBr. 396 

(Figure S2 in SI shows the NMR of PolyMEMA synthesis at partial conversion at T5). The 397 

following proton NMR description only describes the signals for the polymer: 1H NMR 398 

(360 MHz, CDCl3) δ 4.09 (s, 2H), 3.58 (s, 2H), 3.36 (s, 3H), 1.84 (s, 2H), 1.09 and 0.91 (2 bs, 399 

3H). For poly(AZMA) synthesis, see SI. 400 

3.4. General procedure for the copolymerization 401 
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A mixture of dry acetone (3 mL) and DPE (0.5 mL) were degassed in a Schlenk tube 402 

by 5 freeze-pump-thaw cycles. Concomitantly, MEMA was passed through an Al2O3 403 

column to remove inhibitors. Then, a mixture of MEMA (see quantity indicated below) 404 

and 3-azidopropyl methacrylate (AZMA) (see quantity indicated below) was degassed in 405 

a Schlenk tube by 3 freeze-pump-thaw cycles. Over the acetone/DPE mixture, CuBr (see 406 

quantity indicated below) and bpy (see quantity indicated below) were added under 407 

argon atmosphere. The MEMA and AZMA mixture was subsequently added using inert 408 

syringe techniques. Three new freeze-pump-thaw cycles were applied to the mixture, 409 

and then it was placed to a preheated oil bath at 50 °C. While stirring, eBiB (see quantity 410 

indicated below) was added. The mixture was allowed to stir for 6 hours and periodically 411 

samples were taken in between for kinetics study. 412 

Copo1; MEMA90-co-AZMA10 413 

2-methoxyethyl methacrylate (0.90 eq, 20.00 mmol, 2.88 g), 3-azidopropyl methac-414 

rylate (0.10 eq. 2.20 mmol, 0.37 g), CuBr (0.005 eq, 0.11 mmol, 0.016 g), bpy (0.01 eq, 0.22 415 

mmol, 0.035 g), and eBiB (0.005 eq, 0.11 mmol, 15.9 μL). Isolated yield 87 % 416 

Copo2; MEMA70-co-AZMA30 417 

2-methoxyethyl methacrylate (0.7 eq, 19.00 mmol, 2.73 g), 3-azidopropyl methacry-418 

late (0.30 eq. 8.10 mmol, 1.37 g), CuBr (0.005 eq, 0.135 mmol, 0.019 g), bpy (0.01 eq, 0.27 419 

mmol, 0.042 g), and eBiB (0.005 eq, 0.135 mmol, 19.6 μL). Isolated yield 86 % 420 

Copo3; MEMA50-co-AZMA50 421 

2-methoxyethyl methacrylate (0.5 eq, 11 mmol, 1.58 g), 3-azidopropyl methacrylate 422 

(0.5 eq. 11 mmol, 1.86g), CuBr (0.005 eq, 0.11 mmol, 0.016 g), bpy (0.01 eq, 0.22 mmol, 423 

0.035 g), and eBiB (0.005 eq, 0.11 mmol, 15.9 μL). Isolated yield 83 % 424 

3.5. General procedure for the post-modification by azide-alkyne Huisgen cycloaddition 425 

Poly(MEMAn-co-AZMAm) and Salen B were dissolved in 5 mL of degassed dry 426 

THF in a Schlenk tube. This mixture was then degassed by 3 freeze-pump-thaw cycles. 427 

Over this frozen mixture during the last cycle, CuI was added and let to dissolve under 428 

vacuum. N,N-diisopropylethylamine (DIPEA) was added under argon atmosphere. The 429 

mixture was placed to a preheated oil bath at 40 °C for 36 hours, in constant stirring. 430 

Then, 30 mL of dry THF were added to the mixture, and it was filtered through Al2O3 431 

column chromatography. The solvent was removed under reduced pressure and the 432 

product was precipitated in excess of hexane. The product was filtered, washed with 433 

hexane, and dried under vacuum. The method for calculating the quantity of each of the 434 

species to be introduced is detailed in the SI, for obtaining Copo1-Cr, Copo2-Cr and 435 

Copo3-Cr. 436 

3.6. Catalytic procedure (ARO reaction) in heterogeneous conditions 437 

A tube was charged with the considered Copox-Cr (2 mol%) and maintained under 438 

argon. Diethyl ether (300 µL), cyclohexene oxide (0.305 mmol), and dodecane as internal 439 

standard (20 µL) were then added. The reaction mixture was stirred for 10 minutes at 440 

25°C before adding the trimethylsilyl azide (60 µL, 0.458 mmol), and then stirred for 6 441 

hours. A sample was prepared to calculate conversion by GC (and ee). The supported 442 

catalyst was washed with diethyl ether (15 mL) at 0°C, filtered and dried in the tube for 443 

its reuse. (((1R,2R)-2-azidocyclohexyl)oxy)trimethylsilane; 1H NMR (360 MHz, CDCl3) δ 444 

(ppm): 3.46-3.40 (m, 1H), 3.22-3.14 (m, 1H), 1.95-1.84 (m, 2H), 1.70-1.60 (m, 2H), 1.41-1.12 445 

(m, 4H), 0.16 (s, 9H). These analytical data are in accordance with reported ones [19]. The 446 

ee was determined by chiral GC (isothermal 110°C), which resolved both enantiomers 447 

(trmaj= 10.90 min, trmin= 11.29 min). The absolute stereochemistry was assigned as (1R,2R) 448 

based on comparison with the literature [7a]. The method for calculating the quantity of 449 

Copox-Cr to be introduced is detailed in the SI. 450 

4. Conclusions 451 
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 452 

In summary, we have described the controlled copolymerization of AZMA and 453 

MEMA by ATRP and demonstrated the efficiency of this procedure up to an equimolar 454 

mixture of the two monomers. A preliminary rigorous study of the monomers 455 

homopolymerization has indeed indicated that the kinetics of transformation of both 456 

species remained similar for the control of the molar mass and the composition. The ob-457 

tained copolymers were carefully characterized thanks to 1H NMR and SEC analyses. 458 

NMR DOSY experiments further confirmed the efficiency of the procedure since unique 459 

and close values for the diffusion coefficients were obtained, in each case. FTIR analyses 460 

before and after click reaction of the azide functionalities with the alkyne-substituted 461 

chiral chromium salen complex firstly confirmed the AZMA content in each copolymer 462 

and secondly demonstrated the quantitative formation of the triazole ring, at least for the 463 

two copolymers with the lowest AZMA ratio. Under the same experimental conditions, 464 

the copolymer with the highest AZMA content led to an incomplete Cr-salen addition. 465 

Each copolymer was engaged as a heterogeneous catalyst to promote asymmetric 466 

aminolysis of cyclohexene oxide with TMSN3 at a low catalyst loading (2 mol%) and 467 

provided the targeted open product in almost quantitative yield at room temperature, 468 

whatever its composition is. These heterogeneous catalysts appear more active than their 469 

homogeneous analogues, even if the enantioselectivity values remain lower. Neverthe-470 

less, the highest selectivity of the series (74 % ee) was reached by using Copo3, in which 471 

the active sites proportion is the largest, conditions for which bimetallic catalysis is most 472 

favorable. As an insoluble species, Copo3 was also easily recovered by filtration and re-473 

committed to catalysis after solvent washing, drying and further addition of substrates. 474 

This procedure could be repeated 7 times to produce the target compound with particu-475 

larly stable values in terms of activity and enantioselectivities. The post-modification of 476 

copolymers obtained by ATRP by chiral organometallic complexes therefore makes it 477 

possible to obtain high-value insoluble asymmetric catalysts, with the control of the 478 

composition opening the way to the preparation of tailor-made polymetallic catalysts for 479 

applications in the innovative field of asymmetric heterogeneous multicatalysis. 480 

Supplementary Materials: synthesis and catalysis details, kinetics results, copolymers characteri-481 

zation, NMR spectra, GC chromatograms are available on line at… 482 
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