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for the synthesis of cyclic carbonates from CQO, and epoxides
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Abstract—CoTPP(Cl)/DMAP was found to be a highly active catalyst system for the chemical fixation of CO, via reaction with
epoxides. The corresponding cyclic carbonate products are produced in high yield and selectivity for a variety of terminal mono and
disubstituted epoxides. 1,2-Disubstituted internal epoxides were also investigated as substrates and found to react with very high

stereospecificity.
Published by Elsevier Ltd.

The reaction of CO, with epoxides to yield cyclic car-
bonates (Eq. 1) has garnered much attention in recent
years."? Cyclic carbonates are valuable products, finding
use as organic synthetic intermediates, aprotic polar
solvents, precursors for biomedical applications, and as
raw materials for engineering plastics.'* In addition,
chemical CO, fixation is a challenging and important
synthetic goal as CO, is an inexpensive and abundant C,
feedstock and therefore any efficient reactions using CO,
as a reagent would have positive ramifications on efforts
toward carbon management.’
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A number of catalysts have been reported for reaction 1,
including alkali metal salts, ammonium salts, ionic liq-
uids, metal oxides, transition metal and main group
complexes.®!” However, these usually suffer from draw-
backs such as low catalyst activity/selectivity, air sensi-
tivity, and the requirement for harsh reaction
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conditions. Further, the catalysts must generally be two-
component systems comprising of both a Lewis acid and
Lewis base to achieve an adequate rate for coupling of
CO, and epoxides.

We recently reported the use of a Cr'' salen/DMAP
catalyst system for reaction 1.'"® Similar to the afore-
mentioned reports, the presence of both a Lewis acidic
center (the Cr''' salen complex) and a Lewis base
(DMAP) is necessary for high efficiency and selectivity.
During the course of that work we began to investigate
the effectiveness of other metal centers to function as the
Lewis acidic component. We were pleased to discover
that a Co™ porphyrin complex, in conjunction with an
organic Lewis base, is an excellent catalyst for reaction
1. Herein, we disclose our results for the optimization
and application of this catalyst system to cyclic car-
bonate synthesis.'

We chose to utilize a porphyrin complex based on the
success that Kruper et al. had when they employed a Cr
porphyrin complex as catalyst for reaction 1.!! Com-
mercially available Co™ tetraphenylporphyrin (CoTPP)
was initially tested as a catalyst for the coupling of
propylene oxide (PO) and CO,. Though the turn-over
number (TON) was limited (Table 1, entry 1), we were
encouraged that the Co! complex did exhibit some
catalytic activity in the presence of a Lewis base. This
prompted us to investigate the possibility of using a
more Lewis acidic metal center, which might better
activate the epoxide (vide infra). Co"TPP was oxidized
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Table 1. Activity of Co(TPP) catalysts/Lewis base co-catalysts in the
coupling reaction of CO, and propylene oxide*

Entry  Catalyst/co-catalyst Time (h) TON®  TOF® (h7!)

1 CoTPP/DMAP 2.25 36 16

2 CoTPP(Cl)/DMAP 1.33 1102 826

3 CoTPP(Cl)/pyridine 8.5 71 8

4 CoTPP(Cl)/pyridine 5 0 0
N-oxide

5 CoTPP(Cl)/1-methyl-  20.5 1643 80
imidazole

6 CoTPP(Cl)/triethyl- 22.5 1947 85
amine

7 CoTPP(Cl)/OPCys 6 0 0

8 CoTPP(Cl)/PPh; 20 182 9

*Reaction conditions: catalyst (2.76x 10~° mol, 0.038 mol %), co-cat-
alyst (2equiv), propylene oxide (5mL, 2600 equiv), CO, (250 psig),
CH,Cl, (1.0mL), 120°C.*!

®Moles of propylene carbonate produced per mole of catalyst.

“Moles of propylene carbonate produced per mole of catalyst per
hour.

to the more electrophilic Co"™TPP(Cl) complex,? which
was then tested and found to be an extremely effective
catalyst in the presence of a Lewis base co-catalyst
(Table 1, entry 2), exhibiting activities that are over 50
times those observed for Co''TPP.

Several other Lewis bases were investigated as possible
co-catalysts for Co™TPP(Cl) (Table 1, entries 2-8).?
DMAP gave superior activity in comparison to all other
co-catalysts tested, which we attribute to its high Lewis
basicity. Less Lewis basic co-catalysts tend to give
diminishing turn-over frequencies (TOF). However, if
the Lewis base is sterically bulky, a decrease in TOF can
also be observed (cf. entries 2, 5, 6, 8 in Table 1).

Satisfied with our choice of co-catalyst, we set out to
further optimize other reaction parameters. CO, pres-
sure was found to strongly influence catalyst activity
(Fig. 1). The TOF increases significantly with an
increase in pressure up to 200 psig and then drops off
very slightly at pressures above 300 psig. A similar cor-
relation between catalyst activity and CO, pressure was
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Figure 1. Catalyst TOF for the Co(TPP)CI/DMAP system as a func-
tion of CO, pressure. Reaction conditions: CoTPP(Cl)
(2.76x103 mol, 0.038mol%), DMAP (2equiv), propylene oxide
(5mL, 2600 equiv), CH,Cl, (1.0mL), 120°C.
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Figure 2. Catalyst TOF for the Co(TPP)CI/DMAP system as a func-
tion of DMAP equivalents. Reaction conditions: CoTPP(CI)
(2.76x 107> mol, 0.038mol%), propylene oxide (5mL, 2600 equiv),
CO, (250 psig), CH,Cl, (1.0mL), 120°C.

also exhibited by our Cr'™ salen catalyst although in that

case optimal catalyst activity was observed at a lower
pressure (50 psig) and the decline in activity was much
sharper when the pressure was increased above 50 psig.'8

The number of equivalents of co-catalyst employed was
also found to be quite important. While the presence of
DMAP is critical for high activity and the TOF dra-
matically increased upon going from 0.5 to 2equiv of
DMAP (Fig. 2), further addition of DMAP past 2 equiv
results in a decrease of the TOF.

The above results can be explained by considering a
mechanism for this reaction that is similar to that
reported by Inoue et al. for the synthesis of ethylene
carbonate from ethylene oxide and CO, using an Al
porphyrin/1-methylimidazole catalyst system.? In this
mechanism (Scheme 1), the epoxide must first be acti-
vated via binding to a coordinatively unsaturated Lewis
acidic metal center followed by nucleophilic ring-open-
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Scheme 1. A proposed mechanism for the coupling of CO, and
epoxides by a Lewis acid/DMAP catalyst system.
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Table 2. Substrate scope for the Co(TPP)CI/DMAP system®

Substrate Time (h) Product Yield (%)°
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#Reaction conditions: CoTPP(Cl) (0.4mol%), DMAP (2equiv),
epoxide (1 mL, 250 equiv), CO, (300 psig), CH,Cl, (0.5mL), 120°C.?!

®Yields were determined by comparing the ratio of product to sub-
strate in the "H NMR of an aliquot of the reaction mixture. Known
cyclic carbonate products were confirmed by MS and by comparing
their NMR data with values reported in the literature. Data was
available for 4-methyl-1,3-dioxolan-2-one,”” 4-chloromethyl-1,3-di-
oxolan-2-one,”” 4-phenyl-1,3-dioxolan-2-one,” 4-ethenyl-1,3-dioxo-
lan-2-one,*® and 4,4-dimethyl-1,3-dioxolan-2-one.® Analytical data
for the remaining two products has not been reported and was con-
firmed by us.?!

€ CoTPP(CI) (1 mol %).

9100% trans product.

¢CoTPP(CI) (0.67mol %), product cis:trans ratio (96:4).

ing?* to produce the requisite metal alkoxide interme-
diate.?’ Thus, the presence of too much Lewis base could

saturate the open metal binding site, thereby inhibiting
the metal center’s ability to activate and open the
epoxide. We note that Darensbourg et al. have also pro-
posed a similar initial mechanistic step for the coupling
of CO, and cyclohexene oxide to form the correspond-
ing polycarbonate using Cr'™ salen/1-methylimidazole
as the catalyst system.?

The mechanism shown in Scheme | can also be used to
explain the diminishing of TOF at CO, pressures above
300 psig. High CO, concentration could eventually lead
to the formation of a zwitterionic DMAP-CO, com-
plex,?” which would render this co-catalyst unavailable
for the catalytic step where its coordination to the Lewis
acidic metal center is necessary for the subsequent
insertion of CO, into the metal alkoxide bond.?

Under the optimized reaction parameters, we found our
Co(TPP)CI/DMAP catalyst system to be active in the
cycloaddition of CO; to a variety of terminal epoxides®
(Table 2). Epoxides with aromatic, aliphatic, vinyl,
electron-withdrawing, and electron-donating substitu-
ents all provided the cyclic carbonate products in near
quantitative yield and 100% selectivity with only a slight
change in reaction rate depending on the epoxide sub-
stituent. Significantly, our catalyst system is also active
toward 1,1-disubstituted epoxides, as there are few
reports on the efficient conversion of these substrates.
Internal disubstituted epoxides were examined as well,
and found to yield cyclic carbonates with a very high
degree of stereospecificity. Both cis- and trans-2,3-ep-
oxybutane were found to react with retention of con-
figuration (Table 2, footnotes d and e), supporting our
proposed mechanistic pathway where there is a double
inversion of stereochemistry at the carbon center, that is
attacked.

In conclusion, Co(TPP)CI/DMAP is an excellent cata-
lyst system for the coupling of CO, with a variety
of epoxides to yield cyclic carbonates selectively and
stereo-specifically. That ligated Co™ complexes are active
for reaction 1 under moderate CO, pressure is quite
exciting in view of the dearth of literature precedents for
Co complexes in this reaction. We are actively investi-
gating the mechanism, the catalyst scope with respect to
other Co™ complexes, and the application of these Co™
catalysts in the synthesis of fine chemicals and polymers.
These results will be reported in due course.
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