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Chemical CO; Fixation: Cr(lll) Salen Complexes as
Highly Efficient Catalysts for the Coupling of CO;
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Table 1. Effect of Reaction Parameters on the Coupling of,CO
and PO Catalyzed by Complexg&a—d?

and Epoxides )OJ\
o) + co, Cr(lll) salen o~ o @
Robert L. Paddock and SonBinh T. Nguyen* HsC” 24 DMAP G
3
Department of Chemistry and Institute for DMAP CO, temp time total TOF
Environmental Catalysis, Northwestern Usirsity ; ; o b 1

2145 Sheridan Road,&nston, llinois 60208-3113 Y catalyst equv  (psig) (1€) () TON* (W)
1 la 1 100 75 2 323 162
Receied June 21, 2001 2 b 1 100 75 2 338 169
3 Ic 1 100 75 2 253 127
Carbon dioxide is an attractive; ®uilding block in organic 4 1d 1 100 75 2 507 254
synthesis as it is highly functional, abundant, inexpensive, 5° 1d 1 100 75 2 386 193
nontoxic, and nonflammable. As petroleum reserves are depleted, 6 none 1 150 75 2 0 0
the development of efficient catalytic processes employing CO 7 1d 0 150 75 2 0 0
as a feedstock has become increasingly important as evidenced 8 1d 0.5 150 75 2 302 151
by the intense research in this area in recent yedrslowever, 1?) ig % igg ;g g igg %_;8
due to the inert nature of GQefficient catalytic processes for 1 1d 4 150 75 2 30 15
chemical fixation remain elusive. Thus, in addition to the practical 15 1d 1 100 25 14 39 3
merit, chemical CQ@ fixation remains a significant synthetic 13 1d 1 100 50 7 179 26
challenge. 14 1d 1 100 100 1 916 916

One of the most promising methodologies in this area has been
the synthesis of cyclic carbonates via the metal-catalyzed coupling

of CO, and epoxides (eq T¥)Cyclic carbonates are valuable as

aReaction Conditions: PO (4 mL, 3.32 g, 5.¥2L02 mol), CH.C1,
(0.5 mL), catalyst (0.075 mol %¥.Moles of propylene carbonate
produced per mole of catalystReaction carried out in neat PO (4

monomers, aprotic polar solvents, pharmaceutical/fine chemical mi). 4 Moles of propylene carbonate produced per mole of catalyst

intermediates, and in many biomedical applicatioh# recent

per hour.

decades numerous catalyst systems have been developed for this

transformatiorf:”-1* While the advances have been significant,
all suffer from either low catalyst stability/reactivity, air sensitiv-

Cr(lll) porphyrin complex as a catalyst for this reactigri?
Changing the coordination environment around the Cr metal

ity, the need for co-solvent, or the requirement for high pressures center from a porphyrin to a safénligand offers several
and/or high temperatures. For example, a recently reported catalysgdvantages: (1) salens are easily and efficiently synthesized in
system is a mixed-metal Mg/Al oxide which operates at a Stark contrast to porphyrins, which are typically obtained in yields

reasonable C&pressure (5 atm) but requires a substantial amount
of solvent (85% v/v DMF) and takes 24 h at 100 to convert
just 0.28 g of propylene oxide in 88% yield and 92% selectivity,
even with a very high catalyst loading of 1.8 g catalyst/ g of
substraté?
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Herein, we report a new highly active (salen)Cr(lll)-based
catalyst system for the synthesis of cyclic carbonates from the
coupling of CQ and terminal epoxides under extremely mild
conditions. Kruper et al. have previously reported the use of a
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of less than 20%¢ and (2) the modular construction of salens
from diamines and salicylaldehydes enables easy tuning of catalyst
steric and electronic properties. We were further encouraged by
several recent reports of the catalytic nucleophilic ring opening
of epoxides using transition metal salen compléké%and felt

that salen complexes could potentially be useful for the electro-
philic addition of CQ to epoxides.

Our initial studies showed thda successfully catalyzes the
coupling of CQ and propylene oxide (PO) in the presence of a
Lewis-basic co-catalyst such as (4-dimethylamino)pyridine (DMAP).
No reaction was observed in the absence of DMAP, which is
consistent with that observed for the Cr porphyrin-catalyzed
reaction®? It is important to note that DMAP by itself did not
catalyze the reaction. Reaction 2 was run in 1:1 (v/v) mixtures
of PO and various co-solvents; however, running the reaction in
neat PO gave the best yield of propylene carbonate (PC). This
yield could be increased further by the addition of a small amount
of CH,Cl,, presumably to help solubilize the catalyst system
(Table 1, entries 45). Several (salen)Cr(lll) complexeg{-d)
with varying diamine backbones were investigated as catalysts
for reaction 2. Complesd exhibited the highest catalytic activity
of all the catalysts and is at least twice as active as the racemic
transanalogudc (Table 1 entries +4). We believe this may be
due to the more accessible coordination site available in complex
1d. Thetrans-cyclohexysalen catalysa and the propylene salen
catalyst1lb are also slightly more active thalt. Complex1d
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was then employed to further investigate and optimize the effects Table 2. Coupling of CQ and Various Epoxides Catalyzed by
of the various reaction parameters on propylene carbonateComplexld®
production.

substrate temp(°C) time(h) product yieldh
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. ) ic: trans, R' =R% = Ph 0 0“/<
Bu Bu 1d: meso, R' =R? = Ph A 2b 75 1.5° o _L_o 98%
. N 0
The ratio of DMAP to complexid had a significant effect on o] o< o
: A 85 7.5 o 9%
the turnover frequency (TOF) (Table 1, entriesid). The TOF A
increased as the number of equiv of DMAP increased, up to two 0
equiv. Increasing the DMAP concentration any further resulted o 0
in a loss of activity to the point where the reaction was almost HsCﬁgQ 2d 85 3.5 Hacﬁi\/o 100%

completely shut down when 4 equiv of DMAP were used. o
A significant drawback associated with using £43 a reagent ©\/9\ M .

in organic synthesis is the potential dangers associated with e 75 65 o 100%

operating at high temperatures and pressures. Thus, we were o

gratified to discover that our catalyst system can operate very o)

efficiently at low CQ pressures and temperatures. The highest ©/’—\

catalytic activity occurs at 50 psig and is maintained at 80% of

this optimum TOF at only 25 psig. Increasing the pressure beyond

the optimal level resulted in a dramatic decrease in activity (see  aReaction conditionsid (27.8 mg, 3.81x 105 mol), DMAP (4.6

Supporting Information), which to the best of our knowledge is mg, 3.81x 105 mol), epoxide (3.81x 102 mol), CQ, (50 psig),

the only instance in chemical G@ixation where an increase in  CH:Cl> (0.5 mL). " Yields were determined by comparing the ratio of

COZ pressure causes a decrease in TOF. pI’OdL_JCt tO_SubStl’ate |nth§‘| NMR Spectrum of an aliquot of the
Increasing the reaction temperature had a pronounced positive'®action mixture:Reaction run in neat epoxide.

effect on the TOF (Table 1, entries 4 and-14). However, we : :

were pleased to discover that the coupling of PO with, Cauld Scheme 1.Proposed Mechanism for Reaction 2

be carried out at a reasonable rate at ambient temperature. The o R @ NCO2

catalyst system exhibits remarkable longevity. The activity does OJJ\ ¢l \\& 03

not deteriorate over a period of 50 h, attaining over 8000 turnovers @ @

Npy= Kz
"

0 X7
> ?
(see Supporting Information). R G:D
The catalyst system was found to be applicable to a variety of /& g! LN
R

terminal epoxide? providing the corresponding cyclic carbonates
I~
V> O,
CI‘@OQ :,C ~Npy
3 R°

2f 85 7 00 99%
75 12¢ 99%

aromatic2f and aliphati?a,d,e epoxides are good substrates for

in near quantitative yield and 100% selectivity (Table 2). Both j\
-‘:)—o
reaction 1. Epichlorohydri@b was found to be the most reactive C

epoxide, while vinyl epoxid€c exhibited the lowest activity of R 2
the epoxides surveyed. R
Jacobsen et al. have shown that the nucleophilic ring opening K O\C N 4/
of epoxides catalyzed by Cr(lll) salen complexes occurs via “ o%’ i
catalyst activation of both the electrophilic epoxide and the 5

incoming nucleophilé! Previous reports on the synthesis of cyclic ) ] o ]

carbonate from C@and epoxides also suggest the parallel dramatic losses in activity that accompany an increase, beyond
requirement of both Lewis-base-activation of the @@d Lewis- an optimal concentration, in either DMAP molar equivalents or
acid-activation of the epoxide!222We propose that the starting ~ COz pressure. Both of these situations would lead to an increased

(salen)CrCl complex in our system fulfills the role of activating formation of4 at the expense &, thereby reducing the reaction
the epoxidé! The DMAP co-catalyst is necessary for the rate. Detailed mechanistic studies will be reported in due course.

formation of the more electron-rich Cr(lll) center in the (salen)-  In summary, Cr(lll) salen complexes are highly efficient
Cr(I1l)-DMAP complex 4 which is required to activate GO catalysts in the coupling of carbon dioxide with epoxides at mild
Complex4 can then attack the activated epoxide comyBeat temperatures and pressures. They represent an air stable, easily

the least sterically hindered carb®reading to the formation of ~ Synthesized, extremely robust catalyst system which requires no
the dimeric intermediat& which eventually yields the cyclic ~ solvent and tolerates multiple substrates. These characteristics

carbonate product (Scheme 1). This mechanism can explain themake them ideal catalysts for chemical Cxation.
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