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ABSTRACT: The ring-opening copolymerization of carbon dioxide and
propene oxide is a useful means to valorize waste into commercially
attractive poly(propylene carbonate) (PPC) polyols. The reaction is
limited by low catalytic activities, poor tolerance to a large excess of chain
transfer agent, and tendency to form byproducts. Here, a series of new
catalysts are reported that comprise heterodinuclear Co(III)/M(I)
macrocyclic complexes (where M(I) = Group 1 metal). These catalysts
show highly efficient production of PPC polyols, outstanding yields
(turnover numbers), quantitative carbon dioxide uptake (>99%), and high
selectivity for polyol formation (>95%). The most active, a Co(III)/K(I)
complex, shows a turnover frequency of 800 h−1 at low catalyst loading
(0.025 mol %, 70 °C, 30 bar CO2). The copolymerizations are well controlled and produce hydroxyl telechelic PPC with predictable
molar masses and narrow dispersity (Đ < 1.15). The polymerization kinetics show a second order rate law, first order in both
propylene oxide and catalyst concentrations, and zeroth order in CO2 pressure. An Eyring analysis, examining the effect of
temperature on the propagation rate coefficient (kp), reveals the transition state barrier for polycarbonate formation: ΔG‡ = +92.6 ±
2.5 kJ mol−1. The Co(III)/K(I) catalyst is also highly active and selective in copolymerizations of other epoxides with carbon
dioxide.

■ INTRODUCTION
Carbon dioxide utilization is a grand challenge for contempo-
rary chemistry, and although several efficient reactions are
known, few are viable or true utilizations when considered
more broadly.1,2 Many require esoteric, greenhouse gas
emitting, and expensive stoichiometric reagents, while others
yield products with no current large-scale application, or need
unacceptably high catalyst loadings or operate under
conditions, including carbon dioxide purity, incompatible
with scale-up.3 In contrast, epoxide and carbon dioxide ring-
opening copolymerization (ROCOP) is well suited for large-
scale deployment since it applies already commercial
monomers, enables significant carbon dioxide sequestration,
and produces valuable polymers whose properties allow for the
replacement of existing petrochemicals.3−5 This process can
sequester up to 50 wt % carbon dioxide into the polymer and it
is truly catalytic allowing for multiple turnovers and high
converson of epoxide.3−5 At the cutting-edge are carbon
dioxide and propylene oxide derived polyols which are low
molar mass, hydroxyl end-capped polypropylene carbonate
(PPC) or polyethercarbonates. These polyols are applied to
make polyurethanes to construct mattresses and furniture
foams, insulation sheet foam, coatings, sealants, and
elastomers.4,6−8 Life-cycle assessment shows that polyols with
just 20 wt % CO2 content (i.e., imperfectly alternating
polymers) display a ∼20% reduction in green-house gas
emissions and fossil fuel consumption compared to currently

used petrochemicals.9 High molar mass polycarbonates are also
explored as toughened plastics, elastomers, and adhesives.10 In
terms of polyols, the use of propylene oxide as the epoxide is
particularly important because it is an inexpensive commodity
chemical already used at large-scale in polyol manufacture,11

and it delivers attractive material properties.4,6−8 While
tremendous advances have been made in high molar mass
PPC catalysis,12−24 the production of the desired low molar
mass polyols from propylene oxide and carbon dioxide is
challenging.4,25,26 One difficulty is that any catalyst must
tolerate a large excess of the protic starter or chain transfer
agent (CTA), typically a diol or diacid, essential to control the
chain end-group chemistry and ensure that polyols achieve the
correct molar mass, even at high epoxide conversions (Figure
1).4

Among the most active high molar mass PPC catalysts are
cobalt(III) salen complexes, [(salen)Co(III)X] where X =
carboxylate or halide, and these compounds are best applied
with an equimolar quantity of an ionic cocatalyst, typically

Received: August 3, 2020
Published: October 27, 2020

Articlepubs.acs.org/JACS

© 2020 American Chemical Society
19150

https://dx.doi.org/10.1021/jacs.0c07980
J. Am. Chem. Soc. 2020, 142, 19150−19160

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arron+C.+Deacy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emma+Moreby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Phanopoulos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charlotte+K.+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.0c07980&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jacsat/142/45?ref=pdf
https://pubs.acs.org/toc/jacsat/142/45?ref=pdf
https://pubs.acs.org/toc/jacsat/142/45?ref=pdf
https://pubs.acs.org/toc/jacsat/142/45?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.0c07980?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


bis(triphenyl phosphine)iminium chloride (PPNCl).12−21

Although this type of catalyst can be used to prepare polyols,
they usually show significantly compromised activity. For
example, [(salen)CoX]/PPNX shows an activity, TOF, of just
10 h−1 when applied with the added water (as CTA) necessary
to selectively produce polyols.26 Another problem is the use of
PPNX salts which are toxic, expensive, poorly soluble in many
epoxides, and may be corrosive to steel. As the active catalyst
comprises an ion pair, rapid deactivation occurs at the
necessary low catalyst loading, which is another detraction.14,15

To address these limitations, Nozaki and co-workers, and
subsequently many others, reported modified [(salen[NR3

+])-
Co(III)X]X′ complexes, i.e., single component catalysts, where
the salen ligand is modified to include a covalently bonded
organic salt cocatalyst, most commonly an ammonium
salt.12,14,15,18 These catalysts show better turnover frequencies
for low molar mass PPC, for example, achieving a TOF of 48
h−1 with excess methanol.18 Detailed optimization resulted in a
catalyst featuring four ammonium “arms”, [(salen[NBu3

+]4)-
Co(III)(OAc)](NO2

−)4, that achieved an impressive TOF of
10 300 h−1 (0.001 mol % catalyst, 80 °C, 20 bar CO2) and
importantly is stable to copious quantities of CTA (400
equiv).27 Unfortunately, this catalyst is somewhat complex to
prepare, requiring >8 synthetic steps, and has an ill-defined
composition and unclear mechanism.28,29 Very recently, the
tethered cocatalyst strategy also significantly improved an
Al(III)-porphyrin catalyst, but for CO2/CHO ROCOP.30

Lewis acid−base pair catalysts, of the form Et3B/tetra-butyl-
ammonium carbonate (TBAC), also successfully yielded PPC
polyols, although with low TOF = 3 h−1 and requiring high
catalyst loading (7.5 mol % BEt3, 2.5 mol % TBAC, 40 °C, 10
bar).31 Recently, recycling of this catalyst system has been
reported with >95% catalyst recovery.32 The stratagem of
tethering the Lewis acid−base pair has significantly enhanced
rates for CO2/CHO ROCOP, but there are not yet reports of
these catalysts for PPC polyol synthesis.33

Homogeneous dinuclear metal ROCOP catalysts operate
without cocatalyst, show high activity and selectivity at low
carbon dioxide pressures for CHO/CO2 ROCOP, and retain
performances when using chain transfer agents to selectively

deliver PCHC polyols.34−46 The most active are hetero-
dinuclear catalysts which show synergy in CHO/CO2

ROCOP.43−49 Nonetheless, so far these dinuclear catalysts
underperform in propylene oxide (PO)/carbon dioxide
ROCOP: they either scarcely turnover to PPC or produce
cyclic carbonate.34,38,43 Motivated by the heterodinuclear
synergy concept, this study targets heterodinuclear PO/CO2

ROCOP catalysts. The catalyst selection is underpinned by the
following guidelines: (1) The optimum internuclear separation
should be ∼3−4 Å to provide for intermetallic “cooperation” in
the ring-opening transition state and intermediate.35,40,45,50 (2)
The chain-shuttling mechanism, operative for other dinuclear
catalysts, is accelerated by trans- disposed coligands and chain
growth alternating between the two metals.34−36,38,43−45 (3)
For CHO/CO2 ROCOP, the most effective metal combina-
tions feature M(II)M′(II), where M = Co(II) and M′ =
Mg(II).43 Here, PO/CO2 ROCOP, catalysts of the form
M(III)/M′(I), where M = Co(III) and M′ = Na, K, Cs, Rb(I),
are proposed to exploit the high nucleophilicity of Co(III)-
propylene carbonate intermediates and the oxophilicity of
Group 1 metals toward epoxide coordination. Additionally,
Group 1 metals are attractive due to their abundance, low cost,
lack of color, and low toxicity. Heterodinuclear complex
formation is essential since prior work has established that
ROCOP using mixtures of [(salen)Co(III)X] complexes and
Group 1 crown ether additives yielded cyclic carbonates.13 To
make the heterodinuclear M(III)/M(I) complex, a macrocyclic
ligand featuring differentiated binding cavities was selected,
with a tetradentate Schiff base to coordinate the Co(III) and a
“crown-ether” moiety for M(I) (Figure 2). The ligand features
two bridging phenolate sites which could enhance electronic
communication between Co(III) and M(I), which may
increase electronic synergy in catalysis (Figure 1a).34,36,43

Related transition metal/M(I) heterodinuclear complexes are
successful magnetic resonances probes (Co(II)/Na(I)), CH
oxidation catalysts (Fe(III)/K(I)), and epoxidation catalysts
(Mn(III)/Na(I)).51−56

Figure 1. (a) PO/CO2 ROCOP to make poly(propylene carbonate) (PPC) polyols. (b) Illustration of one of the heterodinuclear catalysts used in
this investigation (2). (c) Catalytic cycle for PO/CO2 ROCOP illustrating both propagation and chain transfer reactions (epoxide ring-opening k1,
CO2-insertion k2 and chain-transfer k3).
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■ RESULTS AND DISCUSSION

Complexes 1−4 were synthesized from the macrocycle ligand
(SI for ligand synthesis) by the addition of an equivalent of the
appropriate alkali-metal(I) acetate, followed shortly after by
the addition of an equivalent of cobalt(II) acetate. The
reaction mixture was stirred for 30 min, at 25 °C, and then
ethylenediamine was added and the solution stirred for a
further 16 h. The resulting solution was exposed to air and two
equivalents of acetic acid added to oxidize the Co(II) center.
The resulting Co(III)/M(I) complexes were isolated in >50%
overall yield as pale brown solids. The complexes were
characterized by NMR spectroscopy (Figure S2−S10), mass
spectrometry (Figure S11−S13), IR spectroscopy (Figure
S14), elemental analysis, and where possible, by single crystal
X-ray diffraction (SI for details). For example, the NMR
spectrum of 1 shows the disappearance of the phenolic
protons, at ∼10.86 ppm in the free ligand, and the appearance
after complexation of both ethylene (1H: 4.31; 13C: 59.4 ppm)
and acetate (1H: 1.45; 13C: 179.5, 24.8 ppm) resonances,
respectively. The transformation of the aldehyde to imine
functional groups results in shifting of a singlet resonance from
9.94 to 7.70 ppm in the 1H NMR spectrum. During the
synthesis, both metals are added in short succession and yet
there is selective formation of the heterodinuclear complex.
This arises because the ligand binding “pockets” discriminate
between the metals’ coordination chemistry and ionic radii
(Co(II) = 0.75 Å, Na(I) = 1.1 Å, K(I) = 1.5 Å, Rb(I) = 1.6 Å
and Cs(I) = 1.7 Å vs binding sites N2O2 = 1.9 Å, 18C6 = 2.7
Å).57

The 2D DOSY NMR spectra show a single diffusion
coefficient for complexes 1−4, indicative of a single structure
in solution (Figure S10). The solution hydrodynamic radii are
5.14, 5.17, 5.65, and 6.66 Å for 1−4, respectively. For
complexes 1 and 2, values correlate well with those calculated
from the solid state structures (vide infra) and indicate
monomeric species. Complex 3 shows a smaller value (5.65 Å)
than that calculated for the dimeric solid (6.45 Å) and
correlates better to a “half-dimeric” structure (5.23 Å)
suggesting it is monomeric in solution. Although the solid
state structure of complex 4 was not obtained, its solution

hydrodynamic radius (6.66 Å) falls in the expected range for a
dimer. The change in complex nuclearity on descending Group
1 can be rationalized by increasing larger radii, e.g., of Rb(I)
and Cs(I), enabling access to higher coordination numbers and
facilitating complex aggregation.58

The MALDI-ToF mass spectra display molecular ions, at
495, 511, and 604 amu, for complexes 1, 2, and 4, respectively,
and values correspond to the molecular cation, [LCo(II)M]+

(Figure S11−S13). The isotope distribution patterns match
those expected. Crystals suitable for single crystal X-ray
diffraction were obtained via vapor diffusion of pentane (1)
or diethyl ether (2) into a saturated solution of each complex
in dichloromethane. Structural elucidation confirmed the
desired heterodinuclear complexes (Figure 2b). Catalysts 1
and 2 are isostructural, as both are monomeric with an
octahedral cobalt(III) coordinated in the bis(iminophenol)
ligand cavity, and the alkali metal(I) coordinated in the crown
ether cavity. There is a measurable increase in Co−M
separation (M = Na; 3.388 Å, K; 3.698 Å) consistent with
the increase in radii. In each structure, one acetate ligand
bridges (κ2) between the Co(III) and M(I) and the other is
coordinated only to cobalt (κ1). The structures of complexes 1
and 2 are formally cobalt “ate” species; i.e., the Co(III) is
anionic while the M(I) is cationic.
Catalysts 1−4 were each tested in CO2/PO ROCOP, at 50

°C, using neat PO (14 M, 6 mL), 0.025 mol % catalyst, 20 bar
CO2 pressure and 0.5 mol % 1,2-cyclohexane diol (i.e., 20
equiv CTA vs catalyst) to deliver PPC polyols (Table 1).
Under these polyol synthesis conditions, all catalysts showed
very good activity and resulted in near quantitative CO2
uptake. The reactions were also highly selective with catalysts
2 and 3, in particular, showing very little cyclic carbonate
byproduct. In all cases, the poly(propylene carbonate) formed
without detectable ether linkages and with molar mass values
consistent with theoretical values and within the desired polyol
range. The PPC polyols show monomodal, narrow dispersity
distributions (Đ < 1.10) with excellent selectivity for hydroxyl
end-groups (vide infra).
Catalyst 2, i.e., Co(III)K(I), is the most active and has a

turnover frequency (TOF) of 340 h−1 at 50 °C (kp = 11.20

Figure 2. (a) Synthesis of the heterodinuclear complexes 1−4. Reagents and conditions: (i) M(OAc) [M = Na, K, Rb, or Cs], Co(OAc)2, MeCN,
25 °C, 30 min, N2. (ii) Ethylenediamine, MeCN, 25 °C, 16 h, N2. (iii) AcOH (2 equiv), MeCN, air, 72 h, >50% yield. (b) ORTEP representation
of the molecular structures of complexes 1−3, with hydrogen atoms and residual solvents omitted for clarity, and thermal ellipsoids are represented
at 50% probability (see SI for experimental details).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c07980
J. Am. Chem. Soc. 2020, 142, 19150−19160

19152

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?fig=fig2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07980/suppl_file/ja0c07980_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c07980?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c07980?ref=pdf


mM−1 s−1, 98% PPC, 20 bar CO2) which is increased to an
impressive 800 h−1 at 70 °C (kp = 24.0 mM−1 s−1, 93% PPC,
30 bar CO2). Catalysts 1, 3, and 4 are all considerably less
active (kp ∼ 2.00 mM−1 s−1) and selective than 2.
The outstanding performance of the potassium hetero-

dinuclear complex, compared to the other Group 1 metals,
likely arises from a combination of carefully balanced metal
sizes and binding affinities. When the alkali metal is too small,
e.g., Na(I) in complex 1, it may be coordinatively saturated by
the macrocycle crown ether which hinders propylene oxide
coordination. When the alkali metal is too large, e.g., Rb(I) or
Cs(I) in complexes 3 or 4, coplanar metal coordination within
the macrocycle is no longer possible and aggregates form, as
indicated by the DOSY NMR data. Catalyst 2 also produced
PPC polyols with excellent productivity, reaching >90%
conversion of PO while maintaining high activity and
selectivity (Table 1, Entry 2). This data is significant since it
demonstrates the ability to use these catalysts to fully convert
the epoxide into the target PPC polyols.
Compared against other literature catalysts, the performance

of 2 stands out. For example, Lu and co-workers reported a
catalyst mixture of [(salen)Co(III)X] (X = 2,4-dinitropheno-
late) with an equimolar amount of 18-crown-6/KI (1:1) which
formed mostly cyclic carbonate (41% selectivity for PPC) with
only half the activity of 2 and without any polyol formation
(Table 1, Entry 7).13 Compared against the [(salen)Co(III)-
X]/PPNX system, applied under polyol formation conditions
where X = trifluoroactetate, catalyst 2 shows >30× higher
activity, at 10× lower loading.26 As mentioned in the
Introduction, the tethered catalyst [(salen[Pip+]2)Co(OAc)2]

is less effective in polyol synthesis, with 2 showing 8× higher
activity at 2× lower catalyst loading and delivering better
selectivity.18 Catalyst 2 is less active than the highly optimized
tetra-ammonium substituted catalyst [(salen[NBu3

+]4)Co-
(OAc)](NO2)4, but is substantially higher yielding compared
to the 10% PPC conversion reported.27 Beneficially, 2 is fully
characterized and does not contain any salts or anion mixtures.
Heterogeneous double metal cyanide catalysts are used

industrially to produce poly(propylene oxide-ran-propylene
carbonate) polyolsthey show excellent activity but much
lower carbon dioxide uptake (carbonate linkages <20%).
Unfortunately these heterogeneous catalysts also produce
significant quantities of cyclic carbonate byproducts (Table
1, Entry 12).60,61 Wang and co-workers reported conditions,
specifically at lower temperatures and using specific acidic
cocatalysts and starters, that increase carbon dioxide uptake (%
carbonate <75%). Nonetheless, these conditions impact
negatively upon catalyst activity (TOF = 43 g/g/h, 15 equiv
sebacic acid, 50 °C, 40 bar CO2).

59 In comparison, 2 displays
an equivalent activity (35 g/g/h at 50 °C), but, unlike the
DMC catalysts, it may be applied at higher temperature
without loss of selectivity. Thus, at 70 °C, its activity increases
to 83 g/g/h without significant compromise in polymer
selectivity.
Using low loadings of catalyst 2, the molar mass of the

resulting PPC was easily controlled by varying the amount of
chain-transfer agent used (0−250 equiv, Table 2). When the
catalyst was applied without CTA, the resulting PPC showed
bimodal molar mass distributions attributed to chains which
are catalyst initiated (lower MW series) and chains initiated

Table 1. ROCOP of CO2/PO of Catalysts 1−4a

# Co(III)/M(I)
time
(h)

conv.
(%)b

CO2
(%)c

polym.
(%)d TONe

TOF
(h−1)f

kp
(mM−1 s−1)g

Mn [Đ]
(g mol−1)h

1 Na = 1 5.0 15 >99 79 600 120 2.09 2300 [1.08]
2 K = 2 4.0 34 >99 98 1360 340 11.20 5900 [1.10]
3i K = 2 1.4 28 >99 93 1120 800 24.0 5800 [1.07]
4j K = 2 19.8 90 >99 98 1800 91 10.70 8800 [1.04]
5 Rb = 3 23 31 >99 91 1240 54 1.77 6500 [1.07]
6 Cs = 4 23 27 >99 84 1080 47 1.76 5600 [1.08]
7k,13 [(salen)Co(2,4-DNP)]/18C6/KI 3.0 27 >99 41 540 182 − 4700 [1.43]
8l,26 [(salcy)Co(O2CCF3)]PPN(O2CCF3) (20 equiv

H2O)
48 95 >99 >99 475 10 − 7800 [1.06]

9m,18 [(salen[Pip+]2)Co(OAc)2] (20 equiv MeOH) 20 95 >99 96 960 48 − 5100 [1.06]
10n,27 [(salen[NBu3

+]4)Co(OAc)](NO2)4 (400 equiv
adipic acid)

1 10 >99 >99 10 300 10 300 − 2600 [1.05]

11o,31 Et3B:[NBu4
+]2[O3C

2−] 14 95 91 95 37 3 − 4100 [1.10]
12p,59 Zn-Co-DMCC (15 equiv sebacic acid) 30 64 75 98 1280

g/g
43 g/g/h − 1500 [1.10]

aReaction conditions: Catalyst (0.025 mol %, 3.5 mM), PO (6 mL, 14 M), 1,2-cyclohexanediol (0.5 mol %, 70 mM), 20 bar CO2, 50 °C. bPO
conversion determined from the relative integrals in the 1H NMR spectrum of PPC (4.92 ppm, 1H), PC (4.77 ppm, 1H), and PPO (3.46−3.64
ppm, 3H) using mesitylene as an internal standard (6.70 ppm). cCO2 selectivity determined by the relative integrals in the 1H NMR spectrum of
PPC (4.92 ppm, 1H) and PC (4.77 ppm, 1H) compared with PPO (3.46−3.64 ppm, 3H). dPolymer selectivity determined by the relative integrals
in the 1H NMR spectra of PPC (4.92 ppm, 1H) against PC (4.77 ppm, 1H). eTurnover number (TON) = number of moles of PO consumed/
number of moles catalyst. fTurnover frequency (TOF) = TON/time (h). gkp = kobs/[cat]

1; kobs determined as the gradient of the plot of ln[PO]t/
[PO]0 vs time. hDetermined by GPC analysis, in THF, calibrated with narrow-Mn polystyrene standards; dispersity values in parentheses. iCatalyst
(0.025 mol %, 3.5 mM), PO (6 mL, 14 M), 1,2-cyclohexanediol (0.5 mol %, 70 mM), 30 bar CO2, 70 °C.

jCatalyst (0.05 mol %, 3.5 mM), PO (3
mL, 7 M), diethyl carbonate (3 mL), 1,2-cyclohexanediol (0.5 mol %, 70 mM), 20 bar CO2, 50 °C.

kCatalyst (0.05 mol %, 7.1 mM), PO (14 mL,
14 M), KI (0.05 mol %, 7.1 mM), 15 bar CO2, 25 °C. lCatalyst (0.2 mol %, 10.0 mM), PO (0.5 mL, 4.6 M), toluene/chloroform (1 mL), PPNX
(0.2 mol %, 10.0 mM), H2O (2.0 mol %, 1 M), 15 bar CO2, 25 °C. mCatalyst (0.1 mol %, 7.2 mM), PO (1 mL, 7 M), 1,2-dimethoxyethane (1
mL), methanol (1.0 mol %, 0.14 M), 14 bar CO2, 25 °C.

nCatalyst (0.001 mol %, 1.7 μM), PO (12 mL, 14 M), adipic acid (0.4 mol %, 0.68 M), 25
bar CO2, 75 °C. oCatalyst (7.5 mol %, 0.25 M, 1 mL from a 1 M THF solution), tetra-butyl ammonium carbonate (TBAC) (2.5 mol %, 0.09 M),
PO (2 mL, 7 M), THF (1 mL), 10 bar CO2, 40 °C.

pCatalyst (50 mg), PO (100 mL, 14 M), sebacic acid (95 mmol, 0.95 M), 40 bar CO2, 50 °C.
For illustrations of the literature catalyst structures, see Figure S15.
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from 1,2-propane diol (upper series, note the diol evolves by
ring opening of epoxide and trace water as discussed
previously25). For polymerizations conducted with progres-
sively greater numbers of equivalents of CTA, the quantity of
catalyst initiated polymer chains decreases resulting in the
desired monomodal GPC traces when >50 equiv of CTA are
used. The molar mass of the resulting polymers are
progressively reduced as the quantity of CTA used increases,
allowing access to PPC with controllable Mn values spanning
79.6−1.3 kg mol−1 correlating well with theoretical values.

Catalyst 2 shows excellent absolute performance and so a
more detailed examination of polymerization control is
warranted. The PPC is regiorandom as indicated by
quantitative 13C{1H} NMR spectroscopy with a head-to-tail
proportion (HT) of 63% (Figure S16). A series of polymer-
izations conducted at systematically increasing catalyst
loadings, from 0.05 to 0.01 mol % (Table S1), showed fast
and highly selective catalysis in all cases and, as expected,
allowed for good control over PPC molar mass. Plots of PPC
molar mass vs turnover number (TON) are linear and there is
close agreement between experimental and theoretical values.

Table 2. Molecular Weight Control with Addition of Chain-Transfer Agent Using Catalyst 2a

# CTA
conv.
(%)b

CO2
(%)c

polym.
(%)d TONe Mn exp CHD [OAc] (kg mol−1)f Mn theoCHD + OAc (kg mol−1)g CHD:OAch Đi

1j 0 21 >99 93 840 33.7 [14.4] 42.8 50:50 1.04 [1.10]
2 5 58 >99 94 5800 79.6 [38.9] 84.5 76:24 1.06 [1.05]
3 10 46 >99 96 4600 36.8 [15.4] 39.1 83:17 1.06 [1.08]
4 20 52 >99 97 5200 23.1 [10.7] 26.5 95:05 1.03 [1.03]
5 50 63 >99 97 6300 12.3 12.9 99 1.06
6 100 69 >99 94 6900 7.2 7.0 99 1.07
7 250 37 >99 97 3700 1.3 1.5 99 1.16

aReaction conditions: Catalyst (0.01 mol %, 1.9 mM), PO (15 mL, 14 M, 290 mmol), CTA = 1,2-cyclohexanediol, 20 bar CO2, 50 °C. bPO
conversion determined from the relative integrals in the 1H NMR spectrum of PPC (4.92 ppm, 1H), PC (4.77 ppm, 1H), and PPO (3.46−3.64
ppm, 3H) using mesitylene as an internal standard (6.70 ppm). cCO2 selectivity determined by the relative integrals in the 1H NMR spectrum of
PPC (4.92 ppm, 1H) and PC (4.77 ppm, 1H) compared with PPO (3.46−3.64 ppm, 3H). dPolymer selectivity determined by the relative integrals
in the 1H NMR spectra of PPC (4.92 ppm, 1H) against PC (4.77 ppm, 1H). eTurnover number (TON) = number of moles of PO consumed/
number of moles catalyst. fDetermined by GPC analysis, in THF, calibrated with narrow Mn polystyrene standards. gTheoretical molar mass
determined by (TON × 102 g mol−1)/number of initiators (CHD + OAc). hDetermined by the relative ratios of the lower (OAc initiated) and
upper (CHD initiated) molar mass distributions observed in GPC analysis. iDispersity calculated by Mw/Mn.

j0.025 mol % catalyst.

Figure 3. Polymerization data using catalyst 2 (Co(III)/K(I) for PO/CO2 ROCOP (Table S1). (a) Plot of PPC molar mass (Mn: ■) and
dispersity (Đ: ▲) versus turnover number (TON). (b) Evolution of the PPC molar masses showing an increase in molar mass (g mol−1) with
turnover number (TON) (note the low molar mass shoulder present in some cases arises from chains initiated from catalyst acetate groups). (c)
MALDI-ToF spectrum (1000−6000 m/z) of poly(propylene carbonate) initiated from cyclohexanediol (●) and cyclohexane diol + one ether
linkage (■). (d) Expanded region of the MALDI-ToF spectrum (4000−5000 m/z) showing both polymer distributions having a repeat unit of 102
g mol−1 consistent with the value expected for poly(propylene carbonate).
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Both findings are consistent with controlled polymerizations,
as are the observation that the molar mass distributions are
monomodal, with consistently narrow dispersity values (Figure
3b). MALDI-ToF data show two distributions, both
corresponding to PPC polyols and differing only in terms of
one ether linkage. End group analysis, using 31P{1H} NMR
spectroscopy, also confirms polyol formation (Figure 3c and d,
Figure S17).
One puzzle for the previously reported [(salen)Co(III)-

(X)]/PPNX catalysts is the complexity of the polymerization
rate law. Reaction orders in [Co(III)] are typically between 1
and 2 and the optimal [PPNCl] loading lies from 0.5 to 2 (vs
[Co]).13−15,29,62 Authors have speculated regarding mono-,
dinuclear, and ionic (i.e., off-metal) intermediates and
mechanisms to rationalize this data.13,14,16,17,22,29,45,62−65

Because the ionic cocatalyst performs multiple functions,
including nucleophilic attack, coordination, and stabilizing free
ionic polymer chains, it is very difficult to design better
catalysts.66

Given the impressive performance of 2, particularly as its
structure is not yet optimized, it is important to establish its
rate law and mechanism. To determine the order in propylene
oxide concentration, catalyst 2 was dissolved in a 50:50
mixture of PO:diethyl carbonate (total volume 6 mL) with a
resulting PO concentration of 7 M and heated to 50 °C, under
20 bar CO2 pressure. Using a ReactIR instrument the
concentration of PO vs time was evaluated and the data
plotted. In the early stages of the reaction (0−30% PO
conversion), the data shows a sigmoidal decrease in PO
concentration, consistent with slow initiation. The semi-

logarithmic plot shows a linear relationship (kobs = 3.82 ×
10−5 s−1, R2 = 0.9992) indicative of a first order in epoxide
concentration (Figure 4a). To determine the order in catalyst
concentration, a series of reactions were carried out in neat PO
(14 M), 20 bar CO2, at 50 °C using a range of concentrations
of catalyst 2 (1.56−7.13 mM) (Table S1). All reactions
afforded perfectly alternating PPC, without ether linkages, and
without any significant cyclic carbonate (<5%). Plotting the
logarithm of the observed rate coefficient vs the logarithm of
catalyst concentration shows a linear fit, with a gradient of 0.96
(R2 = 0.9526), indicating a first order in catalyst concentration.
The rate dependence on CO2 pressure was determined by
measuring the observed rate coefficient (kobs) over a range of
CO2 pressures from 5 to 30 bar, using 3.57 mM catalyst, neat
PO (14 M) and at 50 °C (Table S2). The plot of the rate
coefficient versus pressure (kobs vs PCO2

) resulted in a slightly

curved fit to the data, but without significant rate changes over
the range 10−25 bar. Slightly lower rates were observed at 5
bar and this is attributed to the increased formation of cyclic
carbonate, perhaps resulting from the relatively low CO2

concentration in solution. At higher CO2 pressures (>20
bar) activity again slightly decreases likely due to gas
expansion, prior to the critical point, reducing the overall
catalyst and epoxide concentrations.67 Overall, the reaction is
proposed to operate via a second order rate law: first order in
both catalyst and epoxide concentrations.

= [ ] [ ] [ ]Rate Cat PO CO1 1
2

0

Figure 4. Kinetic data and pathway for catalyst 2 in PO/CO2 ROCOP. (a) Semilogarithmic plot of ln[PO]t/[PO]0 versus time (Table 1, Entry 4).
(b) Plot of ln[kobs] vs ln[2], where [2] = 1.56−7.13 mM (Table S1). (c) Plot of kobs vs PCO2

from 5 to 30 bar. (d) Illustration of polymerization
pathway and rate-determining step. All errors are calculated from duplicate runs and there is an average error of ±5% on all data.
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The kinetic data could be interpreted by a rate-determining
step (RDS) involving the ring-opening of the potassium-
coordinated epoxide by a cobalt(III)−carbonate intermediate
which would be in accordance with a dinuclear mechanism
(Figure. 4d, Figure S18). In the solid state complex 2 exhibits a
cobaltate structure, i.e., both acetate ligands are coordinated to
cobalt (Figure 2b). Accordingly it is hypothesized that
propylene oxide (PO) coordination occurs at the oxophilic
cationic potassium (Figure S18). In related Ni(II)/Na(I)
complexes an internal electric dipole is proposed to localize a
positive electric field at Na(I).55 By analogy, potassium may be
electrostatically biased toward epoxide coordination. The
mechanistic hypothesis involves propylene oxide coordination
being followed by cobaltate acetate nucleophilic attack, during
initiation, and by a cobaltate-carbonate intermediate, during
propagation. The PO ring-opening results in the formation of a
potassium coordinated alkoxide. Carbon dioxide insertion
(re)generates the putative cobaltate carbonate intermediate
and is proposed as the catalyst resting state. Chain propagation
involves both metals and is proposed to occur by a “chain-
shuttling” mechanism, akin to CHO/CO2 ROCOP by
dinuclear catalysts.34,36,38,44,45,47,48,65

To better understand the catalysis, the temperature
dependence of rate and selectivity were investigated (Table
S3). Polymerizations were conducted from 40 to 70 °C, using
[2] of 3.57 mM, in neat PO (14 M), at 20 bar CO2 pressure,
and using 20 equiv of 1,2-cyclohexane diol. All polymerizations
resulted in quantitative carbon dioxide uptake (>99%).
Increasing the temperature increased the catalytic activity,
from 134 to 834 h−1, but the polymer selectivity only slightly
decreased. The cyclic carbonate is proposed to form by chain
backbiting reactions and these may occur from the alkoxide
intermediate. The concentration of the alkoxide intermediate
likely increases with temperature due to decreased carbon
dioxide solubility. To test this hypothesis, a reaction was
conducted at elevated temperature (and otherwise identical
conditions) but with a greater CO2 pressure (30 bar): these
reaction conditions restore polymer selectivity to >90% while
maintaining very high catalytic activity (TOF = 800 h−1). All
polymerizations resulted in molar mass values consistent with
theoretical expectations and in monomodal distributions (Đ <
1.1), i.e., catalyst 2 showed very high control and selectivity for
polyol even at higher temperatures. Eyring analysis, i.e., a plot
of ln(kp/T) versus 1/T, determined the transition state
enthalpy, ΔH‡ = 56.0 ± 1.8 kJ mol−1, and entropy, ΔS‡ =
−112.7 ± 5.5 J mol−1 K−1 (Figure 5). Overall, the transition
state Gibbs free energy was determined as ΔG‡ = 92.6 ± 2.5 kJ
mol−1 (50 °C). To compare with ROCOP catalysts, which are
often only analyzed by Arrhenius methods (Figure S19),
simple activation energy values (Ea) were also determined. For
PPC formation, 2 shows Ea = 58.9 ± 1.8 kJ mol−1. Its
activation energy is lower than [(salen)Cr(III)(Cl)]/N-MeIm
(Ea = 67.6 kJ mol−1),68 but higher than [(salen)Co(X)]/
PPNCl or tethered [(salen[NR3

+])Co(X)2], where Ea = 29−35
kJ mol−1.69−71

Compared to M(II)M′(II) dinuclear catalysts, used in
CHO/CO2 ROCOP, it shows significantly lower Gibbs free
energy, ΔG = 95−110 kJ mol−1.40,43 Given the outstanding
performance of complex 2 in PO/CO2 ROCOP, it was useful
to observe that it was also an excellent catalyst for a range of
other epoxides in ROCOP with CO2 (Table 3, Figure S20). In
all cases, the same conditions were applied as for PO/CO2
ROCOP: 3.57 mM catalyst, neat epoxide (6 mL), 1,2-

cyclohexene diol (71.4 mM), 50 °C, and 20 bar CO2. Catalyst
2 shows impressive activity for most other epoxides and in all
cases ensures high carbon dioxide uptake (>99%) without
ether linkage formation. In most cases, the selectivity for
polymer is very high (>95%) with only trace quantities of
cyclic carbonate (<5%). All the polycarbonate polyols show
molar mass values consistent with theoretical values and
monomodal distributions, with narrow dispersity (>1.30 Đ),
consistent with well-controlled polymerizations (Figure S21).
For example, ROCOP using 2-vinyl oxirane (vPO) is

important for postfunctionalization and cross-linking of the
resulting polycarbonate.72−75 Using catalyst 2, vPO/CO2
ROCOP was slightly slower than for PO, perhaps due to
oxirane deactivation by the allyl substituent. There are only a
few vPO/CO2 ROCOP catalysts, and compared with these, 2
shows outstanding performances. It shows equivalent activity
to the highly optimized quaternary ammonium [(salen)Co-
(III)(NR3)X′)] system (TOF = 40 h−1, 0.1 mol % cat, 30 bar
CO2, 40 °C).76,77 This finding demonstrates the significant
potential for future improvement to this new class of catalyst,
for example, by ligand structure−activity studies. ROCOP
using allyl glycidyl ether (AGE) was also successful and
illustrates the importance of comparing reactions according to
their polymerization rate coefficient (kp). Although the TOF
for PO ROCOP appears greater, the kp for AGE ROCOP is in
fact significantly greater (15.4 vs 11.2 mM−1 s−1). The
difference arises because the intrinsic molarity of PO is higher
than that of AGE (14.3 M vs 8.4 M). Therefore, after taking
into consideration the absolute epoxide concentrations, the
ROCOP of CO2/AGE is faster than CO2/PO. This result is
important since it demonstrates the potential to produce
unsaturated polycarbonates with even greater activity than
using PO, thereby providing an efficient future route to
polycarbonate amphiphiles or functionalized materials. Co-
polymerization of tert-butyl glycidyl ether (tBGE)/CO2 was
about half the activity when using AGE (219 h−1 vs 116 h−1)
with a slight reduction in polymer selectivity (cyclic carbonate
= 8 vs >1%). The differences may arise from different steric
profiles for the two monomers. Catalysts 2 displays comparable
activity to a [(salen)Co(III)(NR3

+)(DNP)2] catalyst (119 h
−1,

0.05 mol %, 40 °C, 15 bar CO2)
78 Reaction of styrene oxide

SO/CO2 formed mostly styrene carbonate (91%), presumably
because the electron withdrawing phenyl substituent increases
the methine carbon’s electrophilicity and favors backbiting by

Figure 5. Eyring plot, ln(kp/T) versus 1/T, for complex 2 over the
temperature range 40−70 °C, 3.57 mM catalyst, neat PO (6 mL), 1,2-
cyclohexene diol (71 mmol), under 20 bar CO2 (Table S3).
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the nucleophilic carbonate/alkoxide intermediates. Dare-
nsbourg and co-workers applied [(salen)Co(III)(X)]/PPNCl
catalysts for CO2/SO ROCOP and noted that only X= DNP
(2,4-dinitrophenolate) performed effectively (X = DNP 90%;
Cl = 58%; and Br = 5% PPC formation).79

In the future it may be possible to improve the selectivity of
catalyst 2 for polycarbonate by changing the acetate ligand or
by substituting 1,2-cyclohexene diol for 1-phenyl-1,2-ethane-
diol as the chain transfer agent. Cyclic epoxides generally
proceeded with a higher rate constant (kp) than acyclic
epoxides (Table 2). The release of ring-strain provides an
additional driving force, and 6-membered ring epoxides, e.g.,
cyclohexene oxide (CHO) or vinyl-cyclohexene oxide
(vCHO), are usually polymerized significantly faster than 5-
membered ring epoxides, such as cyclopentene oxide (CPO).
Catalyst 2 was highly active for CO2/CHO ROCOP and
showed a polymerization rate constant more than double that
of a previous high performance [Mg(II)Co(II)] heterodinu-
clear catalyst (2, kp = 31.7 mM−1 s−1 (50 °C) versus
[Co(II)Mg(II)], kp = 15.1 mM−1 s−1(60 °C))43 and achieves
comparable activity to the quaternary ammonium cobalt
catalyst systems (TOF = 1018 h−1, catalyst = 0.02 mol %, 50
°C, 20 bar CO2).

80 Its overall performance in CHO/CO2
ROCOP is better than the widely investigated β-diiminate di-
Zn-catalyst (TOF = 2290 h−1, 50 °C, 0.1 mol % cat, 69 bar
CO2, 90% PCHC formation), as it is applied at 4× lower
catalyst loading.81 It is significantly less active than the tethered
β-diiminate di-Zn catalysts, reported by Rieger and co-workers,
which delivers poly(cyclohexene carbonate) with ∼80%
carbonate linkages only (155 000 h−1, 0.0125 mol %, 100
°C, 30 bar CO2) although 2 is tested at significantly lower
temperature preventing easy comparison.82 It is also important
to note that these optimized di-Zn catalysts show negligible
activity for propylene oxide/carbon dioxide copolymerization
(1 h−1, 0.025 mol %, 60 °C, 23% polymer).83

ROCOP using functionalized vinyl-cyclohexene oxide
(vCHO)/CO2 is also highly active and selective; the product
polycarbonate undergoes postfunctionalization, cross-linking
and network formation.84,85 The CO2/cyclopentene oxide
(CPO) ROCOP forms a polycarbonate which under certain
conditions can be depolymerized to epoxide, rather than to
cyclic carbonate, thus providing a future chemical recycling
route.86,87 Using catalyst 2 for the ROCOP of CPO/CO2
resulted in polycarbonate formation with excellent selectivity

(95%) (Table 2, Entry 8). The catalytic activity is high, TOF =
162 h−1, particularly given the low catalyst loading applied
(0.025 mol % cat, 50 °C, 20 bar CO2, neat CPO). Indeed the
activity of 2 is four times higher than the most active cobalt-
salen derivative which is applied at four times higher loading
(TOF = 42 h−1, 0.1 mol % cat, 50 °C, 20 bar CO2).

88 It is also
double the activity of a chromium-salen derivative, again
applied at four times higher loading than 2, (TOF = 77 h−1, 0.1
mol % cat, 70 °C, 20 bar CO2).

88 Overall, the heterodinuclear
Co(III)/K(I) catalyst shows outstanding performance using a
range of other epoxides in alternating copolymerizations with
carbon dioxide. We plan to continue to optimize the ligand and
metal selection so as to further increase performances.

■ CONCLUSION

In conclusion, a new class of heterodinuclear Co(III)/M(I)
complexes were highly active, selective, and controlled catalysts
for propylene oxide/carbon dioxide ring-opening copolymer-
izations. The complexes demonstrate the power of asym-
metrical macrocycle ligands to bias the coordination chemistry
and reactivity to deliver highly effective catalysis. These
complexes have significant potential for future optimization,
including through modifications of the substituents, metal
combinations, and coligand chemistries. Since this is the first
demonstration of how to exploit Group 1 metals in this
catalysis, further investigation into the power of these
inexpensive, colorless, and abundant metals for carbon dioxide
utilization catalysis is certainly warranted. Group 1 metals offer
tremendous potential in terms of operability and scale-up, and
the Co(III)/K(I) catalyst challenged the performance of the
status-quo tethered catalyst systems which rely on expensive
salts, like PPNCl. The best catalyst, Co(III)/K(I), delivered
high polymerization conversions, excellent activity, and an
impressive operating temperature window (25−70 °C). The
activity reached values of TOF = 800 h−1, and it was applied at
useful, low loading (0.025 mol %). It was also highly active for
a range of other epoxides, including those substituted with
alkene groups. Kinetic analyses showed an overall second order
rate law and implicate a chain shuttling dinuclear mechanism.
The catalysts warrant future investigation for related polymer-
izations, such as lactone ring-opening polymerizations, switch
polymerization catalysis, and epoxide/anhydride ROCOP. The
beneficial combination of Co(III) and Group 1 metals could
also accelerate other carbon dioxide, and heterocumulene,

Table 3. Monomer Scope Data for CO2/Epoxide ROCOP Using Catalyst 2a

entry epoxide time (h) conv. (%)b CO2 (%)
c polym. (%)d TONe TOF (h−1)f kp (mM−1 s−1)g Mn [Đ] (g mol−1)h

1 Acyclic PO 4.2 34 >99 >99 1352 340 11.2 5900 [1.10]
2 vPO 23.5 60 >99 >99 2091 89 5.9 4100 [1.30]
3 AGE 5.6 51 >99 >99 1220 219 15.4 3900 [1.28]
4 tBGE 7.9 46 >99 92 908 116 7.4 5100 [1.15]

5 SO 22.3 21 >99 9 511 23 n.a. n.a.
6 Cyclic CHO 2.3 52 >99 >99 1430 631 31.7 5900 [1.10]
7 vCHO 3.2 60 >99 >99 1285 408 24.6 9500 [1.08]
8 CPO 6.3 32 >99 95 1062 162 5.1 4200 [1.07]

aReaction conditions: Catalyst 2 (3.57 mM), neat epoxide (6 mL), 1,2-cyclohexane diol (20 equiv vs 2), 20 bar CO2 and 50 °C. bEpoxide
conversion determined by comparison of the relative integrals in the 1H NMR spectrum of PC, CC, and PE against mesitylene (6.59 ppm, 10
equiv). cCO2 selectivity determined by comparison of the relative integrals in the 1H NMR spectrum for PC and CC against PE. dPolymer
selectivity determined by comparison of the relative integrals in the 1H NMR spectrum for PC against CC. eTurnover number (TON) = number of
moles of epoxide consumed/number of moles catalyst. fTurnover frequency (TOF) = TON/time (h). gkp = kobs/[cat]

1; kobs determined as the
gradient of the plot of ln([Epoxide]t/[Epoxide]0) vs time, [2] = 3.57 mM. hGPC analysis, in THF, calibrated using narrow-Mn polystyrene
standards, dispersity values in parentheses. Note that Figure S22 illustrates the leading literature catalysts for each epoxide.
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transformations, including production of heterocycles, N-
containing polymers, polyesters, and even carbon dioxide
reduction products.
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