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Heterodinuclear complexes featuring Zn(i) and
M = Al(in), Ga(m) or In(in) for cyclohexene oxide
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The ring opening copolymerisation of CO, and epoxides is a useful means to valorise waste emissions
and to reduce pollution in polymer manufacturing. Heterodinuclear catalysts, particularly those of Zn(u)/
Mg(i), have shown better performances than homodinuclear analogues in this reaction. As part of on-
going efforts to better understand the catalytic synergy, this work describes a series of heterodinuclear
complexes, combining Zn(i) with a metal from Group 13 (M = Al(m), Ga(m) or In(m)). The complexes are
synthesised from a symmetrical macrocyclic ligand in high yields via sequential metalation steps and are
the thermodynamic reaction products. The Zn(i1)/Group 13 complexes are effective homogeneous
catalysts for the ring opening copolymerisation (ROCOP) of cyclohexene oxide at 1 bar pressure of
carbon dioxide, but all show inferior performances compared to the di-zinc analogue. The CO, uptake
into the polymer increases in the order Al(n) < Ga(in) < In(m) which is attributed to lower Lewis acidity
heavier Group 13 homologues showing a reduced tendency to form ether linkages. Concurrently, poly-
carbonate activity increases down the Group 13 series consistent with weaker metal-oxygen bonds
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Introduction

The transformation of CO, into valuable products is a corner-
stone of sustainable chemistry," driven by the necessity to
reduce green-house gas emissions and fossil fuel consumption
in chemical manufacturing.” In contrast to the plethora of eso-
teric stoichiometric CO, transformations, CO,/epoxide ring-
opening copolymerisation (ROCOP) is a promising utilisation
as it is truly catalytic and allows for CO, uptake of 30-50% by
weight into the polymer.>* The major immediate term oppor-
tunity for these materials is as low molecular mass, hydroxyl
terminated polycarbonate or polyether-carbonate polyols.®
These polyols are used to manufacture a range of coatings,
urethanes and thermosets which show equivalent or better
properties than incumbent materials that derive only from
petrochemicals.®™® Importantly, the process of CO,/epoxide
copolymerisation to yield polycarbonate polyols is amenable to
large-scale manufacturing.>'® Furthermore, life cycle analysis
has shown a ‘triple win’ in terms of CO, emissions, for every
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which show enhanced lability to insertion reactions.

CO, molecule incorporated into the polymer backbone, two
more are saved by reducing epoxide consumption.> Catalysis is
central to the success of CO,/epoxide ROCOP but overall
the field suffers from a lack of diversity in catalyst structures
with most studies focussing on either di-Zn(u) or bicomponent
Co(m)/Cr(m)/Al(m) complex/co-catalyst systems.'"'* These
bicomponent systems can show high activity but are known to
enchain by complex mechanisms and require the use of expen-
sive and corrosive co-catalysts. Our research group have
focused on single-component dinuclear catalysts which
obviate co-catalyst requirements; di-Zn(u), Mg(u), Co(u/ur) and
Fe(m) macrocyclic complexes are all active and selective in the
low pressure regime (1 bar CO, pressure).”**® In 2015, we
reported the first Zn(u)/Mg(u) heterodinuclear catalyst which
showed superior performances to either di-Zn(u) or di-Mg(u)
counterparts, or any combinations of them.'” Recently we
investigated a series of these Zn(u)/Mg(u) heterocatalysts and
proposed a chain shuttling mechanism whereby magnesium
coordinates and activates the epoxide whilst zinc provides the
nucleophilic carbonate group.'® In 2018, Okuda and Mashima
reported a series of hetero-tetranuclear catalysts of the form
ZnzLn which were also highly active.'® Given the promise of
these mixed metal catalysts it is important to understand
which metal combinations are most effective and how synergy
functions. Naturally, not all metal combinations are synergic
as demonstrated by recent investigation of heterocomplexes
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featuring Zn(u) with Group 1 elements [Li(1), Na(1) and K(1)] or
Zn(u) with Group 2 elements [Mg(u) and Ca(u)]. Within the
series of complexes, only the Zn(u)/Mg(u) combination showed
synergy and all others were less active than the Zn(u)/Zn(u)
homodinuclear complex.?® In this work, we investigate a series
of complexes featuring Zn(n) and Group 13 elements. The
metal selection is motivated by some precedent for Al(u) com-
plexes in this catalysis, for example Al(m) salen,> >* porphyrin®*>*
or trisphenolate*® complexes are all active as part of bicompo-
nent systems (i.e. with co-catalysts). Very recently, the first In
(m) catalysts were reported and operate without co-catalyst,
attributed to an unusual mononuclear mechanism.*® Al-cata-
lyst systems, with co-catalysts, are also widely investigated in
the ring-opening copolymerisation of epoxides and cyclic
anhydrides.>' ¢ Group 13 complexes also show good activity
for mechanistically related reactions such as in the ring-
opening polymerisation of lactide, lactones or cyclic carbo-
nates.*>”~** For the target macrocyclic catalysts, it was envisaged
that combining the labile Zn(u) site with Group 13 elements
could allow modification of metal Lewis acidity and alkoxide
lability. When targeting new catalysts, it is proposed that both
metals should have sufficiently small ionic radii to enable in-
plane coordination in the macrocycle cavity.*

M=Al 2
M=Ga 3
M=In 4
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Results and discussion

Firstly, the di-zinc complex (1) was prepared to allow for com-
parison with the target heterodinuclear complexes (2-4); all
complexes were synthesised using a sequential metalation pro-
cedure (Fig. 1). The synthesis involved ligand deprotonation
with diethyl zinc, in THF at 25 °C, to yield in situ a mono-zinc
complex (not isolated). Next, ZnCl, (for (1)) or the appropriate
MCl; {for (2-4) where M = Al(m), Ga(u) or In(u)} precursor was
added and the reaction heated to 100 °C for 16 h. The com-
plexes were isolated, without further purification, as white
powders in reasonable isolated yields (>70%). To understand
the importance of providing a free coordination site for mono-
mers, cationic complex 5 was synthesised by chloride abstrac-
tion from complex 4, by reaction with K[B(CeFs),] in THF at
25 °C, and was isolated as an off-white powder in 90% yield.
To understand the influence of the co-ligand on initiation
rates complex 6, featuring a bridging carboxylate co-ligand,
was synthesised via a metathesis reaction between complex 4
and KOBzpCF;. The reaction was conducted in MeOH, at
25 °C, and enabled isolation of the product as a white powder
in 95% yield. All complexes were characterised by solution
state NMR spectroscopy (Fig. S1-S25f), mass spectrometry

@
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Fig. 1 Synthesis of complexes 1-6. (i) ZnEt,, THF, 25 °C, 16 h. (ii) ZnCl,, THF, 100 °C, 16 h, 81%. (iii) MCls (M = Al, Ga or In), THF, 100 °C, 16 h, >70%.
(iv) KIB(CgFs)al, THF, 25 °C, 16 h, 90%. (v) KOBzpCF3, MeOH, 25 °C, 16 h, 95%.
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(Fig. S26-S297), elemental analysis and complexes 1-4 were
also characterised by single crystal X-ray diffraction experi-
ments (Fig. S30-S337).

The 'H NMR spectrum of 1 shows multiple, complex
signals at room temperature in all solvents tested (THF, metha-
nol, TCE) but was successfully determined in tetrachloro-
ethane (TCE) at 403 K, under these conditions the signals
coalesce to give an assignable spectrum. The spectrum shows
five resonances between 2.2 ppm and 5.0 ppm, representative
of the benzylic, methylene and amine proton environments.
There is a single resonance at 7.00 ppm corresponding to the
phenyl protons and this peak is indicative of a homodinuclear
complex coordinated by a symmetrical ligand. Its *C NMR
spectrum displays two signals, at 58.7 and 64.5 ppm, corres-
ponding to the benzylic and methylene carbon atoms, along
with four phenyl carbon signals, at 160.5 (ipso, phenolic
carbon), 140.3 (para), 125.5 (ortho) and 128.4 ppm (meta), due
to the complex’s symmetry. The 'H and >C NMR spectra are
in-line with related macrocycle di-zinc complexes with co-
ligands such as acetate, phenyl, benzoate and iodide."??%*%4
The MALDI-ToF mass spectrum displays a peak at 717 m/z,
corresponding to the molecular cation, [LZn,(Cl)]".

NMR spectroscopy is a useful means to determine the
success of the heterodinuclear complex synthesis and compari-
sons between the signals for the heterodinuclear complexes
and homodinuclear (1) are useful to determine purity. The
homodinuclear complex is C, symmetric but heterodinuclear
complexes 2-4 lack this symmetry and as a result show
different environments for all the protons in the 'H NMR
spectra (Fig. 2). Another indicator of heterodinuclear complex
formation is the presence of coupling between the two phenyl
proton resonances, at ~7.00 ppm, as confirmed by 2D COSY
NMR spectroscopy (Fig. S5, S9 and S147). If a mixture of homo-
dinuclear complexes were formed, it would be expected to
display two phenyl resonances but these would not couple

Zn(I)Zn(1l)

%_N,Zn\O,ZnN_%

1H NMR H H
*
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with one another. The presence of coupled aromatic signals is
a strong indicator of heterodinuclear complex formation; that
said, in some circumstances this coupling is more difficult to
unambiguously assign as it depends upon the magnitude of
the iy coupling constant. The 'H NMR spectra for the
heterodinuclear complexes can be used to infer the approxi-
mate purity, by comparing the integrals of signals at 6.79 (if
any complex 1 is present) and ~6.97 ppm (for heterocomplexes
2-4). This analysis indicates that the heterodinuclear com-
plexes are all formed as the major product, with purity values,
within the detection limits of NMR spectroscopy, of 90% (2),
95% (3) and >99% (4), respectively.

The *C NMR spectra also show the loss of C, symmetry
compared to 1, with the heterodinuclear complexes displaying
double the number of signals for nearly all the carbon atoms
(Fig. 2). Another diagnostic feature of heterodinuclear complex
formation is the retention of a single resonance for the ipso-
and para-phenyl carbons, at approx. 160 and 140 ppm, respect-
ively (Fig. 2). A mixture of homodinuclear complexes would be
expected to display two signals each for these carbons. The *C
NMR can be used in conjunction with 'H and COSY NMR to
confirm heterodinuclear complex formation.

2D DOSY NMR spectra for complexes 2-4 all show a single
diffusion coefficient, consistent with a discrete monomeric
heterodinuclear complex in THF solution (as a representative
solvent considering that polymerizations are conducted in
neat epoxide) (Fig. S11, S16 and S25f). MALDI-ToF mass
spectra showed molecular ions corresponding to the cation
[LZnM(CL,)]" at 714 m/z, 755 m/z and 800 m/z, where M = Al, Ga
and In, for complexes 2, 3 and 4, respectively (Fig. S27-S297).

The "H NMR spectrum of cationic complex 5 displays sig-
nificant shifts to higher chemical shift values for all NH reso-
nances compared to complex 4 (Fig. S177), consistent with the
increased positive charge on the complex. The NMR data
clearly confirm that the heterodinuclear complex is main-

* * * * *
* *
Zn(IZn(ll)
*
#%
*

# 4 #H#* % #dk

Zn(Iin(il) M
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*
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*
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Fig. 2 Overlaid selected regions of the 'H and *C NMR spectra of di-zinc complex (1) and heterodinuclear Zn(i)in(n) complex (4). Note the full
spectra and assignment is available in the ESI (Fig. S1, S2, S12 and S15+). *Residual TCE and THF.
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tained and that there are not any metal re-distribution
reactions.

The "B, *C and '°F NMR spectra also all indicate the for-
mation of a single complex (Fig. $19-S217). The "H NMR spec-
trum of complex 6 indicates the success of the metathesis reac-
tion and is consistent with the solid state structure where the
P%Fpenzoate is located at the bridging position (Fig. S22 and
S34;f single crystal analysis by X-ray diffraction gave insuffi-
cient data to fully resolve the structure, though its connectivity
could still be obtained). The '"H NMR data confirms that the
heterodinuclear complex is retained without any detectable
metal redistribution. The NH resonances are not observed due
to H-D exchange processes occurring between the complex
and the solvent (d,-MeOD). A major and minor set of reso-
nances are observed for the ?““*benzoate protons which is
attributed to both k; vs. k, coordination modes, as was pre-
viously observed for an analogous Mg(u1)/Zn (i) complex.'®

Single crystals, suitable for X-ray crystallography, were iso-
lated by diffusion of pentane into a saturated solution of the
complexes in acetonitrile (1, 2 and 3) or THF (4 and 6), at
—40 °C in a glovebox (Fig. S30-S34 and Tables S1-S57). The
structures of 2-4 confirm the formation of heterodinuclear
complexes, which are monomeric in the solid state, and which
feature three chloride co-ligands. The structures show the
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macrocycle adopts a ‘bowl’ conformation in each case. For
complexes 1-4, the zinc atom(s) adopts a pentacoordinate, dis-
torted square based pyramidal geometry (z5 = 0.35 Zn1 (1), 75 =
0.15 Zn2 (1), 75 = 0.07 Znl (2), 75 = 0.02 Zn1 (3), 75 = 0.01
Znl (4)) and is coordinated by a chloride co-ligand. The
Group 13 metals show octahedral coordination geometries
and are coordinated by two chloride co-ligands in line with the
higher oxidation state of these metals. For 1, the Zn-Zn separ-
ation is 3.04(1) A, consistent with previous di-zinc complexes
coordinated by this ligand and with the proposed distance
for effective catalysis.’”**™*® For 2-4, Zn-M(m) separations
increase with the increasing ionic radius of the Group 13
element and are 3.02(3) A, 3.12(3) A and 3.15(8) A for com-
plexes 2, 3 and 4, respectively (Fig. 3).

The heterodinuclear complexes, 2-6, were tested for
CO,/CHO ROCOP and compared against the di-zinc catalyst (1).
The polymerisations were all conducted at 80 °C, 0.1 mol%
catalyst loading and using 1 bar CO, pressure. The conditions
were selected as they have previously been shown to result in
reasonable activity for related catalysts and to enable compari-
son against the existing literature.">*® Within the series of
compounds, the di-zinc catalyst (1) shows the highest activity
(9 h™) and yields the highest carbonate linkage content
(CO, uptake) and polymer selectivity (minor quantities of

Fig. 3 ORTEP representation of the crystallographic structure of complex 1-4 and 6 obtained by single crystal X-ray diffraction. Disorder and
H-atoms (excluding NH) have been omitted for clarity, with thermal ellipsoids represented at 40% probability. Selected bond lengths (A) and angles (°)

see Tables S1-S5.+
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trans-cyclohexene carbonate are observed by 'H NMR spec-
troscopy). Indeed, its performance is equivalent to the pre-
viously reported di-zinc acetate analogue.? Heterodinuclear
tri-chloride complexes (2-4) all show low activity and yield
polymers with significant ether linkage contents and/or poly-
ether contamination (up to 32%). These polyethers form as a
result of the metal-alkoxide catalytic intermediate under-going
sequential epoxide ring opening of an epoxide molecule (see
Fig. S36,1 for illustrations of the reactions occurring in the
catalytic cycle and side-reactions). All heterodinuclear com-
plexes show high polymer selectivity and there is very little
cyclic carbonate by-product formation.

The polymers’ molecular masses were analysed using GPC
and, in most cases, bimodal molecular mass distributions
were apparent. Multi-modal molecular mass distributions are
very common in ROCOP reactions and are attributed to two
series of chains resulting from different initiating groups.*® It
is proposed that the lower molecular mass series are initiated
from the catalyst M-Cl, whereas the higher molecular mass
series are from 1,2-cyclohexanediol. The 1,2-cyclohexanediol is
proposed to form by reaction between cyclohexene oxide and
residual water (e.g. in the CO,). Darensbourg and co-workers
have established the rates of such hydrolyses typically exceed
polymerization initiation and propagation rates.’®>* In the
case of catalyst 4 at 1 bar CO, pressure a trimodal molecular
mass distribution was observed, with peaks being tentatively
attributed to polyether and two polycarbonate series, respect-
ively (Table 1, entry 4).>° At 20 bar pressure, catalyst 4 does not
produce any polyether and the expected bimodal molecular
mass distribution is observed (Table 1, entry 5).
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In terms of polymerization selectivity, the catalysts show
decreasing amounts of ether linkages on descending the series
and the complexes of Ga(m) and In(m) show reasonable/good
selectivity. This change in selectivity is proposed to result from
the lower Lewis acidity of heavier Group 13 congeners com-
pared to Al(m) and highlights the importance of appropriate
balance of Lewis acidity in controlling side-reactions. The high
ether content may also signal that CO, insertion is implicated
in the rate limiting step and thus complex 4 was tested with 20
bar CO, pressure. Under these conditions a perfectly alternat-
ing copolymer formed, with no ether linkages. In the higher
pressure regime, there is also a significant increase in activity
(28 h™") which may be a preliminary indication of a rate law
dependent on CO, pressure or from the improved reaction stir-
ring in the high pressure autoclaves.

All polymerisation catalysts show induction periods prior to
the start of the catalysis. To rule out that metal redistribution
reactions occur during these induction periods, catalysts 2-4
were heated at 100 °C for 3 days in THF (Fig. $37-397). In all
cases, the 'H NMR spectra were identical before and after pro-
longed heating, i.e. there was no evidence for the formation of
dizinc 1. The low polymerisation activity and significant induc-
tion periods of these ZnM(ur) complexes could be due to coordi-
native saturation retarding epoxide coordination and activation.
To investigate whether this could be overcome, cationic complex
5 showing a ‘free’ coordination site was prepared. Unfortunately,
it rapidly forms a polymer which is almost entirely polyether,
probably due to the increased Lewis acidity of the In(m) site.>

A recent investigation into analogous ZnMg catalysts
showed that by applying carboxylate ligands, in place of

Table 1 Data for the ROCOP of cyclohexene oxide and 1 bar CO, using Catalysts 1-6 ¢

Entry Catalyst Time (d) TON” TOF* (h™) CO, 4 (%) Polym.* (%) M, [P}/ (g mol™)

1 1 2 417 9 >99 98 20 500[1.04]
8800 [1.13]

2 2 3 24 0.3 68 88 n.d

3 3 3 69 1 85 95 n.d

4 4 3 399 6 85 91 16 800 [1.07]
6600 [1.07]
2700 [1.12]

5 48 0.33 221 28 >99 >99 12 400 [1.03]
5100 [1.18]

6 5 0.25 696 116 <1 >99 n.d

7 6 3 227 3 >99 90 11200 [1.04]
4900 [1.12]

8 ZnMgBr, ' 0.25 247 78 >99 >99 3000 [1.18]

9 PSalan-InCl" > 2 350 15 >99 95 19700 [2.00]

, 3400 [1.32]

10 Salan-AlCI + Bu,NCI'** 0.33 404 35 98 3 n.d

11 B-Keto-Al,Me + Bu,NOAc’ *” 0.25 36 15 >99 97 4200 [1.21]

12 Amino tris(phenolate)AICI + PPNCI* * 2 154 3 >99 >99 11900 [1.49]

“Catalysis conditions: catalyst: CHO 1:1000, 80 °C, 1 bar pressure CO, and in neat epoxide. ” Turnover number (TON) = number of moles of
cyclohexene oxide consumed/number of moles of catalyst. ¢ Turnover frequency (TOF) = TON/time (h). ¢ Expressed as a percentage of CO, uptake
vs. the theoretical maximum (100%), determined by comparison of the relative integrals of the '"H NMR proton resonances due to carbonate
(6 4.65 ppm) and ether (§ 3.45 ppm) linkages in the polymer backbone. ° Expressed as a percentage of polymer formation vs. the theoretical
maximum (100%), determined by comparison of the relative integrals of the "H NMR proton resonances due to polymer (4.65 ppm) and trans-
cyclic carbonate (4.00 ppm)./ Determined by SEC, in THF, calibrated using narrow-M,, polystyrene standards. Values for Zn/Al and Zn/Ga were
not determined as the conversion was too low. 20 bar CO,. "60 °C. ‘35 bar CO,. 50 bar CO,. ©15 bar CO,, 40 °C, 0.5 mol% cat loading
(Fig. S357 for molecular structures).
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halides, it was possible to significantly enhance turn-over-fre-
quency values.'® Nonetheless, in this series of catalysts
complex 6, featuring a #“**benzoate ligand, showed no dis-
cernible difference in rate or selectivity, but a slight decrease
in ether linkages, compared with 4. Attempts to further substi-
tute the two remaining chloride ligands in 6 with
PCF3penzoate groups were unsuccessful and resulted in broad,
complex NMR spectra.

In terms of the catalytic activity of the series of ZnM(m) cat-
alysts, there is a marginal increase on descending the series of
Group 13 elements from ~1 h™" (Al(m)) to 9 h™" (In(ur)). This
increasing activity may correlate with the decreasing M-O
bond strengths and the increasing lability of the metal alkox-
ide intermediates. Overall, it is quite clear that the activity
values for these complexes are very low and particularly com-
pared to leading catalysts in this field.'®"****> The Zn(n)Mg(i)
catalyst shows a TOF of ~78 h™" and quantitative selectivity for
carbonate linkages, under the same conditions (Table 1).
Nonetheless, it is worth noting that the activities are in-line
with other (previously reported) Group 13 catalysts (Table 1).°°
For example, the high pressure CO, activity of 4 (ZnIn(m) is
approximately equivalent to that of a salanAl/BuyNCI system
and significantly greater than a di-Al(m) catalyst system
(B-ketoAl,Et/BuysNOAc) or the amino tris(phenolate)Al/PPNCI
systems (Table 1).>"*”*® Overall, these heterodinuclear ZnM(m)
catalysts show some promise in terms of activity and selecti-
vity, particularly compared to other Group 13 catalysts. Future
investigations should target ancillary ligands capable of redu-
cing the Group 13 element Lewis acidity, and associated M-O
bond strength, so as to increase activity and selectivity for car-
bonate linkage formation.

Conclusions

The syntheses and characterisations of a series of heterodi-
nuclear Zn(u)/Al(mr), Ga(ur) or In(m) complexes, coordinated by
a symmetrical macrocycle are reported. The compounds are
synthesised using a sequential metalation route, operating
under thermodynamic control, which yields the heterodi-
nuclear complexes as the major reaction products. The com-
plexes are applied as homogeneous catalysts for cyclohexene
oxide/CO, ring opening copolymerisation but all show worse
performance than the di-zinc analogue. It seems that the
enhanced Lewis acidity and significant M-O bond strengths of
these Group 13 elements, compared to Zn(u), are less desirable
in this catalysis. The ability to use inexpensive, colourless and
abundant elements, such as Al(u) and Mg(u), remains an
important goal for the field. Future work needs to address opti-
mising the ligand design so as to improve catalytic activity and
selectivity.

Experimental section

All experimental manipulations were performed using a dual-
manifold nitrogen-vacuum Schlenk line or in a nitrogen filled
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glovebox. All solvents and reagents were obtained from com-
mercial sources and used as received unless stated otherwise.
THF, acetonitrile and pentane were obtained from an SPS
system, degassed by several freeze-pump-thaw cycles, further
dried with 3 A molecular sieves and stored under nitrogen.
Cyclohexene oxide was dried over calcium hydride (2 days) and
purified via fractional distillation prior to use and stored
under a nitrogen atomsphere.

Low pressure copolymerisation studies were performed
using a triple manifold youngs tap CO,/N,/vacuum Schlenk
line where research-grade carbon dioxide was dried through a
drierite column, and two addition drying columns (Micro Torr,
Model number: MC1-804FV) in series, before use in copoly-
merisation studies. High pressure copolymerisation studies
were performed in a 25 mL Parr 5500 HP Compact Reactor
using research-grade carbon dioxide that was dried by passing
through two drying columns in series (VICI, Thames Restek).

'H, ''B, *C, '°F and 2D NMR spectra were obtained using a
Bruker AV 400 MHz spectrometer at 298 K, unless stated other-
wise. MALDI-ToF analysis was performed on a Micromass
MALDI micro MX spectrometer. The matrix used was trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malonitrile.

Gel permeation chromatrography analysis was carried out
on a two mixed bed PSS SDV linear S column in series, with
THF as the eluent, at a flow rate of 1 mL min™', on a
Shimadzu LC-20AD instrument, at 40 °C. Polymer molecular
mass values (M,,) were obtained by calibration of the instru-
ment using a series of narrow molecular mass polystyrene
standards and are reported without correction.

Elemental Analysis was determined by Mr Stephen Boyer at
London Metropolitan University.

General procedure of complexes 1-4 synthesis

ZnEt, (0.11 g, 0.91 mmol) was added dropwise to a solution of
H,L (0.50 g, 0.91 mmol) in THF (10 mL) and stirred for 16 h at
25 °C. ZnCl, or MCl; (M = Al, Ga or In) (0.91 mmol) in THF
(5 mL) was added to the stirring solution (LZn) and the reac-
tion heated to 100 °C for 16 h. The solvent was removed in
vacuo to afford the products as white powders.

Complex 1. (0.55 g, 0.73 mmol, 81%). '"H NMR (d,-TCE,
400.20 MHz, 403 K) 6.99 (s, 4H, PhH) 4.77 (s, 4H, Zn-HN-
CH,-Ph) 3.38 (s, 4H, Zn-HN-CH,-Ph) 3.03 (s, 4H, Zn-NH)
2.82 (s, 4H, Zn-HN-CH,~C(CHj3),) 2.50 (s, 4H, Zn-HN-CH,-C
(CH;),) 1.40-1.30 (s, 24 H, C(CHj),, C(CH,);) 1.12 (s, 6H,
C(CH3),). *C NMR (d,-TCE, 125.81 MHz, 403 K) 160.5 (ipso-
Ph) 140.3 (p-Ph) 128.3 (m-Ph) 124.9 (0-Ph) 64.5 (Zn-HN-CH,~C
(CH;),) 58.7 (Zn-HN-CH,-Ph) 35.2 (C(CH,),) 34.9 (C(CH3)3)
32.9 (C(CHj)3) 29.4 (C(CH3),) 25.3 (C(CH3),). Elemental ana-
lysis for Cj;4Hs54CLN,0,Zn, (748.22 g mol'): calculated;
C, 54.3; H, 7.2; N, 7.5%. Found; C, 54.5; H, 7.4; N, 7.6%. MS
(MALDI-TOF): m/z 717 [LZnZnCl]" (90%).

Complex 2. (0.63 g, 0.84 mmol, 95%). 'H NMR (d;-MeCN,
400.20 MHz, 298 K): 7.06 (d, 4H, Al-PhH, Zn-PhH) 5.04-4.89
(m, 4H, Al-HN-CH,-Ph, Zn-HN-CH,-Ph) 3.65 (t, 2H, °J =
11.45 Hz, AI-NH) 3.35 (d, 2H, *J = 13.17 Hz, Zn-HN-CH,-Ph)
3.29 (s, 2H, % = 12.60 Hz, Al-HN-CH,-Ph) 2.93 (t, 2H,

This journal is © The Royal Society of Chemistry 2020
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3] = 11.45 Hz, AI-HN-CH,-C(CHj3),) 2.83 (t, 2H, *J = 13.17 Hz,
Zn-HN-CH,-C(CHj3),) 2.78-2.64 (m, 4H, AI-HN-CH,~C(CH3),,
Zn-HN-CH,-C(CH,),) 2.54 (t, 2H, *J = 11.99 Hz, Zn-NH) 1.36
(s, 3H, C(CH3),) 1.27 (s, 18H, C(CHj;);) 1.07 (s, 3H, C(CH3),)
0.93 (s, 3H, C(CH3),). "*C NMR (d;-MeCN, 125.81 MHz, 298 K)
155.0 (ipso-Ph) 141.5 (p-Ph) 129.1 (m-PhZn) 127.7 (m-PhAl)
124.7 (0-PhZn) 64.8 (Zn-HN-CH,-C(CHj3),) 63.2 (Al-HN-
CH,-C(CH3),) 57.1 (Zn-HN-CH,-Ph) 56.7 (Al-HN-CH,-Ph)
34.2 (Zn-HN-CH,-C(CH3),) 34.0 (Al-HN-CH,-C(CH3),) 33.3
(C(CH,);) 31.6 (C(CH,);) 27.9 (C(CHs),) 27.7 (C(CHa),)
22.1 (C(CH;),) 20.4 (C(CHj),). Elemental analysis for
C34Hs5,AICI;N,0,Zn (746.24 ¢ mol™"): calculated; C, 54.5; H,
7.3; N, 7.5%. Found; C, 54.0; H, 6.9 N, 7.2%. MS (MALDI-ToF):
m/z 714 [LZnAICl,]" (90%).

Complex 3. (0.51 g, 0.65 mmol, 72%). 'H NMR (d;-MeCN,
400.20 MHz, 298 K): 7.06 (d, 2H, % = 2.63 Hz, Ga-PhH) 7.03
(d, 2H, ¥J = 2.63 Hz, Zn-PhH) 4.99 (t, 2H, ] = 12.92 Hz, Ga-
HN-CH,-Ph) 4.87 (t, 2H, ] = 11.90 Hz, Zn-HN-CH,-Ph) 3.71
(t, 2H, %] = 11.22 Hz, Ga-NH) 3.26 (d, 2H, * = 12.41 Hz, Ga-
HN-CH,-Ph) 3.25 (d, 2H, *J = 12.66 Hz, Zn-HN-CH,-Ph) 3.03
(t, 2H, *J = 12.29 Hz, Ga-CH,-C(CHj3),) 2.86 (t, 2H, *J = 12.78
Hz, Zn-CH,-C(CH3),) 2.73 (t, 2H, *J = 11.55 Hz, Ga-HN-CH,-C
(CH;),) 2.66 (t, 2H, 3] = 10.20 Hz, Zn-HN-CH,~C(CH3),) 2.43
(t, 2H, *J = 10.08 Hz, Zn-NH) 1.35 (s, 3H, C(CH,),) 1.28 (s, 18H,
C(CH3);) 1.05 (s, 3H, C(CH3),) 0.96 (s, 3H, C(CH3),) 0.93 (s, 3H,
C(CH3;),). *C NMR (d;-MeCN, 125.81 MHz, 298 K): 157.2 (ipso-
Ph) 140.9 (p-Ph) 129.4 (Zn-m-Ph) 128.7 (Ga-m-Ph) 125.2 (Ga-o-
Ph) 124.2 (Zn-0-Ph) 64.1 (Zn-HN-CH,-C(CHj3;),) 63.3 (Ga-HN-
CH,-C(CH3),) 56.9 (Zn-HN-CH,-Ph) 56.7 (Ga-HN-CH,-Ph)
33.6 (C(CH,);) 34.2 (C(CH3),) 34.0 (C(CH3),) 31.7 (C(CH3)s)
27.9 (C(CH,),) 26.3 (C(CH,),) 22.0 (C(CH,),) 20.5 (C(CHa),).
Elemental analysis for Cz,H;5,Cl;GaN,0,Zn (788.19 g mol )
calculated; C, 51.5; H, 6.9; N, 7.1%. Found; C, 51.7; H, 6.9;
N, 7.1%. MS (MALDI-ToF): m/z 755 [LZnGaCl,]" (100%).

Complex 4. (0.65 g, 0.78 mmol, 86%). 'H NMR (dg-THF,
400.20 MHz, 298 K) 6.99 (d, 2H, *J = 2.10 Hz, In-PhH) 6.96
(d, 2H, ¥ = 1.96 Hz, Zn-PhH) 5.15 (t, 2H, *] = 11.87 Hz, In-
HN-CH,-Ph) 4.98 (t, 2H, ] = 11.65 Hz, Zn-HN-CH,-Ph) 3.77
(t, 2H, 3] = 10.68 Hz, In-NH) 3.37 (t, 2H, *J = 12.04 Hz, In-HN-
CH,-C(CH3),) 3.26 (d, 2H, *J = 12.95 Hz, In-HN-CH,-Ph) 3.11
(d, 2H, *J = 12.27 Hz, Zn-HN-CH,-Ph) 3.05 (t, 2H, *J = 12.04,
Zn-HN-CH,-C(CHj;),) 2.68 (d, 2H, *J = 12.04 Hz, In-HN-CH,~
C(CH3),) 2.60 (d, 2H, %] = 11.36 Hz, Zn-HN-CH,~C(CHj),) 2.50
(t, 2H, 3] = 11.59, Zn-NH) 1.31 (s, 3H, -C(CH3),) 1.25 (s, 18H,
C(CH3);3) 1.09 (s, 3H, -C(CH3),) 0.99 (s, 3H, -C(CH3),) 0.95
(s, 3H, ~C(CHj,),). "*C NMR (dg-THF, 125.81 MHz, 298 K) 159.7
(ipso-Ph) 138.8 (p-Ph) 129.4 (Zn-m-Ph) 128.4 (In-m-Ph) 126.5
(In-0-Ph) 123.8 (Zn-0-Ph) 63.3 (Zn-HN-CH,-C(CHj3),) 61.7 (In-
HN-CH,-C(CHj3),) 57.0 (Zn-HN-CH,-Ph) 56.1 (In-HN-CH,-C
(CH;3),) 35.0 (C(CHj3),) 34.2 (C(CHj),) 34.0 (-C(CHj3);) 31.7
(-C(CH3;)3) 28.9 (-C(CH3),) 28.2 (-C(CH3),) 21.7 (-C(CH3;),) 20.7
(C(CH3),). Elemental analysis for C3,Hs54Cl3InN,0,Zn (834.16 g
mol™): calculated; C, 48.8; H, 6.5; N, 6.7%. Found; C, 48.7;
H, 6.6; N, 6.6%. MS (MALDI-TOF): m/z 799 [LZnInCl,]" (90%).

Complex 5. K[B(C¢Fs),] (0.33 g, 0.46 mmol) was added to a
solution of complex 4 (0.38 g, 0.46 mmol) in THF (5 mL) and
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stirred for 16 h at 25 °C. The solution was filtered and reduced
in vacuo to dryness. The product was extracted into toluene
and washed with pentane (3 x 5 mL) to afford a white solid
(0.61 g, 0.41 mmol, 90%). 'H NMR (dg-THF, 400.20 MHz,
298 K) 7.06 (s, 2H, In-PhH) 7.03 (s, 2H, Zn-PhH) 5.05 (t, 2H,
3] = 11.87 Hz, In-HN-CH,-Ph) 4.84 (t, 2H, *J = 11.65 Hz, Zn-
HN-CH,-Ph) 4.30 (t, 2H, ] = 10.68 Hz, In-NH) 3.36 (t, 2H, *J =
12.04 Hz, In-HN-CH,-C(CHj),) 3.28 (d, 2H, *] = 12.95 Hz, In-
HN-CH,-Ph) 3.23 (d, 2H, ] = 12.27 Hz, Zn-HN-CH,-Ph) 2.96
(t, 2H, *] = 12.04, Zn-HN-CH,-C(CH3),) 2.90 (d, 2H, ] = 12.04
Hz, In-HN-CH,-C(CHj,),) 2.75 (d, 2H, *J = 11.36 Hz, Zn-HN-
CH,-C(CH3),) 2.69 (t, 2H, %/ = 11.59, Zn-NH) 1.27 (s, 3H,
~C(CH,),) 1.25 (s, 18H, C(CH3);) 1.09 (s, 3H, ~C(CH3),) 1.00 (s,
3H, -C(CHj3),) 0.97 (s, 3H, -C(CHj),). "'B NMR (d8-THF,
128.39 MHz, 298 K) —16.6 (s, B(ArFs),). *C*” NMR (dg-THF,
125.81 MHz, 298 K) 158.2 (ipso-Ph) 149.2 (br. ipso-BArF) 147.2
(br. p-BArF) 139.6 (p-Ph) 137.2 (br. m-BArF) 135.1 (br. m-BArF)
129.1 (Zn-m-Ph) 128.3 (In-,-Ph) 125.5 (In-0-Ph) 123.1 (Zn-0-Ph)
63.6 (Zn-HN-CH,-C(CH3),) 61.3 (In-HN-CH,-C(CH3),) 56.0
(Zn-HN-CH,-Ph) 55.3 (In-HN-CH,-C(CH,),) 34.2 (C(CH,),)
33.3 (C(CH3)3) 30.8 (C(CHj3)s) 27.8 (C(CHz),) 27.2 (C(CHs)y)
20.7 (C(CHs),) 19.8 (C(CHs),). "°F NMR (d8-THF, 470 MHz,
298 K) —132.7 (s, 8H, 0-PhF) —165.1 (t, 4H, °J = 24.4 Hz, p-PhF)
—168.5 (t, 8H, 22.3 Hz, m-PhF). Elemental analysis for
CsgHs54BCl,Fy0InN,0,Zn (1478.17 g mol_l): calculated; C, 47.0;
H, 3.7; N, 3.8%. Found; C, 46.7; H, 4.0; N, 4.1%.

Complex 6. KOBzpCF; (0.01 g, 0.05 mmol) was added to a
solution of complex 4 (0.04 g, 0.05 mmol) in THF (5 mL) and
stirred for 16 h at 25 °C. The solution was filtered and reduced
in vacuo to dryness. The product was extracted into toluene
(0.5 mL) and further dried in vacuo. The crude product was
washed with pentane (3 x 5 mL) to afford a white solid (0.05 g,
0.048 mmol, 95%) '"H NMR (d,-MeOD, 500.20 MHz, 298 K)
7.96 (d, 2H, *J = 8.1 Hz, ortho-OBzpCF;) 7.53 (d, 2H, *] = 8.4 Hz,
meta-OBzpCF,) 7.10 (d, 2H, *J = 2.5 Hz, Zn-PhH) 7.07 (d, 2H,
] = 2.60 Hz, In-PhH) 4.64 (d, 2H, *] = 12.2 Hz, Ph-CH,-NH)
4.25 (d, 2H, */ = 12.2 Hz, Ph-CH,-NH) 3.41 (d, 4H, %] =
12.4 Hz, Ph-CH,-NH) 3.33 (d, 2H, *J = 12.1 Hz, CH,~C(CHj,),)
2.95 (d, 2H, ] = 12.1 Hz, CH,~C(CH,3),) 2.78 (d, 2H, ] =
12.1 Hz, CH,~C(CH3),) 2.75 (d, 2H, *J = 12.1 Hz, CH,~C(CH3),)
1.50 (s, 3H, C(CHj;),) 1.43 (s, 3H, C(CHj;),) 1.19 (s, 18 H,
C(CHj,);) 1.08 (s, 3H, C(CH;),) 1.05 (s, 3H, C(CH3),). *C NMR
(d4-MeOD, 125.81 MHz, 298 K) 170.3 (CO,Ph) 159.3 (ipso-OPh)
139.4 (ipso-OBz) 138.0 (ortho-OPh) 130.0 (ortho-OBz) 129.5
(meta-OPh) 129.0 (meta-OBz) 124.2 (para-OBz) 124.1 (para-OBz)
61.8 (CH,-C(CH3),) 60.3 (CH,-C(CHj),) 54.8 (Ph-CH,-NH)
54.3 (Ph—CH,-NH) 34.3 (C(CH3),) 33.1 (C(CH3);) 30.5 (C(CH3)3)
27.5 (C(CH3),) 27.3 (C(CH3),) 20.9 (C(CH3),) 20.3 (C(CH3),). *°F
NMR (d,-MeOD, 376.64 MHz, 298 K): —64.4 (s, CF3). Elemental
analysis for C4,H55Cl,F3InN,0,Zn (988.21 g mol™): calculated;
C, 50.9; H, 5.9; N, 5.7%. Found; C, 50.3; H, 6.1; N, 6.0%.

General procedure for the synthesis of polycarbonates from
CO,/epoxide, at 1 bar CO, pressure

The catalyst (15 umol) was dissolved in CHO (15 mmol) and
placed under 1 bar CO, in a Schlenk tube and was heated to
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80 °C, at a stirring rate of 350 RPM. Aliquots were taken at
regular intervals and quenched by addition, in air, into
chloroform.

General procedure for the synthesis of polycarbonates from
CO,/epoxide, at 20 bar CO, pressure

The catalyst (60 pmol) was dissolved in CHO (60 mmol) and
placed into a 25 mL Parr Reactor inside a nitrogen filled glove-
box. The reactor was removed from the glove box and charged
with CO,, to a pressure of 20 bar, and heated to 80 °C.

X-ray crystallography

Crystalline samples were isolated in a glovebox, under a pool
of fluorinated oil, and mounted on MiTeGen MicroMounts.
The crystals were cooled to 150 K, using an Oxford Cryostream
nitrogen cooling device. Data collection was carried out with
an Oxford Diffraction supernova diffractometer using Cu Ko
(4 = 1.5417 A) radiation. The resulting raw data was processed
using CrysAlis Pro.>® Structures were solved using SHELXT
and Full-matrix least-squares refinements based on F* were
performed in SHELXL-14,>° as incorporated in the WinGX
package.®® For each methyl group, the hydrogen atoms were
added at calculated positions, using a riding model with
U(H) = 1.5U,q (bonded carbon atom). The rest of the hydrogen
atoms were included in the model at calculated positions,
using a riding model with U(H) = 1.2U., (bonded atom).
Neutral atom scattering factors were used and included terms
for anomalous dispersion.®® All crystal structures have been
registered with the Cambridge structural database: CCDC
1939693-1939697.F
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