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ABSTRACT: The ring-opening copolymerization of propene oxide and carbon dioxide is an effective route to make polycarbonates.
Catalysts showing high activities, high polymer selectivities, molecular weight control, and tolerance to impurities are rare. Here, a
series of four Co(III)Na(I) catalysts are tested for the ring-opening copolymerization of propene oxide and carbon dioxide. The
complexes have systematic variations in the ligand structure in which both Co(III) and Na(I) binding sites are modified. Significant
differences in catalyst performance are observed, with the lead catalyst featuring six oxygen donors and an ethylene diamine linker.
This catalyst shows excellent activity and high poly(propene carbonate) selectivity at elevated temperatures (TOF = 1428 h−1,
poly(propene carbonate) selectivity = 98%, 20 bar CO2, 70 °C), outperforming analogous Co(III)K(I) catalysts. These results
inform on the optimal coordination environment and operating conditions for the Co(III)Na(I) catalysts and highlight the benefits
of using Na(I) relative to heavier s-block metals in the heterodinuclear catalysts.

■ INTRODUCTION
As a common waste product of many industrial processes,
carbon dioxide (CO2) is an abundant, renewable, and
inexpensive feedstock for future chemical and materials
synthesis.1−8 The catalytic activation of CO2 to make polymers
is achieved by its ring-opening copolymerization (ROCOP)
with epoxides to produce different classes of polycarbon-
ate.9−13 The ROCOP of CO2 and propene oxide (PO) is
particularly desirable as the resulting polycarbonates show
mid/low glass transition temperatures (35 °C < Tg < 42 °C)
and hydroxyl-end capped polyols are suited to make flexible
foams, elastomers, and surfactants.14−19 Additionally, PO is
readily available, produced at >10 million tonnes scale
worldwide in 2023, and it is widely used to make polyether
polyols.20

The development of better performing propene oxide/CO2
ROCOP catalysts is essential both to accelerate industrializa-
tion of these materials and help improve material proper-
ties.9,13 Desirable catalyst features include high activity (both
per mole and per gram of catalyst), high selectivity for
polymer, and straightforward synthesis from abundant
precursors. Tolerance toward impurities present in commer-

cial, unpurified epoxides such as water and diols is also
important as monomer purification is time-consuming and
costly. Catalysts exhibiting all these features remain difficult to
design, in particular for PO/CO2 ROCOP, in which reduced
ring strain and the lower barrier to formation of a cyclic side
product (relative to more strained epoxides) make high rates
and selectivities difficult to achieve.11,21,22 Generally, higher
reaction temperatures increase catalytic activity and overall
conversion but often reduce selectivity as formation of the
cyclic carbonate side product is thermodynamically fa-
vored.9,11,23

Complexes of cobalt(III), in particular Co(III) salen
complexes incorporating ionic cocatalysts, remain some of
the highest performing catalysts for this process.24−36 The
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leading catalysts, reported by Lee and co-workers, feature
ligands with four covalently attached cocatalysts; these
catalysts achieve outstanding activity and selectivity values.26

There are still aspects to improve in these catalysts including
the need for stoichiometric (vs catalyst) ionic cocatalysts, such
as PPNCl (PPN = bis(triphenylphosphine(iminium)), which
are toxic and corrosive, and the multistep catalyst syntheses,
which result in low overall yields and complicate larger-scale
applications.

Heterodinuclear metal complexes show promise as highly
active and selective epoxide/CO2 ROCOP catalysts and can
benefit from performance enhancements attributed to
intermetallic synergy.11,37 These heterodinuclear catalysts can
be simple to synthesize, operate without a cocatalyst, and
employ ligands that are easily modifiable, allowing for
systematic structure−activity investigations.38−42

In 2020, our group reported the first heterodinuclear
catalysts for PO/CO2 ROCOP, combining Co(III) and M(I)
(where M(I) = group 1 metal) coordinated by a diphenolate-
di-imine-tetra-ether macrocyclic ligand.43 Later, the inves-
tigation of a series of Co(III)M(I/II) (where M(I/II) = K(I),
Na(I), Ca(II), Sr(II), and Ba(II)) catalysts for PO/CO2
ROCOP, under the same conditions (20 bar of CO2 pressure,
50 °C), revealed that the Co(III)K(I) complex showed the
highest performance. The Co(III)K(I) catalyst showed a
turnover frequency (TOF) = 528 h−1, poly(propene
carbonate) selectivity = 98%, at 20 bar CO2 and 50 °C. The
next-best catalyst was the Co(III)Na(I) complex, followed by
the Co(III)M(II) catalysts.38 A generalizable linear free energy
relationship was established between s-block metal Lewis
acidity, as quantified by the s-block metal (aqua) complex pKa,
and both the catalytic activity and selectivity.38 Further
changes to the ancillary ligand structure resulted in a
Co(III)K(I) catalyst, coordinated by a diphenolate-di-imine-
tetra-ether acyclic ligand, which showed both higher activity
and selectivity, with TOF = 1728 h−1, poly(propene
carbonate) selectivity = 92%, at 20 bar CO2 and 80 °C.44

Mechanistic investigations using the Co(III)K(I) catalyst for
PO/CO2 ROCOP indicated a rate law that is first order in
both epoxide and catalyst concentration, supporting a
mechanism in which epoxide ring opening is the rate-
determining step.39,43,44 Density functional theory (DFT)
calculations, supported by Eyring analyses, indicated that the
rate-determining step involves Co(III)-PO adduct formation
and an attack from the K(I)-carbonate chain end.23 The

combination of experimental and theoretical investigations
supports a dinuclear metalate mechanism in which a Co(III)-
epoxide adduct is ring-opened by a K(I)-bound carbonate
intermediate to give an alkoxide intermediate. CO2 then
inserts, rapidly and reversibly, into the alkoxide intermediate to
regenerate the carbonate intermediate.23,44 An analogous
mechanism, including the differentiated roles for the two
metals, is expected for the Co(III)Na(I) catalysts (Figure 1).

So far, almost all heterodinuclear catalyst development for
PO/CO2 ROCOP has focused on Co(III)K(I) complexes,
with the promising Co(III)Na(I) complexes tested only under
specific conditions (50 °C, 20 bar of CO2) and not subjected
to detailed investigation. There are many benefits to using
sodium in catalysis: sodium is significantly more abundant on
Earth compared to potassium (sea abundance = 1.08 × 104

mgL−1 for Na vs 3.99 × 102 mg L−1 for K) and is lighter
(relative atomic mass = 23.0 g mol−1 for Na vs 39.1 g mol−1 for
K).45 Hence, catalysts featuring Co(III)Na(I) should show
high activities per gram and warrant a more detailed
investigation and understanding.

Here, four Co(III)Na(I) catalysts are tested for the ROCOP
of PO and CO2, under varying conditions, to identify the
optimal ligand coordination environment and operating
conditions for the Co(III)Na(I) metal combination (Figure
1). Two of the catalysts, L2Co(III)Na(I) and L3Co(III)Na(I),
are new complexes, and two complexes, L1Co(III)Na(I) and
L4Co(III)Na(I), are previously reported, but here, catalyst
performance is investigated under three different sets of
conditions that are chosen with regard to future application
and industrial relevance.23,43 Across the series, systematic
modifications are made to the ligands, in particular to the di-
imine linker (ethyl and dimethyl propyl linkers) and the
number of oxygen donors (five and six) in the ether sites.
These ligand structural variations are selected since prior DFT
calculations suggest that they exert influence over the metal
sites during the rate-determining and selectivity-determining
steps.23

■ RESULTS
Synthesis and Characterization of LnCo(III)Na(I)

Catalysts (n = 1−4). Complexes L1Co(III)Na(I) and
L4Co(III)Na(I) were synthesized according to literature
procedures.43,46 Successful synthesis and purity of the desired
complexes were confirmed via NMR spectroscopy and
elemental analysis (Figures S1−S5 and S22−S26, see the

Figure 1. (a) Scheme for PO/CO2 ROCOP. (b) Targeted catalysts for PO/CO2 ROCOP LnCo(III)Na(I) (n = 1−4). L1Co(III)Na(I) and
L4Co(III)Na(I) are previously reported.43,46
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Supporting Information for experimental details). L2Co(III)-
Na(I) and L3Co(III)Na(I) are novel catalysts and were each
synthesized using a template cyclization methodology. In each
case, a methanol solution of the relevant diamine was added
dropwise, over the course of 3 h, to a solution of the
dialdehyde proligand and NaOAc, under reflux, also dissolved
in methanol. The solution was allowed to cool to room
temperature, before an equivalent of Co(OAc)2 was added and

the solution stirred for 16 h under nitrogen. Then, one
equivalent of acetic acid was added and the solution stirred in
air for a further 72 h (Scheme 1, see the Supporting
Information for experimental details).

L3Co(III)Na(I) was isolated in good yield (62%), and
successful synthesis was confirmed using NMR spectroscopy
(Figures S14−S19 and S21). L3Co(III)Na(I) was further
characterized by MALDI-TOF mass spectrometry, and purity

Scheme 1. Synthesis of LnCo(III)Na(I) (n = 2, 3)a

a(i) Na(OAc), MeOH, reflux, N2; (ii) ethylene diamine (n = 2) or 2,2-dimethylpropane-1,3-diamine (n = 3), MeOH, reflux, N2, 3 h; (iii)
Co(OAc)2, MeOH, rt, N2, 16 h; (iv) acetic acid, MeOH, rt, air, 72 h.

Figure 2. Characterization data for L2Co(III)Na(I). (a) 1H NMR spectrum (500 MHz, MeCN-d3). (b) 1H DOSY NMR spectrum (500 MHz,
MeCN-d3). (c) Proposed structures present in MeCN-d3. (d) MALDI-TOF mass spectrum, showing the presence of two species (Figure S12).
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was confirmed by elemental analysis (Figure S20). Single
crystals, suitable for X-ray diffraction experiments, were grown
via slow evaporation of hexane into a solution of the complex
in chloroform at room temperature (Figures S38 and S39).

Although synthesized analogously to L3Co(III)Na(I), L2Co-
(III)Na(I) exhibits a more complex speciation in solution
compared to the other Co(III)Na(I) complexes. The 1H NMR
spectrum of L2Co(III)Na(I), in CDCl3, shows resonances that
are broad, whereas its spectrum in MeCN-d3 shows clear and
resolvable peaks (Figure 2 and Figures S6−S10). The 1H
NMR spectrum, in MeCN-d3, shows a greater number of
resonances than would be expected from the symmetry of
these complexes, prompting further investigation (Figures S6−
S10). DOSY NMR spectroscopy revealed the presence of two
species in solution, with distinct diffusion coefficients (10−9.04

and 10−8.93 m2s−1) (Figure 2 and Figure S11).43 The presence
of two species is further supported by MALDI-TOF
spectrometry in which two distinct molecular weight
distributions are observed (at m/z = 450.08 and m/z =
876.98). The m/z values of the two species are consistent with
removal of the acetate coligands and generation of the charged
Co(II) analogues of the proposed solution-phase structures in
situ during the measurement (Figure S12). The detection of
cationic Co(II) species from starting Co(III) compounds
during the MALDI-TOF spectrometry experiments may assist
volatilization and is consistent with prior reports on related
compounds.40,43 Analysis of the structure, obtained by single-
crystal X-ray diffraction experiments on L2Co(III)Na(I),
reveals that the Na(I) site lies significantly above the ligand
plane (defined by the ether O atoms, with the distance being
∼1.179 Å, O1−O5, Figure 6 and Figures S36 and S37). This
solid-state speciation could indicate a weaker coordination of
Na(I) within this ligand framework, perhaps resulting in
different complexes or structures in solution. Combining the
above spectroscopic data, L2Co(III)Na(I) is proposed to exist
in MeCN-d3 as a mixture of the targeted Co(III)Na(I)
complex and a Na(I)-bridged aggregate (Figure 2).

Variable temperature (VT) 1H NMR spectroscopy revealed
no notable change in the spectrum (from −40 to 75 °C),
implying that the two species are not exchanging over this
temperature range (Figure S13). From the integration of the
distinct imine peaks in the 1H NMR spectrum, the ratio of
L2Co(III)Na(I) to the Na(I)-bridged aggregate is estimated as
2:1 in MeCN-d3.
Propene Oxide and Carbon Dioxide ROCOP Catalysis.

The series of catalysts LnCo(III)Na(I) (n = 1−4) was tested
for the ring-opening copolymerization of PO and CO2 under
the following conditions: neat PO, 1:20:4000 [catalyst]0:

Figure 3. (a) Representative semi-logarithmic plot of ln([PO]t/[PO]0) vs time, where kobs is calculated from the gradient. (b) Representative PPC
GPC trace.

Figure 4. Summary of activity (kobs) and polycarbonate selectivity
data for catalysts LnCo(III)Na(I) (n = 1−3) for the ROCOP of PO
and CO2 under different conditions.

Figure 5. Proposed mechanism based on DFT and experimental
investigations for the related Co(III)K(I) catalyst (P = growing
polymer chain).23,43
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[trans-1,2-cyclohexanediol]0:[PO]0 (0.025 mol % catalyst), 20
bar of CO2, 50 °C (Table 1 and Figure 3). These low catalyst
loadings and low temperatures are highly demanding
conditions and were selected to allow for direct comparison
against the highest performing dinuclear catalysts in the
field.26,43,44 trans-1,2-Cyclohexanediol was added as a chain
transfer agent to control polymer molecular weight and ensure
delivery of hydroxyl-end groups.47,48 The catalyst loading for
L2Co(III)Na(I) was calculated for the formula unit
C24H26CoN2NaO9 (Mr = 568.40 g mol−1), which is consistent
with the solid-state characterization (by single-crystal XRD,
Figure 5, and elemental analysis, see the Supporting
Information for more detailed discussion, Figure S40).

All reactions were conducted in duplicate, showing highly
reproducible results and small errors in activity (<10%) and
selectivity values (<2%) (Table 1). Catalysts L1Co(III)Na(I),
L2Co(III)Na(I), and L3Co(III)Na(I) produce polycarbonates
with high CO2 incorporation (>96% carbonate linkages)
within the targeted molecular weight range (1−10 kg mol−1).
Polymer molecular weights are close to the theoretical values,
and all GPC traces are monomodal with narrow dispersities (Đ
= 1.05), indicative of well-controlled polymerization catalysis
(Table 1, entries 1−3, Figure 3, and Table S3). In the case of
L1Co(III)Na(I) and L2Co(III)Na(I), selectivities for polymer
over the cyclic carbonate side product are very high at 50 °C:
97 and 96%, respectively (Table 1, entries 1 and 2).

Reaction rates were monitored by operando ATR-IR
spectroscopy, observing the increase in the intensity of a
peak at 1750 cm−1, corresponding to the C=O stretch in the
polycarbonate, and a peak at 1810 cm−1, corresponding to the
C=O stretch in the cyclic carbonate side product. IR
absorbance values were calibrated to conversion via integration
of the 1H NMR spectrum of an aliquot taken at the end of the
reaction. Semilogarithmic plots of ln([PO]t/[PO]0) versus
time are linear, with the observed pseudo first order rate
constant, kobs, calculated from the modulus of the gradient
(Figure 3). Comparison of the observed catalytic activities
reveals significant differences across the series, with L1Co-
(III)Na(I) performing the best and showing kobs = 20.65 ±
1.59 × 10−6 s−1, which equates to a turnover frequency for
polycarbonate, TOFPPC, of 263 ± 20 h−1 and a polymer
selectivity of 97 ± 1% (Table 1, entry 1). Catalyst activity, in
terms of kobs and TOFPPC, decreased across the remainder of
the series in the following order: L2Co(III)Na(I), L3Co(III)-
Na(I), and L4Co(III)Na(I) (Table 1, entries 2−4).

Catalyst tolerance to impurities commonly found in
commercial epoxides, such as water and diols, is a key feature

of high-performance, industrially applicable catalysts as
monomer purification is time-consuming and energy intensive.
The tolerance of the three active catalysts, L1Co(III)Na(I),
L2Co(III)Na(I), and L3Co(III)Na(I), was tested using
unpurified (non-distilled) PO at 50 °C and 20 bar CO2
(Figure 4 and Table S5). All reactions were run in duplicate,
and errors in activity and selectivity were small (Table S5).

For L1Co(III)Na(I), L2Co(III)Na(I), and L3Co(III)Na(I),
the catalytic activity and selectivity were well maintained for
ROCOP with unpurified PO (Figure 4 and Table S5). Despite
the use of unpurified epoxide, the experimental polymer
molecular weights were close to the theoretical values for
L1Co(III)Na(I) and L2Co(III)Na(I) (Table S5). In contrast,
for L3Co(III)Na(I), the experimental molecular weight was
significantly reduced relative to the theoretical molecular
weight (Table S5, ΔMn = Mtheo −Mn = 2900 g mol−1). This
same discrepancy was not found when the experimental and
theoretical molecular weights for the copolymerization
catalyzed by L3Co(III)Na(I) were compared using purified
PO (ΔMn = Mtheo − Mn = 200 g mol−1, Table S3). This
highlights that the most robust catalysts are L1Co(III)Na(I)
and L2Co(III)Na(I), relative to L3Co(III)Na(I), in terms of
tolerance to residual impurities present in the unpurified
epoxide.

L1Co(III)Na(I), L2Co(III)Na(I), and L3Co(III)Na(I) were
also tested for PO/CO2 ROCOP at an elevated temperature of
70 °C, with all other conditions remaining the same
(1:20:4000 [catalyst]0:[trans-1,2-cyclohexanediol]0:[PO]0, 20
bar CO2,) (Figure 4 and Table S4). Increasing the reaction
temperature enables higher rates of polymer formation to be
achieved but usually results in some compromise to polymer
selectivity as formation of the stable cyclic carbonate side
product becomes increasingly favored. It is also known that
Co(III)(salen)X/PPNX catalysts are susceptible to thermal
deactivation to an inactive Co(II) species, which places an
upper limit on operating temperatures and limits the rates that
can be achieved.49,50 At higher temperature, L2Co(III)Na(I)
produces polycarbonate with higher activity, achieving a
TOFPPC of 275 ± 17 h−1, with a polymer selectivity of 85%
(Table S4), while L3Co(III)Na(I) produces only cyclic
carbonate. However, L1Co(III)Na(I) shows excellent perform-
ances as it achieves both high activity, with TOFPPC = 1428 ±
94 h−1, and high polymer selectivity of 98% (Table S4 and
Figure 4).

Table 1. Data for PO/CO2 ROCOP Using LnCo(III)Na(I) Catalysts (n = 1−4)a

entry catalyst overall TONb CO2 Sel./%c PPC Sel./%d TOFPPC/h−1e kobs/10−6 s−1f Mn [Đ]/g mol−1g

1 L1Co(III)Na(I) 1577 ± 32 >99 97 ± 1 263 ± 20 20.65 ± 1.59 6600 [1.05]
2 L2Co(III)Na(I) 588 ± 21 >99 96 ± 1 76 ± 1 5.99 ± 0.03 3500 [1.05]
3 L3Co(III)Na(I) 568 ± 32 96 81 ± 1 49 ± 4 3.82 ± 0.33 2100 [1.05]
4 L4Co(III)Na(I) 28 ± 2 >99 0 0 0 0

aConditions: catalyst (0.025 mol %, 3.6 mM), PO (5 mL, 14.3 M, neat), trans-1,2-cyclohexanediol (0.5 mol %, 71 mM), 20 bar CO2, 50 °C. All
reactions were conducted in duplicate and errors calculated using SE = σ/√n (where σ = standard deviation and n = number of samples). bOverall
turnover number (TON) = moles of PO consumed/moles of catalyst, calculated from the relative integrals in the 1H NMR spectrum of PPC (4.99
ppm, 1 H), PC (4.84 ppm, 1 H), and PPO (3.46−3.75 ppm, 3 H) using mesitylene as an internal standard (6.80 ppm). cCO2 selectivity
determined by the relative integrals in the 1H NMR spectrum of PPC (4.99 ppm, 1 H) and PC (4.84 ppm, 1 H) compared with PPO (3.46−3.75
ppm, 3 H). dPPC selectivity determined by the relative integrals in the 1H NMR spectrum of PPC (4.99 ppm, 1 H) against PC (4.84 ppm, 1 H).
Reported at a common PO conversion (15%) in all cases. eTurnover frequency to PPC (TOFPPC) calculated from kobs (Tables S1 and S2, eq S1).
fkobs determined from the linear region of the plot of ln([PO]t/[PO]0) vs time. gDetermined by GPC analysis, in THF, calibrated with narrow-Mn
polystyrene standards; dispersity values in parentheses.
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■ DISCUSSION
Testing under three different sets of conditions reveals
L1Co(III)Na(I) as the best catalyst of the series (Table 1
and Tables S3−S5). It is clear that L1Co(III)Na(I) exhibits the
most optimal coordination chemistry and ligand structure for
the catalysis, and that relatively small modifications to the
ancillary ligands significantly influence the rate and selectivity-
determining steps (Figure 5).

Comparison of the solid-state structures of the catalysts,
obtained by single-crystal X-ray diffraction experiments, reveals
no obvious correlation of catalytic performance with any single
bond distance, including intermetallic separation or distance at
which Na(I) sits above the plane defined by the ether “O”
donors (Figure 6). However, the two catalysts with the
ethylene (C2) di-imine linker perform better than the two
catalysts with the propylene (C3) linker. The effect of the
diamine linker is clear when examining the solid-state
structures, as the Co−N distances are significantly longer in
the propylene-linker catalysts than the (higher-performance)
ethylene-linker catalysts (1.955(2) Å (L3Co(III)Na(I)) and
1.927(3) Å (L4Co(III)Na(I)) versus 1.893(3) Å (L1Co(III)-
Na(I)) and 1.884(2) Å (L3Co(III)Na(I)), Figure 6). The Co−
O distances are also significantly longer in the propylene-linker
catalysts versus those in the ethylene-linker catalysts (1.916(1)
Å (L3Co(III)Na(I)) and 1.912(2) Å (L4Co(III)Na(I)) versus
1.895(2) Å (L1Co(III)Na(I)) and 1.890(2) Å (L2Co(III)Na-
(I)) Figure 6). The variation in these bond distances indicates

that steric effects, in the vicinity of Co(III), seem to be
important in mediating catalyst performance.

This observation prompted investigation into the buried
volume (Vbur) surrounding the Co(III) center, using the
SambVca 2.1 web tool, from the available XRD data.51−55 The
value for Vbur was calculated using a sphere centered at Co(III)
of radius 5 Å and topographical maps for each catalyst
calculated, as viewed along the likely direction of approach of
the epoxide toward Co(III) (Tables S12 and S13; Figures S41
and S42). Total Vbur was found to loosely correlate with
observed catalytic activity, with the highest performing catalyst
showing the lowest Co(III) Vbur and highest free volume, Vfree
(Figure S40).

The rate-determining step in the catalytic mechanism is
proposed to involve ring opening of a Co(III)-activated
epoxide by a Na(I)-bound carbonate nucleophile, where the
distinct roles of each metal are supported by prior computa-
tional and experimental investigations (Figure 5).23,38,42,43 It is
tentatively proposed that increased free space (decreased Vbur)
around Co(III) facilitates epoxide coordination and activation
toward ring opening, implying that rate differences across the
series are affected by variations in the sterics of the ligand
macrocycle. However, the proposal is early stage since the
absolute differences in Vbur across the series are small, ranging
from 51 to 57%, implying that the sterics of the diamine linker
is one of several factors giving rise to the observed performance
differences.

Figure 6. (a−d) Molecular structures of LnCo(III)Na(I) (n = 1−4) obtained from single-crystal X-ray diffraction experiments. Hydrogen atoms
and outer-sphere solvent molecules have been omitted for clarity. Thermal ellipsoids are represented at 40% probability. (e) Table of key distances.
Crystal structures for L1Co(III)Na(I) and L4Co(III)Na(I) are previously reported.43,46
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The ligand macrocycle size, and its effect on the positioning
of metals within the ligand as indicated by the solid-state
structures, could also affect catalytic activity by influencing the
degree of ligand-to-metal electron donation and labilizing the
Na−O bond toward ring opening of PO (Figure 5).

Selectivity for polymer (PPC) over cyclic carbonate (PC)
was found to vary across the catalyst series (97 and 96 ± 1%
for L1Co(III)Na(I) and L2Co(III)Na(I), 81 ± 1% for
L3Co(III)Na(I), and 0% for L4Co(III)Na(I), Table 1, entries
1−4). DFT and experimental investigations on a related
catalyst indicate that back-biting occurs from the alkoxide
intermediate, and the activation barriers to epoxide ring
opening vs back-biting processes are similar.23,44 Therefore, the
relative concentrations of the alkoxide and carbonate
intermediates (controlled by the CO2 insertion equilibrium)
are important in determining the selectivity (Figure 5). The
finding here that polymer selectivity is catalyst dependent
implies the nature of the ligand macrocycle affects the
alkoxide-carbonate equilibrium, where the most selective

catalysts are proposed to bias the equilibrium position toward
the carbonate.

Increasing the temperature to 70 °C results in a drop in
polymer selectivity for L2Co(III)Na(I) and L3Co(III)Na(I)
(85 ± 1% for L2Co(III)Na(I), 0% for L3Co(III)Na(I), Table
S4), while high polymer selectivity is retained for L1Co(III)-
Na(I) (98 ± 1%, Table S4). It is tentatively proposed that the
reduced selectivity can be accounted for by a change in
equilibrium constant with rising temperature, biasing the
position of equilibrium toward the alkoxide intermediate and
favoring cyclic carbonate formation (the thermodynamic
product). The most selective catalyst (L1Co(III)Na(I))
strongly favors the carbonate intermediate and is, therefore,
least sensitive to the change in equilibrium position with
temperature, retaining high polymer selectivity at 70 °C.

The performance of the best catalyst L1Co(III)Na(I) under
the lead conditions, 20 bar of CO2, 70 °C, and 0.025 mol %
catalyst loading, can be compared against field-leading
literature Co(III) catalysts for PO/CO2 ROCOP, under
analogous or closely related reaction conditions (Figure 7

Figure 7. (a, b) Comparison of L1Co(III)Na(I) (A) against high-performance literature Co(III)-based PO/CO2 ROCOP catalysts (B−E).
Conditions: 70 °C, 20 bar CO2, 0.025 mol % cat (A−C); 70−77 °C, 20 bar CO2, 0.001 mol % cat (D), 50 °C, 20 bar CO2 0.1 mol % cat
(E).26,38,43,44
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and Table S14). The most active catalyst in the field, a tethered
Co(III)-salen catalyst (D), which was first reported by Lee and
co-workers in 2008, is significantly more active than all the
other catalysts with a TOF = 19,000 h−1 and selectivity
>99%.26 The lead catalyst in this work (L1Co(III)Na(I), A)
can also be compared against a catalyst system comprising a
mixture of a Co(III)(salen)X complex and K-18-crown-6 (E)
(Figure 7).40 In this case, the catalysis was studied at 50 °C
(rather than 70 °C), but a much higher catalyst loading was
used (0.1 mol % catalyst) relative to A. Catalyst A performs
significantly better, showing a TOF = 1428 h−1 and selectivity
of 97%, relative to the mixture of species which shows a TOF =
231 h−1 and selectivity of 82%. The difference in performance
highlights the benefits of the heterodinuclear complex, where
the metals appear to show catalytic synergy. The better
performance of A over the catalyst mixture (E) is further
emphasized when comparing catalytic activity per gram of
catalyst, where A shows a 10-fold enhancement in activity per
gram relative to E.

It is also important to compare the performance of the lead
catalyst in this work (A, Figure 7), against the previously
reported Co(III)K(I) catalysts, coordinated by the same or
related ligands (B and C, Figure 7).43,44 Comparison to
Co(III)K(I) catalyst B reveals that, at 70 °C, A is more active.
This improvement is clear when considering either the mol/
mol of TOF or the gram/gram activity. At the higher
temperature, A has a TOFmol/mol = 1428 h−1 and TOFg/g=
238 h−1 compared to B, which shows TOFmol/mol = 525 h−1

and TOFg/g= 85 h−1. The relative activities are different to
those observed at the lower temperature of 50 °C, where the
Co(III)K(I) (B) catalyst is more active.38,43 Another clear
benefit of using A is that it shows a much higher selectivity of
97% relative to B, which has a polymer selectivity of just 63%
at 70 °C.43 The lower selectivity for B is responsible for its
lower polymer activity value at higher temperature. Overall, the
experiments clearly demonstrate the importance of testing
catalysts under different conditions since Co(III)Na(I) is the
right metal combination for use at elevated temperatures,
where the rates of polymer formation are higher than for
related Co(III)K(I) catalysts.

Further comparison to the “open” ligated Co(III)K(I)
catalyst C, the current highest performance heterodinuclear
catalyst for PO/CO2 ROCOP, also highlights A as an excellent
catalyst, able to compete with K(I) complexes. Under the same
high-temperature (70 °C) conditions, A outperforms the
Co(III)K(I) catalyst (C) in terms of TOFmol/mol = 1428 h−1

(vs catalyst C, TOFmol/mol = 1013 h−1) and TOFg/g = 238 h−1

(vs catalyst C, TOFg/g = 164 h−1). Overall, the lead
macrocyclic complex in this work, A, shows 1.5× better
performance than catalyst C. In the future, investigating the
Co(III)Na(I) complex at higher temperature using the open
ancillary ligand is warranted.

■ CONCLUSIONS
The synthesis and catalytic testing of a series of four
Co(III)Na(I) complexes were reported, with catalysts differing
by the ligand structure and overall macrocycle size through
variation of the di-imine linkers and number of oxygen donors.
The ligand macrocycle modifications were found to exert a
significant influence on propene oxide/carbon dioxide ring-
opening copolymerization activity and selectivity, with the best
catalyst being L1Co(III)Na(I). When compared to other
leading Co(III) catalysts, L1Co(III)Na(I) was unusual and

useful since it showed high activity and selectivity at higher
temperatures; under such conditions, it outperformed related
Co(III)K(I) catalysts. These findings motivate the continued
exploration of the Co(III)Na(I) catalyst for other epoxides and
monomer combinations. They also suggest that other
transition metal/sodium complexes should be developed so
as to target highly active, tolerant, and selective catalysts for
carbon dioxide utilizations.

■ MATERIALS AND METHODS
General Procedures. All manipulations were carried out by using

a dual manifold nitrogen-vacuum Schlenk line or a nitrogen-filled
glovebox. Reagents were sourced commercially and used as received
unless otherwise stated. The dialdehyde proligand for synthesis of
L1Co(III)Na(I) and L4Co(III)Na(I) (3-(2-(2-[2-(3-formyl-2-
hydroxyphenoxy)ethoxy]ethoxy)ethoxy)-2-hydroxybenzaldehyde)
was sourced from Enamine Ltd. and Manchester Organics Ltd. and
used as received. The dialdehyde proligand for synthesis of
L2Co(III)Na(I) and L3Co(III)Na(I) (2-[2-(3-formyl-2-hydroxy-
phenoxy)ethoxy]ethoxy]-2-hydroxybenzaldehyde) was sourced from
Fluorochem Ltd. and used as received. Propene oxide was purchased
from Sigma Aldrich and dried over calcium hydride for 48 h before
purifying by distillation and storing under nitrogen. Unpurified PO
was purchased from Sigma Aldrich and used as received. Research-
grade CO2 (BOC, 99.99%) was dried through a Drierlite column and
two additional drying columns (Micro Torr, model number: MCI-
804FV) in series prior to use.
NMR Spectroscopy. All NMR spectra were collected using a 500

MHz Bruker Avance III HD Nonobay spectrometer with a 11.75T
magnet at 298 K. DOSY analysis was carried out on a 500 MHz
Bruker Avance III spectrometer with a 11.75T magnet, with
convection compensation. Diffusion coefficients were calculated
from the Stejskal−Tanner expression using nonlinear regression
analysis.
Attenuated Total Reflectance (ATR-IR) Spectroscopy. All PO/

CO2 copolymerizations were monitored using a ReactIR 701
instrument, including a liquid nitrogen MCT detector and a DiComp
ATR-IR probe, which was bottom-mounted onto a 100 mL Parr
Reactor. IR spectra were generated once per minute, from 256 scans,
and recorded within a wavenumber range of 3000−650 cm−1.
Gel Permeation Chromatography. GPC traces were obtained

using a Shimadzu LC-20AD instrument at 40 °C equipped with a
refractive index (RI) detector and two mixed bed PSS SDV linear S
columns in series. The eluent used was tetrahydrofuran (THF) at a
flow rate of 1 mL/min. Polymer molar mass values were calibrated
with narrow molar mass polystyrene standards.
X-ray Crystallography. Crystals were isolated and immersed in

perfluoropolyether oil (Fomblin). Single crystals were mounted on
MiTiGen MicroMounts before being cooled to 150 K using an
Oxford Cryosystems Cryostream. Data were collected on an Oxford
Diffraction Supernova Diffractometer using Cu Kα (λ = 1.5417 Å)
radiation. Data processing was carried out on CrysAlisPro software,
and structures were solved using the SHELXT program, within the
Olex2 system suite.
MALDI-TOF Mass Spectrometry. MALDI-TOF analysis was

carried out on a Bruker Autoflex Speed MALDI-TOF spectrometer.
1:1:1 solutions of the catalyst (10 mg mL−1 in methanol) to trans-1-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malonitrile (10
mg mL−1 in tetrahydrofuran) to sodium iodide (10 mg mL−1 in
methanol) were prepared. These solutions were spotted three times
each on the MALDI plate and allowed to dry overnight before
performing analysis.
Elemental Analysis. Elemental analysis was carried out by the

London Metropolitan University (166-220 Holloway Road, London,
N7 8DB) and the micro-analysis service at the University of York
(Heslington, York, YO10 5DD).
Catalyst Synthesis. L1Co(III)Na(I) Catalyst Synthesis. An

acetonitrile (15 mL) solution of the relevant dialdehyde proligand
(400 mg, 1.02 mmol), Na(OAc) (84 mg, 1.02 mmol), and Co(OAc)2
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(181 mg, 1.02 mmol) was prepared in a nitrogen glovebox. The
solution was stirred for 1 h followed by addition of ethylene diamine
(68 μL, 1.02 mmol), in one portion, under a flow of nitrogen. The
resulting solution was left to stir for a further 16 h before exposing to
air and adding two equivalents of acetic acid (117 μL, 2.04 mmol).
After stirring for 72 h, the solvent was removed in vacuo to obtain a
dark brown, glassy solid. Purification of the crude product was
achieved via azeotropic distillation with toluene (3 × 50 mL) and
hexane (3 × 50 mL), followed by precipitation of the complex from a
dichloromethane solution with pentane. The resulting solid was dried
in vacuo overnight and stored in a nitrogen glovebox (73% yield).
L2Co(III)Na(I) Catalyst Synthesis. A methanol solution (125 mL)

of ethylene diamine (77 μL, 1.16 mmol) was added dropwise, over
the course of 3 h, to a refluxing methanol solution (500 mL) of the
relevant dialdehyde proligand (400 mg, 1.16 mmol) and Na(OAc)
(95 mg, 1.16 mmol) under nitrogen. The solution was left to cool to
room temperature before adding Co(OAc)2 (205 mg, 1.16 mmol)
and then left to stir for a further 16 h under nitrogen. Subsequently,
the solution was exposed to air and one equivalent of acetic acid was
added (66 μL, 1.16 mmol). The solution was stirred for a further 72 h.
The solvent was then removed in vacuo to obtain a dark brown glassy
solid. Purification of the crude product was achieved via azeotropic
distillation with toluene (3 × 50 mL) and hexane (3 × 50 mL),
followed by precipitation of the complex from a dichloromethane
solution with pentane. The resulting solid was dried in vacuo
overnight and stored in a nitrogen glovebox.
L3Co(III)Na(I) Catalyst Synthesis. A methanol solution (125 mL)

of 2,2-dimethylpropane-1,3-diamine (139 μL, 1.16 mmol) was added
dropwise, over the course of 3 h, to a refluxing methanol solution
(500 mL) of the relevant dialdehyde proligand (400 mg, 1.16 mmol)
and Na(OAc) (95 mg, 1.16 mmol) under nitrogen. The solution was
left to cool to room temperature before adding Co(OAc)2 (205 mg,
1.16 mmol) and then left to stir for a further 16 h under nitrogen.
Subsequently, the solution was exposed to air, and one equivalent of
acetic acid was added (66 μL, 1.16 mmol). The solution was stirred
for an additional 72 h. The solvent was then removed in vacuo to
obtain a dark brown glassy solid. Purification of the crude product was
achieved via azeotropic distillation with toluene (3 × 50 mL) and
hexane (3 × 50 mL), followed by precipitation of the complex from a
dichloromethane solution with pentane. The resulting solid was dried
in vacuo overnight and stored in a nitrogen glovebox (63% yield).
L4Co(III)Na(I) Catalyst Synthesis. A methanol solution (125 mL)

of 2,2-dimethylpropane-1,3-diamine (123 μL, 1.02 mmol) was added
dropwise, over the course of 3 h, to a refluxing methanol solution
(500 mL) of the relevant dialdehyde proligand (400 mg, 1.02 mmol)
and Na(OAc) (84 mg, 1.02 mmol) under nitrogen. The solution was
left to cool to room temperature before adding Co(OAc)2 (181 mg,
1.02 mmol) and then left to stir for a further 16 h under nitrogen.
Subsequently, the solution was exposed to air, and one equivalent of
acetic acid was added (59 μL, 1.02 mmol). The solution was stirred
for a further 72 h. The solvent was then removed in vacuo to obtain a
dark brown glassy solid. Purification of the crude product was
achieved via azeotropic distillation with toluene (3 × 50 mL) and
hexane (3 × 50 mL), followed by precipitation of the complex from a
dichloromethane solution with pentane. The resulting solid was dried
in vacuo overnight and stored in a nitrogen glovebox (13% yield).
Polymerization Procedure. A solution of catalyst (0.018 mmol)

and trans-1,2-cyclohexanediol (42 mg, 0.36 mmol) in PO (5 mL, 72
mmol) was prepared in a nitrogen glovebox. Mesitylene (50 μL, 0.357
mmol) was added as an internal standard. The reaction solution was
injected into a 100 mL Parr Reactor, fitted with a bottom-mounted
DiComp IR probe, under a flow of CO2. The vessel was pressurized to
20 bar CO2 before heating to the desired temperature. Conversion to
polycarbonate and cyclic carbonate was followed using operando
ATR-IR spectroscopy by monitoring the increase in intensity of a
peak at 1750 and 1810 cm−1, respectively. Subsequently, the reaction
was allowed to cool and quenched by exposure to air and the addition
of benzoic acid (2 mg, 0.018 mmol).
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