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A simple and efficient catalyst removal system has been developed
in the cobalt-salen-catalyzed copolymerization of propylene oxide
with carbon dioxide. The present system requires no prior modi-
fication of the catalyst, and the removal is achieved by simple
addition of myristic acid, followed by organic liquid-liquid phase
separation.

The alternating copolymerization of epoxides with carbon dioxide
to give aliphatic polycarbonates, pioneered by Inoue and coworkers
in the 1960s,* has attracted much attention as one of the most
promising processes for CO, utilization.” In the last decade,
a variety of catalyst systems based on metal-salen complexes
have been developed,>*™® many of which show much higher
catalytic activities than other conventional systems. Unfortunately,
however, because metal-salen complexes are highly coloured,
even a small amount of residual metal-salen complexes in the
product polycarbonates leads to undesired coloration of these
inherently colourless copolymers. In addition, highly active
catalyst systems usually employ cobalt® or chromium®” com-
plexes, and contamination of these metals in the product
polycarbonates could also be problematic due to their toxicity.
It is therefore highly desirable to develop a method that allows
for easy and efficient removal of these metal complexes from
the polymers in this alternating copolymerization.

The conventional and most typical method for purification of
the polycarbonates from metal catalysts is achieved by precipita-
tion of polycarbonates with methanol, but repeated precipitation
is required to obtain pure polycarbonates. To overcome this
cumbersome purification procedure, several catalyst systems
have been designed for easy separation of the metal catalysts.
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For example, insoluble polymer-supported chromium/porphyrin®
and zinc/diiminate® catalysts were employed in the copolymeri-
zation of cyclohexene oxide (CHO) with CO,, and these catalysts
could be removed by filtration after the polymerization reaction.
In addition to these catalyst immobilization approaches, modifi-
cation of homogeneous metal catalysts has also been explored.
Lee and coworkers reported a highly active cobalt-salen complex
bearing four quaternary ammonium salt units for copolymeriza-
tion of propylene oxide (PO) with CO,.¥ The product polymers
could be purified by passing through a pad of silica gel, and the
catalyst remaining on the silica gel could also be recovered and
reused after sequential anion exchange processes. Darensbourg,
Bergbreiter, and coworkers introduced a chromium-salen complex
having polyisobutylene tethers for coplolymerization of CHO with
CO,.° In this system, due to the highly non-polar nature of the
polyisobutylene tethers, the chromium-salen complex could be
efficiently removed from the polycarbonates through HCI treat-
ment in MeCN followed by extraction with heptane, and the
recovered catalyst could also be reused for the copolymerization.

Although significant progress has been made for efficient
catalyst removal as mentioned above, the major drawback for
both immobilized and homogeneous methods is the require-
ment of design and synthesis of elaborate metal-ligand com-
plexes. In addition, due to the modification of the catalyst, the
polymerization activity can sometimes become lower than those of
the corresponding parent metal complexes. To address this issue,
Jessop and coworkers demonstrated an efficient purification of
poly(cyclohexene carbonate) from a simple chromium-salen
catalyst by way of switching the polarity of the amine solvent
through introduction of CO,.%

In this context, herein we describe the development of a simple
catalyst removal system via liquid-liquid phase separation in the
copolymerization of PO with CO,. The present system employs a
readily available, standard cobalt-salen complex with no prior
modification, and the separation is achieved by simple addition of
a commercially available, long-chain alkylcarboxylic acid after the
copolymerization reaction.

A schematic view of the catalyst separation system in our
present study is illustrated in Fig. 1. The copolymerization of
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Fig. 1 Schematic representation of the catalyst separation in the copolymeriza-
tion of propylene oxide with CO,.

PO with CO, is conducted with readily available cobalt-salen
complex 1*“?'* as the catalyst in the presence of bis(tri-
phenylphosphine)iminium chloride ([PPN]CI), and the reaction
mixture is treated with a long-chain alkylcarboxylic acid
(RCOOH) after the copolymerization. The anionic propagated
polymer chain on the cobalt centre is replaced by the carboxylate
and released as neutral poly(propylene carbonate) (PPC). Because
of the long-chain alkyl carboxylate on cobalt, the resulting cobalt-
salen complex becomes highly soluble in non-polar hydrocarbon
solvents, while the product PPC stays selectively soluble in polar
solvents such as MeCN and DMF. Accordingly, the cobalt-salen
complex can be easily separated from the product PPC via simple
liquid-liquid phase separation by using immiscible non-polar and
polar organic solvents.

In an initial investigation, we evaluated the efficiency of the
catalyst separation by changing the chain length of the carboxylic
acid after the copolymerization of PO with CO,. The copolymeri-
zation was carried out by using cobalt-salen complex 1 in the
presence of [PPN]CI (PO/1/[PPN]|CI = 4000/1/0.5, 2.0 MPa of CO,).
After the unreacted PO and CO, were removed, the polymeriza-
tion mixture was dissolved in CH,Cl, and treated with a carboxylic
acid (2 equiv. to 1). After removal of the solvent, the residue was
dissolved in CH;CN and the cobalt-salen complex was extracted
with hexane. As a starting point, acetic acid (R = CH3) was used
and the amount of extracted cobalt-salen complex by this
method was estimated to be 74% based on UV-VIS spectroscopy
(Amax = 411 nm, & = 6.67 x 10> M~' cm™") (Table 1, entry 1). As
expected, the use of longer alkylcarboxylic acids led to higher
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Table 1 Effect of carboxylic acid for the efficiency of the catalyst separation
Co complex 1
N (0.025 mol%)
fo) [PPN]CI RCOOH hexane/MeCN o
(0.013 mol%)  (0.050 mol%) extraction \Q)\ J\ }
o, 2C1h CH,Cl, o”of
2 rt,2h PPC/PC = 99/1
(2.0 MPa) carbonate linkage: >99%
Catalyst Yield of M,°
Entry R removal® (%) PPC + PC? (%) (g mol™") M,/M,°
1 CHj; 74 36 26700 1.1
2 CsHy4 79 37 23100 1.1
3 CoH;o 90 39 35800 1.1
4 Ci3Hyy 96 36 39800 1.1

“ Determined using UV-VIS spectroscopy. © PC = propylene carbonate.
¢ Determined using size-exclusion chromatography using a polystyrene
standard.

efficiency of the catalyst separation. Thus, 79% of the cobalt
complex was removed by using caproic acid (R = CsH;4; entry 2),
and the use of capric acid (R = CoH;,) led to 90% removal under
the same conditions (entry 3). Finally, as high as 96% of the
cobalt-salen complex was extracted into the hexane phase by
using myristic acid (R = Cy3H,) (entry 4). In this experiment,
isolated PPC from the MeCN phase was also analyzed by ICP,
and the amount of cobalt remaining in the polymer was found
to be 15.6 ppm, which corresponded to 3.9% of the initially
loaded cobalt-salen complex 1 (eqn (1)). It is worth noting that
further purification of the polymer by repeating the same
separation method once again gave the PPC with 1.9 ppm
cobalt, showing that >99.5% of the cobalt could be removed
by employing two cycles of this sequence. In comparison, ICP
analysis was also carried out for the PPC obtained by the
conventional precipitation method after the copolymerization
reaction (eqn (2)). As much as 108 ppm of cobalt remained in
the polymer after a single precipitation process, indicating that
only 74% of the cobalt complex could be removed. 65.0 ppm of
cobalt (16% of the used cobalt) was still detected even after the
second precipitation, clearly demonstrating the superiority of
our present purification method.

1. myristic acid 1. myristic acid

(0]
\é)\ J\ >, CHLCly, rt. purified CHoCl, rt. repurified
07707 2.hexaneMeCN PPC 22 3 hexaneMecN PPC 20
crude PPG 2 extraction extraction
(402 ppm Co) 15.6 ppm Co 1.9 ppm Co
1)
o 1. dissolve 1. dissolve
\Q)\ J\ >r in CHzClo purified in CH,Clp repurified
o0 n 2. precipitate PPC 3a 2. precipitate PPC 3b
crude PPC 3 with MeOH with MeOH
1 X
(416 ppm Co) 08 ppm Co 65.0 ppm Co
(2)

Having established an easy and efficient process for the
catalyst removal in the present copolymerization, we turned our
attention to recycling of the catalyst. Because the extracted
cobalt-salen complex in the hexane phase is supposed to bear
a carboxylate ligand (myristate instead of acetate), it should be
ready to be used as the copolymerization catalyst after evapora-
tion of the solvent. Indeed, the recovered catalyst displayed a
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Table 2 Recycling experiments for the cobalt-salen-catalyzed copolymerization of PO with CO,

complex 1 (cycle 1)
r

ol
recovered complex (cycles 2—6)

(0.025 mol%) myristic acid  hexane/MeCN 0
N co [PPN]CI (0.013 mol%) (0.050 mol%) extraction Colsalen \é)\ J\ >,
+ +
o 2 22°C,13h CH,Cl; complex oof
(2.0 MPa) rt, 2h

(hexane phase) (MeCN phase)

Cycle Yield of PPC + PC (%) PPC/PC® TOF for PPC (h™!)  Carbonate linkage® (%) M,” (g mol™) M,/M," Catalyst recovery” (%)
1 36 99/1 111 >99 39800 1.1 96
2 29 99/1 89 >99 28200 1.1 94
3 27 98/2 80 >99 22700 1.1 94
4 28 99/1 84 >99 22400 1.1 96
5 27 98/2 82 >99 23900 1.1 94
6 23 96/4 69 >99 20500 1.1 91

@ Determined using 'H NMR. ? Determined using size-exclusion chromatography using a polystyrene standard. ¢ Determined using UV-VIS

spectroscopy.

reasonable activity for the copolymerization of PO with CO,
without further purification and the results of the recycling
experiments of up to 5 times are summarized in Table 2. It is
worth noting that the efficiency of catalyst removal (recovery)
stays high for each cycle of the copolymerization (91-96%),
although the catalyst activity gradually decreases.

In summatry, we have developed a simple and efficient catalyst
removal system in the cobalt-salen-catalyzed alternating copolymeri-
zation of propylene oxide with carbon dioxide. The present system
requires no prior modification of the cobalt-salen complex, and
the catalyst removal is achieved by simple addition of a long-
chain alkylcarboxylic acid after the copolymerization, followed
by organic liquid-liquid phase separation. The removal efficiency
is much higher than the conventional purification method by
precipitation, and the recovered cobalt catalyst can also be
directly reused multiple times.
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