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ABSTRACT

The design of efficient metal catalysts for the selective coupling of
epoxides and carbon dioxide to afford completely alternating
copolymers has made significant gains over the past decade. Hence,
it is becoming increasingly clear that this “greener” route to
polycarbonates has the potential to supplement or supplant current
processes for the production of these important thermoplastics,
which involve the condensation polymerization of diols and
phosgene or organic carbonates. On the basis of the experiences
in our laboratory, this Account summarizes our efforts at optimizing
(salen)Cr'"X catalysts for the selective formation of polycarbonates
from alicyclic and aliphatic epoxides with CO,. An iterative catalyst
design process is employed in which the salen ligand, initiator,
cocatalyst, and reaction conditions are systematically varied, with
the reaction rates and product selectivity being monitored by in
situ infrared spectroscopy.

Introduction

Inoue and co-workers, 35 years ago, demonstrated that it
was possible to copolymerize carbon dioxide and propy-
lene oxide in the presence of a catalyst derived from a 1:1
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mixture of (CH3CH),Zn and water.! This process is
illustrated in eq 1,
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where in this instance the alternative coupling product,
cyclic carbonate, is also afforded. The cyclic carbonate
byproduct (1,3-dioxolan-2-ones) is proposed to result from
the degradation of the growing copolymer chain, i.e., the
back-biting mechanism as depicted in Scheme 1.2 Because

Scheme 1
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of the lack of an active-site control resulting from the
heterogeneous nature of the catalyst, this process generally
suffered from problems including inconsistent results and
high polyether content in the copolymer. During the next
20 years, the design of catalysts for this process was mostly
centered on derivatives of Inoue’s pioneering discovery
involving different protic sources such as tert-butylcat-
echol, pyrogallol, and (CH;CH,),Zn.2 It was not until 1995
when we employed well-defined zinc bis(phenoxides) as
homogeneous catalysts for the copolymerization of cy-
clohexene oxide and carbon dioxide that a better mecha-
nistic understanding of this catalytic process began to
emerge.* These second generation zinc catalysts were
based on 2,6-disubstituted phenols and were found to
crystallize from toluene as dimeric complexes, which were
easily disrupted by ether ligands to afford distorted
tetrahedral species (Figure 1). These complexes exhibited
enhanced catalytic activity over the first generation het-
erogeneous zinc catalysts, providing copolymers with very
high CO, content and negligible quantities of cyclic
carbonate. Importantly, the process involved no organic
solvents; i.e., these well-characterized zinc derivatives were
soluble in carbon-dioxide-expanded cyclohexene oxide.
Shortly after this achievement, Beckman and co-workers
reported a soluble fluorinated zinc catalyst with similar
activity for the generation of copolymers from cyclohexene
oxide and CO,.° The most significant advancement in this
area came with the contribution from Coates’s laboratory,
which involved the use of monomeric and dimeric zinc
catalysts containing chelating 5-diiminate ligands (Figure
2).5 Selected derivatives of this living cyclohexene oxide/
carbon dioxide copolymerization system are by far the
most active catalysts reported for this process.”
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FIGURE 1. X-ray structures of (a) [Zn(0-2,6-t-Bu,CgHs),l, and (b)
Zn(0-2,6-t-Bu,CgH3)o THF,.

FIGURE 2. One of Coates’s zinc 3-diiminate complexes.

Early studies that have inspired the work from my
group that is the focus of this Account include those of
Inoue,® Kruper,® and Holmes.! These researchers em-
ployed metal porphyrin derivatives, which are structurally
similar to chlorophyll, as catalysts for the CO,/epoxide
copolymerization reaction. The rigidly planar porphyrin
ligands provide metal complexes, which are structurally
quite different from the previously mentioned zinc com-
plexes, thereby offering alternative mechanistic pathways
for catalysis. A common aspect in all of these investiga-
tions is that catalytic activity is significantly enhanced
upon the addition of a cocatalyst, a factor which further
complicates mechanistic interpretations of this chemistry.
We have selected for our related studies chromium
complexes containing salen ligands, which represent
cheaper, more easily derivatized alternatives to porphyrin
ligands. Although the term salen refers to the N,N'-bis-
(salicylidene)-1,2-ethylenediimine ligand, we will use it

FIGURE 3. Crystallographic structure of N,N'-his(3,5-di-tert-butyl-
salicylidene)-(1R,2R)-(—)-1,2-cyclohexenediimine chromium chloride

(1).

Scheme 2

o—71

)
|

P = growing polymer chain

here to apply generally to bis(salicylaldimine) ligands.
Specifically, our entry into catalyst systems of this type
began with the chiral (salen) CrCl complex shown in Figure
3.1 These efforts were greatly influenced by the ground-
breaking work of Jacobsen and co-workers who employed
this catalyst for the asymmetric ring opening (ARO) and
kinetic resolution of epoxides.'? Herein, we summarize our
efforts to mechanistically understand the copolymeriza-
tion of alicyclic and aliphatic epoxides with carbon dioxide
in the presence of (salen)metalX catalysts to selectively
produce polycarbonates.

Optimization of CO,/Cyclohexene Oxide
Copolymerization Utilizing (Salen)CrX
Complexes as Catalysts

The three pathways open to reaction for the growing
polymer chain are indicated in Scheme 2, and are (A)
chain propagation to afford the completely alternating
copolymer, (B) back biting with concomitant elimination
of cyclic carbonate, and (C) consecutive epoxide enchain-
ment leading to polyether linkages. To optimize the rate

VOL. 37, NO. 11, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 831



Copolymerization of CO; and Epoxides Darensbourg et al.

Table 1. Catalyst Variations and Their Effect on the Rate of Copolymerization of CO; and Cyclohexene Oxide®

entry X Nu cocatalyst (equiv) COg pressure (Bar) TOF? % carbonate® M, PDI
1 t-Bu Cl none 55 10.4 80
2 t-Bu Cl N-Melm (2.25) 55 35.5 929 8900 1.2
3 OCHs; Cl N-Melm (2.25) 55 65.6 >99
4 OCHj; N3 N-Melm (2.25) 55 81.9 >99 23 000 1.6
5 OCHj; N3 PCys (3) 55 346 >99
6 OCHjs; Ns PPN™N;5~ (1) 55 760 >99
7 OCHs N3 PPN*N3~ (1) 35 1150 >99 50 000 1.1

@ Each experiment was performed in 20 mL of cyclohexene oxide and with 50 mg of catalyst. ® Moles of epoxide consumed per mole of

Cr-hour. ¢ Estimated by 'H NMR.

of selective formation of a completely alternating copoly-
mer of CO, and epoxide, it is necessary to design catalysts
or define conditions to control or minimize pathways B
and C, while maximizing pathway A. Catalytic studies of
the copolymerization of cyclohexene oxide and CO, in the
presence of chromium(III) complex (1) and derivatives
thereof are summarized below with these objectives in
mind.

Initially our investigations of this copolymerization
process focused on the utilization of the commercially
available complex 1, as indicated in entry 1 of Table 1.

o H
=N, \\_N—

%, S
%

Cr.

VAR

X O Nu O X

t-Bu t-Bu

This catalyst produced afactic copolymer at a modest rate
of 10.4 mol of epoxide consumed/mol of catalyst-hour
(hereafter expressed h™!) with a CO, incorporation of
>80%.!113716 The addition of a Lewis base cocatalyst,
N-methylimidazole, increased the rate of copolymeriza-
tion to 35.5 h™! as well as reduced the polyether content
of the copolymer to <1% (entry 2 of Table 1).!7!8 The ease
of synthesizing salen derivatives, produced by a conden-
sation reaction between diamines and salicyaldehydes,
warranted an in-depth study into the effects of altering
the salen structure on the activity of the catalyst in the
cyclohexene oxide/CO, copolymerization reaction.'® While
many salen derivatives successfully catalyzed this process,
the most active derivative, N,N'-bis(3-tert-butyl-5-meth-
oxysalicylidene)-(1R,2R)-(—)-1,2-cyclohexenediimine (en-
try 3 of Table 1), contained electron-donating groups on
both phenolate rings and effectively doubled the rate of
copolymer production to 65.6 h™!.

In situ infrared spectroscopic monitoring of the copo-
lymerization reaction showed that these reactions were
plagued by long initiation times (the time from the
beginning of the reaction until the onset of the maximum
rate), sometimes on the order of several hours. This was
found to be partially caused by the lack of nucleophilicity
of the chromium-bound chloride toward the initial ep-
oxide ring-opening process. To overcome this, we moved
toward a more nucleophilic initiator, azide. The azide
adduct of complex 1 significantly reduced the initiation
time to near zero, and the rate of copolymerization
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FIGURE 4. Graphical representation of the data presented in Table 1.

355

increased to 81.9 h™! (entry 4 of Table 1). Furthermore,
these studies showed that the copolymerization process
may benefit from more electron-donating cocatalysts. For
this purpose, phosphines were chosen because they are
readily available Lewis bases with a wide variety of
electronic properties. The more donating phosphine,
namely, tricyclohexylphosphine, proved to be among the
most active of this group of cocatalysts, increasing the rate
of copolymerization to 346 h™!. Notably, phosphine co-
catalysts also eliminated cyclic carbonate formation, an
unwanted byproduct of this reaction. Having observed
that more electron-donating neutral Lewis bases enhance
copolymer production, we decided to examine anionic
cocatalysts. The most effective cocatalysts thus far dis-
covered involved the noninteracting cation bis(triph-
enylphosphoranylidene)ammonium or PPN*. While com-
mercially available PPNClI was an extremely effective
cocatalyst, PPNNj; proved to be the most effective, pro-
ducing turnover frequencies of 760 h™! (entry 6 of Table
1).

Modification of the reaction conditions showed that
although the copolymer produced maintained a high
carbonate content at CO, pressures as low as 1 bar,
increasing the CO, pressure significantly enhanced the
rate of copolymerization until a maximum turnover
frequency of 1150 h™! was observed at 35 bar. Increasing
the pressure to 55 bar had the effect of decreasing the
rate of copolymer production. This is most likely the result
of a simple catalyst/substrate dilution effect on the
reaction rate, where upon increasing the CO, pressure
from 35 to 55 bar, there is a major volumetric expansion
of the liquid phase where the catalyst and epoxide reside.?°
Figure 4 summarizes the gains made recently in the
catalytic activity for the copolymerization of cyclohexene
oxide and CO, involving (salen)CrX and various cocata-
lysts. As of this moment, this represents our most active
and robust catalyst system, selectively producing the



Copolymerization of CO; and Epoxides Darensbourg et al.
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FIGURE 5. 'H NMR spectrum in the methine region showing the
lack of both cyclic carbonate (~4.0 ppm) and polyether linkages

(~3.4—3.6 ppm) for the copolymer produced in entry 7 of Table 1.
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FIGURE 6. ASI ReactlR 1000 reaction analysis system with a
stainless steel Parr autoclave modified with a permanently mounted
ATR crystal (SiComp) at the bottom of the reactor (purchased from
Mettler Toledo).

copolymer with no polyether linkages and no cyclic
carbonate (Figure 5). Indeed, it is the most active system
in the literature with the exception of a select group of
zinc f-diiminate complexes.”

Mechanistic Aspects of the Cyclohexene
Oxide/Carbon Dioxide Copolymerization
Reactions

Concomitant with our optimization studies of this process,
we have carried out kinetic investigations aimed at
obtaining a better understanding of the mechanism of
copolymer formation. Measurements of kinetics at high
pressure were performed using a stainless steel Parr
autoclave modified with a SiComp window to allow for
attenuated total reflectance spectroscopy using an infrared
radiation (ASI ReactIR 1000 in situ probe, as shown in
Figure 6).2! Typical data obtained for the production of
poly(cyclohexylene)carbonate as monitored in the vcarponate
region are illustrated in Figure 7, along with the time
profile of the absorbance at ~1750 cm™'. Our first study
of the kinetics of the ring-opening process of cyclohexene
oxide by (salen)CrCl showed that the initiation process
was occurring via a pathway that was greater than first
order in the metal complex.!" This was assumed to be
second order in the metal complex as previously de-

Absorbance

Absorbance

® Time

1650 1700 1750 1800 1850
‘Wavenumbers{cm)
FIGURE 7. In situ infrared stack plot and peak profile of the
carbonate signal produced at 1750 cm~".
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scribed;?? that is, it appeared that the mechanism of
copolymerization was dictated by a second order in the
[catalyst] initiation step, followed by a first-order propaga-
tion step. This latter observation is consistent with the lack
of stereoregularity seen in the resulting copolymer pro-
duced from complex 1.

This initial description of the process turns out to be
only partly true because this mechanism is actually being
controlled by two equilibria, with different reaction path-
ways depending on the electronic environment around
the metal center (Scheme 3). Relatively weak electron-
donating Lewis base catalysts, such as N-methylimidazole,
activate the catalyst for initiation to occur through a
second order in the [catalyst] pathway. The progression
down the second-order pathway makes initiation very
sensitive to the amount of cocatalyst, with rate enhance-
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FIGURE 8. Effect of additional equivalents of N-methylimidazole on
the rate of copolymerization.
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FIGURE 9. Effect of additional equivalents of tricyclohexylphosphine
on the rate of copolymerization.

ment being observed at low concentrations, followed by
excess cocatalyst resulting in the retardation of the initia-
tion step (Figure 8). Contrary to this, if the cocatalyst is
significantly more electron-donating, a first-order initia-
tion step becomes possible. More donating Lewis bases
such as triphenylphosphine represent the “middle of the
road” case, where both pathways are possible, but with
highly donating phosphines, such as tricyclohexylphos-
phine, the first-order pathway will dominate. This differ-
ence is best demonstrated in that the rate of copolymer-
ization continually benefits from additional amounts of
phosphine, with saturation kinetics observed above 7
equiv of cocatalyst (Figure 9). When the extreme donating
case, anionic cocatalysts, is used, the initiation is decidedly
first order in the [catalyst]. In this instance, a very high
rate of polymerization is obtained and no change in the
rate of polymerization is observed above 1 equiv of
cocatalyst.

After initiation and the initial CO, insertion, a second
equilibrium, dictating chain propagation, is observed. The
difference in this step is that it is decidedly first order in
the [catalyst] for all cocatalysts and the rate of propagation
benefits from all of the catalyst being present as the
cocatalyst-bound species. This allows for excess N-meth-
ylimidazole to increase the rate of propagation, even
though it may slow the rate of initiation. The more
donating phosphines and PPN salts significantly enhance
the rate of copolymerization by enhancing both the
initiation process and the rate of propagation.?

At this point, it is worth noting that the first-order
epoxide ring-opening mechanism, either in the initiation
step or in a subsequent chain propagation step, probably
proceeds with a great deal of ionic character. This is
particularly true for the initiation step involving (salen)CrX,~
systems, where one of the nucleophiles might easily be
displaced by an epoxide. This is similar to the process
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FIGURE 10. Skeletal drawing of the structure of TMSO (2).

0.35
3 025
E 0.15
< 005 f TMSO
0.05
0 200 400 600

Time (Minutes)

FIGURE 11. Comparison of polycarbonate formation using cyclo-
hexene oxide and TMSO as the monomers. Inset: Initial 2 h of the
reaction. Reaction conditions: 0.086 mmol of Cr(salen)Cl, 2.25 equiv
of N-Melm, 20 mL of epoxide, 50 bar of CO,, and 80 °C.

proposed by Rieger for a related system involving DMAP
as the cocatalyst.?* Chisholm and Zhou have put forth a
similar mechanism for the aluminum-porphyrin- and
aluminum-salen-catalyzed reaction of propylene oxide
and carbon dioxide;* that is, the role of the Lewis base
cocatalyst is to labilize the metal—nucleophile bond of
either the initiator or growing polymer chain toward
heterolytic bond cleavage. Indeed, crystallographic studies
clearly demonstrate that the Cr—Cl bond in (salen)CrCl
is significantly lengthened upon axial ligation by a Lewis
base.!®

Unfortunately, poly(cyclohexylene)carbonate, the co-
polymer most effectively produced from CO, and an
epoxide by a variety of metal catalysts, has inferior
physical properties to that of the widely used commercial
polycarbonate derived from bisphenol-A.?5%” Therefore, a
current focus of our research is a search for other alicyclic
epoxides that might lead to the production of more
industrially viable polycarbonates. Thus far, we have had
little success with substrates based on biorenewable
resources, limonene oxide and o-pinene oxide, or those
based on petroleum derivatives, exo-norbornene oxide or
2,3-epoxy-1,2,3,4-tetrahydronaphthalene.?® On the other
hand, we have had excellent success utilizing 2-(3,4-epoxy
cyclohexyl)ethyltrimethoxysilane (TMSO, Figure 10) as a
monomer for copolymerization with carbon dioxide.?® This
epoxide is beneficial in several ways. First of all, its
reactivity for producing a completely alternating copoly-
mer with CO, is essentially identical to that of cyclohexene
oxide (Figure 11). Second, TMSO and its derived polycar-
bonate are completely miscible with carbon dioxide under
the reaction conditions, thereby allowing for in situ
infrared monitoring of the process in the absence of the
multiphasic properties exhibited by cyclohexene oxide.3°
The enhanced CO; solubility of the polycarbonate pro-
duced from the monomer 2 has permitted the ready
separation of the highly colored catalyst remains from the
copolymer. Upon hydrolytic cross-linking of the tri-
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methoxysilane tails of the copolymer, a material with a
T, higher than that of the bisphenol-A copolymer was
obtained. However, this polymer was easily shattered
upon forceful impact because of it being overly cross-
linked. The application of monomer 2 along with cyclo-
hexene oxide in terpolymerization processes is a continu-
ing area of interest in our group.

Investigation of CO,/Propylene Oxide Coupling
Utilizing (salen)CrX Complexes as Catalysts.
Polycarbonate versus Cyclic Carhonate
Production

The wide-scale production of poly(propylene carbonate)
from the aliphatic epoxide (propylene oxide) and carbon
dioxide would be highly desirable because this copolymer
currently has several industrial uses. These result from the
polymer features of a low T (40 °C) and a sharp, clean
decomposition above 200 °C. The two general application
categories are destructive (evaporative pattern casting and
ceramic binders) and nondestructive (adhesives and coat-
ings). As mentioned in the Introduction, this process has
been plagued by low catalyst activity and the concomitant
production of propylene carbonate. Initially, we carried
out comparative temperature-dependent kinetic studies
of CO,/propylene oxide versus CO,/cyclohexene oxide
coupling reactions utilizing complex 1 as the catalyst.3!
In both instances, the unimolecular pathway for cyclic
carbonate formation (pathway B in Scheme 2) displayed
a larger activation barrier than the bimolecular enchain-
ment pathway A. However, the difference in the energy
barrier for propylene carbonate and poly(propylene car-
bonate) was considerably smaller than the corresponding
values for cyclohexylene carbonate and poly(cyclohexy-
lene carbonate) production (33 kJ] mol™! versus 86 kJ
mol™1). The small energy difference in the two concurrent
reactions for the propylene oxide process accounts for the
large quantity of cyclic carbonate produced at higher
temperatures where catalytic activity is significant.3? In-
deed, at 100 °C, the latter process is selective for the
production of cyclic propylene carbonate in the presence
of (salen)CrCl and 1 equiv of DMAP.!® We have ascribed
the greater selectivity for polycarbonate formation in the
cyclohexene oxide instance to the increased strain in
forming the five-membered carbonate ring imposed by
the conformation of the cyclohexyl group. As can be seen
in Figure 12, the adjacent cyclohexyl ring introduces a
significant amount of twist in the five-membered carbon-
ate ring, whereas propylene carbonate is unconstrained
and perfectly planar.?® This produces a lower energy of
activation for the formation of propylene carbonate,
making it much easier for polymer degradation to occur
during the copolymerization reaction.

An experimental obstacle in obtaining detailed mecha-
nistic information from in situ infrared monitoring of the
CO,-coupling reaction exists when utilizing propylene
oxide as the comonomer;?! that is, poly(propylene carbon-
ate) has a very low solubility in the propylene oxide/CO,
reaction mixture as well as in the presence of weakly

“

FIGURE 12. Overlay of cyclohexene carbonate (blue) and propylene
carbonate (red) that depicts the differences in the ring strain between
the two molecules. The cyclohexyl ring is omitted for clarity.

interacting organic cosolvents. This leads to precipitation
of the copolymer onto the crystal mounted at the bottom
of the reactor, making the obtaining of useful in situ
kinetic data difficult. Hence, our analysis of the propylene
oxide/CO,-coupling reaction was done with bulk reactor
studies, where only the end result of the reaction was
observed. Nevertheless, in our limited in situ studies done
under controlled conditions, it was apparent that at low
temperature (30 °C) only polycarbonate was produced,
which upon raising the temperature (80 °C), degraded to
cyclic carbonate.?! The main thrust of our efforts involving
propylene oxide/CO, coupling has been directed at op-
timizing copolymer production, without producing any
cyclic carbonate. In related studies, zinc catalysts have
demonstrated a stronger affinity for propylene carbonate
over cyclic ethers (THF or propylene oxide).*’ Therefore,
these alternative products of the CO,-coupling reaction
could be expected to greatly inhibit catalytic activity.

As with our cyclohexene oxide study, many factors
must be taken into consideration when optimizing the
propylene oxide/CO, reaction for selective formation of
polycarbonate. These variables include electronic and
steric effects of the salen ligand, cocatalyst, initiator, and
an additional concern, the temperature. On the basis of
earlier results obtained by Rieger,> our investigation
began with the N,N'-bis(3,5-di-tert-butylsalicylidene)phe-
nylenediimine chromium chloride complex as the cata-
lyst.2® However, this chromium derivative in the presence
of phosphines or PPNCI cocatalysts afforded primarily
propylene carbonate as the product. Upon changing the
initiator to azide, selective formation of poly(propylene
carbonate) resulted. Hence, we have focused our attention
on Cr(salen)Ns derivatives for an optimization of this
copolymerization process (Figure 13).

As previously mentioned, this process will require
reaction temperatures lower than the 75—80 °C conditions
employed in our cyclohexene oxide studies. In this
instance, 60 °C was found to be the ideal temperature for
maximizing copolymer production while affording no
cyclic carbonate byproduct. A recent report from Coates’s
laboratory using Co(salen)OAc as the catalyst found
selective production of poly(propylene carbonate) from
propylene oxide/CO; at 25 °C,3* whereas other researchers
using a similar cobalt(Il) catalyst produced exclusive-
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FIGURE 13. Skeletal representation of the Cr''salen catalysts used
in the copolymerization of propylene oxide and CO,.
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Table 2. Effect of Different Cocatalysts on the
Copolymerization of PO and COy®

entry cocatalyst (equiv) TOF® % carbonate¢
1 PPhs (1) 55 86.5
2 PCys (0.5) 71 89
3 PCys (1) 149 94
4 PCys (2) 76 96
5 PPN*N3~ (1) 190 98
6 PPN*CI1~ (1) 192 97

@ Each experiment was performed in 20 mL of racemic propylene
oxide and 50 mg of catalyst (8), at 35 bar of COz and 60 °C, for 4
h. ® Moles of epoxide consumed per mole of Cr-hour. ¢ Estimated
by 'H NMR.

ly cyclic propylene carbonate at 100 °C.% Similarly,
Co(salen)OAc in the presence of a cocatalyst, e.g., nBuyNBr,
at 25 °C has demonstrated a high regio- and stereoselec-
tivity for propylene oxide ring opening in the CO; copo-
lymerization process.?® The electronic effect of the salen
ligand on the catalytic activity of (salen)CrX for polycar-
bonate production is different for the propylene oxide
substrate as compared to cyclohexene oxide; that is, while
the copolymerization of CO, and cyclohexene oxide is
enhanced by electron-donating groups on the diimine
backbone (complexes 4 and 5), in the case of propylene
oxide, a large quantity of cyclic carbonate is produced.
On the other hand, the complex containing the electron-
withdrawing phenylene diimine backbone (complex 3)
afforded exclusively the copolymer under the same reac-
tion conditions. As was observed for the cyclohexene
oxide/CO; copolymerization reaction, electron-withdraw-
ing substituents on the phenolate moieties (complexes 6
and 7) led to decreased activity for formation of either
CO,/propylene-oxide-coupled product.

Focusing on the most active catalyst (3) for selectively
producing poly(propylene carbonate), we have investi-
gated the dependence of the process on the nature of the
cocatalyst. These data are provided in Table 2. The poly-
(propylene carbonate) produced is regioirregular with
head—head, head—tail, and tail—tail junctions.’"3% Of
importance, Coates* and Wang?® have reported indepen-
dently that polymerization of (S)-propylene oxide with
enantiomerically pure (1R,2R')Co(salen)(OAc) provides the
isotatic(S) polymer with a head—tail content of >93%. As
previously noted for the cyclohexene oxide/CO, study, the
turnover frequencies (TOFs) for polycarbonate production
increase as the donating ability of the cocatalyst increases,
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8: R=CH,; X=Y=H
9: R=C,H,; X=NO,, Y=¢Bu
10: R=C,H;X=Y=Cl

FIGURE 14. Skeletal representation of (salen)AIZ complexes.

with little cyclic carbonate produced in any instance. The
most striking difference in the propylene oxide/CO,
copolymerization process is that addition of the cocatalyst
beyond 1 equiv slows polymer formation (entries 3 and 4
of Table 2); however, no attendant increase in cyclic
carbonate formation was observed. A similar behavior was
seen by Rieger for a (salen)CrCl/DMAP catalyzed reac-
tion.?* Hence, there are some subtle mechanistic aspects
of the propylene oxide/CO, reaction that we do not fully
understand at this time. Hopefully, we will soon be able
to solve the technical difficulty of in situ monitoring of
this process, thereby providing a more comprehensive
mechanistic portrayal of this coupling reaction.

Attempts to Utilize Main-Group Salen
Complexes As Catalysts for the
Copolymerization of Cyclohexene Oxide and
Carhon Dioxide

As a final installment in this Account, we will briefly
describe our studies aimed at an assessment of main-
group metal salen complexes as catalysts for the copo-
lymerization of CO,/epoxides. This is of particular rel-
evance to this Account because the closely related
aluminum porphyrinate complexes have an established
record of reactivity for this process.®?> As in the chromium
case, we have initially focused our efforts on optimizing
the copolymerization process employing cyclohexene
oxide as the substrate. It was immediately obvious that
aluminum analogues of the more active chromium de-
rivatives, i.e., those complexes containing electron-donat-
ing salen ligands along with highly donating cocatalysts,
were very ineffective at producing the copolymer. Con-
sequently, we conducted copolymerization reactions with
complex 8, where Z = Et and the anionic cocatalyst,
PPNCI, resulting in a modest TOF of 8.7 h™! (entry 1 of
Table 3). This led us to examine the aluminum complexes
containing salen ligands with less electron-donating sub-
stituents on the diimine backbone and more electron-
withdrawing substituents on the phenolate groups, com-
plexes 9 and 10.

Two main observations are evident upon examining the
results summarized in Table 3. First, the Et-Al(salen)
derivatives are less reactive than their chloride analogues.
Second, the most active catalyst systems were the alumi-
num chloride complexes along with the epoxide soluble
BusNN;j cocatalyst, with complex 9 being the most active
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Table 3. Copolymerization Results with (Salen)AlZ*

entry  salen Z cocatalyst TOF® % carbonate®
1 8 C;Hs PPNCI 8.7 94
2 CyHs PPNNj 17.6 98
3 Cl ("Bu)sNN3 23.3 99
4 9 CyHs; PPNCI 11.7 97
5 CyHs PPNNj 14.3 98
6 CoHs  ("Bu)sNNj3 12.3 95
7 Cl ("Bu)sNN3 35.3 >99
8 10 Cl ("Bu)4NN3 18.0 97
9 Cl N-Melm 16.9 93

@ Each experiment was performed in 20 mL of cyclohexene oxide
with 50 mg of catalyst and 1 equiv of cocatalyst [except N-
methylimidazole (2.25 equiv)], under 50 bar of COz and at 80 °C.
b Moles of cyclohexene oxide consumed per mole of Al-h. ¢ Esti-
mated by 'H NMR.

(TOF = 35.3 h™!). Furthermore, all of these complexes
afforded essentially a completely alternating copolymer
with little to no polyether linkages. The order of activity
was 9 > 8 > 10, where complex 9 has more electron-
withdrawing substituents on the phenolate moieties than
8 but less electron-withdrawing substituents than 10. A
similar trend in catalytic activity was observed for the
analogous gallium(IIl) salen complexes; however, these
were much less effective as catalysts when compared with
their aluminum counterparts.3

Concluding Remarks

The production of polycarbonates from the copolymeri-
zation of CO, and epoxides represents a potentially less
expensive and significantly “greener” route to these
thermoplastics than the current commercial process,
which involves the polycondensation of diols and phos-
gene or carbonates. As we noted earlier, our goal in this
area is to find selective, facile metal-catalyzed pathways
to these copolymers. Thus far, our efforts on optimizing
catalyst activities of (salen)CrX derivatives for CO, copo-
lymerization with select alicyclic epoxides have met with
significant gains over the last 2 years, with the increase
of TOF from 10 to 1150 h'. This has been accomplished
via the judicious choice of the salen ligand, cocatalyst,
initiator, and reaction conditions. Nevertheless, there is
still more room for improvement. This is particularly true
for the copolymerization of aliphatic epoxides and CO»,
as well as several less reactive alicyclic epoxides derived
from sustainable resources, such as o-pinene oxide or
limonene oxide.*"%2 As described above, aliphatic ep-
oxides have a propensity for cyclic carbonate production
at high temperatures (80—100 °C). It is readily apparent
from these and other studies that in general the coupling
reaction of epoxides and CO, is extremely sensitive to the
electronic and steric environment about the metal center.
At the same time, these requirements at the metal center
differ as the epoxides is varied.

With regard to future directions, we hope to broaden
the scope of epoxides capable of copolymerizing with
carbon dioxide, possibly as a result of finding catalysts
with increased activity. These investigations are greatly
aided and guided by the ability to perform measurements
of the kinetics of these reactions by in situ infrared

spectroscopy. Ultimately, this should lead to an enhanced
practical utility of this reaction, thereby providing for the
production of copolymers with physical properties com-
petitive with those of the bisphenol-A-derived polycar-
bonates.
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this Account would not have been possible. Special acknowledg-
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this Account, Drs. Jason C. Yarbrough, Cindy C. Fang, Jody L.
Rodgers, and Cesar Ortiz. We also thank the National Science
Foundation and the Robert A. Welch Foundation for their
continued financial support of this project.
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