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yrins with quaternary ammonium
halides as catalysts for copolymerization of
cyclohexene oxide and CO2: metal–ligand
cooperative catalysis†

Jingyuan Deng, a Manussada Ratanasak,b Yuma Sako,c Hideki Tokuda,c

Chihiro Maeda, c Jun-ya Hasegawa, *b Kyoko Nozaki *a and Tadashi Ema ‡*c

Bifunctional AlIII porphyrins with quaternary ammonium halides, 2-Cl and 2-Br, worked as excellent

catalysts for the copolymerization of cyclohexene oxide (CHO) and CO2 at 120 �C. Turnover frequency
(TOF) and turnover number (TON) reached 10 000 h�1 and 55 000, respectively, and poly(cyclohexene

carbonate) (PCHC) with molecular weight of up to 281 000 was obtained with a catalyst loading of

0.001 mol%. In contrast, bifunctional MgII and ZnII counterparts, 3-Cl and 4-Cl, as well as a binary

catalyst system, 1-Cl with bis(triphenylphosphine)iminium chloride (PPNCl), showed poor catalytic

performances. Kinetic studies revealed that the reaction rate was first-order in [CHO] and [2-Br] and

zero-order in [CO2], and the activation parameters were determined: DH‡ ¼ 12.4 kcal mol�1,

DS‡ ¼ �26.1 cal mol�1 K�1, and DG‡ ¼ 21.6 kcal mol�1 at 80 �C. Comparative DFT calculations on two

model catalysts, AlIII complex 20 and MgII complex 30, allowed us to extract key factors in the catalytic

behavior of the bifunctional AlIII catalyst. The high polymerization activity and carbonate-linkage

selectivity originate from the cooperative actions of the metal center and the quaternary ammonium

cation, both of which facilitate the epoxide-ring opening by the carbonate anion to form the carbonate

linkage in the key transition state such as TS3b (DH‡ ¼ 13.3 kcal mol�1, DS‡ ¼ �3.1 cal mol�1 K�1, and

DG‡ ¼ 14.4 kcal mol�1 at 80 �C).
Introduction

Conversions of CO2 into value-added products are becoming
more and more important from the viewpoint of green and
sustainable chemistry.1,2 Among the value-added products,
polycarbonates synthesized from epoxides and CO2 have
attracted much attention as sustainable and biodegradable
materials.2 Since the discovery of the ring-opening copolymer-
ization of epoxides and CO2 by Inoue in 1969,3 a variety of metal
complex catalysts have been developed,4–20 such as Co(salen),4–6

Cr(salen),7–9 Zn(b-diiminate),10 and metalloporphyrins.11,12,20
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Among them, multinuclear metal complexes4b,6c,9,10b,13–17 and
bifunctional monometallic complexes4a,6b,18–20 have exhibited
notable catalytic performances. Among several effective metal
elements, aluminum is fascinating from the viewpoint of low
toxicity, low price, and abundance on the earth.2i,11,20

Previously, we have developed bifunctional MgII and ZnII

porphyrin catalysts, including 3-Br and 4-Br (Scheme 1), for the
synthesis of cyclic carbonates from epoxides and CO2.21 The
halide anion, the alkyl group, the linker length, and the number
and position of the quaternary ammonium halide group were
changed, and high catalytic activities were induced by the
cooperative action of the metal center (M) and the halide anion
(X�); turnover frequencies (TOFs) and turnover numbers (TONs)
reached 12 000–46 000 h�1 and 103 000–310 000, respectively.
However, these MgII and ZnII complexes showed poor catalytic
activity for polycarbonate synthesis.

Here we employed one of the best structures for the synthesis
of cyclic carbonates,21 and replaced the central MgII or ZnII ion
with the AlIII ion to prepare new bifunctional catalysts with
quaternary ammonium halide groups, 2-Cl and 2-Br, for the
copolymerization of cyclohexene oxide (CHO) and CO2

(Scheme 1). We used CHO as a monomer despite the low reac-
tivity of the internal epoxide because poly(cyclohexene
Chem. Sci., 2020, 11, 5669–5675 | 5669
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Scheme 1 Copolymerization of CHO and CO2.
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carbonate) (PCHC) has promising properties in terms of glass
transition temperature and tensile strength.2 2-Cl and 2-Br
showed TOFs of 10 000 h�1, giving PCHC with molecular weight
of up to 281 000 with a catalyst loading of 0.001 mol%. DFT
calculations suggest that the key transition state in the
carbonate-linkage formation step is stabilized by the coopera-
tive effect of (i) the metal activation of the epoxide and (ii) the
electrostatic stabilization of the nucleophilic carbonate anion
by the quaternary ammonium cation.
Results and discussion
Copolymerization of CHO and CO2

The copolymerization reactions of CHO with CO2 (2 MPa) were
conducted at 120 �C in the presence of the catalyst without
solvent (Table 1). 2-Cl and 2-Br showed a TOF of 10 000 h�1

(entries 1 and 2). To the best of our knowledge, this is one of the
highest values for the solvent-free copolymerization of CHO and
CO2 among monometallic catalysts reported so far.7,8b,12e 1H
NMR spectra showed a polycarbonate linkage of >99%; PCHC
contained no ether linkages, and a trace amount of cyclohexene
carbonate (CHC) was detected. Size-exclusion chromatography
(SEC) indicated that PCHC had a bimodal molecular weight
distribution with a small polydispersity index (PDI) of 1.02,
Table 1 Copolymerization of CHO and CO2 with bifunctional catalysts

Entry Catalyst S/C Time (h) TONb

1 2-Cl 40 000 1 10 000
2 2-Br 40 000 1 10 000
3 2-Cl 40 000 3 19 200
4 2-Br 40 000 3 19 600
5d 2-Cl 100 000 24 45 000
6e 2-Br 100 000 24 55 000
7f 1-Cl 40 000 1 1600
8 3-Cl 40 000 1 27
9 4-Cl 40 000 1 48

a Reaction conditions: CHO (2.0 mL, 20 mmol), catalyst (0.0025 mol%), CO
linkage selectivity were determined by 1H NMR analysis. c Determined by s
polystyrene as a molecular weight standard. Peaks had bimodal shapes. d C
catalyst (0.001 mol%). f PPNCl (4 equiv. of 1-Cl) was added.

5670 | Chem. Sci., 2020, 11, 5669–5675
where the higher-molecular-weight polymers were approxi-
mately twice as large as the lower-molecular-weight polymers.13a

The molecular weight of PCHC exceeded 67 000 in 1 h (entries 1
and 2) and 220 000 in 3 h (entries 3 and 4). When the reaction
time was extended to 24 h with a catalyst loading of 0.001 mol%
(10 ppm), elastic material capped with a rigid shell was formed,
and the reaction appeared to stop owing to the high viscosity of
the reaction mixture. Nevertheless, PCHC had a molecular
weight of 281 000 or 263 000, corresponding to almost 2000-
mers (entries 5 and 6). Although these molecular weights of
PCHC are smaller than those calculated by multiplying the TON
by themolecular weight of the repeating unit (142), which is due
to a chain transfer process,22,23 the values in Table 1 clearly
demonstrate the excellent catalytic performances of 2-Cl and 2-
Br.

Control experiments were done to address the origin of the
high catalytic power of bifunctional AlIII catalyst 2-Cl. A binary
catalyst system, 1-Cl with bis(triphenylphosphine)iminium
chloride (PPNCl), showed a TOF of 1600 h�1, producing
a smaller size of PCHC under otherwise the same reaction
conditions (entry 7), which demonstrates the importance of the
peripheral quaternary ammonium chlorides in 2-Cl. On the
other hand, the corresponding bifunctional MgII and ZnII

complexes, 3-Cl and 4-Cl, showed TOFs of 27 h�1 and 48 h�1,
respectively, and low polycarbonate selectivity (52% and 63%)
(entries 8 and 9). Clearly, the identity of the central metal ion
has a crucial impact on the catalytic process.24

Kinetic studies

In kinetic measurements, we used diglyme as a solvent to avoid
the generation of a highly viscous or rigid polymer product. To
monitor the reaction progress, in situ infrared (IR) spectroscopy
was employed. Typical examples of the reactions with bifunc-
tional catalyst 2-Br and binary catalyst system 1-Br/PPNBr are
shown in Fig. 1. The C]O bond stretching signals for PCHC
and CHC appear at 1750 cm�1 and 1825 cm�1, respectively. The
linearity between the IR signal intensity and the amount of
PCHC was veried by calibration. 2-Br was highly selective
toward PCHC, and the formation of CHC was not detected at all
(Fig. 1a). In contrast, 1-Br/PPNBr was less selective, and the CHC
or a binary catalyst systema

Polycarbonateb (%) Mn
c (kg mol�1) PDIc (Mw/Mn)

>99 68/32 1.02/1.02
>99 67/31 1.02/1.02
99 232/106 1.05/1.07
99 229/101 1.04/1.08
96 281/96 1.09/1.27
97 263/108 1.09/1.12
96 3.9/1.6 1.03/1.14
52 0.41/0.25 1.04/1.02
63 0.44/0.26 1.06/1.01

2 (2.0 MPa), 120 �C, in a 50 mL autoclave. b TON and the polycarbonate-
ize-exclusion chromatography (SEC) analysis using THF as an eluent and
HO (3.1 mL, 31 mmol), catalyst (0.001 mol%). e CHO (3.2 mL, 32 mmol),

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 3D stack plots of in situ IR spectra for the copolymerization of
CHO and CO2 in diglyme at 80 �C with (a) 2-Br and (b) 1-Br/PPNBr.

Fig. 2 (a) Plot of initial rates of copolymerization vs. temperatures
(342, 347, 353, and 362 K) with [2-Br] ¼ 0.055 mM, [CHO] ¼ 1.98 M,
and a CO2 pressure of 20 bar in diglyme. (b) Arrhenius plot for the
formation of PCHC with 2-Br.
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formation was clearly observed (Fig. 1b). CHC was formed only
at the early stage of the copolymerization reaction, and the
formation of CHC ceased aer a certain reaction time. Accord-
ingly, there was an induction period in the PCHC production,
which overlapped with the period of the CHC formation. CHC
can be formed easily by the backbiting reaction of the carbonate
anion with the C atom attached to the Br atom because bromide
is a good leaving group, slowing down the PCHC formation at
the outset. Once the polycarbonate linkage is formed, the CHC
formation is no longer favored because the resulting alkylcar-
bonate is a poor leaving group.

Based on the plots of the initial reaction rates at 68 �C vs.
different concentrations of either CHO, CO2, or 2-Br (ESI†), the
copolymerization reaction was found to be rst-order in both
[CHO] and [2-Br] and zero-order in [CO2] in the range of the CO2

pressure from 10 to 30 bar: r ¼ k[CHO]1[CO2]
0[2-Br]1, where r

and k stand for the reaction rate and the rate constant,
respectively. This rate law strongly suggests that the epoxide-
ring opening is involved in the rate-determining step, where
CO2 is not involved.

To determine the activation energies (Ea) and activation
parameters (DH‡, DS‡, and DG‡), kinetic experiments were
conducted at different temperatures. The initial reaction rates
for the PCHC formation with 2-Br are plotted against the reac-
tion temperatures in Fig. 2a, and the Arrhenius plot is shown in
Fig. 2b. The activation energy for the PCHC formation was
calculated to be 13.2 kcal mol�1. For comparison, the corre-
sponding activation energy with 1-Br/PPNBr was also deter-
mined in the same way to be 16.2 kcal mol�1 (ESI†). The Eyring
This journal is © The Royal Society of Chemistry 2020
plot for the PCHC formation with 2-Br yielded the following
activation parameters: DH‡ ¼ 12.4 kcal mol�1, DS‡ ¼ �26.1 cal
mol�1 K�1, and DG‡ ¼ 21.6 kcal mol�1 at 80 �C (ESI†).
Proposed reaction pathway

Based on the results of the kinetic experiments and the rate law,
it can be inferred that one equivalent of CHO and 2-Br are
involved in the transition state of the rate-determining step
while CO2 is not involved. A plausible reaction pathway is
shown in Scheme 2. First, CHO activated by the metal center in
reactant complex R is ring-opened by the initiating group (X ¼
Cl or Br) to generate intermediate I1. The resulting alkoxide
species subsequently undergoes CO2 insertion to give interme-
diate I3a via weak CO2 adduct I2, which should be fast because
the reaction is zero-order in [CO2]. The carbonate anion will
dissociate from the metal center to form an ion pair with the
tethered quaternary ammonium cation, allowing for the metal
coordination of another CHO (I3b). This carbonate anion is
ready for the nucleophilic attack without diffusing into the bulk
solution (Scheme 3a). CHO activated by the metal coordination
is ring-opened by the carbonate anion, forming the carbonate
linkage (I4b). The overall polymerization rate can be substan-
tially improved by accelerating the rate of this ring-opening
step. The quaternary ammonium cation in 2 may enhance the
nucleophilicity of both the halide anion and the carbonate
anion. In addition, the bulky structure of 2may also prevent the
activated CHO from homopolymerization.
Chem. Sci., 2020, 11, 5669–5675 | 5671
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Scheme 2 Plausible reaction pathways for the formation of PCHC and
CHC with 2-Cl or 2-Br.
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On the other hand, a scenario for the binary catalyst system
is completely different from that for the bifunctional catalyst.
The initiation step will take a longer time because the nucleo-
philic co-catalyst seldom encounters the catalyst. In addition,
the carbonate anion intermediate may dissociate from the
metal center to diffuse into the bulk solution, suspending the
elongation process (Scheme 3b). The diffused carbonate anion
may undergo a backbiting reaction to afford the undesired side
product, CHC. Under high dilution conditions, this side reac-
tion is likely to occur, lowering the PCHC selectivity.
Scheme 3 Roles of the quaternary ammonium cation in (a) bifunc-
tional catalyst 2 and (b) binary catalyst system.

5672 | Chem. Sci., 2020, 11, 5669–5675
DFT calculations

DFT calculations are powerful tools for the understanding of
reaction mechanisms of epoxide/CO2 copolymerizations.24,25

Here we performed DFT calculations along the proposed reac-
tion pathway (Scheme 2) using monosubstituted AlIII complex 20

as a model for 2-Br (Fig. 3). MgII complex 30 was also employed
as a model for 3-Br to pursue the origin of the high catalytic
activity of AlIII complex 2-Br. The potential energy proles for
the 20- and 30-catalyzed reactions of CHO with CO2 are shown in
Fig. 3. The structures of the key transition state TS3b in the 20-
and 30-catalyzed reactions are shown in Fig. 4, while all of the
other transition-state and intermediate structures are given in
ESI.†

Fig. 3 clearly indicates that AlIII complex 20 favors the
formation of PCHC over that of CHC; the activation energy for
TS3b (Ea ¼ 14.6 kcal mol�1), leading to PCHC, is much smaller
than that for TS3a (Ea ¼ 28.3 kcal mol�1), leading to CHC. This
is consistent with the experimental results that PCHC was
produced highly selectively with 2-Br (Table 1). We consider that
the carbonate-linkage formation such as TS3b is the rate-
determining step in the production of PCHC because the
energy barrier for TS3b (Ea ¼ 14.6 kcal mol�1) is greater than
that for TS1 (Ea ¼ 13.4 kcal mol�1) and because the carbonate
linkages are formed many times in the chain propagation. CO2

insertion is not the rate-determining step since the energy
barrier for TS2 is very small (Ea ¼ 7.2 kcal mol�1), which is
consistent with the fact that the reaction rate was independent
of the CO2 pressure (ESI†). The calculated activation parameters
of AlIII complex 20 for TS3b were as follows: DH‡ ¼
13.3 kcal mol�1, DS‡ ¼ �3.1 cal mol�1 K�1, and DG‡ ¼
14.4 kcal mol�1 at 80 �C. This DH‡ value is close to the experi-
mental value for the PCHC formation with 2-Br (DH‡ ¼
12.4 kcal mol�1) although precise comparisons are difficult
partly because of the structural differences between 20 and 2-Br
and between the model and real polymeric substrates.

The activation energy for TS3a in the formation of CHC with
MgII complex 30 (Ea ¼ 26.3 kcal mol�1) is much greater than the
previously reported value in the 30-catalyzed reaction of
propylene oxide with CO2 (Ea ¼ 17.1 kcal mol�1).21b This is
partly because TS3a adopts an unfavorable 1,2-diaxial
conformation and because the secondary C atom undergoes
the nucleophilic attack in the formation of CHC.25 Interest-
ingly, as compared with MgII complex 30, AlIII complex 20

further disfavors the CHC formation (TS3a). This is probably
because the stronger Lewis acid (AlIII) reduces the nucleophi-
licity of the carbonate anion. Likewise, 20 disfavors the CO2

insertion (TS2) as compared with 30. In sharp contrast, AlIII

complex 20 effectively stabilizes the oxyanion species gener-
ating in the epoxide-ring opening steps (TS1 and TS3b) as
compared with MgII complex 30. These behaviors can be
rationalized by the Lewis acidity of the metal ions: AlIII > MgII.
Actually, the most signicant difference in the key transition
state, TS3b, between 20 and 30 can be seen around the metal
center (Fig. 4); the natural atomic charges on the Al and Mg
atoms are +1.86 and +1.71, respectively, and the Al–O and Mg–
O distances are 1.85 and 1.99 Å, respectively. Therefore, AlIII
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Optimized structures of transition state TS3b in the reaction catalyzed by (a) AlIII complex 20 and (b) MgII complex 30.

Fig. 3 Potential energy profiles for the 20 and 30-catalyzed reactions of CHOwith CO2. Each transition state and intermediate is designated in the
proposed reaction pathway (Scheme 2). Computations were performed at the uB97XD/6-31G* level with the self-consistent reaction field
(SCRF) method (Et2O). The potential energies relative to reactant complex R are given in kcal mol�1. The energies of CO2 and the second CHO
are included in the former steps where they do not appear explicitly in the computational model.
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complex 20 can stabilize the negatively charged O atom in TS3b
more effectively than MgII complex 30.

Previously, it has been proposed that the energy difference in
the carbonate–epoxide substitution (I3a vs. I3b in the present
case) is closely related to the chain propagation rate.24 In other
words, a better catalyst has a higher affinity for the epoxide so
that the carbonate anion can be replaced more easily by the
epoxide, which leads to the efficient chain propagation. Indeed,
Fig. 3 indicates that the transition from I3a to I3b is thermo-
dynamically more favorable with AlIII complex 20 than with MgII

complex 30, which accords with the previous proposal.24

In addition to the identity of the metal center, the
quaternary ammonium cation is also quite important for the
This journal is © The Royal Society of Chemistry 2020
catalysis. Previously, we have reported that the tethered
quaternary ammonium cation of bifunctional MgII complex 30

undergoes conformational changes to stabilize various
anionic species generated during the catalysis for the forma-
tion of propylene carbonate.21b In this study, we conrmed
that all the transition-state and intermediate structures are
well stabilized by the tethered quaternary ammonium cation.
For example, specic electrostatic interactions between the
anionic species and the exible quaternary ammonium cation
can be seen in Fig. 4. In addition, we hypothesized that the
tethered quaternary ammonium cation may promote the
dissociation of the carbonate anion from the Al atom in I3a to
give I3b.24 To investigate this possibility, we compared
Chem. Sci., 2020, 11, 5669–5675 | 5673
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bifunctional catalyst 20 with AlIII 5-phenylporphyrin complex,
having no quaternary ammonium cation, by calculating the
energies for the dissociation of the carbonate anion from the
Al atom in I3a (ESI†). As a result, the carbonate anion was
found to dissociate more easily by 18 kcal mol�1 in the former
case than in the latter case. Furthermore, the tethered
quaternary ammonium cation is considered to be useful for
the suppression of the diffusion of the growing polymer chain
into the bulk solution by means of ion pairing (Scheme 3a).
The remaining three quaternary ammonium cations in 2 can
contribute to the electrostatic stabilization of the anionic
intermediates and transition states. The tethered quaternary
ammonium salts in 2 also function as a source of the initiator
(X�). Clearly, the quaternary ammonium halide groups in 2
play multiple essential roles in the highly efficient and
selective formation of PCHC.
Conclusions

Copolymerization of epoxides and CO2 is one of the most
straightforward and promising methods for the synthesis of
sustainable polymers, polycarbonates. However, only a limited
number of metal elements are known to be active for this
fascinating transformation. In this work, bifunctional AlIII

porphyrin complexes with quaternary ammonium halide
groups, 2-Cl and 2-Br, exhibited excellent catalytic activity and
selectivity for the copolymerization of CHO and CO2. TOF and
TON reached 10 000 h�1 and 55 000, respectively, and PCHC
with molecular weight of up to 281 000 was obtained with
a catalyst loading of 0.001 mol%. These excellent catalytic
performances of 2-Cl and 2-Br resulted from the elaborately
designed structures of the bifunctional catalysts with high
thermal stability. Kinetic study with in situ IR spectroscopy
revealed that the copolymerization reaction was rst-order in
[CHO] and [2-Br] and zero-order in [CO2]: r ¼ k[CHO]1[CO2]

0

[2-Br]1, and the activation parameters were determined by the
Arrhenius plot and the Eyring plot: Ea ¼ 13.2 kcal mol�1,
DH‡ ¼ 12.4 kcal mol�1, DS‡ ¼ �26.1 cal mol�1 K�1, and
DG‡ ¼ 21.6 kcal mol�1 at 80 �C. Comparative DFT calculations
on two model catalysts, AlIII complex 20 and MgII complex 30,
allowed us to extract key factors in the bifunctional AlIII catalyst.
Both the AlIII metal center and the quaternary ammonium cations
work cooperatively to exert high polymerization activity and
carbonate-linkage selectivity. The AlIII metal center effectively acti-
vates the epoxide, and the exible quaternary ammonium cations
simultaneously stabilize and guide the carbonate anion in the key
transition state, such as TS3b (Ea ¼ 14.6 kcal mol�1,
DH‡ ¼ 13.3 kcal mol�1, DS‡ ¼ �3.1 cal mol�1 K�1, and
DG‡ ¼ 14.4 kcal mol�1 at 80 �C). In addition, the quaternary
ammonium cations in 2-Cl and 2-Br are also considered to prevent
the anionic intermediates from diffusing into the bulk solution,
which enables the efficient copolymerization reaction even with
a low catalyst loading of 0.001 mol%. Molecular catalysis utilizing
the cooperative effect has recently attracted much attention,26 and
the present work will expand the opportunity of designing further
new catalysts in future.
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