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Abstract: Developing selective polymerizations from com-
plex monomer mixtures is an important challenge. Here,
dinuclear catalysts allow selective polymerization from
mixtures of sterically hindered tricyclic anhydrides, carbon
dioxide and epoxides to yield well-controlled copoly(ester-
carbonates). Surprisingly, two very similar homogeneous
catalysts differing only in the central metal, zinc versus
magnesium, show very high but diametrically opposite
monomer selectivity. The selectivity is attributed to differ-
ent polymerization kinetics and to steric factors associated
with the anhydrides.

/

Precise and selective polymerization methods have been long
sought for the synthesis of complex architectures. The result-
ing polymers have potential to undergo controllable phase
separations and self-assembly? and, in the case of oxygenated
polymers, show tailored degradation rates and biocompatibili-
ties.®¥ While methods to synthesize low dispersity polymers
are well established, there is still a need for methods to selec-
tively enchain complex monomer mixtures. Since purification
and separation are generally considered the most energy in-
tensive and expensive facet of producing monomers, catalysts
which selectively polymerize some monomers while ignoring
others are important to improve sustainability and deliver se-
lectivity.

Oxygenated block copolymer synthesis requires controlled
polymerization methods, like ring-opening polymerization
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(ROP) of cyclic esters/carbonates.*®*** The ring-opening co-
polymerization (ROCOP) of epoxides/anhydrides and/or epox-
ides/carbon dioxide (CO,) is an interesting alternative route.®
ROCOP offers several benefits including: 1) a wide variety of
polymerizable epoxides/anhydrides, many of which are com-
mercially available; 2) a strong thermodynamic driving force
enabling the polymerization of substituted and functionalized
monomers; 3) incorporation of aromatic or rigid moieties into
the polymer backbone to improve the overall thermal proper-
ties.®?’ Despite such attractive features, many opportunities
exist to improve ROCOP catalysts, including the selective syn-
thesis of stereoregular polyesters.”!

Selective polymerizations starting from complex mixtures
rely on catalyst selectivity. High degrees of selectivity are not
so feasible using heterogeneous catalysts, such as the com-
monly employed double metal cyanides (DMCs), and generally
much better polymerization control is possible using homoge-
neous catalysis.®’ A key example is the zinc B-diiminate cata-
lysts for polymerizations of epoxides, anhydrides and CO, re-
ported by Coates and co-workers. After complete consumption
of the anhydride monomer (and formation of the polyester
block) selective epoxide/CO, copolymerization occurred with
formation of the polycarbonate block.®®' Since this initial
report, several other homogeneous catalysts displaying similar
selectivities have been developed, although in some cases
there was some tapering of block structures.B®s¥»@! The ob-
served reactivity is usually attributed to the anhydride reacting
faster than CO, with the metal alkoxide intermediate.®

Here, mixtures of sterically congested tricyclic anhydrides,
cyclohexene oxide (CHO) and CO, are selectively polymerized
using a magnesium (1)"? or zinc (2)"" catalyst (Scheme 1).
Both catalysts are active towards CHO/CO, ROCOP, operating
efficiently at 1 bar CO, pressure, as well as for CHO/phthalic
anhydride (PA) ROCOP.S " The tricyclic bio-derived anhy-
dride BCA1 was readily synthesized from a-phellandrene (a
mono-terpene extracted from Eucalyptus radiate) and maleic
anhydride (MA) via an atom efficient Diels-Alder reaction.'”
Structurally similar tricyclic anhydrides (BCA2, BCA3 and CA)
were deliberately selected so as to increase both the renew-
able content and the thermal resistance of the polymers by in-
corporating rigid repeating units. Recently, related bio-derived
tricyclic anhydrides were applied, with epoxides, to prepare
polyesters with increased thermal stabilities.® "'

Initially, the polymerization of CHO and BCA1 was investigat-
ed: both catalysts showed good activities and yielded polymer
chains with >99% ester linkages (entries 1 and 2, Table 1 and
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Scheme 1. The bio-derived anhydride, BCA1, and polyesters and block copolymers produced using selective catalysis. The structures of catalysts 1 and 2 are

illustrated in the box."*™

Table 1. Polymerizations of anhydride (BCA1), epoxide (CHO) and CO, ini-
tiated by 1 and 2.

Cat® t [h] %Ester linkages (% carbonate linkages M, )
in the block copolymers)®
b s eow 180 0.4
2% 22 >99% Z;gg 8 gi;
1.16 0 (100% carbonate) 471?118 EHZ;

3.16 34% (66 % carbonate) 11800 (1.13)

6440 (1.34)
3040 (1.23)
V) 0
, 22 100% (0% polycarbonate) 4860 (1.07)
4950 (1.31)
0 0
27.8 35% (65 % polycarbonate) 7830 (1.10)
1@ 6 0 (100% carbonate) 3020 (1.09)
22.8 49% (51 % carbonate) 6340 (1.11)

Polymerization conditions: catalyst/BCA1/CHO/CO,=1:100:1000:1 atm,
100°C. All experiments were allowed to reach >98% anhydride (BCA1)
conversion (by NMR). *No CO, used in reaction. [a] TOF = [# moles mono-
mer converted/# moles catalyst]/time [h]. [b] Determined by integrating
the normalized resonances for ester linkages (4.78-4.50 ppm) against
ether linkages (3.50-3.30 ppm) or carbonate linkages (4.80-4.40 ppm).
[c] Determined by SEC in THF calibrated using polystyrene. Note that the
MW distributions are fit using Gaussian distributions to obtain the B
values (Figures S18-525). [d] Using cyclohexanediol (CHD) as the chain
transfer agent. Polymerization conditions: catalyst/CHD/BCA1/CHO/CO,=
1:20:400:1500:1 atm, 100°C.

Figures S2 and S5). The polymer molecular weights show clear
bimodal distributions with the higher distribution being ap-
proximately double the molecular weight of the lower (Table 1
and Figures S3 and S4).
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Furthermore, each of the polymer molecular weights (MW)
are lower than the calculated theoretical values (based on
equiv catalyst vs. monomer conversions). Both observations
are fully consistent with the published literature in the field of
cyclohexene oxide/anhydride copolymerizations and can be ra-
tionalized by chain growth initiated from both the catalyst and
1,2-cyclohexanediol (CHD). The diol species is proposed to
form by a side-reaction between CHO and residual wa-
terB2419 |ndeed, a recent spectroscopic study using Cr-salen
catalysts revealed that hydrolysis occurs prior to any polymeri-
zation." In light of this, it is proposed that initiation from the
acetate groups gives rise to the lower MW distribution corre-
sponding to a-acetate-m-hydroxyl-polyester, whilst the higher
MW distribution corresponds to telechelic chains of a,w-di-hy-
droxyl-polyesters as depicted in Figure S12. Indeed, both the
bimodal distribution and the two different end-groups were
also confirmed by MALDI-ToF analysis (Figure 527).%

Considering the catalysts activities, the macrocyclic dinuclear
Mg catalyst 1 is about 17 times faster than 2, which is in agree-
ment with previous reports on CHO/CO, and CHO/phthalic an-
hydride copolymerizations.®'®"! The absolute TOF value for
1 (77 h™") is similar to other catalysts for epoxide/anhydride co-
polymerizations, albeit tested using different anhydrides.””
Both catalysts show excellent selectivity for ester linkages
(>99%) similar to the most selective and active Al-salen cata-
lysts reported so far.®*""* Notably, 1 does not require any co-
catalyst as co-catalysts are known to cause side-reactions.®>"
Next, both catalysts were tested using mixtures of BCA1, CHO
and CO.. Both catalysts yielded block copolymers with high se-
lectivity but with exactly opposite monomer enchainment
(Scheme 1, bottom). The Zn based catalyst 2 firstly underwent
epoxide/anhydride polymerization until all the anhydride was
consumed, after which alternating epoxide/CO, polymerization
occurred. The polymerization was monitored using in situ ATR-
IR spectroscopy (Figure 1, bottom), which showed that the an-
hydride was consumed first, as evidenced by a sharp decrease

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. In situ ATR-IR monitoring of polymerization reactions using: top)
catalyst 1, and bottom) catalyst 2. Polymerization conditions: catalyst/BCA1/
CHO/CO,=1:100:1000:1 atm, 100°C, in neat CHO.

in the absorbance at 1800-1770 cm™'. Once consumed, poly-
carbonate formation occurred, as shown by an increase in the
absorption at 1239-1176 cm™". The IR assignments were veri-
fied by independent analysis of control polymers. Furthermore,
aliquots were regularly withdrawn and analysed using 'H NMR
spectroscopy (Figure S5). The NMR spectra confirmed polyester
formation, as evidenced by a decrease in intensity of the BCA1
monomer resonance at 5.77 ppm, and by the appearance of
typical polyester resonance signals at 5.85-5.45 ppm. Once the
anhydride was consumed, polycarbonate formation occurred
as shown by the appearance of new signals at 4.82-4.46 ppm.
DOSY analysis supported block copolymer formation (Fig-
ure S6). The observed monomer selectivity was similar to previ-
ously reported homogeneous catalytic systems. 5!

In contrast, Mg-based catalyst 1 showed exactly the oppo-
site reactivity. Surprisingly, the polycarbonate block formed
first, as shown by the IR absorption spectrum (Figure 1, top):
while the absorbance of BCA1 (1800-1770 cm™') remained un-
changed polycarbonate absorption (1239-1176 cm™") in-
creased. 'H NMR analysis showed that the intensity of BCAT
resonance at 5.77 ppm did not change whilst those of the
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polycarbonate (4.82-4.46 ppm) increased (Figure S7). After 6 h,
the excess CO, was removed by five rapid vacuum/N, cycles,
and epoxide/anhydride copolymerization immediately oc-
curred. Without CO, being present, the resonance at 1800-
1700 cm™' decreased rapidly (Figure 1, top). Polymerizations at
twice the concentration of anhydride were conducted but the
carbonate block was still formed first (Figure S8).

The selectivity of 1 is very unusual and has not been ob-
served with any other catalyst.® To confirm block copolymer
formation, the molecular weights (MW) of aliquots were ana-
lysed. The MW increased before and after block formation,
however, the distributions were bimodal (Figures S9 and S10).
DOSY NMR analysis indicated block copolymer formation and
a single diffusion coefficient was observed (Figure $11).824 3
The observed bimodality in the molecular weight distributions
of the polyesters is expected to result in the formation of a mix-
ture of AB and ABA type block copolymers when poly(ester
carbonates) are produced. To selectively form ABA triblocks,
polymerizations were conducted using excess CHD as the
chain transfer agent (20 equiv CHD vs. 1). Under such condi-
tions, all aliquots show monomodal MW distributions, with
narrow dispersities (Figure S13). DOSY NMR suggests both
polymers are attached which would be in line with a block co-
polymer structure (Figure S15).

Kinetic investigations of epoxide/anhydride polymerizations
suggested that catalyst 1 obeyed a first order rate dependence
on anhydride concentration. Semi-logarithmic conversion
versus time data obeyed a linear fit after a short induction
period (Figure 2, top). It should be noted that the induction
period of >20 min corresponds to the time required for both
thermal equilibration and complete dissolution of the anhy-
dride. On the other hand, the kinetic data obtained using cata-
lyst 2 could be fit with a zero order rate dependence on anhy-
dride concentration, that is, a linear fit was obtained to conver-
sion versus time data (Figure 2, bottom). The first order de-
pendence is very unusual as most of the other known catalysts
show a zero order dependence on anhydride concentra-
tion.®B¢=¥¥@ Eyrthermore, using either 1 or 2 in CHO/PA
ROCOP showed zero order dependence under all conditions,
thereby highlighting the influence of the chemistry of the an-
hydride (Table 2).5*

A possible model which could rationalize the kinetic data is
illustrated in Figure 3. According to the hypothesis, the two
polymerizations cycles are linked by a common metal-alkoxide
intermediate which can react either with a) with an anhydride
to form ester linkages (k;) or b) with CO, to carbonate linkages
(k;). It would be useful to directly determine the rates of the
insertion reactions and such aim is part of our long-term re-
search endeavours. In this context, it is relevant to note that
direct rate determination is not straightforward and recent
work on the rate of CO, insertion into Zn—H bonds highlighted
the complexities of such measurements, with the apparent
rate being fast but ultimately diffusion limited."® In place of
direct rate measurements, the reaction orders in monomer
concentrations are relevant to rationalize the opposite selectiv-
ities observed using the two catalysts. Both catalysts are al-
ready investigated for carbon dioxide/epoxide copolymeriza-

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Top) Plot of In([BCA1]) versus time for catalyst 1 (first order mono-
mer dependence), and bottom) plot of [BCA1] versus time for catalyst 2
(zeroth order monomer). Polymerization conditions: [catalyst]/[BCA1]/
[CHO]=1:100:1000, 100 °C, in neat CHO.

Table 2. The ROCOP of BCA1/CHO initiated by 1 and 2.

Catalyst Polymer M, (D) % Ester® T,
2 PE 5930 (1.08), 2530 (1.09) 100 118
1 PE 6730 (1.06), 2870 (1.09) 100 117
1 PE 14760 (1.15), 4350 (1.11) 100 126
1 PC-b-PE 6230 (1.16) 60 113
2 PE-b-PC 10460 (1.06), 4280 (1.09) 30 95

[Cr]ed PE®d 21900 (1.26) 100 86

[a] Determined by SEC, using polystyrene calibration. [b] Determined by
integrating the normalized resonances for ester linkages (4.78-4.50 ppm)
in the 'HNMR spectrum. [c] Determined by DSC, from the second and
third cycles.

tions, with the di-zinc species showing a zero order depend-
ence on carbon dioxide pressure over the range 1-40 bar!"”
and the magnesium catalyst showing TOF values which were
not substantially affected by pressure. Thus, it is proposed that
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Figure 3. Structures of the key intermediates in the catalytic cycles (top) and
bicyclic anhydrides used in this study (bottom).

both catalysts show rapid insertion of carbon dioxide during
CHO/CO, copolymerizations. Considering the dependence on
anhydride concentrations, catalyst 2 showed an apparent
zeroth dependence on anhydride concentration. During terpo-
lymerization experiments the anhydride was consumed prior
to CO,, indicating that anhydride insertion occurs faster than
CO, insertion from the common alkoxide intermediate (i.e., k;
> k,, Figure 3). Such a rationale is in agreement with the
mechanism proposed by Coates and co-workers in their semi-
nal studies of block selectivity in terpolymerizations using
phthalic anhydride.®”’ In contrast, when using catalyst 1 a first-
order dependence on anhydride concentration appeared
a more suitable fit to the data. Furthermore, the terpolymeriza-
tion data showed that CO, was inserted prior to anhydride
consumption. Indeed, anhydride consumption only occurred
after CO, removal from the reaction solution. These findings as
a whole may indicate that the rate of CO, insertion from the
common alkoxide intermediate is greater than that of anhy-
dride insertion (i.e., k; > k,, Figure 3). Given that 1 and 2 have
the same ligand and only differ by the choice of metal, the op-
posite selectivities towards monomers was unexpected.'®"®
Furthermore, the anhydride rigid and hindered structure also
seems to be important in determining process selectivity. To
support this observation, other tricyclic anhydrides featuring
different steric shielding effects were tested using Mg-catalyst
1 (Figure 3). When tested with mixtures of anhydride, CO, and
epoxide, catalyst 1 showed the unusual carbonate selectivity
prior to anhydride enchainment with all the cyclic anhydrides
(Figure S16). In contrast, the same catalyst exposed to cis-
1,2,3,6-tetrahydro phthalic anhydride (THPA), CO, and CHO
showed anhydride consumption prior to CO, enchainment
(Figure S17). It is also relevant to note that terpolymerizations
using phthalic anhydride, CO, and CHO were already investi-
gated using catalyst 1 and showed anhydride enchainment

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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prior to CO, polymerization.®* Thus, the rigidity and steric hin-

drance of the tricyclic anhydrides are implicated in the unusual
selectivity observed using catalyst 1.

The use of sterically encumbered bio-derived tricyclic anhy-
drides allows incorporation of two rigid groups (epoxide and
anhydride) into the polymer backbone which is expected to in-
crease the polymer T values. Recent work from Coates, Kleij
and co-workers has also allowed preparation of various polyes-
ters and carbonates using closely related tricyclic anhydrides.
In that study, the authors observed enhanced T values for the
materials."® It is particularly important to increase the thermal
resistance as many bio-sourced polyesters suffer from lower T,
values: for example, polylactide has a T;<60°C which limits
some applications in hot/humid climates. DSC analyses of all
the newly synthesised block copolymers showed high T,
values which could be further controlled by the carbonate/
ester block ratio. In particular, materials with greater amounts
of carbonate blocks (>70%) showed slightly lower T, values
whilst those containing greater proportions of ester blocks
(>60%) showed T, values up to 113°C. The T, of the polyes-
ters are >30°C higher than related bio-derived anhydrides co-
polymerized with propylene oxide.®%'¥

In conclusion, dinuclear Zn and Mg based catalysts coordi-
nated by the same ancillary ligand, showed unprecedented op-
posite selectivities in polymerizations of epoxide/bicyclic anhy-
drides and CO, to yield block copoly(ester-carbonates). When
using the Zn based catalyst, epoxide/anhydride enchainment
occurs first and only once anhydride is consumed, does epox-
ide/CO, polymerization occur. In contrast, with the Mg based
catalyst epoxide/CO, enchainment occurs first and epoxide/an-
hydride polymerization follows only after CO, removal. The ob-
served selectivity is supported by different anhydride con-
sumption kinetic profiles, observing an anhydride monomer re-
action order dependence on the metal catalyst selected. Such
selectivity has implications for controlling the position of
blocks in more complex enchainment patterns and will form
the basis of future investigations into controlled composition
materials.
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