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The ring-opening copolymerization of carbon dioxide and epoxides is a useful means to prepare aliphatic polycarbonates
and to add-value to CO..
activity than either homodinuclear analogue (J. Am. Chem. Soc. 2015, 137, 15078-15081). Building from this preliminary

Recently, the first heterodinuclear Zn(l1)/Mg(ll) catalyst was prepared and showed greater

finding, here, eight new Zn(ll)/Mg(ll) heterodinuclear catalysts featuring carboxylate co-ligands are prepared and
characterized. The best catalysts show very high activities for copolymerization using cyclohexene oxide (TOF = 8880 h-,
20 bar CO2, 120 °C, 0.01 mol% catalyst loading) or cyclopentene oxide. All the catalysts are highly active in the low
pressure regime and specifically at 1 bar pressure CO,. The polymerization kinetics are analysed using in situ spectroscopy
and aliquot techniques: the rate law is overall second order with a first order dependence in both catalyst and epoxide
concentrations and a zero order in carbon dioxide pressure. The pseudo first order rate coefficient values are compared
for the catalyst series and differences are primarily attributed to effects on initiation rates. The data are consistent with a
chain shuttling mechanistic hypothesis with heterodinuclear complexes showing particular rate enhancements by
optimizing distinct roles in the catalytic cycles. The mechanistic hypothesis should underpin future heterodinuclear

catalyst design for use both in other (co)polymerization and carbon dioxide utilization reactions.

Introduction

The alternating copolymerization of carbon dioxide and
epoxides vyields aliphatic polycarbonates (CO,-PC) which
contain 30-50 wt% CO,.% 2 It is a useful means to add-value to
a common industrial waste and to reduce greenhouse gas
emissions from polymer manufacture.3 4 Low molar mass CO,-
PC products have properties which allow them to replace
petrochemical polyols in the production of polyurethanes.> ©
High molar mass products show promising properties for use
as elastomers, rigid plastics, scratch resistant coatings and
even anti-microbial materials.”® Future product enhancements
and the widespread uptake of these materials still depend
upon the development of more highly active and selective
catalysts.10-15 Heterogeneous catalysts can be highly active but
yield much lower CO, content in the resulting polymers.l On
the other hand, homogeneous catalysts can produce perfectly

a-Chemistry Research Laboratory, University of Oxford, Mansfield Road, Oxford,
OX1 3TA, UK

b.School of Chemistry, University of Edinburgh, EH9 3FJ, UK.
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alternating copolymers but remain restricted to a relatively
narrow ligand/metal scope.l%13 Amongst the most active
homogeneous catalysts are Cr(lll), Co(lll) or Zn(ll) complexes
coordinated by ligands such as salens,13 1619 phenoxy-
amines,?%-22 and B-diiminates.23-28

Zn(I1) or Mg(ll) catalysts are attractive due to the relatively
low cost, toxicity, lack of colour and redox inactivity of these
metals.2% 22 Most research has focussed on zinc complexes and
detailed studies indicate many of the best catalysts operate by
dinuclear mechanisms.1> 23-31 For example, optimization of di-
zinc B-diiminate catalysts over the last decade has led to very
high activities and structure-activity studies indicate that rates
depend upon the intermetallic separation and ligand
flexibility.2528 In a couple of cases, it has been shown that
replacing the Zn(ll) metal with Mg(ll) in a dinuclear complex
increases the activity whilst reducing weight which is
particularly desirable for any larger-scale application.?2. 32
Currently the most active catalysts are all homodinuclear
complexes, i.e. featuring two identical metal centres.1 23-31 |n
2015, our group reported the first heterodinuclear catalyst, 1,
featuring both Zn(ll) and Mg(ll) metals which are coordinated
by a symmetrical macrocycle (Scheme 1).33.34
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Scheme 1: The synthesis of a series of hetero-Zn(l1)/Mg(ll) catalysts. Reagents: i) ZnEt,, THF, 25 °C, 16 h; ii) MgBr,, THF, -78 °C - RT, 1 h; iii) KX, THF, RT, 16 h. Isolated yields in

parentheses.

Complex 1 shows significantly higher activity than either the
di-zinc or di-magnesium complexes or than mixtures of them.34
Recently some other hetero-catalysts have been reported
including a series of zinc tris(lanthanide) complexes some of
which show excellent activities at 10 bar pressure.3537

In general, there are very few reports of the synthesis or
properties of well-defined heterodinuclear Zn(ll)/Mg(Il)
complexes in the literature, perhaps because these metals are
known to be labile, similarly sized and to show equivalent
coordination chemistry.38-41 |n order to properly compare and
understand the significance of heterodinuclear synergic
relationships it is important to use symmetrical ligands but this
provides a further difficulty in terms of complex synthesis. In
short it requires a means to mono-metallate a symmetrical
ancillary ligand.

Despite their limited synthetic precedent di-Zn(ll)/Mg(Il)
complexes are invoked as actives sites in conjugate addition
reactions,*? as highly reactive agents in Pd(ll) catalyzed cross-
coupling reactions,*% in addition to carbonyl compounds3® and
in stoichiometric fluoroarene substitution reactions.*? Several
metalloenzymes also feature heterobimetallic Zn(Il)/Mg(ll)
cores, for example DNA polymerases, aminopeptidases and
alkaline phosphatases, and structural studies have been
undertaken to model these active sites.***6 These broader
applications for Zn(I1)/Mg(ll) complexes
underscore the importance of developing both their synthetic
chemistry and improving the understanding of reactivity.

heterodinuclear

Results and discussion
Heterodinuclear Complex Synthesis

The synthesis of 1 was achieved by the reaction of LH»
with, first, diethyl zinc and, second, magnesium bromide

This journal is © The Royal Society of Chemistry 20xx

(Scheme 1). The reaction improves upon a previously
published route in that both steps can now be conducted
sequentially and in the same pot by using only THF as the
solvent. The improved synthesis allowed the isolation of
complex 1 at larger scale (multi-gram scale) and in yields of
>90%. By carrying out metathesis reactions using complex 1 a
series of 8 new heterodinuclear catalysts featuring benzoate
co-ligands were isolated. All the potassium carboxylate
metathesis reactions proceeded to high conversions and
yielded only the heterodinuclear complex. In a few cases the
isolated yields are slightly lower than expected on the basis of
the reaction conversion (determined by aliquot analysis) due
to differences in the amount of solvent needed to fully remove
the potassium bromide by-product.

All the complexes were analysed using NMR spectroscopy,
mass spectrometry and elemental analyses (see supporting
information). All the 'H NMR spectra (ds-methanol) show 8
distinct methylene resonances and this lack of symmetry is
particularly diagnostic of heterodinuclear complex formation
(Fig. S1). In comparison, the C,-symmetric di-zinc or di-
magnesium complexes show only four methylene
resonances.2 22, 34, 47, 48 The N-H resonances could not be
identified when using dj;-methanol as the NMR solvent,
presumably due to rapid H/D exchange. The 'H NMR spectra
were also determined in ds-THF and although all the
methylene resonances were broadened, due to fluxional
processes, the phenolate aromatic signals show two distinctive
coupled doublets. In all cases the coupling was confirmed by
COSY NMR. These two doublets are an important additional
indicator of heterodinuclear complex formation since the
homodinuclear analogues show singlet resonances and
mixtures of homodinuclear complexes show two resonances
but without any coupling (Fig. S2).#7” The metathesis reactions

J. Name., 2013, 00, 1-3 | 2



do not result in any significant metal re-distribution reactions.
To use these complexes in polymerization catalysis it is
essential to understand the extent, if any, of aggregation in
DOSY NMR
complexes in THF solution so as to mimic the conditions for
in neat

solution. spectra were determined for all
copolymerization reactions which are conducted
epoxide. In all cases a single diffusion coefficient was observed
and, when benchmarked against known zinc complexes, the
molar masses are in line with the formation of discrete
dinuclear complexes (Figs. S3- S10).

CO,/ CHO Polymerization Catalysis

The new complexes were tested under a common set of
used previously homodinuclear
epoxide/CO; catalysts: specifically at 0.1 mol% catalyst loading,
in neat epoxide, 80 °C and at 1 bar pressure of C0O,.22 34 The
low pressure polymerizations were all conducted in Schlenk

conditions to evaluate

tubes with magnetic stirring. The catalytic activity was
assessed by running reactions for fixed time periods and
characterizing the extent of epoxide conversion. This allows
determination of both the turn-over-number (TON) and turn-
over-frequency (TOF). cases, polycarbonates were
produced with a high proportion of carbonate linkages and
showed carbon dioxide uptake >99 % (where 100 %
corresponds to a completely copolymer).
Furthermore, in all cases the selectivity for polycarbonate was

In all

alternating

very high with no cyclic carbonate by-product detected by
either TH NMR or IR spectroscopy.

The heterodinuclear catalysts are all significantly more
active than homodinuclear analogues featuring the same co-

ligands. For example, 2h has a TOF of 98 h'l whereas the di-
zinc complex achieves 18 h-! and di-magnesium 30 h'1, under
the same conditions.?2 34 The activity also differs depending on
the nature of the carboxylate co-ligand and even shows
reproducible differences with only minor changes to the
benzoate co-ligands (Table 1, entries 2-7). The most active
catalyst, 2d (p-nitro-benzoate), is ~3 times more active than
the least active catalyst, 2g (pentafluorobenzoate).

One of the more active catalysts, 2b, was also tested for
the copolymerization of various other epoxides, including
cyclopentene oxide (CPO) at 1 bar pressure of CO, (Table S1,
S2). For CO,/CPO ROCOP showed a slightly lower TOF of 30 h!
compared to a value using CHO of 98 h-l. Other catalysts have
also been reported to polymerize CPO more slowly than CHO
perhaps due to differences in ring strain between the two
epoxides.1? 49-52 The copolymerization was very selective both
for polymer (vs. cyclic carbonate) and carbonate linkage
formation (>99%). Under optimized conditions (0.01 mol% 2b,
20 bar CO;, 80 °C), a TOF value of 76 h~! was achieved and
poly(cyclopentene carbonate) with molar mass values as high
as 42,000 g/mol was produced. These activities and molar
masses are both at the leading end of values reported for CPO
polymerizations.1% 4952 2b was also an efficient catalyst for
ROCOP using vinyl-cyclohexene oxide (TOF= 71 h'l and
carbonate selectivity >99%), cyclohexadiene oxide (TOF = 1 h-
1, carbonate selectivity >99%) and 3,4-epoxytetrahydrofuran
(TOF = 14 h?1, carbonate selectivity >99%) (Table S2).
However, it showed only low activity and selectivity in the
ROCOP of PO/CO, (TOF = 8 h'1, carbonate selectivity = 98%,
polymer selectivity = 26%) (Table S2).

Table 1: Cyclohexene oxide/CO, Copolymerization Data for Catalysts 1 and 2a-h at 1 bar CO,?

Initiation TOF Kobs
# Cat. TON® CO; (%)° Pol %)f M, [D]"
@ (min)c (h)d 2 (%) olymer (%) (x 105 571) [e]

1 1 247 160 78 >99 >99 3.0 3000 [1.18]
13300 [1.03]

2 2a 407 50 87 >99 >99 2.8
6400 [1.06]
8700 [1.04]

3 2bt 252 40 108 >99 >99 35
3500 [1.18]
10500 [1.03]

4 2c 383 30 89 >99 >99 35
4700 [1.13]
5 2d# 307 20 124 >99 >99 3.8 10200 [1.02]
‘ 4750 [1.08]
9980 [1.04]

6 2et 258 27 101 >99 >99 33
4200 [1.14]
19000 [1.03]

7 2f 437 45 83 >99 >99 3.4
8000 [1.18]
8 2g 199 80 43 > 99 >99 1.4 2800 [1.23]
12700 [1.04]

9 2h 438 50 98 >99 >99 31
5100 [1.16]

a) Reactions were run using a 1:1000 catalyst:CHO, in neat CHO ([CHOJo = 9.88 M), 80 °C, 1 bar pressure of CO2, 6 h or where # shown for 3 h, stirring rate = 600 rpm. b)
TON = number of moles of cyclohexene oxide consumed/number of moles of catalyst (see SI for more information). c) Determined using ATR-IR spectroscopy as the
time take for the on-set of polycarbonate absorptions (Figs. $11-519). d) TOF' = TON/polymerization time, i.e. corrected to account for the initiation period; the
average error in TOF' is + 4%. e) Determined from the H NMR spectrum by comparing normalised integrals for carbonate (4.65 ppm) and ether (3.45 ppm) resonances
(Fig. S29). f) Determined from the 'H NMR spectrum by comparing normalised integrals for polycarbonate (4.65 ppm) and cyclic carbonate (4.00 ppm) resonances (Fig.
S29). g) Determined by initial rates method (see SI and Figs. $S20-528). i) Determined by SEC, in THF, calibrated with narrow molar mass polystyrene standards

[dispersity values in parentheses] (Figs. S30-S38).

This journal is © The Royal Society of Chemistry 20xx
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Polymerization Kinetics

In order to understand the relative activity of the series of
complexes detailed analysis of the polymerization kinetics was
undertaken using in situ IR spectroscopy. This analysis is
recommended so as to allow determination of rate coefficients
which should allow for more accurate comparison of catalyst
performances than point kinetic values (TOF).

The polymerization rate law was determined using 2e
which is one of the most active catalysts of the series. Starting
from an idealized rate law dependent upon all reagent
reagent concentrations:

Rate = k, [2e]X[CHO]YpCO,?

ROYAL SOCIETY
OF CHEMISTRY

Various experiments were conducted to determine the values
for x, y and z. Firstly, the order in catalyst concentration (x)
was determined by conducting experiments under pseudo first
order conditions and applying catalyst concentrations from
1.5-7 mM. In every case in situ ATR-IR spectroscopy was used
to monitor the reactions and the initial rate coefficient, kops,
determined as the gradient of linear fits to the data over the
conversion range 0-20% (see Figs. S43-S47 for each data set
and associated fit). The plot of kops vs. [2€] shows a linear fit to
the data which is consistent with a first order dependence on
catalyst concentration (Fig. 1a). Alternatively, plots of In(kops)
vs. In[catalyst] show a gradient of 0.95 which is also consistent
with a first order dependence on catalyst concentration.

25 0.8 -
a) k,=0.321x 102 M s £0.040 x 102 gradient = 0.946
R2 = 0.9565 R? = 0.9543 '
0.6
2.0 }
"o _. 0.4
w 1%
5 <
= 1.54 £ o2l
xo
0.0
1.0 1 i
T T T T ) -0.2 T T )
2 3 4 5 6 7 1.0 1.5 2.0
Catalyst concentration (mM) In([2e],)
0.8+ 4
b) Y = Yo * ASXD(oned) °)
Kype = 1.300 10 571
2
06 q[RE=0:0007 3. ;
=] —
s ‘o i t
g pl
<€ 0.4+ — 24 L
38 %
2
Q X
< [
0.2 1 14
0.0 T T T T 0 T T T T T T T T )
0 20000 40000 60000 80000 0 5 10 15 20 25 30 35 40 45
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Figure 1: Reaction kinetic analysis to determine order in a) catalyst (first order); b) epoxide, CHO (first order); c) CO, pressure (zero order) for catalyst 2e. Reaction conditions:
[CHOJo = 5 M in diethyl carbonate, [2e]o = 5 mM (for plots b and c), temperature = 80 °C (for plots a and b) or 120 °C (for plot c), CO, pressure = 1 bar (for plots a and b). For clarity
only every 30t data point is shown for plot b. 5 % error bars shown and further details on data collection methods and analysis are available in the supporting information (Sl).

This journal is © The Royal Society of Chemistry 20xx
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The order in epoxide concentration was determined by an
integrated rate law method and involved analysis of the
polymerization from 0-65 % conversion (after which point
viscosity is sufficiently high as to become a limiting factor).
Analysis of the absorbance vs. time data shows an exponential
growth in the absorption intensity assigned to the
polycarbonate. Applying an exponential fit to the data
demonstrates that the reaction is first order in epoxide
concentration and shows a kgps value of 1.3 x 10 s, It is
notable that the rate coefficients obtained using either the
initial rates method or the integrated rate law treatment show
very good agreement which gives confidence in using the
initial rates method to compare catalyst activities (e.g. for
catalyst 2e the integrated rate law, kops = 1.30 x 10> st vs.
initial rates method, kops = 1.44 x 10> s1). In order to
determine the order in carbon dioxide pressure a series of runs
were conducted in a high pressure autoclave equipped with an
ATR-IR in situ probe. The experiments were conducted at
120°C and, therefore, show overall faster rates than
equivalent studies at 80 °C. Plots of rate coefficient, kops, Vs.
CO, pressure show a weak correlation between rate and
pressure only up to 10 bar and thereafter values are broadly
similar (Figs. 1c, S48-S52). The apparent increment in activity
from 5-10 bar is mostly likely due to an experimental
limitation: it was observed from the reactor pressure gauge
that very rapid carbon dioxide consumption occurred
particularly in the early stages of polymerization but the
reactor has no automatic refill mechanism to top-up the
consumed CO; and maintain constant pressure. The relative
change in CO; concentration as the reaction progresses is
therefore much more likely to be significant at 5 bar than at
higher pressures. The results suggest that there is a zero order
dependence in carbon dioxide pressure over the range 10-40
bar and indicate a zero-order dependence at lower pressures if
CO; concentration were maintained. The rate law for catalyst 1
was also determined, since it carries a slightly different halide
co-ligand: it showed the same second order rate law (Fig. S53-
S55).

Overall, the kinetic data indicate a second order rate law
and show a first order dependence on both catalyst and
epoxide concentration but a zero order dependence on carbon
dioxide (10-40 bar). It is proposed that the rate determining
step is metal carbonate attack on coordinated epoxide. A
feasible mechanistic interpretation for the reaction kinetics is
that the polymerization follows the chain shuttling mechanism
which is discussed later (Scheme 2).29.30.33

To compare the polymerization behaviour of the series of
new complexes, in situ reaction analyses and kinetic fits were
applied to all 8 catalysts. The initial rates method was used to

This journal is © The Royal Society of Chemistry 20xx
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Figure 2: Raw data plots for selected catalysts (co-ligands) to illustrate the significance
of initiation time and propagation rates (the data for all catalysts are shown in the SI,
Figs S11-S19). For clarity every 10t data point is shown.

fit the data and to differentiate between initiation periods and
propagation rates for the catalysts (Fig. S20-S28). All the
catalysts showed initiation periods, during which <5 %
conversion was observed, and the length of these initiation
times was variable (Table 1). This induction period could be
attributed to the dissociation of the bridging carboxylate
ligand, providing a coordinative vacancy for epoxide binding,
although other processes cannot be excluded such as rates of
CO, dissolution*® and/or epoxide hydrolysis to form diol
species.>® Following the initiation period, the polymerization
conversion vs. time data over the range 0-20% conversion was
linearly fit, enabling determination of the initial rate coefficient
(Table 1). Although the series showed different initiation
times, nearly all the values fall within the range 2.8-3.8 x 10> s
1. There is
donating/withdrawing properties of the benzoate co-ligand

no obvious correlation between electron
and propagation rate. The exception is catalyst 2g which
features a pentafluorobenzoate co-ligand and shows a
substantially rate. In terms of
propagation rates, the largest difference corresponds to the
three fold difference between 2g (pentafluorobenzoate) and
2d (nitro-benzoate). Generally, the higher the propagation
rate, the shorter the initiation period although there are cases
where this correlation breaks down (Table 1, entries 6 and 7).
The similarity between the propagation rate coefficients
appears, at first sight, be contrary to the chain shuttling
mechanistic hypothesis which suggests that one benzoate
ligand remains coordinated during propagation (see Scheme 2

and discussion section).

slower polymerization

J. Name., 2013, 00, 1-3 | 5
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Table 2: Copolymerization Reaction Conditions 2
TOF
Cat. Catalyst (mol%) Temp (°C) Pressure (bar) PCHC (%)° TON¢® (1) M, [D]e
12280 [1.04]
2b 0.1 120 1 >99 435 377
5340 [1.13]
14490 [1.06]
2c 0.1 120 1 >99 466 419
5930 [1.15]
21760 [1.04]
2e 0.1 120 1 >99 645 430
9090 [1.15]
44400 [1.04]
2c 0.01 120 20 >99 4415 8830
21200 [1.05]
54380 [1.04]
2c 0.005 120 20 >99 5435 1359
26550 [1.04]

a) Reactions were carried out in a Parr high pressure vessel with an impeller at 20 bar. b)-e): see Table 1 and SI for all data (Figs. S$56-S60).

There are two alternative interpretations of the activity data:
either the chain shuttling mechanism needs fine-tuning to
reflect that initiation occurs from both sites (i.e. the co-ligand
only influences initiation) or most of these benzoate co-ligands
show marginal electronic differences and thus there is no
significant moderation of propagation rate with these co-
ligands. In support of the second rationale is the observation
that the NMR resonances for the benzoate
complexes show very similar chemical shifts, i.e. the para-

nearly all

substituent on the benzoate ligand does not strongly influence
the catalyst electronics. Complex 2g (pentafluorobenzoate) is,
once again, a clear exception as its carbonyl resonance is
significantly shifted upfield which indicates a different
electronic environment compared to the other benzoates. The
most consistent interpretation of the data for complex 2g is to
invoke the chain shuttling mechanism since this allows for the
co-ligand to influence both rates of initiation and propagation
(Scheme 2).
investigating other co-ligands with strongly differing electronic
properties. It should be noted, however, that in terms of
combining the best catalyst
conditions the selection of carboxylate ligands is desirable as

Future research could be directed towards

rates with simple process
they are highly active and air-stable complexes.

Catalytic Conditions

Next, the influences of the reaction conditions on activity
and selectivity were explored. These studies were conducted
using three of the best performing catalysts (2b, c, e) at 1 bar
(Table 2). Increasing the reaction temperature from 80 to
120 °C resulted in a significant increase in the catalytic activity
and TOF values reached ~400 h for all three catalysts. Even
at this elevated reaction temperature there was no evidence
for any by-product formation and high proportions of

This journal is © The Royal Society of Chemistry 20xx

carbonate linkages were observed. Using high temperature
conditions and an autoclave to ensure sufficient carbon
dioxide concentration (20 bar) allowed the loading of catalyst
2c to be reduced significantly and resulted in a very high TOF
value of 8800 h-l. The catalyst even retained acceptable
activity at a loading as low as 1:20,000 (2c:CHO).

Polymerization Control

The catalysts also showed good polymerization control, as
assessed by linear increases in polymer molar mass vs.
conversion (Fig. 3b). The polycarbonates generally showed
bimodal molar mass distributions, albeit with narrow
dispersity in each distribution. Such bimodality has frequently
been observed previously in the literature and has been
extensively studied.* 22 53, 54 Bimodality commonly results
because of a side-reaction between residual water and
cyclohexene oxide to generate 1,2-cyclohexanediol (CHD).55
Since all chains propagate at the same rate those initiated
from mono-functional groups (i.e. catalyst carboxylates) show
approximately half the molar mass of chains initiated from di-
functional groups (i.e. the diol).2% 5456 MALDI-ToF analysis of
the chain end groups substantiates this hypothesis since two
series of chains are observed due to carboxylate and hydroxyl
telechelic chains, respectively (Fig. 3a). When reactions were
conducted with the addition of 10 equivalents of CHD or
water, monomodal molar mass distributions were observed
with narrow dispersity. The MALDI-ToF spectra, under these
conditions, showed only chains end-capped with hydroxyl
groups. The excess chain transfer agent reduces slightly the
activity and productivity of the catalyst, in particular when
using excess water, possibly due to accelerated catalyst
decomposition pathways.

J. Name., 2013, 00, 1-3 | 6
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Table 3: Cyclohexene oxide/CO, Copolymerizations with Chain Transfer Agents (CTA)?

TOF
Entry Catalyst CTA (eq.) COz (%)° Polymer (%)° TON¢ (hi)e M, [D]f

7000 [1.04]

1 2c None >99 >99 634 106
3400 [1.07]
2 2c H,0 (10) >99 >99 274 46 600 [1.14]
3 2c CHD (10)8 >99 >99 440 73 1700 [1.10]
4 2b" None >99 >99 559 93 2870 [1.13]

a) Reactions were run using a catalyst:CHO molar ratio of 1:1000 at 80 °C under 1 bar pressure of CO2 for 6 hours. b)-f) see Table 1 and Sl for all data (Figs. S61-564). g)
CHD = 1,2-cyclohexanediol. h) Catalyst and CHO were stirred in air for 1 h at 25 °C before purging the system with CO; and heating to 80 °C.

a) b) 3000 4
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Figure 3: a) MALDI-ToF mass spectrum of poly(cyclohexene carbonate) formed from catal

100
% Conversion

yst 2¢ (0.1 mol%) with 10 equivalents of added CHD. b) Plot of the polycarbonate M,

(black crosses) and D (blue squares) versus % CHO conversion. Reaction conditions: 2b/CHO/CHD = 1/1000/10, 80 °C, 5 M in toluene (Fig. $65-572).

A significant benefit of this series of compounds is their air-
stability and to demonstrate how this could be exploited a
reaction was conducted using 2b, dissolved in CHO, which was
stirred in air for 1 h prior to addition of CO,  The
polymerization was successful and resulted in good activity
and selectivity values. The resulting polymer showed a
monomodal molar mass distribution without requiring any
addition of chain transfer agent.

Discussion

Overall this series of catalysts shows high activities and
selectivity and performs successfully in the low CO2 pressure
regime. In order to provide context to the activity and
selectivity values these new heterodinuclear catalysts are
compared against some of the most successful literature
catalysts (Fig. 4). The best Zn(ll)/Mg(ll) catalyst (2d, TOF =
124 h1) is significantly more active than either the di-Zn(ll) or
di-Mg(ll) analogues (18 hl and 30 h'l, respectively, under

This journal is © The Royal Society of Chemistry 20xx

Please do not

equivalent conditions).33 The activity is also higher than
previously reported di-Zn(ll) catalysts coordinated by a non-
macrocyclic ligand (TOF < 3 h1).57.58 The activity matches that
of proline ligated di-Zn(ll) catalysts (TOF ~149 h-1)%° but is
lower than optimized Co(lll)-salen catalysts (TOF = 263 h1).60
One advantage of these Zn(ll)/Mg(ll) heterodinuclear catalysts
is that very high CO, and polymer selectivity is maintained
even at elevated temperatures which contrasts with simple
Co(lll) salen catalyst systems that are well-known to be
thermally unstable with respect to cobalt reduction and
catalyst death. For the Zn(ll)/Mg(ll) complexes, the best
activity value reaches 654 h-1 which is at the upper end of
values for the low pressure regime.10. 14,15

At higher CO; pressures (20 bar), catalyst 2c showed an
activity of 8800 hl. This value significantly exceeds the
performance of tetranuclear Zn(ll)/Ln(lll) catalysts (TOF = 200-
300 ht, 10 bar).3® It is also higher than a series of new
organocatalysts, formed in situ by reaction between boranes
and ionic salts (TOF = 600 h-1, 10 bar),%1 and higher than for
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Figure 4: lllustration of the structures, activity and selectivity for some of the highest performing catalysts reported for CO,/CHO ROCOP.2% 25,33, 34,59, 61
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heterodinuclear complex with THF coordinated at the Mg(ll) centre.*”

optimized Cr(lll)-salen catalyst systems (1153 h-1).62 Indeed,
the activity is only surpassed by a tethered di-zinc(ll) B-
diiminate catalyst (TOF = 155,000 h™1), but its selectivity for
CO; is significantly higher (>99% for 2c vs. 80% for di-zinc
catalyst).2> The activity values obtained using cyclopentene
oxide/CO; are also high compared to other catalysts.1% 49-52

Polymerization Mechanism

The polymerization rate law is second order and shows a
first order dependence on catalyst and epoxide
concentration but appears largely independent of CO;
pressure. The polymerization kinetics are interpreted using
a chain shuttling mechanism (Scheme 2).29- 33 According to
the mechanism, with each monomer insertion step the
growing polymer chain moves metal. The rate law indicates
the rate determining step is metal carbonate attack on an
epoxide molecule coordinated at the second metal. DFT
studies indicate that once the epoxide is ring-opened the
polymer chain shuttles to the metal originally coordinating
the epoxide.?® To balance charge, the carboxylate co-ligand
also changes its anionic coordination site to the opposite
metal. The fast step in the catalytic cycle is proposed to be
carbon dioxide insertion and DFT studies have indicated
this step also involves migration of the metal-alkoxide
growing polymer chain end from one metal to the other.2?
Once again, the carboxylate co-ligand changes its site of
anionic coordination to the opposite metal. The proposed
mechanism requires that the polymer chain ‘shuttles’
between the two metal centres twice per complete cycle of

This journal is © The Royal Society of Chemistry 20xx

insertions and that one of the benzoate co-ligands remains
coordinated throughout the polymerization and serves to
counter-balance charge and polymer chain movement on
the opposite face of the catalyst. The results of the
structure-kinetic study presented here show only a weak
correlation between propagation rate and benzoate co-
ligands but this appears most likely due to the limited
electronic differences between the benzoates. In the case
of the pentafluorobenzoate co-ligand there is NMR
spectroscopic evidence for a stronger electronic influence
and concomitant evidence of a significant difference in
propagation rate. This data can be best interpreted
according to the chain shuttling process since the benzoate
remains coordinated during propagation and can influence
the propagation rate.

The chain shuttling mechanism allows for the key roles
in catalysis to be differentiated and may also rationalize the
improved performances of heterodinuclear catalysts vs.
homodinuclear counterparts. Since the rate limiting step is
likely metal epoxide attack by the second metal carbonate
group, an obvious question is: which metal coordinates the
epoxide and which the carbonate? A detailed DFT study
was conducted comparing the rate limiting steps for di-zinc,
di-magnesium and a Zn/Mg complex (see Sl for detailed
discussion and results). For the heterodinuclear complex
the propagation cycles were examined for either zinc-
epoxide or magnesium-epoxide coordination pathways. The
DFT results substantiated the mechanistic hypothesis by
showing a substantially lower barrier for epoxide molecule
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coordination at Mg(ll) compared to Zn(ll) [with the epoxide
coordinated intermediates showing relative stabilities of -
7.7 kcal/mol (Mg(ll) coordination) vs. -1.4 kcal/mol, (Zn(ll)
coordination), respectively]. All the catalysts showed
transition state barriers, for the rate limiting step, that were
not significantly different, within the error limits for DFT.
Although this finding does not allow DFT to provide any
further mechanistic insight, it is consistent with the
observed differences in rates. Very recently a solid state
structure was obtained for another heterodinuclear
complex (analogue of complex 1) obtained by growing
crystals from a THF solution (Scheme 2b).#” The structure
shows the two different metals and has a molecule of THF
coordinated at the Mg(ll) centre.

Accordingly the chain shuttling mechanistic hypothesis
can be fine-tuned for Zn(ll)/Mg(ll) complexes. The polymer
chain is alternately coordinated by the two metal centres.
In the rate limiting step the zinc centre provides the
carbonate group which attacks the magnesium coordinated
epoxide molecule. This results in the formation of a
magnesium coordinated alkoxide group which undergoes
fast CO; insertion and forms a zinc carbonate intermediate.
As the zn(ll)/Mg(ll) complexes show significantly greater
rates than di-zinc or di-magnesium analogues it is also clear
that the proximity of the magnesium centre labilizes the
zinc carbonate group. This could occur through electronic
communication through the phenolate oxygen atom which
bridges the two metal centres and provides a means to
control electron density and hence reactivity at the
metals.?3 6 The mechanistic findings from these hetero-
Zn(11)/Mg(ll) catalysts are expected to be more broadly
applicable to other dinuclear CO, copolymerization
catalysts. A clear recommendation is to prepare
Zn(I1)/Mg(ll) complexes of dinucleating bis(pB-diiminate)
ligands which would be expected to show even higher
activity than the best dizinc(ll) complexes. The chain
shuttling pathway is also expected to apply to other
polymerization processes and can be exploited to enhance
rates of epoxide/anhydride alternating polymerizations and
epoxide/heterocumulene processes. Generally there is
intense interest and motivation to activate carbon dioxide
in chemistry and the concepts illustrated in this work of
reagent shuttling and activation between two dissimilar
metal sites as a means to increase catalytic performances
warrant investigation for other CO; utilization processes.

Conclusions

The successful isolation of 8 new heterodinuclear
Zn(1)/Mg(ll) complexes results in highly active catalysts for
CO,/epoxide alternating copolymerization. All the new
complexes show very good performances both in terms of
activity (TOF = 8800 h'1) and selectivity (>99% CO, uptake
over the entire temperature range). The catalysts are
amongst the most active reported both at low CO; pressure
(1 bar) and in the higher pressure regime (>10 bar). The
polymerization kinetics, analysed using in situ IR

10 | J. Name., 2012, 00, 1-3

spectroscopy, showed an overall second order rate law. The
rates were first order dependent on catalyst and epoxide
concentrations but independent of carbon dioxide pressure
(1-40 bar). Polymerization control was high in all cases and
the reaction conditions were controlled to allow the
preparation of polycarbonate polyols which are relevant to
polyurethane manufacture. Overall, these heterodinuclear
catalysts warrant further investigation both as catalysts for
polymerizations and for a range of organic transformations,
such as conjugate additions, fluorinations and even
hydrolysis reactions. In terms of CO,/epoxide alternating
copolymerization catalysis there is still significant scope to
moderate both the metals, ligands and co-ligands so as to
optimize performances. Heterodinuclear complexes of
Zn(ll)/Mg(ll) using other dinucleating ancillary ligands
should be explored as a means to increase activity and
maintain high overall selectivity and control.
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66 Graphical Abstract

ﬁght heterodinuclear catalysts comprising Zn(ll) and Mg(ll) metal centre
show high activity and selectivity for CO./epoxide ring-opening
copolymerization. Detailed kinetic analyses are reported and a Chain-
Shuttling mechanistic hypothesis proposed.
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