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In this paper, we use mono- and bimetallic complexes based on Earth-abundant, cheap and benign zinc
for the synthesis of sustainable aliphatic and semi-aromatic polyesters. Tridentate and hexadentate ald-
imine-thioetherphenolate ligands were used to obtain the desired zinc complexes by the reaction of pro-
ligands with opportune equivalents of zinc bis[bis(trimethylsilyllamide]. The obtained bimetallic com-
plexes 1 and 2 and the monometallic complex 3 were used as catalysts in the Ring-Opening
Polymerization (ROP) of landmark cyclic esters, such as e-caprolactone and lactide, and in the Ring-
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Opening COPolymerization (ROCOP) of cyclohexene oxide and phthalic anhydride under different reac-
tion conditions. All catalysts were active in these two classes of reactions, showing good control of the
polymerization processes. Interestingly, the bimetallic complexes have higher activity compared to their
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Introduction

The accumulation of plastic waste in the environment causes
hazardous effects, especially on marine wildlife, which is a
considerable concern.' Consequently, there is growing interest
directed both in the preparation of new polymeric materials
that can be more sustainable for the environment,>® and in
the recycling of traditional polymers.*

Polyesters are amongst the most widely applied oxygenated
polymers. Poly(ethylene terephthalate) (PET) is an aromatic
polyester which makes up about 8% of world polymer pro-
duction and it is found in applications spanning packaging,
fibers, rigid plastics and engineering materials. PET is highly
resistant to biodegradation; however, it is the most highly
recycled resin.”

Aliphatic polyesters typically have lower physical and chemi-
cal properties compared to materials containing aromatic
functionalities in the polymer backbone, for example, PET.
However, aliphatic polyesters such as poly(e-caprolactone)
(PCL) and polylactide (PLA) have been attracting considerable
attention as renewable and, in some cases, degradable alterna-

Department of Chemistry and Biology “Adolfo Zambelli” University of Salerno, via
Giovanni Paolo 11, 132, 84084 Fisciano, SA, Italy. E-mail: mlamberti@unisa.it
tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3dt02396f

1 These authors equally contributed to the paper.

14400 | Dalton Trans., 2023, 52,14400-14408

monometallic counterparts, highlighting the cooperation between the two zinc centers.

tives to traditional polymers in biomedical, packaging, and
agricultural fields.®

Currently, the catalytic Ring-Opening Polymerization (ROP)
of cyclic esters is one of the most powerful and convenient
methods for the preparation of aliphatic polyesters, allowing
the synthesis of polymers with desired molecular masses and
microstructures.” A more recent and less explored method is
the sister polymerization method of Ring-Opening
COPolymerization (ROCOP) of epoxides and cyclic anhydrides,
which offers the opportunity to produce polyesters with a wide
range of polymer backbone architectures, including aromatic/
semi-aromatic, thanks to the large availability of structurally
different starting monomers.®

Numerous metal complexes have been used to initiate the
ROP of cyclic esters”'* and the ROCOP of epoxides and cyclic
anhydrides,"* " in some cases displaying good catalytic activi-
ties with well-controlled characteristics. However, traces of
residual metals in the polymers formed are very hard to
remove completely and can be harmful to the environment or
humans, consequently limiting their applications. The use of
non-toxic metal ions in catalytic systems is one approach for
solving this problem. Since zinc is one of the essential oligo-
elements in the human body and has good biological activi-
ties, zinc-based metal catalysts are attracting increasing inter-
est as green and biocompatible catalysts for such processes.'®
Zinc complexes with the general formula LZnX bearing various
chelating organic ligands have been reported in the literature.
Noteworthily, binuclear zinc complexes often show higher

This journal is © The Royal Society of Chemistry 2023
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activity or peculiar catalytic behaviors compared to their mono-
metallic counterparts, thanks to the synergistic interactions
between zinc atoms.” ™ The most relevant examples of di-
zinc complexes reported in the literature are supported by
phenoxy-based ancillary ligands both for the ROP of
lactide®*® and e-caprolactone®'* and for the ROCOP of epox-
ides and cyclic anhydrides.>*™°

As part of our research interest in zinc complexes in the
ROP of cyclic esters,’®** we recently reported di-nuclear zinc
complexes supported by properly designed bis(imino-pyridine)
binaphthol ligands.*> The cooperation of the zinc centers was
highlighted at high polymerization temperatures, where the bi-
metallic system promoted the selective formation of low mole-
cular weight cyclic polymers by back-biting reactions, while its
monometallic counterpart was not able to promote the same
process. In 2020, we synthesized mono- and bi-metallic zinc
amido complexes supported by a new class of aldimine-
thioether-phenolate ligands, which were active in the fixation
of CO, with cyclohexene oxide, furnishing polycyclohexene car-
bonate when acting as single component catalysts. Whereas,
the selctivity switched towards the formation of cyclohexene
carbonates, when PPNCI was added as the cocatalyst to the
reaction medium.*® In logical continuation of this work, we
decided to evaluate the performance of this class of zinc com-
plexes as catalysts both for the ROP of landmark cyclic esters,
such as e-caprolactone and lactides, and for the ROCOP of
cyclohexene oxide and phthalic anhydride, in order to prepare
sustainable  aliphatic and semi-aromatic  polyesters,
respectively.

Results and discussion
Synthesis of complexes 1-3

The general strategy for the synthesis of zinc complexes 1-3 is
reported in Scheme 1. The reactions were carried out by follow-
ing previously reported procedures.’® 'H NMR spectra (Fig. S1-
S31) confirmed the formation and the purity of all the syn-
thesized compounds.

Since complexes with tetracoordinate zinc have a certain
tendency to form dimeric species in solution in which the zinc
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Scheme 1 Synthesis of the zinc complexes 1-3 from proligands.
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increases its coordination number to five or six, in addition to
the previous characterization experiments, the 2D version of
the PGSE experiment (DOSY, diffusion ordered spectroscopy)
was also performed to evaluate the diffusion coefficient (D)
and then the nuclearity of complex 3 in solution (Fig. S47).
Using TMS as the internal standard in a C¢De solution, the
experimentally determined values of D were 1.56 x 10™° m”> s~
for TMS and 5.76 x 107'® m* s™* for complex 3 (determined as
the average of the values obtained for the different peaks of
the zinc complex). Considering that the molecular mass (MM)
of TMS is 88.23 g mol™', we estimated*>** an MM of 647 g
mol ™" for the zinc complex (see the ESI for further detailst),
which is in good agreement with a theoretical value of
622.38 g mol ™", thus indicating that complex 3 is stable as a
monomeric species in solution.*”

Ring-opening polymerization of lactides

The ROP of 1-lactide (1-LA) (Scheme 2) catalyzed by zinc com-
plexes 1-3 was examined both in the absence and in the pres-
ence of isopropyl alcohol (‘PrOH) as a co-initiator by changing
the temperature and solvent. Isolated polymeric samples were
analysed by 'H NMR spectroscopy and GPC techniques.
Representative results are given in detail in Table 1.

Firstly, the behaviour of the zinc complexes with 100
equivalents of 1-LA per Zn center was examined at 25 °C in the
absence of a co-initiator. Under these conditions, the bi-
metallic complexes 1 and 2 showed very similar activities (i.e.,
76% and 69% of the converted lactide monomer for complexes
1 and 2, respectively, in 24 hours), while the monometallic
zinc complex 3 was the most active, converting 61% of 1-LA in
9 hours. As expected, the catalytic activity enhanced with the
increase of the polymerization temperature (entries 4-6 in
Table 1), in all cases. For example, complex 1 led to 76% con-
version of -LA to the polymer in THF at 25 °C within 24 h
(entry 1, Table 1), while it led to 86% conversion at 60 °C in
4 h (entry 4, Table 1). At 60 °C, complex 2 showed a double
activity compared to complex 1 (i.e., around 85% of r-LA
monomer was converted in 4 hours for complex 1 and in
2 hours for complex 2), while complex 3 was the most active
with a conversion of 82% in 1 hour. However, for the bi-
metallic complexes 1 and 2, the molecular weights of the poly-
mers determined by GPC closely matched the calculated
values both at 25 °C and 60 °C, while for the most active
monometallic complex 3, the experimental molecular weights
were around three times higher than the calculated values,
thus suggesting an initiation process slower than the propa-
gation reaction. For the bimetallic complexes, the theoretical

Scheme 2 General reaction for the ring-opening polymerization of
lactides.
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Table 1 Ring-opening polymerization of L-lactide by complexes 1-3

View Article Online

Dalton Transactions

Entry Cat. [L-LA], : [Zn], : ['PrOH], Temp (°C) Time (h) Conv.* (%) Mth P (x10%) MEPC € (x10°) pe
1 1 200:2:0 25 24 76 21.9 21.1 1.17
2 2 200:2:0 25 24 69 19.9 21.0 1.27
3 3 100:1:0 25 9 61 8.8 34.4 1.34
4 1 200:2:0 60 4 86 24.8 28.8 1.24
5 2 200:2:0 60 2 85 24.6 24.7 1.23
6 3 100:1:0 60 1 82 11.8 31.3 1.47
7 1 200:2:2 25 0.5 31

3 71 10.2 7.3 1.07
8 2 200:2:2 25 0.5 75

1 90 13.0 11.4 1.17
9 3 100:1:1 25 0.5 18

3 67 9.7 6.5 1.09
10 2 200:2:4 25 0.5 61

1 83 6.0 7.3 1.35
11 2 800:2:10 25 0.5 27

1 53 6.1 3.7 1.38

General conditions: all reactions were carried out in 1 mL of THF. [1],—[2

Jo = 5.0 x 107° mol; [3], = 1.0 x 107> mol, (i.e., [Zn], = 1.0 x 107> M). [1-

LA] = 1.0 M except in entries 11 and 12. “ Determined by H NMR spectral data. ® M (g mol™) 144.13 x ([t-LAs/[Cat]o) X 1-LA conversion (for
entries 1-6) and M (g mol™") 144.13 x ([1-LA]o/['PrOH],) x 1-LA conversion (for entries 7-11). ¢ Experimental M, (in g mol™") and M,,/M,, (D)
values were determined by GPC in THF using polystyrene standards and corrected using a factor of 0.58.

molecular masses were calculated considering the growth of a
single polymer chain per complex: reasonably, under these
conditions, once the initiation in one of the metallic centers
has taken place, the propagation of this polymeric chain is
favoured compared to the initiation in the other zinc-amido
bond. The polylactides (PLAs), produced by 1 and 2 under the
described conditions, had relatively narrow molecular weight
distributions (M,/M,) of 1.17-1.27. Moreover, by monitoring
the molecular weights and molecular weight distributions of a
PLA sample obtained using complex 2 as the catalyst, as a
function of conversion, a linear increase in molecular weights
versus PLA conversion was observed, while the molecular
weight distribution remained almost constant (see Fig. S6 and
Table S2 in the ESI}), thus suggesting that the catalytically
active species was stable during the reaction and polymeriz-
ation was well controlled. On the other hand, for complex 3,
the dispersity values were slightly higher (1.34 and 1.47 at
25 °C and 60 °C, respectively), as expected on the basis of the
previous considerations on the initiation step rate.
Subsequently, one equivalent of isopropyl alcohol per metal
center was added as a co-catalyst to the complexes to convert
the labile amido ligands into generally more active alkoxide
ligands. Upon the addition of isopropyl alcohol to the zinc
complexes at 25 °C, all catalytic systems showed higher activi-
ties.”® Interestingly, under these conditions, the order of
activity was: 2 > 1 > 3 as well evident, for example, by compar-
ing the conversion values of the three systems after a reaction
time of 0.5 hours: 75%, 31% and 18% conversions were
obtained, corresponding to TOF values of 150 h™, 62 h™" and
36 h™" for complexes 2, 1 and 3, respectively (entries 7-9 in
Table 1). In particular, the higher activity of the bimetallic
complexes 1 and 2 compared to their mononuclear analogues
suggests that a cooperative mechanism may be in effect.
Moreover, the conversion values, approximately double for
complex 2 compared to complex 1, indicate that the bridge

14402 | Dalton Trans., 2023, 52,14400-14408

length between the nitrogen atoms, which influences both the
distance between the zinc centers and the fluxionality of the
complexes, is a critical parameter in the cooperativity between
the two metal centers.*’

Under these conditions, the experimental molecular
weights were in good agreement with the theoretical molecular
weights for the three complexes, and the low dispersity values
indicated a controlled chain growth. In the presence of 'PrOH,
the theoretical molecular weights were calculated taking into
account the number of monomer equivalents compared to the
alcohol equivalents, according to the formula reported in the
literature by various authors®>*® and specified in the footnote
“b” of Table 1.

As observed in the polymerization process carried out with
complex 2 in the absence of a co-initiator, also for the catalytic
system constituted by complex 2 and isopropanol, a linear
increase of molecular weights compared to PLA conversion,
and almost constant molecular weight distributions (Fig. S7
and Table S3 in the ESIt) underlined the good control of the
polymerization process.

To get more information on the nature of the active species
for the polymerization experiments in the presence of the
alcohol, an alcoholysis experiment was carried out by adding 2
equivalents of isopropyl alcohol to the solution of the bi-
metallic complex 2 in deuterated benzene as solvent. By study-
ing the '"H NMR spectrum (Fig. S8 in the ESIT) of this reaction
mixture, we observed the formation of a new species, as indi-
cated by significant variations of all the chemical shift values
compared to the signals of complex 2 alone (comparing Fig. S2
and S8 in the ESIt). Most importantly, we observed the dis-
appearance of the amido signal and the appearance of the
signal due to the free amine, indicating the reaction of isopro-
pyl alcohol with both the amido groups. This result was also
supported by the integration values of the signals due to the
isopropoxide groups. Thus, the alcoholysis experiment con-

This journal is © The Royal Society of Chemistry 2023
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firms the formation of a new species with two alkoxide groups
replacing the two amido groups.

The behaviour of the most active complex 2 was also
explored in the presence of an increased number of equiva-
lents of initiator and/or monomer (entries 10 and 11 in
Table 1). The activity remained high and a good control of the
molecular mass was also observed under these conditions.

The PLA sample obtained in the polymerization experiment of
entry 10 was also studied by NMR spectroscopy and MALDI time-
of-flight mass-spectrometry (MALDI-TOF-MS) analyses. The 'H
NMR spectrum of this sample clearly shows the existence of
HOCH(CH;3)CO- and -OCH(CH3), groups as exclusive chain end
groups (Fig. S9 in the ESIT). This supports the hypothesis that the
polymerization follows a coordination-insertion mechanism and
is initiated by the transfer of an alkoxide group to the monomer.
The MALDI-TOF analysis (Fig. S10 in the ESI}) confirmed the
observed end groups and showed that only linear oligomers with
integral LA repeat units were formed, suggesting that inter- and
intramolecular transesterification processes did not occur during
the polymerization process.

The more encumbered bimetallic complexes 1 and 2 were
subsequently used as catalysts in the ROP of rac-LA at 25 °C
and in the absence of the co-catalyst (for more details see
entries S1 and S2 in Table S4}). The activities were close to
those obtained in the ROP of 1-LA under the same conditions,
and the experimental number-average molecular weights were
in agreement with the calculated values, also suggesting a con-
trolled polymerization process when the racemic mixture of
lactide enantiomers is polymerized. However, an atactic micro-
structure was revealed by the homo decoupled "H NMR spectra
of the methine regions of PLAs: the discrepancy between the
experimental intensities of the peaks due to different tetrads,
with the theoretical values calculated by assuming both an
enantiomorphic site control and a chain end control, further
confirmed that no control of the polymer microstructure it is
active under these conditions (see, for example, Fig. S11 and
Tables S5 and S6 in the ESIf).

Finally, we explored the effect of the solvent on the polymer-
ization outcome (Table S71). The behaviour of complex 2 in
L-LA polymerization was studied in toluene and dichloro-
methane and the results were compared with those obtained
in more polar and more coordinating tetrahydrofuran (to help
readers with comparisons, entries 2 and 5 of Table 1 were also
reported in Table S77). The polymerization experiment carried
out in dichloromethane at 25 °C showed similar activity to that
obtained in THF (entry 2 vs. S31). Due to the lower solubility of
t-LA in toluene, this polymerization was conducted at 60 °C. In
comparison with the same experiment in THF, the activity was
lower, although we observed that the solubilisation of the
monomer was not complete under these conditions. For this
reason, we conducted two new polymerizations by increasing
the solvent amount to 2.5 mL (corresponding to a decrease in
concentration from [LA], = 1.0 M to 4.0 x 10~ M). Under these
more dilute conditions, the conversion of 1-LA was quite the
same in both solvents, at all times when withdrawals were
made (entries S5 vs. S61).

This journal is © The Royal Society of Chemistry 2023
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In summary, from the results of the polymerization tests,
we can hypothesize that for the amide species of the bimetallic
complexes 1 and 2, there is no cooperation between the metal
centers, and under these conditions, the polymerization
process is faster for the less sterically encumbered monometal-
lic complex 3. In contrast, the structures of alkoxy derivatives
allow a cooperative interaction between the two zinc centers of
the bimetallic complexes, ensuring greater activity compared
to their monometallic counterpart. Furthermore, the length of
the bridge between the two imine nitrogen atoms appears to
be a key parameter, with the propylene bridge of complex 2
guaranteeing an activity about double than that observed with
complex 1 with the ethylene bridge.

Ring-opening polymerization of e-caprolactone

Although e-caprolactone (e-CL) is industrially produced from
non-renewable resources, ie., by Baeyer-Villiger oxidation of
cyclohexanone derived from petro-derived cyclohexane or
phenols, promising and more sustainable strategies have been
outlined. In fact, the synthesis of cyclohexanone from lignin-
derived aromatic ethers has been described, while e-caprolac-
tone itself has been obtained by oxidative lactonization of 1,6-
hexanediol.’®*" Thus, poly-e-caprolactone (PCL) can also be
classified into sustainable polymers with full rights, as it is
biodegradable and can be obtained from renewable sources.

Zinc complexes 1-3 were assessed by the polymerization of
e-caprolactone (Scheme 3) and representative results are sum-
marized in Table 2. The obtained polymers were characterized
by NMR, GPC and MALDI-TOF analyses. All complexes showed
good activity, allowing the conversions of 100-400 equiv. of e-
caprolactone at room temperature.

The activity of the bimetallic complexes 1 and 2 in the ring-
opening polymerization of e-caprolactone was evaluated in
THEF solution at room temperature in the presence of one equi-
valent of 'PrOH per metallic center and with both 100 and
200 monomer equivalents per zinc center. Under both con-
ditions, complex 1 was found to be more active than complex
2, showing a maximum TOF of 216 h™" (entry 12 in Table 2).
Monometallic complex 3, under the same conditions with 100
equivalents of the monomer, showed lower activity than the bi-
metallic counterparts. Thus, for e-caprolactone polymerization,
the order of activity was 1 > 2 > 3, as deducible from the con-
versions after 0.5 hours under the same reaction conditions:
54%, 27% and 14% for complexes 1, 2 and 3, respectively
(entries 12, 14 and 16 in Table 2), indicating that also for the
ROP of this monomer, the cooperativity between the metallic
centers increases the activity. However, a reversal of reactivity
between complex 1 and complex 2 was observed when com-

(o]
(0] [Zn] o
jp— MO
)R

Scheme 3 General reaction for the ring-opening polymerization of ¢-
caprolactone.
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Table 2 Ring-opening polymerization of ¢-caprolactone by complexes 1-3

Entry Cat. [e-CL], : [zn], : [PrOH], Solvent Time (h) Conv.” (%) M,M? (x10%) M, (x10°%) pe
12 1 400:2:2 THF 0.5 54

2 92 21.0 21.8 1.41
13 1 200:2:2 THF 0.5 53

1.5 88 10.0 7.8 1.51
14 2 400:2:2 THF 0.5 27

2 79 18.0 12.1 1.26
15 3 200:2:2 THF 0.5 18

2 89 10.1 5.9 1.31
16 3 200:1:1 THF 0.5 14

1.5 61 13.7 12.9 1.26
17 3 200:1:1 Toluene 0.5 63

1 80 18.3 17.2 1.16
18 3 200:1:1 CH,Cl, 0.5 18

3 79 18.0 18.2 1.16
19 3 200:1:0 Toluene 0.5 6

5 45 10.3 32.9 1.59

General conditions: all reactions were carried out in 2 mL of solvent. [1]¢-[2], = 5.0 x 107® mol; [3], = 1.0 x 107> mol (ie., [Zn] = 5 mM).
“ Determined by "H NMR spectral data. > M™ (g mol™") = 114.13 x ([e-CL] /['PrOH]) x &-CL conversion. ¢ Experimental M, (in g mol™*) and M,,/M,,
(P) values were determined by GPC in THF using polystyrene standards and corrected using a factor of 0.56.

pared to lactide polymerization experiments, suggesting that
the optimal length of the bridge for the most efficient
cooperation between the metal centers also depends on the
nature of the monomer.>?

Fig. 1 displays a typical semilogarithmic plot of —In[mono-
mer], vs. time, showing, as might be expected, a first-order
polymerization reaction in e-CL concentration. The deter-
mined rate constants (k) were 1.3, 7.4 x 10™* and 5.7 x 107"
h™ for complexes 1, 2 and 3, respectively.

Subsequently, we also explored the effect of the solvent on
the polymerization of e-caprolactone with complex 3 under the
same reaction conditions (entries 16-18 in Table 2). In this
case, while the activity in THF and dichloromethane was
similar, a significant increase was observed in the less polar
solvent, toluene.

In most of the cases, experimental molecular weights
obtained by GPC analysis of PCLs were in good agreement
with the theoretical values, indicating a good control of the
polymerization process. As observed in r-lactide polymeriz-

k 1.30F

~

®catl

®

cat2

In([LA]o/[LA],)

1 cat3

°

0 05 1 15 2 25
time (h)

Fig. 1 First-order kinetic plots for the consumption of e-CL in THF at
20 °C by complex 1 (blue circles, entry 12 in Table 2), complex 2 (orange
triangles, entry 14 in Table 2) and complex 3 (grey squares, entry 16 in
Table 2) in combination with PrOH.

14404 | Dalton Trans., 2023, 52, 14400-14408

ation, for complex 3, in the absence of the alcohol initiator,
the polymerization slows down and the control of the mole-
cular masses is lost (entry 19 in Table 2).

'H NMR and MALDI-TOF analyses of the PCL sample
obtained by the experiment detailed in entry 15 of Table 2
(Fig. S12 and S13 in the ESIf) clearly showed the existence of
HO(CH,)5sCO- and -OCH(CHj;), as exclusive chain end groups,
indicating that the ROP of e-CL proceeds via a coordination-
insertion mechanism pathway. The molecular weight calcu-
lated by integrating the signals in the "H NMR spectrum was
in good agreement with those obtained by both MALDI and
GPC analyses (MYMR = 4860 g mol ", MMALDI = 4890 g mol ",
and MSPC = 5900 g mol™"), although it was lower than the
theoretical molecular weight (Mt = 10100 g mol ™).

Ring-opening co-polymerization of phthalic anhydride and
cyclohexene oxide

ROCOP of phthalic anhydride (PA) and cyclohexene oxide
(CHO) allows the insertion of aromatic groups in the polymer
backbone, a desirable goal to increase the thermal and
mechanical properties of aliphatic polyesters obtainable by
ROP. Phthalic anhydride and cyclohexene oxide are currently
produced from petroleum derivatives, however, more sustain-
able synthetic strategies have been described: PA can be syn-
thesized either from furan and maleic anhydride, or by cyclisa-
tion of dicarboxylic acids, all substrates are available from
carbohydrates,>*>> while CHO can be obtained from 1,4-cyclo-
hexadiene, a waste by-product of plant oil self-metathesis.>®

Thus, complexes 1-3, in combination with different co-cata-
lysts, were tested as catalysts in these copolymerization reac-
tions (Scheme 4). The composition of the obtained polymers
was estimated by "H NMR analysis, by comparing the integrals
of the signals of epoxide/anhydride sequences with those of
sequential enchainment of epoxides. The polymers produced
were also characterized by GPC and MALDI-TOF analyses. The
most relevant results are summarized in Table 3.

This journal is © The Royal Society of Chemistry 2023
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Scheme 4 General reaction for the ring-opening copolymerization of
cyclohexene oxide and phthalic anhydride.

First, we explored the behavior of complex 1 at 110 °C in
toluene as the solvent with a CHO/PA/catalyst ratio of
250:250:1 and 2 equivalents of co-catalyst. In these copoly-
merization reactions, the co-catalyst plays a double role, influ-
encing both the activity and the selectivity of the process.
Using 'PrOH, TBAB (tetra-n-butylammonium bromide) and
DMAP (4-(N,N-dimethylamino)pyridine) as the co-catalysts
(entries 20-22 in Table 3), we found DMAP as the most
efficient co-catalyst (84% of PA conversion after 16 h) and
TBAB as the least (58% of PA conversion after 16 h). In
addition, TBAB and DMAP gave the most selective catalytic
systems; in fact, in both cases, copolymerization proceeded in
an exclusive alternating fashion with an ester content linkage
of >99%. Thus, we selected TBAB as the co-catalyst to compare
the behavior of complexes 1-3 in this class of copolymerization
reactions under the same reaction conditions (entries 22-24).
By comparing the conversions after 16 hours of polymerization
reaction, the three complexes showed the following order of
activity: 1 > 2 > 3, which is the same as that of e-caprolactone
polymerization. Thus, also in the ROCOP of PA and CHO, a
cooperative effect between the two zinc centers may be in
effect, with, in this case, a preference for the shortest ethylene
bridge between nitrogen atoms, compared to the propylene
bridge. Remarkably, both the monometallic complex and the
bimetallic complexes were highly selective in the production of
polyesters (for example, see Fig. S15 in the ESI{).

The GPC analysis of all obtained polyesters showed mono-
modal distributions with narrow dispersities (P < 1.41; using
DMAP as the cocatalyst P < 1.25), indicating a controlled be-
havior of these catalytic systems in the ROCOP reactions. The
number-average molecular weight values (M,) measured by
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GPC were in most cases lower than the theoretical ones: this is
a quite common situation in these copolymerization reactions
and it is usually attributed to the presence of protic impurities,
which act as chain transfer agents, such as the trace of water
and/or diacid resulting from hydrolyzed anhydride.

Conclusions

In summary, in this paper, we focused on the synthesis of ali-
phatic and semi-aromatic polyesters derived from renewable
resources, promoted by catalytic systems based on zinc, a bio-
compatible metal. Mono- and bi-metallic zinc complexes,
bearing aldimine-thioetherphenolate ligands, have been used
as catalysts in the ROP of lactides and e-caprolactone and in
the ROCOP of cyclohexene oxide and phthalic anhydride.

All complexes were active in the ROP of the selected cyclic
esters using isopropylic alcohol as the co-catalyst, showing
good control of molecular weights, narrow dispersities and
end-group fidelity. In the ROCOP of CHO with PA, the three
complexes, in combination with DMAP as the co-catalyst, pro-
vided polyesters with complete selectivity. Thus, the studied
complexes were able to furnish both aliphatic and semi-aro-
matic polyesters, although with lower activities compared to
the most active systems reported in the literature,”*"'**> such
as zinc complexes showing a TOF of up to 60000 h™" in the
ROP of lactide®® and 200 h™" in the ROCOP of PA with CHO.*®
Keeping the concentration of the monomer and zinc centers
strictly constant, we observed up to 4-fold enhancement of
polymerization activity for the bimetallic complexes compared
to the monometallic congener, highlighting cooperative effects
provided by the two close metal centers.

Interestingly, the spacing between zinc atoms was found to
be a key parameter for determining the order of activity, with
an unexpected dependence on the polymerized monomers. In
fact, the bimetallic complex 2, supported by the ligand with a
propylene bridge between the nitrogen atoms, showed the
highest activity in the polymerization of 1- and rac-lactide; the
distance and fluxionality dictated by the ligand with the ethyl-

Table 3 Ring-opening copolymerization of cyclohexene oxide and phthalic anhydride by complexes 1-3

Entry Cat. [CHOJo: [PAly:[Zn]o:[cocat], Cocat.  Time (h) Conv.” (%) Ester content” (%) MP°(x10°) MSPC?(x10%) b
20 1 250:250:2:2 iproH 24 92 78 28.3 8.1 1.41
21 1 250:250:2:2 TBAB 16 58 >99

24 76 >99 23.4 11.8 1.28
22 1 250:250:2:2 DMAP 16 84 >99 25.9 25.2 1.23
23 2 250:250:2:2 DMAP 16 70 >99

24 87 >99 26.8 14.5 1.25
24 3 125:125:1:1 DMAP 16 54 >99

24 67 >99 20.6 14.1 1.25

General conditions: [1]o-[2]o = 1 x 10> mol; [3], = 2 x 107> mol; CHO = 2.5 x 10~ mol (245 mg); PA = 2.5 x 10~ mol (370 mg); toluene = 1 mL.
Temperature: 110 °C. * Determined by "H NMR spectroscopy (CDCl;) by integrating the normalized resonances for PA (7.97 ppm) and the pheny-
lene signals in PE (7.30-7.83 ppm). ” Determined by "H NMR spectroscopy (CDCl,) integrating the normalized resonances for ester linkages
g4.80—5.40 ppm) and ether linkages (3.28-3.86 ppm). See Fig. S14 in the ESL{ ‘M (g mol™) = 246.36 x ([PA)/['PrOH]) x PA conversion.

Experiglental M, (in g mol™") and M,/M, (P) values were determined by GPC in THF using polystyrene standards and corrected using a factor
of 1.85.
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ene bridge make the bimetallic complex 1 the most active cata-
lyst for both the ROP of e-CL and the ROCOP of PA with CHO.
Looking into the literature for the behavior of bimetallic com-
plexes as catalysts, one can find different situations. In some
cases, the smallest distances between the metals of binuclear
complexes determine the greatest activity, suggesting that
more efficient intermetallic cooperation contributes to higher
activity.”® In other cases, catalysts with shorter distances
between metals show lower catalytic activity than those with
longer distances, reasonably because the crowded environ-
ment around the metal centers may slow down or even hinder
the polymerization process.>® Our peculiar situation, where we
observed that for the bimetallic complexes with different
metal-metal distances, the order of activity depends on the
monomers, could be explained on the basis of different steric
hindrances and/or coordination modes of the explored mono-
mers.”® In fact, for the bulkiest lactide monomer, the greatest
activity is recorded with the bimetallic complex 2 in which the
metal centers are more spaced apart.

Experimental
General considerations

All reactions with substances that are sensitive toward air or
moisture were carried out in dried glassware (24 h at 150 °C in
an oven or 5 min at 650 °C in a vacuum) under a positive
pressure of nitrogen (ca. 1.2 bar). Solvents and reagents were
obtained from Merck and used as received unless stated other-
wise. Methylene chloride, tetrahydrofuran, benzene, toluene,
isopropyl alcohol and hexane used for polymerization experi-
ments and the synthesis of substances unstable toward air and
moisture, were distilled prior to use on an opportune drying
agent. In particular, THF, toluene, benzene and hexane were
dried by refluxing over sodium and benzophenone and stored
under nitrogen. Dichloromethane and isopropanol were dried
over calcium hydride and distilled prior to use.

Methanol, ethanol, n-hexane, and tetrahydrofuran (HPLC
grade) were used without further purification.

The lactide monomers (1-LA and rac-LA) were crystallized in
toluene and then dried over P,Os. Cyclohexene oxide (CHO)
and e-caprolactone were dried over CaH, and distilled under
nitrogen. Phthalic anhydride was purified by dissolving it in
toluene, filtering off impurities, recrystallizing and then sub-
liming. All dry solvents and monomers were stored under
nitrogen. Deuterated solvents for NMR experiments were
stored at 20 °C over molecular sieves. NMR spectra were
measured with 300/400/600 MHz Bruker AVANCE spec-
trometers at 20 °C. Chemical shifts ¢ are given in ppm relative
to the residual solvent peak of the used deuterated solvent.
Molecular masses (M, and M,,) and their dispersities (M,,/M,)
were measured by gel permeation chromatography (GPC),
using THF as the eluent (1.0 mL min™") and narrow poly-
styrene standards were used as the reference. MALDI-TOF
mass spectra were recorded using a Bruker solariX XR Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer
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(Bruker Daltonik GmbH, Bremen, Germany) equipped with a 7
T refrigerated actively shielded superconducting magnet
(Bruker Biospin, Wissembourg, France). The samples were pre-
pared at a concentration of 1.0 mg mL™" in THF, while the
matrix (DCTB) was mixed at a concentration of 10.0 mg ml™.

Synthesis of complexes*®

Synthesis of complex 1. To a benzene solution (6 mL) of
L1H, (0.300 g, 4.06 x 10~* mol), a benzene solution (3.0 mL) of
Zn[N(SiMe;),], (0.314 g, 8.14 x 10~* mol) was added. The reac-
tion mixture was stirred at room temperature for 2 hours.
Afterwards, the solvent was removed in a vacuum and the solid
residue was washed with pentane. Complex 1 was obtained as a
yellow powder in 90% yield. "H NMR (400 MHz, C¢Dg, 298 K): &
8.62 (s, 2H, CH=N), 7.63 (d, J = 2.53 Hz, 2H, Ar-H), 7.60 (d, J =
7.88 Hz, 2H, Ar-H), 7.29 (br, 2H, Ar-H), 7.08 (d, J = 2.48 Hz, 2H,
Ar-H), 6.58 (t, 2H, Ar-H), 6.49 (t, 2H, Ar-H), 4.98 (br, 2H, N-
CH,), 4.51 (br, 4H, S-CH,), 3.57 (br, 2H, N-CH,), 1.90 (s, 18H,
CCH3), 1.50 (s, 18H, CCH3), 0.14 (br, 36H, Si(CHj),).

Synthesis of complex 2. The same procedure used for
complex 1 was followed using the ligand precursor L2H,
(0.300 g, 4.00 x 10~* mol) and Zn[N(SiMe;),], (0.318 g, 8.00 x
10~* mol). Complex 2 was obtained as a yellow powder in 95%
yield. *"H NMR (400 MHz, C¢Dy, 298 K): 5 8.24 (s, 2H, CH=N),
7.80 (d, J = 7.92 Hz, 2H, Ar-H), 7.60 (d, J = 2.50 Hz, 2H, Ar-H),
6.80 (d, J = 2.15 Hz, 2H, Ar-H), 6.76 (m, 4H, Ar-H), 6.66 (t, 2H,
Ar-H), 4.25 (br, 4H, S-CH,), 4.00 (br, 4H, N-CH,), 1.82 (s, 18H,
CCHj), 1.50 (s, 18H, CCHj,), 0.10 (s, 36H, Si(CHs)s).

Synthesis of complex 3. The same procedure used for
complex 1 was followed using the ligand precursor L3H
(0.300 g, 7.54 x 10~* mol) and Zn[N(SiMej;),], (0.304 g, 7.54 x
10~* mol). Complex 3 was obtained as a yellow powder in 93%
yield. "H NMR (400 MHz, C¢Dg, 298 K): § 7.84 (d, J = 7.90 Hz
2H, Ar-H), 7.73 (s, 1H, CH=N), 7.59(s, 1H, Ar-H), 7.05 (s, 1H,
Ar-H), 6.75 (m, 3H, Ar-H), 3.98 (br, 2H, S-CH,), 3.54 (br, 2H,
N-CH,), 1.83 (s, 9H, CCHj,), 1.49 (s, 9H, CCH;), 0.78 (t, 3H,
CH3), 0.10 (s, 18H, Si(CH,);).

Polymerization procedures

Lactide polymerization reactions. The polymerization experi-
ments were carried out in a glove box. The complex was
weighed and added to a 4 ml vial, fitted with a magnetic stirrer
(5.0 x 107° mol for complexes 1 and 2 and 1.0 x 10> mol for
complex 3): subsequently, a solution of the co-catalyst (0.1 M of
IPrOH in the reaction solvent) was added and stirred for
5 minutes. In a 4 mL vial, the monomer was weighed and dis-
solved in the same solvent. Finally, the monomer solution was
added to the solution of the catalytic system. The polymerization
experiments were stopped by taking the 4 ml vial out of the glove
box and adding dichloromethane. The solvent was removed
under reduced pressure, and the polymer was dried in a vacuum
oven and characterized by NMR spectroscopy and GPC.

e-Caprolactone polymerization reactions. The polymeriz-
ation experiments were carried out in a glove box. The zinc
complex was weighed (5.0 x 107® mol for complexes 1 and 2
and 1.0 x 107> mol for complex 3) and added to a 4 ml vial,
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fitted with a magnetic stirrer. Subsequently, a solution of the
co-catalyst (0.1 M of 'PrOH in the reaction solvent) was added
and stirred for 5 minutes. In another 4 mL vial, the monomer
was weighed and dissolved in the reaction solvent. Finally, the
monomer solution was added to the first solution. The
polymerization was stopped using dichloromethane after
taking the vial out of the glove box. The solvent was removed
under reduced pressure, and the polymer was dried in a
vacuum oven and characterized by NMR spectroscopy and GPC
analysis.

PA/CHO polymerization reactions. In a glove box, the pre-
viously weighed monomer and the co-catalyst were transferred
into a 10 mL Schlenk tube, equipped with a magnetic stirrer,
and dissolved in 0.5 ml of toluene. In a 2 mL vial, the complex
(5.0 x 107° mol for complexes 1 and 2 and 1.0 x 10> mol for
complex 3) was weighed and dissolved in 0.5 mL solvent.
Subsequently, the complex solution was transferred into the
Schlenk tube: the latter was closed, taken out of the glove box
and immersed in a thermostated oil bath at a temperature of
110 °C. The polymerizations were stopped after the prescribed
time using dichloromethane. The solvent was removed under
reduced pressure and the polymer was coagulated in metha-
nol, filtered, dried in a vacuum oven and characterized by
NMR spectroscopy and GPC analysis.
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